NRC LORM 426 US.NUCLEAR REGULATORY COMMISSION | 1. REFORT NUMBER } CAREN 0 SRS Sl
(2-79) : Dowrgion of Technicel

NARCM 3201 Intormation end

Document Contro/

PUBLICATIONS RELEASE FOR UNCLASSIFIED

2. DISTRIBUTION CATEGORY | insen sppropriate number

NRC STAFF REPORTS NUMBER (/f any/ | from the NAC Distribution
{Please Type or Print) | 23;:2} ;:gm

3. TITLE ANDSUBTITLE /State in full as shown on document

An Estimate of the Damage to the TMI-2 Core

4. AUTHORS [(/f more than three name first author followed by “and others”™ )

M.L.Picklesimer

5. OF FICE/DIVISION | srRANCH/UNIT 6. DATE MANUSCRIPT
COMPLETED
RES /RSR Fuel Behavior Research Branch July 23,1980
7. RESPONSIBLE NRC STAFF MEMBE ) 7. TELEPHONE NUMBER|
/7,1 .

M.L.Picklesimer f// 4.7-4266

8 TYPE OF DOCUMENT (Check sppropriate box)

o. REGULATORY REPORT (e g. Environmenty Impact Statement Sefety Evelustion Report etc)

b. TECHNICAL REPORT

c. CONFERENCE PAPER ARCTRACT
(1) TITLE OF CONFERENCE American Nuclear Saciety 1980 International Caonference
(2) DATE(S) OF CONFERENCE November 17-21.1980
(3) LOCATION OF CONFERENCE: Wwashington,D.C.

d. OTHER [indicate type of mwem. e g thesis, speech. journal smicle. guwide. etc.)

Abstract

9. SPECIAL DISTRIBUTION /Spectty special instructions such as ‘Make available only as specially approved by program office.” or “Send 1o sttached addresses = Submnt

addressed maing labels for specrel distnbution.  Continue instructions on reverse or separete sheet if necessery )

\1 A
10. PATENT CLEARANCE (/f applicable) 11.SUBMITTED BY
" ISTANT DIVISION CIRCCTOR OR ABOVE
Forwerd comploted, signed NAC Borm 428 togather witn | & M\ ME OF, DW _ A
the related documants for review ’ H.SullVan,Acting Assistant Director,Water
TO Appropriate Patent Counsel ’ '
e PATENT CLEARANCE NOT REQUIRED b. OFFICE/DIVISION
b. PATENT CLEARANCE GRANTED
RES/RSR
c. PATENT CLEARANCE DENIED
a. PATENT COUNSEL'S SIGNATURE | DATE . SIGNATURE (NAC Assistant Division Director or Above; |oaTe

) 12,18/80

81020200179 D




196

The Legacy of TMIL"” Kemeny Commission Report,
Washington, D C (Oct 1979).

“Three Mile Island - A Report to the Commissioners and
to the Public,”” Rogovin Report, Vol. I, Part 2, pp. 472-
550, Washington, D C_(Feb. 1980)

J E. HANSON, Ed., “T™I1-2 Planning Group 7 4, Fuel
Experiments and Examination, First Draft of 7.4 Plan”
EG&G ldaho, Inc. (July 1980).

G. R BOND et al, “Plans for the Examination of the
TMI-2 Core,” Trans Am Nuci Soc., 35,200 (1980).

H M CHUNG and T. F. KASSNER, "Deformation
Charactenstics of Zircaloy Cladding in Vacuum and
Steam Under Transment-Heating Conditions Summary
Report,” NUREG/CR-0344 (ANL-77-31), Argonne Na-
tional Lab. (July 1979).

R. D BIEDERMAN et al, “A Study of Zircaloy 4-
Steam Oxidation Kinetics,” EPRI Reports NP-225 and
NP-734_ Part 2 EPRI (Sep. 1979, Apr. 1978)

K. H. ARDRON and D G. CAIN, “Modeling of the

Liquid Level Dunng Uncovering of the TMI-2 Core”
Proc. ANS-ENS Topl Mig on Thermal Reac ‘or Safety,
Vol. I, CONF-800403/V-1, Knoxville, TN (Apr. 1980).

