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196 Three Mile Island-2 - Core Materials Performance and Update

The Legacy of TMI," Kemeny Commission Report, 2. An Estimate of the Damage to the TMI 2
Washington, D C. (Oct.1979). Core, M. L. Picklesimer (NRC)

3.*Three Mde Island-A Report to the Commissioners and Data on various thermal, hydraube, neutronic, and valveto the Public," Rogovin Report, Vol. II, Part 2, pp. 472-
position conditions m the reactor pnmary system of "INI-2.

,

550, Washington, D C. (Feb.1980). were gathered from several data acquisition sources and
4. L E. IIANSON, Ed., "TMI-2 Planning Group 7.4, Fuel strip and multipoint recorder charts, analyzed and collated.

Experiments and Exammation; First Draft of 7.4 Plan," Several scenapos of the progres6on of damage were devel-
EGAG idaho,Inc. (July 1980). oped that fit most, but not all, r(the circumstantial evidence

available. No single scenario examined explained all of the5,G. R. BOND et al., " Plans for the Examination of the
observations and facts knc n. The one we beheve to be tneTMI-2 Core," Trans. A m. Nuct Soc., 35,200 (1980).
most likely is presented here.

6.11. M. CllUNG and T. F. KASSNER, " Deformation
Charactenstics of Zircaloy Cladding in Vacuum and No evidence indicates that the core was damaged before
Steam Under Transient Ileating Conditions: Summary the last coolant pumps were turned off at 100 min after the
Report," NUREG/CR-0344 (ANie77-31), Argonne Na- start of the accident. The circulatmg two-phase coolant then
tional Lab. (July 1979). separated so that wa'er filled about one-half of the B steam

generaw, aW onequarter d me A steam generatw, and
7. R. D. BIEDERMAN et al., "A Study of Zircaloy 4- e reactw ve t a emp d me e re. Becauw

Steam Oxidation Kinetics," EPRI Reports NP-225 and the pilot-operated relief valve was stdl open, the levelin the
NP-734, Part 2, EPRI(Sep.1979; Apr.1978). core began to drop immediately as the water boiled off.

8. K. II. ARDRON and D. G. CAIN, "Modeling of the The temperatures in the hot legs of the steam generators
Liquid Level During Uncovering of the TMI-2 Core," began to increase, indicating that the top of the core was
Proc. ANS-ENS Topt Meg. on Thermal Reat:or Safety, uncovered at between 102 and I12 min. The first fuel rod
Vol. I, CONF- 800403/V 1, Knoxvdle, TN ( Apr.1980). burst at about 145 min and the last in the core burst about

10 min later. The exposed rods began to oxidize and em-
9. W. N. BIsilOP et al.," Fission Product Release from the brittle, and the heatup accelerated. Calculations using the

Fuel Following the TMI-2 Accident," ibid. newly written TMIBOIL code mdicated that the eutectic
10. A. D. MILLER, " Radiation Source Terms and Shielding temperature between zirconium metal and zirconium oxide

at TMI-2," Trans. Am. Nuct Soc.,34,633 (1980). was first reached at about 155 min about I ft from the top
of the fuel in the center assembly. It is believed that the

11. Rogovin Report, pp.524-527 liquid formed flowed down the gap, between the remaining

12. R. A. LORENZ,"Information re Fission Product Release Zircaloy oxide shell and the fuel pellet in the fuel rods,
and began to dissolve the UOs to form what is now calledIsotope Fractional Release," RAD-00-0046 (NSAC

bibliography reference number), Oak Ridge National Lab. " liquefied fuel." Such temperatures may have been reached
over the entire core as much as 3 ft down from the top of

(June 1979). the fuel. The maximum ternperature estimated in the core
13. J. REST and C. E. JOlINSON, "A Prediction of TMI-2 was about 4400*F reached at the top of the fuel stack in the

Core Temperatures from the Fission Product Release center assembly at about 170 min. When the reactor coolant
II: story," NSAC 12 ( ANL/ LWR /SAF 80-3), NSAC/ANL pump was turned on at 174 min, water and steam enterms
(Sep.1980). the overheated core caused the oxidized and embnttled

