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ABSTRACT

This report summarizes the current best-estimate TMI-2 accident
scenario describing the initial core heatup and degradation, continued
degraded core heatup, and eventual core fallure and migration of molten
core materials into the reactor vessel lower plenum. Also included are
discussions of fission product release, chemistry, and final postaccident
distribution and tnventory. The evidence indicates that the core damage
and relocation occurred within 4 h of the accident initiation, after which

the degraded reactor core was stable.
Development of the TMI-2 accident scenario is based on research

conducted under the TMI-2 Accident fvaluation Program sponsored by the U.S.
Department of Energy.
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SUMMARY

Recent TMI.2 characterization and analysis have provided the basis for
‘mproved understanding ot the accident scenarto, including the core damage
progression during the accident. Since questions remain to be answered
concerning key points of the accident scenario, the scenario presented
should be viewcd as an iInterim interpretation of the accident. As the
major unresolved questions are clarified, a final accident scenario will be

documented.

The accident was initlated by cessation of secondary feedwater flow.
The steam generator bolled dry, and the resultant reductlon of
primary-to-secondary heat exchange caused the primary coolant to heat up,
surge into the pressurizer, and increase the primary system pressure. The
pilot-operated relief valve (PORV) opened to relteve pressure but falled to
close when the pressure decreased. The first 100 min of the accident can
be characterd¥zed as a small break loss-of-coolant accident (LOCA) with
resultant loss of primary coolant and decreasing pressure. It differed
from the scenario expected during such a LOCA in that the pressurizer
1iquid level remained high. This was interpreted by the reactor operator
as indicating that the reactor coolant system (RCS) was full of water when,
tn ¢tact, the RCS was continually volding. Up to 100 min, the core was

covered with sufficient water to be cooled.

The redctor coolant pumps were turned off at 100 min, and core heatup
was initlated as the water level stratified and decreased below the core
top. By 150 min, a zircaloy-steam exothermic reaction was initlated,
dramatically increasing the core heatup rate. As a result, zircaloy
melting temperatures were exceeded, resulting in relocation of the molten
2ircaloy and some liquefied fuel to the lower core regions, solidifying
near the coolant interface. This continued untt)l 174 min, when a large
region of consolidated, degraded core matertal existed in the lower,
central regions of the core. Coolant flow through this consolidated
material was probably negligible. The intact fuel rod stubs in the lower

core region indicate that the lower 0.5 m of the core rematned cool.
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A reactor coolant pump was turned on briefly at 174 min, and coolant
was pumped into the reactor vessel. The resultant thermal-mechanical
forces generated from the rapid steam formation are believed to have
shattered the oxidized fuel rod remnants in the upper regions of the core,
forming a rubble bed on top of the consolidated core materials. The
consolidated core materials continued to heatup during the next S0 min (174
to 224 min), even though coolant delivery to the reactor vessel from the
pump transient and emergency core cooling injection is estimated to have
covered the core by approximately 210 min. By 224 min, much of the
consolidated region had reached temperatures sufficient to melt the U-Zr-0
ternary mixture.

On-1ine TMI-2 data recorded during the accident indicate that the
crust surrounding the consolidated core failed and some of the molten core
material relocated to the lower plenum between 224 and 226 min. Based on
the end-state core and core support assembly (CSA) configuration and
supporting analysis of the degraded core heatup, it is believed that the
crust fatlure occurred near the top of the molten core region in the
southeast quadrant of the reactor vessel. Limited damage to the CSA
occurred as the core material flowed to the lower plenum. Estimates of the
maximum pressure vessel wall temperatures indicate that the melting point
of stainless steel was not exceeded, even at the inside surface of the
pressure vessel liner. The instrument assemblies, however, may have melted
in the lower plenum above the vessel penetration weld. If this occurred,
freezing of molten material is predicted to have plugged any holes in the
instrument assembly tubes.

Important questions relative to core failure and relocation of the
molten core material remain to be answered. Perhaps the most important of
these 1s, what was the mechanism or mechanisms leading to failure of the
crust surrounding the molten consolidated core? There appear to be several
plausible failure mechanisms; however, an unequivocable answer to this
question will require additional inspection of the core crust in the east
quadrant and sample acquisition and examination of the crust matertal to
determine 1ts composition, material interactions, and physical and chemical
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properties. Additional inspections ot the core region 'n the east quadrant
of the vessel are necessary to determine 1f the crust fadlure was localized
or global in nature.