W N BISHOP et al , “Fission Product Release from the
Fuel Following the TMI-2 Accident,” ibid.

A. D MILLER, “Radiation Source Terms and Shielding
at TMI-2,” Trans. Am Nucl Soc., 34, 633 (1980).

Rogovin Report, pp. 524-527

R A LORENZ. “Information re Fission Product Release

Isotope Fractional Release,” RAD-00-0046 (NSAC
bibliography reference number), Oak Ridge National Lab.
(June 1979).

J REST and C E. JOHNSON, “A Prediction of TMI-2
Core Temperatures from the Fission Product Release
History,” NSAC-12 (ANL/LWR/SAF 80-3), NSAC/ANL
(Sep. 1980)

J R HONEKAMP et al | “A Zirconium-Water Oxidation
Model for the TMI Heatup Code," to be published,
NSAC/ANL, Palo Alto, CA

F. SCHMIDT, “An Experimentally Venfied Fuel Rod
Meltdown Model,”" Trans Am Nucl Soc, 35, 199
(1980)

D G CAIN, “Function and Role of TMI-2 Instrumen-
tation in Core Damage Assessment,”’ to be published,
NSAC, Palo Alto, CA

“TMI-2 Core Exit Thermocouple Study,” NSAC internal
report prepared by Combustion Engineering (Mar. 1980).

P B ABRAMSON et al., “A Code for Predicting the

Temperature and Oxidation of Undercooled Cores,”
NSAC-11 (ANL/LWR/SAF B80-1), NSAC/ANL (Sep.
1980)

H. M CHUNG, “Zircaloy Reaction in Hydrogen-Steam
Mixtures Implications for TMI-2 Core Damage.” Trans.
Am_ Nucl Soc., 36,198 (1980)

.G. R. THOMAS and B. CHEXAL, "Zirconium Oxidation

During High-Pressure- Temperature, Steam- Dep’sted Con-
ditions,” Trans Am Nucl Soc., 38,220 (1980).

D L BROWN and D. F. BUTZIN,” Intenm Report -
TMI-2 Pnmary Pipe Steam Flow Rate and Temperature
Analysis 112 Minutes to 174 Minutes,” General Electric
Vallecitos Nuclear Center, CA, to be published, NSAC/
General Electric, Palo Alto, CA.

Three Mile Island-2 - Core Materials Performance and Update

2. An Estimate of the Damage to the TMI-2
Core, M L. Picklesimer (NRC)

Data on various thermal, hydraulic, neutronic, and valve
position conditions in the reactor pnmary system of ™I-2
were gathered from several data acquisition sources and
strip and multipoint recorder charts, analyzed and collated.
Several scenanos of the progresson of damage were devel-
oped that fit most, but not all, ¢ { the circumstantial evidence
available. No single scenano e<amined explamed all of the
observations and facts kn~wn. The one we believe to be tne
most likely 1s presented here.

No evidence indicates that the core was damaged before
the last coolant pumps were tumed off at 100 min after the
start of the accident The circulating two-phase coolant then
separated so that wa'er filled about one-half of the B steam
generater, about one-quarter of the A steam generator, and
the reactor vessel to just about the top of the core. Because
the pilot-operated relief valve was still open, the level in the
core began to drop immediately as the water boiled off
The temperatures in the hot legs of the steam generators
began to increase, indicating that the top of the core was
uncovered at between 102 and 112 min. The first fuel rod
burst at about 145 min and the last in the core burst about
10 min later. The exposed rods began to oxidize and em-
brittle, and the heatup accelerated. Calculations using the
newly wrtten TMIBOIL code indicated that the eutectic
temperature between zirconium metal and zirconium oxide
was first reached at about 155 min about 1 ft from the top
of the fuel in the center assembly. It is believed that the
liquid formed flowed down the gap, between the remaining
Zircaloy oxide shell and the fuel pellet in the fuel rods,
and began to dissolve the UO, to form what is now called
“liquefied fuel.”” Such temperatures may have been reached
over the entire core as much as 3 ft down from the top of
the fuel. The maximum temperature estimated in the core
was about 4400°F reached at the top of the fuel stack in the
center assembly at about 170 min. When the reactor coolant
pump was turned on at 174 min, water and steam catenng
the overheated core caused the oxidized and embnittled
cladding to shatter and quenched much of the liquefied fuel.
The resulting debris formed a layer across the core between
2 and 3 ft thick and rested on stubs of oxidized fuel rods
6 to 7 ft long. It is estimated that at 180 min, between
26 and 317 of all of the Zircaloy in the core had been
converted to oxide and 600 to 720 Ib of hydrogen had been
produced. The in-core instrumentation of thermocouples
and SPNDs survived because the two annuli of the instru-
mentation tubes allowed coolant flow to keep them cooler
than the neighboring fuel rods.

