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Abstract

A series of controlled experiments were conducted to obtain head loss and filtration characteristics of debris
beds formed of NUKON™ fibrous fragments, and obtain data to validate the semi-theoretical head loss model
developed in NUREG/CR-6224. A thermally insulated closed-loup test set-up was used to conduct
experiments using beds formed of fibers only and fibers intermixed with particulate debris. A total of three
particulate mixes were used to simulate the particulate debris. The head loss data were obtained for
theoretical fiber bed thicknesses of 0.125” to 4.0”; approach velocities of 0.15 to 1.5 ft/s; temperatures of 75°F
and 125°F; and sludge-to-fiber nominal concentration ratios of 0 to 60. Concentration measurements obtained
during the first flushing cycle were used to estimate the filtration efficiencies of the debris beds. For test
conditions where the beds are fairly uniform, the head loss data were predictable within an acceptable
accuracy range by the semi-theoretival model. The model was equally applicable for both pure fiber beds and
the mixed beds. Typically the model over-predicted the head losses for very thin beds and for thin beds at
high sludge-to-fiber mass ratios. This is attributable to the non-uniformity of such debris beds. In this range
the correlation can be interpreted to provide upper bound estimates of head loss.

” NUREG/CR-6367



Table of Contents

Abstract
I(lf ll of Contents

List of Figures

List of Tables

Acknowledgements

Introduction
i3 Background and Program Overview
1.2 Program Objectives and Report Outline

References for Section 1

Insights Gained from Previous Studies
2.1 LOCA Related BWR Suction Strainer Bloc kage Phenomena
2.2 Review of Head Loss Studies for Pure Fiber Beds
2.2.1 Findings of the xperimental Studies
2.2.2 l'h-\rin; ment of a Serni-Theoretical Head Loss Equation
Eftect of Sludge Filtration on the [ lead Loss
.

3.1 Findings of the Experimental Studies
2.2 Dey elopment of a Semi-Theoretical Head Loss Equation

~

)

References for Secticn

Test Facility Description
3.1 Test '1,0'0;‘
3.1.1 Design Considerations
3.1.2 Test Loop Description
Test Strainer
Controls and Instrumentation
DP Across Strainer
3.3 Loop Water Temperature

3.3.1 | 00} Flow
3 9
3.34 Loop Sludge Concentration

References for Section 3

Development of | xperimental Procedures
a.l selection of Approach Velocities
4.1.1 Selection of Approach Velocity Range for | Xxperimentation
4.1.2 Selection of Approach Velocity at Bed Formation
Selection of Method of Debris Introduction
Selection of Debris Size for | xperimentation
3.1 Insulation Debris
3.2 Sludge
3.3 Paint Chips

4 Selection of Temperature for Experimentation

4
45 Selection of Loop Sludge-to-Fiber Mass Ratios

References for Section 4

NUREG /CR-6367




50 Head Loss Test Results and Analysis . ... ... .. ... ... ... it ity 5-1

55 - Baporianantbnl PRI '« ¢ 5o« 5 w9 F o b e A d e R GOk e s & ek e 5-1

5.1.1 Procedure for Insulation Debris Generation .. ................................ 5-1

5.1.2 Procedures for Debns Preparation .. ............. ... o0 i, 5-1

513 Procedure for Flead Loss TeSHNG . . . . «. .. ovo i vcvinioicniinrinr susiomanns s 5-3

514 Procedure for Analyziag Water Samples .. .......... ... ........ ... ... ... ..... 5-3

B R IO & 5 w002 5 e e 0w A 60 58 0 o o 05 W o A 9 Y R 5-4

SAL- PN PBE IO, - coad i et R d AR FE A Kb rE e h S D e At & 5-4

$22 Mined Bedls .. .......c0 cuiimmniauirormarrasraiencasnsnehansousannies 5-9

53 Measurement Uncertainties and Repeatability . .................. ... ... .......... 5-9

54 Analysis and DISCUSSIONS . . . . .. ... 0ttt e e 5-17

54.1 Data Analysis forPure FiberBeds m=0) ...............civiviiiuisnninnns 5-17

54.2 Data Analysis for Mixed Beds (045 <m <27) ... ... .. . . i, 5-21

55 - Application 40 NURBG /TR <« . . 2 v vouninarasasoaioinssssndosagsaehsssusds 3-23

References for Section 5 . . . . . ... ..ot e e e 5-29

6.0  Filtration Efficiency Test Results and Analysis . .. .............. ... ... . .. .. .iiueinn.. 6-1

B iR TRORBIIN |« v ¢ e cn b v s s e 0 e S e N 6-1

62 Darivation of FPiltration BHiCency . .. «ccionociviioniasisamsnisssmsoerisssssans s 6-2

References for SECtioN 6 . . . . . ... . ... . i e 6-8

70 Summaryand Significant FIndings . . ... ... co0 i iiiininiris i iiis i assiasary s 7-1

Appendix A Insumnant Colbuabiens SIS . . v vucisavcan s bussaad s r T a Es s s A-i

Appendix B Simulated BWR Sludge Characterization . ..................cooiuiiniiininnns B-1
NUREG /CR-6367

vi



List of Figures

tor Pure NUKON Fiber Bed
Fron asses 3 and 4 to Large Pieces

ting Head Correl s tor Mixed Beds Formed UKON

i

Used in Blockage with NUKONT™ Data
ompariso lation with the PP&]L | xperimental Data
Head Lo
Planview
Bench Tes 1 ted by ARL to Bench Mark the Co

Sludge Onl M [ests ed to Quantity Uncertainties in Concentration

ncentration Measu

suremes

Ve tor a I\’." al ur iber Bed Forr

a med
Velocity at Bed Formation on th

the Head Loss
1, E02, and E03
{

t Method of Debris Introduction or Loss. Results of Tests ¥

YA
“

tative dSan ple ot Shredded NUKON™ Fibrous Debris Kemnels

presentative Sample of Shredded NUKON™ Fibrous Debri

|

tative Sample of Shredded NUKON™ Fibrous Debris

ttect of Water Temperature on Head Loss Across a Debris Bed
xploratory Tests E1, E1R, E13, E14, E20, E25 and F26

Typical Transient Head Loss for Pure Fiber Bed Measurements for Test P-04
Scanning Electron Mi rograph of a Clean Fiber Bed
Experimental Data for Pure Fiber Beds Generated fr ym ARL Tests

Head Loss vs Time "I\['Y A f‘hvld;'t 500

OO
['ypical Cake for Test with Low Sludge-to-Fiber Ratio

Head Loss vs. Time (Type A Sludge

Scanning Electron Mi rograph of a Mixed Bed
I'ypical Damaged Cake
Experimental Head Loss Data for Selected Bed Thic knesses and Approach
Velocities vs. Sludge-to-Fiber Mass Ratio
| ata Repeatability

f Predi

Undamaged

BLOCKAGE Head Loss Correlation (Equat

A

ndamaged and I Jan aged .\L‘t'f Beds
wop Water (
impling Ports ated at T and Bottom of the Straine:

1 - { | 4 s . 1
umulativ vd 1 hrough Filtration Efficiency

Debris Bed




4-1.
4-2.
4-3.
5-1.
5-2.
5-3.
54.

5-6.

5-7.

5-5.

List of Tables

Page
ERPRORICIEY TONE DRRBEIN . . . o = v v v ov o o i nin i s A ke 56 bk { e e e b e e p s e s e ek § e 42
BWROG-Provided Size Distribution of the Suppression Pool Sludge . . .. ... ... ... ... ...... 47
Iron Oxide Particles Supplied by Hansen Engineering, Inc. . .. ............................ 4-11
o k3 R e e O e e R 5-2
Experimental Head Loss Data for Pure NUKON™ Fiber Beds . ............................ 5-7
Experimental Head Loss Data for NUKON™ Based Mixed Beds . . ... ..... .................. 5-8
Companson Between Model Predictions and Test Data for 2" Nominal Thickness
D e e e e o o L o e B et o S0 e RSN e e e e e A 5-24
Comparison Between Model Predictions and Test Data for 1" Neminal Thickness
B e R s A2 hi s T A U B s s RS e e e L e vt e ka Tt 1 RN 5-25
Comparnison Between Model Predictions and Test Data 0.5" Nominal Thickness
B e e ey e 5-26
Comparison Between Model Predictions and Test Data for 0.25" Theoretical
DO TIUCIIMIIE . ;¢ os v o virac i s mE e e A aa s an e s a6 R e a4 el o e A LN 5-27

NUREG /CR-6367 viii



Acknowledgements

ANt CoOr

complete
\agemer upport « the > v LI > F: I Michael

sk Manager for this effort. He pr
experiments, and performed an in-de pth review

rovided significant technical insights and review of experimenta

Prahlad Murthy, Mahadevan Padmanabhan, Frank Weber and ( eorge Hecker of Alden Research Laborator
In ARL) were instrumental in designing the experiment |

| apparatus, defining the experiments an
nducting the experunents described and analvzed in ort

Head Loss of Fibrous NUKON™ Insulatior

A

Iheir work is documented in the ARI

SEA, Gilbert Zigl viding technical

[\‘)'tf’!'f with L!."t al F‘Qw_' review
Rettig was res

Other organizatior hos rt ntributed to this study include the BWR Owners Group | tior
Strainer Commuittee New Mexico. Rocky Sgarro was the chairman of the BWROG ECCS

ch provided estimates of the size distribution of the sludge particles present ir

|

ivo Kodas of the Universitv o ‘ X1CO performed the sludge simulant size

tron mucro Cope




1.0 Introduction

1.1 Background and Program
Overview

A loss of coolant accident (LOCA) in a boiling water
reactor (BWR) would generate debris from various
sources located within the d-well and would
transport a fraction of these debris to the
suppression pool. Examples of these debris include
fibrous or non-fibrous insulation fragments, paint
chips and ablated concrete dust. Additional
quantities of debris are contained in the suppression
pool prior to the LOCA. Examples of such debris
include air-filters and suppression pool sludge
consisting mostly of iron oxide particles. After a
LOCA, all the debris reaching the suppression pool
would become intermixed with the pool water and
be carried by the wate: flow to the suction strainers
of the emergency core cooling system (ECCS)
pumps. A fraction of the debris reaching the
strainers would be trapped, forming a debris cake or
bed on the strainer surface. Formation of such a
debris bed introduces head losses that may exceed
the available net positive suction head (NPSH)
margin ieading to loss of ECCS pumps.

