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ABSTRACT

To properly evaluate the performance of a pressurized water reactor (PWR) emergency core
cooling system (ECCS) containment recirculation capability, it is necessary to estimate the total
amount of debris that may be present in the containment pool during the recirculation phase. To
be as accurate as possible, it is important to include a reasonable estimate of the latent dirt and
foreign material that can be found in containment, in addition to the debris generated by a high-
pressure pipe rupture. Past and recent testing has shown that even small volumes of fibrous
debris present on an ECCS sump screen can filter particulates present in the sump pool very
effectively, leading to the formation of composite debris beds that can produce significant
pressure losses. Debris present during routine operations that is subjected to containment spray
and pool transport may be a significant contribution to the particulates and/or fiber material that
compose the sump screen debris bed.

To investigate the significance of this issue, the United States (U.S.) Nuclear Regulatory
Commission (NRC) directed Los Alamos National Laboratory (LANL) to characterize the
material composition and the hydraulic flow properties of actual plant debris samples.

This study was performed from August 2003 to June 2004. The purpose of the study was to
quantify parameters critical to the proper application of the NUREG/CR-6224 head-loss
correlation, such as specific surface area. Microfiltering, optical microscopy, and organic
dissolution chemistry tests were performed to fractionate the fibrous and particulate components.
Most tests were performed at the geochemistry laboratory of the Isotope and Nuclear Chemistry
Facility at LANL, which has the necessary analytic equipment to make direct measurements of
the hydraulic flow properties and to handle potential low-level radioactive waste streams.
Hydraulic parameters representative of latent particulates were measured by testing larger
quantities of surrogate debris in a vertical-flow test loop at the University of New Mexico. In
addition to our attempt to provide the first quantitative characterization of PWR latent debris
properties, this study provides a model of participation and cooperation between the US PWR
industry and the NRC. Five volunteer plants contributed samples collected during their recent
condition assessment surveys. Descriptions of test procedures and quantitative results are
provided in the applicable sections of this report.
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FOREWORD

Dirt, fiber, and other foreign materials that are normally found in nuclear power plant containment
buildings are referred to as “latent debris.” Latent debris, along with debris generated by a loss-of-coolant
accident (LOCA), may be present in a pressurized-water reactor (PWR) containment pool during
operation of the emergency core cooling system (ECCS) following a LOCA. Some of this debris could be
transported to the sump screen, where it could cause a pressure drop (head loss) that could degrade ECCS
performance following a LOCA in a PWR plant. This study was undertaken to characterize and assess the
potential head loss contributions of latent debris.

This report documents the results of research that was sponsored by the U.S. Nuclear Regulatory
Commission (NRC) and performed by Los Alamos National Laboratory and University of New Mexico.
Latent debris samples were obtained from five volunteer PWR plants. A variety of experimental
techniques were used to separate fibers and particles, measure the relative fiber and particle masses, and
determine the relative quantity of each particle size contained in the latent debris samples. All latent
debris samples contained measurable amounts of fiber and a wide range of particle sizes. The relative
quantities of each particle size appear to be a function of the sample collection method, the locations
within the plant that were sampled, and plant-specific debris differences. Therefore, the results obtained
from the five volunteer plants may not fully capture the total variability associated with all the nuclear
power plants, and plant-specific debris characterization may be preferable.

The head loss contribution of latent debris was determined separately for fiber and particle components.
Based on a comparison of physical characteristics, the study concluded that the head loss associated with
latent debris fibers can be conservatively assessed using fiberglass insulation properties. Head loss
associated with particles was determined experimentally using surrogate debris. Surrogate debris was
prepared from soil and sand to match the relevant physical characteristics measured for the latent debris
samples. It was necessary to utilize surrogate debris because of the limited quantity and radioactive nature
of the latent debris samples obtained from the volunteer plants.

The head loss data were used to estimate conservative hydraulic parameters for latent debris particles over
a range of sump flow velocities and particle-to-fiber mass ratios based on a correlation documented in
NUREG/CR-6224, “Parametric Study of the Potential for BWR ECCS Strainer Blockage Due to LOCA-
Generated Debris,” dated October 1995. However, both the NRC Office of Nuclear Regulatory Research
(RES) and the Advisory Committee on Reactor Safeguards (ACRS) have identified several limitations in
the head loss testing apparatus, testing procedures, and the applicability of the NUREG/CR-6224 head
loss correlation for latent debris. These limitations cloud the interpretation of the head loss data and the
validity of the estimated hydraulic parameters. Therefore, the RES staff is pursuing additional research to
substantiate both the head loss measurements and the hydraulic parameters that this report recommends
for use in the evaluation of head loss attributed to latent debris particles.

