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o ABSTRACT

Data from the TMI-2 accident has shown that only small amounts of
fodine (I) and cesium (Cs) escaped the plant, on the order of tens of
curies. To further the understanding of the chemical and physical
processes which were responsible for such limited release, a detailed
investigation of fission product I and Cs behavior during the core
degradation phase of the TMI-2 accident was initiated. Specifically,
analyses are presented of I and Cs release from the severely damaged fuel,
chemical reaction processes with the steam/hydrogen effluent, and
transport/deposition behavior within the primary coolant system.

Results indicate that although elemental I and Cs release from fuel
can be expected, the effluent chemical environment was such as to favor
predominantly CsI and CsOH formation in the high-temperature effluent.
Subsequent CsI reaction with boric acid released with reflood water 1s
predicted to have resulted in partial conversion of Csl to Cs-borate and
HI. Residual transport of CsI 1s predicted to condense and chemisorb in
the upper reactor plenum, forming additional HI in the process. HI 1is
therefore assessed to be the principal form of iodine transport leaving the
reactor vessel during core degradation, which was subsequently dissolved in
water to produce lodide 1ons in solution with coolant.
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ASSESSMENT OF TMI-2 1 AND Cs CHEMISTRY
OURING COREt DEGRADATION

1. INTRODUCTION

From measurements of off-site TMI-2 radiation, it has been estimated
that about 2.1 million curtes (C1) of the noble fission gases (largely
Xe-133) escaped to the environment. Since the calculated inventory of
Xe-133 n the TM]I-2 core at the time of the accident was =220 million CH,
this corresponds to a noble-gas release fraction of approximately 1X. On
the other hand, only about 15 curtes of lodine-131 was released to the
environment, where the total core inventory was =65 million curles.

Similar limited release of Cs and other risk-dominant fission products have
also been estlaated.]'? Such 1imited releases are significant with

respect to assessment of the risk assoclated with nuclear power, since
radiolodine and ces\um (along with tellurium) have the highest potential
for btological insult to the public health. The formation of water-soluble
chemica) specles of todine and cestum (e.g., Csl, HI, CsOH) and the fact
that containment isolation was maintatned during the accident, are
considered the primary reasons for l1imited 1odine and cesium release from
the TM]-2 plant. The purpose of this report 1s to assess I and Cs
chemistry during the TMI-2 accident, where 1/Cs release characteristics
from the fuel, chemical reaction potential in the steam/H2 effluent, and
transport/depostition processes are evaluated.

Inttially 1t was postulatedz" that the formation of CsI and CsOM
largely controlled ‘todine and cesium behavior during the TMI-2 accident.
However, recent evidence from various programs being conducted to study
fission product behavior during severe accidents, call into question the
contention that lodine s a priort bound to Cs, and that Csl primarily
controls todine release, transport, and deposition behavior.

With respect to the chemical form of ] and Cs released from fuel,
recent experimental results from fission product release studies at
Battelle Columbus Laboratories5 show that the activation energles for
release of Cs and 1 from 002 fuel are on the order of 140 and
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109 Kcal/mole, respectively. This difference indicates that Cs and I may
be released from the fuel separately and at different rates, not as
molecular CsI. The burnup condition of the test fuel samples was in the
range of 35,000 MWd/t. Data from the PBF Severe Fuel Damage Test data6
also indicate that for low-burnup fuel, atomic I and Cs release from fuel
is favored. Because both elemental I and Cs are quite volatile at elevated
fuel temperatures (see Table 1-1), early release from overheated fuel would
be expected. On the other hand, CsI 1s less volatile and can be expected
to have a lower diffusivity than atomic species,6 thus 1t may be retained
in the fuel longer than its constituents.

Once released from fuel, I and Cs will mix and chemically react with
the steam and hydrogen effluent. Thermochemical equilibrium and kinetics
analysis of gas-phase chemistry indicates that the chemical forms of I and
Cs in a steam/H2 gas environment are largely controlied by fission
product concentration conditions and H/0 mole ratio. For low
concentrations of I and Cs in the more abundant steam/H2 gas effluent
(<'l0"7 moles fisslon product per mole steam), the formation of CsOH and
HI 1s favored. At high concentrations (>10*4), CsI formation can be
expected.

An interdependence also exists between chemical form and
transport/deposition behavior through the primary coolant system for
reactive species. Results of recent experiments indicate that gaseous
effluent composed primarily of CsOH, CsI, HI, steam, and hydrogen will
react with stainless steel surfaces, where Cs compounds are deposited and
HI 1s re]eased.7'8 Boric acid (boron being present in reflood water as a
neutron absorber) also tends to destabilize Csl, liberating HI in the
process.9

Despite initial speculation that Cs] was the dominant chemical form
governing iodine behavior during the TMI-2 accident, the above cited data
call this assumption into question. In fact, there is very 11ttle evidence
from the TMI-2 accident to indicate what the true chemical form of the
fodine was during transport through the primary coolant system. The
release to the containment was at all times scrubbed through a pool of hot
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TABLE Y-1. MOLECULAR PROPERTIES AND TRANSITION TEMPERATURES

Molecular or Transition Temperature

Molecular or Molecular or Atomic Radlus at 1 atm
Species Atomic Number Atomic Weight (A) (K)

Cs 1) 132.9 2.35 T,p = 301

| 53 126.9 1.33 T,p = 387
pr = 457

Xe 54 131.3 2.05 T.p = 16}
Csl 108 259.8 3.68 T.p = 894
pr = 15583
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water in the pressurizer. The only evidence for todine chemical form was
deduced from sump water samples showing high concentrations of ionic
species (1.e., I  and 105 fons in solution). These results were
1nterpreted2 as indicating fodine was in the form of CsI-salt before
entering solution, but HI s a soluble acid and would also form an lonic
solution when exposed to water. However, HI is more volatile than Csl and
would transport as a vapor through much of the reactor coolant system (RCS)
system before dissolving in water (most likely in the pressurizer), while
CsI would condense at higher temperatures (equivalent to temperatures
estimated in the reactor plenum). The purpose of this investigation is to
reevaluate the TMI-2 findings on I and Cs behavior, where an in-depth
assessment is made of internal fuel morphology and microstructural effects
on fission-product release from fuel, fisslon product/steam/hydrogen
concentration conditions which govern effluent chemistry, and
transport/deposition behavior in the primary coolant system.

An assessment of I and Cs chemical behavior during the core
degradation phase of the TMI-2 accident requires knowledge of the following:

1. The chronology of significant events affecting the escape of
fission products from the damaged fuel.

2. The release behavior of I and Cs from fuel, and the
steam/hydrogen chemical environment into which such fission
products are released.

3. Characterization of the effluent flow path and thermalhydraulic
conditions governing condensation and chemisorption processes.

In Section 2, the TMI-2 accident sequence is summarized, with core
damage and thermalhydraulic conditlons presented and the steam/H2
chemical environment estimated. The release of I and Cs from the damaged
TMI-2 fuel are then estimated in Chapter 3. Thermochemical equilibrium and
chemical kinetics analyses are performed in Chapter 4, to assess the

gas-phase chemistry of I and Cs in the steam/H2 effluent. Transport and
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deposition chemistry within the primary system are evaluated in Chapter 5.
Conclusions concerning overall | and Cs chemical behavior during the the
TNM1-2 accident are then summarized in Chapter 6.
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2. ACCIDENT SEQUENCE AND STEAM/HYDROGEN ENVIRONMENT

In this sectlon the chronology of TMI-2 core degradation is
summarized, with emphasis on identifying the most important events thought
to have governed fission product release from the damaged TM].2 fuel.
Based on current knowledge of the TMI-2 accident scenarto, code-predicted
core heatup and thermalhydraulic conditions are then used to define the
steam/hydrogen environment into which I and Cs are released and react.

2.1 Overview of Accident Sequence Affecting 1/Cs Release

The TM]I-2 accident scenario and major events thought to have
Influenced fission product release from the damaged core are summarized n
Table 2-1. As discussed 'n Ref. 1, the accldent was Initiated by cessation
of secondary feedwater flow. The resultant reduction of
primary-to-secondary heat exchange caused primary coolant heatup and an
\ncrease In primary system pressure. The pressurizer pilot-operated rellef
valve (PORV) then opened to relleve pressure, but falled to close,
releasing coolanl in the process. However, during this perlod the core
remained covered with coolant.

At 100 min into the accident, the plant operator turned off the
reactor coolant pumps, resulting in accelerated core heatup and uncovery.
8y 150 min the zircaloy-steam exothermic reaction dramatically Increased
core heatup and degradation. The zircaloy melting temperature (=2250 K)
was cxceeded, resulting in relocation of the moiten 2ircaloy and liquefied
fuel iInto a coherent mass of uncoolable matertal as 1llustrated in the top
portion of Figure 2-1. During this period (~150-174 min), significant |
and Cs release would be expected from the liquified fuel.

At 174 min, the reactor 2B-pump was turned on and coolant was briefly
(1 min) pumped into the reactor vessel. The resultant
thermal-mechanical forces are belteved to have shattered the oxidized fuel
rod remnants n the upper reglons of the core, forming a rubble bed on top
of the consolidated core matertals. The core conditlons after the 2B-pump
transient are Y1lustrated in the middle portion of Figure 2-1. Significant
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IABLE 2-1.

TM1-2 ACCIDENT FVENT SEQUENCE

Time

Event(s)

0-100 min
(0-1.7 hr)

100-150 min
(1.7-2.5 hr)

150-174 min
(2.5-2.9 hr)

174-175 min
(2.9 hr)

175-200 min
(2.9-3.3 hr)

200-267 min
(3.3-4.4 hr)

224 min
(3.7 hr)

960 min
(16 hr)

Cessation of secondary feedwater flow; loss of primary
coolant from pressurizer; core remained covered; reactor
coolant pump turned off at 100 min.

Core uncovery to about core half-height by 138 min; rod
ballooning and rupture; rod gap-release of fisston products.

Autocatalytic zircaloy-steam reaction became significant;
initiation of significant hydrogen generation and fission
product release; zircaloy melt temperature (2250 K)
exceeded; molten zircaloy and liquefied fuel relocation and
formation of uncoolable consolidated debris material;
significant release of fission products from liquefied fuel.

The 2B-pump was energized at 174 min and pumped coolant for
less than a minute; fragmentation of oxidized fuel rods in
upper reqgion of core; formation of porous rubble bed on top
of consolidated debris region; additional release of fission
products from shattered fuel in upper region of core.

Continued heatup of consolidated/uncoolable debris material.

The High-Pressure Injection (HPI) pumps were operated
intermittently during this period; additional shattering of
fuel and release of fission products.

Remelting and breakout of molten material from the uncoolable
consolidated debris region; relocation of core material to
the flooded lower plenum reglon; additional fission product
release due to debris fragmentation.

Generally stable conditions were achieved at approximately
16 hour into the accident when a reactor coolant pump was
restarted. Cold shutdown with natural circulation was
achieved about one month later, on April 27, 1979.
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Figure 2-1. Hypothesized stages of the TMI-2 accident progression.
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fission product release is also thought to have occurred as a result of
such fuel shattering, based on finding from the PBF-severe fuel damage
experiments.

The consolidated, partially solidified core material continued to heat
up during the next 50 min (174 to 224 min), although coolant delivery to
the reactor vessel (from the pump transient and emergency core cooling
injection) 1s estimated to have covered the core by approximately 210 min.
By 224 min, much of the consolidated region had reached temperatures
sufficient to cause remelting of this material. On-line data recorded
during the accident3 indicate that the consolidated core matertal
relocated to the lower plenum between 224 and 226 min. Additional fission
product release may have occurred during molten debris gquenching and
fragmentation in the lower plenum. Debris fragmentation resulted in the
formation of a coolable configuration in the lower plenum. The
best-estimate final damage configuration of the core is 1llustrated in the
bottom of Figure 2-1.

Based on the current understanding of the TMI-2 accident sequence
described above, three major periods of volatile fission product release
are through to have occurred (excluding gap release of noble gases on

initial rod failure). The three events leading to major I and Cs releases
are considered to be:

150-174 min Volatile fission product release during zircaloy
oxidation induced fuel liquefaction and relocation.

174 min Release from shattered fuel rods during the 28-pump
reflood transient.

224 min Release from fragmented debris during quenching in
lower plenum.

The last event (at 224 min) is thought to be of less importance to I and
Cs transport chemistry with steam/H2 effluent, since such a release would
be directly into a water environment. For present purposes, the first two
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events are considered dominant with respect to 1 and Cs vapor transport
Chemistry. Detalled consideration of core thermalhydraulic and fue)

temperature conditions during this time period are presented in the
following subsection.

2.2 SCOAP Predicted Core Damage and Thermalhydraulic Conditions

Although the general progression of events during the TMI-2 accident
and overall core damage sequence are known, considerable uncertainty exists
with respect to the detalls of core heatup and assoclated thermalhydraulic
conditions relative to coolant botloff and hydrogen generation history.

The relative rates of steam and hydrogen production, however, largely
control the effluent chemical environment (1.e. H/0 mole ratio) and
resultant I and Cs chemical form during vapor transport.

At the time of this study, no definitive steam/H2 generation history
has been defined for the TMI-2 accident. Instead, a range of conditions s
estimated, based on code-predicted core behavior for various assumptions
regarding coolant makeup flow, core reconfiguration and cladding surface
aread avallable for oxVdation, core nodalization scheme, degree of Flow
blockage, extent of fuel liquefaction, etc. Differences In assumed makeup
flow and available zircaloy surface area for oxtdation and attendant H2
release, can have a significant effect on estimated Hzlsteam
concentration conditions, which in turn largely control 1/Cs/effluent
chemistry. In this study, an attempt 1s made to assess a reasonable range
of stean/N2 environmental conditions during the time period from
150-180 min, when the major fraction of | and Cs release from fuel 1\s
expected. Having assessed such a range, a "base-case” cffluent chemical
environment Vs defined to establish a basis for calculation of the expected
] and Cs chemical forms during vapor transport with such effluent.
varYattons in H/0 mole ratio and 1/Cs conceéntration conditions from the
*base-case” problem are also considered, to establish a range of
uncertainty in the chemical form of 1/Cs vapor transport.

for present purposes, two SCDAP predicted core-damage sequences are
considered. The first is based on an early SCOAP analysis of core damage
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assuming core uncovery at 100 min (here called the "SCDAP-1985"
calculation), and a more recent investigation using a coupled SCDAP/RELAP
calculation of system behavior (here called "SCDAP/RELAP-1987"
calculation). Details of these calculations are presented in Refs. 4 and 5
and summarized below.

2.2.1 SCDAP-1985 Calculation

The SCDAP/M0OD1 computer code6 was used to predict the core damage
progression sequence and core thermalhydraulic conditions. The SCDAP-1985
results summarized here are based on core uncovery at about 100 min, which
was designated the "early-uncovery" scenario in Ref. 4. Details of the
core nodalization scheme and other code input parameters are presented in
Reference 4. The intent of this study was to make core thermalhydraulic,
fuel temperature, and damage progression predictions as a function of
accident time.

The core makeup flow, pressure, and liquid-level histories are shown
in Figure 2-2. The core is indicated to have uncovered to about the 0.7 m
elevation by the time the 2B-pump was actuated at 174 min. Operation of
the 2B-pump is predicted to result in only partial core reflooding to about
the 2.5 m elevation, so that the top third of the core i1s predicted to have
remained uncovered and subject to continued zircaloy oxidation and fuel
heatup. The average system pressure between 160 and 180 min is predicted
to be about 1500 psi (10.3 MPa), while the nominal makeup flow through the
core at a time just after termination of the 2B-pump event is on the order
of 2.5 kg/s.