In 1979, the NRC established USI A-43, “Contain-
ment Emergency Sump Performance,” to study
safety issues related to the ability of both
pressurized water reactors (PWRs) and BWRs to
recirculate water back to the reactor core following a
postulated LOCA. NUREG-0897, Revision 1,
“Containment Emergency Sump Performance,” [Ref.
1.1] contained technical findings related to USI A-43,
including experimental data obtained from NRC-
sponsored experiments that studied head loss
characteristics of the fibrous debris beds. Based on
these experiments, a set of correlations were
developed for mineral wool, high density fiberglass,
and low density fiberglass (e.g.,, NUKON™).

Following the Barseback-2 and Perry events, several
investigations were carried out both in the U.S. and
Europe to study head loss acioss beds formed of
insulation fragments. These studies led to the
conclusion that the using of NUREG-0897 might
underestimate the potential for BWR ECCS strainer
blockage because (a) the correlations were
developed based on experimental data obtained for
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relatively larger fibrous shreds compared to the
debris that are likely to reach the strainers following
a LOCA, and (b) the correlations do not account for
increase in head loss due to filtration of particulate
debris carried to the strainer by the pool water.

In September 1993, the NRC initiated analyses to
evaluate ECCS strainer blockage potential for BWRs
to the same detail as was previously done for PWRs.
The study selected a BWR/4, insulated primarily
with NUKON™ insulation, and undertook a
thorough review of various head loss models
available for predicting head loss across beds
formed of NUKON™ fragments. The review
concluded that there was no general consensus
regarding a head loss model or the type and size
distribution of the debris likely to reach the strainer
following a LOCA that could be used for the
reference plant analysis. In response to the need for
an applicable head loss model, a semi-theoretical
head loss equation was developed. This equation
was based primarily on the insights gained from the
general field of flow through fibrous medias but
was validated with limited experimental data
reported for NUKON™, The head loss model was
incorporated into the parametric computer code
BLOCKAGE, which was used for estimating
potential for loss of NPSH at the reference plant
following a LOCA. The model assumed that all the
debris reachung the strainer, including the
particulate debris, would be trapped in the strainer
surface forming a porous debris layer. The results
of these initial analyses were documented in
NUREG/CR-6224 [Ref. 1.2].

Because the assumptions regarding the head loss
model and the filtration efficiency play a vital role
in estimating the potential for loss of NPSH,
additional experiments were carried out to validate
these assumptions. These experiments, termed as
head loss tests, were concducted to obtain the
experimental data related to head loss and filtration
characteristics of the mixed beds formed on the
strainer surface. These experiments were conducted
at the Alden Research Laboratory, Inc. (ARL). The
experimental data obtained from these experiments
were analyzed and used to validate the head loss
correlation developed in NUREG /CR-6224, and to
develop a more appropriate filtration model.

NUREG/CR-6367



Introduction

1.2 Program Objectives and Report
Outline

The head loss tests were designed and conducted to
yield data and insights in the following specific
areas:

- & Effect of fibrous debris class (classes 3&4
versus 5&6) on the head loss across the debris
cake.

& The once-through efficiencies of the fibrous
beds to filter /trap micron range sludge
particles.

3. The deposition morphology of the debris
cake.

4 Head loss across the cake as a function of
types and particle size distributions of the bed
constituents.

5. The effect of water temperature on the head
loss.

The experimental data were used to:

1. Develop a filtration model that was integrated
into BLOCKAGE to estimate the fraction of
each type of debris that would be filtered at
the strainer surface to form the debris bed.

2. Validate/modify the semi-theoretical head

loss equation for applicati. 2 with mixed beds
formed of low density fiberglass fragments

NUREG/CR-6367
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and suppression pool particulates.

The primary focus was to obtain the required
experimental data and derive the models that were
specifically applicable to the reference plant; i.e., the
experiments and the test matrices were designed to
obtain the data primarily for debris beds formed of
NUKON™ fragments and simulants of commonly
found suppression pool sludge and paint-chips. In
contrast, the models were developed in a
generalized form, and are applicable to other plants.

Insights drawn from previous studies were
effectively used to identify the various phenomena
considered in this study. These insights are
summarized in Section 2, which also describes the
development of a semi-theoretical head lc-s
equation discussed above. Section 3 presents a
description of the test set-up, including scaling
issues, instrumentation and controls, and associated
measurement uncertainties. The experiments were
conducted in two phases: (a) exploratory tests, and
(b) parametric tests. The data from the exploratory
tests was used to develop the test procedures, select
material size distribution and finalize the parameter
range. These tests and their results are summarized
in Section 4. Section 5 presents the experimental
head loss data, including a comparison to the semi-
theoretical model predictions. Section 6 presents the
filtration data obtained from the tests and the
development of an “approximate” filtration model
for integration into BLOCKAGE. Significant
findings of the study, along with recommendations
for future studies, are summarized in Section 7.
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2.0 Insights Gained from Previous Studies

This section provides a brief description of the key
post-LOCA suppression pool phenomena for
strainer blockage analyses, followed by various
experimental approaches used to simulate these
phenomena. Considerable experimentation to study
the head loss, resulting from debris buildup on
ECCS suction strainers, was carried out as part of
the USI A-43 study and following the Barseback-2
and Perry events. These experiments provided
valuable insights into the significant roles played by
selection of debris, experimental set-up design, and
experimental procedures. These insights are
discussed below.

2.1 LOCA Related BWR Suction
Strainer Blockage Phenomena

Due to major differences between various U S.
BWRs (e.g., types of insulation and containment
layout), it was not practical to identify and study all
the phenomena of importance to the reliable
operation of BWR ECCS. As a result, this study
focused primarily on those conditions and materials
that were specifically applicable to the reference
plant, a BWR-4/Mark | containment. In the
following discussions, it is assumed that the reader
1s familiar with the LOCA progression scenario and
suppression pool phenomenology discussed in
Appendix B of NUREG /CR-6224 [Ref. 2.1).

A postulated primary system pipe break located in
the drywell generates fibrous insulation debris due
to a combination of blast overload forces and jet
impingement forces. The generated debris vary in
size from individual fibers (or fines) to partially
destroved blankets. The actual size distribution of
the debris depend strongly on the type of insulation,
duration of exposure to high temperature and
radiation (i.e., it's age), mode of encapsulation and
distance from the break. These debris are generated
at the break location from where a fraction of them
would be transported to the suppression pool by the
vapor flows during the blowdown phase, followed
by water flows during the washdown phase.
However, it is likely that larger shreds may not be
transported to the suppression pool, and the debris
reaching the pool would iikely consist of shape (or
size) classes 1 through 7 of Figure 2-1. These shape
classes were developed based on engineering
judgement and limited experiments' data [Ref. 2.1].
Moreover, some of these shreds would be further
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disintegrated by suppression pool hydrodynamics
during the high energy phase [Ref. 2.2]. The type of
debris that finally approach the strainer after being
subjected to various destruction forces would likely
consist of a mixture of classes 1, 2, 3 and 4.

In addition to the fibrous insulation debris, a
sizeable quantity of particulate debris may be
generated in the drywell from break jet interaction
with the drywell structures and non-fibrous
insulation [Ref. 2.3]. Examples of such debris
include paint-chips and concrete dust. A fraction of
these debris would also be transported to the
suppression pool along with the fibrous insulation
debris. Additional quantities of particulate debris
are known to be present in the suppression pool.
These particulate debris, referred to as suppression
pool sludge, consist primarily of rust and dust
particles. Typically, these particles would be a few
microns in size and would most likely be contained
at the bottom of the suppression pool pior to a
LOCA [Ref. 2.4]. However, as evident from the
referenced suppression pool tests, the sludge
particles would be resuspended by the high
intensity turbulence associated with the suppression
pool hydrodynamics during the high energy phase
following a LOCA [Ref. 2.2].

Therefore, at the end of the high energy phase, the
suppression pool water would be uniformly mixed
with classes 1, 2, 3 and 4 fibers and the particulate
debris (sludge particles, concrete dust, etc.). For the
reference plant, the average concentration of the
fibrous debris in the suppression pool water was
estimated to be between 6.6E-05 to 1.2E-03 Ibm/ft*
depending on the break size [Ref. 2.1). Estimates of
sludge concentration were between 2.5E-03 to 0.017
Ibm/t’ resulting in sludge-to-fiber concentration
ratios ranging from 2 to 250.