Additional damag: occurred to the core dunng the
following hour, resuiting in further changes in core geometry
and condition. Though proof is lacking, the following is
consistent with the limited system data available. Liquefied
fuel continued to form in the debris bed to dnbble down
and freeze in the lower part of the bed This eventually
sealed off the bed from coolant flow, and a large steam
bubble began to form below the debris bed. Eventually, the
pressure head from the downcomer, the continued heatup
of the debris bed, and the impingement of water released
from the pressurizer combined to again disrupt the debns
bed and shatter more embrittled cladding.

It is believed that, at 4 h, a 4-ft-thick debns bed existed
in the core from about 44 to § ft above the hottom of the
fuel to about 3 ft from the top of the fuel, its density ap-
proached 90% of full density in some regions due to the
formation of liquefied fuel, it rested on stubs of fuel rods
5 to 6 ft long, and drips of liquefied fuel from it penetrated
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to within 10 in. of the bottom of the fuel At least 50%
of the Zircaloy in the core had been embnttled or converted
to oxide, and between 700 and 820 Ib of hydrogen had
been produced. The debns bed may have been covered with
water, but it was not quenched.

3. The Modeling of Pin Distension and Im-
pingement in CANSWEL-2, D O Pickman, T J
Haste, J H Cittus, C. F. Lilsby (Springfields
NPDL-UK)

The nonuniform temperature conditions occurring during
a reactor transient are thought to prevent axially extended
deformation of the pins and serious cooling channel block-
age. Great interest, therefore, attaches to codes-such as
CANSWEL-2-that model the effect of hot spots on the
swelling, bow, and interaction of Zircaloy-clad fuel pins.

In CANSWEL-2 the behavior of the center pinofa 3 x 3
array is modeled in detail, while that of the enveloping
pins follows from input data or is caused to “reflect” that of
the center pin. The model is based on a series/paraliel com-
bination of crcep elements—alpha- and beta-phase creep,
phase-boundary creep in the mixed-phase region described
by a semiempincal equation, which takes account of chang-
ing phase fraction. An effective stress reduction above 850°C
and below 2% strain, as proposed by Malen and Tarkpea,
represents oxide hardening. Azimuthal vanations in cladding
thickness and temperature are treated on the assumption
that all azimuthal nodes have the same radius of curvature
whatever their strain: i.e., the cladding tube wall behaves
like a membrane during deformation. In addition, either
isotropic or anisotropic creep response can be modeled
In the isotropic option, the center of mass of each tube
remains stationary duning swelling; while in the anisotropic
option—in the case where there is an azimuthal temperature
gradient—the hottest point on the cladding remains station-
ary (until impingement) This so-called “hot-side straight
option"" is justified as follows: the texture of the Zircaloy
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Fig 2. Companson of CANSWEL predictions and PROPAT
burst test results

tube imposes a resistance to thinning, so that hoop strain
is accommodated by axial shortening and since the hot
side ex'abits the greatest hoop strain 1t shows the greatest
tendency to shorten axially. Axial bow due to the tendency
for different cross sections to extend by differing amounts
is therefore manifested as a bulging of the colder regions.