Another important question yet to be answered concerns the extent of
damage to the reactor vessel. Additional inspection and sample examination
data are necessary to adequately characterize the lower plenum debris and
possible damage to the pressure vessel lower head and instrument tube

penetrations.

Supporting analysis s necessary to interpret the data and improve our
inderstanding of the formation of the degraded core and eventual fatlure of
the supporting crust. Analysis is also needed to better estimate the
interaction of the molten core materta) with the vessel coolant, formation
of core debris, and long-term cooling of the degraded core matertals, both

within the original core boundaries and in the lower plenum.

The TMI-2 accident evaluation research is providing and will continue
to provide crucial data to Ymprove our understanding of severe accidents
and for benchmarking severe accident analysis techniques and tools.
Important research findings to date include:

0 When the high-pressure injection was initiated as 200 min, core
cooling resulted. However, the molten, consolidated core
material continued to heat up, despite the presence of water

surrounding the crust.

0 There is no supporting evidence that a steam explosion occurred
when the crust surrounding the consolidated molten core matertal
favled, allowing approximately 10% of the tota) core mass to fall
into the water-filled lower plenum.

0 The presence of water in the lower plenum terminated the accident
progression and prevented fallure of the reactor vessel lower
head.



Fission product release from the fuel and the RCS s very
sensitive to the volatility of the individual elements or
chemical species. Release of the high-volatile fission products
(fodine and cesium) was less than expected, especially of cesium,
up to 20% of which was retained in the previously molten core
material that relocated to the lower plenum. Retention of the
medium- and low-volatile fission products in the reactor pressure
vessel (RPV) was nearly complete, although significant amounts of

antimony and ruthenium were released from the fuel and are
believed to be bound to metallic structures in the reactor vessel.
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TM] > ACUIDENT SUENARTO UPDATE

1. [INIRODUCTION

the Mirch 1979 accident at the Three MVle Island Unit 2 (TM]-2)
pressurized witer reactor (PWR) wds the most -evere core damage accident
that has ever occurred in a commercial PWR. An understanding of the
accident scenarto, 'ncluding the dominant physical processes, can greatly
ald PwWR des‘igners and operators to ensure that such an accident does not
occur again. This report represents the current best-estimate accident
scenarlo. It should be recognized that additional information will yet
become available which may change and/or enhance our understanding of the
accident. Thus, this is an interim report, finalization of the accident
scenarto will take plaie after all data on the plant have been gathered and

analyzed.

Damage to the TMI-2 core was much more extensive than originally
estimated.  Inspection of the lower plenum reglons shows that from 10 to
20 metric tons of previously molten core material currently reside on the
bottom reactor vessel head. Inspection of the lower core region, completed
in &.gust 1986, Ymplies that approximately 30% of the original core reached
melting temperdtures during the acclident. Thus, the TMI-2 accident
represenrts 3 unique research resource to improve our understanding of

s«viere accidents and assoclated fisston product behavior.

Since the accident, work hds been underway to improve our
understaruing of the phystcal mechanisms that led to and controlled the
core damage progression, tission product release from the fuel, and fission
product trdnsport and retention within the reactor cooling system (RCS) and
other auxiliary piping systems. Initlal core damage evaluation uork] was
performed without contirmatory evidence of the extent of core damage and
Hmited understanding of the physical mechanisms controlling core
degradation. Therefore, 1t s not surprising that the inttia) estimates of
core damage were generally indccurate. Over the past several years,

hiwever, an improved understsnding of the mechanisms controlling core



degradation has been established through separate-effects and integral
experiments, performed primarily under the auspices of the U.S. Nuclear
Regulatory Commission (NRC). In addition, the end-state condition of the
TMI-2 core ¥s being measured as the reactor vessel is defueled.

