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PRELIMINARY CALCULATIONS RELATED TO THE

ACCIDENT AT

THREE MILE ISLAND

by

J. R. Ireland, P. K. Mast, T. R. Wehner,
P. B. Bleiweis, W. L. Kirchner, and M. G. Stevenson

ABSTRACT

The Three Mile Island nuclear plant (TMI-2) was modeled
using the Transient Reactor Analysis Code (TRAC-P1A)I and a
preliminary calculat'on, which simulated the initial part of
the accident that occirred on March 28, 1979, was performed.
The purpose of this calculation was to provide a better under-
standing of the system thermal-hydraulic and core thermal-
mechanical response during the first 3 h and to evaluate how
well TRAC compared to the overall accident scenario and meas-
ured system parameters. As a result of this base-case calcu-
lation, several parametric calculations were performed to in-
vestigate hypothetical variations to the TMI-2 accident se-'

quence to determine the significance of system / operator actions
on the course of the accident. Finally, based upon the results
of the base-case calculation, estimates were made regarding
the extent of core damage and the amount of hydrogen produced
as a result of the zirconium-steam reaction.
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i I. INTRODUCTION AND SUMMARY
,

I
The Los Alamos Scientific Laboratory /LASL) has an extensive program,.

funded by the US Nuclear Regulatory Ccmmission (NRC), in the development,
'

verification, and application of computer methods, specifically the Tran-
sient Reactor Analysis Code (TRAC), for the analysis of Light-Water Reac-
tor (LWR) accidents.I Additional efforts for NRC involve investigations
of phenomena relevant to High-Temperature Gas-Cooled Reactor (HTGR) and

i Liquid-Metal Cooled Fast Breeder Reactor (LMFBR) accidents. This report

! discusses preliminary studies of the Three Mile Island Unit 2 (TMI-2) ac-
cident based on available methods and data. The report reproduces, with

! the exception of minor editing, a draft report submitted September 1,1979
to The President's Comission on the Accident at Three Mile Island and to
the NRC Special Inquiry Group. The work reported includes:'

* A TRAC base-case calculation out to 3 h into the accident sequence.

* TRAC parametric calculations. These are the same as the base case
3

except for a single hypothetical change in the system conditions,
such as assuming the high-pressure injection (HPI) system operated
as designed rather than as in the accident.

* Fuel rod cladding failure, cladding oxidation due to zirconium
metal-steam reactions, hydrogen release due to cladding oxida->

I tion, cladding ballooning, cladding embrittlement, and subsequent
cladding breakup estimates based on TRAC-calculated cladding tem-

; peratures and system pressures. Estimates beyond initial gross
! fuel rod deformation must be regarded as speculative since the

TRAC calculations currently assume intact core geometry.i

i

Some conclusions of this work are:

i

. The TRAC base-case accident calculation agrees very well with'

: known system conditions to nearly 3 h into the accident.
1
4

* The parametric calculations indicate that, i;ss-of-core cooling
,

| was most influenced by the throttling of HPI flows, given the
|

|
2

|

. - - . - . - . . --. - - -. .-. ..
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accident initiating events and the pressurizer electromagnetde-
operated relief valve (PORV) failing to close as designed.

* Failure of nearly all the rods and gaseous fission product gas re-
lease from the failed rods is predicted to have occurred at about

2 h and 30 min. This is consistent with radiation montiors at
TMI-2.

* Cladding oxidation (zirconium-steam reaction) up to 3 h resulted
in the production of approximately 40 kg of hydrogen. It is

highly probable that hydrogen generation continued beyond that
i time.

A. TRAC Base-Case Calculation

A description of the first released version of the TRAC code,.

TRAC-PIA, and the current status of its verification is contained in

Ref. 2. TRAC-Pl A is a steam-water (two-phase) systens analysis code
designed specifical,y to produce physically accurate (best estimate)
predictions of large-break loss-of-coolant accidents (LOCAs). TRAC cal-
culations of a large number of LOCA-related experiments, such as in the
Semiscale and LOFT facilities at the Idaho National Engineering Labora-
tory (INEL), have agreed very well with the experimental data, and con-,

1

j siderable confidence can be placed in its modeling of the rapid blow-
I down, refill, and reflo d phases typical of large-break LOCAs. Its

: calculational capabilii.ies were not developed for and have not been
tested against long time duration experiments typical of the TMI-2 ac-'

cident. In particular, TRAC-Pl A does not presently account for noncon-

} densible gases (such as hydrogen generated by zirconium-steam reactions
' or nitrogen which may be injected from core flooding accumulators), nor

does it account for changing core geometry due to cladding ballooning,
rupture, oxidation, breakup, or fuel motion. Nevertheless, the TRAC-

4

; PIA base-case results are in very good agreement with known system

j conditions during the first 3 h of the TMI-2 accident. Further, much

! can be learned concerning the system hydraulics and the core thermal-

; 3

i
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Y

I mechanical behavior by examining the TRAC results, as summarized below

j and discussed in detail in Sec. II.
j The TRAC model of the TMI-2 system fc.r these calculations used 24

cells in the reactor vessel and 42 cells for the two system loops. The
I core fuel rods were modeled initially using three axial levels and two
; azimuthal regions per level, with average, high-power, and low-power
,

| fuel rods per region. This vessel noding was used to calculate the
'

steady-state system conditions and the first 81 min of the transient.

The pressurizer relief valve (PORV) was modeled using a pipe module,

j allowing a direct calculation of the flow out the PORV. The once-

| through steam generators (OTSG) were modeled on both primary and
; secondary sides, but with boundary conditions used to model the balance

j of the secondary system. Based on the TMI-2 recorded power level, a
| TRAC steady-state calculation was performed to generate the initial

j conditions prior to the accident. These conditions are in "ery good
j agreement with available TMI-2 data.

. Using these self-consistent initial conditions, the TRAC transient
! calculation was begun, Operator and system actions were simulated in

TRAC using plant data, event chronologies, and in certain cases, assump-
|- tions necessary to give results which matched known system conditions

(these are outlinedin detail in Sec. II). The first 30 min of the ac-
j cident sequence are well simulated by TRAC, particularly system pressurt,

| loop temperatures, and pressurizer level . During the period from 30 min

) to 81 min coolant is continuously lost through the PORV and the letdown
j system. Calculated core temperatures remain low, however, due to the
j good cooling provided by boiling in the core, which offsets the coolant
< *

losses and maintains the system pressure stable.(

j At 81 min, a more finely noded vessel model was used to pavide
more axial levels. Tnis enhances che accuracy of predictions of the
core thermal conditions and two-phase natural circulation through the
system. Due to continual coolant loss, calculated core void fractions

i
I

! Throughout this discussion we will use present tense when describing
calculated events 6nd conditions which may or may not be known to have
occurred in the accident. t

i4
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| increase and primary coolant pump flow rates slowly decrease due to
I void formation in the coolant. Primary sy:: tem pressure falls steadily

after 91 min as increased auxiliary feedwater flow is introduced into
the A loop OTSG. After the A loop pumps are tripped at 100 min, phase
separation occurs throughout the system. This results in partial core
uncovering and loss-of-coolant circulation through the loops. At 120
min, upper core temperatures begin to rise rapidly (0.25 K/s). At 138t

min, the PORY block valve is closed 'resulting in a gradual increase in
i core liquid inventory. At about 160 min, the water inventory in the

,

core has boiled down again such that water is in the lower plenum and
partially in the lower core, resulting in a steep axial temperature
gradient in the core. Since upward-moving steam velocities are very
low (less than 0.1 m/s) the steam becomes very superheated in the upper

part of the core and, as a result, the cladding and fuel heat up sharply. >

When the cladding temperatures reach 1300 K, zirconium-steam reactions

(exothernic) begin and the upper core temperatures begin rising at about
0.7 K/s. This temperature excursion was probably terminated in the ac-,

cident when the HPI was returned to nonthrottled flow rates at 3 h and
20 min, enhancing the core cooling rate (TRAC calculations were termin-

ated at 3 h since the core modeling was no longer realistic).
The results of this TRAC base-case calculation show good agreement

j with measured system parameters out to nearly 3 h and provide a founda-
tion for: making detailed comparisons against alternative system / operator
responses during the accident sequence, investigating longer term TMI-2

| accident events, and making estimates of the reactor core thermal-
j mechanical behavior.
i,

i

B. TRAC Parametric Calculations
l

i This section of the study was performed to investigate hypothetical
j variations to the TMI-2 accident sequence to determine the significance
i of system / operator actions on the course of the accident. It is not

intended to judge system design or operator response as related to the
TMI-2 accident; rather, its purpose is to serve as a basis for future

j discussion on reactor system design, instrumentation, and operation.

5

1

i
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1

I
Within the time constraints of this preliminary study, five para-

;
'

metric cases were run with TRAC. These specific cases were requested
; by the NRC TMI Special Inquiry Group. The INEL is supplying additional

] parametric cases. The primary variations of interest were: (1) start
i of auxiliary feedwater supply after initiation of the accident, (2) the
i

effect of degraded HPI, (3) the effect of early tripping of the main
coolant pumps, and (4) the effect of a cold-leg break of area equivalent
to the PORV throat area. The delay (up to I h) of auxiliary feedwater
supply as compared to imediate initiation results, in ti ? TRAC cricu-
lations, in very little difference in the long-term behavior of the sys-
tem from that of the base case. This conclusion is of importance to

: the TRAC base calculation since it demonstrates that the primary system
behavior was a relatively weak function of the details of the secondary
system performance.

' The parametric case with HPI operating as designed resulted in
significant deviations from the base case. After the pressure dropped
below the HPI setpoint and full flow was initiated, the HPI flow was4

j sufficient to maintain the system pressure at a higher level than the
j base case. This resulted in a higher break flow than the base case,

] but more importantly, maintained the coolant in a subcooled state, pre-
venting a core temperature excursion. This calculation indicates that;

i no core damage would have occurred as long as HPI flow was supplied.
The influence of the main coolant pumps was examined by a para-

metric case in which the pumps were tripped immediately upon initia-
| tion of the accident. This calculation was not run as far out in time

as the base case, but the available results indicate that after a flow-

1
coastdown transition period of 40 min, phase separation begins in the|

system. Based on comparison with the base-case calcul cion in which

; phase separation occurred after the A loop pumps *:ere tripped, we ex-
pect that this case would result in a similar core temperature transient
beginning approximately 45 min earlier than the base case.