Carl J. Paperiello, Director
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
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EXECUTIVE SUMMARY

The study documented in this report does not represent a new issue; rather, the subject of latent
debris has been discussed in several public meetings before, and the preliminary test results of
this study were presented by Los Alamos National Laboratory (LANL) in the Nuclear Energy
Agency/Nuclear Regulatory Commission (NEA/NRC) international workshop on “Debris Impact
on Emergency Coolant Recirculation” in February 2004. In addition, this subject was discussed
during the Advisory Committee, Reactor Safeguards (ACRS) Thermal-Hydraulics Subcommittee
meeting on June 23, 2004, and is also being addressed in the Nuclear Energy Institute (NEI)
industry guidance document “PWR Containment Sump Evaluation Methodology.” [1]

When accounting for the total amount of debris that may be present in a pressurized-water-
reactor (PWR) containment pool during operation of the Emergency Core-Cooling System
(ECCS), it is important to include a reasonable estimate of the amount of dirt, fiber, and foreign
material that can be found in containment, in addition to the debris generated by a loss-of-coolant
accident (LOCA). Dirt and fiber that normally reside in containment are referred to herein as
latent debris. Past and recent testing has shown that even small quantities of fibrous debris that
are present on an ECCS sump screen can filter particulates that are present in the containment
pool, thereby leading to increased pressure losses across the composite debris bed. Latent debris
that is subjected to containment spray and pool transport may contribute an additional source of
particulate and fiber material, or in some cases, it may represent the only significant source of
fiber that is available to form and retain a debris bed on the sump screen.

Both the physical characteristics and the total inventory of latent debris must be understood to
assess the potential contribution of this material to recirculation-flow head loss. This report does
not provide estimates of total containment inventory, which can vary depending on plant
geometry and plant cleanliness practices. However, LANL, under the direction of the United
States Nuclear Regulatory Commission, has worked to characterize the material composition and
hydraulic flow properties of actual plant debris samples. Beginning in August 2003 and ending
in June 2004, this study has attempted to quantify latent-debris parameters—such as the fiber-to-
particulate mass ratio, particulate size distributions, and the hydraulic properties of specific
surface area (SSA) and porosity—that are needed for the proper application of the
NUREG/CR-6224 [2] head-loss correlation. Sieving, optical microscopy, scanning electron
microscopy, energy-dispersive spectroscopy, and nitrogen adsorption tests were used to
fractionate and characterize the fibrous and particulate components. These tests were performed
in the geochemistry laboratory of the Isotope and Nuclear Chemistry Facility at LANL, which
has the necessary analytic equipment and safety procedures to handle and dispose of small
quantities of low-level radioactive debris. Five volunteer PWR plants contributed latent-debris
samples, which were collected during their recent condition assessment surveys.

Hydraulic parameters representative of latent particulates were measured by testing larger
quantities of surrogate debris in a vertical-flow test loop at the University of New Mexico
(UNM). This apparatus permits measurement of pressure drop (head loss) across a debris bed of
known composition under a range of water velocities. Hydraulic parameters can be inferred from
differential pressure data by iteratively applying predictive correlations until the model results
envelop a variety of observed behavior. Surrogate particulate debris was generated by dry-
sieving soil and sand into a range of particle diameters using different sieve sizes and by
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recombining mass fractions to match the size distribution measured in the plant samples. The
microflow characteristics of the surrogate also were compared to those of the plant debris by
measuring packed-bed flow conductivity.

The hydraulic parameters of latent fiber are assumed to be the same as those for fiberglass
insulation. Fiber surrogates were not investigated in detail because the head-loss contribution of
latent fiber either will be dominated by particulates in thin-bed configuration or will represent a
small increase to a fiberglass-dominated debris composition. Further, the characterization of
latent fiber samples led LANL to conclude that it is conservative to assume that the latent fiber
component has similar hydraulic properties to those of fiberglass. For these reasons, fiberglass is
used as surrogate for latent fibers and the latent fiber fraction was not isolated for hydraulic
testing in this study.

Foreign material (or the “other” debris category) was deemed unnecessary to be part of the
surrogate debris. This foreign material consists of larger material, such as bolts, nuts, cable ties,
and rags, and is not expected to be transported to the cooling system screen under recirculation
flow velocities or to contribute to the formation of a uniform debris bed on the screen. The full
range of sizes of latent debris, including this foreign material, should be considered if it is subject
to high-velocity water transport toward the ECCS screen.

The principal findings of this study are based on analyses of samples from the volunteer PWRs.
Samples were collected during refueling outages, sometimes before restart cleanliness
procedures and sometimes after. All analyses are based on the assumption that proportional
debris compositions are approximately constant even if the total inventory varies during an
outage or during a plant lifetime. These samples represent the best information to date regarding
latent containment debris but may not capture the full range of variability present in the
population of nuclear power plants. Furthermore, the quality of the debris samples varied widely
because of differences in collection methods and sample locations. Recommendations made in
Section 5, “Conclusions and Recommendations,” are intended to provide general guidance for
plant-specific assessment of latent-debris contributions to sump-screen head loss. However,
because of the limitation of data collected for this study, these recommendations may not be
applicable to some of the operating PWR plants. In these cases, plant-specific debris
characterization may be preferable to the default properties recommended.
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CHARACTERIZATION AND HEAD-LOSS TESTING OF
LATENT DEBRIS FROM PRESSURIZED-WATER-
REACTOR CONTAINMENT BUILDINGS
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Kerry Howe,* Janet Garcia,* and Clint Shaffer’