The TMI-2 Accident Evaluation Program (AEP)2 is being conducted by
the Department of Energy (DOf) to:

0 Understand the physical and chemical state of the TMI-2 core and
related structures and the external influences which affected the

accident,

0 Understand what happened during the accident and to provide a
qualified data base and standard problem of the TMI-2 accident to

benchmark severe-accident analysis codes and methodologies,

o Understand the relationship between the phenomena and processes
controlling the accident and the important severe accident/source

term technical %ssues, and

0 Assure that the results of the program are effectively
transferred to the nuclear community.

Development of the TMI-2 accident scenario is the focal point of the
AEP and involves integration of information from {a) TMIi-2 reactor system
measurements recorded during the accident; (b) the end-state
characterization of the TMI-2 core, core support structures, and reactor
vessel; and (c) independent experiments simulating fuel and fission product

behavior during severe accidents. Analysis to interpret and integrate
these data sources is crucial, since insufficient data exist from any

single source to uniquely define the accident scenario. This "integration®
process 1s shown schematically in Figure 1.

Previous scenario work3 was based on the available data through
mid-1985. Recent work in the following areas provides the basis for an
‘mproved understanding of the accident:
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Figure 1. TMI-2 s.cident development methodology.



0 Determination of damage to the lower core, core support assembly
{CSA), and lower plenum region,

0 Examination results from lower plenum debris samples,

] Defueling of the upper debris bed and intact fuel assemblies from

the core periphery,

0 Analysis of potential damage to the lower vessel head and the
instrument penetration nozzles,

0 Analysis to improve understanding of the degraded core heatup and

the mechanisms which controlled core relocation,

0 Analysis of the reactor system thermal-hydraulic response that
includes RCS coolant inventory and core heat transfer rates,

0 Improved interpretation of the source range monitor and in-core

self-powered neutron detector responses.

The scenario for the TMI-2 accident is revised in this report based on
the research results acquired since the original scenario was proposed.
Important questions still remain to be answered, and these are identified

and discussed.

The remainder of the report i1s organized into four major sections:
(a) a summary of the known end-state conditions of the core and reactor
vessel; (b) a development of the core damage progression during the first
four hours of the accident; (c) a summary of the end-state distribution and
‘nventory of important fission products, the limited information relative
to transient release of fission products during the inittal core heatup
period, and important findings relative to fission product chemistry; and
(d) important conclusions based on the TMI-2 research completed to date.
Supporting detail is provided in Appendices A through G.



2. KNOWN CORt AND RLACTOR ViSSEL CONDITIONS

The known end-stdte conditlons of the core and reactor vessel
components are jpresented prior to devcloping the accident scenario, since
these conditions must be consistent with the postulated scenarto. A

dY¥scusston .t known core and reactor vessel conditions follows.

tor Vessel Upper Plenum and

Upper tuel Assembly Grid Plate

~
b
=
E
E
R
io
[ o d
>
°
0

The reactor vessel upper plenum assembly was removed as a unit and was
‘ound to be iIntact with 1ittle damage. Upper plenum structural
temperatures and *isston product deposition have been inferred from
laboratcry examination of 'w» of the staitnless steel control rod leadscrews
which were removed trom the H8 and BB fuel assembly positions. Figure 2 is
3 schematic ot the TM]-2 core, showing the location of the removed
leadscrews. Ma)or tindings from the control rod leadscrew

examinations include:

o Initial visual inspection showed that the leadscrew section was
undamaged and covered by 3 uniform dark coating, overlayed by
orange deposits. The overlayed deposits appeared thicker on the
upper thread surfaces. Gamma spectroscopy results indicated that

7
36% of the count rate was from ]34Cs and 13 Cs, with the

remainder of the activity from ]2550 and trace 6OCo.
Radiological activity was greater in the higher {cooler) axial
regions ot the leadscrews than the lower (hotter) reglons nearer
to the core. The stainless steel microsctuctures Yndicate that
the B8 position experienced stower cooling rates than the H8

position

o The axial temperature gradient along the HB leadscrew ranged from
1255 K immedlately above the core to 666 K at the elevation of
the hot leg nozzle; and the axtal temperature gradient along the
88 leadscrew ranged from 1033 K immediately above the core to
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723 K at the elevation ot the hot leg nozzle. The uncertainty in
these temperature estimates, which are based on metallurgical

medsurement, Vs ¢+ 50 X.