This mixture of particulate and fibrous debris would
be carried to the suction strainers by the water flow.
Based on insights gained from previous studies,
almost all of the fibrous debris reaching the
suppression pool would be trapped on the strainer
surface to form a debris layer that is compressible
under the influence of the differential pressure. The
thickness of the fibrous bed increases steadily with
time as more debris are brought to the suction
strainers until the pool is finally cleared of the
debris. Based on BLOCKAGE calculations, such a
state could be reached within the first few flushing

NUREG /CR-6367
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2 Strainer
2 Description Settling Characteristics e Filtration
o Efficiency
Very small pieces of fiberglass material, | Drag equations for cylinders are well 1-3.5 mm/s Unknown
1 "micrescopic” fines which appear to be | known, should be able to calculate fall | Based on Cal. for
cylinders of varying L/D. velocity of a tumbling cylinder in still 0.5 - 2.54 cm long fibers
water.
Single flexible strand of fiberglass, Difficult to calculate drag forces due to | Same as above Nearly 1.0
2 essentially acts as a suspended strand. | changing orientation of flexible strand.
’ E Multiple attached or interwoven strands | This category is suggested since this | 0.04 f/s - 0.06 ft/s 1.0 (measured)
that exhibit considerable flexibility and | class of fibrous debris would likely be | {measured)
R which due to random orientations most susceptibie to re-entrainment in
3 induced by turbulence drag could result | the recirculation phase if turbulence
& in low fall velocities. and/or wave velocity interaction
becomes significant.
Formation of fibers inte clusters which | This category might be represented by | 0.08 - 0.13 ft/s 1.0 (measured)
4 have more rigidity and which react to the smallest debris size characterized | {measured)
drag forces more as a semi-rigid body. | by PCls air blast experiments.
Clumps of fibrous debris which have This category was characterized by the | 0.13-0.18 fs 1.0 (measured)
5 been noted to sink. Generated by PCI air test experiments as comprising | (measured)
different methods by various the largest two sizes in a three size
experimenters. distribution.
Larger clumps of fibers. Forms an Few of the pieces generated in PCl air | 0.16 - 0.19 ft/s 1.0 (measured)
6 intermediate between Classes 5 and 7. | blast tests consisted of these debris {measured)
types.
Precut pieces (i.e. .25" by .25") to Dry form geometry known, will ingest 0.25 ft/s 1.0 (estimated)
simulate smail debris. Other water, should be able to scope fail {calculated)

manual/mechanicai methods to
produce test debris.

velocities in stili water assuming
various geometries.

Figure 2-1. Fibrous Debris Classification
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cycles, if it is assumed that ECCS pumps were not
lost due to loss of NPSH. For the reference plant,
the estimates of fiber bed theoretical thickness’, AL,
varied between 0.5 to 8 inches, assuming a strainer
surface area of 37.62 ft; the actual thickness may be
considerably lower due to compression of the cake.

One of the deleterious effects of fibrous debris bed
buiid-up is the ability of the bed to filter out
particulate debris. During the initial stages when
the fiber beds are very thin, only a small fraction of
particulate mass would be filtered by ti.e debris bed
and a majority of particulates would penetrate the
strainer and enter the reactor systems (1.e., ECCS
pumps, pipes and reactor vessel). A fraction of the
particulate mass entering the reactor systems would
be deposited. The remaining fraction would reenter
the pool and become available for transport to the
strainer. This trend changes with time as the debris
bed thickness increases. At higher thicknesses much
higher fractions of the particulate debris will be
filtered by the bed. Depending on the size
distribution of the particulate debris, a filtration
efficiency of 1.0 could be reached at higher bed
thicknesses.

Due to a combination of debris bed buildup and
filtration of particulates by these beds, the pressure
drop across the strainer increases steadily with time.
Estimation of head loss as a function of time
requires: (1) a once-through filtration model that
estimates the fraction of each debris species that
would be trapped on the strainer surface as a
function of the debris bed thickness and the
approach velocity, and (2) a model that estimates
the head loss as a function of the types and
quantities of debris making up the cake.

2.2 Review of Head Loss Studies
for Pure Fiber Beds

2.2.1 Findings of the Experimental Studies

As part of USI A-43 study, a series of tests were
conducted under NRC sponsorship to measure head

"Theoretical thickness, AL, also termed as nominal thickness,
refers to thickness of the debris layer calculated from the debns
mass, m,, using ‘as-manufactured ' packed or packing density of
the insulation, ¢; AL, = m,/c A, where A_ is the cross-sectional
area of the strainer

Insights Gained from Previous Studies

loss for the various fibrous insulation materials most
commonly used in PWRs: (1) mineral wool (also
referred to as rockwool), (2) high density fiberglass,
and (3) NUKON™ [Refs. 2.5 and 2.6]. For all these
materials, head los: was measured as a furction of
screen approach velocity and theoretical thickness
for both the “as-fabricated” blankets (without scrims
or other blanket covers) and for insulation shreds of
various sizes. The insulation manufacturers
provided the insulation blankets in their original
form (prior to aging) for testing. The blankets were
used “as-is” for head loss measurements for as-
fabricated mats; the blankets were manually
shredded into small pieces, ranging in size from 1”
x 0.5 x 0.125” to 3" x 2” x 0.125", for head loss
measurement for shreds. Best fit expressions

obtained from these experiments are reported in
NUREG-0897 [Ref. 2.5] as:

AH=123U '*Y(AL )"

(2-1)
for Mineral Wool (c=6.2 Ibm/ft*)
AH=1653U "™(AL )'* (2-2)
for High-Density Fiber Glass (¢c=10 Ibm/t”)
Al = 179 107

for NUKON™ (c=2.4 Ibm/ft?)

where,

U is the strainer approach velocity (ft/s)
AL, is the theoretical debris thickness (ft)
AH  is the head loss (ft-water)

c is the as fabricated packed density.

Correlations are highly material specific. Attempts
have been made by several investigators, with
limited success, to eliminate this dependence on the
materials through the use of mass spread instead of
theoretical thickness [Ref. 2.7].

The major drawback of these equations is that they
are based on experimental data obtained for non-
uniform beds formed by relatively large shreds of
insulation that resemble size class 7 of Figure 2-1.
Typical shreds of insulation generated by break jet
impingement on the aged fibrous insulation are
much finer, as demonstrated by the Heissdamp-
freaktor (HDR) tests [Ref. 2.5], than the shreds used
in the experiments reviewed above. Accumulation
of such fine shreds on the strainer followed by

NUREG/CR-6367



Insights Gained from Previous Studies

compression, resulted in formation of much denser
beds and thus, higher head losses. Such higher
head losses were initially reported by Kermkraft-
werk (KKL) after conducting expeniments using
mineral wool that was aged up to 20 years [Ref. 2.8].
In these KKL experiments, aged mineral wool was
stirred in water to simulate the effect of steam jet
and subsequent suppression pool turbulence. The
fibrous material was then transferred to a small flat-
plate strainer section via circulating water flows,
where it formed a uniform layer. The experiment
was started at high velocities to allow for bed
compaction before head losses were measured.
Measured head loss was correlatea using the
equation [Ref. 2.8]:

AH=318U" (AL )'" (2-4)

It can be easily shown that Equation 2-4 results are
approximately 2 to 3 times higher than those of
Equation 2-1. As mentioned above, this increase can
be attributed to smaller size debris used in the KKL
experiments compared to the previous NRC experi-
ments. Similarly, larger head losses compared to
Equation 2-1 were also reported for mineral wool by
several European investigators [Ref. 2.9].

™

Since USI A-43 was completed, most of the head
loss data for fibrous beds in the U.S. was obtained
for NUKON™ [Refs 2.10, 2.11, and 2.12], and a
limited amount of test data were reported for
Thermal-Wrap®. a fiberglass insulation, which
possesses a theoretical density close to that of
NUKON™ [Ref 2.13]. Initially, the NUKON™ head
loss tests were conducted at ARL [Refs 2.10 and
2.11]. In these tests, finer debris were generated
from aged insulation blanket by either manual
means or by air jet (blast) impingement. These finer
debris, typically 0.25” x 0.25” x 0.125” in size, were
used to simulate LOCA debris and corresponding
head loss was measured from a closed loop
experimental set-up. Empirical correlations were
developed based on the experimental data from
these tests:

AH=173U"™(AL )'*
for NUKON™ -- Air-Blast Debris [Ref. 2.10)

AH=410U "“(AL )"
for NUKON™ -- Manual Shreds [Ref. 2.11)
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Another series of head loss tests were conducted at
ARL [Ref. 2.12] using NUKON™ insulation
fragments. These tests employed an open loop
equipped with a small scale semi-conical strainer
(surface area of 2.7 ft*) and a mixing tank (volume
of 240 ft') to simulate the BWR suppression pocl.
Reference 2.12 provides a detailed description of the
test facility and procedures. The debris used in half
of these tests were classified as ‘fibers’ that were
described to be loose clusters of individual fibers,
about 0.13 Ibm/ft’ in density. The other half of the
tests were conducted using ‘shreds’, which were
described as consolidated fibers that retained some
of the original strength of the fiber bed. Based on
these experiments, the following correlations were

developed:

AH=T7.4U'%(AL )°¥
for NUKON™--'fibers’ [Ref. 2.12]

(2-7)

AH =841 1 ‘J(ALO)O‘“
for NUKON™ -- "shreds’ [Ref. 2.12]

(2-8)

The various correlations proposed for debris beds
formed of pure NUKON™ fragments (i.e, Egns. 2-3,
2-5, 26, 2-7 and 2-8) are plotted in Figure 2-2. As
evident from this figure, considerable scatter exists
in the head loss predictions by different correlations,
which raises questions related to their adaptability
to estimate BWR strainer blockage potential.

Careful examination of the experimental data would
reveal that scattering can be attributed to:

1€ shape classes of the Georis

' . In general, beds
formed of finer debris resulted in larger
pressure drops, possibly because of formation
of relatively uniform and compact beds. The
experiments conducted as part of USI A-43
study generally used larger shreds that
resembled shape classes 6 and 7 of Figure 2-1,
and resulted in lowest of the measured
pressure drops. As a result, Equation 2-3
provides the lowest pressure drop predictions
for any given combinations of flow velocity
and bed thickness. On the other hand,
Equations 2-6 and 2-7 were developed basr:
on the head loss data obtained using debris
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Figure 2-2. Comparison of Existing Head Loss Correlations for Pure NUKON™ Fiber Beds. Shred Sizes Varied
From Classes 3 and 4 to Large Pieces.
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Insights Gained from Previous Studies

that were closer to classes 3&4°, which may
explain the larger pressure drop predictions
provided by these equations. The other
debris, which were intermediate in size,
provided head losses higher than Equation 2-
1, but lower than Equations 2-6 and 2-7.