As indicated in Figure 2-3, the core heatup rate is predicted to be
accelerated at the time when fuel temperatures of 1500 K were calculated
due to enhanced cladding oxidation. Fuel temperatures in excess of 2500 K
are indicated at times greater than 170 min. The cumulative code-predicted
hydrogen production is also shown in Figure 2-3 as a function of time. The
maximum rate of hydrogen production due to zircaloy oxidation is predicted
to occur just after partial core flooding at 176 min, due to enhanced
boiloff, steam oxidation of the cladding, and rapid escalation to high
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Figure 2-2. SCOAP calculated coolant mass flow rate, system pressure, and
hydrogen generation history for the TMI-2 accident.

v } 2-1



3000 | l T l T
2500 —
2000 — Fuel rods ]
g et —————
[ ]
3 ]
g 1500 — Regions 1-3
Q.
§
© 1000 Baffle plates ]
&
500 Control rods =]
0 ] ] | ] |
100 120 140 160 180 200 220
Time (min)
300 T T 1 —————
Region 1 (Inner core radius) ,/
—.— Region 2 (Mid core radius) |
= —— Region 3 (Outer core radius) /
— e = Total
S 200 / —
< /
g /
£
5 /.
ce” / A Lo -
2 /
T 100 — / / -
l 1 —M |
0
100 120 140 160 180 200 220
Time (min)
7.9639
Figure 2-3. SCDAP-1985 predicted core temperatures and hydrogen generation

histories.

2-8



temperatures 1n the upper region of the core. The total SCDAP-1985
predicted hydrogen production \s approximately 300 kg.a Noting that
complete zircaloy cladding (23,000 kg) oxidation would give approximately
1010 kg total hydrogen, the SCDAP-1985 calculation translates to about 30%
oxidation. The hydrogen generation rate during core heatup (from 160 to
180 min) s estimated to be:

0-20
H,-rage %51 « 13.5 kg/min « 0.225 kg/s

For the SCDAP-1985 predicted thermalhydraulic conditions, the

stean/N2 chemical environment can be estimated as follows. Assuming a
steam production rate equivalent to the water makeup flow just after
termination of the 2B-pump transient {=2.5 kg/s, see Figure 2-2) and an
adverage hydrogen production rate of 0.225 kg/s, the N2/H20 mole ratto

Is estimated 'n Table 2-2 to be on the order of 4.26. Thus, a
hydrogen-rich effluent environment Vs predicted at an accident time just
after the 2B-pump transient, when significant fisslon product release would
be expected as a consequence of fuel shattering from rod remnants as well

as from Yiquified fuel.

2.2.2 SCOAP/RELAP-1987 Calculation

A coupling of the SCDAP and RELAP codes has recently been used to
predict the core damage progression sequence and thermalhydraulic
cond\tions.s as part of the Standard Problem effort.b The results
presented here are based on core uncovery at about 100 min after reactor
scram. Detatls of the core nodalization scheme and other code input

a. Other estimates of the total hydrogen mass generated during the TMI-2
accident range from 450 to 580 kg {see Refs. 7, 8].

b. The TM]-2 Standard Program effort involves benchmarking of RELAP/SCDAP
code-predicted accident progression and core degradation, with data
findings from core debrls removed and vessel inspection efforts.
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TABLE 2-2. ESTIMATION OF THE TMI-2 Hp/Hp0 MOLE RATIO FOR THE SCDAP-1985
CALCULATION

Nominal Flow Conditions:

Ho0 - makeup flow rate - 2500 g/s
Hp - generation rate = 225 g/s

Calculation of H2/H20 Molar Ratio:

2500 g/s
H20 molar boiloff rate = 18 g/mole - 138.9 moles/s

_ 225 g/s
H2 molar generation rate = 2 g/mole - 112.5 moles/s

Unreacted Hy0 molar flow rate = 138.9 - 112.5 = 26.4 moles/s

112.5
Mole fraction of Free H2 1389 ° 0.81

26.4
Mole fraction of Unreacted H20 = 138.9 = 0.19

112.5
Free-Hz/Unreacted-HZO Mole ratio = 5.4 = 4.26

N

[(Free-Hy + Hp-from Unreacted Hy0)/Unreacted Hy0] Mole ratio
138.9

= 26.4 = >-26

Calculation of Effluent Concentration:

Effluent Conditions: 10.3 MPa
2000 K

10.3 E+06 Pa

Effluent concentration

3
Pa-m
8.314 E+03 iEEETETE (2000 K)

6.19 E-01 kgmoles/m3 - 6.19 E-04 gmoles/cm3

0.81(6.19 E-04) = 5.014 E-04 moles/cm3

Free-Hp concentration
3.018 E+20 molecules/cm3

Bon

0.19(6.19 £-04) = 1.176 E-04 moles/cm3

Unreacted—H20 concentration
7.08 E+19 molecules/cm3
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parameters are presented 'n Reference 5. OFf iInterest are core
thermalhydraulic, fuel temperatures, and damage progression predictions as
a function of accident time.

Various best -estimate conditions have been used to assess the range of
uncertainties assoclated with TM]-2 thermalhydraulic behavior. Makeup flow
prior to 100 min was assumed to be =2 kg/s and a letdown (loss from
pressurizer) of 9 kg/s. The predictions presented in Figures 2 4
through 2-6 are based on a core axial nodalization of six 2-ft evenly
spaced nodes. Because of differences 'n SCOAP/RELAP predicted versus plant
weasured thermalhydraulic conditions, the makeup flow beyond 100 min was
varied from 1.0 kg/s to 5.2 kg/s.

Figure 2-4 presents the predicted core-central reglon cladding
temperatures as a function of time for the different makeup flow
condittons, up to the time of the 2B-pump transient (174 min). Accelerated
heatup occurred above 1500 K, driven by steam-induced cladding oxidation.
fuel heatup to temperatures in excess of the Zr(O)/002 Tiquefaction
temperature (=2170 K) are predicted at a time between 150-160 min. In
general the uncovered upper core axial node s shown to reach peak
temperatures in the range of 2500-3000 K depending upon makeup flow, while
lower core nodes show a stronger dependence on makeup flow rate.

Figure 2-5 shows the elevation of the 1iquid level above the bottom of
the core as a function of time for various assumed makeup flow conditions.
Ihe core is predicted to have uncovered to below the bottom of the core at
the 1 kg/s makeup flow conditton; however, at 4 kg/s and 5.2 kg/s, complete
core uncovery s not predicted.

The cumulative hydrogen production up to the inittation of the 28-pump
transient (at 174 min) s shown in Figure 2-6. Noting that oxidation of
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all 23,000 kg of zircaloy cladding would give approximately 1010 kg of
hydrogen, the percentages of maximum for the different makeup flow rates
are:

H2 Release, kg

Estimate Percent of Maximum
SCDAP/RELAP-1987 260 26 (to 174 min)
(1 kg/s)

SCDAP/RELAP-1987 220 22 (to 174 min)
(4 kg/s)

SCDAP/RELAP-1987 140 14 (to 174 min)
(5.2 kg/s) ‘

During the 150 to 174 min time perlod of core heatup, the associated

average rates of H_ production are estimated to be:

2
Hy-Rate (at 1 ka/s) = 1220000 _ 7.9 yg/min - 0.13 kess

H2—Rate (at 4 kg/s) = 1%%9;%21 = 8.3 kg/min - 0.14 kg/s ,

Hy-Rate (at 5.2 kg/s) = L3010 -5 4 kg/min - 0.09 Kkg/s

Noting that total conversion of the makeup flow (1-5.2 kg/s) to hydrogen
corresponds to 0.11-0.58 kg/s (divide makeup flow by 9), 1t can be seen
that for the 1.0 kg/s makeup flow condition, additional boiloff of core
coolant is required to produce the estimate 0.13 kg/s H2 production
rate. Ffor the 4.0 and 5.2 kg/s makeup flow conditions, complete

consumption of the makeup coolant is not predicted. Thus, depending upon
boiloff and H2 production conditions, a range of steam/H2 chemical
environment conditions could have existed based on the SCDAP/RELAP-1987

results.




Assuming 4 stcam production rate cquivalent to the water makeup flow
rdle, the estimated H/0 mole ratto tor the 1.0 kg/s and 4.0 kg/s
SCOAP/RELAP-1987 calculations are presented in lables 2-3 and 2-4. As
\ndicated for the 1.0 kg/s case, complete steam reduction Vs predicted (all
oxygen s consumed by zircaloy oxidation), so that the effluent H/0 mole
ratio exiting the core s assessed to be infinite. However, for the
4.0 kg/s case, a H?/N20 mole ratio of 1.46 s estimated, Indicating
some excess of free hydrogen in a predominantly steam environment. A
similar result would exVst for the 5.2 kg/s makeup flow condition.

2.3 °“Nominal TM]-2° Stean/N2 Chemical Environment

As indicated, considerable differences exist with respect to bolloff
and Nz-generat\on characteristics as predicted from the varlous SCDAP
calculations presented, where such conditions largely control the chemical
environment for fission product/effluent interaction. Because of such
uncertainties, a "Nominal® set of TM]-2 effluent conditions 1s specified
for detalled analysis of 1/Cs chemical form. Parametric varlations from
the °"base-case® conditions are also Investigated, to assess parameter
effects (e.g. H/0-mole ratio and 1/Cs/H_0 concentration conditions) on
predicted | and Cs chemical form.

2

Table 2-5 summarizes the assumed bolloff, Hz-generat\on. and
effluent conditions estimated from the various SCDAP calculations. As can
be seen, the SCDAP-1985 effluent H2/H20 mole ratio lies between that
predicted for the 1.0 and 4.0 kg/s SCOAP/RELAP-1987 calculattons. On this
basis, the SCOAP-1985 results are used here as the “Nominal® for estimating
1 and Cs chemical reacttons with the TM]-2 stean/H? effluent.

The SCDAP-1985 effluent conditions are summarized in the second column
of lable 2-5. The peak cladding temperatures in the core before the
28-pump transient were calculated to reach In excess of 2500 K, while the
baffle plate temperature at the core radla) periphery was estimated to be
on the order of 1300 K. Because the steam temperature can be expected to
be closer to the cladding temperature, a value of 2000 K s chosen for the
purposes of estimating concentration conditions for 1deal gas behavior.
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TABLE 2-3. ESTIMATION OF THE Hp/H0 MOLE RATIO FOR THE SCDAP/RELAP-1987
PROBLEM AT 1 kg/s MAKEUP FLOW

Nominal Flow Conditions:

Hy0-makeup flow = 1000 g/s
Ho-generation rate = 110 g/s

Calculation of H2/H20 Molar Ratio:

_ 1000 g/s
H20 molar flow rate = 18 g/mole - 55.5 moles/s

_ 11 g/s
H2 molar generation rate -= 2 g/mole © 55.5 moles/s

Unreacted Hy0 molar flow rate = 55.5 - 65.5 = 0.0 moles/s

Mole fraction of Free Hy = 1.0

Mole fraction of Unreacted Hy0 = 0.0

(Free-Hp/unreacted-H0) Mole ratio = Infinite

[(Free-Ho + Hp from Unreacted-Hp0)/Unreacted-H20)] Mole ratio = Infinite

Calculation of Effluent Concentration

Effluent Conditions: 6.5 MPa
2000 K
Effluent concentration = 6.5 E*05393
Pa-m
8.314 E+03 kgmole K (2000 K)

3.9 £-01 kgmoles/m3 = 3.9 £-04 gmo]es/cm3

Free-Hp concentration = 3.9 E£-04 moles/cm3 = 2.35 E+20 molecules/cm3

Unreacted-H0 concentration - 0.0 moles/cm3 = 0.0 molecules/cm3




TABLE 2-4. ESTIMATION OF THE TMI-2 Hp/H,0 MOLE RATIO FOR THE
SCOAP/RELAP-1987 PROBLEM AT & kg/s MAKEUP FLOW

e —

Nominal flow Conditions:
H20 - water (bolloff rate) « 4000 g/s
Hy - gas (estimated) - 140 g/s

Calculation of N2/N20 Molar Ratto:

4000 g/s
H20 molar bolloff rate . 18 g/mole * 222 moles/s

140 g/s
H2 molar generation rate « 2 g/mole ° 10 moles/s

Unreacted Hy0 molar flow rate = 222 - 70 « 152 moles/s

0
Mole fraction of free "2 * 33" 0.32

Mole fraction of Unreacted H20 N l%% = 0.68

~N

(frce -Hp/Unreacted-Hy0) Mole ratto - 70/152 - 0.46
((Free-Hy ¢ Hy from Unreacted-Hy0)/Unreacted-Hy0) Mole ratio

222

-:'—5-3. ].‘6

Calculation of Effluent Concentration

Effluent Conditions: 6.5 MPa
2000 X
Effluent concentration » 6.5 E'063P‘
Pa-m
B.314 £.03 ;20— (2000 K)

« 3.9 £-01 kgmoles/m3 » 3.9 £-04 gmoles/cm3

Free-H, concentration = 0.32(3.9 £-04) - 1.248 E-04 moles/cm3
« 1.5 £+19 molecules/cm

Unreacted-Hy0 concentration - 0.68(3.99 £-04) = 2.65 E-04 moles/cm3
= 1.60 £+20 molecules/cm




TABLE 2-5. RANGE Of EFFLUENT STEAM/Hp CONDITIONS

SCDAP-1985 ___SCDAP/RELAP-1987 Calculation
Calculation
Parameter (Nominal) {1 kq/s) (4 kg/s)
Fffluent Temperature =2000 K =2000 K =2000 K

Effluent Pressure 1500 pst; 10.3 MPa 940 psi; 6.5 MPa 940 psi; 6.5 MPa
(at t = 180 min) (at t = 170 min) (at t = 170 min)

Steam Boiloff Rate 2.5 kg/s 1 kg/s 4 kg/s
Hp-Generation 0.225 kg/s 0.11 kg/s 0.14 kg/s

/Hy0-Mole Ratlo 4.26 Infinite 0.46
(Eree Ha/

Unreacted -H,0)




The effluent pressure \s estimated from figure 2-2 to be on the order of
1500 psi. The SCDAP-1985 botloff rate is taken as equal to the estimated
makeup flow rate (2.5 kg/s) at 180 min, although \t should be recognized
that additlonal steam can be produced by boVlott of residual coolant left
\n the core. The Hz-generat\on rate \s also based on SCDAP-1985
predicted results, ylelding a H /N20 (Free-H
ratio of 4.26.

/Unreacted-ﬂzo) mole

2 2
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3. ESTIMATED 100INE AND CESIUM RELEASE RATES FROM FUEL

To define the chemical form and timing of Yodine and cesium release
from the TMI-2 fuel during core degradation, a brief review is presented of
the internal fuel rod chemistry governing fission product behavior in
002. Previous Yiterature Indicates that 1/Cs chemistry in UOZ is
closely tted to fuel oxidation state and burnup-related morphology
effects. These data, as well as the SCOAP-predicted fuel temperature and
TH1-2 core damage history, form the basis for definition of I/Cs fission
product release behavior from fuel during the TMI-2 accident.