The final parametric case performed was a cold-leg break simulation.
. A break area equivalent to the PORV throat area was assumed and located

| in the A loop pump discharge line. The initial transient is character-

| ized by a higher system pressure than in the base case. This occurs

i

| 6

>
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because the equivalent area cold-leg small-break flows are lower than
out the PORV in the base case. This case was not run to completion,
but, given the same character of letdown and makeup flows as occurred
in the base case, this case could depressurize with core flood tank
activation and subsequent core flooding.

C. Core Thermal-Mechanical Response

The concern in a reactor accident is the potential for release of

radioactive materials. The amount of radioactive material available
for release is determined by the state of the reactor core before the
accident, but the amount actually released is determined by temperatures
and other system conditions during the accident, Of particular interest
are when significant cladding failures first occur and allow release of

fission product gases to the primary coolant system. Continued fuel
heatup can result in release of volatile fission products from the sur-
face and matrix of the fuel pellets and, if not terminated, fuel pellet
mel ti ng . Phenomena which influence the core behavior include cladding
ballooning before failure, cladding oxidation, embrittlement, and hydogen
generation from zirconium-steam reactions.

Calculations indicate that considerable local cladding ballooning
was likely prior to failure and should have resulted in some degree of
local flow blockages. However, the best estimate cladding failure time
of about 2-1/2 h using TRAC-calculated temperatures, while not including
local flow starvations, agrees well with indications of substantial
radioactive material release. Since there was very little steam flow
through the core during the temnerature excursion leading to these
initial cladding failures, then builooning should not have influe. :ed
failure times substantially. However, local flow reductions due to

ballooning could have been a contribator to anamolous fuel bundle outlet
temperatures measured later in the accident.

The calculated cladding failure times of about 2-1/2 h are shown
(Sec. D) to be not very sensitive to initial rod pressures or the ac-
cepted criteria used for failure predictions. The major controlling
factor is the high cladding temperatures occurring in the upper part of

7



the core after about 2 h. The calculations indicate that essent; ally
all of the rods should have failed, thus releasing most of the core
inventory of gaseous fission products.

Further calculations based on TRAC results indicate about 37 kg of
hydrogen were produced by 3 h into the transient (the TRAC calculations
were terminated at that time). This reaction causes swelling and em-
brittlement of the Zircaloy cladding. Calculations of possible thermal-

shock induced failures assuming the hot cladding was quenched shortly
after 3 h show that ductile cladding would not have suffered further
failures from thermal shock. However, the swollen and embrittled oxi-

dized cladding probably would have. Thus, the axial length of cladding

which was oxidized (roughly the upper third of the core) might have
i failed extensively during reflood, if reflood occurred quickly. We

have not performed detailed calculations beyond 3 h, and since the TRAC
calculations beyond about 2-1/2 h do not model many of the complicated
core phenomena, these estimated cladding conditions are somewhat spec-
ulative. However, the TRAC-calculated system pressure does agree quite
well with the measured pressure out to almost 3 h (to the time at which
substantial hydrogen generation begins). Thus, the core thermal condi-
tions used for the cladding behavior calculations to this time should
not be too unrealistic.

D. Hypothetical Sequence Questions

Some specific questions were addressed to us by the President's

Commission on the Accident at Three Mile Island. Several of these are

i covered by the parametric cases sunmarized in the preceding section.
Responses to the complete set are provided below. Those which go beyond

the analyses discussed above must be regarded as speculative.

1. What would have been the effect if the auxiliary feedwater

system had been available as desianed?

In this case (as discussed above and in Sec. III.C of this report),
the system would have started depressurizing somewhat earlier than

8-
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occurred, but af ter about 30 min there would have been little difference

in the two cases.

j 2. What would have been the effect if the PORV had closed as
j designed (assuming auxiliary feedwater was made available

at 8 min as occurred)?
2

Although we did not analyze this case, it is likely there would
have been no severe problem. In the accident, water was lost through
the PORV and not restored through the HPI system. If the water had not
been lost, then a relatively mild pressure transient would have occurred
until auxiliary feedwater restored coolitig.-

4
.

i 3. What would have been the effect if the HPI had not been
throttled?

|

The TRAC parametric case that examined this situation is reported
in Sec. III.A. There is more water put in by the HPI than lost through

j the PORV. The core remains covered and no primary system voids occur.
1 This situation could continue as long as sufficient water was available
j to the HPI. Evenutally, some final heat sink other than this makeup

water, such as the low-pressure safety system, would have to be used to ,

continue cooldown.

4. What would have been the effect if auxiliary feedwater had
i not been available at any time?

' A TRAC parametric case (reported in Sec. III.B) assumed a 60-min

! delay in auxiliary feedwater. The system equilibratec 'oetwcan energy

f produced in the core and removed through the PORV The system pressure

| remains about 1.5-2.0 MPa (225-300 psia) higher than in the base case
! due to the lack of heat transfer in the steam generators. The flow out

the PORV is higher and the system would empty sooner than in the base,

: case. Core uncovering and heatup would probably begin about 1 h earlier
i

than in the base case.;

|

9
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i

|
1

I 5. What would have been the effect if the pressurizer relief

block valve had not been closed at 2 h and 20 min?
:

Although we have not analyzed this case, we expect the system would

| have depressurized until the core flood tanks were activated, which
would probably have reflooded and cooled the core.

|
,

6. What would have been the effect if the HPI had remained
throttled indefinitely?

:
:
! The TRAC base-case calculation indicates a core peak temperature

| rise rate of about 0.7 K/s over the last 1000 s calculated (out to
.

! 11 000 s). If extrapolated linearly, this indicates initiation of fuel
.
' melting at about 3 h and 45 min. However, the TRAC modeling does not

include several effects (such as cladding ballooning, cladding swelling,
!

noncondensible gas in the steam flow, radiation heat transfer) which
might have influenced the core heatup rate beyond 2-1/2 h. This extra-
polation to incidence of fuel melting is thus speculative.

!

!
!

i

e

i

i

i

l

i

.

J

!

! 10
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II. TMI-2 BASE-CASE CALCULATION !

lThe TRAC-PlA computer code was used to model and simulate the

initial part of the accident that occurred at the Three Mile Island,
Unit-2, nuclear power plant on March 28, 1979. The purposes of this
calculation were to:

* Provide insight into the system thermal-hydraulic phenomena which
occurred during the initial accident stages.

* Provide a basis to evaluate hypothetical alternative system /
operator responses during the accident.

* Provide an estimate of core thermal response as a basis for cal-
culations of cladding deformation, oxidization, and failure.

* Evaluate and assess the applicability of TRAC to non-LOCA
accident scenarios.

TRAC is a best estimate, nonequilibrium, multidimensional, thermal-
hydraulic, steam-water (two-phase) systems analysis computer code written
specifically to analyze LOCAs in LWRs. References 1 and 2 to this report
contain a complete description of the code and a demonstration of its
successful assessment against a wide range of experiments. One important
point concerning TRAC is made here. The maximum time-step size for

stable computations is limited to a value which when multiplied by the
fluid velocity in each computational cell, yields a length smaller than
the length of that computational cell . Typically, this results in time-
step sizes less than a tenth of a second. For application of TRAC to
large-break LOCAs, this is not a limiting concern; however, for trans-
ients of considerable duration (several thousand secords) computer run-
ning times are quite large (many hours on a CDC-1500 class machine).
Finally, even when relatively large time steps (fractions of a second)
are permissible based on the above condition, smaller time steps are
necessary to control numerical error. This p. oblem has a direct bearing
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j on the model described in the next section. Typically, TRAC calculations
! of reactor systems use on the order of 750 cells; for the TMI-2 accident

prediction, practical computina limitations constrained the total number
to less than 100.

: A. TRAC TMI-2 Model

A s:: hematic of the TRAC noding used for the TMI-2 model is shown in
.

Fig. 1. The model consists of a vessel and two primary coolant loops.
.

Each loop contains a prii. v coolant pump and 0TSG. The HPI to each
! cold leg is modeled, and the letdown system and pressurizer are attached

to the A loop. In the actual system there are two cold legs per loop,
each with a primary coolant pump, but these were combined in the TRAC

'
model to reduce the number of cells.

The three-dimensional vessel noding is shown in Fig. 2. The vessel
I consists of 177 fuel assemblies with 208 fuel rods per assembly (the

15 x 15 array also includes guide tubes). These fuel assemblies are
modeled in TRAC using three axial levels, one radial ring, and two
azimuthal sectors, for a total of six TRAC core cells. (Levels 2, 3,
and 4 in Fig. 2.) With this noding, only two average fuel rods
(24.3 kW/m) are used for coupling the fuel rod heat transfer to the fluid
dynamics. Two additional rods are also used to model the high- and low-
power rods in the core (35.8 and 12.0 kW/m, respectively). The lower
plenum, upper plenum, and upper head region are each modeled using one

~,

axial level. The entire TRAC vessel model consists of 2 radial rings,
j 6 axial levels, and 2 azimuthal segments for a total of 24 vessel cells.

The vessel noding described above was used for the steady-state calcula-
tion and during the first 81 min of the transient. After 81 min, the
vessel noding was changed to yield more axiel detail for natural con-

i vection and core thermal calculations. This revised noding is shown in
Fig. 3.

The hot-leg noding consists of three cells.in each hot leg to model
the inlet nozzle, vertical riser, and " candy-cane" regions. (Components

! I and 11, Fig. 1.) The pressurizer is modeled as a constant pressure
break for the steady-state calculation (component 121 in Fig.1). For

12
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the transient calculation, however, the pressurizer is modeled using two
pipe components as shown in Fig. 4. The lower pipe models part of the

'

pressurizer surge line and the bottom section of the pressurizer and
the upper pipe models the top of the pressurizer and the pressurizer
relief valve. The choking in the relief valve is modeled by using the
fully implicit hydrodynamics option (one-dimensional components) in
TRAC. Using very fine noding, the choking is calculated naturally from
an implicit solution of the equations of mass, momentum, and energy.
The OTSGs are modeled using seven cells on the primary side and five
cells on the secondary side (Fig. 5). The complete secondary system is

not modeled; the aoundary conditions to the OTSGs describing the feed-
water flow and steam line back-pressure are given by known system condi-
tions during the accident.