*  Method of correlating the data. Empirical

forms, such as:

AH = A U® (AL ) (2-9)

have been used to correlate the experimental
data which were obtained for a limited range
of experimental parameters. Multiple
regression fit of the experimental data were
used to determine the empirical coefficients A,
B and C, without considering the conditions
such as water temperature or fiber
characteristics. A different set of empirical
constants were developed for each
experiment; no attempt was made to identify
important groups of physical parameters that
may collapse the data obtained from different
experiments. As a result, the differences in
the data caused by variations in the range of
parameters studied in each experiment were
manifested as scattering of correlations
predictions. These drawbacks can be avoided,
and the data can be better collapsed if
functional forms with a theoretical basis are
used instead of purely empirical forms such
as those described above. Usage of purely
empirical forms for correlating experimental
data are strongly discouraged (e.g., Ref. 2.14)
since they do not interpret the data in terms
of the governing processes or on the basis of
previous experimental work in the related
fields.

Based on these observations, the following
conclusions were drawn:

1. Considerable attention must be paid to ensure
that size classes of debris used in the
experiments would be representative of the

“The shape class information was deducted from photographs
and other qualitative descriptions provided by the investigators
[Ref. 1.5 and 1.8].
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debris expected to reach the strainer following
a LOCA. However, very limited experimental
data exist that can provide insights into size
class of LOCA debris that reach the strainer.
As a result, one must ultimately rely on
engineering judgement to arrive at the size
class of the debris. This decision in part
should be based on the following
considerations: (a) debris disintegration would
occur not only during generation but aiso
during transport (e.g., suppression pool
hydrodynamics), and (b) debris size class is
also influenced by other factors such as the
effects of aging on the insulation of interest’.

Methods that possess theoretical basis should
be adopted to correlate the data.

2.2.2 Development of a Semi-Theoretical
Head Loss Equation

The previously developed correlations were purely
empirical in nature, a fact that limits their usage.
For example, it is difficult to apply any of the
correlations listed above to temperatures that are
typical of suppression pools. To minimize these
shortcomings, a semi-theoretical approach was
sought. Such an approach is recommended because
it correlates the data in terms of physical theories
that are based on previous experimental work in the
related fields [Ref. 2.14]. Towards this objective,
previous investigations in the general field of flow
through compressible fibrous/porous media were
reviewed [Ref. 2.15 - 2.21] to identify groups of
parameters, pertinent functional forms and other
information that will lead to better correlation of the
experimental data. The review findings were used
in developing the semi-theoretical head loss
equation described below.

The formation of a debris layer on the strainer
surface results in a situation similar to flow through
porous media, characterized by large pressure
drops. As initially suggested by Muskat [Ref. 2.15)
and confirmed later by Ward [Ref. 2.16], the
pressure drop across a fibrous bed can be expressed
as:

*1t is commonly believed that aged mineral wool is susceptible to
break up and disintegrates readily under the influence of very
small forces



the pressur drop due to fl
across the bed (dvnes/cn
is the height or thickness of the

tibrous bed (cm)

1s fluid dynamic viscosity (poise)

& 1s fluid density (¢

\ 1S ”;‘ d veloc 1ty (cm/s)

a(e) and b(e) are unknown functions of the

bed porosity

Since the 1940s experimental and theoretical efforts
have been underway to determine o) and b(e) for
beds formed of different porous media. Initial
eftorts focused on channel flow models for porous
media, which resulted in the well-known Kozenv-
Carman Equation for laminar flows

AP adS (l-ey

wl

Al
W ht‘!r

1s the specific surface area of the porou
bed (cm®/cm?)

is the bed porosity

In the turbulent region Equation 2-10 becomes
equal to [Ref. 2.17]

Based on a comprehensive set of experimental data
for flow through granular porous media with
porosities between 0.4 and 0.85, Ergun proposed
values of 4.2 and 0.3 for the constants a and b

”\'rf 2 I—']

A series of later investigators studied flow through
fibrous porous media, both theoretically and

experimentally. For laminar flow through fibrous
porous media, characterized by high porosities, the

sights Gamned from

reiatuonsnip between press
porosity expressed above (1.¢ AP=
tound not to be valid. The analvtical reasoning for
this conclusion can be found from the works of
Kyan, et al. [Ref. 2.18). Based on a large data base
Y 1 1

for Hiow through fibrous media, Davies [Ref. 2.19)

h fibrous

proposed that for laminar flow throus

y

porous media, the functional equation should be

a and 2, are empirical constants
Based on experimentai data for flow throug}
compressible mats made of nvlon fiberglass
Darcon, and wood pulp, Ingmanson, et al [Ref. 2.2
confirmed this relationship and suggested 3.5 and 5;
tor the empirical constants a and a,. To date, these
constants have been in wide use for laminar flow
through fibrous porous media Using these

onstants, Equation 2-13 can be rewritten as

AP , ] .
: 1-8)" |l
v )

—_

Equation 2-14 is proposed for laminar flows. These
flows are traditionally referred to as low-velocits
flows. For turbulent or high velocity flows
experimental studies of Kyan, et al., and numerous
other investigators indicate that the functional
relationship expressed in Equation 2-12 is valid for
fibrous media as well. The empirical constant is
close to 0.66, instead of 0.3 as suggested by Ergun

Ref. 2.17]. The equation thus becomes

AP 0.66S5 (1-¢) )
- - s pl
Al :

I'he overall equation, valid for laminar, transient
and turbulent flow regimes, can now be expressed

as a sum of Equations 2-14 and 2-15, as showr

below
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AP . 3552(1-6)M1+57(1-¢) V>
aL (2-16)
0.665 (1-¢)

el p

p?

Unlike previously developed correlations (Eqns. 2-1
through 2-8), Equation 2-16 can be used to
incorporate the effects of a variety of factors
including fiber type, temperature, debris size,
compressibility and presence of sludge.
NUREG/CR-6224 presents discussions on how each
of these factors can be addressed and proposes
approximate forms of Equation 2-16 for several of
the selected special cases. Using characteristic
properties of NUKON™ and ambient water
temperature, Equation 2-16 can be approximated to
be equal to:

AH | 670.5402 (2-17)

L]

where,

AH  is head loss (ft-water)
AL, is theoretical thickness (ft)
U is fluid velocity (ft/s)

Figure 2-3 compares predictions of this equation
with the experimental data reported from the
sources listed above [Ref. 2.6, 2.10 and 2.11]. As
evident from this figure, Equation 2-17 provides
reasonable agreement with the experimental data.

In the past, three different correlations (Eqns. 2-3,
2-5 and 2-6) were used to correlate this same set of
experimental data. Encouraged by the good
comparison, it was decided to adopt this correlation
and further validate the equation for debris that was
more representative of actual BWR conditions at
elevated temperatures. One of the objectives of this
study was to obtain the experimental data that could
be used to validate Equation 2-16.

2.3 Effect of Sludge Filtration on
the Head Loss

Following the Perry event, additional concerns were
raised regarding increase in pressure drop due to

NUREG/CR-6367

filtration of particulate debris by the fibrous debris
bed formed on the strainer surface. The examples of
the particulate debris include suppression pool
sludge consisting mostly of iron oxide particles, and
concrete dust and calcium silicate fragments
generated by the LOCA jets. Several experiments
were carried out in both the U.S. and Europe to
investigate the effect of filtration of these

particulates on the head loss [Ref. 2.3, 2.12, 2.22 and
2.23]. Irutially, most of these experiments employed
70-200 um particles to simulate the particulate debris
approaching the strainer. However, later surveys of
the siudge typically found in the U.S. BWR
suppression pools was used to develop a
prototypical sludge size distribution [Ref. 2.4].

2.3.1 Findings of the Experimental Studies

The experiments conducted in Europe for mixed
debris were not released for public usage at the time
these experiments were planned, and hence are not
reviewed here. Two tests [Ref. 2.3 and 2.12] were
conducted in the U.S. to address this concern. The
first series of tests used > 70 um rust particles to
simulate sludge and NUKON™ fibers to simulate
LOCA debris. The debris were added to a large
water tank which was equipped with a small-scale
truncated cone strainer located at the tank bottom.
The head loss across the strainer was measured as a
function of time and was correlated as follows

[Ref. 2.12):

AH=1059U '¥(AL )" (AL )% (2-18)

where,
AL is the theoretical sludge thickness* (ft)

A similar set of experimental data were also
reported by the BWROG [Ref. 2.3] which used a
once-through test column® to obtain the data. These
experiments also employed > 70 um rust particles to
simulate the sludge, and correlated the experimental
data into the following form [Ref. 2.3]:

*Thickness calculated from the mass using iron oxide density of
320 Ibm/ft

*In this sec-up a mixizre of fiber and sludge contained in the top
portion of the column weie allowed to drain through the strainer
under the influence of the gravity.



6-C

/

£9€9-4D/OFINN

&~

Head Loss (ft-water)

10*

n=Sludge to Fiber Mass Ratio

103 DH=1059 U"1.30 DL"0.72 DLs 0.2 [Note 2]
J\
\,\\‘
\‘ . : -
102 e
y P oy ~ DH=aU+bU"2 [Note 1]
e a=7.4 (DL 0.85)(1+n"1.37)
e b=7.1 (DL"0.83)(1+n"1.77)
Y o i -
10" (;:///' Experimental Parameters
4 Ambient Temperature (70 “F)
Note Org. Fibrous Debris Sludge Ref
1 BWROG NUKON-Shreds >70 um 1.9
2 PP&L  NUKON-Shreds >70um 1.7
10° 1 1 s ¥ A T ]
0.2 04 0.6 0.8 1 1.2 14

Velocity (ft/s)

Figure 2-3. Comparison of Existing Head Correlations for Mixed Beds Formed of NUKON™ and Sludge Simulant.