3.1 Internal fuel Rod Chemistry

Reactive fission products (such as Cs and I) can participate iIn
chemical iInteractions with each other, as well as with the 002.
Their transport behavior through the fuel microstructure s also closely

fuel.
X

tied to the physical state of the fuel, where grain size, microbubble
concentration, pore density, and microcracking can influence release
behavior. The principal questions of interest are the rates and chemical
form of 1 and Cs release from fuel. Evidence s presented iIndicating that
the fuel oxidation potential {\.e. uoz.‘
burnup-related morphology exert a strong Influence on 1 and Cs release

stoichiometry) and
behavior.

The primary cvidence {indirect) for formation of Cs] within fuel rods
is the observations of Cubiccliott! and Saneck\.] who ildentifled the
compound as deposits on the inside cladding surface of irradiated 002
fuel rods. However, 1t is uncertain as to whether ] and Cs were released
separately from the fuel and subsequently reacted in the fuel-cladding gap
to form Cs] deposits, or whether Cs] was released directly from the UO?
fuel matrix.

Thermochemical analysesz'3 indicate that the chemistry of fission
products Cs and 1 n irradiated fuel s complex, due in part to various
200‘). cesium Yodide
(Csl), cestum-molybdate (Csznoo‘). and various cestum oxides can form

sequestering reactions, where ceslum uranate (Cs



in irradiated U02. A qualitative guide to the chemical state of fission
products in UO2 {s facilitated by use of Figure 3-1. Fission product
compounds with free energies below that of the fuel result 1n oxide
formation, while stable elements are predicted for compounds with free
energies above that of the fuel. Clearly lanthanum (La) and cerium (Ce)
have a high propensity to form oxides, while ruthinium (Ru) should always
be found as a metal. Little potential exists for oxides of lodine at
normal fuel temperatures. However, uncertainty exists with respect to such
important fission products as molybdenum (Mo) and Cs, because the free
energies of Cs and Mo oxides are close to that of the fuel. As indicated,
the potential to form oxides of cesium depends upon fuel oxidation state.
At normal fuel rod operating temperatures of about 1200 K and
stoichiometric (0/U=2.00) conditions, cesium-oxide formation would not be
predicted, thus Cs is avallable to form Csl and other compounds. However,
the oxidation potential of the fuel changes rapidly with small changes in
stoichiometry; where oxides of ceslum are predicted for UOz.] freeing
fodine in the process via the following example reactions:

CsI + 20[U0 CSUO4 + ]9[U02‘0] + 1

2.1]

CsI + 20[U0 + 1

20[U02’0] + CsO

2.1] 2

Hofmann and Spino4 have also shown that the fuel oxygen potential
can have a pronounced affect on CsI stability. The results of isothermal
creep rupture tests, with U02+x fuel clad in zircaloy, indicate that at
initial oxygen potentials of -230 kJ/mol 02 {which corresponds to an 0/U
ratio of about 2.04 at 700°C), CsI dissoclates in sufficient quantity to
cause Yodine attack on 2zircaloy cladding. Radiation-induced dissociation
of CsI would also contribute to dissociation of the CsI molecule in fuel,
as demonstrated in Ref. 5. In addition to radiation and fuel oxidation
effects, empirical evidence also indicates that burnup-related morphology
can impact fission product release behavior.

As discussed by Tam2 and others ’ the most favorable sites for
volatile fission product compound formation are within microbubble sites
and the opcn porosity of the fuel. Consider the situatlon Vllustrated in
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Figure 3-2. Individual atoms of I and Cs (and their precursors) are born
separately within the U02 crystal lattice, such that at low-burnups
relatively wide dispersion of these solute atoms can be expected.

Therefore CsI compound formation would not be expected. However, as burnup
increases, gaseous (Xe, Kr) and volatile (I, Cs) fission products nucleate
into small intragranular bubbles within the fuel grain interior. These
bubbles grow and migrate to the grain boundaries, forming larger
intergranular bubbles, which in turn migrate and collect in the open
porosity. Microbubbles and the open porosity in high-burnup fuel can serve
as the primary reaction sites for CsI formattion.

Although direct evidence of burnup-related morphology effects on the

chemical form of I and Cs release is lacking, general observations can be
inferred by comparing data on fission product release behavior. Appelhans
and Turnbull™ made in-pile measurements of the release rates of xenon,
krypton, and iodine from low-burnup 002 pellets (=3800-7000 MWd/t).
Results showed that lodine release fractions were of the same order of
magnitude as the noble gases for burnup conditions below 5 MWd/kg-U0,.
Prussin and Olander9 also observed that at trace-irradiations (=10']
atom-percent burnup), UO2 samples release a high fraction of

I. Parker, gl_gl..]o noted similar high lodine release behavior for
Tow-burnup (=1000-4000 MWd/t) UO2 fuel pellets. Fission product

release data for the PBF-SFD Scoping Test (ST) also supports an atomic
release mode of I and Cs at trace-irradiation conditions (=90 MWd/t).
Analysis of such data6 indicates that at low-burnup conditions

(<5000 MWd/t) an atomic mode of I and Cs release from the fuel matrix is
favored rather than release in compound form.

With respect to the TMI-2 accident, two conditions favor elemental
fodine and cesium release: (a) the low-burnup condition (average
~3175 MWd/t, Ref. 11), and (b) fuel oxidation. Retrieved TMI-2 fuel
debris samples indicate a change in fuel stoichlometry from initially
Uoz.0 to U0
examined by Scanning Auger Spectroscopy {SAS) where detailed information
was obtained on the concentrations and local distributions of key elements

plus U, 0 prec‘lp\tates.12 Several samples were
2+X 479

(U, Zr, and 0). Quantitative SAS data indicated an average oxygen
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concentration in the fuel matrix of 71 atom-percent, which converts to
U02.44, well above stoichiometric UOZ. Similar oxidation of the

PBF -SFD-ST fuel to a hyperstoichiometric condition of U02.4 has also been
13 As discussed by Olander,]4 U02.0 fuel can oxidize to

UO2 6 in steam at elevated temperature and pressure conditions.

observed.

Because of the above, atomic diffusion of I and Cs s considered to be
the primary mode of release rather than molecular CsI. The release rates
of atomic iodine and cesium are estimated in the following section.

3.2 1 and Cs Fuel Release Rates

Within this section the fission product inventories of I and Cs for
the TMI-2 burnup conditions are assessed, as well as the fuel temperatures
and damage state. These factors provide the basts for estimation of I and
Cs release rates from fuel.

3.2.1 Fission Product Inventory

The ORIGEN-?2 code]5 was used to develop a fission product inventory

map of the TMI-2 core at the time of the accident. Table 3-1 contains the
estimatedn isotopic inventory (in moles) for fission product I and Cs.
The total elemental inventories of I and Cs are presented in Table 3-2,
where values are quoted at the time of core shutdown, indicating the
following core-averaged Cs to I ratios:

Cs/1 - Mole ratio = 165.23/18.68 = 8.85

Cs/1 - Mass ratio = 22.47/2.43 = 9.25

fl

Besides knowledge of the Initial fission product inventory, the fuel
damage and temperature conditions must be known to estimate the timing and
magnitude of I and Cs fission product release from fuel. A brief
description of the fuel thermal and damage characteristics 1s presented
next.
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TABLE 3-1. ISOTOPIC INFORMATION FOR FISSION PRODUCY I AND Cs A1 THE TIM

TH1-2 SHUTDOWN

a.

lnventorya S
Isotopic lodine Cestum
Number {moles) Half-Life (moles) Half-Life
127 2.53 Stable --
128 -- .-
129 9.49 1.7 Ee1 y --
130 1.12 12.3 h --
N 4.13 8 d --
132 7.48 £-02 2.4 n --
133 9.96 £-00 20.3 b 1.5 Stable
134 4.70 £-02 52 min 1.15 2.1y
135 2.96 £-01 1h 20.88 2.0 E+b6 h
136 - 6.96 £-02 13 4d
137 - 11.6 30y
138 -- 2.48 £-02 32 min
139 .- 6.87 £-03 9.5 min
140 - -
14 -- -
Total 18.68 165.23

Includes only Ysotopes greater than 10-3 moles.

- -

34



TABLE 3-2. TOTAL ELEMENTAL FISSION PRODUCT INVENTORIES OF I AND Cs AT THt

TIME OF TMI-2 SHUTDOWN

Element Moles
| 18.68
Cs 165.23

Average Molar Mass kq
130 2.43
136 22.41
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3.2.2 Core Conditions Governing Release

Fission product release from the TMI-2 fuel s complicated by a number
of factors. Axial and radial temperature gradients exist within the core,
which affect the fue) damage state as well as release behavior and timing.
Likewise, axla) and radial power profiles result 1n varlations in the
\nventory of short- and long-11fe fission products. However, detailed
consideration of temperature and fission product vartations within the core
greatly complicate the prediction of release behavior and are not necessary
\f accuracy within an order-of magnitude will suffice, as 1s the case in
this study.

The core heatup and damage predictions presented 'n Section 2 form the
basls for estimation of | and Cs release rates from the TMI-2 fuel. One of
the more commonly used methods for estimating fission product release from
damaged and overheated fuel is via NUREG-0772 correlations.‘b In this
approach, the rate of release of fission products from fuel is expressed as

a function of fuel temperature:

t t-
dn'/dt = kx(T)"x
where H‘t" is the mass inventory of fission product spectes x In the

fuel at the prior time step (t-1), t Vs time, and the proportionality
constant (k!) is assumed to be a function of temperature only. The
fracttonal release rate constants (kx) are shown in Figure 3-3. The
NUREG-0772 correlations are applied to the TMI-2 core heating transient to
estimate the | and Cs elementa) release rates and release fractions.

As discussed n Section 2, the release of fission product I and Cs s
thought to have occurred during the 150-180 min time perlod of core heatup,
when extensive zircaloy oxidation, molten a-2r{0) induced UO2
dissolution, melt debris relocatlon, and fuel fracturing occurred as a
consequence of the 2B-pump transient. As indicated in Figure 3-4, fue)
dissolution for oxygen-saturated alpha-zircaloy commences at about 2150 K,
at which point melt debris relocation would be expected. The SCDAP
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predictions of fuel rod temperatures, shown previously In Section 2, assume
that intact geometry s matntained unti) the monoeutectic melting
temperature s achleved (<2673 K). This assumption results in high core
temperatures due to the extended time allowable for ‘ntact cladding
oxidation. Although maintenance of rod-like geometry and continucd
zircaloy oxidation at elevated temperatures (>2500 K) may have occurred

at localized core reglons, core-wide maintenance of rod geometry beyond the
c<Ir(0)/Uoz 1lquefaction temperature of =2150 K appears unrealistic.

for present purposes, the release rate coefficlents for | and Cs are based
upon a molten o-lr(0)1002 Tiquefaction temperature of <2150 K, V.e.,

I' = 2150 K (18771°C)
At this temperature, the release rate coefficlients (k) shown Figure 3-3 are
the same for 1, Cs, Kr, and Xe and have an approximate valye of

k - 0.1 fraction/min

Thus, within a 10 minute perlod, the entire Inventory of 1, Cs, Xe, and Kr
is predicted to be released from core nodes which experience temperatures
In excess of 2200 K. However, based upon PBF -SFD experience.”']8 it s
noted that for low-burnup fuel (<5000 MWd/t), the NUREG-0772 correlations
result in an overprediction of noble gas and volatile (I, Cs) fission
product release. This 1s due to morphology considerattions governing
release, where for low-burnup conditlons Fisston products may be retained
longer within the fuel grain structure. Consequently, for the low-burnup
TM] -2 fue) (<3175 MWd/t), the NUREG-0772 release rates are reduced by an
order -of -magnitude. A "Nominal" release rate of

k(TM] .2) « 0.0) fraction/min

‘s used in this study. In addition, release rates that span the "Nominal®
value by a factor of ten are also Investigated with respect to effluent
chemisty, V.e.,

K(TM]-2) . 0.1-0.000) fraction/min



Having estimated fractional release rate, the absolute release rates
in grams per unit time can also be estimated. Table 3-3 presents the
absolute release rates for I and Cs at the TMI-2 conditions, where the top
quarter of the core fuel is assumed to contribute to fission product
release, indicating effective mass release rates of

I ~6 g/min = 0.1 g/s
Cs =~ 56 g/min = 0.93 g/s

It is instructive to compare the above estimated release rates with
the inventory of 1 and Cs found in water samples taken from the TMI-2
containment. The water s.amp]es]9 indicate that a total of about 20% of
fission product lodine and 40% of cesium reached the containment as water
soluble species. Assuming a release period of 30 min during core
degradation, the above estimated release rates correspond to about 180 g
(or 7.4%) for iodine and 1680 g (or 7.5%) of the cesium inventory. The
difference may be due to additional release after debris relocation to the
Tower plenum, higher release rates during core heatup, or a combination of
these and other factors. For the present order-of-magnitude assessment of
fission product chemistry during the core degradation period (150-180 min}),
the above estimated release rates are used.

Once I and Cs are released from the damaged TMI-2 fuel, they will mix
and react with the high-temperature steam/hydrogen effluent, forming
various chemical compounds which can alter their transport and deposition
characteristics. The iodine and cestum concentrations for the "Nominal™"
steam/H2 effluent conditions are estimated as follows.

3.3 “Nominal TMI-2" I/Cs/Effluent Concentration Conditions

Since both iodine and cesium do not affect (to any measurable degree)
the total pressure of the system, their concentrations can be estimated
directly by comparing their release rates to the total effluent



Y

TABLE 3-3. ESTIMATION OF TMI-2 JODINE AND CESIUM “NOMINAL® RELEASE RATL

lodine Release Conditions:

Assumption: Ouring the iInitlal fuel heatup phase, 1ittle release occurs
until the fuel undergoes liquefaction at a fuel temperature (T¢) of
=2190 K, where the fractional release rate (F) ts approximately

10-2 V/min. Constdering that negligible release occurs prior to this
time, the absolute release rate can be estimated knowing the initial
tnventory and fractional release rate; V.e.:

lodine
N = Total ] Inventory » 2430 g
kf = Fractional Release Rate Constant = 10-2 1/min
¢ . fraction of Core at Temperature = 0.25
Fi « ] Mass Release Rate - M; x Fy x kj
. 2%30 x 0.25 x 0.01 ~ 6.08 g/min
Cestum
Mc, =« Total Cs Inventory = 22,470 g
kcg = Fractional Release Rate Constant = 10-2 1/min
Fe = fraction of Core at Temperature = 0.25
Fcs = Cs Mass Release Rate = Mco x Fe x keg
= 22,470 x 0.22 x 0.01 =~ 56 g/min
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(H2 + steam) flow rate, as indicated in Table 3-4. The Cs-1-0-H
concentration conditions in the high-temperature region of the core for the
"Nominal TMI-2" conditions can be summarized as follows:

Temperature: 2000 K
Pressure: 10.3 MPa (1500 psi)

H2/H20 mole ratio: 4.3

I/H20 mole ratio: 5.536 E-06

Cs/H20 mole ratio: 4.89 E-05

Having defined an appropriate set of initial conditions,
thermochemical equilibrium and reaction kinetics studies are presented in
the following chapter to assess the predominant chemical forms of I and Cs
in the steam/H2 effluent exiting the TMI-2 core.