1 INTRODUCTION

This report presents the results of a United States Nuclear Regulatory Commission (USNRC)-
sponsored project focused on characterizing debris that is resident in pressurized-water-reactor
(PWR) containment buildings. Information is provided to establish the background and purpose
for the work, and to document the details of the experimental protocols employed at Los Alamos
National Laboratory (LANL) and the University of New Mexico (UNM) to collect the desired
characterization data. In situ debris samples were provided to LANL by five individual volunteer
plants for use in the project. This report also presents experimental results and recommendations
regarding the hydraulic properties of latent debris that are important to sump-screen head-loss
analyses. The term “latent” refers to debris that is already present and that resides inside the
containment structure before a postulated loss-of-coolant accident (LOCA) occurs (as opposed to
debris that is generated by the LOCA).

Section 2 provides a discussion of the background and purpose for this effort. Section 3 describes
experimental procedures that are employed for physical characterization tests and summarizes
the observations. Recommendations also are provided in this section for designing a suitable
surrogate for latent particulate that can be used for large-scale head-loss testing. Section 4
describes the methods used to measure the hydraulic properties of both latent-debris and
surrogate samples, summarizes experimental data, and provides recommendations for
appropriate hydraulic parameters to use in the NUREG/CR-6224 [2] head-loss correlation for
sump-screen vulnerability assessments. Section 5 addresses the limitations of the current effort,
summarizes findings and recommendations, and suggests potential areas for future improvement.






2 BACKGROUND AND PURPOSE

The USNRC is interested in evaluating accident scenarios at commercial PWR nuclear power
plants in which latent debris is washed into reactor containment sumps during LOCAs. Latent or
“pre-LOCA” debris could contribute to clogging of screens that are upstream of pumps that
supply cooling water to a reactor core. Examples of latent debris include ordinary dust and dirt,
insulation fibers, clothing fibers, paper fibers, pieces of plastic, metal filings, paint chips, human
hair, and anything else that may reside on a floor or other surface inside an industrial building.

The total inventory of latent debris will vary depending on the geometry of a plant, rigor of the
plant’s cleanliness program, age of the plant, and time during normal operations, including
outages. This report does not attempt to assess the quantity of latent debris in containment but
rather focuses on characteristics such as fiber-to-particulate mass ratios, particulate size
distribution, and hydraulic properties of the various constituents. It is assumed that the
proportional composition of latent debris provided by the volunteer plants is reasonably constant
regardless of the collection time during an outage.

A primary safety concern related to long-term recirculation cooling following a LOCA is LOCA-
generated and pre-LOCA debris material that is transported to debris interceptors (i.e., sump
strainers or screens) that results in strainer blockage and degraded emergency core-cooling
(ECC) pump performance. Regulatory Guide 1.82, “Water Sources for Long-Term Recirculation
Cooling Following a Loss-of-Coolant Accident,” [3] suggests that the cleanliness of the reactor
containment during plant operation (i.e., pre-LOCA or latent debris) be considered when the
amount and type of debris available to block the ECC sump screens is being estimated. The
potential for this material to impact the head loss across the ECC sump screens should be
considered. This study focuses on characterizing latent-debris material and assessing its potential
to contribute to sump-screen blockage.

Past and recent testing has shown that even small quantities of fibrous debris that are present on
an ECC sump screen can effectively filter particulates that are present in the containment pool,
leading to significant pressure losses across the composite debris bed. Latent debris that is
present during routine operations (pre-LOCA or resident debris) and that is subjected to
containment spray (or wash-down from a coolant-pipe rupture) and pool transport may
contribute a source of particulate and fibrous material. The USNRC and its contractors have
studied pressure drop across “filter beds” as a function of the physical properties of the filter bed
and the linear flow velocity through the bed. [2] Semiempirical equations have been developed
using a combination of fluid-flow theory and experimental results to predict pressure drop across
filter beds. Some of the most important parameters in these correlations are the density of the
filter bed and the surface area per unit volume within the bed. The relative volume of “fibers”
and “particles” in the bed is also important because the compressibility of the bed depends on
this ratio. A recent article in Nuclear News presents a good summary of the sump-clogging issue
and a status of the regulatory analysis of the problem. [4]

This study, which is funded by the USNRC, focuses on characterizing the pre-LOCA or latent
debris that is resident in a PWR containment building. Specifically, the focus of this effort is to
collect representative pre-LOCA debris from PWR containments and to characterize the dust,
dirt, and fiber that are present in the samples with respect to their physical attributes and their



hydraulic properties within mixed-debris filter beds. The PWR industry, through the
coordination of the Nuclear Energy Institute, agreed to provide samples of resident debris that
were needed to complete this characterization effort. Five PWR licensees participated in this
study. A total of five sets of samples were received at LANL for analysis, four of which were
totally characterized. The fifth sample was not characterized fully because it was dominated by
paint chips generated from pressure washing and was therefore deemed to be unrepresentative of
PWR containment debris. Material property data collected for the latent-debris samples establish
the basis for preparation of a particulate-debris surrogate that is suitable for large-scale head-loss
testing at UNM. The objective of head-loss testing is to quantify the hydraulic properties of
latent debris that are needed for the proper application of the NUREG/CR-6224 [2] debris-bed
head-loss correlation.

