Working together to enhance
nuclear reactor safety

Information from examinations at the affected reactors at Fukushima
Daiichi is being used to enhance reactor safety in U.S. operating plants,

plants under construction, and future nuclear power plants.

By Damian Peko, Sudhamay
Basu, Steven Kraft, Shinya
Mizokami, and Joy Rempe

erations experts are cooperating to

improve nuclear safety by using the
information gathered from the March 11,
2011, accident at the Fukushima Daiichi
nuclear power station. The objective is to
reduce uncertainties in accident model-
ing and to improve and confirm the ad-
equacy of accident mitigation strategies.
During the seven years since the acci-
dent, investigations have been conducted
by Tokyo Electric Power Company Hold-
ings Incorporated (Tepco) to facilitate
decommissioning efforts. Unique robots
and specialized systems capture visual
images, conduct radiological surveys,
and obtain samples. New images suggest
that relocation of fuel may have induced
failure of the reactor pressure vessels
(RPV) and allowed core material to relo-
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cate into the containments. This new evi-
dence, along with previously obtained in-
formation, provides unique insights that
are difficult, if not impossible, to obtain
in a laboratory setting.

Background

Information acquired from investiga-
tions at Three Mile Island-2 after the March
28, 1979, accident [1] benefited the global
nuclear community by enhancing nuclear
safety worldwide. The information, which
was obtained from plant instrumentation
data, separate effects testing, and analyti-
cal evaluations, provided a basis for incor-
porating changes in plant equipment and
systems and for improving operator train-
ing and emergency response procedures.
Post-accident examinations were also key
to successful fuel removal at TMI-2. Radi-
ation surveys, water and gas sampling, and
ultrasonic techniques were initially used to
infer the state of the reactor.

Expert opinion differed about the ex-
tent of core damage until 1982, when a
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camera inserted into the reactor vessel re-
vealed that nearly half of the fuel had been
damaged and relocated from its initial
core location. Subsequent examinations,
including evaluations of relocated fuel and
structural materials, and more detailed
photographic images, such as those shown
in Fig. 1, were used to determine the extent
to which core material had relocated and
the damage to structures within the vessel.
This allowed defueling efforts to focus on
developing and deploying the needed tech-
nologies to ensure that activities could be
successfully completed in a timely fashion.
Ultimately, TMI-2 examination data bene-
fited the global nuclear community.

Using state-of-the-art technologies that
were not available at the time of the TMI-2
defueling efforts, examinations are under
way at Fukushima Daiichi. These boiling
water reactors contain three main bar-
riers to prevent radioactivity release: the
fuel cladding, the RPV, and the primary
containment vessel (PCV). Specialized
systems and components have been devel-
oped and deployed to obtain information
about the end state of debris within Units
1, 2, and 3, and current data suggest that
high-temperature fuel may have relocated
from the core area to regions near the bot-
tom of, and possibly beneath, the reactor

Fig. |. TMI-2 video examinations revealed locations where damage to the core barrel (left) and nozzles (right) was more severe.
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vessel. Additional information, however,
is required to estimate the mass of fuel
material that exited the reactor vessel and
to identify and develop the appropriate
techniques for successful and safe debris
retrieval from the plant. This forensic in-
formation is also being used by the nuclear
industry, governments, and academia to
enhance reactor safety.

The approach

Recognizing the unique opportunity

offered by the Fukushima Daiichi investi-
gations, the U.S. Department of Energy in
2014 formed a team of reactor safety and
plant operations experts from the United
States and Japan to complete the following
objectives [2,3]:
1. Develop a consensus on U.S. input for
high-priority time-sequenced examina-
tion tasks and supporting research activ-
ities that can be completed with minimal
disruption of ongoing decontamination
and decommissioning (D&D) plans for
Fukushima Daiichi. An important aspect
of this U.S. effort is to not adversely affect
D&D road map activities on the schedule
developed by the government of Japan [4].
2. Evaluate the information obtained to
gain a better understanding of the events
that occurred in each unit at Fukushima
Daiichi; gain insights for reducing uncer-
tainties related to predicting accident pro-
gression; gain insights related to extended
equipment performance under accident
conditions; provide insights beneficial
to D&D activities; confirm and improve
guidance for accident prevention and mit-
igation and emergency planning; and up-
date and/or refine Objective 1 information
requests.