SAPNIG SNOLAAL] W0y paurten)y sydisug



Insights Gained from Previous Studies

AH=alU+blU : (2-19)

where,

a=74(AL )" (1+9'"")
b=7.1(AL,)**(1+n'""), and

n=sludge-to-fiber mass ratio
approaching the strainer

In Equations 2-18 and 2-19, the quantities AL, and 1
were estimated based on the amount of sludge
added to the test set-up since the visual observations
suggested that most of the sludge was trapped by
the debris bed. Predictions of Equations 2-18 and 2-
19 are plotted in Figure 2-4. Once again,
considerable scatter exists between the predictions
provided by these eguations, possibly due to a
combination of the uifference in the experimental
methods employed to measure head loss and the
purely empirical nature of the correlations proposed.

In a later investigation, the BWROG conducted
additional tests to investigate the effect of sludge
particle size on the head loss. These tests used 1-3
um rust particles based on a BWROG survey of the
suppression pool sludge to simulate the particulate
debris approaching the ECCS strainer, instead of the
> 70 um particles used in the experiments reviewed
above. The results of these tests clearly indicated
that only a small fraction of the smaller debris
would be filtered by the fibrous beds in the first
pass, unlike in the previous experiments where most
of the sludge was noted to have been filtered in the
first pass. This resulted in substantially lower
pressure drops in the later case compared to
Equations 2-18 and 2-19.

The experimental data reported in the open
literature provide the following insights:

5. Filtration of particulate debris by the fibrous
layer would substantially increase the
pressure drop. The increase in some cases
was ten-fold depending on the sludge-to-fiber
mass ratio.

2. Considerable attention must be paid in
selecting the representative sludge particle
size. Experiments conducted by BWROG
have shown that for the same concentration of
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sludge particles approaching the strainer, the
head loss was considerably higher in the case
of larger particles. For example, for a given
concentration, the 70 um particles used in the
experiments described above always resulted
in pressure drops higher than the 1-3 um
particles. In this regard, results of the
BWROG survey of siudge particles typically
found in suppression pools should be
carefully assessed in determining the
prototypical sludge particle size distribution.

3. The experimental data should be correlated
making use of functional forms that possess
sound theoretical basis instead of purely
empirical functional forms. For example,
Equation 2-18 is based purely on an empirical
functional form based on data obtained at
relatively higher sludge-to-fiber mass ratios.
Usage of this correlation at low sludge-to-
fiber ratios (e.g., AL, = 0) would severely
underpredict head loss. Such drawbacks can
be avoided if the correlation is developed
making use of insights drawn from previous
experimental work in the related fields as
described in the following sections.

2.3.2 Development of a Semi-Theoretical
Head Loss Equation

Due to important industrial applications (e.g.,
process water filtration and high efficiency
particulate air filtration), the process of filtration of
micron-size particles by fibrous beds was
extensively investigated [Ref. 2.24 and 2.25]. The
experiments have revealed that filtration efficiency is
a strong function of the particle diameter and the
bed thickness. Additional factors that appear to
influence filtration are fluid approach velocity, bed
morphology and fiber diameter. In all cases,
considerable increase was observed in the head loss
as a result of filtration. These investigations suggest
that the semi-theoretical head loss equation
described above can also be used to predict head
loss across a debris bed made of fibers and sludge if
the porosity, €, in Equation 2-16 can be expressed as:

(2-20)

e=eg, =1- (1*—‘2 n) (1-¢,)
p

P m
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e, = 1-¢,/p, (2-21)

AL, =c¢,/c AL, (2-22)

The sludge-to-fiber ratio n in Equation 2-20 is based
on the quantity of sludge filtered by the debris bed;
not the quantity approaching the strainer.

Figure 2-5 provides a comparison of this equation
prediction with the experimental data of Reference
2.12. As evident from this figure, reasonable
agreement was observed. One of the objectives of
this study is to further validate this correlation.

Usage of Equation 2-20 to predict head loss across a
mixed debns bed requires accurate estimation of 1,
the sludge-to-fiber ratio n and AL, and the nominal
thickness of the fiber bed. In Figure 2-5 both n and
AL, were estimated based on the concentration of
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sludge and fiber approaching the strainer assuming
that all that debris would be trapped on the strainer
surface. Such assumptions may be acceptable in the
case of fibers and for particulate debris >70 um [Ref.
212 and 2.23]. However, for sludge particles in the
range of 1-10 um, the assumption of 100% filtration
would considerably overestimate n and thus the
head loss across the bed. For these cases, estimation
of head loss requires accurate estimation of n which
in tumn depends on the filtration efficiency which is
defined as the fraction of the particulates removed
by the fibrous beds during their passage through the
debris bed. Previous experimental studies ot
filtration demonstrate that filtration efficiency is a
strong function of particle size. Other factors that
effect filtration efficiency include the bed thickness,
bed morphology and the approach velocity. Several
semi-analytical models have been developed to
predict filtration efficiency as a function of all the
parameters listed above. One of the objectives of
this study is to measure filtration efficiency of the
debris bed.



Note:
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3.0 Test Facility Description

The test facility developed for these experiments
was designed and instrumented to obtain head loss
data that can be used in conjunction with
BLOCKAGE in plant specific analyses. The test
facility was not designed to be used for a strainer
design qualification. The following sections describe
how various BWR suppression pool features were
incorporated into the test facility.

3.1 Test Loop

3.1.1 Design Considerations

Full-scale simulation of actual suppression pool and
ECCS systems was beyond the scope of this study;
hence, for these head loss experiments two
alternatives were considered to simulate the
underlying phenomena: (1) an open loop and (2) a
closed loop. Each of these options have relative
advantages and disadvantages over the other. The
open loop experimental data are easily scalable to
actual BWR conditions, and the test set-up would
provide a better measurement of once-through
filtration efficiencies. However, a realistically sized
open loop limits the maximum head loss that can be
sustained to very small values (e.g., 10-20 ft-water)
compared to a closed loop. This would have
seriously limited the range of parameters that could
be explored in an open loop facility. A closed loop
required much smaller amounts of water, insulation
and sludge, resulting in easier facility clean up
between tests and less energy required to maintain
elevated water temperatures. On the other hand,
the closed loop allows particulate debris which pass
through the debris bed (cake) on the strainer, to be
re-filtered by the cake on subsequent flow cycles.
Therefore, the head loss versus time data (ie.,
transient head loss curves) in the closed loop are not
indicative of what will occur in a plant. This
drawback was compensated for by measuring the
sludge concentration remaining in the loop, which
was used to estimate the quantity of debris
contained in the debris bed at the time when steady
state conditions were attained. This information
was in turn used to correlate the head loss in terms
of the actual amounts of debris contained in the
debris cake,

3.1.2 Test Loop Description

Based on engineering judgement and past
experience, a closed test loop was selected as the
basic head loss facility. Figure 3-1 shows a
schematic of the test loop. The 12 inch vertical test
section had an 11 ft long approach upstream and 4.5
ft downstream of the strainer assembly. The long
approach section was needed to achieve a relatively
flat velocity profile at the strainer®. While the
vertical piping associated with the test section was
constructed of 12 inch diameter pipe, the rest of the
loop was built using 4 inch piping to keep the flow
velocities high enough to minimize settling of
sludge particles in the loop, especially in the
horizontal segments at low flow velocities.
Additional details of the test loop are provided in
Reference 3.1.

To facilitate operation at a higher than ambient
temperature, the steel piping of the flow loop was
insulated to minimize heat loss from the loop. In
addition, a resistance heater on the pipe walls and
the energy loss from the pump were used to
maintain water at temperatures as high as 125°F.

3.2 Test Strainer

The ECCS suction strainers used in a BWR are
typically semi-conical in geometry as shown in
Figure 3-2. In this case the debris is drawn to the
strainer by the water flow and is then held
compressed to the strainer surface by the differential
pressure introduced by the flow. If it is assumed
that the flow is fairly uniform, then the primary
direction of the flow at any given location would be
perpendicular to the strainer surface, except near the
edges. In such a case, any segment of the strainer
can be approximated by a flat plate located in a
direction perpendicular to the primary flow
direction. Thus, a flat plate strainer arrangement
can be used to simulate the strainers found in the
reference plant ECCS. It should be emphasized that
these similitude arguments may not be applicable to
strainer designs that intentionally introduce non-
uniform flows.

®It is generally suggested that a length-to-diameter ratio of 7 is
needed to establish fully developed flow patterns
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Test Facility Description

The simulated strainer used in this study consisted
of a perforated flat plate made from 14 gauge, 304
stainless steel with 1/8 inch holes and 30 holes per
square inch. The hole arrangement and size were
exactly the same as that of the reference plant
strainers and the strainers commonly found in US.
BWRs. Introduction of the strainer resulted in
reduction of the flow area to about 40% and caused
small head loss, typically about 0.2 ft-water at a
water velocity of 1.5 ft/s. These clean strainer head
losses were subtracted from the head losses
measured for stramners loaded with debris beds to
obtain the head loss resulting from the flow through
the debris layer.

The perforated strainer plate was located between
two lengths of 12 inch diameter acrylic pipes to
facilitate viewing of debris cake formation and
compression. This also allowed visual evaluation of
the travel time for all introduced insulation debris to
reach the strainer plate, the debris distribution on
the strainer, and compression of insulation debris at
various approach velocities.