B. Steady-State Calculation

Based on the geometry and noding described above, a steady-state
calculation was performed to obtain initial conditions prior to the ac-
cident. The input parameters for the steady-state calculation are
shown in Table I.3 TRAC-calculated initial conditions are shown in
Table II along with a comparison with the results from the Babcock and
Wilcox (B&W) code CRAFT-2.4 The agreement appears to be quite good for
all parameters. The differences in flow rates and temperatures can be
attributed to the fact that CRAFT-2 used 100% power, whereas, for TMI-2
on March 28, 1979, the power was actually 97%, which was the value used
in TRAC. The difference between the calculated primary system water
masses is due to the fact that TRAC includes the mass of tne steam gen-
erator secondary side but CRAFT-2 does not.

C. Transient Calculation

Using the steady-state results, the transient calculation was
initiated. For the transient, boundary conditions were required for the
steam generator secondary side, pressurizer relief valve back-pressure,
etc. These boundary conditions are summarized in Table III and shown

16
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TABLE I

THREE MILE ISLAND - UNIT 2

TRAC Input Parameters

Parameter Value

91. Initial Power (97% of rated) 2.711 78 x 10 W
i 2. Relative Axial Power Shape
' (3 levels - bottom to top) 0.64, 1.0, 0.76

3. Relative Radial Power Shape 1.0
44. Core Average Linear Power 2.014 4 x 10 W/m
45. Peak Rod Linear Power 2.444 2 x 10 W/m,

6. High Power Rod Linear Power 3.589 2 x 104 W/m
7. Low Power Rod Linear Power 1.197 5 x 104 W/m,

! 8. Pressurizer Pressure 1.477 21 x 107 Pa,

i

in Figs. 6-11. A sequence of events was also needed to simulate operator
interxtion with the system and actual plant signals or trips thati

j oc. curred. Using available infomation,5-8 a sequence of events was de-
veloped and is shown in Table IV. The values used for HPI, makeup, and
letdown flows were obtained from plant data and event chronology, where
available. For certain portions of the transient some of the conditions-

.

had to be assumed. These assumptions and others used for the transient
are shown in Table V.

The transient calculation was inithced by turning off the feed-,

water flow to the steam generators. As the system pressurizes above
nomal operating range the PORV at the top of the pressurizer opens.
The system pressure continues to rise until the reactor is scrammed at

; about 10 s. A depressurization period then begins and the system pres-
sure drops until the steam generator secondary side dries out at abt ut
2 min. The system again begins to pressurize due to loss of heat sink
in the steam generators and continues until auxiliary feedwater f'ow is
established at about 8 min. Then, the system depressurizes aue to en-
hanced heat transfer in the steam 9enerators until an equilibrium state
is achieved between the decay heat produced in the core, energy removal

18

-. - - - _ .. . . - - - . ._. .



TABLE II

THREE MILE ISLAND - UNIT 2

Calculated Initial Conditions at Ster"v State
6

Parameter TRAC CRAFT-2

1. Average Hot-leg Tem erature
at Vessel Outlet (K 592.3 593.0

2. Average Cold-leg Temperature
at Vessel Inlet (K) 564.1 564.5

3. Total Primary System Flow
Rate (2 loops) (kg/s) 17 027.0 17 375.5

4. Average Hot-leg Pressure at
7 7

Vessel Outlet (Pa) 1.475 x 10 1.472 x 10

5. Average Cold-leg Pressure at
7 7

Vessel Inlet (Pa) 1.504 x 10 1.534 x 10

5 56. Pump t.P (Pa) 7.87 x 10 7.87 x 10
7. Steam Generator Secondary Side

Flow Rate (each) (kg/s) 700.0

8. Average Steam Generator
6Secondary Side Pressure (Pa) 65.5 x 10

9. Cladding Surface Temperatures
at Core Level 2: (K)
a. Average Rod 605.0

b. High Power Rod 61 4 .1

c. Low Power Rod 595.0

10. Total Primary System Water
5 5Mass (kg) 2.774 x 10 2.765 x 10

.

in the steam generators,and energy removal through the break. Figure 12

shows the actual TMI-2 pressure history for the first 30 min of the ac-
cident and the comparison with the TRAC calculation.9 Figure 13 shows

the loop fluid temperature response for the first 30 min and the compar-
ison with TRAC. The pressure and temperature comparisons are in good

! agreement with the data for this period.
!

During the first 30 min, the pressurizer water level initially drops,
then rises, as shown in Fig. 12. When the PORV opens, saturated steam

,
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TABLE III

THREE MILE ISLAND - UNIT 2

Boundary Conditions
.

1. Reactor Power vs Time

| 2. Pump Speed vs Time:

A. Pump Loop B: O s t 5 4 380.0 125.7 rad /s
t > 4 380.0 0.0 rad /s

B. Pump Loop A: O s t s 6 000.0 125.7 rad /s
t > 6 000.0 0.0 rad /s

.

3. HPI Flow vs Time

4. Pressurizer Relief Valve Back-pressure vs Time
5. Steam Generator Steam Line Back-pressure vs Time
6. Steam Generator Feedwater Flow vs Time

O
y , , , ,
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| Fig. 6. Reactor power.
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at the top of the pressurizer rapidly escapes and the pressurizer water
level rises as the steam volume at the top of the pressurizer is re-

; placed with a two-phase mixture. When the two-phase mixture begins to

; leave the PORV, the mass flow rate increases and the water level begins
I to drop rapidly as the pressurizer empties. The pressurizer continues

I to empty until the makeup' and HPl systems are started, at which time
~

the water level begins to rise. The makeup, letdown, and HPI flows
used during the first 8 min were mainly to control the water level in
the pressurizer. The pressurizer then remains full until the water be-

comes saturated at about 10 min. At this time, flashing of the water
begins as the system depressurizes and the water level drops until the
system pressure stabilizes. The pressurizer then fills and remains

'

essentially full until approximately 85 min.
4

For the period from 30 min until 80 min, the system is in a quasi-

] steady-state mode in which the energy produced in the reactor core is
removed primarily in the steam generators. Due to good heat transfer
in the steam generators,the primary system pressure closely follows the
back-pressure on the secondary side (Figs. 9,10, and 14). The fluid
temperatures in the system are at saturation during this time and are

23
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| TABLE IV

j THREE MILE ISLAND - UNIT 2

j Sequence of Events Used for Base-Case Calculation l
'

j

i

j Time (s) Event I

0.0 Loss of Feedwater Flow

| 10.5 Trip Reactor Power
,

13.0 Start Make-up Pump 1 A Full Flow 27.5 kg/s
j

t 120.0 Start Make-up Pump 1C Full Flow 27.5 kg/s
. 194.0 Throttle Pumps lA and 1C to 6.1 kg/s each
!

278.0 Trip Pump 1C - Continue Pump 1A at 6.1 kg/s
;

) 300.0 Initiate Letdown Flow of 8.6 kg/s
! 418.0 Reduce Letdown Flow to 4.5 kg/s
: 480.0 Start Auxiliary Feedwater Flow of 31.3 kg/s

(each 0TSG)

3 624.0 Trip Pump 1A - Continue Letdown Flow
700.0 Start Pump 1A (Makeup + HPI = 1.85 kg/s)

3 824.0 Turn Off Letdown,

4 380.0 Trip Primary Pumps - Loop B

| 4 860.0 Turn Off HPI and Auxiliary Feedwater Flow
5 460.0 Initiate HPI - 4.4 kg/s4

Initiate Letdown - 4.4 kg/s
,

Initiate Auxiliary Feedwater Flow to
OTSG "A" - 31.3 kg/s

6 000.0 Trip Primary Pumps - Loop A;

! 6 060.0 Reduce HPI - 2.2 kg/s
i

Increase Letdown - 15.0 kg/s;

7 170.0 Turn Off HPI and Decrease Letdown -- '

| 4.5 kg/s
i 8 280.0 Shut Pressurizer Block Valve and Turn Off

'Letdown4

j <

;

,
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TABLE V

ASSUMPTIONS FOR TMI BASE CASE

! .

j 1. Decay Power Obtained from " Nuclear Legislative Advisory Service,"
Issue 17, April 13, 1979.

! 2. Feedwater Flow vs Time Ramped to Zero Over a 90-s Time Interval at
i Beginning of Transient. (90 s.was used in order to account for the.

j stored water mass in the OTSG downcomer.)

| 3. Make-up Pump Full Flow Capacity of 27.5 kg/s (each).

j 4. Throttled Flow Rate for Make-up Pumps of 6.1 kg/s.
I 5. Letdown Flow is Assumed to be Equal to Make-up Flow for T < 13 s
j for T > 8 280.0.

6. Letdown Flow Greater Than Make-up + HPI for 600 $ t s 8 280 s.
7. Auxiliary Feedwater Flow is 31.3 kg/s for each 0TSG (later reduced,

to match secondary side water level).i

8. Pressurizer Relief Valve Noding Determined by Using Rated Saturated'

Steam Flow Conditions of 15.0 kg/s.
,

9. From t = 101 min until 120 min,15 kg/s Letdown Flow was Used to,

j Match Primary System Pressure.

| 10. Pressurizer heaters and sprayers were not modeled.

i

4

following the system pressure. Figures 14-16 show the actual pressure
and temperature histories, along with the TRAC calculation. Since the

j pressure is relatively constant during this period, the break flow out

{ the PORV is also constant at about 20 kg/s. (Fig.17.) Coolant is con-

tinually being lost from the system through the PORV. Also, coolant is !

j being lost through the letdown system since it was assumed that letdown
j flow was in excess of HPI and makeup flows by about 2.7 kg/s. The sys- .

f tem is at saturation during this period and coolant is being continually
j lost, producing voids throughout the primary side. Figure 18 shows a
i void fraction profile in the vessel for the first 80 min. The curves

represent the void fraction in each axial level from the bottom to the

top of the vessel (refer to Fig. 2 for the vessel noding diagram). The
upper head completely voids at about 27 min and remains voided for the

,

entire calculation.
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The core regions are producing voids at roughly a constant rate
until the B Loop pumps are tripped at 73 min. At this time, phase
separation occurs in the B Loop and the resulting elevation head in
the loop is high enough to force some water into the vessel. This re-
sults in a void fraction drop in the core region, but this additional
water is rapidly boiled off. Although the void fraction in the core is
increasing during this period, the fuel rods remain cool due to nucleate
boiling heat transfer in the core region. The fuel rods remain cool

j until the core partially uncovers at 101 min. Since there are signif-
icant voids throughout the system, the pump heads and mass flow rates
are degrading due to two-phase flow losses. (See Appendix for pump mass

flow rates and other system variables during this period.) Although the
! B Loop pumps are tripped at 73 min, the fuel rods remain cooi due to

! adequate forced convection from the A Loop pumps and the PORV flow-
!
'
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j For the period from 80 min to 138 min, the system is in more of a
I transient mode as opposed to the previous quasi-steady mode. The
; transient mode first starts when the B Loop pumps are tripped and the

secondary side pressure of the B Loop OTSG begins to drop (Fig. 10)..