TABLE 3-4. ESTIMATION OF THE "NOMINAL TMI-2" I AND Cs CONCENTRATIONS

Molar Release Rates:

0.1 .g/s

M1 = T30 g/mole

= 7.96 £-04 moles/s

_.0.93 g/s
MCs = 737 g/mole - 6.69 E-03 moles/s

Fission Product/Effluent Molar Ratio:

7.69 E-04 moles-1/s
138.9 moles-effluent/s

I/7Effluent = 5.563 £-06

6.79 £-03 moles-Cs/s
138.9 moles-effluent/s

Cs/Effluent = 4.89 E-05

Fission Product Concentrations:

I concentration 5.536 £-06(6.19 5—84) = 3.43 E-09 moles/cm3

2.06 E+15 atoms/cm

Hon

4.89 £-05(6.19 £-04) = 3.03 E-08 moles/cm3

Cs concentration
1.82 E+16 atoms/cm3

" "
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4. ANALYSIS OF 1-Cs-0-H CHEMISTRY

tlemental Cs and | have valence states of +) and -} respectively, so
that chemical iInteraction of these species can be expected. This chapter
concentrates on an assessment of 1 and Cs gas-phase chemistry, when these
fisston products mix with the 1MI-2 steam/hydrogen effluent. To define
chemical form, thermochemical equilibrium analysis is first employed, where
temperature and species concentrations largely govern the partitioning of 1|
and Cs Into varlous compound forms. For dilute fisston product
concentrations, collision probabilities are reduced. Thus the question
arises as to whether thermochemical equilibrium predictions are
sufficiently accurate for the low-burnup TMI-2 fuel. Chemical kinetics
predictions are also examined to assess the time dependence of chemical
form.

4.1 Thermochemical fquilibrium Predictions

4.1.1 General Observations

In most studies of fisston product transport, thermochemical
equiltbrium 1s assumed. The premise of this type of analysis is that the
minimum free energy of the system s achleved In the time span of iInterest,
where the various reactant specles have reached an equilibrium state
resulting in no net change in concentration condition. The value of such
cdlculations ltes in their simplicity, where Inttial concentrations of the
Interacting spectes and their reaction free energles are the only data
needed. Specific reaction mechanisms need not be specifled and results are
independent of the 1nitial assumed chemical form of the reactants.

Although vartous equilibrium studies of 1/Cs chemistry under severe
accident conditions have been conducted."s
directly applied to the specific chemical environment of the TM]-2
accident. In this section a review 1s presented of the general trends
indicated by earlier studles, followed by predictions specific to the TM]-2

conditions (see Section 4.1.2).

such studies have not been
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Results of earlier studies (Ref. 1) are shown in Figures 4-1 and 4-2.
These figures are based on predicted species partitioning using the
SOLGASMIX thermochemical equilibrium code.6 Figure 4-1 shows the effect
of fisslon product concentration on the distribution of the primary iodine
species at different temperatures, where the equilibrium concentrations of
17 potential reaction products (see Table 4-1) for the four-component
Cs-1-0-H chemical system were predicted. The low-concentration condition
is at an I/steam mole ratio of (2.0 £-7), while the high-concentration
condition is at an I/steam mole ratio of (2.0 E-3). Both calculations are
for a H/0 mole ratio of 3.0 and a Cs/I mole ratio of 10. At Tow
concentrations, HI and I are shown to be the dominant iodine species at
elevated temperatures, while at the high fission product concentration
level, CsI is the dominant 1odine species. A change in concentration,
therefore, has a marked effect on species chemical form.

Figure 4-2 illustrates the effect of a change in H/0 mole ratio on the
partitioning of the primary iodine species at an lodine concentration level
of 2 E-05 moles per mole of H20. where results are again taken from
Ref. 1. At a low H/0-mole ratio, CsI dissoclation at elevated temperatures
results in the formation of free iodine rather than HI (see Figure 4-2a).
However, for hydrogen-rich environments (H/0 > 2; see Filgures 4-2¢
and d), CsI is stable to higher temperatures with subsequent dissociation
resulting in HI formation. At high temperatures, HI 1n turn dissociates,
resulting in an increased inventory of free 1. In the following section,
such equilibrium analysis is applied to the TMI-2 concentration conditions.

4.1.2 TMI-2 Predictions

Th SOLGASMIX code6 ¥s used here to assess the dominant I and
Cs chemical forms in the TMI-2 gaseous effluent. In this study the
equilibrium concentrations of the same 17 potential species 1isted in
Table 4-1 are predicted at the "Nominal TMI-2" environmental conditions
estimated in the previous chapters, as well as at parametric vartations
from these conditions. Results are presented in Table 4-2, indicating that
temperature and concentration conditions largely affect lodine species
partitioning. At the "Nominal-TMI-2" concentration conditions, almost
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Figure 4-1. Thermochemical equilibrium predictions of the principal
chemical forms of todine in a steam/hydrogen mixture at low

(E-7) and high (E-3) 1/steam ratios (Ref. 1).
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Cesium-Jodine-Hydrogen-Oxygen System for the conditions given.
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{ABLE 4-1. PRINCIPAL VAPOR SPECIES FOR THE Cs-1-H-0 SYSTEM

Elements (4):
K, 0, I, Cs

Reaction Products (17):

Hy0, Hy, 05, H, 0, OM, HOp, Cs, Csl, CsOH, (CsOH)p, Cs70,
Cs0, Csj, f. Hl, I,

4-5



TABLE 4-2. SOLGASMIX RESULTS AT TMI-2 CONDITIONS

Nominal TMI-2 Condition

P = 10.3 MPa H20 = 1.176 £-04 moles/cc
1 = 3.43 £-09 moles/cc Hy = 5.014 £-04 moles/cc
Cs = 3.03 £-08 moles/cc  Hp/HL0 : 4.26
Calculational Results
Initial 17cs  Hp/Mp0 SOLGASMIX Prediction
Concentration Mole Temperature of Iodine Species Partitioning
Conditions Ratio (K) (%)
Nominal TMI-2 4.3 2000 I = 6 HOI = 0
I, - 0 Csl 65
HI = 29 Csoln = 0
1500 I = 0 HOI = 0
I, - 0 Csl = 98.6
HI = 1. Csol) = 0
1000 I = 0 HOI = 0
I, = 0 Csl = 96.2
HI = 0 Csplp = 3.8
1/10 x Nominal 4.3 2000 I = 13, HOI = 0
TMI-2? I - 0 Csl = 17.0
HI = 70. Csply = 0
1500 I = 0 HOI = 0
I, = 0 Csl = 88.6
HI = 11.4 Csoln = 0
1000 I = 0 HOI = 0
I = 0 Csl = 100
H = 0 Csoly = 0
Nominal TMI-2 1.0 2000 ) = 1 HOI = 0
I, = 0 Csl = 42.3
HI = 46. Csplsn = 0
1500 1 = 0 HOI = 0
. I, = 0 Csl = 96.7
HI = 3. Csols = 0
1000 I z 0 HOI = 0
1 = 0 CsI - 97.6
H = 0 CS2l2 = 2.4
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total Csl formation (+98.6X) \s predicted at the relatively low effluent
temperatures assoclated with above-plenum conditions (1 < 1200).

However, at the elevated temperatures (=2000 K) assoclated with the

eft luent environment within the core, significant Hl (29%) s predicted in
conjunction with Csl (65%).

The effect of concentration level 1s also shown in Table 4-2, where a
decrease in Yodine concentration by a factor of 10 below "Nominal TMI-2°
concentration results in an increased trend toward HI formation. For
example, at 1500 K and the "Nominal TMI-2" todine concentration, Csl s
predicted to be the predominant form of Yodine (98.6%), while a factor of
10 reductton in inittal Yodine concentration results in a reduction in Csl
formation to 88.6X and an increase in H] formation to 11.4%. This trend
appears reasonable, since at reduced fission product concentrations, 1 and
Cs reactions with the more predominant steam and hydrogen species can be
expected. As will be shown, kinetic predictions are consistent with these
observations. It should be noted that for the TMI-2 condittons, any Cs not
bound to Yodine 1s predicted to be CsOH. Since the Cs/I mole ratto for
TMI-2 burnup conditions 1s estimated to be =8.8, most cestum reacts with
the effluent H2/H20 to form cesium hydroxide (CsOH).

In addition to a parametric study of concenlration and temperature
effects, the effect of a diminished H2/H?0 mole ratio 1s also shown In
Table 4-2. As discussed In Ref. 7, an iIndication of peak core exit
effluent temperature and i1ts oxidation potential have been obtained from
metallurgical analysis of the stainless-steel control rod drive
leadscrevs.8'9 The leadscrews, 1llustrated in Figure 4-3, were n the
upper plenum during the accident and extended from just above the core
upper grid support. Temperature characterization was based on leadscrew
hardness and grain size data. Peak temperatures n the range of
1200-1380 K were established near the bottom of the plenum at the radial
center and about 1000 K near the periphery. Temperatures of about 700 K
have been determined near the top of the plenum, at both the radial center

and periphery.
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Figure 4-3. Sectioning and sampling dlagram for the H8 and B8 leadscrews.
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Information on the oxide scale present on the leadscrews was analyzed
to provide insight on the hydrogen/steam ratio (and therefore oxygen
potential) of the gas exiting the core during the high-temperature portion
of the acclident. A comparison of the 48 y thick oxide layer found on the
leauscrews with kinetics data‘o']‘ on oxidation of stainless steel,
\ndicates that such oxidation can only occur at a H2/N20 mole ratio
less than unity and that 1t would take approximately 70 to 80 minutes at
1255 K to produce an oxide layer thickness of 48 y. It is also noted
that the SCOAP calculations presented in Chapter 2 show that the vast
majortity of hydrogen was generated over a 26 min perlod (\.e.,

150 to 180 min), indicating that the gaseous effluent exiting the core was
steam-rich during most of the accident (V.e., except during 150-176 min
time perlod). 8ecause of this, an "2’"20 mole ratio of 1.0 was also
investigated.

As shown in Table 4-2, a change in H2/M20 mole ratlo from 1.0 to
4.3 somewhat affects lodine species partitioning. At an u2/H20 mole
ratio of 4.3, lYess HI 1s formed. This result s due to the coupled effects
of reactions of Cs and | with each other and with the steam/H2 effluent.
Bccause the concentration of cestum for TRI-2 conditions is estimated to
exceed that of lodine by a factor of approximately 8.8, the reactton of (s
with H20 to form CsOH largely controls the overall partitioning of cesium
spectes. As the relative concentration of steam s diminished at a higher
uzxuzo mole ratlo, more Cs 1s avatlable to form Cs]l, so that the
concentration of Hl is diminished somewhat. In other words, because Cs s
in greater concentration than I, Cs reactlon behavior controls (somewhat)
that of lodine. Thus, tf the potential to form CsOH Ys reduced due to a
lower H20 concentration, then the probability to form Csl is increased,
which reduces the potenttal) for H] formation. However, the effect of
H2/H2D mole ratio on the chemical form of ] and Cs In the TM]-2
effluent 1s not as great as the Influence of temperature and fisston
product concentration conditions. At 1500 K, a mole ratlo of
H2/H20 - 1.0 gives 96.7% Cs]l while 98.6% CsI s predicted at
H2/H20 s 4.3,

The boiling points of these specles at 1 and 70 atm are presented in

Table 4-3. As indicated, H] and todine are quite volatile and can be
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IARLE 4-3. NORMAL BOILING POINTS OF I AND

Cs SPECIES

Tvap {(K) at 1 atm

Tvap (K) at 10 atm

Species
) S O S 1 R 1
238 457 951 1263 1553
41 860 22175 2180 2745
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expected to be transported further through the plant system. Csl and CsOH
are less volatile, and therefore can be expected to condense during
transport to low temperature reglons of the reactor vessel.

The above | and Cs specles-partitioning estimates are based on
thermochemical equilibrium analysis. The results of these calculations are
independent of the fisslon-product chemical form 1nitially released from
fuel and depend only the system temperature, pressure, species
concentration conditions, and the assumption of rapid gas-phase kinetics.
However, for dVlute mixtures, collision probabilities are reduced, thus the
question arises as to whether such thermochemical equilibrium predictions
are applicable to the low fisslon-product concentration conditions of the
TM] -2 acclident. To assess this concern, investigations of collision rates
and overall reaction kinetics were performed at the TM]-2 concentration
conditions. Detalls of this analyses are found in Appendix A and the
results are summarized below.

4.2 Chemica) Kinetics Predictions

for any chemical reaction, the rate of change in concentration of a
particular component in a reacting mixture can be expressed in terms of its
generation minus consumption rates. Thus, for a reaction of the form:

k
r

AOB- C'D
kg

the rates of change in concentrations for species A and C can be expressed
as:

8o K IANB) ¢ kg [CD(0)

ac
gt * "k (ANB) - kg (CI(D]
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In the above expressions, ke and kd are the reaction and dissociation

rate constants, respectively, while the brackets [ ] denote concentration
in molecules or atoms per cubic centimeter. For the TMI-2 conditions, the
following system of chemical reactions were investigated to assess overall
I1/Cs/effluent kinetics behavior:

kr] kr6
€Cs + I + X = CsI + X I +1 +X = 12 + X
k k
a1 r6
Keo Key
Cs + H20 k: CsOH + H CH 4t 12 k: CH31 + HI
d2 d?
kr3 kr8
I+ H2 = HI +H Cs + HI - CsI + H
k k
d3 d8
Keg Krq
I + H4+ X = HI ¢+ X CsOH + HI - Csl + H,0
K K 2
d4 d9
kr5 kr10
H + H20 = HOI + H H+H+ X = H, + X
K K. 2
d5 d10

Several features are noted, relative to the above system of equations,
which are considered to dominate I and Cs chemistry in steam-hydrogen
mixtures. First, the above reactions are (in general) exothermic, so that
a second reaction product s probably required to stabilize the reaction.
One can visualize that if a single product molecule is formed in an excited
state, 1t would dissociate spontaneously unless a second species is
available to carry a portion of the reaction energy. Second and third
order reactions are chosen so as to produce, in all cases, a second excited
product that stabilizes the reaction. Ffor reactions which result in a
single product species, the neutral molecule (X) is added to the reaction
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to dissipate the heat of reaction.? 1In addition, methyi-iodide (CHy1)
formation was also considered, due to the potential for carbon release from
degraded structura) matertals at elevated temperatures and potentilal C-H
reactions. Detalled iInformation of kinetics data and other system
parameters are presented in Appendix A. Results are summarized as follows.

Figure 4-4 presents results for the "Nominal TMI-2* concentration
conditions as listed 'n Table 4-2, at a temperature of 1500 K.
Concentration-versus-time results are plotted on a logarithmic scale,
assuming zero Initial concentration of methane. As indicated, 1 and Cs are
shown to react quickly to form CsOM, Csl, and Hl, where equilibrium is
attained in approximately 10’2 seconds for these specles. Essentially no
formation of HOI (hypolodous acid) s predicted. The ultimate
(steady-state) partitioning of lodine between Csl and HI, as predicted for
the TM].2 environmental conditlons, ts Csl = 98.5% and HI = 1.5%. This
partitioning compares favorably with SOLGASH]X6 thermochemical
equilibrium predictions (see Table 4-2) iIndicating approximately 98.5% Csl
and 1.4X H]. It should be noted that the kinetics results should converge
to the same values as the thermochemical equilibrium predictions 1f all
reaction mechanisms are iIncluded In the kinetics study. The discrepancy of
less than 1% indicates that the primary reactions governing 1 and Cs
behavior have been constidered.

