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Unlike computer stmulation of an event, forensic
engineering 1s the evaluation of recorded data and
damaged as well as surviving components after an event
to determine progressive causes of the event. Such an
evaluation of the 1979 Three Mile I[sland Unit 2 acci-
dent indicates thar gas began accumulating i1n steam
generaror A ar 6.10, or 130 run into the accident and,
therefore, fuel cladding ruptures and/or Zirconium-
water reactions began at that ime. Zirconium oxida-
tion/hydrogen generation rates were highest (~70 kg
of hydrogen per minute} during the core quench and
collapse at 175 mun. By 180 mun, over 85% of the hy-
drogen generated by the Tirconium-water reaction had
been produced, and ~400 kg of hydrogen had accumu-
lated in the reactor coolant system. At that time, hy-
drogen concentrations at the steam/water interfaces in
both steam generarors approached 90%. By 203 mun,
the damaged reactor core had been reflooded and has
not been uncovered since that nme. Therefore, the core
was completely under water at 225 min, when molten
core material flowed into the lower head of the reac-
tor vessel.

EMPIRICAL METHODS FOR DETERMINING
HYDROGEN GENERATION

Hydrogen (H,) 1s generated 1n a degrading water-
cooled nuclear reactor by radiolysis and metal-water
reactions. In the Three Mile Island Umt 2 (TMI-2) loss-
of-coolant accident (LOCA), H, generated by radiol-
ysis was probably insigmficant compared with that
produced by the reactuion of zircomum with water.
Baker! provides data (used 1 Fig. 1) from a number
of researchers'~® showing that zircomum-water reac-
tion rates are temperature dependent. The data sources
are 1n reasonably good agreement, and very little Hs 1s
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generated untl zirconium temperatures exceed 650°C
(1200°F)

There are many difficulties and uncertainties asso-
ciated with the calculatuon of H, generation rates and
quanuties that occurred during the TMI-2 event. If the
calculations rely on the use of the empirical metal-
water reaction rate versus temperature data, some of
the uncertainties include, or are a result of,
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Fig | Comparison ot zircomum-water reaction correla-
tions.
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1. time the core began to uncover

[ £9]

. coolant makeup flow rates and boildown rates

3. changing heat movement means, paths (hori-
zontal and vertical components)-and rates with
changing water levels, steam generation rates,
H, generation rates, and physical changes such
as cladding ballooning from overheating and
cladding swelling from oxidation

4. changing surface areas as cracking and flaking
of oxide layers expose more unoxidized metal

5. Zircaloy melting and relocation to generally
colder regions and resulting reduced exposed
surface areas

6. timing and effects of core shifts, quenching, col-
lapse, reheating, etc.

Another approach to approximating TMI-2 H,
generation rates versus time is to evaluate available
thermal-hydraulic data.

SEQUENCE OF EVENTS CAUSING
HYDROGEN GENERATICN

Initial Core Heatup

In the TMI-2 LOCA, steam from the reactor core
moved to the pressurizer, out through the pressurizer
relief valve (PRV) to the coolant drain tank, and to the
containment building. The water level in the reactor
core dropped below the top of the active fuel, and the
upper region of the core started to overheat as early as
5:30, or 110 min after initiation of the accident; this
time is shown as the Modular Accident Analysis Pro-
gram (MAAP) best estimate by Kenton et al.* The
MAAP best estimate is that by 130 min (6:10) the
water level in the core was below 7 ft (up from the bot-
tom of the 12-ft-high active core section). As the zir-
conium cladding was uncovered and its temperature
approached 650°C (1200°F), H, generation started.
Since the zirconium-water reaction is highly exother-
mic, temperatures rose at increasing rates.

Steam Generator Conditions

Early in the LOCA, the secondary side of the once-
through steam generators (OTSGs) A and B boiled dry
and were, therefore, thermally isolated from the pri-
mary system. However, by 120 min (6:00), the water
level in the secondary side of OTSG-A rose to the 30%
operating range level. Refluxing (steam condensing on
the primary side of the OTSG) occurred as evidenced
by decreasing primary system pressures. The cold water
addition to the secondary side of OTSG-A reduced its
steam pressure initially, but its pressure leveled off as
temperatures stabilized. At 132 min (6:12), the OTSG-A
steam pressure started decreasing again at the same

rate it had been when the secondary side was dry. Also
at 132 min, the primary system pressure reversed its
downward trend and started to increase. A probable
explanation for this behavior is the accumulation of
H- in the primary system, causing its pressure (o rise
and the steam sweeping of H, to OTSG-A, thereby
blocking it and preventing refluxing operation.? Ac-
cording to Kenton et al., the amount of H, required
to effectively block steam flow to OTSG-A is very
small, possibly <1 kg, when the secondary water level
is near (apparently not more than a few feet higher)
that of the primary side.*