Metallographic and scanning electron microscopy (SEM)
examinations uf longitudinal leadscrew cross sections revealed
three distinct layers ot surface deposits. The innermost layer
next to the base meta) was approximately 3 um thick and was

most likely a normally produced, in-service oxide layer. The
next layer outward wds porous in appearance and tightly
adherent. Observed thickness of the adherent layer ranged from
10 to 90 ym, but was generally 40 to 50 ym. Silver-rich

metal globules ranging from approximately 15 to 300 ym in size
were bonded to the outside surface of the adherent layer of
deposits. The adherent layer was covered with loosely adherent
deposits which could be removed by vigorous brushing. Thickness
of the loosely adherent layer ranged from 25 to 75 um.
Energy-dispersive X-ray spectroscopy (EDS) analysts indicated
that the adherent layer was enriched In chromium and depleted in

fron compared with the base metal.

Chemistry/radlochemistry results Indicated that no cesium
penetration of the leadscrew base metal had occurred.
Essentially no cestum activity remained after removal of the
adherent deposit layer by an HNO_/HF soak. Radiochemistry

134 137

results showed that most of the Cs and Cs Ysotopes were

contained in the adherent deposits, while most of the
beta-emitting qoSr wis present in the loosely adherent
deposits. Results from chemical analysis showed higher levels of
elements trom fuel and control components present In the loosely

addherent layer than in the adherent layer.

Microchemical and X-ray diffraction examinations carried out at
Argonne Nattonal Laboratory provided further Ynformation about

the surface deposits. Auger analysis showed that the layers



contained uniformly distributed oxygen. Electron microprobe
results indicated that the silver-rich globules contained indium
(without cadmium) and were diffusion-bonded to the adherent
layer. The adherent layer was found to have chromium and fron in
the form of a spinel oxide and uranium and zirconium present only

as oxides.

The damage to the upper fuel assembly grid was determined from video
inspections performed after removal of the assembly from the reactor
vessel. Damage to the grid structure was clearly observable on the lower
surface. The axtal damage (upward into the plenum region) has not been
fully determined but apparently did not extend up to the top surface of
this structure. Two major damage zones exist, as shown in Fiqgure 3, and
indicate the presence of multidimensional steam/gas flow within the reactor
core during the period of high core temperatures. Within each damage zone,
localized variations in damage are evident. For example, within the
1imited area above only one fuel assembly, localized ablation of the
stainless steel structure is observed; however, grid structures adjacent to
the ablated zone appear to be undamaged. Also, in some regions, the molten
grid material appears to have a foamy-like, high-porosity texture which
occurs when stainless steel oxidizes near the melting temperature.
Previously molten material within a few inches of the foamy-like structure
appears essentially unoxidized, suggesting that some of the hot gases
exiting the core were oxygen deficient, probably high in hydrogen. Thus,
the upper fuel assembly grid damage suggests that highly non-uniform flow
patterns were present at the time of grid damage; and localized gas
conditions (composition, flow rate, and temperature) varied significantly
within the flow stream.

2.2 End-State Core Confiquration

The reactor defueling work completed over the past threce years and the
recent inspection of the lower core regions during the core-boring

operation have provided sufficient data to estimate the end-state core
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configuration with reasonable certainty. These data show four distinct
regions within the original core volume, as shown in Figure 4 and described

below:

1. A cavity existed at the top of the core with a volume of
approximately 9.3 ma.6 The cavity volume represents
approximately 26% of the original core volume and extends nearly
across the full diameter of the upper core region. The average
depth of the cavity is approximately 1.5 m; in places the maximum
depth approaches 2 m. Standing fuel rod assemblies remained only
on the core periphery, with no more than two of the 177 original
fuel assemblies appearing to be totally intact. Only 42 fuel

assemblies had full-length fuel rods intact.

2. A debris bed, ranging from 0.6 to 1.0 m in depth, rested on a
solid crust that was located at about the core mid-plane. The
debris bed has been sampled in eleven regions. Most of the
particles examined contained regions of previously molten U-Zr-0,
indicating peak temperatures of greater than 2200 K. Of these,
many are previously molten (U,Zr)02, indicating peak
temperatures greater than 2800 K. There are a few examples of

previously molten material that are almost pure UQO_., indicating

temperatures up to 3700 K. However, based on the felat1ve]y
unstructured appearance observed for much of the fuel, even
though there are attached regions of previously molten ceramics,
much of the fuel probably remained at falrly low temperatures
(<2000 K) or was exposed to high temperatures for only a short
time. The detalled examination results have been reported,

and a summary of major findings is given in Appendix A.

