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The OECD Nuclear Energy Agency (NEA) has established a Task Group
in the Committee on the Safety of Nuclear Installations (CSNI) to perform
an analysis of Three Mile Island Unit 2 (TMI-2) accident as a standard
problem to benchmark severe accident computer codes and to assess the
capability of the codes. The TMI-2 Analysis Exercise was performed at
the Japan Atomic Energy Research Institute (JAERI) using the THALES
(Thermal-Hydraulic Analysis of Loss-of-Coolant, Emergency Core Cooling
and Severe Core Damage) — PMI/TMI code. The purpose of the analysis is
to verify the capability of THALES-PMI/TMI code to describe accident
progression in the actual plant. The present paper describes the final

result of the TMI-2 Analysis Exercise performed at JAERI.

Keywords: TMI-2, Thermal-hydraulic, THALES, Analysis Exercise, Severe
Accident, Safety, Hydrogen, PORV '
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I. Introduction

The OECD Nuclear Energy Agency (NEA) has established a Task
Group in the Committee on the Safety of Nuclear Installations
(CSNI) to perform an analysis of Three Mile Island Unit 2 (TMI-2)
accident as a standard problem to benchmark severe accident
‘" computer codes and to assess the capability of the codes. The
TMI-2 Analysis Exercise was performed at the Japan Atomic Energy
Research Institute (JAERI) uéing the THALES (Thermal-Hydraulic
Analysis of Loss—-of-Coolant, Emergency Core Cocling and Severe
Core Damage) - PM1/TMI code. The THALES-PM1/TMI code 1is a
modified version of‘the THALES—PMl;) developed at JAERI for the
analysis of core meltdown accidents of light water reactors. The
purpose of the analysis is to verify the capability of THALES-
PM1/TMI code to describe accident progression 1in the actual

plant.

In the analysis, the initial and boundary conditions were
based on the TMI-2 Standard Problem data base2’3) which was used
by the OECD/NEA/CSNI in performing the TMI-2 Analysis Exercise.
All components in the primary cooling system were modeled in the
calculation, but the secondary side was modeled by one volume for
each loop. Major parameters calculated include the primary system
pressure, the coolant mass flow rate through the pilot-operated
relief valve (PORV), the coolant levels in each component of the
reactor cooling system (RCS), the fuel temperature at different
radial and axial positions in the core, the hydrogen generation

rate, and the heat transfer in the steam generator.

The object of the TMI-2 Analysis Exercise was the first 300
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minutes of the TMI-2 accident 1in which most of 1important
phenomena concerning thermal-hydraulic and core degradation took
place. This term was divided into four phases and the Analysis
Exercise was performed by participants step by step from phase 1
to phase 4. The analysis result for the initial two phases
performed at JAERI using THALES-PM1/TMI was published in Nuclear
Technology.4) The present paper describes the final result of the

TMI-2 Analysis Exercise covering phases 1 to 4 performed with

THALES-PM1/TMI code.
II. Code Description

The THALES*PMi/TMI code is a modified version of the THALES-
PMll) which is part of THALES code system. The THALES code system
was developed to describe the physical processes governing the
progression of core meltdown accidents, including initial
blowdown, core heatup and meltdown,‘pressure vessel melt-through,
debris/concrete interaction, and containment failure.

In the THALES codé system, the THALES-PM1 calculates the
thermal-hydraulic behavior in the primary cooling system, core
heatup, melt-progression in the pressuré vessel and melt-through
of the vessel for pressurized water reactors (PWRs).

THALES-PM1/TMI includes a system model, a hydraulic model,
aﬁd mass and heat transfer model. The primary cooling system of a
PWR is modeled by control- volumes and junctions. Each control
vdlume is divided into gas and ligquid regions. It is assumed that
the pressure in the primary system is uniform and that thermal

equilibrium is maintained in each control volume.. THALES-PM1
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calculates a system pressure, mixture levels, gas and liquid
temperatures, and flow rates between control volumes.