The restraint model in the code accounts for the change
in cladding stress after rod impingement. If the rod is trapped
by its neighbors this contact bnngs about a reduction in
cladding stress, because further deformation occurs by
bulging between neighboring rods leading to a reduced
radius of curvature. However, the cladiing continues to
thin, so the stress can eventually rise again. Flattening of the
contact zone is modeled by assuming that the radius of
curvature of the arc in contact is given by

I/R=1/R;-1/R, ,

where R, and R; are the radu of the deforming rod and its
neighbors, respectively. The unsupported arcs are further
defined by fitting them to the arcs in contact so they share
a common tangent where they meet. Figure | shows an
array of pins of which the center one has begun to bulge
between certain of its neighbors.

CANSWEL-2 is generally used as part of the MABEL-2
code,' but has been validated as a stand-alone code using
results from, eg., the PROPAT (programmed pressure and
temperature) rig’ In the example of Fig. 2, the pin was
internally pressurized to 103 MPa, ramped at 10°/s to §80°C
and held to rupture. The pressure and temperature history
are input. The CANSWEL prediction curve of cladding
distension is seen to pass between the time/strain limits at
rupture.

A code, CANSWEL-., has been programmed which has

proved ideai for interaction with a thermai-hydraulic module
and treats in detail *2 trapping and bulging of fuel cans.

Fig. 1. Graphical representation of center pin bulging in
CANSWEL-2.

I.R. W. BOWRING, C. A. COOPER, J. H. GITTUS, and
T. J. HASTE, “A Code to Analyse Cladding Deformation
in a Loss of Coolant Accident: Status,” IAEA Specialists




196

14

The Legacy of TMIL,” Kemeny Commission Report,
Washington, D.C (Oct. 1979).

_“Three Mile Island--A Report to the Commissioners and

to the Public,” Rogovin Report, Vol. II, Part 2, pp. 472-
550, Washington, D.C. (Feb. 1980).

J. E. HANSON, Ed , “TMI-2 Planning Group 74, Fuel
Experiments and Examination; First Draft of 7.4 Plan,”
EG&G ldaho, Inc. (July 1980).

G. R BOND et al, “Plans for the Examination of the
TMI-2 Core,” Trans Am. Nucl Soc., 38, 200 (1980).

H. M. CHUNG and T. F. KASSNER, “Deformation
Charactenistics of Zircaloy Cladding in Vacuum and
Steam Under Transient-Heating Conditions. Summary
Report,”” NUREG/CR-0344 'ANL-77-31), Argonne Na-
tional Lab. (July 1979).

R. D. BIEDERMAN et al., “A Study of Zircaloy 4-
Steam Oxidation Kinetics,” EPRI Reports NP-225 and
NP-734, Part 2, EPRI (Sep. 1979; Apr. 1978)

K. H. ARDRON and D. G. CAIN, "Modeling of the

Liquid Level During Uncovering of the TMI-2 Core,”
Proc. ANS-ENS Topl Mtz on Thermal Reactor Safety.
Vol. I, CONF-800403/V-1, Knoxville, TN (Apr. 1980).

W. N. BISHOP et al., “Fission Product Release from the
Fuel Following the TMI-2 Accident,” ibid.

_A. D. MILLER, “Radiation Source Terms and Shielding

at TMI-2." Trans Am. Nucl Soc., 38,633 (1780).

. Rogovin Report, pp. 524-527

R. A LORENZ, “Information re Fission Product Release

Isotope Fractional Release,” RAD-00-0046 (NSAC
bibliography reference number), Oak Ridge National Lab
(June 1979).

J. REST and C. E. JOHNSON, “A Prediction of TMI-2
Core Temperatures from the Fission Product Release
History,” NSAC-12 (ANL/LWR/SAF 80-3), NSAC/ANL
(Sep. 1980).

J. R. HONEKAMP et al , “A Zirconium-Water Oxidation
Model for the TM1 Heatup Code,” to be published,
NSAC/ANL, Palo Alto, CA.

F. SCHMIDT, “An Experimentally Venfied Fuel Rod
Meltdown Model,” Trans. Am Nucl Soc., 3€ 199
(1980).

D. G. CAIN, “Function and Role of TMI-2 Instrumen-
tation in Core Damage Assessment,”’ to be published,
NSAC, Palo Alto, CA.

_*“TMI-2 Core Exit Thermocouple Study,” NSAC internal

report prepared by Combustion Engineerirg (Mar. 1980).