14. J. R. IIONEKAMP et al., "A Zirconium-Water Oxidation cladding to shatter and quenched much of the liquefied fuel.
The resulting debris formed a layer across the core betweenModel for the TMI IIcatup Code " to be pubbshed,
2 and 3 ft thick and rested on stubs of oxidized fuel rodsNSAC/ANL, Palo Alto, CA. 6 to 7 ft long. It is estimated that at 180 min, between

15. F. SCllMIDT, "An Experimentally Venfied Fuel Rod 26 and 31'X of all of the Zircaloy in the core had been
Meltdown Model," Trans. Am. Nuct Soc., 35,199 converted to oxide and 600 to 720 lb of hydrogen had been
(1980)- produced. The in core mstrumentation of thermocouples

16. D. G. CAIN, " Function and Role of TMI-2 Instrumen- and SPNDs survived because the two annuti of the instru-
tation in Core Damage Assessment," to be published, mentation tubes allowed coolant flow to keep them cooler

NS AC, Palo Alto, CA. than the neighboring fuel rods.

17. *TMI-2 Core Exit Thermocouple Study," NSAC internal Additional damap occurred to the core during the
report prepared by Combustion Engineering (Mar.1980). following hour, resuiting in further changes in core geometry

and condition. Though proof is lacking, the following is
18. P. B. ABRAMSON et al., "A Code for Predicting the c nsistent with the limited system data available. Lsquefied

Temperature and Oxidation of Undercooled Cores," fuel continued to form in the debris bed to dribble downNSAC-11 (ANL/ LWR /SAF 80-1), NSAC/ANL (Sep. and freeze in the lower part of the bed. This eventually
1980). scaled off the bed from coolant flow, and a large steam

19.11. M CIIUNG, "Zircaloy Reaction in flydrogen Steam bubble began to form below the debris bed. Eventually, the
Mixtures: Implications for TMI-2 Core Damage," Trans. pressure head from the downcomer, the continued heatup
Am. Nuct Soc., 36,198 (1980). of the debris bed, and the impingement of water released

from the pressurizer combined to again disrupt the debris20. G. R. TilOM AS and B. CIIEXAL," Zirconium Oxidation bed and shatter more embrittled cladding.
During liigh-Pressure-Temperature, Steam-Dep'4ted Con,
ditions," Trans. Am. Nuct Soc.,36,220 (1980). It is believed that, at 4 h, a 4-ft-thick debris bed existed

21. D. L BROWN and D. F. BUTZIN," Interim Report- in the core from about 4{ to 5 ft above the bottom of the ;

TMI 2 Pnmary Pipe Steam Flow Rate and Temperature fuel to about 3 ft from the top of the fuel,its density ap-
Analysis 112 Minutes to 174 Minutes," General Electric proached 9(Y% of full density in some regions due to the
Vallecitos Nuclear Center, CA; to be published NSAC/ formation of liquefied fuel, it rested on stubs of fuel rods
General Electric, Palo Alto, CA. 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 507e TEMPERATURE, *C (EXPERIMENTAll
of the Zircaloy in the core had been embrittled or converted 600 680 675 675 -\to oxide, and between 700 and 820 lb of hydrogen had , ,

been produced. The debris bed may have been covered with j 60 - - 11

/ STRAIN AT BURSTwater, but it was not quenched.
-

z*!q% p - 'O

(EXPERIMENTAll *
L-- ..

50 -

%,%g%
3, The Modeling of Pin Distension and im- g ,U

'

S6pingement in CANSWE L-2, D. O. Pickman, T. J. f 9
Haste, J. H. Gittus, C. F. Tilsby (Springfields 8 40 - ,

NPDL-UK) U ATMOSPHERE: STE AM y
$ '~

The nonuniform temperature conditions occurring during 2; 30 . _ gg
a reactor transient are thought to prevent axially extended e, g.

,

deformation of the pins and serious cooling channel block- j g
age. Great interest, therefore, attaches to codes-such as g g _

[M
- 7 *y

CANSWEL-2-that model the effect of hot spots on the E
swelling, bow, and interaction of Zircaloy-clad fuel pins. E

In CANSWEL 2 the behavior of the center pin of a 3 X 3 10 _

g@g
- 6

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 / parallel com- - ' ' ' i

bination of cr:ep elements-alpha- and beta-phase creep, 0 to 20 30 40 50 60

phase-boundary creep in the mixed-phase region described TIME, s

by a semiempirical equation, which takes account of chang-
ing phase fraction. An effective stress reduction above 850*C Fig. 2. Comparison of CANSWEL predictions and PROPAT
and below 2% strain, as proposed by Malen and Tarkpea, burst test results.
represents oxide hardening. Azimuthal variations 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