The core heatup model in THALES-PM1/TMI treats the one-
dimensional heat transfer along the fuel rod, debris, and
coolant. Fuel rods within the core .are divided 1into several
groups, and each fuel rod is further divided into several axial
segments. For the fuel segments below the mixture level, the heat
transfer to the cooclant is calculated neglecting the temperature
rise of the coolant. Above the mixture level, the heat transfer
between the fuel segments and the steam is considered for each
fuel rod group. The steam is distributed to each fuel rod group
so as to be proportional to the number of fuel rods in each
group. |

THALES-PM1/TMI incorporates the Baker-Just model for the
metal-water reaction after the initiation of core uncovery. Since
the Baker-Just model gives a conservative value, the present
calculation may overpredict the rate of temperature rise and
hydrogen generation. Concerning the initiation of melt
progression, THALES-PM1/TMI assumes two different failure
criteria: fuel damage due to melting and fuel fragmentation due
to guench. |

To simulate the TMI-2 accident, the original THALES-PM1 code
is limited in the heat transfer and pump models. In the heat
transfer model, THALES-PM1 assumes a fixed value for the heat
transfer coefficient for the gas and liquid phases in the core
and.in the steam generator. However, in the TMI-2 accident the
heat transfer mechanism was more cocmplicated. For the pump model,

the original THALES-PM1 code always assumes phase separation in
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each volume even when the reactor cooling pump is operated.
However, in the TMI-2 accident, it was estimated that the core
was covered with two-phase mixture while the pump was operated.
Mcdifications to the THALES-PM1 code were made in the heat
" transfer and pump models to generate THALES-PM1/TMI. In THALES-

PM1/TMI these two models have the following characteristics:

1. Heat transfer model. THALES-PM1/TMI employs the heat
transfer model in which the heat transfer coefficient between the
fuel rods and the coolant or the steam in the core or between the
primary and the secondary side in the steam generator is deter-

mined from correlations used iIn RELAP4/MOD55) as shown in Table

I.

2. Pump model. The pump model in THALES-PM1/TMI takes the
two-phase mixing effect into account except for the pressurizer.
when the pump is in operation, a quasi-steady state momentum
balance is assumed in each loop and the lcocop flow rate is deter-—

mined.
ITI. Assumptions

Figure 1 shows the system model of TMI-2 by THALES-PM1/TMI.
The primary system consists of a core, dowhcomers, a pressurizer,
hot legs, and cold legs. The secondary system is modeled by one
voiume for each of the A- and B-loops, respectively. In this
figure, the cold leg is defined as single volume including pump

suction and the primary side of the steam generator.

-
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The fuel rods are equally divided into three groups:
central, intermediate, and peripheral. Each fuel rod is axially
divided into 24 nodes, and the peaking factor is given for each
axial node. Therefore, the core is divided into 72 regions, and
the heat transfer between the cladding and the coolant is
calculated at each of the 72 regions.

It was assumed that a node in the core becomesra debris node
as the temperature of the node reaches 2800°C. Before reaching
this temperature it was assumed that cladding melting took place
at 1800°C. THALES-PM1/TMI considers seven relocation mechanisms,
as shown in Fig. 2. In the present calculation, we assumed that
the debris node moves down to the adjacent lower node (relocation
pattern 2 in Fig. 2).-This assumption is based on the final core
configuration obtained through the core bore examinaticon of the
TMI-2 in which the large debris region that is supported by
standing rods was formed in the middle of the core, as shown in
Fig. 3.6)

Concerning the cladding/steam interaction, we assumed that
one—tenth of the steam generated in the core interacts with
zirconium. This assumption is based on the fact that THALES-
PM1/TMI does not consider the effect of steam starvation due to
the blockage in the core. If the core blockage 1is significant,
the steam starvation effect should be considered by specifying
the value of the interaction rate between the steam and the
cladding. Although the percentage of steam that interacts with
zirconium should be changed as the core geometry changes, the
present version of the code does not have such capability. Thus,

the value of 10% was assumed to be an average value for the
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. nominal case in the present analysis considering the steam
starvation due to core geometry change. The discharge coefficient
for the PORV of the pressurizer was specified as 0.7,

Initial and boundary conditions were based on the TMI-2
Standard Problem data base.7’8) All the data obtained during the
TMI-2 accident were collected and qualified in the data base.
However, some data such as makeup flow rate were greatly
uncertain. Therefore, in such a case, the hest-estimate value was
used when data were gifen in a-certain range. For the
makeup/high-pressure injection (HPI) and letdown flow rates, time
dependent values shown in Figs. 4 and 5 were used as boundary
conditions that were given in the Standard Problem data base as
the best estimate ?alues. For the auxiliary feed water injection
rate which wés nbt recorded during the accident, the best
estimate value was used for phases 2 to 4, but the value was
modified for phase 1. The reason for the modification is that
THALES-PM1/TMI does not have the capability to simulate upper
part injection of the once-through steam generator (OTSG). The
modified auxiliary feed water flow rate in phase 1 shown in Figs.
6 and 7 by broken line was determined to realize the aétual

primary system pressure history during early phase of the

accident.
IV. Results and Discussions
Major parameters calculated include primary system pressure,

coolant mass flow rate through the PORV, cooclant levels in each

component of the RCS, fuel temperatures at different radial and
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axial positions in the core, and hydrogen generation rate.