The contour of the upper surface of the debris bed was determined
using acoustic topography6 and 1s shown in Figure 5. The

debris material was extensively probed to determine its depth,8
and the probe data were used to make the contour map of the lower

10
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surtace of the upper debris bed, which is also the top surface of
the previously molten core reglon. This contour surface Ys shown

in tigure 6.

A reglon contiining previously molten core matertal in the lower
half ot the core was tound during the core boring operaHon.9

An overvivw of the core boring operation and a summary of core
boring observations are presented in Appendix B. Two distinct
regions containing previously molten core material were
observed:

3. A reglon of relocated previously moiten material surrounding
damaged but intact fuel pellets and/or partial fuel rods.
Previously molten matertal in which some fuel rod structure
‘s discernible {cladding and/or fuel pellets) s referred to

as "agglomerate®.

b. A region that appears to have been uniformly molten with no
remdining tuel rod structures evident s located in the
center of the previously molten reqgion. This material is

reterred to as "ceramic."

Standing fuel rod stubs extend upward from the bottom of the core
to the Interface with the solid, previously molten region. The
core bore tnspection data were used to contour map (axial
elevattons) the Interface between the previously molten core
matertal and the lower intact rod stubs. This interface contour
map ¥s ~hown in Fiqure 1.

The contour maps detining the upper debris bed reglon, molten core

reglon (agglomerate and ceramic), and the lower standing tuel rod stubs

aliow core cross sections to be driwn showing the relative confiqurations

of these reglons. An example of these degraded core reglons as they extend

through the k row of tuel assemblies Vs shown In Figure 8. The crust-like

material forming the bottom of the molten core region s funnel-shaped,

with the Towest point (dpproximately 0.5 m trom the bottom of the fuel)

13
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near the center ot the core. Near the core periphery, the elevation of the
lower crust surtace was found to be hetween 1 to 1.2 m from the bottom of
the core. Addtlional core cross sections through tuel assembly rows 8
through P dre presented \n Appendix C.

2.3 Core Support Assembly Damdage

The core bore visual inspections provided the first opportunity for
assessment of possible damage to the CSA. Visual Ynspection of the (A was
performed by lowering a camera into each core bore hole. Approximately 50%
ot the (A reglon was visible from the ten core bore locations, as
Y1lustriated by figure 9. A description of the CSA conftguratton Vs found
in Appendix D.

A small amount of tine, sandy material, most likely driliing debris,
wis visible at each of the central drill locations. However, there was
essentially no previously molten core material or damage to the CSA
directly beneath the central reqion of the core. Only at those locations
in the east quadrant ot the reactor vessel near the core periphery (NS,
N12, 07, and 09) were signiticant quantities of previously molten core
matertal visible in the CSA. The location and approximate orientation of
the observed previously molten core materia) within the CSA region are
sh wn in Figure 10. Even at these locations, the CSA did not appear to
have been significantly damaged. However, the surface of the CSA near the
previously molten material appeared to be discolored. This apparent
discoloration may be due to surface oxidation caused by heating of the
structure by the very high temperature molten ceramic material. The
rvlocated core material in the CSA reglons resembles the ceramic materia)
abverved Yn the core region and apparently froze as it flowed downwdard,
thus resembling a "cascade® or “curtain.® An enhanced video image showing
the molten material to the north ot core bore location N12 between the
1 wir flow distributor plate and the grid forging Ys presented in
Figure T1. A fuel rod shard produced by the drilling operation also
appears in the foreground ot Figure 11,

11
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2.4 Reactor Vessel lower Plenum

Visual inspection of the lower plenum has contirmed that previously
molten core material now rests on the reactor ves.r+1 lower head. The
debris particles have a wide range of sizes, ranging from solid,
‘rregular -shaped pteces nearly 15 c¢m across to relatively fine, uniform
particles less than 1.25 c¢m in diameter. An example of this debris near
the periphery of the reactor vessel 1s shown in Figure 12. The larger
debris particles are generally located toward the periphery of the debris
bed. 4- enhanced video ‘mage of the smaller debris particles near the
center of the lower plenum is shown in Figure 13. This example was
htitned via the video Ynspections performed during the core boring

operation.