Approximately 40 experts from indus-
try, universities, and national laboratories
are participating in this process, along
with representatives from the U.S. Nu-
clear Regulatory Commission, the DOE,
and Tepco. Evaluations focus on the avail-
able information from sources such as the
Tepco website [5] and presentations and
reports from Tepco documenting uncon-
firmed and unsolved issues [6-10]. Ex-
perts regularly review available evidence
from several sources, including radiation
surveys and sampling, data from plant in-
strumentation, visual images, and results
of analytical evaluations.

Example results

Two examples demonstrate how in-
sights from examinations are used to en-
hance nuclear power plant safety. (Addi-
tional examples can be found in references
2,11,and 12))

Example 1: Component and system
performance

Results from examinations are of in-
terest in assessing component and system
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performance during severe accidents. Of
special interest in initial examinations are
visual images such as pictures and videos,
dose surveys, water-level measurements,
water sample isotopic composition evalua-
tions, and temperature information. Iden-
tifying leakage locations, leakage timing,
and the conditions causing this leakage
are of special interest because of indus-
try efforts to update guidance provided
to plant operators to prevent and mitigate
severe accidents. Thus, an important as-
pect is to focus on identifying information
that provides insights related to peak PCV
temperatures and pressures that exceeded
the design limits and led to radioactive
material leakage from the containment.

Evaluations have identified notable dif-
ferences in the degradation of components
within Units 1, 2, and 3. Possible causes
for these differences include variations in
unit designs, availability/functionality of
backup cooling systems, the ability to ex-
ternally inject water during the accident,
the ability to vent the primary system and
containment during the accident, and dif-
ferences in combustible gas effects at each
unit. Available information highlights
different leakage points and the possibil-
ity for multiple leakage points within the
PCV.

Visual observations and dose mea-
surements suggest that the PCV drywell
heads of Units 1, 2, and 3 leaked during
the accident. Calculations performed with
systems-level codes [13,14] predict leak-
age at the PCV drywell heads due to high
containment temperatures and pressures
[15,16]. Localized containment failures at
other penetrations, however, are not typ-
ically modeled by these codes. Observa-
tions from these three units indicate that
additional penetrations/piping failures
occurred and need to be considered in
the systems analysis codes, including the
impact of the locations and sizes of such
failures.

The potential for multiple penetrations
to fail due to seal degradation also affects
accident management strategies devel-
oped by industry. Updated Boiling Water
Reactor Owners Group (BWROG) and
Pressurized Water Reactor Owners Group
(PWROG) accident management guide-
lines place a high priority on maintaining
containment water levels, pressures, and
temperatures at conditions that enhance
radionuclide retention. For BWRs, this
includes reducing containment pressures
during periods leading up to fuel dam-
age by anticipatory venting well before
pressures and temperatures reach values
where the containment would be com-
promised by severe-accident conditions.
Anticipatory venting prior to fuel damage
enhances containment performance when
it is needed.

Continued

April 2018 » Nuclear News ° 37



Images: Tepco [20,21,22]

Figure 2 shows typical peak containment
temperature and pressure information on a
figure provided in NEI 13-02 [17] industry
guidance for BWR venting. The seal on the
drywell head is assumed to start degrading
at a temperature of 285 °C (545 °F), based
on engineering evaluations and testing
information in the literature. The black
dashed lines in Fig. 2 correspond to peak
temperatures inferred from available infor-
mation related to the X-100B penetration
in Unit 1 and the X-6 penetration in Unit
2. These values are consistent with the val-
ues assumed to cause degradation in NEI
13-02. Thus, available Fukushima Daiichi
information supports the revised industry
guidance recommending that operators
maintain containments at low pressure.

A primary limitation is that much of
the initial forensics information is based
on visual images—primarily photographs
and videos. Distortions in visual images
may be caused by lighting, image resolu-
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Fig. 2. Containment pressure/temperature curve with available Fukushima Daiichi Unit |

(IF1) and Unit 2 (IF2) information.

tion, radiation effects, and surface corro-
sion. Another limitation is that the timing
of the observed leakage and corrosion
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damage with respect to accident progres-
sion can be difficult to ascertain, given the
complicated, multiunit nature of the acci-
dent. Early failures of some components
could have contributed to further damage
of other components or prevented some
components from failing. Also, long-term
exposure to post-accident conditions such
as seawater, elevated temperature, and ra-
diation fields can obfuscate the interpreta-
tion of failure timing.