Care Damage and Hydrogen Generation Timing

After ~132 min, H, was generated at increasing
rates as water levels in the core continued to drop and
zirconium cladding temperatures continued to rise. At
174 min (6:34), reactor coolant pump 2B was started
and pumped water from OTSG-A to the reactor core
for a number of seconds, effectively flooding and
quenching the core, causing it to collapse. There is
much undisputed evidence of the core collapse at that
time, including the sudden drop in the power range
monitor output, as shown in Fig. 2. This drop could
not have been due to water shielding since it had only
partially recovered by 200 min (7:20), when the water
level in the core was again low, and no similar drop
occurred when the core had been reflooded by 203 min.
After the core quench, water levels again decreased
to ~30 in. above the bottom of the active core, as
indicated by an analysis of self-powered neutron de-
tector data. The partially destroyed core reheated;
at 230.5 min (7:20:30) (see Fig. 3), makeup pump
(MUP) 1C was started and left on until the core was
completely reflooded and the pressurizer refilled. The
cooling effect decreased the system pressure and caused
the pressurizer to start to drain, thereby assisting in the
rapid flooding of the core. The system pressure leveled
off, and flow from the pressurizer stopped and reversed
slightly for ~30 s as the reheated core again quenched.
Since that transient was so small compared to the one
at 174 min (6:54) or the one at 225 min (7:45), it is cer-
tain that the upper half of the core, in its collapsed
condition, had not overheated to the extent that it pro-
duced large quantities of H, for a second time. Water
from the MUP and pressurizer continued to enter the
reactor vessel. By 208 min (7:28), the water level was
above the vessel nozzles, and the pressure was high
enough to reverse the flow of water back into the pres-
surizer. No evidence has been found indicating that the
water level in the reactor vessel has ever been below the
level of the nozzles since that time. Theretore, the upper

2Also, gas leaking from ruptured fuel pins has not been

thoroughly evaluated, but it may have had a significant ini-
tial effect on system pressure rise and steam generator
blocking.
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Fig. 2. Selected responses to the 6:34, 7:21, and 7:45 transients.

half of the core has not been reheated, and it can be
concluded that essentially all of the damage to the
upper half of the core occurred before 180 min (7:00),
when the core had been quenched, and certainly before
203 min (7:23), when the collapsed, readily coolable
upper half of the core was flooded for the last time.

Hydrogen Generation

An evaluation of the extensive damage to the upper
half of the core indicates that ~80%, or ~9400 kg (not
fully substantiated at this time) of the zirconium in the
upper half of the core was oxidized in that region. The
reaction of that amount of zirconium with water would
produce >400 kg of H,, or ~90% of the total 460 kg
of H, accounted for by Henrie and Postma.>

Even though the damaged core was under water,
coolant flow through the core was blocked near its
mid-elevation by core debris that might still have been
partially molten. That poorly cooled mass reheated
from fission product decay heat, and the mass of mol-
ten material continued to grow. That condition had

been terminated by 228 min (7:48), when ~20 t (Ref. 6)
of molten core material had moved laterally and down
around the lower core support structure into the lower
head region of the reactor vessel, where it solidified and
fragmented. The amount of H, produced in the totally
submerged core during this period (203 to 228 min, or
7:23 to 7:48) was probably only a small fraction of H,
generated earlier, because

1. while the molten mass was reforming, the area
of very hot zirconium exposed to sieam was
probably relatively small

[$8]

. the fuel in the core below the once-molten mass
was undamaged and, therefore, was weil cooled

. zirconium, when exposed to very hot uranium
dioxide, takes oxygen from the uranium diox-
ide, and no H, is produced

(O%)

4. when the molten marerial was quenched, it al-
ready contained significant quantities of oxy-
gen and therefore, would not react rapidly with
steam.
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Fig. 3. Pressurizer level and system pressure during venting and core flooding.

The quantity of H, produced during this period ap-
pears to have been ~60 kg (460 kg total minus 400 kg
produced earlier). After 228 min, there appear to have
been no high-temperature metal conditions that would
have resulted in significant H, production from metal-
water reactions.