This drop in back-pressure causes the primary side to also drop slightly'

in pressure until adequate heat transfer (forced convection) is lost.
When this happens, the system pressure begins to rise (Fig.14) due to
loss of heat transfer in the B Loop steam generator and the increasing!

A Loop steam generator back-pressure (Fig. 9). Since the A Loop pumps
,| are still running, good heat transfer is still available through the A
i Loop steam gener tor, causing the primary system pressure to follow the

secondary side pressure. At 91 min, the primary system pressure begins
to decrease due to increased auxiliary feedwater flow to the A Loop
steam generator and. increased letdown flow. This also causes the pres-
surizer water level to decrease (Fig.19). The system pressure contin-
ues to decrease at a constant rate until the A Loop pumps are tripped.
The slope of the pressure curve then changes due to loss of forced con-
vection through the A Loop steam generator. The TRAC calculation does

| not show this change in slope as dramatically as the data (Fig.14):
however, the agreement is still reasonable. The loop temperatures are
shown in Figs.15 and 16. During this time, the temperatures are es-

'

; sentially following the system pressure.

i When the A Loop pumps are tripped at 100 min, phase separation oc-
curs throughout the system and the core becomes partially uncovered (top
two core levels in the vessel, Fig. 3). This is graphically illustrated

| in Fig. 20 which shows the void fraction profile in the vassel (note
j that the vessel noding was reiined n 80 min to more accurately track

the water level in the core, Fig. 3). When the core uncovers, the fuel
,

rod temperatures (hot rod) increase to about 700 K (Fig. 21). This tem-
perature rise was terminated due to core rewetting caused by some of the
water in the loops emptying out into the vessel. As in the case when
the B Loop pumps were tripped, phase separation in the loops results in

'

an elevation head in the steam generator which is large enough to force
some water into the vessel. This additional water in the core begins to
boil off as the system depressurizes and the core again begins to uncover

304

. -

4

,

,. . - - . , - - . , - . ---,y , .-- .--



.. - - - . _ . - - _ - _ . - .

6 | I i 6 i' ' ' '

400- ~

.

,, ,------ '' ~---- ,
_j350- : i I 's , s

'

' , 'ii #, '
~

f ,i g8 s_] 300- i ,, s
w

~ i,
,

s il
J 250 -

i *
T RAC - - - - ~

,j|g
~

'^^- |
,

j TMt DATA

A '
,

E 200 -
t i ~

$
~

,|
-

t

!3
1

[ 15 0- is ~

ll
1, ~

k
, _

f f n f t f fi . . , i a n

-20 o 20 40 so 80 100 120

TIME AFTER TURBINE TRIP (min)

Fig. 19. Pressurizer water level comparisons out to 120 min.
,

I at about 120 min. From this point on, the fuel rods continue to in-

crease in temperature.

The beginning of core uncovering at 100 min, as calculated by TRAC,*

is in agreement with the data analyzed by EPRI.5 For example, in com-

paring the mass inventory in the primary system from the TRAC calculation
to that reported by EPRI, it is seen that af ter 100 min TRAC calculates

5the total system mass loss to be 1.275 x 10 kg, while EPRI gives a
5range of 1.05 x 10 kg (minimum) to 1.235 x 105(maximum). TRAC is

calculating about 3% higher mass loss than the EPRI maximum estimate.
It is important to note that in order for TRAC to calculate the

depressurization from 100-138 min, a large letdown flow had to be used
(15.0 kg/s). This is because the PORV flow severely degrades (Fig. 22)
af ter the A Loop pumps trip and the water les al drops in tne pressurizer
(Fig. 19). The PORV flow drops from 20 kg/s to an average of about
6 kg/s over this period. Another variable that is important during
this period is the HPI flow rate. Several sequence of events reports
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Fig. 22. Pressurizer relief valve flow rate after 81 min.

state that HPI flow was increased after 100 min, but no values are given.
If it was increased, condensation would also cause the system to depres-

surize. However, since no value was given, the best estimate value of
2.2 kg/s was used. The letdown flow used during this period accounts
for the flow rate drop in the PORY and the increased HPI flow.

From about 120-138 min the water level in the core is dropping and
the rods are heating up at roughly 1 K every 4 s. The vapor velocities

are on the order of 0.5 m/s and the PORV and letdown flow rates enhance
the flow rate through the core. This causes the heat transfer coeffi-
cients to be higher than those calculated by natural convection. The
loops are essentially void after 138 min, water remaining only in the
pump suction legs. (Refer to the Appendix for additional plots during
this period.) The pressurizer level drops, due mainly to liquid flash-
ing caused by depressurization and increased letdown.

At 138 min, the block valve was shut on the pressurizer. In the
TRAC calculation, it was also assumed that after 138 min the ..:akeup and
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letdown flows are equal. When the block valve is shut, the steam flow
in the core stagnates, since there is no path for the vapor to escape.
Also, the water in the pump suction legs (loop seals) prevents any flow

' through the loops, hence, there is no natural circulation through the
system. The system begins to pressurize and continues to pressurize
for the remainder of the calculation. Figure 23 shows the TRAC calcu-
lated pressure history compared to the TMI data. Also shown is the

'
pressurizer water level history. During this period the vapor velocities
through the core are generally less than 0.1 m/s and the heat transf er

2coefficients are very low (on the order of 50 W/m s K, representative '

of natural convection to superheated steam). The vapor begins to super-.

heat since the flow is stagnant and the rod temperatures continue to
increase (Fig. 21). Figure 24 shows the vapor temperature in the core,

during this period for each axial level in the vessel. The correspond-
| ing core void fraction profile is shown in Fig. 25.

As soon as the PORV is shut, a pressure oscillation moves thrcughq

the system which causes some of the water in the lower plenum to be
1

[ forced up into the core. This is the reason core level 4 has a decrease
in void fraction for several hundred seconds. Eventually, this core
level dries out at about 160 min. Before this core region dries out
it begins to boil the water rapidly and the boiling causes the vapor
velocities through the core to increase for a short period of time.
The increased vapor velocities cause the heat transfer coefficients to
increase and the vapor temperatures to drop, with a resulting drop in
rod temperatures (see Figs. 21 and 24 at 9 600 s). But, as soon asI this

core levei dries out the vapor velocities decrease, the vapor begins to
superheat, and the rods again heat up. The rods continue to heat up at
roughly the same rate as before (1 K every 4 s) until the zirconium-
steam reaction begins to provide a significant additional heat source
(at 1 273 K). After this time the temperature rise rate increases to
about 1 K per s. The calculation was stopped once the temperatures ex-
ceeded 1 650 K.

| During this period, the lower plenum in the vessel remains full of
water and the bottom core level has roughly 70% water remaining in it.
Only the top 75% of the core is uncovered. The fuel rod temperatures;

,
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Fig. 25. Core void fraction axial profile after 81 min.

remain relatively cool in the lower core region (see Appendix for addi-
tional plots during this period). Also, referring back to Fig. 23, the

j pressurizer level is increasing both in the TRAC calculation and the TMI
data during this time. The pressurizer never empties because steam pro-
duced in the core "nolds up" the water in the pressurizer.

Overall, for the sequence of events and assumptions used, the TRAC
results are in good agreement with the TMI-2 data and they satisfy the
objectives listed at the beginning of this section.
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III. TRAC PARAMETRIC CALCULATIONS

I
| This section summarizes the results of five TMI-2 parametric cal- ;

culations performed with TRAC. The first three parametric cases (see;

Table VI) involve variations in the time of initiation of the auxiliary
feedwater and also variations in the HPI flows. The auxiliary feedwater

is delayed 60 min following accident initiation in cases A-3 and A-6.*
5

j Case A-3 uses full HPI when the pressure is less than 110 x 10 Pa
(1600 psia) and case A-6 assumes " degraded" HPI flows (degraded means

as it happened during the TMI-2 accident). Case A-4 assumes that the

; auxiliary feedwater is turned ca at the time of accident initiation and

; also assumes degraded HPI flows. The fourth parametric calculation as-

; sumes that all main coolant pumps trip simultaneously with the reactor

] trip at 10 s. The last case investigates the effect of a small break
in a primary coolant cold leg. All other boundary and initial conditions
for these calculations are the same as in the base case described in the
previous section. The pressure on the secondary side of the OTSG used
for these cases was assumed to be the same as that used for the base
case. Since the steam generator secondary side tends to dry out in the

' calculations to be described, there is only a weak dependence on OTSG
secondary side pressure. The TRAC system noding was also the same as

tsed in the base case (Figs. 1-4).
1

A. Delayed Auxiliary Feedwater/ Full HPI (Case A-3)

!

|
Figure 26 shows the calculated pressure in a TRAC cell locai.ed in

the upper plenum for the first J 000 s of the transient in case A-3.

Also shown is the base case pressure for the sarae cell (other pressures
; in the vessel are similar). As mentioned previously, case A-3 assumes

5full HPI flows at a setpoint of approximately '10 x 10 Pa (1 600 psia)

.