Previous work has focused on filter-bed materials that would be generated during a LOCA, not
on debris that is already present in the containment structure. For this project, latent debris was
collected from within PWR containment buildings and shipped to LANL for physical
characterization. This characterization included qualitative separation of “fiber” and “particle”
fractions from the remainder of the latent debris; determination of particle-size distributions;
microphotographic classification of fibers; determination of fiber diameter, density, and
morphology; determination of average particle density of the debris; and measurement of the
surface area per unit weight of the debris particles. LANL’s Geochemistry Laboratory was
enlisted for this work because the latent debris was found to contain very low levels of
radioactivity (primarily gamma-emitting activation products) and therefore had to be handled in
a radiological facility.



3 PHYSICAL CHARACTERIZATION OF LATENT-DEBRIS SAMPLES

This chapter follows the format of a self-contained laboratory report and first describes the
experimental methods used for each phase of debris physical characterization (Section 3.1)
before presenting and discussing the observations (Section 3.2). The final section of this chapter
(Section 3.3) offers guidance to direct the formulation of a suitable surrogate debris.

3.1 Experimental Protocol

Shipment of radioactive debris samples from candidate PWRs and the associated receipt and
inspection at LANL required that a simple protocol be established before work could begin in the
Geochemistry Laboratory. After the debris was collected at the plant site, its radionuclide content
was determined by gamma spectroscopy to satisfy shipping requirements. A complete gamma
spectrum of the bulk debris was provided to LANL by each participant so that a radioactive
material receipt request could be filed through established LANL Geochemistry Laboratory
procedures. The results indicate that the debris contains radionuclide quantities lower than the
acceptable limit for the total radionuclide inventory in the Geochemistry Laboratory. The
quantities of latent debris received from these five PWRs vary from grams to kilograms. The
total activity of debris samples from all five PWRs did not exceed the Radiological Category B
facility limit. In this study, the five debris samples are simply referred to as Plants A, B, C, D,
and E. The debris received from Plant E was not characterized fully because it was dominated by
paint chips and judged by comparison to be atypical of latent plant debris.

When the material was received at the Geochemistry Laboratory, it was taken first to the
laboratory count room for unpackaging, followed by gamma counting, and spectral analysis. The
gamma spectroscopic report from the nuclear plant also was included in the shipping package for
verification and material identification. The count-room personnel determined if they could
detect any radionuclides present in the debris that would preclude laboratory work in the facility
because of conflicts with other sensitive experimental programs. For the five debris samples
received, the count-room personnel concluded that the samples did not contain significant
nuclides from fuel elements (the radioactivity is generally attributable to activation products).
Alpha and beta counting was not conducted on the samples because the radioactivity in the
samples is very heterogeneous (contained in only a few particles) and because it is not possible
to prepare the samples for alpha or beta counting without incurring greater risk of contamination.

Once gamma counting was completed, the debris material was transferred into the Geochemistry
Laboratory and experimental work began. The experimental scope was as follows.

1. The debris was removed from its shipping container and transferred to Laboratory
containers.

2. The “fiber” and “particle” fractions were separated from the remaining (or “other”) debris
items.

3. The weight of fine particles attached to swiping (masolin) cloth or filter paper was
determined.



4. The fiber thickness/diameter was determined.

5. The bulk density of fibers was estimated.

6. Particle surface area and density measurements were taken.
7. Microphotographic classification of fibers was performed.

8. Scanning electron microscope (SEM)/energy-dispersive spectroscopy (EDS) methods
were used to characterize representative particulate and fiber.

The following subsections describe the procedures and analytic techniques used for each of the
above steps, respectively. Data are tabulated and observations are summarized in Section 3.2.

3.1.1 Removal of Debris from Shipping Containers

The latent debris was collected by the PWR licensees (according to site-specific procedures that
varied among the volunteer plants) and packaged for shipment. At LANL, the shipping
containers were unpacked in the Geochemistry Laboratory and the debris packages were
removed. The debris was packaged in plastic bags and plastic containers, as shown in Fig. 1.
Some sets of samples consisted of small quantities (a few grams) of debris in double-contained
baggies (e.g., Ziploc”® bags). The debris was either loose in the bags or adhered to masolin cloth,
paper “swipes,” or vacuum filters. Debris was removed from each bag and placed into small
plastic trays. Filter/swipe papers were shaken gently to remove any loose debris. Clean, wet filter
papers were used to wash the debris adhered to the bags. Next, the swipes were agitated gently in
a water bath to remove the debris. One sample consisted of six high-efficiency particulate air
(HEPA) filters, with the quantity of debris ranging from 160 to 750 g in each filter. Because of
its greater quantity, transfer of this debris to the Laboratory sample containers was performed in
a glove bag to prevent potential spilling and inhalation of the debris particles and fibers.