Example 2: Debris end-state location

Results from examinations are essential
for assessing the debris end-state location.
Evaluations consider information—such
as temperature, radiation, and water-level
information from plant instrumentation,
visual images and sensor data obtained by
robots deployed within the reactor build-
ing (R/B) and the PCV, and muon tomog-
raphy evaluations—to provide important
insights regarding core debris end-state
location.
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Fig. 3. Images of Units |, 2, and 3 reactor vessels obtained using muon tomography methods. The darker regions correspond to denser

materials, such as fuel.

38 * Nuclear News ° April 2018

www.ans.org/nn


http://www.ans.org/nn

Working Together to Enhance Nuclear Reactor Safety

X-100 B
penetration
~
. Self-propelled
PCV - investigation device Material on PCV floor at D2 location
(PMORPH)
gAY
Pedestal ) ‘
¥ . * (7
4 PCV
Investigation area out of pedestal
X-100B R
Dose rate[Sv/h] . o

penetration Drain sump

Images and graph: Tepco [23]

Water
surface

Distance from the floor[m]

Grating
surface

Temperature measurements using ther-
mocouples [18] were obtained for sever-
al months following the accident. These
measurements provide the first indica-
tion of where core debris likely resides
and, equally important, where it does not.
The temperature data suggest that some
fraction of fuel remained in the RPVs for
Units 2 and 3, but most of the core debris
was likely outside the RPV for Unit 1.

The temperature data are consistent
with U.S. [15,16] and international [19,20]
predictions of debris locations. Calcula-
tions are more straightforward for Unit
1, which was essentially a station black-
out with no external water injection until
about 15 hours into the accident sequence,
when operators were able to start reflood-
ing the RPV with seawater. However, re-
sults from various calculations are less
consistent for Units 2 and 3, where op-
erators maintained some degree of core
cooling by various means for several days.
Uncertainties arise about the effectiveness
of water injection (due to elevated PCV
pressure) and the effectiveness and ex-
tent of backup cooling system operation
under severe accident conditions. The sit-
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uation is compounded by the lack of in-
strumentation (and the fact that surviving
sensors had, in many cases, been pushed
well outside their qualification envelope).
Nevertheless, thermocouple data pro-
vide valuable information related to core
debris end-state location and water addi-
tion strategies. For example, thermocou-
ple data illustrate the benefit of injecting
through core sprays for BWRs; the loca-
tion of the spray injection optimizes the
probability that core debris will be con-
tacted and cooled by the injected water re-
gardless of the extent of core degradation.
Muon tomography measurements using
scintillation detectors are another infor-
mation source for evaluating debris end-
state conditions for Units 1, 2, and 3. Using
this approach, high-density fuel should
show up as dark regions in the images due
to muon attenuation. As shown in Fig. 3,
the core region appears to be essentially
devoid of core material in each unit, which
is consistent with previously described
system-level code analyses. The potential
for debris to have relocated to the bottom
of the Unit 2 and Unit 3 reactor vessels is
also supported by thermocouple data.

Cross section of 1st floor PCV
showing measurement locations

Fig. 4. Dose rates obtained from the robot inserted
into the Unit | X-100B penetration at various locations
along the planned access route for the PMORPH
self-propelled investigation device. Dose rates are
calculated by subtracting the length of cable let out
from the measuring unit from the distance between

the surface of the grating and the PCV floor.

Most recently, valuable information
regarding conditions inside the Unit 1,
2, and 3 PCVs was obtained by robot-
ics examinations through containment
penetrations X-100B in Unit 1, the X-6
penetration in Unit 2, and the X-53 pen-
etration in Unit 3. Unique robots, capable
of changing shape, navigating tortuous
paths, diving below the water surface, ob-
taining temperature and radiation data,
and collecting debris and water samples
have been developed for these examina-
tions. Dose measurements obtained from
examinations through the X-100B Unit 1
penetration (see Fig. 4) indicate that lev-
els increase at locations near the drywell
floor. This result, along with evaluations
indicating the presence of uranium in
water samples obtained from within the
PCV of Unit 1, also supports the hypoth-
esis that fuel may have relocated from the
RPV. Additional information is needed to
determine the failure locations of the ves-
sel and the mass of material that relocated
from the vessel.

Images obtained using devices inserted
through the Unit 2 X-6 penetration have
also provided valuable information. As
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Fig. 5. At top, the drawing shows the Unit 2 PCV, the location of the X-6 penetration
into which the robot (inset photo) was inserted, and the areas where investigations
were conducted in 2017 and 2018. In the photo at lower left, workers insert a guide pipe
into the X-6 penetration. At lower right: The top image shows instrumentation cables
and control rod drive structures from the RPV above sagging grating. The bottom image
shows a fuel assembly component and other debris that relocated to the PCV floor.

shown in Fig. 5, images of “sagging” grat-
ing suggest that it was exposed to high
temperatures, and images of relocated
fuel assembly components confirm that
the Unit 2 vessel failed. Additional images
are needed to identify the modes and loca-
tions of vessel failure and to estimate the
mass of relocated fuel materials.