*

These specific cases were requested by the NRC/TMI Special Inquiry
Group and the case number designations are that groups. (The base case
was designated A-5.) Other cases are being provided by the Idaho Nicion-
al Engineering Laboratory.. 1
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1

i TABLE VI

TRAC PARAMETRIC CALCULATIONS

i

|

Case
Run Conditions Comments Designationa

i 1. Auxiliary feedwater delayed A-3 ,

until 60 min following ac-;

; cident initiation. Full ;

; HPI on when P < 1 600 psia.
4

2. Auxiliary feedwater delayed " Degraded" HPI A-6
until 60 min following ac- means as occur- i

cident initiation. De- red during TMI-
graded HPI. 2 accident.

3. Auxiliary feedwater turned A-4
on at accident initiation.
Degraded HPI.

1

4. All main coolant pumps D-2
tripped at accident
initiation. Degraded HPI.'

5. Cold-leg break with area ---

equivalent to EMOV. De-
graded HPI.

Case nomenclature adopted by NRC/TMI Special Inquiry Group.6 Base casea

was designated A-5.'

and a delay in auxiliary feedwater of 61 min. As can be seen from Fig.0

26 the initial pressure for case A-3 matches that of the base case until
the HPI setpoint is reached. Beyond this point, the HPI is sufficient
to keep the pressure in case A-3 at a quasi-steady-state level much

i

| higher than the pressure of the base case. Figures 27 and 28 show the
I HPI mass flow rate (there are two HPI systems with equal flow rates) and

!
the mass flow rate out of the break for case A-3, respectively. Due to
a lack of detailed information, the HPI flows are modeled as constant

;

velocity fills after the setpoint is reached. Thus, both HPI flows re-
main constant at approximately 32 kg/s. The total HPI flows exceed the'

1
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Fig. 26. Parametric case A-3 pressure comparison with base case,

flow out of the break for the first 3 000-4 000 s of the transient.
From this point on the total HPI flow rate is approximately equal to the
break mass flow rate. Thus, the system is essentially running in a
steady-state forced convection mode throughout the transient (assuming
the main coolant pumps remain on) and there are no voids formed in the
vessel at all for case A-3. Figure 29 shows midplane hot-rod tempera-

tures for case A-3 and the base case. Since no voids form in the core
for case A-3 the rod temperatures are well below those of the base case.
This calculation was run further out in time than shown in the graphs
and the rod temperatures for case A-3 remained low. The delay in auxili-
ary feedwater injection of 60 min had no effect on the long-term results
of this transient. Thus, for this particular case the importance of full
HPI flows far outshadows any delay in the auxiliary feedwater and makes
the consequences of this transient mild compared tc the base case.

|
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B. Delayed Auxiliary Feedwater/ Degraded HPI (Case A-6)

Case A-6 is similar to case A-3 except that degraded HP1 flows are
used rather than full HPI flows. Figure 30 shows the time history of
the pressure for case A-6 and the base case for the first 5 000 s of the
transient. Since the auxiliary feedwater is delayed 60 min in case A-6,
the pressure in this case remains high compared to the base case until
the heat sink is restored at 3 600 s (the base-case auxiliary feedwater
comes on at about 500 s). Unlike case A-3, the pressure remains high
due to vapor production and a lack of adequate energy removal, since
there is very little HPI flow entering the vessel. The upper head in
the base case voids more rapidly than case A-6 while the core and upper
plenum in case A-6 void more rapidly than the base case, which explains
the higher pressures in case A-6. Hot-rod temperature comparisons are

shown in Fig. 31 for case A-6 and the base case. The behavior is very
similar to that of the pressure. Case A-6 temperatures are 30-40 K higher
than the base case until the auxiliary feedwater is initiated at 3 600 s,
then these temperatures drop because of more efficient energy removal and
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follow the base case. It appears that a delay in auxiliary feedwater,
at least during the initial 5 000 s of the accident, does not make an
appreciable difference in the long-tenn response of the system since
the behavior of case A-6 matches, very closely, that of the base case
after initiation of auxiliary feedwater flows.

C. Full Auxiliary Feedwater/ Degraded HPI (Case A-4)

Case A-4 differs from the base case and case A-6 since there is no
time delay assumed for the initiation of auxiliary feedwater. Case A-4
assumes degraded HPI flows. Figure 32 shows a pressure comparison of

case A-4 and the base case for the first 3 500 s of the transient. Since
the base case assumes a delay of about 500 s for auxiliary feedwater,
the pressure decay for the base case is not as rapid as that of case A-4.
However, after about 1000 s, the pressures for the two cases are almost
identical. The hot-rod to.;eratures follow this same trend as shown in
Fig. 33, where the base case temperatures remain higher than those for
case A-4 until 500 s, at which time the base-case temperatures drop to
about the same level as those for case A-4. It is obvious from the re-
suits of case A-4 that, again, auxiliary feedwater delay makes little
difference on the long-term behavior of the transient.

D. Main Coolant Pumps Tripped (Case D-2)

This pararietric calculation is designated case D-2 and assumes that
all main coolar.t pumps trip at the time of reactor trip (t ; 10 s).
The calculation was not run far enough to be compared in detail with the
base case. The discussion to follow will be based on comparisons of
calculations of the first 4 000 s of the transient and somewhat specu-
lative extrapolations beyond that time. Figure 34 shows a plot of the
upper plenum pressures for the base case and case D-2 for the first
4 000 s of the transient. Initially, the pressure decays monotonically
for the first 600 s to a level slightly higher than the base case. At
about 2 500 s the pressure rises back up to a level much higher than the
base case. This is mainly due to increased vapor production in the core
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and upper plenum resulting from phase separation in the vessel. Figure >

35 shows void fraction plots for each level in the vessel at the same
radial and axial position. It can be seen from this figure that phase
separation occurs in case D-2 around 2 500 s (the lower levels fill with
water and the upper levels void). A similar plot for the base case can
be found in Fig. 18. Partial phase separation in the base case occurs
at about 4 400 s (when the B Loop pumps are tripped). A more complete
phase separation occurs in the base case at about 6 000 s when the A

Loop pumps are tripped. Therefore, it might be expected that the clad-
ding temperatures in case D-2 would increase rapidly on the order of 1 h
before they do in the base case. One might also expect cladding failure
to occur at 1-1/2 to 2 h into the transient for this case.

E. Cold-Leg Break Parametric Case

As a comparison to the base case, a cold-leg break was calculated
using TRAC with the same break flow area as the PORY in the base case.
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separation.

The break was located on the A Loop in the pump discharge line (Fig.1).
All other conditions were the same as in the base case with the exception
of the HPI on the A Loop, which was not modeled.

The calculation was carried out to about 20 min when the system
pressure had stabilized. The pressure after 20 min was about 15 bars
higher than the base case. Since the break is located on the cold leg,
a lower quality two-phase mixture escapes from the system than in the
base ase; thus, the volumetric flow rate is lower and the pressure re-

mains higher. During this time, the pressurizer remains almost full of

j water as in the base case.
. Thus, it appears from the calculation that if the break occurred in
|
|

the cold leg with the same flow area as the PORV, the system would have
i depressurized at a slower rate as compared to the base case. Based on

these results, af ter the pumps trip on A Loop and phase separation oc-

| curs as in the base case, the water in A Loop would probably drain out

j the break rather than empty into the vessel as in the base case. This
would result in the core uncovering and remaining uncovered. Some flow
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would still come into the vessel from B Loop as in the base case, but
this probably would not be sufficient enough to completely quench the
core. The fuel rods would then heat up similar to the base case after
100 min. It is possible, however, that in this case the system would
depressurize sufficiently (block valve closure prevents this in the
base case) such that the core flood tanks would be activated and termin-
ate the heat up.

.,

9
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IV. CORE THERMAL-MECHANICAL RESPONSE

The severe off-normal conditions that the Zircaloy-clad fuel rods
were subjected to during the TMI accident were likely to have caused
several potentially important phenomena, including cladding ballooning
prior to failure, cladding failure (rupture), cladding swelling and
hydrogen evolution caused by zirconium oxidation, and, finally, possible
thennal stress-induced cladding fracture and fragmentation during reflood.
Each of these five phenomena will be considered indetail based on the
TRAC calculations out to 3 h in the accident. Included below is a sec-
tion detailing the calculations related to each particular phenomenon.
Where possible, the predicted behavior will be compared to the actual
behavior as inferred from the data accumulated during the accident.
Thus, for example, the predicted fuel rod failure (rupture) time can be
compared to the time at which high radiation levels were first observed.

The calculations reported below used the results of the base-case
,

TRAC calculation. The infonnation used from TRAC included the system

pressure and cladding temperatures as a function of time. For the sys-i

tem pressure, we used the upper plenum pressure shown in Fig. 36. This
single pressure can be used to represent the pressure everywhere in the
core since the pressure drop across the core is small compared to the
average system pressure. The TRAC representation of the core includes

i one radial node, two azimuthal sectors, and five axial nodes in the core.

Thus, we have cladding temperature data for two average rods (the two
azimuthal nodes) at five axial levels (Figs. 37 and 38). In addition to
the average rods, TRAC also calculates temperatures for a hot rod. The
hot-rod cladding temperatures (for the two azimuthal nodes) are shown
in Figs. 39 and 40. In addition, the vapor fractions at each of the
five axial levels (representing the water inventory in the core as a
function of time) are shown in Fig. 41. This plot is useful in under-
standing some of the axial variations in the cladding temperature.

|

A. Cladding B61?ponjngn

Cladding ballooning is the relatively large permanent increase in
diameter (also called azimuthal or diametral strain) that the Zircaloy
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cladding experiences during a transient prior to eventual failure.
1 There are four features of the fuel rods and/or the transient that tend

to promote ballooning. These are: ;:

!

) 1. Zircaloy cladding is very ductile (that is,it experiences
,

t large deformations prior to failure),

2. The rods are initially prepressurized to about 30 atmospheres
,

(at room temperature) to prevent cladding creepdown during'

i normal steady-state operation,

i 3. The system pressure during the transient is considerably
| below the normal operating pressure of about 2 200 psia,
j and
,

' 4. The cladding tenperature is considerably above the normal
steady-state operating temperature.