Initially, sample segregation was preserved exactly as the material was shipped. For later tests, it
was necessary to aggregate the subsamples provided by a single plant. For example, Plant A
provided many bags representing the debris collected from many different locations in
containment, but each bag contained less than a gram of material. Sample labels provided by the
plants were not preserved. Instead, sequential sample numbers were assigned, by volunteer plant,
as each batch was processed through the characterization procedure. The sequential numbers are
used to reference individual samples throughout this report.
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Fig. 1. Representative latent plant debris as shipped.

3.1.2 Separation of “Fiber” and “Particle” with Sieving

For debris samples from Plants A, B, and D (Samples 4 and 15), wet sieving was employed to
separate “fiber” and “particle” fractions from the remainder of the debris by using a 0.132-in.-



mesh-size sieve. Dry sieving was employed for Plants C and D (Samples 1, 2, 3, 6, 8, and 10).*
This initial gross separation of debris resulted in bins of fiber, particulate, and “other” material,
as shown in Fig. 2 (Plant A debris). Examples of “other” material include chips of plastic and
paint, foam ear plugs, wire clippings, and metal foil. In most cases, significant manual
manipulation was required to separate fibers from the imbedded particulate, and this separation
was never perfectly complete. Visible particulates remained trapped in fiber clumps and on cloth
swipes. Microphotos presented in Fig. 25 illustrate the trapping of much smaller (<10-pm
diameter) particulates as well. Some residual fiber also can be noted in some of the larger
particulate-size categories.

s Z
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“Others” including plastics, paint chips, and metal foil
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Fig. 2. Composition of debris (Plant A).

The particles having a size fraction <0.132 in. were separated further by wet sieving into four
fractions: >2 mm, 500 um to 2 mm, 75 pm to 500 um, and <75 pum. Once acceptable separation
was achieved, the water was allowed to evaporate in a hood until the samples were sufficiently
dry. Fig. 3 through Fig. 22 present representative photographs of the initial separation of debris
from each of the four PWR plants A, B, C, and D into fiber and particulate bins with size
gradations.

" Characteristics of the samples, including sample quantity and radioactivity level, determined whether dry or wet
sieving was employed to separate the “fiber” and “particle” fractions from the remainder of the debris. Sample
quantities greater than 20 g were separated using wet sieving to minimize dust entrapment of contaminated
material. Wet sieving was necessary for the Plant A samples because of the small sample quantities that adhered
to filter papers. The filter paper was “washed” to remove the material for analysis. In general, wet sieving was
found to be more effective at collecting and managing samples of all size categories.



Fig. 4. Fiber (Plant B).



Fig. 5. Particulate >2 mm (Plant A).

Fig. 6. Particulate 500 um to 2 mm (Plant A).
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Fig. 8. Particulate <75 um (Plant A).
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Fig. 9. Particulate >2 mm (Plant B).

Fig. 10. Particulate 500 um to 2 mm (Plant B).
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Fig. 11. Particulate 75 um to 500 um (Plant B).

Fig. 12. Particulate <75 pm (Plant B).
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Fig. 13. Fiber (Plant C).

Fig. 14. Fiber (Plant D).
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Fig. 15. Particulate >2 mm (Plant C).

Fig. 16. Particulate 500 pm to 2 mm (Plant C).



Fig. 17. Particulate 75 um to 500 um (Plant C).

Fig. 18. Particulate <75 um (Plant C).



Fig. 19. Particulate >2 mm (Plant D).

Fig. 20. Particulate 500 pm to 2 mm (Plant D).

17



Fig. 21. Particulate 75 um to 500 um (Plant D).

Fig. 22. Particulate <75 um (Plant D).
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The particulate matter for Plant C (Fig. 15 through Fig. 18) is lighter in color than the particulate
from Plants A, B, and D. This light-colored particulate material consists of iron, silicon,
manganese, and titanium compounds, based on SEM/EDS. These measurements are discussed in
Section 3.1.8. Fig. 23 demonstrates the separation scheme employed to segregate the latent
debris. Small or very fine particulate information (i.e., <10 pm) was obtained through analysis of
debris-collection media, as discussed in Section 3.1.3.

Latent debris (dry)

Add deionized water

Latent debris (wet)

Sieve with 0.132-in. mesh size

>(0.132 in. <0.132-in. fractions

Particles

Visual separation

. Wet sieve
Fibers Others

>2 mm 500 um to 2 mm 75 to 500 pm <75 pm

Fig. 23. Qualitative flow schematic for separation of latent debris.