Figure 8 shows the primary system pressure calculated by
THALES-PM1/TMI compared with the actual data. The overall trend
iz in reasonable agreement between the calculated wvalue and the
actual data. In phase 1 (1-100 min), the calculated value
slightly underestimated the actual data. The difference between
calculated and actual data becomes a little bit larger in the
first half of phase 2 (100-126 min). However the calculated value
well agrees with the actual déta in the seccond half of phase 2
(126-174 min) 1in which the fuel temperature escalated due
steam/cladding reaction after core uncovery. The sudden increase
of the pressure at 174 min (beginning of phase 3), due to the B-
loop transient is reélized in the calculation. In phase 4 (200-
300 min), the calculated value gradually underestimates the
actual data. This underestimation might be due to underestimation
of heat transfer from the debris to the cooclant in the

calculation after an extensive core degradation.

Figure 9 shows the release rate of coolant from the PORV of
the pressurizer and its integrated value. Since the PORV is
located at the top of the pressurizer, the coolant release rate
from the PORV largely depends on the water level in the
pressurizer. Since the water level was full in.the pressurizer
from 0 to 100 min, the coolant release rate from the PORV largely
depended on the primafy system pressure. The maximum coolant
release rate was calculated by a critical flow model in which the
Moodf’s correlation was applied. From 50 to 100 min, the coeclant
release rate was almost constant, because the primary system

pressure was constant and the pressurizer was full of coolant.
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~After 100 min, the coolant flow rate gignificantly decreased due
to a rapid decrease of the water level in the pressurizer. The
amount of water released from the PORV during phases 1 and 2 was
calculated to be 1.11 x 10° kg; this agrees with the best-
estimate value in the TMI-2 Standard Problem data base, i.e.,
1.03 to 1.10 x 10° kg. At 139 min, the PORV was closed in the
accident, and it resulted in termination of coolant release. The
PORV was again opened during 191 - 194 min and 187 - 198 min in
phase 3, and during 220 - 266 min and 276 - 318 min in and after
phase 4. These operation were taken into account in the
calculation with input. As a result of these PORV operation,
additional coolant release occurred in phases 3 and 4, as shown
in Fig. 9. |
Figure 10 shows the water level in the core and in the

pressurizer. The core uncovery -occurred after 100 min in the
present calculation. The water level 1in the core gradually
decreased during phase 2 until three-forths of the core was
exposed to the steam phase at the end of phase 2. This minimum
water level coincides with the length of the standing rods on the
bottom of the core of the TMI-2 reactor. The water level in the
core recovered due to high-pressure injection after during phase
4, The water level in the pressurizer during phase 2 was <50% of
the full level due to the suspension of the reactor cooling pumps
in both of A- and B-loops. In the calculation, a dryout in the
pressurizer occurred at 167 min, though such dryout did not occur
in‘the TMI-2 accident., This discrepancy may be due to the failure
in simulating the flow in the surge line of the pressurizer. The

water level in the pressurizer also recovered during phase 4.
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Figure 11 shows the fuel temperature at the upper, middle,
and lower part of the rods in the central region. The upper part
of the fuel rods in the central region reached 2800°C at 155 min
into the accident. In THALES-PM1/TMI, a fuel node is identified
as a "debris node" after the temperature of the node reached the
specified dissolution temperature, i.e., 2800°C in this
" calculation. Therefore, the debris node in this code includes
both of molten and solid material formed by the cooling of molten
material. In the code, the debris ncde is treated as uniform
material that is composed of UOQ, and zirconium. The material
property of the debris node is determined in the code from the
enthalpy of materials‘using a temperature-enthalpy curve and the
weight ratio of components. The upper node in the central region
became a debris node after 155 min. At the end of phase 2, the
upper 32 nodes of a total of 72 nodes became debris nodes in this
calculation. As noted in Sec. III, it was assumed that debris
nodes moved down to the adjacent lower mnode. A comparative
calculation made by assuming that debris noaes fell to the bottom
of the pressure vessel resulted in a violent pressure increase in
primary system after debris formation that was not recorded in
the actual data. This was due to much larger heat transfer from
debris to water in the core.