, hmMdWWh%WhhMlike a membrane during deformat:on. In addition, either side ex'dbits the greatest hoop strain it shows the greatestisotropic or anisotropic creep response can be modeled. tendency to shorten axially. Axial bow due to the tendency
In the isotropic option, the center of mass of each tube for different cross sections to extend by differing amounts
remains stationary during swelling; while m, the anisotropic is therefore manifested as a bulging of the colder regions.
option-in the case where there is an azimuthal te nperature
gradient-the hottest point on the cladding remains station- The restraint model in the code accounts for the change
ary (until impingement). This so-called ** hot. side straight in cladding stress after rod impingement. If the rod is trapped
option" is justified as follows: the texture of the Zircaloy by its neighbors this contact brings about a reduction in

cladding stress, because further deformation occurs by
bulging between neighboring rods leading to a reduced
radius of curvature. Ilowever, 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 are in contact is pven by

1/R = 1/Rs - 1/R i,

* *

where R and Rs are the radii of the deferming rod and its
r.eighbors, 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 I shows an

j array of pins of which the center one has begun to bulge

|
between certain ofits 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.8 In the example of Fig. 2, the pin wasi

internally pressurized to 103 MPa, ramped at 10'/s to 680*C
and held to rupture. The pressure and temperature history
are input. The CANSWEL prediction curve of cladding

i

: distension is seen to pass between the time / strain limits at
rupture.- *

A code, CANSWEL-4, has been programmed which has

j proved ideal for interaction with a thermal-hydraulic module
and treats in detail th trapping and bulging of fuel cans.i

I. R. W. BOWRING, C. A. COOPER, J. H. GITTUS, and
Fig.1. Graphical representation of center pin bulging in T. J. HASTE, "A Code to Analyse Cladding Deformation

|

CANSWEle2. In a Loss of Coolant Accident: Status,"IAEA Specialists'

|

e



v -

.

, ,
,

,

.. .

196 Three Mile Island-2 - Core Materials _ Performance and Update

The Legacy of TMI," Kemeny Commission Report, 2. An Estimate of the Damage to the TMI-2
Washinston, D.C. (Oct. I979). Core, M. L. Picklesimer (NRC)

3.*Three Mile Island-A Report to the Commissioners and
Data on various thermal, hydraulic, neutronic, and valveto the Public," Rogovin Report, Vol. II, Part 2, pp. 472-

position conditions in the reactor primary system of TMI 2.

550, Washington, D.C. (Feb.1980).
were gathered from several data acquisition sources and

4. J. E. IIANSON, Ed., "TMI 2 Planning Group 7.4, Fuel strip and multipoint recorder charts, analyzed and collated.
Experiments and Examination; First Draft of 7.4 Plan," Several scena{ios of the progression of damage were devel.
EGAG Idaho,Inc. (July 1980). oped that fit most, but not all,of the circumstantial evidence

5.G. R. BOND et al., " Plans for the Examination of the available. No single scenario examined explained all of the
observations and facts known. The one we believe to be theTMI-2 Core," Trans. A m. Nucl. Soc.,35,200 (1980).
rnost likely is presented here.

6.11. M. CHUNG and T. F. KASSNER, " Deformation
Characteristics of Zircaloy Cladding in Vacuum and No evidence indicates that the core was damaged before
Steam Under Transient licating Conditions: Summary the last coolant pumps were tumed off at 100 min after the
Report," NUREG/CR 0344 (ANL-77-31), Argonne Na- start of the accident. The circulating tvro phase coolant then
tional Lab. (July 1979). separated so that water filled about one-half of the B steam

generaW, a ut om quarter of the A steam generator, and
7. R. D. BIEDERMAN et al., "A Study of Zircaloy 4- the reactor vessel to j,ust about the. top of the core. Because

Steam Oxidation Kinetics," EPRI Reports NP-225 and the pilot-operated relief valve was still open, the level in the
NP-734,Part 2, EPRI(Sep.1979; Apr.1978). core began to drop immediately as the water boiled off.