3.1.3 Weight of Fine Particles Attached to Cloth and Filter Paper

At Plant D, masolin cloth was used to sweep up large debris and coarse particles. During this
sweeping process, smaller or fine particles (mostly <10 um, based on photomicrographs and
SEM photographs) attached themselves to the masolin. Fig. 24 and Fig. 25 present SEM images
of “clean” and “dirty” portions of the masolin, respectively. The SEM image of the “dirty” cloth
in Fig. 25 clearly shows attachment of the very small particles (mostly <10 pum). Similarly, at
Plants A and B, vacuums with filters were employed to collect debris. In these instances, fine
particles also are observed to be trapped in the filter, similar to the debris shown in Fig. 25. On
the filters from Plant A, very little fibrous debris remained on the filter paper. However, for Plant
B, the HEPA filters retained some fraction of fiber that could not be removed easily. Thus, for
Plant B, the estimated weight of fine particles was reduced by a small fraction to compensate for
these trapped fibers.



Fig. 25. Dirty masolin cloth (Plant D).
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The following method was employed to determine the fractions of fine particles in the debris for
Plants A and D. Because of the difficulty in removing fine particles from the cloth or filter paper,
the weight of fine particles attached to the cloth or paper was determined by experimentally
measuring the difference between clean and dirty cloth/paper weights. A portion of the clean
cloth/paper was weighed, and the weight of cloth/paper per unit area was assumed constant.
Thus, the fine-particle weight (g) in the cloth or filter paper is equal to the weight of the dirty
cloth/paper minus the weight of the same cloth/paper when it is clean. Equations (1) and (2) were
used to calculate the amount of fine particles attached to the masolin cloth or filter paper as

W(ﬁne, P — Wa—- W, (1)
and

WC = Ad/c X KC , (2)
where

Agsc = the area of dirty cloth/paper (cm?),

K. = the weight of cloth/paper per unit area (g/cm”) when the cloth/paper is clean,

Wy = the weight of dirty cloth/paper (g), and

Wisine,py = the weight of fine particles attached on cloth/paper.

An assumption inherent in the above analysis is that the bulk of the fine particles trapped in the
cloth/filter paper is <10 um. Fig. 25 qualitatively supports this assumption. To apply Egs. (1) and
(2) to determine Wisine, p), the total area of dirty cloth/paper, the weight per unit area of clean
cloth/paper, and the weight of the dirty cloth/paper were measured.

3.1.4 Determination of Fiber Thickness/Diameter

To assist with the determination of fiber thickness or diameter, several high-resolution optical
microscopic images were captured from randomly selected samples of fiber debris obtained from
different plants. Examples of these images are shown in Fig. 26, Fig. 27, and Fig. 28. Each image
encompassed a varied number of the fibers, ranging from one to seven. A spatial calibration of
the images was performed and verified against a 10-um-stage micrometer. An image-processing
routine was used to determine the edges of the fibers in each image. The routine employs a
median filter to smooth the image and then detects fiber boundaries using a compass filter. A
watershed procedure then is used to reconstruct the fiber boundaries. The thickness of each fiber
was determined as the shortest distance between two opposite edges. Each in-focus fiber was
measured once and only in-focus fibers were measured. The total number of fibers measured was
630 (Plant A: 116, Plant B: 231, and Plant C: 283). For irregular or flat fibers, the thickness was
chosen as the largest identified dimension.
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Fig. 26. Photo images of fiber (Plant A).
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Fig. 27. Photo images of fiber (Plant B).
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Fig. 28. Photo images of fiber (Plant C).
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3.1.5 Estimation of Material and Filter-Bed Fiber Density

The material density of a clump of fibers (henceforth termed “fiber mass™) can be expressed as

D (g/em’) =W(g)/V(em) (3)
where

D = the bulk density of a fiber mass,

w = the weight of the fiber mass, and

Vv = the volume of the fiber mass.

The material density of a fiber mass can be computed by measuring the weight of the fiber and
its associated volume by water displacement. The weight of a fiber mass was measured directly
using a balance. The volume of fiber mass was determined as follows.

1. Deionized water was added to a scaled cylinder and the volume of water in the cylinder
was recorded.

2. A weighed fiber mass was transferred into the cylinder, making sure that the fiber mass
was completely submerged.

3. The cylinder containing fiber mass and water was allowed to set for at least 48 hours to
ensure that the fiber mass was submerged completely and was in contact with the water
and to allow any air trapped in the fiber mass to escape. During this standing period, the
cylinder was covered with a cap of plastic film to minimize or prevent evaporation.

4. The combined volume of water and fiber mass in the scaled cylinder was recorded. The
difference of the water volume in the cylinder before and after the addition of the fiber
mass represents the volume of the fiber mass.