Ballooning is directly related (to first order) to the pressure
drop across the cladding (rod internal pressure minus system pressure)
and the local cladding temperature. The large pressure drop across the
cladding and the high cladding temperature are expected to lead to large r

f cladding ballooning and likely cladding failure. As will be shown in

j the next section, cladding failure is indeed calculated to occur. <

A large diametral cladding strain is potentially important because

| of the effect on the coolability of-the fuel rods. The increased size

i of the fuel rods leads to a decrease in the volume available for the
coolant (steam and/or water). Hence, to maintain the same level of

! cooling, it would be necessary to increase the coolant velocity by an
amount that is (neglecting changes in the heat transfer coefficient)

! inversely proportional to the change (decrease) in the coolant channel
! area. This change in coolant channel area with increase in cladding

diameter is illustrated in Fig. 42.'

For the TMI plant riesign, the pitch-to-diameter ratio (S/0) is about
1.3 and the flow area A can be expressed as

2 2 2
j A = S [1 - (w/4) D jg ) (j)

2
! - 0.536 S ,

. 52 i
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In other words, the volume occupied by the coolant is 53.6% of the corei

j volume.

j The maximum increase in cladding diameter that can occur prior to
i

j contact between adjacent fuel rods, occurs when the deformed cladding
'

diameter D; just equals the rod pitch, S. The diametral strain for this
i case is given by

t.D _ D' - D
(2)r= D

i

'. ,S-D
i D

1

- 0.3 .,

!

j Thus, a diametral strain of 30% just barely results in rod-to-rod con-
i tact. The restricted coolant channel area, A', for this case is given
i
'

by

2A'=S2_y D (3)
i

! = 0.215 S2
,

In other words, the coolant volume fraction has been reduced from about ;;

53.6% down to 21.5%.

[ In the next section of this report, it will be shown that the fuel
rods are calculated to fail (rupture) during the first 3 h of the accident.
Using this fact, it is relatively simple to calculate a . maximum cladding

! diametral strain that occurs just at the time of failure. The accepted
i handbook of materials properties for use in the analysis of LWR fuel

rod behavior, MATPRO-Version 11,10 provides a correlation that relates'

.

the circumferential cladding elongation (or diametral strain) to the
local temperature.10 (Note that this correlation is quite approximate
because the effects of cladding stress, strain, and strain rate are
ignored . ) This correlation is given by

j 54
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for T < 1090
l

i

f=(0.198+4.16x10
~4 -7 2T + 2.06 x 10 T )R F (4)

.

for 1090 < T < 1170

f=(9.0623-7.492x10 T)F (5)
-3

for 1170 < T < 1600

f=(-1.436+2.045x10
-3 -7 2T - 4.82 x 10 T )F (6)

for T > 1600

f=0.6021F (7)

where

T = cladding temperature (K),
R = factor to account for the effect of cold work and irradiation,

and

F = factor to account for the effect of cladding temperature
gradient.

The calculated failure temperatures from Sec. IV.B are high (about
1 000 K). It can be seen from Eq. (5) that this temperature is very
close to the temperature of 1090 above which the effects of cold work
and irradiation no longer need to be considered (they are completely an-
nealed out). Furthermore, the cladding is shown to be hot for an ex-
tended period of time prior to failure (Figs. 37-40). Thus, it is

reasonable to assume that the effects of cold work and irradiation are
very nearly annealed out and R is about 1.0. In addition, the tempera-
ture gradient across the cladding is very small (a few degrees) because
the transient is much longer than the thermal time constant of the fuel

10rod. The expression for the factor F is given as

F = exp(- 0.0111 AT) (8)
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| where AT = temperature variation across the cladding (K). For a AT of
only a few degrees, F is also very close to 1.0.

| Making these approximations and using a typical calculated failure
temperature of about 1000 K, Eq. (4) predicts a diametral failure strain
of 0.82. This is clearly larger than the strain of 0.3 that is required

j to cause rod-to-rod contact. Thus, it appears that even if we are over-
I predicting the cladding strain using Eq. (4), it is most likely that

enough strain does occur to cause rod-to-rod contact and the associated
'

restriction in flow area. Any possible feedback on the subsequent cool-
ability of the core (see for example, Ref,11) is not included in the

'

TRAC calculations.
The large strains calculated above do not occur over the entire

axial extent of the fuel pins. From Figs. 37-40 it can be seen that
only axial nodes 6 and 7 (the upper third of the core) reach a high
tmperature prior to cladding failure at about 1,000 K. The axial level

,! Just below these two nodes is almost 200 K cooler at the time of rod
failure. Thus, the cladding ballooning in all but the upper third of
the core is expected to be much smaller. Also, the largest deformations
are likely to be localized so that the flow area reductions may not be
as large ;s noted above.

B. Initial Cladding Rupture,

Fuel rod cladding rupture is an important phenomenon because of
the associated release into the system of 'he free (not in the fuel

i matrix) gaseous fission product inventory contained ir. the rod. This
section of the report details the assumptions used and the calculations

| done in determining the time of initial fuel rod rupture during the TMI
accident. The points discussed will be the time of initial fuel rod

failures (predictions for the hot rods), the temporal coherence of these

f failures (failure of the hot rod vs the average rod, for example), and
the sensitivity of the calculated rod failure time to the assumed pres-

'

sure in the rod.

f The conditions that lead to fuel rod failure are the same conditions
listed as causing cladding ballooning (high internal rod pressure, low
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system pressure, and high cladding temperature). The consequences of
fuel rod failure are release of the free gaseous fission product in-

i ventory in the rod. For this particular calculation, it is possible
to check on the accuracy of the prediction since the time at which high
radioactivity levels were first measured should correspond to the time
of multiple fuel rod failures.

Two separate predictions of rod failure were made; both of which
require a knowledge of the Zircaloy cladding hoop stress and temperature.
To calculate the cladding hoop stress, we model the fuel rod as a closed
cylinder as shown in Fig. 43. The void volume inside this fuel rod
(fission gas plenum, fuel-cladding gap volume, fuel crack volume, pellet
dish volume, etc.) is pressurized by the initial fill gas (the rods are
prepressurized to about 30 atmospheres to prevent creepdown of the clad-
ding during steady-state irradiation) as well as any fission gas re-
leased from the fuel matrix during power operation. Because of the long
time scale of the TMI-2 accident, it is reasonable to assume that this
internal rod pressure is axially uniform within the rod.

Given the internal rod pressure as well as the pressure outside the
fuel rod in the coolant channel, we can approximate the three principal
stresses (radial, circumferential, and axial) in the cladding as

= (Pj + P )/2 (9)r g

= (Pg-P) (10)a
0 g

* (Pi-P) (11)z g

where

P$ = internal rod pressure,
,

P = coolant channel pressure,g

d = average diameter of Zircaloy cladding, and )
t = thickness of the cladding. |

The circumferential stress [Eq. (10)], together with the local
cladding temperature can be used to make a prediction of cladding failure.
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In our analysis, we have used two separate, independent failure criteria.
The first of these is a failure hoop stress criterion as given in

MATPRO-ll.10 This criterion predicts cladding failure to occur when the
circumferential stress (as calculated in Eq. (10)] exceeds a rupture
strass given by

= 10(8.42 + 2.78 x 10 T - 4.87 x 10 T2 + 1.49 T )-3 -6 3

(12)
rupture

where T = the cladding temperature (K).
To check the validity of this criterion, we also used a failure

criterion based on the results of some Zircaloy creep-rupture tests

performed at the Chalk River Facility in Canada.12 In these tests,
sections of unirradiated cladding were pressurized to some known in-

; ternal pressure and heated to temperatures typical of those that might
be experienced during an accident. The measured cladding failure times
from these tests are shown in Fig. 44 as a function of cladding temper-
ature and internal pressure.
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To use this cladding rupture data, it is necessary to extrapolate
from the temperature / pressure data points in the experiments to the con-
ditions encountered during the TMI-2 accident. The Larson-Miller param-

13
eter is a useful tool to aid in this extrapolation. It has been found
that, to a good approximation, one can define a temperature independent
constant that relates the stress-rupture lifetime of a material to the

material temperature. For any given stress state, this constant (the
Larson-Miller parameter) is given by

I

LMP = T - [ log t + c] (13)r

where

T = material temperature,
t = stress-rupture lifetime, and
r

c = constant dependent only on what the material is (usually taken
as about 20).

A least squares fit of the stress-rupture data (from Fig. 44) to
Eq. (13) was made in order to determine the Larson-Miller parameter as
a function of cladding circumferential stress. (Actually, the Larson-
Miller parameter was calculated at seven stress levels and a linear in-
terpolation was used elsehwere). Thus, knowing the cladding hoop stress,
one can calculate an appropriate Larson-Miller parameter. This value,
along with the cladding tenperature, can then be used [Eq. (13)] to cal-
culate the cladding stress-rupture lifetime.

Knowing the stress-rupture lifetime as a function of time, one can
I4use a linearlife fraction rule failure criterion to calculate cladding

failure. Such a criterion states that over an increment of time At dur-
ing which the cladding stress-rupture lifetime is t (US,T)(thus os and T

r

are constant during the time increment), a fraction of the cladding
,

" life" is consumed equal to

at

LF = t 5 0 T) , (34)
r

This can easily be extended to the case where and T vary with time
0

(as during the accident) by defining a life fraction as a function of
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i

time given by

dt'LF(t)= (15)
t ( 0(t') T(t')) .do
r

i

|
Failure is assumed to occur when LF = 1.0.

For each prediction of cladding failure, the state of the fuel rod
was obtained from the results of the base-case 7AC calculation. The
TRAC calculation provided the hot- and average-rod temperatures (Figs.

'

37-40) and the system pressure (Fig. 35). To calculate the cladding
hoop stress, it was also necessary to estimate the rod internal pressure.
As was mentioned previously, the rods were prepressurized to about 30
atm (room temperature) to prevent cladding creepdown. In addition, the

fission gas produced during steady-state operation (that gas not trapped
within the fuel grains) also contributes to the rod pressurization.

l5B&W estimates of this contribution raise the effective initial rod
' pressure (at room temperature) to about 42 atm.