8. K. It ARDRON and D. G. CAIN, "Modeling of the The temperatures in the hot legs of the steam generators
Liquid Level Dunns Uncovering of the TMI-2 Core," began to increase, indicating that the top of the core was
Proc. ANS-ENS Topt. Mrs. on Thermal Reactor Safety, uncovered at between 102 and 112 min. The first fuel rod
VolI, CONF 800403/V-1, Knoxville,TN(Apr.1980). burst at about 145 min and the last in the core burst about

10 min later. The exposed rods began to oxidize and em-
9.W. N. BISliOP et al.," Fission Product Release from the

newly' written TMIBOIL code m.ted. Calculations using the
" *" ** D *## ''*

Fuel Following the TMI-2 Accident," ibid. dicated that the eutectic
10. A. D. MILLER, " Radiation Source Terms and Shielding temperature between zirconium metal and zirconium oxide

at TMI-2," Trans. A m. Nuct Soc.,34. 633 (1780). was first reached at about 155 min about I ft from the top
of the fuel in the center assembly. It is believed that the

i1. Rogovin Report, pp.524-527. liquid formed flowed down the gap, between the remaining
12. R. A LORENZ,"Information re Fission Product Release Zircaloy oxide shell and the fuel pellet in the fuel rods,

Isotope Fractional Release," RAD-00-0046 (NSAC and began to dissolve the UO: to form what is now ca!!cd

bibliography reference number), Oak Ridge National Lab. " liquefied fuel." Such temperatures may have been reached
over the entire core as much as 3 ft down from the top of

(June 1979). the fuel. The maximum temperature estimated in the core
13. J. REST and C. E. JOliNSON, "A Prediction of TMI-2 was about 4400*F re.ched at the top of the fuel stackin the

Core Temperatures from the Fission Product Release center assembly at about 170 min. When the reactor coolant
!!istory," NSAC-12 (ANL/ LWR /SAF 80-3), NSAC/ANL pump was turned on at 174 min, water and steam entering
(Sep.1980). the overheated core cat. sed the oxidized and embrittled

14. J. R. IIONEKAMP et al., "A Zirconium Water Oxidation cladding to shatter and quenched much of the liquefied fuel.

Model for the TMl lleatup Code," to be published, The resulting debris formed a layer across the core between
2 and 3 ft thick and rested on stubs of oxidized fuel rodsNS AC/ANL, Palo Alto, CA. 6 to 7 ft long. It is estimated that at 180 min, between

15. F. SCIIMIDT, "An Experimentally Venfied Fuel Rod 26 and 317c of all of the Zircaloy in the core had been
Meltdown Model," Trans. Am. Nucl. Soc., 3E,199 converted to oxide and 600 to 720 lb of hydrogen had been
(1980)- produced. The in-core instrumentation of thermocouples

16. D. G. CAIN, " Function and Role of TMI-2 Instrumen- and SPNDs survived because the two annuli of the instru-
tation in Core Damage Assessment," to be published, mentation tubes allowed coolant flow to keep them cooler

NSAC, Palo Alto, CA. than the neighboring fuel rods.

17. "IMI 2 Core Exit Thermocouple Study," NSAC internal Aaditional damage occurred to the core during the
report prepared by Combustion Engineerirs(Mar.1980). following hour, resulting in further changes in core geometry

and condition. Though proof is lacking, the following is18. P. B. ABRAMSON et al., "A Code for Predicting the c nsistent with the limited system data available. Liquefied
Temperature and Oxidation of Undercooled Cores," fuel continued to form in the debris bed to dribble downNSAC-!! (ANL/ LWR /SAF 80-1), NSAC/ANL (Sep. and freeze m the lower part of the bed. This eventually
1980), sealed off the bed from coolant flow, and a large steam

19.11. M. CIIUNG, "Zircaloy Reaction in liydrogen-Steam bubble began to form below the debris bed. Eventually, the
Mixtures: Implications for TMI-2 Core Damage," Trans. pressure head from the downcomer, the continued heatup
A m. Nucl. Soc.,35,198 (1980). of the debris bed, and the impingement of water released

fr m the pressurizer combined to again disrupt the debris20. G. R. TiiOMAS and B. CIIEXAL," Zirconium Oxidation bed and shatter more embrittled cladding.
During liigh-Pressure-Temperature, Steam-Depleted Con-
ditions," Trans. Am. Nucl. Soc.,35,220 (1980). It is believed that, at 4 h, a 4-ft-thick debris bed existed