Representative fibrous debris samples from Plant B were tested to determine the dry and wet
fiber-bed densities. Both samples were weighed dry and then placed individually into a 500-ml
graduated cylinder. The initial dispersed volume of each sample was recorded. The sample then
was compressed by applying an axial force to a plug that just fit the inside diameter of the
graduated cylinder. The dry compressed volume of the fiber sample was recorded.

The samples then were tested to determine the wet compressed density of the fiber when
subjected to a steady flow of water. An 8-in.-long cylinder with a 0.5-in.-diameter was loaded
with the dry fiber debris. The mass of fiber required to fill the tube was recorded. Distilled water
was pumped slowly through the tube as the fiber debris material slowly compressed. The
approach velocity of the water was 0.43 ft/s. The water flow continued for about 5 min until no
additional compression of the fiber bed could be observed visually. The compressed length of the
debris then was measured.
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3.1.6 BET Surface Area and Density Measurement of Particles

The surface areas of representative samples of the debris particle size fractions were measured by
nitrogen adsorption methods. The nitrogen adsorption Brunauer-Emmett-Teller (BET)
instrumentation is shown in Fig. 29. The particle samples were dried, weighed, and then loaded
into a glass sample cell for measuring. The samples were loaded inside a hood to prevent spilling
and inhalation. The nitrogen adsorption BET surface area was measured using a Quantachrone
Nova 1200 instrument. This technique also provided estimates of volume and, thus, estimates of
the particulate-sample densities. Nitrogen adsorption is sensitive to submicron-sized pores within
a soil sample. It is not clear that water flow in a composite debris bed is affected by such small-
scale features of the particulate; therefore, the surface areas determined by this method are not
identical to the specific surface area (SSA) needed for application of the NUREG/CR-6224 [2]
head-loss correlation. To avoid confusion, internal surface area determined by nitrogen
adsorption will be referred to as BET surface area in units of m%/g, and the parameter needed
directly for head-loss applications will be referred to as the hydraulic SSA, S,, in units of ft*/ft’.

Fig. 29. Nitrogen adsorption BET instrumentation.

3.1.7 Microphotographic Classification of Fibers

Fibrous debris varied in size and quantity for each sample. A metallurgical microscope, shown in
Fig. 30, with a 20X objective lens was used to identify the size/shape of the fibrous debris
separated from the above procedures. Each sample was loaded onto a microscope slide using
glue.
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Fig. 30. Metallurgical microscope.

3.1.8 Scanning Electron Microscope/Energy-Dispersive Spectroscopy

Fiber and particle subsamples that either appeared to be very representative or were of special
interest because of an unusual characteristic (e.g., shape and color) were selected for SEM/EDS
characterization to show the surface topography and to qualitatively determine elemental
composition. This equipment is shown in Fig. 31.

Fig. 31. SEM/EDS instrumentation.
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3.2 Characterization Results and Discussion

As presented in the previous section, a variety of analytic techniques was used to characterize the
physical attributes of latent debris. The principal results of these methods are now discussed in
several subsections, including composition of debris (Section 3.2.1), classification of fibers
(Section 3.2.2), fiber density and diameter measurements (Section 3.2.3), BET surface area and
particulate density measurements (Section 3.2.4), and characteristics of pores in latent-debris
particulates (Section 3.2.5). Note that these sections do not correspond identically with the eight
previous subsections that presented the analytic methods because the results from several
methods have been combined.

3.2.1 Composition of Debris

Debris samples from four PWRs, namely Plants A, B, C, and D, were fully characterized through
all processes described above. The quantities of debris received from each of these four plants
were significantly different, varying from <10 g to several thousand grams. In general, the debris
consisted of three major fractions, as illustrated in Fig. 2 (i.e., fiber, particulate, and other flakes,
pieces, and objects that may be less transportable).

Table 1 summarizes the debris-collection method employed at each plant, the typical locations at
which debris was collected, and the time during the plant operational cycle that the debris was
collected. The debris-collection method has a large influence on the overall quantity of
particulate collected, as well as on the size of the particles collected. The masolin sweep and
vacuuming collection process employed at Plants A, B, and D yielded much larger fractions of
fine particulate compared with the scraping technique used at Plant C.

Table 1. Latent-Debris Collection Process at Plants A, B, C, and D
Plant Collection Method Collection Locations Collection Time
A | 5-gal. vacuum with a 2-in., in- | Cable trays, floor, top of After plant was cleaned
line filter (unspecified electrical panels, top of duct | before returning to
commercial filter) operation
B | Vacuum with HEPA filter Refueling floor As part of the

containment cleanup at
end of outage

C | Gentle scraping with a metal | Floor, top of junction box, After plant was cleaned
scraper under stairs, on snubber before returning to
support, cable tray operation
D | Masolin sweep of floor areas | Top of duct, stairwell, floor, | After plant was cleaned
steam line, pipe restraint before returning to
operation

Determining the composition of debris started with the initial separation of debris into fibers,
particles, and remaining debris (i.e., “other”). As discussed in Section 3.1.2, initial separation of
debris employed either wet or dry sieves. The weight percentage of each size fraction of every
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sample is different, depending on where and how the sample was collected. Table 2 lists the
initial separation results of debris from the four plants. Note that masses of individual samples
from Plant A and Plant C were combined into respective totals to estimate the bulk mass fraction
of each debris category. Subsamples from Plants B and D were individually large enough to be
considered as replicate estimates of mass fraction for each debris category.