Figure 12 shows the hydrogen generation rate and the
integrated hydrogen production from ¢ to 200 min obtained in the
present analysis. In the calculation most of the hydrogen was
generated between 130 and 180 min into the accident. The total
amount of hydrogen was calculated to be 460 kg. In the past, a

variety of values for total hydrogen generation during the TMI-2
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~accident have been reported by different analyst. The presentr
analysis was in close agreement with the value obtained by Henrie
and Postmag) as the total amount of hydrogen generated. However
the hydrogen generation during the B-loop transient estimated by
Henrie and Postma is not modeled in the present versicn of

THALES-PM1/TMI.
V. Conclusions

In the present analysis, fhe auxiliary feed water injection
rate during phase 1 in the TMI-2 Standard Problem data base was
modified. Since the primary side of the 0TSG during phase 1 was
either liquid orjtwo phase flow condition, the auxiliary feed
water flow rate has a large effect on the thermal-hydraulic
condition in the primary system. The auxiliary feed water
injection rate during phases 2 to 4 was not modified. The
calculated thermal-hydraulic behavior with the modified auxiliary
feed water injection rate was reasonable in comparison with the
actual data and post accident data. Concerning the hydrogen
generation, the present result gave reascnable value of total
amount of hydrogen generated.

The following conclusions were obtained from the present

analysis.

1. The analytical resultis generally agrees with the actual
behavior, indicating that the physical models employed in

the code are reasonable.

2. The feed water injection rate which was not actually
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recorded was modified in phase 1, and it gave a reasonable
boundary condition on the analysis.

3. The hydrogen generation rate was calculated iﬁ that most
of the hydrogen was generated between 130 and 180 min into
the accident. The total hydrogen generation obtained in the
present analysis closely agreed with the value obtained by
Henrie and Postma.

4. Better results were obtained concerning the core
degradation behaviof in tﬁe early phase of the transient by
the present analysis in which the debris node was assumed to
fell to the adjacent lower node. However,the physical models
for the fuel relocation and debris formation need to be -
improved furthef to be consistent with accident progression
in the later phase of the transient.

5. The calculated primary pressure during phase 4
underestimates the actual data due to underestimation of
heat transfer from debris to the cooclant after an extensive

core degradation.

The present version of THALES-PM1/TMI has limitations in
some degree in modeling the surge line of pressurizer and heat
transfer from debris to the coolant after an extensive core
degradation. Since THALES code system has been developed to use
probabilistic risk assessment, some model such as debris
relocation model are not based on mechanistic model. This point
is another limitation on the analysis of TMI-2 accident. However
through sensitivity analyses on the TMI-2 Standard Problem, we

could presume what was the reasocnable model. For example,
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concerning the debris relocation model we selected Model 2 in
which a debris node moved down to the adjacent lower nocde, and

this model gave a reasonable thermal-hydraulic behavior.
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Table I Heat Transfer Correlations Adopted in THALES-PM1/TMI

Subcooled Liquid Dittus and Boelter

Forced Convection

Nucleate Boiling ' Thom

Forced Convection | Schrock and Grossman
Vaporization

Transition Beoiling ’ McDonough, Milich and King
Stable Film Boiling Groeneveld

.Loﬁ Flow Film Boiling Modified.Bromley
Superheated Vapor Dittus and Boelter

Forced Convection

Low Pressure Flow Dougall and Rohsenow

Film Boiling
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Fig. 2 Fuel relocation patterns considered in THALES-PMI1.
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Fig. 4 Makeup/HPI flow rate for boundary condition.
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. Fig. 5 Letdown flow rate for boundary condition.
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Fig. 7 Auxiliary feed water flow rate for boundary condition (B-loop).
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Fig, 8 Primary system pressure during TMI-2 accident calculated
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by THALES-PM1/TMI in comparison with the actual data.
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Fig. 9 Calculated release rate of coolant from the PORV of
the pressurizer and its integrated value.
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Fig. 10 Calculated water levels in the core and in the pressurizer.
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Fig. 12 Calculated hydrogen rate and the integrated hydrogen production.