HYDROGEN CONCENTRATIONS AND QUANTITIES IN
THE REACTOR COOLANT SYSTEM

Hydrogen Concentrations

The large regions of the reactor cooling system
(RCS) that stored H, during the accident are the reac-
tor vessel, pressurizer, hot legs, and the upper sections
of the steam generators. Hydrogen concentrations and
the quantities of H, stored in the hot legs and hydro-
gen-blocked steam generators can be approximated
from available system pressure and steam pressure
data. When the water levels on the primary and sec-

ondary sides of the near-idle steam generators are ap-
proximately equal, temperatures and steam pressures
on both sides would be approximately equal. There-
fore, the difference between the system total pressure
and the steam pressure can be attributed to the pres-
ence of a noncondensable gas, or H, in this case.
Pressure data from the reactimeter, computer utility
printer, and the RC-3A-PT3 stripchart were obtained
and correlated. Dynamic conditions and differences in
elevation were accounted for in preparing the basis for
correcting (calibrating) the stripchart record. A cor-
rected stripchart pressure history for the period be-
tween 130 and 175 min (6:10 and 6:55) was prepared’
and compared with the composite pressure history pre-
pared by the Nuclear Safety Analysis Center3 (NSAC).
Steam pressures and system pressures >11000 kPa
(1600 psi) are available from the reactimeter. From the
data shown in Table I, the H, concentration at the
interface with water in the steam generators can be cal-
culated (total pressure minus steam pressure, divided

L*



TABLE I

Total Pressure in the RCS and Steam Pressure in the
OTSGs A and B. During the Principal Hydrogen
Generation Period

Total Pressure Steam Pressure
(Ib/in.?) (gauge) (Ib/in.*) (gauge)
NSAC Current
Time | Composite | Composite | OTSG-A | OTSG-B

6:10 610 631 600 2
6:12 603 621 591 2
6:14.5 615 636 579 a
6:27 680 685 518 a
6:37 805 831 457 2
6:34.3 1200 1244 358 140
6:55.5° 1674 1674 361 718
6:57 1990 1990 354 577
6:38 2026 2026 348 545
7:00 2043 2043 327 458
7:05 2051 2051 281 359
7:10 2100 2100 241 363
7:12.3¢ 2119 2119 224 370
7:15.54 1907 1907 206 375
7:18.6° 1920 1920 189 377
7:19¢ 1887 1887 185 376
7:20.5° 1883 1883 181 76
7:23 1721 1721 163 372
7:24 1637 1637 157 370

3The secondary side of OTSG-B had boiled dry; therefore,
the steam pressure on the primary side is unknown.
YAfter 6:35.5, all data are from the reactimeter.

‘PRYV opened.

PRV closed.

‘MUP-1C came on.

by total absolute pressure) to an accuracy within a few
percent. These H, concentration results are presented
in Fig. 4, which indicates that H, began to accumulate
in OTSG-A as early as 130 min (6:10). By 190 min
(7:10), H, concentrations at the water/gas vapor inter-
face in both steam generators was >80% by volume.

Hydrogen Quantities

Based on the conservatively low assumption that
H, concentration decreases linearly from its maximum
at the water interface in the steam generators to zero,
where the hot leg attaches to the reactor vessel, and
making appropriate temperature corrections, total
quantities of H- in the known volumes of the hot legs
and steam generators were calculated. The results are
plotted in Fig. 5, which indicates that after 180 min
(7:00), >300 kg of H, was stored in the steam gener-
ators and hot legs until it was removed by venting
(starting atr 192 min) and cooling the core (starting at
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Fig. 4. Calculated hydrogen concentraton versus time near
the warter interface in OTSGs A and B.

200 min). During that period, the total RCS void
(vapor/gas) volume was ~170 m? (~6000 ft?), of
which 63% was in the hot legs and steam generators,
33% in the reactor vessel, and 4% in the pressurizer.
Since the steam source was in the reactor vessel, the
vapor content there was higher than in the hot legs and
steam generators. Consequently, the mass of H, in the
hot legs and steam generators would have been higher
than 63% of the total, implying that a total of ~400 kg
(>300/>0.63 = 400) of H, may have been stored in
the RCS at that time. A more recent calculation — as-
suming a linear distribution of H, from 80% at the
water surface in the steam generators to zero at the
water surface in the core, and making appropriate tem-
perature corrections —indicated a total of 430 kg of
H, in the RCS at 192 min (7:12).

HYDROGEN PRODUCTION RATES

To approximate H, production as a function of
time, an analysis of the RCS pressure history was
made, and two bounding sets of assumptions (cases 1
and 2) were established to relate H, produced to sys-
tem pressure. The results are shown in Fig. 6. The
case | analysis is based on the production of 400 kg of
H, by 178 min (6:38) and an arbitrary assumption that
the H, generation rate remained constant through the
core quench. Case 1 is intended as the bounding case
for earliest H, generation. Case 2 is based on the pro-
duction of 400 kg of H, by 200 min (7:20) and that H,
generation was proportional to system pressure, even
through the quench transient. Case 2 is intended as the
bounding case for latest H, generation.