3.3 Controls and Instrumentation

3.3.1 Loop Flow

Loop flow was controlled by a 40 HP variable speed
motor-pump combination. A calibrated 4 inch by 2
inch Venturi flow meter was used to measure the
flow through the loop; differential pressure cells
were used to measure the head difference across the
venturi which was then translated to estumate the
flow rate. The calibration curves are provided in
Appendix A. As evident from these curves, the
measurement uncertainties were within + 2%
throughout the velocity range of present interest
(0.15-1.5 ft/s). The DP cell output was fed to a
computerized control system which was used in
feedback mode to control AC pump drive speed and
thus the test loop flow rate. Every ten seconds the
system flow was averaged, recorded and checked
against the set point. If the difference between the
setpoint and the actual flow was more than 2%, then
the pump speed was altered appropriately. Thus
ability to accurately control the flow eliminated the
need for a valve in the flow loop, thus reducing the
possibility of dead zones where the sludge particles
can settle out.

NUREG/CR-6367

3.3.2 DP Across Strainer

The head loss across the strainer was measured
between piezometric taps located 1.5 ft upstream
and 1 ft downstream of the strainer. The calibration
curve for the pressure transducer is presented in
Appendix A The tabulated pressures were
obtained after appropriately accounting for elevation
differences between the two pressure taps and the
head loss introduced by a clean (or unloaded)
strainer.

3.3.3 Loop Water Temperature

Water temperature was measured by a RTD sensor
which was also connected to the computer
monitoring system. The calibration curves are
presented in Appendix A. The water was initially
brought to the required temperature by making use
of low power heating stripes placed on the stainless
steel pipes and the heat losses from the pump. No
additional controls were used to precisely control
the water temperature, but generally the water
temperature did not vary more than 5°F from the set
point; the maximum variation noted was about 15°F.

3.3.4 Loop Sludge Concentration

Loop concentration of sludge and other particulate
debris was measured by drawing water samples
from ports located upstream and downstream of the
strainer. Usually one liter water samples were
drawn after head loss stabilized at each approach
velocity. The samples were then filtered through a
0.45 um pore filter paper and the concentration was
determined by weighing the filter paper before and
after filtration using a precise electronic analytical
balance (A&D).

Due to the important role played by concentration
estimates, considerable attention was paid to
quantify the uncertainties associated with the
concentration measurement. In the first step, 14
bench tests were conducted where a known quantity
of sludge varying between 0.03 g to 0.25 g was
added to 1 liter of water in a glass bottle used for
sample collection. The mixture was then filtered
through the filter (0.45 um pores) and the filtrate
was dried and weighed. The perceiitage of weight
returned from these tests are plotted versus the
original weight in Figuie 3-3. As shown in this



figure, the collected weights were approximately the
same as the added weight at large concentrations.
However, at low concentrations, the collected
weights were up to 12% lower. Visual observations
suggest that these differences are due to
measurement uncertainties and sludge adhering to
the walls of the sampling bottle. As shown in this
figure, a fairly linear correction equation could be
developed to compensate for these factors.

In addition to the bench tests, three sludge only
loop tests were conducted using the loup set-up. In
these tests a pre-determined quantity of sludge was
added to the loop and the water was allowed to
circulate several times. Samples of water were then
drawn and filtered to estunate concentration of
sludge in the loop. The measured concentrations
were then corrected using the correction equation
developed from the bench tests described above.
The ratio of measured concentration to the nominal
concentration versus the approach velocity is plotted
in Figure 3-4 . Sludge recovered of 100% in Figure
3-4 would correspond to the ideal condition. As
evident from this figure, very few tests yielded such
highly accurate estimates, which was expected

Test Facility Description

considering the uncertainties involved. The
individual samples vielded concentrations that
varied from 112% to 85% of the nominal
concentration. Thus, it can be concluded that
concentration measurement based on a single
sample could be associated with an uncertainty of
up to + 15%. This uncertainty can be minimized if
the concentration estimates are obtained by
averaging data from more than one sample. In
Figure 3-4, these averaged values are plotted versus
approach velocity. As evident from this figure,
uncertainties involved are within * 5%.

Based on these calibration tests, it was concluded
that:

& Each concentration sample could be associated
with uncertainties as high as + 15%.

2. To mirumize the uncertainties, more than one
sample should be drawn whenever possible.

The concentration information was used to estimate
the filtration efficiency of the debris bed.
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4.0 Development of Experimental Procedures

A series of exploratory tests were conducted to
draw insights that could be used to (a) develop the
experunental procedure that could be used in the
final set of tests, termed as parametric tests; (b)
maximize the data that can be collected from each
test; and (c) understand the effect of each of the key
parameters on the head loss. The following sections
summarize how the exploratory test results were
used in developing the experimental procedure.
Table 4-1 presents the test matrix for the exploratory
test

4.1 Selection of Approach
Velocities

4.1.1 Selection of Approach Velocity
Range for Experimentation

The reference plant has a total of 4 low pressure
ECCS strainers (2 LPCI and 2 core spray) with a
total surface area of 37.62 f*. A rated flow of 25,000
GPM translates to an approach velocity of about 1.5
ft/s. This value of 1.5 ft/s was selected as the
upper bound for experimentation. A lower bound
of 0.15 ft/s was selected for experimentation because
maintaining stable flow rates below 0.15 ft/s was
extremely difficult. The selected approach velocity
range of 0.15 - 1.5 ft/s envelops the ECCS approach
velocities in the existing U.S. BWRs, as confirmed by
a recent survey undertaken by the BWROG.

4.1.2 Selection of Approach Velocity at
Bed Formation

Head loss across a filter bed is a strong function of
the approach velocity. For incompressible beds, the
head loss at any given velocity is * ' pendent of the
velocity at which the bed is forn For
compressible beds, such as fibrous debris beds, the
head loss could be a function not only of the
approach velocity at which it is measured, but also
of the approach velocity at which the bed is formed.
Implicitly, it follows that the approach velocity at
which the bed forms may impact the bed
morphology (i.e., the internal structure of the bed),
which in turn may affect the head loss across the
bed at a given velocity. If the head loss is very
sensitive to the approach velocity at which the bed
1s formed, then a separate test should be conducted
for each selected approach velocity. On the other

hand, if the head loss is proven to be fairly
insensitive to the approach velocity, then it is
possible to use the same test to obtain head loss
data corresponding to several different velocities.
Thus, it was important that this issue be further
explored experimentally to quantify the effect, if
any, of the approach velocity on the resultant head
loss. A total of seven experiments were conducted
(E-01, E-01R, E-02, E-03, E-20, E-21 and E-22).
Important observations from these experiments can
be summarized as follows:

1 The head loss is a strong function of the
velocity at which it is measured. This trend is
evident from the transient head loss curve
illustrated for Test E-01 in Figure 4-1. In this
test, a pure fiber bed of theorctical thickness
of 2 in. was allowed to form at an approach
velocity of 0.15 ft/s. Thereafter, the approach
velocity was increased in steps until a
maximum velocity of 1.0 ft/s was attained.

At each intermediate velocity ample time was
allowed for the bed to compress unider the
influence of increased pressure drop and for
the head loss to reach a steady state value.

As evident from Figure 4-1, the resultant head
loss increased monotonically with increasing
velocity.

After a head loss of 36 ft-water was reached
at a velocity of 1.0 ft/s, the approach velocity
was then reduced in steps, finally reaching
the initial velocity of 0.15 ft/s. As the
velocity was decreased, the head loss
followed closely. However, at each
subsequent velocity the resultant head loss
was about 5-10% higher than the head loss
measured on the way up. This trend is
illustrated in the insert of Figure 4-1, which
plots head loss as a function of the approach
velocity. In this figure, the velocity direction
is illustrated with an arrow.

A similar trend was also observed for all the
remaining tests and is consistent with
previously reported results [Ref. 4.1, 4.2 and
4.3]. This trend can be attributed to the
‘hysterisis effect’, which refers to the fact that
the bed does not fully recover from the
compressed state, i.e., beds are not completely
elastic. Since the conditions leading to the
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Table 4-1. Exploratory Test Matrix
Test Insulatior.  Effective Insulation  Sludge Sludge  Method of Water Remarks
® Class ickness  Added at Type % Introduction ~ Temperature
(inch) Velocity Weight
(ft/sec)
EO01 Kernels 2 0.15 NONE 0 N/A 60 Effect of Velocity at Time
E02 Kernels 2 0.50 NONE 0 N/A 60 Adding Material
E03 Kemel: 2 1.00 NONE 0 N/A 60
E05 Kernels 2 015 Sludge A 250 A 60
EOSR  Kemels 2 0.15 Sludge A 250 A 60
E15 Kemels 2 0.15 Sludge A 250 A 60
E0é Kernels 2 050 Sludge A 250 A 60
El6 Kernels 2 0.50 Sludge A 250 A 60
E20 Kernels 1 0.15 Sludge A 100 A 60
E2l  Kemels 1 0.25 Sludge A 100 A 60
E22 Kemels 1 0.50 Sludge A 100 A 60
E20  Kemnels 1 015 Sludge A 100 A 60 Effect of Debris Adding
E07  Kemels 1 0.25 Sludge A 100 A 60 ge'?g;)’)“m (See Notes
E21 Kernels 1 0.25 Sludge A 100 A 60
E22 Kernels 1 0.50 Sludge A 100 A 60
E23 Kernels 1 0.15 Sludge A 100 B 60
E18 Kemels 1 0.25 Sludge A 100 B 60
E24 Kemels 1 0.50 Sludge A 100 B 60
E12 Kernels 2 0.25 Sludge A 250 B 60
Ell Kemels 2 0.50 Sludge A 250 B 60
E19 Kemnels 1 0.25 Sludge A 1 C 60
E10 Kernels 2 0.25 Sludge A 250 c 60
E09 Kernels 2 050 Sludge A 250 C 60
EO1 Kemels 2 0.15 NONE 0 N/A 60 Effect of Temperature
E13 Kemels 2 0.25 NONE 0 N/A 125
E20 Kernels 1 015 Sludge A 100 A 60
E25 Kernels 1 015 Sludge A 100 A 60
El4 Kernels 1 015 Sludge A 100 A 115
E26 Kernels 1 015 Sludge A 100 A 115
E01 Kernels 2 015 NONE 0 N/A 60 Effect of Insulaton Class
E32 3&4 2 0.15 NONE 0 N/A 55
E20 Kernels 1 015 Sludge A 100 A 60
E25 Kemels 1 015 Sludge A 100 A 60
E31 3&4 1 0.15 Sludge A 100 A 55
E33 3&4 1 015 Sludge A 100 A 55
1) S!udg:idded first and allowed to mix at velocity of 1.5 ft/sec
2, Approach velocity lowered to 015 ft/sec
3} insulation sample added within a few seconds
Method
1) %mch velocity set to 0.15 ft/sec ‘
2) msulation and sludge mixed separately in a bucket and added withun a few seconds
Method C:
3) Flbous mewiaton added hirst and allowed to deposit
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Development of Experimental Procedures

. stenisis effect are not typical for the
reference plant, the head loss data obtained
while the velocities were decreasing was
excluded from further analysis and correlation

development.