Knowing the initial internal pressure, the pressure during the
transient can be estimated from

4

!
<T >

7h (16)i P4=Pjg

where

P = room temperature pressure of gas in rod and$g

<T > = average temperature of gas in rod (K).j gas

1 For simplicity, the axially averaged cladding temperature <Tclad> is used
as the average gas temperature (since this is readily available from the

TRAC results).
It should be noted that Eq. (16) does not account for potential

changes in the amount of volume available to accomodate fission gas
| (due to the locally large cladding strains discussed in the previous

section,forexample). Because of the possible error associated with
;
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I ignoring this effect, as well as the uncertainty in the initial (room '

temperature) pressure in the rod, we analyzed rod failure for a range
of initial rod pressures (25-42 atm).

A first item of concern is the relative agreement between the two
methods of predicting failure. In most cases, the calculated agreement
is excellent (within 2 min). Only for low initial rod pressure is it

possible to see a discrepancy of as much as 10 min. This occurred when
i

failure was calculated to occur near the dip in the cladding tempera-

ture (at about 9 700 s). In this case, the life fraction failure pre-

diction gave the earlier prediction in all cases. This is reasonable
because a life fraction criterion is capable of calculating incremental
" damage" during the period of time from about 9 600 s to about 10 000 s,
whereas the 11timate hoop stress criterion would not predict failure to
occur within that range. Based on these results, we will use the life
fraction rule failure prediction as the best estimate.

Cladding failure was calculated for average rod No.1 for initial
rod pressures ranging from 25-42 atm. These results are shown in Table
VII. For a wide range of initial pressures (30-42 atm), cladding fail-
ure is calculated to have occurred over a narrow 8-min period of time
lasting from 2 h and 25 min to 2 h and 33 min. Only at the lowest
initial pressure of 25 atm does the cladding survive through the entire
dip in cladding temperature (at about 9 700 s) and fail at the later time
of 2 h and 50 min. In all cases, failure is calculated to occur in the

top axial fuel rod node (in the top 0.5 m of the core).
The general insensitivity in cladding failure time with changes in

initial rod pressure is an indication of how rapidly the cladding tem-
perature is increasing at taat time (about 0.5 K/s or more). Thus,
since the failure temperature at 25 atm (initial pressure) vs 42 atm
(initial pressure) varies by a few hundred degrees, it is only a matter
of minutes before the cladding temperature increases from the lower
failure temperature (high pressure) to the higher failure temperature

i (low pressure).

; A similar analysis was performed for the hot rod. A comparison of
Figs. 37 and 39 shows the general similarity between the temperaturc
traces for the hot and average rods. Thus, we expect similar behavior

4

.
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TABLE VII-

VARIATION IN AVERAGE R0D FAILURE TIME WITH

1 INITIAL R0D PRESSURE
1

Initial Rod Pressure (atm) Failure Time (s)
! 25 10 230 (2 h and 50 min)

]
30 9 195 (2 h and 33 min)
32.5 8 985 (2 h and 30 min)

| 35 8 872 (2 h and 28 min)
40 8 743 (2 h and 26 min);

42 8 711 (2 h and 25 min)

,

|

to that calculated for the average rod with somewhat earlier failure
times. The results of the analysis for the hot rod are shown in Tablej

j VIII. As can be seen from this table, the failure times for the hot rod

are about 2-6 min earlier than the failure times for the average rod.

} Thus, there is little variation in failure time across the core. However,
these results have not accounted for the possibility of random early

| and late failure.
'

Using the TRAC base case for temperature histories, it is concluded
that multiple fuel rod failures occurred at between 2 h and 25 min and
2 h and 35 min into the accident somewhere in the upper 0.5 m of the core.

!
j table VIII

VARIATION IN HOT-R0D FAILURE TIME WITH;

INITIAL R00 PRESSURE:

:

! Initial Rod Pressure (atm) Failure Time (s)
25 9 237 (2 h and 34 min)
30 8 840 (2 h and 27 min)

|
35 8 679 (2 h and 25 min)

'

40 8 614 (2 h and 24 min)
i 42 8 582 (2 h and .'3 min)
1
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For very low internal rod pressures, the failures could have been delayed
as late as until 2 h and 55 min. In addition, it is concluded that most

of the rods in the core failed (based on the comparison between the aver-
age and hot rod). The calculated failure time of 2 h and 30 min is
consistent with the observed response of the containment dome radiation
detector. A large increase in the radiation level was observed at about
2 h and 35 min into the accident,7 very close to the time of our failure
prediction.

*

C. Oxidation of Cladding

This section suninarizes results of calculations to determine the
cladding zirconium dioxide layer thickness, the flow area reduction due
to the volumetric expansion associated with oxidation, cladding weight
gain due to oxidation, and hydrogen generation during the early stages
of the TMI accident. Cladding temperatures, from the axial segment of
the fuel rod with the highest temperatures, and plenum pressures used
in the calculations come from TRAC code results. Cladding properties
used are taken from MATPRO-ll .10

Temperature data can be used to detennine the extent of oxidation

of the other cladding surface exposed to water or steam. Cladding tem-

peratures vs time are obtained from TRAC code results as shown in Figs.
37-40.

Cladding oxidation during the approximately three-moaths steady-
state reactor operation prior to the start of the transient 's neglig-

10' i bl e. Because oxidation is so much faster at higher temperatures only
high-temperature oxidation is considered. For temperatures above 1083 K

10the oxide thickness in meters can be calculated from

t
2 .1/2

X2= (X))2 + 2.252 x 10 exp(- 1.806 x 10 T(t))dt, ,(17)
-6 4

t)

where

:
i

i 63
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t = time (s),

t) = time at beginning of time interval (s),

t2 = time at end of time interval (s),

T = tenperature (K),
X = oxide thickness at beginning of time interval (m), andj

X2= xide thickness at end of time interval (m).

The integral in Eq. (17) is evaluated with the trapezoidal rule.
Temperatures vs time, extracted from Fig. 37 for evaluating the integral,
are shown in Table IX. Linear interpolation is used between tabulated
values. The oxide thickness, plotted vs time in Fig. 45, reaches a max-

imum of about 113 um at about 11050 s (3:04:10).
Although cladding oxidation results ir, o 50% volume expansion, the

reduction of the effective cross-sectional coolant flow area is neglig-
ible because of the insignificant increase in cladding diameter. Of the
original 675 pm thickness of Zircaloy cladding, 600 pm of Zirceloy remains

TABLE IX

TEMPERATURES VS TIME USED IN CALCULATION OF

OXIDE THICKNESS AND WEIGHT GAIN

Time (s[ Temperature (K)

9 379 1 033

9 930 1 103

10 020 1 133

10 170 1 173

10 260 1 216

10 330 1 305

10 470 1 433

10 570 1 503

10 660 1 523

10 760 1 6201

10 330 1 643

| 11 0 73
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Fig. 45. Plot of zirconium-oxide thickness vs time,

at 11050 s (3:04:10). The oxidation is significant also since it em-
brittles the cladding, making it more susceptible to brittle fracture.

In the same manner, the cladding weight gain from oxidation is cal-
10culated. For temperatures above 1083 K, the total weight gain in

2kg/m can be calculated from

{t2 1/2,

I 4
2* (N ) + 3.360 x 10 exp(- 2.007 x 10 /T)dt , (18)W

1 ,

'i

-

I

where
2Wj = total weight gain at beginning of time interval (kg/m ),

2W2 = total weight gain at end of time interval (kg/m ),

and other quantities are as previously defined. The total weight gain,
2plotted vs time in Fig. 46, reaches a maximum of about 0.23 kg/m at

about 11 050 s (3:04:10).
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Fig. 46. Zirconium-oxide weight gain per unit cladding area.

Since the outside diameter of the cladding is 10.92 nun, the weight
gain per unit length of fuel rod is calculated to be 7.9 g/m. This is
the mass of oxygen per unit length of fuel rod that has reacted with the
cladding. Assuming that all of this oxygen was produced by dissociation
of water and based on the molecular weights of hydrogen and oxygen, the
mass of hydrogen released is one-eighth the mass of oxygen reacted,
about 1.0 g/m.

The perfect gas law is used to determline the volume of hydrogen re-
leased per unit length of fuel rod.

V=h, (19)

| where
3V = volume of hydrogen per unit length of fuel rod (m /m),

m = mass of hydrogen per unit length of fuel rod (kg/m),
R = un. versal gas constant, 8.31 (J/ mole K),

,

T = plenum temperature (K),
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M = molecular weight of hydrogen (kg/ mole), and
,

P = plenum pressure (Pa).
Values for plenum temperature and pressure of 1 500 K and 8.5 MPa,
respectively, are estimated from TPAC code results.

y , [1.0 x 10-3)(8.31)(1500)
(2 x 10-3)(8.5 x 10 )6

-4 3= 7.3 x 10 m /m

= 0.73 t/m .

Thus, approximately 0.73 liters of hydrogen are generated per meter
of oxidized fuel rod. From TRAC results, the total amount of hydrogen
generated can be determined by assuming a 1-m length of cladding surface
has oxidized on each of the 36, 816 fuel rods. The resultant volume of
hydrogen produced is 27 m3 (37 kg), a substantial quantity of hydrogen.

This calculation may be incorrect compared to the actual condition
of the reactor. Not all of the fuel rods were at the temperatures in-
dicated from TRAC code calculations. In f6c;. in-core thermocouple
readings 4-5 h after the start of the accident- aidicate somc large
variations in temperature from subassembly to subassembly. In addition,

the length and thickness of cladding oxidized on eacn fuel rod can be
expected to vary considerably across the core. In light of these con-

siderations, the calculated oxidation and hydrogen generation are thought
to be an overestimate of the actual oxidaticn and hydrogen generation in
the early stages (before 3 h) of the TMI accider.t. liowever, nydrogen
generation probably continued after 3 h.

For cladding temperatures above 1273 K, the 19AC cok calceletes
the oxide penetration depth and the heat generation from the erothermic
metal-wat ;r reaction. Oxidation penetration depth is calculated from an
empirical rate law developed from isothennal experiments.I6 The TRAC

code does not include the effect of the change in cladding properties
due to oxidation, nor does it include the effect of the reduced cross-

sectional coolant flow area due to the 50% volume expaasion of Zircaloy
upon oxidation.
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The TRAC calculations include five axial levels in the core. This
greater detail shows that almost all cladding oxidation occurs near, or
above, the core nidplane. The lower portion of the core is cooled by
water which remains in the lower portion of the core during much of the

first 3 h. Figure 41 shows the axial void fraction distribution for var-
ious core levels after the PORV block valve was closed. The lower level
has a consistently low void fraction indicating the presence of water in
the lower region of the core. The upper portion of the core is probably
not as oxidized as the midplane region because temperatures are lower due
to a smaller heat rate near the top of the core.