To determine whether the metal-water reaction was
steam starved (reaction rates limited by steam gener-
ation rates), an analysis of steam generation rate versus
water level in the reactor core was made and compared

=
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Fig. 5. Calculated mass of hydrogen versus time in hot legs and OTSGs A and B.

with the H, generation rates. [t appears that for the
few minutes preceding the quench, the steam genera-
tion rate was low enough to have limited H, produc-
tion to ~20 kg/min. Therefore, for case | conditions,
the reaction may have been steam limited (~ 18 kg/min)
during that period. However, the reaction would not
have been generally steam limited during that period
for the case 2 (~8 kg/min) conditions. Therefore, the
increased H, generation rate (~70 kg/min) during the
case 2 quench conditions would not have been caused
simply by the increased availability of water vapor dur-
ing the quench. The sudden increase is likely to have
resulted from geometry changes that occurred when
the upper half of the core collapsed at the beginning of
the core quench. The core collapse resulted in the frag-
mentation of cladding, which greatly increased the
exposure of unoxidized and partially oxidized zirco-
nium to the steam. The resulting increases in reaction

rates (highly exothermic) rapidly increased tempera-
tures (each progressively increasing the other), and with
increased generation rates, autocatalytic (runaway)
conditions occurred until zirconium surfaces were well
oxidized and temperatures were lowered by steam cool-
ing. It is likely thart the peak core temperatures (>3100 K
or 5100°F — the melting point of uranium dioxide) oc-
curred during this core quench period.

An apparent problem with the case 1 results is that
so much energy would have been released from the
exothermic metal-water reaction before the quench that
it would have caused more damage to the core, core
former, and plenum assembly than has been observed.
In case 2, almost half of the zirconium oxidation oc-
curred during the core quench period. Most of the
reaction heat released at that time would have been
used in the boiling of water, which would minimize
metal overheating even though the core became very

[
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Fig. 6. Calculated TMI-2 hydrogen production from the zirconium-water reaction.

hot. It is believed that the actual H, production rates
and timing were between the two bounding cases shown
in Fig. 6, but for the reasons stated, they were appar-
ently much closer to case 2 than to case 1. Figure 6
shows that the result of case 2, compared to that of
case 1, is much closer to the results of SCDAP (Ref. 9)
and MAAP (Ref. 4).

Figure 7 shows the production timing 460 kg of
H, that was accounted for by Henrie and Postma.’
The figure also shows their latest estimates’ of quan-
tities of H, gas in the containment building (but out-
side of the RCS) as a function of time. Therefore, the
estimated amount of H, contained in the RCS at any
time between 132 min (6:12, when measureable quan-
tities of H, first started to accumulate) and 590 min
(13:30, when the H, burn in the containment building
occurred) is the difference between the two curves.

OTHER CORE DAMAGE OBSERVATIONS

The forensic engineering approach has also pro-
vided a probable explanation for the overhang of par-
tially damaged fuel bundles on the west side (at fuel

grid locations C7 and C8) near the top of the reactor
core and for the fact that the stainless steel plenum
above the reactor core did not melt during the intense
core heating period. An examination of system com-
ponents and recorded data indicates that water moved
from the core, where temperatures and pressures were
increasing, to the closed pressurizer, where it condensed
(increasing the temperature of the water in the pressur-
izer) and returned water intermittently (unstable con-
ditions) through hot leg A to directly cool that side of
the core and the plenum.

Through a study of the RCS pressures, responses
of in-core thermocouples and self-powered neutron
detectors, and steam generator and cold-leg tempera-
tures, it was determined that a portion of the core
melted and flowed into the lower head. Many months
later, the study was confirmed by remote television pic-
tures that showed quenched, once-molten core mate-
rial in the lower head. The forensic study also indicated
that the material may have reached the lower head by
flowing down the east side of the core near fuel grid
location R7. The thermocouple at that location formed
a new junction 4 ft below the bottom of the core be-
tween 7:45:11 and 7:45:41. This was discussed® at
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TMI but seemed incredible; thus, it was discounted at
that time because more heat 1s generated along the ver-
tical centerline of the core, and it was thought that the
molten matenal would surely penetrate near there.
Only recently, during rector defueling, was it deter-
mined that the flow had actually occurred on the east
side between the core former and the core barrel. A
better evaluation of the data 1n early 1985 would have
assisted the defueling operation.

Much can be learned from the forensic engineering
evaluation of data and damaged components following
accidents such as the TMI-2 LOCA. Where destruction
is more complete and little data and few components
are available for evaluation, such as at Chernobyl,
evaluators must resort primarily to computerized mod-
eling. In any event, validated computer modeling of
severe accidents 1s necessary to allow hypothetical acci-
dent evaluations of various existing and improved fu-
ture designs.
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