The fact that equilibrium concentrations are predicted from kinetics
to be reached on a scale of =0.01 seconds, indicates that thermochemical
equilibrium predictions can be used to assess gas-phase I and Cs reaction
behavior within the core. Such thermochemical equllibrium predictions
indicate that the predominant forms of Yodine and ceslum in the core
effluent are Cs! and CsOH. However, as discussed In the following section,
changes in chemical form can occur as the effluent is cooled and exposed to
structural surfaces during transport thrbugh the primary system.

o P

a. In the present analystis, the concentration of the collision molecule
(X) that carries the reaction energy s considered to be Hjp.
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TMI-2 core effluent at t = 180 min.
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5. VAPOR TRANSPOR1 CHEMISTRY OF Csl and CsOM

AYthough thermochemical equilibrium and kinetics predictions indicate
Csl and CsOH to be the primary fission product vapor specles exiting the
core, changes 'n chemical form can occur as the effluent s cooled and
exposed to structural surfaces during transport through the primary coolant
system. To assess the potential alteration of chemical form during
transport, a simplified model of the reactor coolant system and effluent
flow path s presented, where the structural matertals and temperature
conditions are defined. The effects of effluent condensation,
chemisorption, and boron chemistry are then assessed in terms of alteration
of Csl and CsOH transport chemistry.

5.1 Effluent Flow Path

figure S-1 s a simplified sketch of the TMI-2 primary coolant flow
path. Effluent cooldown first occurred in the plenum space above the
core. The presence of additlonal structures within the upper plenum (e.gq.,
control-rod guide tubes and leadscrews, plenum barrel, grid plate) adds to
the total surface area for deposition. Thus, the plenum reglon would be
expected to have experienced significant deposition of condensable and
reactive vapor specles. Upon exit from the plenum, the effluent would then
be transported through hot-leg connecting piping to the steam generators
and pressurizer. The steam generators and pressurizer probably contained
residua) water during the accident, which would have scrubbed fission
products from effluent, forming water soluble tonic specles and possibly
hydrosol. Previous stud\es"2 have adequately dealt with the question of
fodine and cestum water chemistry. The present analysis is thus restricted
to an assessment of condensation and chemisorption behavior in reglons
upstream of the steam generators and condenser (1.e., within the plenum and
hot-leg connecting pipe).

5.1.1 Upper Plenum Characteristics

Indicators of peak temperatures in the plenum have becn obtalned from
metallurgical analyses of the control-rod drive Ieadscrevs.3 Peak
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temperatures of 1255 K were determined near the bottom of the plenum at the
radial center and 1033 K near the periphery. Temperatures of about 700 K
were determined near the top of the plenum at both the radial center and
peripheral positions. Based on these data, the plenum can be nodalized
Into three characteristic temperature regions as shown in Figure 5-2,
namely the upper half of the plenum volume at 700 K, a central lower reglon
at 1255 X comprising about 1/6th the plenum volume, and the lower
peripheral reglons at 1033 K.

Besides temperature charactertzation of the plenum, the total surface
area and material composition of the various plenum components must be
specified. The plenum assembly consists of a 304-stainless steel flanged
cylinder. Inside the plenum cylinder are 61 control rod guide tubes which
house stainless-steel leadscrews. An estimate of the plenum surface area
for deposition is presented In Table 5-1 for the following components; the
dome -shaped head, the Inside plenum cylinder surface, the outside surface
of the control rod guide tubes, and the leadscrew surface area. For these
plenum components, a surface area of Q.02(106) cmz is estimated, which
compares favorably with 4.25(106) cnz quoted 'n Ref. 3 (see footnote-a,
lable 36). For present purposes, a total plenum surface area of about
4.0(106) cnz is used, with a partittoning of surface area (As) at the
temperatures indicated from the leadscrew data as Yllustrated in Figure 5-2.

5.1.2 Hot-leg Pipe Characteristics

Figure 5-3 presents a sketch of the A and B loop hot let pipe,
connecting the reactor vessel and sleam generators. The pipe 1s carbon
steel lined with stainless steel, where the surface ared of the hot leg s
9.7(105) cnz (see Refs. 5 and 6). For this study, the hot-leg pipe
temperature ¥s taken to be equal to the mid-height above-core plenum
temperature as assayed from the leadscrew data (V.e., approximately 1000 X).

Having Ydentifled plenum and hot-leg pipe temperatures and deposition

surface area characteristics, condensatton and chemisorption effects are
assessed in terms of Csl and CsOM transport chemistry in the following
~ubsections.
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Figure 5-2. Characterization of upper plenum volume according to leadscrew
temperature data.
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Figure 5-3. Dimensional and material characteristics of loop A and B
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TABLE 5-1. tSTIMATED PLENUM SURFACE AREA FOR FISSION PRODUCI DEPOSI!ION

Dome-Shaped Head (Carbon Steel)

I0 =~ 150 in. (380 cm)
Surface Area = % Sphere = % (102) 22.3 £S5 cm2 Area

Inside Plenum Cylinder Surface {(Stainless Steel)
10 = 140 n. (355 cm)

Height (H) >~ 10 ft ~ 304 cm

Surface Area = «(10) H = 3.4 £+5 cmd

OQutside Surface of Control Rod Drive Tubes {Stainless Steel)

Number of Guide Tubes = 61

Gu'de Tube Dlameter (D) =8.625 in. (21.9 cm)
Helght (H) =24 ft (730 cm)

Surface Area =b1{v D) H =23.1 £+6 cm?

Leadscrew {Stalnless Steel})

Number of leadscrews = 61

Leadscrew diameter (D) =1 in. (2.5 cm)
Helight (H) =730 cm

Surface Area =61(x D) H =3.5 [+5 cm?

Total Plenum Surface Aread

Ag = 4.03 £+6 cm?
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5.2 Condensation Effects

5.2.1 Condensation Model

As Y1lustrated in Figure 5-4, condensation can be modeled as a
gas-phase mass transfer process where the time rate of change of spectes-A

in a control volume element can be written in terms of a mass transfer flux
2

(J, g/cm” s), 1.e.,
dC C -C

a Rate of mass condensation bulk eq 1
_— = = JA = A (5' )
dt in control volume element Rgb

where A is the surface area (cmz) for condensation, Rgb Is the
effective resistance of the gas boundary layer, cbu]k is the
concentration of species-A in the bulk flow stream, and Ceq is the
equilibrium concentration at the wall surface temperature. If the bulk
concentration (cbulk) of species-A exceeds the wall equilibrium
concentration (Ce ), the mass transfer flux 1s directed toward the
1iquid-vapor interface indicating condensation.

The condensation resistance through the gas boundary layer is normally
expressed I1n terms of an overall mass transfer coefficlient (K, cm/s) and

the local control volume (V, cm3), where R = V/K. Thus, Eq. 5-1

gb
becomes
dC
il [cbu]k - ceq] (K/V) . (5-2)

Upon making a change in variables C = cbu]k - Ceq (where Ce 1s a
constant within a constant temperature control volume), the above
expression can be written as

dc. KA
==y dt (5-3)

o
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with the general solution'of the form

\

_ 5-4
C cond = B exp (AKt/V) (5-4)

where B is the constant of integration. For the initial condition that
C cond = 0, the above equation, expressed in terms of the bulk and
equilibrium concentrations, 1is

C (C - ceq) [exp (AKt/v) - 1] . (5-5)

cond = '“bulk
Noting that for an ideal gas the concentration of species-a
(Ca = m/V = Pa/Ral) can be written in terms of temperature and
pressure, the above equation becomes

1 1
C =l - | (P_V/R) [exp (AKt/V) - 1] (5-6)
cond [Tbu1k Teq] a

where Pa is the partial pressure of species-a in the gas mixture. If the

bulk gas temperature (T ) 1s less than the liquid-vapor equilibrium

temperature (Teq) of spgg:gs-a at its partial pressure, condensation of
that species 1s predicted. Using the above expression and the

equation-of -state correlations presented in Table 5-2 for cesium and 1odine
species, the effects of Csl and CsOH condensation can be assessed for the

TMI-2 upper plenum and hot leg temperature and surface area conditions.

A qualitative quide to the conditions at which condensation of various

fission product species will occur at atmospheric pressure (105 Pa) can

be obtained from inspection of Figure 5-5, which presents a logarithmic
plot of the equilibrium concentration versus wall temperature results based
upon the vapor pressure correlations given in Table 5-2. For example, at a
surface temperature of 800 K, condensation of CsI is indicated at bulk
concentration conditions in excess of 3.2 E-05 kg/m3 (antilog of -4.5),
while condensation of CsOH occurs at concentrations greater then

7.9 £E-04 kg/m3 (antilog of -3.1). At 800 K and atmospheric pressure, no
condensation of I? and H20 is indicated.
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PABLE 5-2. VAPOR PRESSURE CORRELATIONS FOR Cs AND 1 FISSION PRODUCY SPte Jts

Coeffictents for the equation
log P(mmHg) . - % + B+ C log1

where T s in degrees kelvin.

Temperature Range

Compound . 8 C (X) Reference

Iy 3,578 17.72 -2.5 298-387 a
3,205 23.65 -5.18 387 -457 a

Csl 10,420 19.70 -3.02 600 -894 a
9,678 20.35 -3.52 894 -1553 a

Hl Critical temperature - 424K (always gaseous)

Cs 4,075 11.38 -1.45 280-1000 a

CsOH TogP(Pa) . 9.92 - 6700/7 110-1200 b

a. J. A. Gleseke, et a1., Analysis of fission Product Transport Under
Terminated LOCA Conditions, BAT-NURTG-1330, December 1977.

b. J. C. Cummings, R. M. Elrick, and R. A. Sallach, Status Report on
Fission-Product Research Program, NUREG/CR-1820, SAND B80-2662, March 1982.
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Condensation of a particular chemical spectes can Influence not only
the concentration of that species, but other species that are in chemical
equilibrium with the gas mixture. According to Le Chateller's principle,
\f a stress which alters the concentration of one speclies \s brought to
bear on a mixture of chemical species in thermochemical equilibrium, a
reaction occurs which tends to undo the effect of the stress and return the
mixture to equilibrium. For example, condensation of CsOH wil)l impact the

concentration of Csl in the mixture, as revealed by the following chemical
balance:

2Cs] o+ CsOH » 2H20 -+ CsOH ¢ Csl + H] + H

l

CsOM (Condensed)

20

Thus, 'f CsOH is removed by condensation from a mixture that s in
thermochemical equilibrium, a CsOH replacement reaction will occur which
tends to return the system to equilibrium. In the above example, the (sl
molecule s destabilized to replace the lost CsOH. The same principle
applies if the Csl molecule s removed from the mixture; the CsOH molecule
mdy be destabilized to replace the Csl lost from the mixture. Thus,
condensation can have a significant impact on the chemical form of lodine
and cestum transport.

§5.2.2 Upper Plenum Condensation

Assessment of the condensation potentia) of Cs] and CsOH requires
knowledge of the condensation surface area (A), the plenum control volume
(V), the mass transfer coefficlent (K), and the effective residence time
(tR) of the fluid in each control volume Vllustrated in Figure 5-2.

These parameters can be estimated as follows.

§.2.2.1 Parameter Estimates. for present purposes, steam flow and

tdeal gas behavior can be assumed. The cross-sectional plenum flow area
(A'), the velocity (VR) and effective residence t'ime (tR) in each
control volume are estimated in Table 5-3, indicating an approximate
residence time of 100 seconds for each of the three volumes iIndicated in
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TABLE 5-3. ESTIMATION OF VAPOR MIXTURE RESIDENCE TIME IN UPPER PLENUM
CONTROL VOLUME ELEMENTS

Control Volume-1

Tave = 1255 K (1800 F)

R = steam gas constant = 85.8 1bg-ft/1bp-R
1500 1b 2
p = P/RT = Flx (14410} (g5 8 b, - Ft/1b - R)(1800 F + 459.7 R)
2 2 f m
in ft
3 3
p=1.11 1 st < 1.8 £-02 g/cm
2
A - % <%%—) - 3.3 E+d cml
m = 2500 g/s

L = control volume height = 1/2 (25 ft) = 380 cm

3
2500 g) ( cm ) ( 1 )
V. - ( = 4.2 cm/s
R s 1.8 £-02 g 1.3 F+4 cm2

Noting that control volume-1 has an approximate height of 380 cm, the
effective residence time in the control volume element is approximately

tR = 380 cm (IT%_EE) = 90 seconds

The effective residence time in each of the other plenum control volumes
are estimated in a similar manner.

Control Volume-2

Tave = 1033 K (1400 F)

1500 1b, 128 102
P/RT - 5 X > | /85.8 1o, - ft/1b_ - R) (1400F + 459.7 R)
ft m

in

©
"

©
"

1.35 1bm/?13 - 2.17 £-02 g/cm’

Af = 3.3 E+4 cm?

n

my = 2500 g/s .

L = 380 cm
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TABLE S-3. (continued)

e o o S ——— + om—

3
2500 g) [ _cm )
R ( s ) (2.17 £-2 g)( 2)- 3.5 c/s

3.3 Eed cm

tn = 380 cm (5—-;—?') = 110 seconds

Control Voluyme-3

Tave = 700 K (800 F)

In ft

1500 b 144 102 /
p = PR [——— ] x [Z25" ) (85.8 Wb, - fL/1b, - R)(B00 F + 459.7 R)

px 0.5 1 +1°.8.0¢-03 g/cn’

Af - 10.0 Eod cm?
my - 2500 g/s
L = 380 cm

3
2500 g) ( cm ( 1
v .( = 3.1 cm/s
R s 8.0¢t-3 9) 10.0 o4 cm’

S
tR = 380 cm (5——1— )s 122 seconds

cm
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Figure 5-2. Knowing the residence time, volume, and the effective
stainless-steel surface area for deposition in each volume element, the
amount of condensation can then be estimated once the mass transfer
coefficient (K) has been specified.

The mass transfer coefficient (K) can be assessed from the
dimensionless Sherwood number (Sh), which has been alternatively called the
mass-transfer Nusselt number, i.e.,

Sh = K{z/d)

where z is the equivalent diameter of the flow channel (cm) and D is the
diffusion coefficient (cm2/s). Based upon emperical evidence, the
following correlation can be used to estimate the Sherwood number for
forced convection:

v 0.5
Sh = 0.69 (g—)
where v is velocity. Thus, the overall or "effective" mass transfer
coefficient for condensation can be expressed as

K{cm/s) = 0.69 (%!)0.5 (g) 060 (gg)o.s

Assuming a diffusivity of ~1.0 cm2/s for simple gases (sce
Ref. 9), Table 5-4 presents the estimated mass transfer coefficient for
each control volume, indicating an average value of 0.1 cm/s. Knowing the
mass transfer coefficient (K), the bulk temperature of the gas (Tbulk)'
the 1iquid-vapor equilibrium temperature (Teq), and the effective
residence time (tR), the amount of condensation of CsI and CsOH in each
control volume element can be calculated.