2. The head loss is only weal' - ¢ endent on
the approach velocity ai ~ .t v bed is
formed. As evident from Fig.  * 4-2a and

4-2b, the final stable head loss at any given
velocity is the same (within the random
deviation) with no regard to whether the bed
was formed at that velocity or it was formed
at a lower velocity and then the velocity was
increased. This finding is equally valid both
for the beds with and without sludge (i.c.,
pure beds and mixed beds)

The implication of these findings is that a single test
can be used to measure head losses corresponding
to several velocities; that is, the bed can be allowed
to form at the lowest velocity of in’vrest and then
can be increased in steps until the .naximum
velocity was reached. As a result of these tests, it
was decided to start each test at the lowest velocity
and increase the velocity in steps until the
maxim-un velocity is reached. At each velocity, the
head loss was allowed to reach the stable value.
After reaching the maximum flow velocity, the
velocity would be decreased in steps reaching the
inutial value of 0.15 ft/s. The corresponding stable
head losses were recorded, although they were not
analyzed or considered in the development of the
cortelation.

4.2 Selection of Method of Debris
Introduction

Previous investigations related to fiber beds loaded
with particulate debris suggest . .« the bed
morphology can significantly influence the head loss
[Ref. 4.4]. Bed morphology is also influenced by
such factors as (a) the sequence in which the debris
arrive at the strainer, (b) the mnde of deposition,
and (c) the affluent concentration. In an open loop
it may be possible to simulate the actual BWR
suppression pool conditions; fibrous debris and
sludge particles arrive at the strainer simultaneously
and at low concentrations. However, in a closed
loop exact simulation of these conditions is not
possible. Instead, the following three different
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alternatives were investigated:

Method A
. Sludge 1s added first at a relatively high

approach velocity (1.5 ft/s) and allowed to
circulate through the loop for several minutes
to ensure uniform mixing with the loop water
and establish a uniferm concentration.

. Approach velocity is lowered to 0.15 ft/s
which was selected as the approach velocity
at bed formation.

. Insulation debris is added all within a short
time (few seconds) while maintaining the
approach velocity of 0.15 ft/s.

Method B
Approach velocity is set at 0.15 ft/s.

. The insulation and sludge mixture, previously
prepared in a bucket, is added together
slowly.

Method C

. Approach velocity is set to 0.15 ft/s.
Fibrous insulation 1s added first and allowed
to deposit on the strainer and head loss
allowed to stabilize.

. Sludge is added at a later time.

Several exploratory tests were conducted to examine
the impact of the method of debris addition on the
head loss. The measured head losses are plotted in
Figure 4-3. As evident from this figure, Method C
typically resulted in much higher pressure drops
compared to the other two methods. On the other
hand, Methods A and B resulted in very similar
head loss values; the differences are in the same
order of magnitude as random deviations. Visual
observations of distribution of materials in the loop
and formation of the bed suggest that Method C
does not represent actual plant conditions. For
example, the beds formed in Method C can be best
described as consisting of two separate debris layers,
a sludge layer on top of the fibrous layer, which is
not expected to occur in the BWR suppression pools.
Also, Method B resulted in high sludge
concentration at the time of bed formation and
resulted in spatially variable sludge concentration in
the loop. To avoid these non-typical conditions
related to bed formation, it was decided to adopt
Method A as the primarv method of debris
introduction.
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4.3 Selection of Debris Size for
Experimentation

4.3.1 Insulation Debris

The reference plant uses NUKON™ blankets for
primary piping insulation. Thus, aged NUKON™
was selected as the material for study. The
NUKON™ blankets were aged according to the
ASTM standards. Based on practicality
considerations, a leaf shredder was selected for
shredding the NUKON™ blankets into the
representative size classes. As previously discussed,
the representative insulation debris would resemble
shape classes 1, 2, 3 and 4 of Figure 2-1 due to
disintegration caused by debris generation and
suppression pool chugging. The debris may possess
slightly larger size classes (e.g., classes 5&6) if the
debris is not subjected to the suppression pool
chugging (i.e., the debris that arrives during the
washdown phase). Therefore, the intent of this
study was to obtain head loss data for two sets of
debris classes: (1) a mixture of shape classes 1, 2, 3
and 4 of Figure 2-1, which was referred to as
insulation 'Classes 3&4’; and, (2) a coarser mixture
of classes 1, 2, 3, 4, 5, and 6, which was referred to
as insulation ‘Classes 5&6°.

Several exploratory studies were undertaken to
generate these insulation size ciasses using the leaf
shredder. Initially, large pieces were added to the
shredder and were shredded long enough for the
fragments to be rolled up into small balls or
‘kernels’. A photograph of the typical kernels used
in the experiment is illustrated in Figure 4-4. Later,
the method was revised and better controlled to
generate insulation debris that closely resembled
classes 3&4 and 5&6, described above. Photographs
of classes 3&4 and 5&6 are illustrated in Figures 4-5
and 4-6. Exploratory tests were conducted to
examine the impact of the differences in *these size
classes on the head loss. Although not shown here
explicitly for pure beds as well as for mixed beds,
the kernels generally resulted in higher head losses
[Ref. 4.5]. Visually, the cake formed of kemels was
different from that one formed with Classes 3&4, as
the deposition with the kernels appeared more
uniform and was flatter or more compressed [Ref.
4.5]. On the other hand, the cake for Classes 3&4
was slightly uneven and was more springy after

drying.

Development of Experimental Procedures

Based on these test results as well as from the visual
mnspection of the debris, the following conclusions
were drawn:

1. Longer exposure to a leaf shredder does not
necessarily produce more representative
debris. Longer shredding leads to balling up
and generation of kernels. Such a ball milling
process is not expected to occur following a
LOCA and thus kernels are not representative
of the debris produced following a LOCA.
The NUKON™ debris produced from the air-
blast tests did not possess any kernels either
[Ref. 4.6]. Based on this reasoning, it was
decided not to perform any more experiments
using kernels.

2. The parametric head loss tests were
conducted using insulation classes 3&4
primarily. However, a few tests were
conducted using insulation classes 5&6 to
examine the effect of insulation class on the
head loss.

4.3.2 Sludge

The sludge particle size distribution provided by the
BWROG, shown in Table 4-2, was used to conduct
the experiments [Ref. 4.7). To create a simulant of
this sludge, SEA surveyed various vendors of

Table 4-2. BWROG-Provided Size Dis.ribution
of the Suppression Pool Sludge
Bin Width Average Size % by weight
Hm pm
0-5 25 81%
5-10 7.5 147
10-75 425 5%

special powders. The intent of the survey was to
identify a vendor who could provide the iron-oxide
powders with size distribution that closely
resembled the BWROG-provided size distribution.
Based on this survey, it was determined that iron-
oxide powders #2008 and #9101-N, sold commer-
cially by Hansen Engineering, Inc., best matched the
BWROG sludge size distribution data. As shown in
Table 4-3, a mixture of powders consisting of 95%
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Figure 4-4. Representative Sample of Shredded NUKON™ Fibrous Debris - Kernels
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Table 4-3.

Development of Experimental Procedures

Iron Oxide Particles Supplied by Hansen Engineering, Inc.

Fe,O, Specification < 2 um 2-5 ym 5-10 pm 10-35 pm >35 um
*2(”8 50/;) 800';: 15 0 Oo/o Oo/o
#9101-N ~0% ~0% ~0% 82% ~18%
%
$5% $3008 + 4.75% 76% 14.25% 4.1% 0.9%

5% #9101-N

by weight of powder #2008 and 5% by weight of
#9101-N best simulates the BWROG size
distribution. This mixture, termed Sludge A, was
used in most of the head loss tests.

In addition to Sludge A, some other head loss
experiments were conducted using another sludge
mixture, named Sludge B. Sludge B consisted of
100% #9101-N iron-oxide powder and was used
primarily to estimate the effects of a different sludge
size distribution on the head loss.

Consi lerable efforts were devoted to characterize
Sludg: A and B, both before and after they were
added to the loop and circulated through the pump
propeller region. The characterization procedure
involved Scanning Electron Microscopy and
Sedimentation velocity analysis. Appendix B
documents the sludge characterization efforts.
Based on these results, it was concluded that,
although Sludge A may contain larger agglomerates
during dry state, they disintegrate into more
representative sizes after being circulated through
the loop for several minutes. The size distribution
of Sludge A appears to be consistent with the
specifications of Table 4-2 at the time when the fiber
is added to the loop according to method A of
debris introduction.