Sampling of the lower plenum debris with the core bore machine was
attempted at fuel assembly locations K9 and D4 by boring through the debris
bed to within approximately 20 cm of the lower head. However, the material
wds not retained instde the core bore sampling unit. Subsequent visual
inspection revealed that surrounding debris material had collapsed Into the
dril) holes after the drill string was removed. Apparently the debris bed
tn the lower plenum readily fragments into relatively fine particles when
subjected to sufficlent mechanical stress. Core boring Yndicated that the
required stress to fragment the debris into small particles s small, but
it was not possible to accurately measure.

Data from the lower plenum inspections have been compiled and
evaluatedlo to construct the contour map of the lower plenum debris bed
shown in Fiqure 14 from the configuration shown in Figure 14, 1t is
estimated that the debris bed contalins between 10 and 20 metric tons of

previously molten matertal. This is conststent with previous estimates
that were based on neutron measurements made before visual access was

avatlable, suggesting that between 5 to 24 metric tons of fuel were present
|
{n the lower plenum. ]

Selected debris particles retrieved from the lower plenum have been

12
examine The major findings trom these examinations Ynclude:
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Figure 12. Debris particles in the TMI-2 lower plenum resting on the
surface of the lower head.
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figure 13. Ffine particles (<0.5 in diameter) on the surface of the TM[-2
lower plenum debris bed.
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0 Density of the previously molten matertal ranged from 6.6 to
8.1 g/cm3. (The original density of the tuel pellets wds
-10 g/cc.)

o Particle porosity varied from 5 to 40%.

o The matertal is composed mostly of U02 and Zr02 with small

metallic Inclusions composed primarily ot A1203, te0,
\ 4
Cr203. S 0?, and NiO
v} The estimated peak temperature reached by the material is

approximately 3100 K, which is basically equivalent to the

melting point ot U02.

o Ces'um-134 was substantially retatned (10 to 20%) in the
previously molten material; retention of antimony and ruthenium
was less than 10%; and europium and cerium were retained at
nearly 100%.

2.5 Estimated Volumes and Masses of the Deqraded Core Reglions

Estimates have been made for the volumes and masses of the various
core regtons using the core cross sections presented in Appendix €,
estimated densities of the degraded core material, and known densities of
the tntact fuel rods,; Table | summarizes these estimates. The density of
the consolidated (molten) core material is not known precisely; however, it
was assumed to be Ydentical to the lower plenum particles recently examined
(7.2% g/cm3). Based on the estimat:1 mass remaining in the core regton,
appr-ximately 16 metric tons of core matertal are estimated to dbe in the

Viwer plenum reglon.
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TABLE 1. ESTIMATED END-STATE CORE VOLUMES AND MASSES

Estimated
Volume
Region (m3)
Original core 33.5
Upper core void 9.2
Upper core debris 6.7
Molten zone 3.5
Standing rods 14.1
Lower plenum debris 4.54

fstimated
Mass

—(ka)
122,700

30,000
25,000
51,800
15,800

Fraction
of Total

Core Mass
1.0

0.24
0.20
0.42
0.14

a. Obtained from estimated mass (15,800 kg), assumed debris packing
fraction of 50%, and measured debris particle density of 7.25 g/cm3.
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3. ACCIDENT SCENARIO

This section integrates the known end-sltate core damage presented in
the previous section with (a) data recorded during the dccident,
(b) results of analytical work to interpret the TMI-2 data, and (c) results
of independent severe fuel damage experiments to develop a best-estimate
scenarlo of core damage for the first four hours of the accident.

The accident Ys divided into four major time periods:

L The loss-of-coolant pertod with the RCS pumps on from O to
100 min,

2. The initial core heatup and degradation period from 100 to
174 min,

3. The degraded core heatup period from 174 to 224 min, and

4. The period of core relocation from 224 to 230 min.

Although core heatup did not occur during the first 100 min, the RCS
measurements have been extensively examined to {a) determine f the RCS
hydraulic measurements (in particular, the pressurizer 11quid level) are
substantially valid indicators of RCS thermal-hydraulics, and (b) estimate
the RCS inventory which is closely coupled to the start of core heatup
after 100 min.

Details of the accident during each of the major time perlods are
discussed in the following sections.