P B. ABRAMSON et al., “A Code for Predicting the

Temperature and Oxidation of Undercooled Cores,”
NSAC-11 (ANL/LWR/SAF 80-1), NSAC/ANL (Sep.
1980).

H. M CHUNG, “Zircaloy Reaction in Hydrogen-Steam
Mixtures Implications for TMI-2 Core Damage,” Trans.
Am._ Nucl Soc., 35, 198 (1980)

.G. R. THOMAS and B. CHEXAL, “Zirconium Oxidation

During High-Pressure- Temperature, Steam-Depleted Con-
ditions,” Trans. Am. Nucl Soc., 36, 220 (1980).

D L. BROWN and D. F. BUTZIN,” Intenm Report-
TMI-2 Primary Pipe Steam Flow Rate and Temperature
Analysis 112 Minutes to 174 Minutes,” General Electric
Vallecitos Nuclear Center, CA; to be published, NSAC/
General Electric, Palo Alto, CA.

Three Mile !sland-2 - Core Materials Performance and Update

2. An Estimate of the Damage to the TMI-2
Core, M L. Picklesimer (NRC)

Data on vanous therma!, hydraulic, neutronic, and valve
position conditions in the reactor primary system of TMI-2
were gathered from several data acquisition sources and
strip and multipoint recorder charts, analyzed and collated.
Several scenafios of the progression of damage were devei-
oped that fit most, but not all, of the circumstantial evidence
available. No single scenanio examined explained all of the
observations and facts known. The one we believe to be the
most likely is presented here.

No evidence indicates that the core was damaged before
the last coolant pumps were tumed off at 100 min after the
start of the accident. The circulating two-phase coolant then
separated so that water filled about one-half of the B steam
generator, about one-quarter of the A steam generator, and
the reactor vessel to just about the top of the core. Because
the pilot-operated relief valve was still open, the level in the
core began to drop immediately as the water boiled off.
The temperatures in the hot legs of the steam generators
began to increase, indicating that the top of the core was
uncovered at between 102 and 112 min. The first fuel rod
burst at about 145 min and the last in the core burst about
10 min later. The exposed rods began to oxidize and em-
brittle, and the heatup accelerated. Calculations using the
newly written TMIBOIL code indicated that the eutectic
temperature between zirconium metal and zirconium oxide
was first reached at about 155 min about 1 ft {rom the top
of the fuel in the center assembly [t is believed that the
liquid formed flowed down the gap, between the remaining
Zircaloy oxide shell and the fuel pellet in the fuel rods,
and began to dissoive the UO; to form what is now called
“liquefied fuel.”” Such temperatures may have been reached
over the entire core as much as 3 ft down from the top of
the fuel. The maximum temperature estimated in the core
was about 4400°F reached at the top of the fuel stack in the
center assembly at about 170 min. When the reactor coolant
pump was turned on at 174 min, water and steam entering
the overheated core caised the oxidized and embrittied
cladding to shatter and quenched much of the liquefied fuel
The resulting debris formed a layer across the core between
2 and 3 ft thick and rested on stubs of oxidized fuel rods
6 to 7 ft long. It is estimated that at 180 min, between
26 and 317 of all of the Zircaloy in the core had been
converted to oxide and 600 to 720 Ib of hydrogen had been
produced. The in-core instrumentation of thermocouples
and SPNDs survived because the two annuli of the instru-
mentation tubes allowed coolant flow to keep them cooler
than the neighboring fuel rods.

Aaditional damage occurred to the core during the
following hour, resuiting in further changes in core geometry
and condition. Though proof is lacking, the following is
consistent with the limited system data available. Liquefied
fuel continued to form in the debns bed to dribble down
and freeze in the lower part of the bed. This eventually
sealed off the bed from coolant flow, and a large steam
bubble began to form below the debris bed. Eventually, the
pressure head from the downcomer, the continued heatup
of the debris bed, and the impingement of water released
from the pressurizer combined to again disrupt the debns
bed and shatter more embrittled cladding.