Important information was also
gleaned from investigations into the Unit
3 containment performed in July 2017.
Numerous images of relocated material
were obtained from cameras that were
installed on the submersible robot, “Little
Sunfish,” that was inserted into the X-53
penetration (Fig. 6). These images sug-
gest that there is a high probability that
components from the core have relocated
beneath the reactor vessel, but additional
information is needed to confirm vessel
failure and estimate the mass of relocated
fuel.

Insights gained

Forensics evaluations of examination
information have led to several important
safety insights being gained in the areas of
component system performance, radio-

nuclide surveys and sampling, core debris
end-state, and combustible gas effects.
These insights are being used by industry
to update and improve PWR and BWR
guidance for accident prevention and mit-
igation and emergency planning, in addi-
tion to reducing uncertainties in the mod-
eling of how accidents progress.
B Severe accident guidance—Specific to
the examples presented in this article, the
DOE forensics effort has provided several
benefits to industry severe accident guid-
ance, as follows:
® Containment venting—The three Fu-
kushima Daiichi units exhibited dif-
ferent patterns of PCV leakage. This
variability points to uncertainties in ac-
tual leakage locations and confirms that
an appropriate strategy is to maintain
the containment at temperatures and
pressures well below values at which
degradation and excessive leakage of
fission products are predicted. Revised
BWROG and PWROG severe accident
management guidance, based on exam-
ination information, places a high pri-
ority on maintaining the primary con-
tainment in a pressure and temperature
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point of the Little Sunfish submersible
remote-operated vehicle (ROV) (photo
above) at the X-53 penetration of the
Unit 3 PCV. The photo at far right is one
of the images obtained from the ROV,
looking toward the floor of the PCV. The
accompanying drawings illustrate possible
components that may exist in the debris
shown in this photo.

range where the containment is most ef-
fective. BWR containment performance
is improved by anticipatory venting
prior to fuel damage using the hardened
vent systems incorporated after the ac-
cident at Fukushima Daiichi.

® Water addition—Currently available
information indicates differences in the
core debris end-state location in Units 1,
2, and 3. It is believed that these differ-
ences are due to differences in accident
progression at each unit (for example,
cooling system operation). Revised
BWROG guidance includes severe ac-
cident water addition and water man-
agement strategies to enhance the ef-
fectiveness of fission product scrubbing
in the suppression pool during venting
through the hardened vent system. The
PWROG guidance also includes water
addition (possibly via containment spray
operation for fission product mitigation)
during venting. The guidance considers
the impact of water addition on contain-
ment integrity and contains guidelines
for venting during water addition to pre-
vent containment overpressurization.

B Severe accident modeling—Specific to
the examples presented in this article, ex-
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aminations have already identified several
areas where efforts are needed to reduce
uncertainties in severe accident modeling,
as follows:
® Primary containment integrity chal-
lenges—The three operating units ex-
hibited different patterns of PCV leak-
age of fission products and hydrogen.
Many of these leakage points are not
routinely modeled by system-level se-
vere accident codes. Simulation codes
predict leakage at the drywell head for
the three units, and it is evident that
other penetrations and piping failures

Control rod
drive housing

Platform

Platform slot

Access entrance
for workers

Basement

Grating
@ Roller-shape

Fallen
object

29 tructul
med to be a socket)

i Sa i

should be considered.
® Vessel failure and ex-vessel debris
analysis—Examination information in-
dicates that there is the potential for ves-
sel failure to have occurred at Units 1, 2,
and 3. Current vessel failure models are
simplistic in systems analysis codes, and
evaluations of ex-vessel debris phenome-
na have been limited to Unit 1. An evalu-
ation of debris interactions in Unit 2 may
be useful for rationalizing differences in
future observations obtained from Units
land2.

Continued
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® [nstrumentation modeling—Improved
modeling of instrumentation response
during severe accidents may also lead
to improved severe accident guidance.
Current severe accident modeling codes
predict conditions consistent with plant
data, but predicted values may not be
representative of the values being report-
ed/displayed by the plant’s instruments.

Additional insights can be found in ref-
erences 2, 11, and 12.
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