By determining the volume of oxygen reacted from the oxygen pene-
tration depths calculated by the TRAC code, it is possible to quantify
the amount of hydrogen produced by the metal-water reaction. The re-
sultant mass of hydrogen calculated with this method is 39 kg. The two

methods of determining hydrogen generation are close enough to give con-
fidence in the results. Agreement is very good because the axially
varying amount of oxidation calculated by the TRAC code can be approxi-
mated by considering oxidation of a 1-m section of the core's cladding.

D. Cladding Mechanical Response During Subsequent Cooldown

During one first 3 h of the TMI accident, the cladding of the fuel
rods experienced increasingly higher temperatures. Shortly after 3 h,

relatively cold water was added to the reactor core due to resumed HPI.
The mechanical reaction of the cladding can be severe in these circum-

stances. In particular, it is important to determine whether the clad-
ding could have failed and perhaps fragmented due to thermal shock.

The life fraction calculations discussed above showed that the
,

cladding failed at approximately 9 000 s (2:30:00). This failure was
due toapressure difference between the inner and outer walls of the
cladding at the elevated temperatures. This ductile type of failure,

not caused by the temperature gradient in the cladding, can be expected
to produce a perforation in the cladding. This perforation permits
venting of fission gas to the coolant channel, thus eliminating any
pressure difference between the inside and outside of the cladding.

|
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Therefore, pressure effects cannot enhance further failure due to thermal
shock.

To determine the possibility of cladding failure due to thermal
,

shock, some estimation of the spatial temperature variation in the clad-
,

| ding with time during ref' ad is essential. Without a thennal gradient
in the cladding, thermal stresses would not be induced. To simplify
the analysis of temperature in the cladding, any zirconium dioxide layer
is ignored and the initial temperature of the cladding is assumed uniform.

At the time of reflood, the outer surface is assumed to be suddenly
I
' cooled by the cold water being pumped into the core. Because the clad-

,

ding thickness-to-diameter ratio is small, less than 7%, the curvature
effects can be neglected and the cladding can be modeled as a slab. We
assume that immediately before reflood, the cladding and coolant temper-
atures are approximately equal, and given by T . At the time of refloodg

j we assume that the coolant temperature instantaneously changes to some

lower temperature, T ,.
l7An approximate technique using Kantorovich profiles can be used-

to determine the temperature distribution with time. Initially, the

outer surface temperature will decrease while the inner surface temper-
ature remains constant. The temperature change at the outer surface of
the cladding when the inner surface just begins to change, approximates
the largest expected differential temperature change, AT, to be used in
the determination of thermal stress. With the approximate technique
outlined above, AT can be shown to be given by the expression

. (T -T)
2

AT = 0 + 2 i) , (20)

| where Bi, the Biot number, is given by

Bi=f. (21)

h is the' heat transfer coefficient, t is the cladding thickness, and k,

1 is the thermal conductivity of the cladding. The dimensionless Biot
i number is a ratio of convective heat transfer to conductive heat trans-
J

fer. The larger Biot number becomes, the larger AT becomes.
4

,
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To estimate the largest reasonable AT, the large values of (T - T ,)g

and B1 should be used. From TRAC code results, an acceptable large value
,

4 2of h is 10 w/m K. The thickness of TMI cladding is 0.675 mm. The
0thermal conductivity of Zircaloy is about 25'w/m K. From Eq. (21),

Bi = 0.27.
At approximately 3 h into the accident, the cladding temperature is

about 1 650 K. The largest possible change in coolant temperature,
,

(T - T,), at reflood is approximately 1 000 K. With these values theg

j largest AT to expect, from Eq. (20), is about 120 K. The value of AT =

| 120 K is used in the subsequent stress calculations. This value repre-
sents the largest possible differential temperature change in the
cladding.,

The maximum stress in the cladding will be the tensile hoop stress
3 l8at the outer surface given by the expression

!
I

o = f (a.AT1 -v')
E (22)

j
,

where a is stress, E is Young's modulus, a is the linear coefficient of
thermal expansion, v is Poisson's ratio, and f is a factor to take into
account inelastic, or plastic, deformation. Young's modulus is approx-

,

10 Pa,10 the linear coefficient of thermal expansion isimately 3 x 10
-1 10about 4 x 10-3 g and Poisson's ratio is approximately 0.5, the,

I correct value for a material which behaves plastically.
I9The factor f can be shown to be given by the expression

;

:

I

( )-1 -1 (23)
f=[1+f(1-v)

E
3 ,

2

where c is strain. From the MATPRO expression for the yield surface,10

for strains between 1 and 50% with a strain rate of 10~4 -I
s , ao/ac is

| between 1 and 50 MPa. An average value of 10 MPa is used to evaluate f.

| Results of the-calculation yield f = 3 x 10-4 .

! The maximum stress is calculated to be 7.2 MPa. This value of

! stress is far below the stress at which failure due to thermal shock

| can occur according to MATPRO-11 data for unoxidized Zircaloy. However,
oxidation embrittled cladding may fail due to thennal shock. Experiments
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,

by Kassner, et al . , O showed that for isothermal oxidation at 1 300 K,i

| 1 400 K,1 500 K, and 1 600 K for 10 000 s, 2 000 s, 700 s, and 300 s,

j respectively, followed by a quench from 840-410 K, cladding failed.

| Temperature results from the TRAC code calculation indicated that this

oxidation criterion is met. If reflooding of the oxidized upper section
of the core occurred rapidly, then thermal shock failure may have occur-
red. If thermal shock failure did occur, then the oxidized upper portion
of the cladding is expected to have fragmented. This assumes that the,

Zircaloy had not melted before reflood.
;

E. Summary of Core Thermal-Mechanical Response

4

We have presented calculations detailing the likely fuel rod damage
that occurred during the first 3 h of the accident. The first form of
damage that was calculated to occurwas ballooning of the very ductile
Zircaloy cladding prior to rupture. The amount of ballooning that was

i calculated is substantial, up to 80% including the large strains at
i the localized rupture site. The TMI fuel bundle design allows 30% bal-

; looning before rod-to-rod contact occurs. Thus, at least some substan-
tial reductions in flow area in about the upper 1 m of the core seems
likely.d

| This reduction in flow area should have resulted in some degree of
f

local flow starvation. However, the agreement between the best estimate
massive cladding failure times and the time of the first substantial
radioactive material release indicate that the TRAC-calculated cladding
temperatures (at that time in the accident) are reasonably accurate.
Since there was very little steam flow through the core during the tem-
perature excursion leading to these initial rod failures, ballooning

i should not have influenced failure times substantially. However, local

flow reductions due to ballooning (and oxidation-induced swelling)

| could have been a contributor to some of the anomalous fuel bundle out-
let temperatures measured later in the accident.

The large pressure drops across the cladding and the high cladding

| temperatures led to cladding failures (rupture). The best estimate pre-

] diction indicates that failure in most rods occurred at between 2 h and
<

i
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i
,

25 min and 2 h and 35 min into the accident in the upper 1 m of the core,

f The local cladding temperature at this time was about 1000 K. As pre-
viously mentioned, these times correspond well with the time at which
high radiation levels were first measured.

The range of failure times indicated represents both the estimated'

i
i variation in failure time with radial location in the core as well as

the uncertainty in failure time due to uncertainty in internal rod pres-
sure. Calculations indicated that failure times were relatively insensi-

.

j tive to the rod pressure. Rather,the dominant controlling factor was

| the high cladding terperature. In addition, the difference in calculated

failure times between the TRAC average and hot rods is small, on the
order of 10 min. Thus, it appears likely that most of the rods in thej

core failed around 2 h and 30 min into the accident.
3

Subsequent to the initial cladding failures and radioactivity re-

| lease, the major phenomenon the fuel rod undergoes is cladding oxidation.
,

This oxidation of the Zircaloy leads to three important consequences:
i swelling of the oxidized cladding layer, release of hydrogen gas during

the oxidation process, and embrittlement of the cladding due to oxidation. -

| The calculations perfonned to predict oxide layer formation indicate
j that up to about 3 h into the accident, the maximum oxide layer thickness
j for the average rod is about 113 pm cladding thickness. Thus, the effec-
'

tive increase in cladding diameter due to oxidation to this point is only

about 76 um. This represents a negligible increase (initial cladding

]
diameter is about 11 mm) and should not affect the coolability of the
fuel pin,a

f Oxidation of about 75 pm of the cladding thickness does, however,
I lead to significant hydrogen generation. Because of the small differ-

ence between the cool , average , and hot-rod temperatures, cladding
,

oxidation is predicted to occur radially throughout the core. Axially,
about the upper one-third to one-half of the core is affected. Using'

these assumptions, the calculated amount of hydrogen generated at 3 h
is about 40 kg. At the temperature / pressure conditions calculated (by
TRAC) to exist in the core at between 2-3 h into the accident, this amount

3of gas would occupy a volume of about 27 m . Further hydrogen release

i should have occurred after 3 h. .
I
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|
,

|
; One other consequence of cladding oxidation is cladding enbrittle-
i ment. This phenomenon is important relative to the possible fracture
: and fragmentation of the cladding during the first reflood. While the.

TRAC calculation terminates well short of the (at least partial) reflood
that occurs at about 3 h and 20 min, estimates have been made of the'

thermal stress induced in the cladding during reflood and the likeli-
hood of fracture at that time. These calculations indicate that the-

; ductile unoxidized Zircaloy as well as the lightly oxidized cladding
j will survive the quenching process. Only the cladding that has seen
| prolonged periods of high temperatures (greater than about 1600 K) is

likely to fail under these conditions. Thus, if reflood occurred rapidly,
it is possible that up to about one-third of the axial extent of the

core may have undergone cladding fragmentation. It should be remembered,'

however, that since detailed TRAC calculations were not done for this

stage of the accident, these estimates of cladding fragmentation arei

speculative.

I
I

|

:
!

>
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APPENDIX

ADDITIONAL PLOTS FOR BASE-CASE CALCULATION
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