It is believed that, at 4 h, a 4-ft-thick debris bed existed
in the cor from about 44 to § ft above the bottom of the
fuel to about 3 ft from top of the fuel, its density ap-
proached 90% of full density in some regions due to the
formation of liquefied fuel, it rested on stubs of fuei rods
5 to 6 ft long, and drips of liquefied fuel from it penetrated
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to within 10 in. of the bottom of the fuel. At least 50%
of the Zircaloy in the core had been embnttied or converted
to oxide, and between 700 and 820 Ib of hydrogen had
been produced The debns bed .nay have been covered with
water, but it was not quenched

3. The Modeling of Pin Distension and Im-
pingement in CANSWEL-2, D O Pickman, T J.
Haste, J H Gittus, C. F. Bilsby (Springfields
NPDL-UK)

The nonuniform temperature conditions occurring during
a reactor transient are thought to prevent axially extended
deformation of the pins and serious cooling channe! block-
age. Great interest, therefore, attaches to codes-such as
CANSWEL-2-that model the effect of hot spots on the
swelling, bow, and interaction of Zircaloy-clad fuel pins

In CANSWEL-2 the behavior of the centerpinofa3 x 3
array is modeled in detail, while that of the enveloping
pins follows from input data or is caused to “reflect’ that of
the center pin. The mndel is based on a series/parallel com-
bination of creep elements—alpha- and beta-phase creep,
phase-boundary creep in the mixed-phase region described
by a semiempincal equation, which takes account of chang-
ing phase fraction. An effective stress reduction above 850°C
and below 2% strain, as proposed by Malen and Tarkpea,
represents oxide hardening Azimuthal vanations in cladding
thickness and temperature are treated on the assumption
that all azimuthal nodes have the same radius of curvature
whatever their strain; i.e., the cladding tube wall behaves
like a membrane during deformation. In addition, either
isotropic or anisotropic creep response can be modeled
In the isotropic option, the center of mass of each tube
remains stationary dunng swelling; while in the anisotropic
option—in the case where there is an azimuthal temperature
gradient -the hottest point on the cladding remains station-
ary (untid impingement) This so-called “hot-side straight
option” is jastified as follows: the texture of the Zircaloy
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Fig. 2. Companson of CANSWEL predictions and PROPAT
burst test results.

tube imposes a resistance to thinning, so that hoop strain
is accommodated by axial shortening and since the hot
side exhibits the greatest hoop strain it shows the greatest
tendency to shorten axially. Axial bow due to the tendency
for different cross sections to extend by differing amounts
is therefore manifested as a bulging of the colder regions.

The restraint model in the code accounts for the change
in cladding stress after rod impingement. If the rod is trapped
by 1ts neighbors this contact bnngs about a reduction in
cladding stress, because further deformation occurs by
bulging between neighboring rods leading to : reduced
radius of curvature. However, the cladding continues to
thin, so the stress can eventually rise again Flattening of the
contact zone is modeled by assuming that the radius of
curvature of the arc in contact is given by

I/R=1/R;-1/R, ,

where R, and R, are the radii of the deforming rod and its
neighbors, respectively. The unsupported arcs are further
defined by fitting them to the arcs in contact so they share
a common tangent where they meet. Figure | shows an
array of pins of which the center one has begun to bulge
between certain of its neighbors.

CANSWEL-2 is generally used as part of the MABEL-2
code,' but has been validated as a stand-alone code using
results from, e g, the PROPAT (programmed pressure and
temperature) rig’ In the example of Fig. 2, the pin was
internally pressurized to 10.3 MPa, ramped at 10%/s to 680°C
and held to rupture. The pressure and temperature hisinory
are input. The CANSWEL prediction curve of cladding
distension is seen to pass between the time/strain limits at
rupture.

A code, CANSWEL-2, has been programmed which has

proved ideal for interaction with g thermal-hydraulic module
and treats in detail the trapping and bulging of fuel cans.

Fig. 1. Graphical representation of center pin bulging in
CANSWEL-2.

1.R. W. BOWRING, C. A. COOPER, J. H. GITTUS, and
T. J. HASTE, “A Code to Analyse Cladding Deformation
in a Loss of Coolant Accident: Status,” IAEA Specialists