5.2.2.2 Condensation Estimate. Tables 5-5 and 5-6 give the
equilibrium temperatures at the TMI-2 CsI and CsOH concentration

conditions, indicating condensation at temperatures below about 880 K for
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TABLE S-4. ESTIMATION OF MASS TRANSHER COLFHICIENT tOR CONDENSATION IN

EACH PLENUM CONTROL VOL UME

Governing Equation:

0.5
K(cm/s) = 0.69 (‘;—”)

Control Volume 1

v 8.2 cm/s
2 = 1/3 (Plenum diameter) = 110 cm
K (cm/s) = 0.135

Control Volume ?

v = 3.5 cas
2« 110 cm
K (cm/s) = 0.123

Control Volume 3

v:31cas
7 = Plenum diameter = 355 cm

K (ca/s) = 0.065

i ——— —— [P UQE R - - -




TABLE 5-5. EQUILIBRIUM TEMPERATURE FOR CsI CONDENSATION AT THE TMI-2
CONCENTRATION AND PRESSURE CONDITIONS, AT Hp/H0 = 4.3

Partial Pressure of Csl; P (CsI)

. Essentially all I exists as CsI, thus the mole ratio is
I/H30 = CsI/Hy0 = 5.536 E-6

. The total pressure (Py) of the gas mixture is essentially equal to
the sum of the H) and Hy0 partial pressures, thus the partial
pressure of steam, P (H20) at Hp/H20 mole ratio of 4.3 is:

P'(H)0) = 1z (1500 psi) = 283 ps1

. The partial pressure of CsI is:
P'csl = 5.536 E-6 (283 psi) = 1.57 E-3 psi = 0.081 mmHg

Vapor Pressure of Csl

log (mm Hg) - =428 | 199 _ 3.2 10q(T)

Temperature at Which P (CsI) = P (CsI)

log (0.081) - -1.09 - =12:420 L 997 _ 3.02 10g(1)

20.79 - 119;539 - 3.02 ot (T)

T ~ 880 K

NOIE: 51.715 mm Hg equals 1.0 psi




TABEE S b tQUILTBRIUM T{MPLRATURE LOR CsOH CONDINSAIION Al M} ?

CONCENIRATION AND PRESSURE CONDITIONS, A Hp/Ha0 . 4.3

Parti1al Pressure of CsOH; P.(CSON)

Essenttally all Cs exists as CsON except for that amount of Cs as Csl,
thus the mole ratto of CsOH is

CsOH/Hp0 . 4.89 £-05 - 5.536 £-06 = 4.436 £ -05

The total pressure (Py) of the gas mixture Ys essentially equal to
the sum of the Hp and Hy0 partial pressures, thus the partial
pressure of steam, P (Hp0) at Hy/Hp0 mole ratlo of 4.3 is:

' 1
P (H?O) T3 {1500 pst) - 283 psi

The partia) pressure of CsOH is:

p.CSON . 4.436 £-05 (283 ps)) = 0.0125 pst - 0.0125 psi - 86.185 Pa

vapor Pressure of CsOH

See Table 5-2

log (Pa) - 9.92 - 6700/1

Temperature at Which Pv {CsOH) = P (CsOH)

log (86.185) - 1.935 = 9.92 - 6700/1

-7.985 : -6700/1
T« 839 K
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CsI and below 839 K for CsOH. Based on the plenum temperatures indicated
in Figure 5-2, the upper half of the plenum is indicated to have been cool
enough (700 K) to induce condensation of both CsI and CsOH, with an
effective condensation surface area of about 1.5(106) cm2. Table 5-7
presents results where the fractional amount (F) of condensation is
indicated to be approximately 14% for CsI and about 12% for CsOH, at a
residence time of about 100 seconds. The indication of such results 1s
that partial Csl and CsOH condensation could have occurred on upper plenum
structures during the high-temperature phase of the accident. However,
such condensate would have been washed from the surface when system
conditions were such as to ensure steam condensation in the plenum (at
elevated pressures and/or lower effluent temperatures) and upon vessel

reflood.

Figure 5-4 can also be used as a check of the wall temperatures at
which condensation of CsI and CsOH can be expected. At an effluent density
of 0.008 g/cm3 (see Table 5-3), which is assumed to be primarily steam,
the concentrations of CsI and CsOH are:

coon . 344 E-05 moles - cson 1 ™1 - M0 aga g o coou 0-008 9 Hy0
- mole H,0 18 g - H,0 mole - CsOH 3
2 2 cm
3 3
= 3.04 £-06 g/cm™ = 3.04 £-03 kg/m
Cop . 554 E-6 moles - cs1 ' ™1 - Hp0 599 g . ¢y 0-0008 g M0
- mole - H.0 18 g - H,0 moie - Csl 3
2 2 cm
3 3

6.67 E-07 g/cm” = 6.67 £-04 kg/m

Noting that the logarithms are -2.5 for CsOH and -3.18 for CsI, the
respective wall temperatures at which condensation occurs, based on
Figure 5-4, are ~860 K for CsOH and ~900 K for CsI, at a system
pressure of 0.1 MPa (one atm). These condensation temperatures compare



TABLE 5-7. CALCULATED WALL CONDENSATION OF CESIUM (Csl and CsOH) IN

CONTROL VOLUME 3 OF UPPER PLENUM

Governing Equation:

] 1
C = | — - (P_V/R) [exp (AKt/V) -1
cond [Tbulk Teq] a [ ]

. [cbulk - ceq] (exp (AKt/V) - 1]

Parameter Values:

A = condensation surface area « 2.0 E+b cm?
K = mass transfer coefficlient = 0.1 cm/s

t = restdence time = 100 sec

V = control volume = 3.75 E+¢7 cm3

B « AKL/V = 0.533

exp (B) « 1.7

Toyix = 700 K

P (CsI) = 1.93 E-3 pst - 1.3 E-4 atm
P (CSOM) - 1.55 £-2 pst = 1.1 (-3 atm
Ry = 82 atm cmd/mole K

R(CsI) = 82/268 = 0.306 atm cm3/g K
R(CsOM) - 82/154 . 0.53 atm-cm3/q K
PaV/R for Csl = 1.6 £+4 g K

PaV/R for CsOH =« 7.8 E+d g K
alculation

Parameter (sl

B = AKL/V
exp (8) |
Coulk = P V/R Tpyik

1 [ {
eq’ '
ceg e P V/R ]eq, g

c(ong' 9
b« Coond/Coulk

QwWwmonNn —O
BV SN N O ~

CsOH

0.533
1.7
11.4
8139
91.7
13.8
0.12




favorably with the equilibrium temperatures predicted in Table 5-5 and 5-6,
(that is, 849 K for CsOH and 800 K for CsI) at a system pressure of
10.3 MPa (1500 psi).

5.2.3 Hot Leq Condensation

The temperature of the hot-leg pipe is estimated at 1000 K during the
high-temperature/fission-product release phase of the TMI-2 accident.
Since temperatures of less than 880 K for CsI and 849 K for CsOH are
required to induce condensation at their respective concentrations,
essentially no condensation of these species is predicted for the hot leg
during the high-temperature phase of the accident. However, as discussed
in the following section, chemisorption of such species is predicted for
both CsOH and CsI.

5.3 Chemical Reactions With Surfaces

A second process that can diminish the amount of a reactive specles in
a gas mixture is chemisorption, where chemical bonding with a surface
occurs. For example, CsOH 1s known to react with stainless steel

surfaces.m']2

For a gas mixture of CsOH, CsI, and steam, the reaction

of CsOH with stainless steel will result in a shift in its vapor
concentration to lower levels, which in turn may alter the concentration of
other cesium bearing species (e.g. CsI) so that thermochemical equilibrium
is maintained. Chemisorption s assessed for both CsOH and Csl spectes in
terms of the TMI-2 condittons. A brief overview is first presented on the
modeling of chemisorption, followed by calculations performed for the TM]I -2

upper plenum and hot leg piping conditions.

5.3.1 Chemisorption Mode)

Similar to the modeling of condensation, the time-rate-of-change of
species-a in the control volume can be written in terms of a mass-transfer
flux (J; g/cm2 s), l.e.,
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dC
513 « Rate of mass chemisorbed 'n the control volume JA

where A Vs the depositlon surface area (cm?) and Ca 's the amount of
chemisorption of specles-a (grams). To explicitly express the amount of
chemisorption, the spatial and time dependence of the concentration profile
Ca needs to be specified, which is a complex function of diffusional and
reactivity properties, and generally unknown. The usual procedure is to
model chemisorption as an trreversible mass transfer process 1n terms of an
*effective® deposition velocity (vd)' where Y4 accounts for both
diffusional properties through the gas boundary layer and a reactivity
factor for rreversible bonding to the wall surface. The resulting
expression for the rate of mass transfer due to chemisorption can therefore
be formulated as

. A 'd c
']

n.la
Pod (@]

which upon integration becomes:

cchem\ » Co {exp (Avct/V) - 1)
where
v x deposition velocity (cm/s)
C : Initial species concentration (g/cna)
A N reaction surface area (cn2)
v . vo lume (cn3)
t . time (s).
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The above equations Indicate that the amount of chemisorption
increases exponentially with an increase in deposition velocity (vd).
surface area (A), and residence time (t), and decreases exponentially with
an increase in control volume (V). Standard deposition velocity (vd)
correlations for various I and Cs species are given in Table 5-8. These
correlations are used to assess CsOH and CsI chemisorption potential for
the TMI-2 reactor plenum temperature and surface area conditions
i1lustrated in Figure 5-2.

5.3.2 Upper Plenum Chemisorption

Unlike condensation, chemisorption can occur over a wide range of
temperatures. For both CsI and CsOH, the deposition correlations given in
Table 5-8 indicate that the reaction of these cesium bearing species with
stainless steel 1s essentially temperature independent, where
Vg = 1.0 E-02 cm/s. Thus, chemisorption would be permitted within all
volume elements of the upper plenum. Knowing the residence time, volume,
and the effective stainless steel surface area for deposition (sce
Section 5.2), the amount of chemisorption of each chemical species In each
control element can be estimated. Deposition by chemisorption for Csl and

CsOH are estimated in Table 5-9.

Note that for a similar surface-to-volume ratlo and similar V4 and
tR values in each control volume, the argument of the exponent is the
same and thus the amount of chemisorption would be the same. As indicated,
70% chemisorption of CsI and CsOH on stainless steel surfaces 1s predicted

for each of the control volumes.

5.3.3 Hot Leq Chemisorption

Similar chemisorption calculations were performed for the hot leg,
based upon the pipe dimensional characteristics 1llustrated in Figure 5-3
and associated thermalhydraulic parameters estimated in Table 5-10.

Table 5-11 presents chemisorption estimates for effluent flow through
one hot-leg pipe. As indicated, because of the relative low
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TABLE 5-8. VAPOR DEPOSITION VELOCITItS FOR CESIUM AND T0DINE BEARING
COMPOUNDS ON STAINLESS STEEL AND ZIRCALOY?
Deposition Velocity, V4 P at 1000k

_Vapor Substrate {cm/s) (cm/s)
I: Kl Statnless steel 9.0 £-08 cxp (4076/1) 5.3 £-06
Csl Stainless steel Same as CsOH 1.0 £-02
CsOH; Cs) Stainless steel £-02 1.0 E-02
15: HI Iircaloy 1.2 £-07 exp (3955/T7) 6.3 £-06
Csl 2ircaloy 0 0
CsOH; Cs) Zircaloy 0 0

" 3. J. A. Gleseke, et al., Analysis of Fission Product Transport Under

] Terminated LOCA Conditions, BNI-NUREG-1990, December 1977.

-
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TABLE 5-9. CALCULATED WALL CHEMISORPTION DISTRIBUTION OF CESIUM (CsI and
CsOH) IN CONTROL VOLUMES 1 THROUGH 3 OF UPPER TMI-2 PLENUM

Governing Equation:

Cchemi = C0 [exp (Avdt/V) - 1]

Ay = stainless steel surface area, cm?
vq4 = vapor deposition velocity, cm?/s
tp = residence time, s

V = control volume, cm3

Deposition Correlations:

vq (stainless steel) = 1.0 E-02, cm/s

Calculation of Deposition:

Control Volume

Parameter 1 2 3
Wall Material SS sS 3
Vv, cm3 1.25 E+7 2.5 E+7 3.75 E+7
Ay, cm? 0.67 E+6 1.33 E+6 2.0 E+6
Wall Temp, K 1255 1033 100
tp, s 100 100 100
vd. cm/s 1.0 E-2 1.0 E-2 1.0 E-2
B = Ayvgtr/V 0.533 0.533 0.533
exp (B) 1.7 1.7 1.7
F = Cchemt/Co 0.7 0.7 0.7
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TABLE $-10. ESTIMATION OF THERMALHYDRAUL IC CHARACIERISTICS OF HOV LEG

PIPING
Dimensions:
A+ flowarea = ¥ (10%) - 3 (36 10.)2 < 1017 0.2 . 6.6 €43 ca?
L = pipe length = 60 ft = 1829 cm
Vs pipe volume = 1.2 £+ cm3
Calculation of Residence Time, tR:
1T : steam temperature = 1000K
p = steam denstily
(1500 lbf) Jee 1n. 2
p - P/RY . x = (85.8 Wb, - Ft/1b_ - R) (1800 F + 459.7 R)
. (e f "

p = 1.72 og/ft3 = 2.8 £-02 g/cmd
m - core exit mass flow rate = 2500 g/s

VR = steam velocity in hot-leg pipe

3
25009) cm 1
v, ( ” (2.0 £.02 g) ( 2) = 13.7 ew/s

6.6 E+3 cm

Noting that the hot-leg pipe has an approximate length of 2063 cm, the
effective residence time in the control volume element 1s approximately

s
'R = 2063 cm (13.7 (n) s 150 seconds

Calculation of Deposition Surface Aresa, Au:

A, = s(10)L = 5.25 E+5 cm

e
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{ABLE 5-17. CALCULATLD WALL CHEMISORPTION DISTRIBUTION OF CESIUM (CslI
and CsOH) IN HOT LEG PIPE

Governing Equation:

C = Co [exp (Avdt/V) - 1)

chemi

Ay = stainless steel surface area, cml
vg = vapor deposition velocity, cm2/s
tp = residence time, s

V - control volume, cm3

Deposition Correlations:

vg (stainless-steel) = 1.0 £E-02, cm/s

Calculation of Deposition:

Parameter Value
Wall Materilal Stainless steel
v, cm3 1.2 E+7
Ay, cm? 5.25 E+5
Wall Temp, K 1000K
tg, s 150
vq, cm/s 1.0 £-02
B = Ayvgtp/V 0.0656
exp (B) 1.07
F = Cohemi’/Co 0.07
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A

surface-area-to volume ratto {5.25 £+5 cmzl!.z tel cm3 : 0.044 cm")

for this 3.ft (36 in.) diameter pipe, only 71X chemisorb Vs predicted. This
result Vs in contrast to the rather high surface-to-volume condittons of
the plenum,

5.3.4 Discussion

The above cstimates indicate that significant chemisorption of CsOM
and Csl would be expected in the upper plenum. However, most fission
product Yodine and cesium at TM]-2 has been found in water samples, with
only a small fraction of the cestum and lodine \nventories attributed to
chemisorption in the reactor plenum, dbased upon leadscrew data. Thus, a
significant discrepancy exists in predicted versus observed chemisorption
behavior, using the temperature-independent correlation suggested in Ref. 7
(V.e., e " 0.0 ca/s). A similar overestimate of CsOH chemisorption has
also been noted 'n Ref. 13 using this vapor deposition correlation,
relative to assessment of fisslon product transport and deposition behavior
in the PBF-SFD Scoping test. Calculated results 'n Ref. 13 indicated
complete chemisorption of CsOH in the steam 1ine betwecen the test bundle
and condenser, while measured activities of Cs indicated 1ittle
irreversible deposition (chemisorption). As discussed in Ref. 13, the use
of a constant deposition velocity, that is nelther temperature dependent
nor accounts for steel oxidation or the butldup of a reaction layer, Is
probably erroneous. The TMI-2 results also iIndicate the inadequacy of
present chemisorption modeling of Csl and CsOH using Vg * 0.0 cw/s.