3.1 Loss-of-Coolant Period with the RCS Pumps On (0 to 100 Min)

The first phase of the accident is defined to be from the turbine trip
(defined as time zero) unttl the A-loop reactor coolant pumps (RCPs) were
turned off at 100 min. (The B-loop RCPs were turned off earlier, at

21



73 min.) As far as can be determined, the core was covered with a
two-phase mixture and remained cool as long as the RCPs were operating.
Thus, the accident was a purely thermal-hydraulic transient during this
time. This section presents a summary of the current understanding of the
thermal-hydraulic state of the reactor during this time frame and 1is based
on a detailed analysis of the pressurizer response13 and the inttial :
neutronic analysis to interpret the source range monitor (SRM) response.

A schematic of the TMI-2 reactor coolant system (RCS) 1s shown in
Figure 15, which 11lustrates the elevations of the various components
(relative to sea level) and the locations of vartous RCS instrumentation.
Of particular note are the locations of the hot and cold leg temperature
measuring devices and the pressurizer surge line. There has been
disagreement regarding the accuracy of the pressurizer liquid level
measurement. However, based on the analysis presented in Reference 13, it
is judged that the level measurement is a reliable indication of the liquid
level within the pressurizer during the accident.

As the primary-to-secondary heat transfer degraded (in response to the
termination of feedwater and the resulting decreasing secondary 1iquid
level), more energy was being released from the core than was being removed
from the RCS. This caused the RCS coolant to heat up and expand into the
pressurizer, as shown in Figure 16 which presents a comparison of the RCS
pressure and pressurizer 1iquid level. The RCS coolant expansion also
resulted in an increase in the RCS pressure. The pressurizer liquid level
and RCS pressure continued to increase until the pilot-operated relief
valve (PORV) opened at an RCS pressure of 15.7 MPa (3 s) and the reactor
scrammed on a high-pressure trip at 16.3 MPa (8 s). After reactor scram,
more energy was being removed from the RCS through the PORV and the steam
generators than was being generated in the core, which resulted in
contraction of the RCS fluid. This resulted in a rapid decrease in the RCS
pressure and the pressurizer level, which should have caused the PORV to
close on decreasing RCS pressure. However, unknown to the operators, the
PORV falled to close. The operators responded to the decreasing
pressurizer 1iquid level by increasing the makeup flow to approximately

28



1104 m
{362 11 2 in)

1W074m
(352 116 In) J—ood

S

1056 m
(346 114 in)

972 m
(319 110 In))

559 m
1314 118 in)

Teig =4t s
MdS5m

{310 11:2 In )

89 7 m (29437 o

Elevations above sea lavel

Figure 15.

T
HB
P
1 tm
6) (354 11-9 in))
_B-laop
Hol leg
-
Coola;!
pump
28

Lo
/”
962 m Coid leg _FZo43m
(315 116 In.) 1A (309 113 in})
" Reaclor P
vessel
A sleam

[sometric of the TM[-? primary system.

29

PORV
Safety valves,
Vent valve
Coolant
pump 2A
THA
Pa \T'
m
A
10? m
(344 116 in) J
A\
Atocop| ®

Hot
|8Q T -

)
0 0

<

Letdown line




Liquid level (cm)

1100gwmﬂ]1mrrnTmmrrrranmﬂTrmmrr[ﬂmmem p 17000
= SCRAM
1000::_;_ 16000
= PORV
opens 15000
900 E-
E Level 14000
800 - HPI
= on
3 Upper 13000
700 E~ head
= t.
= sa 12000
600 £~
= 11000
= Pressure
500 E— <{ 10000
g Tl H
400~1 1 2 3 4 5 6 7 8 9 109000
Time (Minutes)
6 0640
Figure 16. Comparison of TMI-2 pressurizer 1iquid level and primary system

pressure (0 to 10 min),

30

Pressure (kPa)



30 L/s {41 s), which reversed the pressurizer level decrease. The RCS
pressure decredse (untinued, however, reaching the saturation pressure of
the coolant \n the upper plenum 2t approximately 2 min and saturation

pressure for the rest ot Lhe RCS 4t about & min.

The reductton in primary heat source due to the reactor scram caused
the temperature differential from hot to cold leg to decrease from an
initial 26 K to near rzero by 1.5 min. This s Yllustrated in figure 17,
which compares the A-loop hot and cold leg fluid temperatures with the
saturation temperature corresponding to the RCS pressure for the same time
perfod. By 1.5 min, the secondary sides of the steam generators had dried
out and primary-to-secondary heat transfer essentially ceased.

Cessation of heat transfer from the RCS eventually caused the RCS
pressure to start to inc