21. D. L BROWN and D. F. BUTZIN," Interim Report- in the core from about 4} to 5 ft above the bottom of the
TMI-2 Primary Pipe Steam Flow Rate and Temperature fuel to about 3 ft from the top of the fuel,its density ap-
Analysis 112 Minutes to 174 Minutes," General Electric proached 90% of full density in some regions due to the
Vallecitos Nuclear Center, CA; to be published, NSAC/ formation of liquefied fuel,it rested on stubs of fuel rods
General Electric, Palo Alto,CA. 5 to 6 ft long, and drips of liquefied fuel from it penetrated
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I
to within 10 in. of the bottom of the fuel. At least 50% TE MPE RATURE, C (EXPERIMENTAll
of the Zircaloy in the core had been embrittled or converted 600 680 675 675 -gto oxide, and between 700 and 820 lb of hydrogen had ,

been produced. The debris bed ,nay have been covered with 60 - - 11

water, but it was not quenched. __f STRAIN AT BURST
~

/4 (EXPERIMENTAU ',

~331$e Modeling of Pin Distension and im- g % %50 -
< - 2

% ,g## %pingement in CANSWEL-2, D. O. Pickman, T. J. f f 9
Haste, J. H. Gittus, C. F. Bilsby (Springfields 3 so - % - ,

NPDL-UK) E ATMOSPHERE: STE AM g
g I

The nonuniform temperature conditions occurring during I 30 - - a ut
a reactor transient are thought to prevent axially extended o - g
deformation of the pins and serious cooling channel block- g g
age. Great interest, therefore, attaches to codes-such as

= 20 y
CANSWEb2-that model the effect of hot spots on the !!

- g - 7a
Oswelling, bow, and interaction of Zirealoy. clad fuel pins. E 09

In CANSWEL-2 the behavior of the center pin of a 3 X 3 10 - [S - 6
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 / parallel com- a ' ' ' '

bination of creep clements-alpha- and beta-phase creep, 0 to 20 30 40 50 60

phase-boundary creep in the mixed-phase region described TIME, s
by a semiempirical equation, which takes account of chang-
ing phase fraction. An effective stress reduction above 850"C Fig. 2. Comparison of CANSWEL predictions and PROPAT
and below 2'1 strain, as proposed by Malen and Tarkpea, burst test results.
represents oxide hardening. Azimuthal variations in cladding
thickness and temperature are treated on the assumption
that all azimuthal nodes have the same radius of curvature

,whateser their strain; i.e., the cladding tube wall behaves
is accommodated by axial shortening and since the hothke a membrane during deformation. In addition, either & W mm W h H h h puisotropic or anisotropic creep response can be modeled.

in the isotropic option, the center of mass of each tube tendency to shorten axially. Axial bow due to the tendency
for different cross sections to extend by differing amountsremains stationary during swelling; while m the anisotropic
is therefore manifested as a bulging of the colder regions.option-in the ene where there is an azimuthal temperature

gradient-the hottest point on the cladding remains station- The restraint modelin the code accounts for the change
ary (until impingement). This so-called " hot-side straight in cladding stress after rod impingement. If the rod is trapped
option" is justified as follows: the texture of the Zircaloy by its neighbors this contact brings about a reduction in

cladding stress, because further deformation occurs by
bulging between neighboring rods leading to a reduced
radius of curvature. Ilowever, 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

1/R = 1/R:- 1/R, ,
* ' *

where R and R: are the radii of the deforming rod and itsi
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 I shows an
array of pins of which the center one has begun to bulge
between certain ofits neighbors.

CANSWEb2 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.8 In the example of Fig. 2, the pin was
internally pressurized to 103 MPa, ramped at 10*/s to 680*C
and held to rupture. The pressure and temperature hisory
are input. The CANSWEL prediction curve of cladding
distension is seen to pass between the time / strain limits at
rupture.- *

A code, CANSWEb2, has been programmed which has
proved ideal for interaction with a therrnal-hydraulic module

V and treats in detail the trapping and bulging of fuel cans.

1. R. W. BOWRING, C. A. COOPER, L H. GITTUS, and
Fig.1. Graphical representation of center pin bulging in T. L HASTE, "A Code to Analyse Cladding Deformation

CANSWEb2. in a Loss of Coolant Accident: Status,"lAEA Specialists
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