5.4 Effect of Borated Water

In addition to condensation and chemisorption effects, the transport
chemistry of Yodine and cesium can also be influenced by chemical reactions
wilh borated water released to the primary system during the TM]-2
accident. The Influence of potential boron reactions are summarized in
this sectton.

As discussed by Ardon and Ca\n,]‘ the Borated Water Storage Tank
(BW.1), with a tota) capacity of 4.73 (105) gals, provides a boron polson
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to the core during operation of the englineered safeguards system.
Orthoboric actd (H3803), metaboric acid (HBOZ), and boric-oxide

(3203) crystals in the ECCS water, constitute the primary chemical

forms of the dissolved boron. Boric acid is an extremely weak acid, and
therefore does not exhibit excessive corrosive behavior with primary system
iron-based materials. During the TMI-2 accident period between 0-200 min,
about 5.5 E+4 kg (14,800 gals) of water is thought to have entered the
reactor coolant system from the BHST.M Output from the alarm printer
indicates that the BWST makeup system operated for a total of about 10 min
during this period. Assuming the safety injection system operated at its
full design capacity of 63 kg/s (1000 gpm), this implies a total injection
from the BWST of 3.8 E+4 kg (10,000 gals) during this period of recorded
operation. The remaining 1.8 E+4 kg (4800 gals) was presumably injected
from 73-166 min, when the alarm printer was out of action.

An additional source of boron during the TMI-2 accident may have been
derived from decomposition of the B4C Zircaloy-clad burnable poison
rods. Besides full- and part-length AgInCd (stainless-steel clad) movable
control rods, the TMI-2 core contained 68 fuel assemblies, each containing
16 burnable poison rods. These rods incorporate ceramic pellets containing
B,C suspended in cylindrical alumina (A1203) pellets. Decomposition

4

of B4C by steam during core meltdown can occur via the following

reaction:]

B4C + 6H20 = 28203 + 6H2

Subsequent reactions of the boric-oxide product with water would result in
boric acid formation; i.e.,

8203 + H20 = 2 HBO2 (metaboric acid} , and

HBO,, + H.0 = H3BO3 {orthoboric acid)
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These sources of boric ac'd can impact cestum and todine chemistry via the

tollowing react\ons:‘s

Csl » H802 - CsB0, + HI

2

« CsBO, ¢+ H,0 « HI

Csl » Neﬂos 2 2

CsOM » H802 - Csaoz . H20

v 28,0

CsOH + H 803 a CsBO? 2

3

In this section, the potential for alteration of lodine and cesium
transport chemistry due to boron addition s considered with respect to
TR1-2 conditions. A brief discussion s first presented on boron-cesium
chemistry, followed by an evaluation of the TMI-2 boron concentration
levels necessary for significant sequestering of fission product cesium.

5.4.1 B-Cs Chemistry

Small-scale laboratory studies at Sandla Laborator\eslz have shown
that Csl reacts wilh boron carbide In steam at ~1000 K, generating a
volatile todine species. This observation prompted studies (at the U.X.
Winfrith Laboratories) on the reactlon between boric acid and Csl at
temperatures typlcal of severe reactor accident cond\t\ons.‘s It was
found that significant Interaction occurred when the reactants were heated
together in the range 700 K to 1300 K, producing a volatile Yodine specles
and complex cesium borates. Mass-spectrometer studies of the system
identified the volatile Yodine species as Hl. Additionally, the Winfrith
studies showed that the reaction occurred at temperatures as low as 400 K,
although significant Ml release occurred only above 700 K. Additional
studies have also demonstrated that ‘odine is volatilized from evaporating

aqueous solutions of ceslum lodide and boric ac\d,‘B in the temperature

range of =400 K.
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The Winfrith stud'ies]S demonstrated that the primary reaction
between CsI and metaboric acid can be described by the following simple
reaction:

CsI HBO2 = CSBO2 + HI

The above reaction occurred whether the reactants were in a condensed or
vapor phase. However, the most reactive mixture occurred when both
reactants were present in a vapor phase, where essentially complete
decomposition of Csl was observed. The effect of CsOH vapor on the cesium
jodide-boric acid reaction was also considered. Results indicated that the
release of the byproduct HI was suppressed somewhat by the addition of CsOH
to the reaction mixture. The implication of such results is that the
chemical reaction of CsOH with boric acid is favored over that of CsI,
although some HI was always produced.

A]exander]0 recently performed experiments to assess the combined
effects of CsI and CsOH reactions with boron oxides in the presence of a
reactive stainless surface. Results indicated that the stainless steel
surface served as a strong bettering agent for depletion of both CsOH and
CsI vapor. The effect of boron addition was found to be secondary, where
3 CsBOz, an?oHaBoa) had
T1ttle impact on CsOH and CsI behavior. Alexander =~ concluded that a
CsOH/CsI/steam mixture, in the presence of both stainless steel and boric

trace amounts of boron components (820

acid, exhibits a stronger reaction for Cs-SS chemisorption and release of
HI in the process than for ceslum-boron reactions. However, in the absence
of reactive stainless-steel surfaces, cesium borate compounds should form,
so that the Csl molecule is destabilized, releasing HI in the process.

In the following subsection, such results are assessed relative to
conditions that occurred during the TMI-2 accident. The principal concern
is whether conditions existed which would have resulted in boric acid
destabilization of the CsI molecule, resuiting in HI formation.
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5.4.2 IMI.2 8/Cs Concentration Conditions

To assess the potential for HI formation by Cs] reaction with borated
water, an estimate ‘s made of B/Cs concentration conditions for the TM].2
accldent condittons. The principal sources of boron addition to the 1M]-.2
core are the borated water released during ECC injection and that due to
decomposition of the B‘C—M?O3 burnable poison rods.

The ECC contribution can be estimated, based on a solubility of 27.6 g
of H3803 per 100 cc of water (Ref. 16) and a total injection of about
5.5 E+4 kg of borated water to the core during the accident (Ref. 14).
Thus, the ECC contribution of boron 1s estimated to be:

0.276 g - N3803

Ng-8
T TR0 0 x 2.69 €46 g

62 g - H3803

tcc - boron a x 5.5E+7gH

2 2

Most of the burnable poison in the TMI-2 core is a B‘C compound
dispersed in ceramic Alzo3 of which approximately 1 to 1.4 wtX s
B‘C. Noting that a total of 380 1b (Ref. 5) or 1.73 £+5 g of such
mater1al was present 'n the TMI-2 core, the contribution of boron from

complete decomposition of the burnable polison materia) s estimated to be:

0.012 g - B‘C 1.73 E+5 g - B‘C/M?O3 44 g - B‘

8,C - boron » YO0gq- B4C/A‘2°3 X core 1) 9 'Aizc

= 1630 g

Because the boron contribution from B‘C decomposition is small compared

to that released by ECC injection, the B‘C contribution can be neglected.

Because the total fission product inventory of cesium at the time of
TH]-2 shutdown s estimated to be approximately (see Chapter 3) 2.25 €+4 g,
the B/Cs mass ratio 1s:

B8/Cs mass ratio « %f%%—%%% « 120
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with a corresponding B/Cs atom ratio of about 1500. Clearly a sufficient
quantity of boron would have been present in the TMI-2 coolant for the
reaction of both Csl and CsOH to cesium-borate compounds, with resultant
release of HI from the Csl-H3803 reaction. The implication of this
result is that HI may have been the primary chemical form of lodine vapor
transport in the TMI-2 primary coolant system. Upon contact with water,
either in the pressurizer or steam generators, such HI would then have

formed a water soluble species.

5.5 Summary

Results of analyses described in this section indicate that although
the predominant forms of todine and cesium transport with the
steam/hydrogen effluent exiting the core are predicted to be CsI and CsOH,
changes in chemical form can occur as these speclies interact with either
reactive/cool surfaces or boric acid released by ECC injection.
Condensation and chemisorption of CsOH and Csl in the upper plenum both
tend to increase the concentrations of HI in order for chemical equilibrium
to be maintained. An assessment of the TMI Cs/B concentration conditions
also indicates that a sufficient quantity of boron would have been present
in the TMI-2 core (due to ECC injection) for complete reaction of both CslI
and CsOH to cesium-borate compounds, with the resultant release of HI.
Gas-phase fodine transport in the TMI-2 primary coolant system s therefore
assessed to have been primarily in the form of HI, which, when scrubbed
through water, would have resulted in a stable solution containing lodide
fons. Although there is no direct evidence of chemical form from the TMI-2
water samples, the measured concentrations in sump water samples are as
consistent with HI chemical form as with Csl.
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efflyent, where exact partitioning between HI and CsI Vs highly dependent
on concentration conditions. In general, Csl Vs predicted to be the

predominant form of Yodine over a wide range of system conditions, while

5
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CsOH is the predominant cesium species. The kinetics results also indicate
that chemical equilibrium would be established quickly (<10'2 seconds)
during effluent transport.

Although the effluent chemic;?\bqy1ronment would favor predominantly
CsOH(g) and CsI{g) species during vapo;\tngnsport through the core,
subsequent CsI reaction with boric acid reieased from ECC water would have
resulted in conversion of CsI to Cs-borate and HI. Transport of CslI(g) and
CsOH{g) from the core is also predicted to condense and chemisorb in the
upper reactor plenum, forming additional HI{(g) in the process. HI(g) 1s
therefore assessed to be the principal form of todine transport leaving the
reactor vessel during core degradation, which was subsequently dissolved in
water to produce ilodide ions in solution with coolant. Such chemical and
physical processes, in conjunction with containment isolation, are
considered largely responsible for plant retention of 1 and Cs during the
TMI-2 accident.
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APPENDIX A
CHEMICAL KINETICS CONSIDERATIONS

In Section 4, estimates of 1 and Cs chemical forms in the
steam/hydrogen effluent were based on a thermochemical equilibrium
analyses. Such thermodynamic predictions are valid only if the system has
reached equilibrium. However, for dilute mixtures, collision probabilities
are reduced so that the time required to reach equilibrium s ncreased.

In this appendix the applicability of such thermodynamic predictions for
the TH]1-2 fisslon product concentration conditions s assessed by examining
reaction rates. Estimates are made of a characteristic colliston time as
well as & detailed assessment of the primary reaction mechanisms
controlling overall reaction kinetics.

A.Y Collision Rate Predictions

The assumption of thermochemical equilibrium s based on the fact that
the number of collistons 'n a gas mixture s typically on the order of
10'28 collis\ons/s-cn3 at standard temperature and pressure. However,
for a low-inventory of reactive fission products in a gas mixture dominated
by steam, the collision frequency between individual fission products may
be low. This can be seen through inspection of the collision frequency
(Il-Cs) for 1 and Cs 'n a gas mixture, which from kinetic theory can be

expressed as:

[ O |
) s * M0 1.s (8'“' '%;i;:gi)
where n . number atoms of reactant per cc, M = atomic or molecular weight,
R . gas constant, T = absolute temperature, zl-Cs « colltsion rate
between | and Cs per cubic centimeters, and °1-Cs = mean molecular
colliston diameter. As indicated, the collision frequency s proportional

to the product density of interacting species.
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An evaluation of the colliston frequency between | and Cs atoms at the
"Nominal TMI-2* effluent Vs presented 'n Table A-1. Ffor present purposes,
the collision diameter %8 can be estimated from atomic diameters. The
concentrations of | and Cs are at the "Nominal TM]-2* conditions used in
the SOLGASMIX calculations (see Table 4-2). The pressure and temperature
conditions are the same as those used in the thermoequilibrium calculations
(that Vs, 10.3 MPa and 1500 K, respectively). For such conditions, the

1-Cs collision frequency 1s:
2, s ¥ 2.8 E+2) collistons/cn’ s

Dividing the concentration density (atoms/cma) of the most dilute species

by the colliston frequency (coll\s\ons/cu3 s) glves the mean time between
collisions (tc)

lc - -l/Zl-Cs = 2.07 £+¢1/72.8 E+21 - 7.04 £-07 seconds

If the collision time s short compared to the time period over which
molecules can interact, thermoequilibrium can be assumed. For present
purposes, the pertod for interactlon can be represented by the transport
time (tb) through the core half-height, which s estimated in Table A-2
to be

A, L/m: 204 s

ty = A

Since t \s about 9 orders-of -magnitude less than tb' the
assumption of thermochemical equilibrium for I-Cs reaction appears

satisfactory. However, in general only a smal) fraction of molecular
collisions will result In compound formation. Thus, a delalled
Investigation of the kinetics of the actual reactlon processes involved is
necessary to establish, with assurance, the time when equilibrium s
achieved. Such reaction kinetics is Investigated in the following section.
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TABLE A-1. ESTIMATION OF THE COLLISION FREQUENCY BETWEEN FISSION PRODUCT
I AND Cs ATOMS IN THE TMI-2 CORE EFFLUENT

Governing Equation:

7 - nen. ol 8uRT Mt s e
I-cs = "1"cs%1,cs |7 e

Parameter Values:

p = 10.3MPa = 10.3 E+06Pa - 103 E+06 dy/cm?

T = 1500 K

M] = 3.43 £-09 moles-I/cm3 = 2.065 E+15 atoms-I/cm3
ncs = 3.03 E-08 moles-Cs/cm3 = 1.824 E+16 atoms-Cs/cm3
R = 1.986 cal/mole K

M1 = mass iodine atome = 127

Mcs = mass cesium atom = 133

oy = atomic diameter iodine = 1.33 é

Oco = atomic diameter cesium =°2.35 A

%1 _Cs (aI + ucs)/Z = 1.84 A = 1.84 E-08 cm

Calculation of Parameters:

(M} + Mcg)/Mp Mcg = (127 + 133)7127(133) = 0.0154 mole/g

8aR1 = 74.87 E+03 cal/mole = 3.13 E+12 ergs/mole

3.13 E+12 g-cm?/s2 mole

non

HI + HCs 2 2 0.5
8wRT | - (0.0154 mole/g x 3.13 E+12 g - cm“/s” - mole)
I "Cs

2.19 E+05 cm/s

ny nes = 2.07 E+15 x 1.82 E+16 = 3.77 £+31 cm-5

2

s 2
I-Cs

- [1.84 £-04 cm]® - 3.386 E£-16 cm

Calculation of Collision Frequency:

[3.77 E+31 cm'6] [3.386 E-16 cm2] {(2.19 FE + 05 cm/s)

Iy _cs
2.8 E+21 collisions/cmd s
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TABLE A-2. ESTIMATION OF EFFLUENT TRANSPORY TIME THROUGH TM1-2 CORE
HALF -HE IGHT

System Parameters:

P N Pressure = 1500 gs\ (10.3NP3)
Ag = Core Flow Area . 52 ft< = 7488 n

L s Core 1/2-Height : 6 ft « 72 in

) . Mass flow Rate . 2500 g/s = 5.5 1b/s

{see Chapter 4)
P = Saturated Steam
Density (1500 pst)

»

3.6 lbg/ft3 = 2.08 £-03 1by/in3

Calculation of Transport Time (tp):

ty = pAs L/N = 204 sec
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A.2 Reaction Kinetics Predictions

For any chemical reaction, the rate of change in concentration of a
particular component in a reacting mixture can be expressed in terms of its
generation minus consumption rates. Thus, for a reaction of the form:

the rates of change in concentrations for species A and C can be expressed

as:
g% = -k [A] [B] + k, [C) [D]
g% = +kr [A] [B] - kg (c1 [0}

In the above expressions, kr and kd are the reaction and dissoclation
rate constants, respectively, and the brackets [ ] denote concentration in
molecules or atoms per cubic centimeter.

for a multicomponent system involving any number of reactions, the
t ime-dependent concentration [C] of a particular component (1), requires
the solution to the coupled differential rate equations of the general form:

ac, _
T Z kyCy + E iyl * E K31 St
h| 3.k

J.k,1

where C,, Ck, and C] are the concentrations of the various reaction
species affecting the concentration of species (1), and kj' kjk’ kjk]
are first-, second-, and third-order rate constants. A solution to the

above equation will yleld information on the change in concentration of a
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particular species with time. When the concentration \s constant, chemica)
equilibrium for that species s achleved. A kinetics model for a
multicomponent system requires as input not only the concentrations of al)
participants but also the respective rate constants, which are gencrally
strong Arrhenius type functions of temperature, \.e.

kK = A exp(-Q/R1)

where A is a pre-exponential factor and Q s the activation energy. For a
Q value of =40 kcal/mole K and temperatures in the range of =1000 K,

the rate constant approximately doubles with a temperature Increase of

~35 K.