At times, separation was difficult because very small particles adhered to clumps of fiber and
were nearly impossible to separate completely. The trapping of small particulate on the fibrous
debris can be seen clearly in the SEM photograph of fibers from Plant A (Fig. 32 and Fig. 33).
Similarly, some shorter fibers are retained in the particulate fraction and cannot be removed. This
observation is confirmed by the SEM photograph of particulate fines (<75 um) from Plant A
(Fig. 37).

The quantity of debris in the individual debris samples from Plant A was determined to be
insufficient to conduct further characterization tests. However, for each of the samples from
Plant A, a small vacuum filter was included that enabled an estimate to be made of the quantity
of fine particulate (i.e., <10 um). To enable further characterization testing, all of the individual
debris samples were combined to represent Plant A.

In contrast to Plant A, the quantities of debris in each sample from Plant B were large enough to
allow further characterization on an individual basis. Analysis of the HEPA filters included with
the Plant-B debris, according to Section 3.1.3 protocol, enabled a rough estimate of the quantity
of fine particulate to be made.

Similar to Plant A, the quantity of debris in the individual debris samples from Plant C was
insufficient to conduct further characterization tests for all samples. However, the character of
each sample from Plant C seemed quite different when compared with Plants A and B. As noted
previously, the particulate in the Plant-C debris was light colored, suggesting a significant
presence of titanium and manganese oxides. The collection technique of scraping employed at
Plant C precluded an estimate of the fine particulate (i.e., that are <75 pum).

The debris received for Plant D was sufficient to allow characterization individually for each of
the eight samples provided. For samples D6, D8, D10, and D15, the masolin cloth used to sweep
floor debris was included with the sample. Analysis of the masolin cloth (see Section 3.1.3, Fig.
24 and Fig. 25) allowed a better estimate of the amount of fine particulate in the debris sample.
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Table 2. Weight Fraction of Latent Debris from Plants A, B, C, and D

NA = insufficient material to weigh or not present in sample.
Nonsequential sample numbers provided by Plant D were preserved for convenient cross reference. Sample numbers D5, D7, D9, and D11-D14 were not
provided.

Plant A Plant B Plant C Plant D®
Weight (g) Weight () Weight (g) Weight (g)
ID P* F° o’ ID P F o) ID P F 0 ID P F 0
Al 0.32 0.02 0.02 BI 214 20 41 Cl 4.42 0.05 0.66 D1 2.51 0.47 0.13
A2 0.45 0.06 0.12 B2 369 64 59 C2 NA? 0.30 NA D2 0.29 NA NA
A3 0.06 0.07 NA B3 390 37 82 C3 0.77 <0.01 1.90 D3 12.45 0.28 1.00
A4 1.18 0.41 0.04 B4 592 47 53 C4 0.23 NA 0.13 D4 34.34 2.20 | 32.73
A5 0.15 NA 0.24 B5 792 34 255 C5 1.23 0.02 1.90 D6 5.56 0.10 4.85
A6 0.54 0.02 0.18 B6 122 50 121 Co6 0.16 0.04 0.37 D8 9.15 0.09 3.47
A7 0.24 NA 0.06 Weight (wt %) C7 4.20 0.35 7.59 D10 11.98 0.74 2.85
A8 0.05 0.01 NA BI 78 7 15 C8 3.76 NA 0.19 D15 74.92 7.00 | 66.90
A9 0.76 0.21 0.12 B2 75 13 12 Weight (wt %)
A10 0.38 0.11 0.07 B3 77 7 16 D1 80.58 15.17 4.25
All 0.23 0.01 0.39 B4 85 7 8 D2 100.00 0.00 0.00
Al2 0.2 NA NA B5 73 3 24 D3 90.64 2.06 7.30
Al3 0.1 0.08 NA B6 42 17 41 D4 49.57 3.18 | 47.25
Al4 0.4 0.04 0.01 D6 52.87 0.98 | 46.16
Total 5.42 1.04 1.25 Total | 13.77 0.76 | 12.74 D8 71.96 0.73 | 27.32
Weight (wt %) Weight (wt %) D10 76.91 477 | 18.32
A 70 13 16 C 50.50 2.79 | 46.72 D15 50.34 470 | 44.95
* P = particles.
® F = fibers.
Z O = others.
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Fig. 33. SEM image of Plant-A fibers at 10 pm.
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Fig. 34 summarizes the results of the initial separation of debris for Plants A, B, C, and D. In Fig.
34, the six individual samples from Plant B and eight individual samples from Plant D are
shown, whe