In a recent study by uren,A'] the gas-phase kinetics of cestum and
lodine reactions In steam and steam/hydrogen atmospheres were studied.
Over 150 potential reaction and dissoclation equations were postulated.
However , results indicated that 1 and Cs chemistry In a Hzlstean
atmosphere are governed by only a few primary recactions. In Refs. A.2
and A.3, the kinetics of Cs-1.C-0-H system was studied with respect to
interpretation of fission product chemistry for the PBF Severe fuel Damage
(SFD) Scoping and 1-1 tests. Results indicated that the following system
of chemical equations governs overall 1/Cs/H2/H20 reaction behavior:

k k

rl ré
Cs ¢ ] ¢« X = Csl] + X loIOXslzox

k k

d1 rd

kr? kr7

Cs » H20 k. CsOH + H CH K 12 k= CH31 + HI
d2 a7
ke3 Keg
] + H, = H]l + H Cs ¢« HI : Csl ¢+ H

2 k k

a3 ds



rd r9
I +H+X = HI ¢+ X CsOH + HI = CsI + H20
k k
d4 d9
Kes Kero
H+ H,0 = HOI + H H+H+ X = H, + X
2 K K 2
ds dio0

where kr and kd are the reaction and dissociation rate constants,
respectively. Although methyl-iodide (CH31) formation is possible due to
the potential for carbon release from structural materials at high

temperatures, previous studiesA’3 indicate 1ittle potential: for CH31

formation. In this analysis, methyl-lodide formation is neg]ected.A'4’A'5

Second- and third-order reactions were chosen to provide an excited
secondary product that stabilizes each reaction. For this system of ten

chemical equations, there are 12 reaction species (Cs, I, CsI, Hzo, CsOH,

H, HZ' HOI, HI CH4, 12, and CH31) for which twelve rate equations
must be written. Since the molecule X ¥s nonreactive, its concentration is

constant.a Two example rate equations for 1 and Csl are:
Gt = ke 1651 111 XD + gy LCSIT [X]

k411 [Hy] + k 4 [HI] [H]

-kpq [11 [H] [X] + k4, [HI] [X]

-kr5 [1] [H20] + de [HOI] [H]

-kr6 [I) (1] [X] + kd6 [12] (X] , and

. In the present analysis the concentration of the collision molecule
(X) that carries the reaction energy is considered to be Ho.



91%%11 - ok, (C3] (1] (%) - Ky (Cs1) (X]

sk g [C] [HI) - ko [Cs1) (W)
"k g [CSOH) [HI] - k o [Cs1) [H0)

The rate constants kr were taken from Hren"‘ at 1T = 1500 K and 1000 K,
while kd was estimated from the equilibrium relationship

Keq - kr/kd, where Keq = exp(-86/RT), R s the gas constant
(8.314 J/mole K), 1 s absolute temperature (K), and AG s the net free

energy of formation (J/mole) which is expressed as:

L ] *®
AG = ZAG' (products - Zasf (reactants)

The free energies were taken from the SOlGASleA'6 data base.

Bastcally two sets of calculational results are presented, one
representative of the estimated 1M]-2 core conditions and the other for the
colder upper plenum environment. Table A-3 presents the kinetics data at
1500 K and 1000 K. It should be noted that although a steam temperature of
2000 K was assumed in the calculation of concentration conditions, the
HrenA" xinetics data are for a maximum temperature of 1500 K. Ffor the
sake of simplification the kinetics data (kr and kd) are based on
values at 1500 K (core conditions) and at 1000 K (plenum conditions), while
the concentrations are estimated from Ydeal gas behavior at the quoted
temperature (core = 2000 K. plenum - 1000 K) and pressure (10.3 MPa)
conditions cited in Table A-3.

A.2.1 Core Conditions

Figure A-) presents a numerical solution for the 1Mi-2 estimated core
conditlons. Concentration versus time results are plotted on a logarithmic
scale, assuming zero 1nit1al concentration of methane. As iIndicated, |1 and
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TABLE A-3. SUMMARY OF KINETICS DATA AND INITIAL CONDITIONS
a
kpp = 1.65 E-300  kpp = 6.57 E-148 kpg = 2.47 E-15
kq) = 5.52 £-382 kqp = 1.42 £-103 kg3 = 4.19 E-118
krg = 1.30 £-29° kps = 1.56 E-163 ke = 4.10 £~31:
Kinetics Data  kgg - 7.06 E-359 kgs = 9.40 £-114 kge = 1-00 E-80
at 1500 K )
kp7 = 1.66 E-114 krg = 5.10 £-118 kg = 6.90 E-14°
kq7 = 2.77 E-108 kgg = 3.14 £-132 kgg = 1.97 E-19
kpp = 1.07 £-29P
kg1o = 3.46 E-399
kpy = 7.66 E-32P kpp = 1.76 E-163 kpg = 1.46 E-172
kqp = 2.43 E-452 kgp = 1.16 E-102 kg3 - 6.91 E-113
krg = 1.24 E-30D kpg = 4.12 E-213 krg = 1.00 E-30P
Kinetics Data  kgg = 2.57 E-413 kqs = 8.50 E-122 kge = 1.00 E-1072
at 1000 K
kp7 = 1.66 E-118 krg = 2.00 E-112 krg = 1.00 E-152
kq7 = 3.36 E-92 kqg = 3.06 E-142 kqg = 2.32 E-24d
kp1g = 1.03 E-32b
kg10 = 4.53 E-509
Note: a = cm3/molecule_s
b = cm®/moleculeé s
T = 1000 K (plenum)
T = 2000 K (core)
Hp/H,0 Mole Ratio = 4.3
P°= 70.3 mpa

TMI-2 Int1tial Conditions

Nominal Boiloff Rate = 2500 g/s
I = 2.06 E+15 atoms/cm3
1.82 E+16 atoms/cm3

Cs
H2

3.018 £+20 molecules/cmd

Ho0 = 7.080 E+19 molecules/cm3
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IVlustration of ] and Cs gas-phase reaction behavior in the
TMI-2 core effluent at t = 180 min.
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Cs are shown to react quickly to form CsOH, CsI, and HI, where equilibrium
is attained in approximately 10'2 seconds for these species. Essentially
no formation of HOI (hypoiodous acid) is predicted. The ultimate
(steady-state) partitioning of todine between CsI and HI, as predicted for
the TMI-2 environmental conditions, is CsI = 98.5% and HI = 1.5%. As shown
in Table A-4, this partitioning compares favorably with SOLGASMIX
thermochemical equilibrium calculations previously presented in Section 4,
indicating approximately 98.5% CsI and 1.4% HI. It should be noted that
the kinetics predictions should converge to the same thermochemical
equilibrium results, if all reaction mechanisms are included in the
kinetics study. The discrepancy of less than 1% is encouraging and
indicative that the primary reactions governing I and Cs behavior have been
considered.

Figure A-2 illustrates the effects of changing initial I and Cs
concentrations. A1l parameters were the same as used in Figure A-1 except
that the I and Cs initial release concentrations were both reduced and
increased by a factor of 10. Table A-4 summarizes the results. As
indicted, a change in concentration affects both species partitioning and
the time to reach chemical equilibrium. As the concentration i1s decreased,
the partitioning of iodine changes from one of 98.5% CsI at the nominal
concentration TMI-2 conditions, to about 89% CsI and 11% HI when the
concentrations are reduced by an order of magnitude. A reduction in
concentration level also results in an increased time to reach equilibrium,
although at 1500 K this effect is not large. On the other hand, an
increase in concentration by a factor of 10 above the TMI-2 estimated core
conditions results in almost total reaction of I with Cs.

As discussed in Section 2, the hydrogen generation rate and coolant
inlet flow (which influenced the steam production process) varied widely
during the course of the accident, so that at certain times a hydrogen-rich
environment existed while at other times the atmosphere may have bcen
steam-rich. Uncertainty thus exists relative to definttion of a
characteristic H2/H20 molar ratio, particularly at the time just after
core reflooding, when the boiloff and the zircaloy oxidation induced
hydrogen production rate were probably maximized. Because of such
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Figure A-2. Illustration of the effect of a change in I and Cs
concentration on reaction kinetics and species partitioning.
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uncertainties, the effect of a vartation in Nz/Hzo mole ratio was also
assessed, namely at a ratto of 4.3 (estimated condition at reflood) and at
1.0 (neutra) environment). Figure A-3 Yllustrates results where all
parameters were the same as used in Figure A-1, except the H2/H20 mole
ratio was varied to 1.0. Calculational results indicate essentlally no
effect on reaction kinetics and only a minor effect on Yodine chemical
form. At a H2/H20 molar ratio of 4.3, the ultimate partitioning of |

's 98.5% Csl and 1.5% HI, while at H?/H20 = 1.0 the partitioning 1s

approximately 96.8X Csl and 3.2X HI, as predicted from kinetics.

It 1s interesting to note that at the higher H2/H20 mole ratio,
less Hl s formed, which is not Intuitively expected. This result 1s due
to the complex\ty of the reactions of Cs and 1 with each other and with
steam and the relative concentrations of these reacting species. Because
the concentration of cesium for the TNI-2 conditions s estimated to exceed
that of todine by a factor of approximately 8.8, the reaction of Cs with
H20 to form CsOH largely controls the overall partitioning of cesium
species. As the relative concentration of steam is diminished at a higher
nzluzo mole ratio, more Cs s avatlable to form Csl, so that the
concentration of HI is diminished somewhat. In other words, because Cs 1s
in greater concentration than I, Cs reaction behavior somewhat overrides
that of todine. Thus, if the potential to form CsOH s reduced due to a
lower H20 concentration, then the probabiltty to form Csl s Increased,
which reduces the potentital for Hl formation. However, this effect 1s
relatively minor, where a factor of four reduction in the H,/H,0 ratio

22
results 1n only a 2% change In the partioning of Csl and HI specles.

A.2.2 Plenum Conditions

A stmulation of upper plenum conditions was also made, where 1t was
assumed that 1ittle steam condensation occurred so that the concentrations
of the major carrier species (steam and hydrogen) were the same as in the
core. However, the temperature in the lower reglon of the upper plenum was
taken to be 1000 K.
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Figure A-4 Vllustrates the effect of temperature. Al) parameters are
fixed and equal to the nominal 1MI-2 concentration conditions, except the
temperature-dependent kinetics rate constants were varied. As Indlcated,
the effect of temperature on the time required to establish equilibrium \s
significant. At 1500 K the equilibrium of the predominant specles (CsOH,
Csl, Hl) Vs reached in about 1073 seconds, while at 1000 K the
equilibrium of CsOH s not reached unti) approximately 100 seconds.

The time for the Cs-1-0-H system to reach equilibrium at 1000 K 1is
relatively long. The reason for this behavior can be determined by
examining the rate constants for the following reactions:

Reaction
1000 K 1500 K Order
Cs + Hy0 = CsOH + H 1.76 £E-16 6.57 £-14 2
Cs ¢ OH ¢ X = CSOH ¢ X 1.79 €£-31 3.84 £-30 3
Hy0 - OH + H 3.46 £-N1 1.77 £-02 2

for the reaction Cs » uzo = CsOH » H, a decrease in temperature from
1500 K to 1000 K results in a 2 order-of-magnitude decrease in the forward
rate constant. For the two-stage reaction

nzo : OH + H

Cs « O ¢ X = CsOH ¢ X

the forward rate constant for the reaction Cs + OH + X = CsOH + X drops
only one order of magnitude over the temperature rate 1500 to 1000 K.
However, the rate constant for the decomposition of water drops nine orders
of magnitude over the same temperature range, indicating that it s quite
difficult to dissoclate water at 1000 K. As a result, the kinetics data
suggest that the formation of CsOH via elther mechanism (direct reaction of
Cs with water to form CsOH or the two-stage process described earller) s
slow at 1000 XK. For elther mechanism, water must be dissoclated to form
CsOH, which ts difficult at 1000 K. Likewise, because of the high

AN



Concentration (atoms or molecules/cm3)

Concentration (atoms or molecules/cm3)

1018 |

1017
CsOH
Cs _ - - - _ _ - -

1016
1015 \ '
1014 “". /

\fi Hi

‘\..: e —_—
4
10%2 / / TMI - 2 concentrations

LY Ha/H;0=43
10 // T=1500 K
1010 ff
10° i q \ ;

1076 105 1074 1073 102 101 100 101 102 103 104 105 108
Time (s)

1018

1017

- —— ——— e -

-
(=]
-
]

-
- —

-
=
th

1014

1013 TMI - 2 concentrations
! H./H,0=4.3

102 |= T=1000 K

10M

10°
1076

100
Time (s)

102 102 101

105 107 0" 102 103 106 105 108

7-9650

Figure A-4. 1Illustration of the effect of temperature on reaction kinetics
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concentration of hydrogen, the probability of free OH combining with H to
form water at 1000 K \s much greater than the probability of OH reacting
with Cs to form CsOH. Hence, the long time to reach CsOH equilibrium is

consistent with the kinetics data and inttlal concentration conditions used
In the analysis.

It ¥s also noted that at 1500 X, HI remains stable in the presence of
cesium, while at 1000 K, Rl s unstable and transformed to Csl. Thus, as
the effluent (hydrogen, steam, and fisston products) exits the core and
cools in the upper plenum, complete transformation of HI to CsI s
predicted to occur. The same s true for both hydrogen-rich (e.g.,

H2/H20 = 4.3) and neutral (H2/H20 = 1) eavironments, as indicated
n Figure A-S.

On comparing the time to reach equilibrium for the 10 reaction
mechanisms studied here, with the effluent transit time through the core
half-height (t = 204 sec; see previous section), it can be seen that for
most conditions the time to reach chemical equilibrium is much shorter than
the effluent transit time, particularly at the elevated core temperature
(1>1500 K). However, this may not be true in the plenum reglon, where
lower temperatures (1<1000 K) result in slow kinetics for the CsOH
reaction species. Nevertheless, since equilibrium for CsOH would have been
established in the core prior to the effluent entering the colder plenum,
this effect s minimal.
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Figure A-5. Illustration of the effect of Hy/H20 mole ratio on reaction

kinetics and I/Cs species partitioning at T = 1000 K.
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