4.3.3 Paint Chips

HDR test results demonstrate that a LOCA would
produce a certain quantity of paint debris in the
drywell [Ref. 48]. A recent BWROG study [Ref.
4.9], which examined various failure modes for
epoxy coated zinc based paints found in the BWR
containments, classified these paint debris as “large
sheets’, 'small sheets’, ‘chips, and particles’. The
chips, about 0.125 to 1.0 inch in width were judged

4-11

to be most common for BWR conditions. This
description qualitatively matches the paint-chips
previously produced for experimentation at ARL for
PP&L tests [Ref. 4.10). The weight range for the
chips used in the PP&L experiments was between
002 g and 0.16 g, with an average of about 0.10 g.

According to BWROG estimates, about 86 Ibm of
such debris may be produced in the drywell. If it is
assumed that all these debris would be transported
ultimately to the strainer, thus may introduce
additional head losses. To examine the impact of
these paint-chips on head loss, a mixture consisting
of 10% by weight of paint-chips and 90% by weight
of Sludge A, named Mix A, was used in the
experiments.

4.4 Selection of Temperature for
Experimentation

According to the reference plant’s final safety
analysis report, the suppression pool water
temperature varies with time after a LOCA due to
the combined effects of the steam dumping and heat
exchanger operation. Depending on the break size
and reactor power level at the time of the break,
suppression pool temperatures as high as 175°F are
possible. In view of these possible large variations
in suppression pool temperatures (60° - 175°F), it is
essential that the effect of elevated temperatures on
the head loss and debris bed buildup be well
understood prior to application of the present head
loss data to evaluate ECCS strainer blockage
potential

For flow through fiber beds, head loss has been

known to be significantly influenced by water
temperature, especially in the viscous flow regime.

NUREG /CR-6367
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In most cases, this effect can be attributed to
changes in the viscosity and density. However, 1t is
possible that other effects of temperature may also
play an important role. For example, the higher
temperature may affect the fiber strength and may
possibly lead to formation of more dense beds. The
Vattenfall experiments have shown that in the case
of mineral wool, variations in head loss caused by
temperatures can be accounted for through the use
of a viscosity correction factor [Ref. 4.11). Simular
understanding related to effects of temperature on
the head loss is presently lacking for NUKON™.

Three exploratory tests (E-13, E-14, and E-26) were
conducted at elevated temperatures to examine the
effect of temperature on the head loss. The head
loss data from these experiments was plotted in
Figures 4-7a and 4-7b for the pure beds and mixed
beds, respectively. As shown in these tests, elevated
temperature lowers head loss in all cases. This is
consistent with the trends exhibited by head loss
data reported by Vattenfall for mineral wool.
Although not shown here explicitly, approximate
analyses have revealed that this head loss variation
is attributable to changes in viscosity, i.e., changes in
head less can be accounted for by varying viscosity
in Equation 2-16 as a function of temperature. This

NUREG/CR-6367
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finding is further confirmed by making use of
similar data obtained for pure fiber beds and mixed
beds as part of the parametric tests.

Although the majority of the exploratory tests were
conducted at the ambient temperature, it was
decided to conduct the parametric tests at the
elevated temperatures because the lower head losses
corresponding to these higher temperatures allow
for a larger range over which the rest of the
experimental parameters can be varied.

4.5 Selection of Loop Sludge-to-
Fiber Mass Ratios

For the reference plant, the sludge-to-fiber mass
ratios can vary from 2 to 200 depending on the
break size and location. Initially, this range was
selected for experimentation. However, it was
quickly recognized that the experimental apparatus
could not sustain head losses introduced by large
sludge-to-fiber mass ratios, especially for thicker
beds. Typically for thick beds (AL, = 0.5"), a
maximum sludge-to-fiber mass ratio of 20 was
achieved. For thinner beds, sludge-to-fiber mass
ratios as high as 60 were used.
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5.0 Head Loss Test Results and Analysis

Based on the results of the exploratory tests and
other supporting analyses, a test matrix was
developed for the final set of tests conducted as part
of this study. The test matrix is presented in Table
5-1. The experimental procedures for the head loss
tests and the test results are presented in the
following sections.

5.1 Experimental Procedures

The experimental procedure for each step of the
head loss tests are summarized below. These
procedures were extracted from Reference 5.1.

5.1.1 Procedure for Insulation Debris
Generation

As previously discussed in Section 4, a leaf shredder
was used for fibrous insulation debris generation
from the blankets of aged (or heat treated)
insulation provided by the insulation vendor

[Ref. 5.1]. The leaf shredder used for debris
generation is a FLOWTROW leaf eater with setting
on 5. A total of four (4) plastic strings are exposed
to a length each of 3.4" approximately. Based on a
series of exploratory tests, the following procedures
were followed to generate the debris:

1. Heat treated insulation blanket is cut
vertically into 6" squares.

2. Two squares are processed at a time.

3. Each square is peeled into individual layers,
about 10 to 12 per square.

4 All these layers are put into leaf shredder
(off). Leaf shredder is covered and a bag is
placed beneath. Leaf shredder is turned on
and run for 60 seconds.

w

Bag beneath shredder is removed; larger
pieces of insulation that remain in shredder
are removed and kept separate from material
that settles into bag. The material in the
shredder consisted of insulation fragments
ranging from individual fibers to class 6 fibers
as shown in Figure 2-1. These materials were
considered to represent insulation size classes

5&6. The material collected in the bag
consisted of finer debris ranging from
individual fibers to small shreds (classes 3&4
of Figure 2-1). These debris are treated as
insulation classes 3&4. Any 6" x 6" squares
still intact (not shredded) are removed from
either sample.

6. Bag is replaced beneath shredder and steps 1
through 5 are repeated until the required
amount of insulation for either size class is
obtained.

5.1.2 Procedures for Debris Preparation

In the experiments, the debris deposited on the
strainer surface is quantified in terms of its
theoretical (d nominal) thickness which relates to its
weight as:

fiber (5-1)
A,

AL =

o

W
Po

where,

Wie: 15 insulation mass (g or lbm)

Po is theoretical or nominal NUKON™
density (2.4 Ibm/ft’ or 0.039 g/cc)

A,  is strainer surface area (0.869 ft* or 807.7
cm’)

AL, 1s bed theoretical thickness.

After numerical substitutions, this equation can be
re-written as:

Wae w = AL, (inch)- (71.2) (5-2)

The required amount of fiber was measured using
an OHAUS CT6000 Class A Digital scale, with a
capacity of 6000 g and a resolution of 1 g. A
container of 200 g is placed on the scale and the
scale is zeroed. After that, shredded NUKON™ is
added to the container until desired weight is
reached. The NUKON™ debris is then transferred
to a container filled with water and thoroughly
mixed to completely soak the insulation and remove
air bubbles trapped in the shreds.

NUREG/CR-6367
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Table 5-1. Parametric Test Matrix
Nominal Fibrous 1 uiaion Sludge 1RGO water
Tet Thicges T fpulshon Veedy Teme Mt Remarks
POl 1 &4 L) 015 125 N/A Head Loss Test
P02 1 5&6 0 0.15 125 N/A Head Loss Test
P03 2 5&6 0 015 125 N/A Head Loss Test
P04 4 3&4 0 0.15 125 N/A Head Loss Test
P05 2 5&6 0 015 50 N/A Head Loss Test
P06 1 5&6 100 0.15 125 Sludge A Head Loss Test
P07 2 3&4 100 0.15 125 Sludge A Head Loss Test
P08 2 5&6 100 0.15 125 Sludge A Head Loss Test
P09 0.5 3&4 100 0.15 125 Sludge A Head Loss Test
P10 0.5 3&4 250 0.15 125 Sludge A Head Loss Test
P11 0.5 3&4 500 0.15 125 Sludge A Head Loss Test
P12 1 344 50 0.15 125 Sludge A Head Loss Test
P13 1 3&4 250 0.15 125 Sludge A Head Loss Test
P14 1 3&4 500 0.15 125 Sludge A Head Loss Test
P15 1 3&4 1000 015 125 Sludge A Head Loss Test
P16 2 3&4 50 0.15 125 Sludge A Head Loss Test
P17 - 3&4 50 0.15 125 Sludge A Head Loss Test
P18 + 3&4 100 0.15 125 Sludge A Head Loss Test
P19 2 3&4 50 0.15 50 Sludge A Head Loss Test
P20 1 3&4 100 0.15 125 Sludge B Head Loss Test
P21 2 3&:4 100 0.15 125 Sludge B Head Loss Test
P22 1 3&4 100 0.15 125 Mix A Head Loss Test
P23 2 3&4 100 0.15 125 Mix A Head Loss Test
P24 1 3&4 100 015 125 Sludge A Filtration Test
P25 1 3&4 100 025 125 Sludge A Filtration Test
P26 1 3&4 100 0.5 125 Sludge A Filtration Test
P27 05 &4 100 0.15 125 Sludge A Filtration Test
P28 0.5 3&4 100 0.25 125 Sludge A Filtration Test
P29 0.5 3&4 100 0.5 125 Sludge A Filtration Test
P30 0.25 3&4 100 0.15 125 Sludge A Filtration Test
P31 0.25 3&4 100 025 125 Sludge A Filtration Test
P32 0.25 3&4 100 05 125 Sludge A Filtration Test
P33 0.5 3&4 1000 0.15 125 Sludge A Head Loss Test
P38 1 3&4 750 015 125 Sludge A Head Loss Test
P40 0.5 3&4 0 015 125 Sludge A Low Debris Thickness
P41 0.25 3&4 0 0.15 125 Sludge A Low Debris Thickness
P42 0.125 3&4 0 015 125 Sludge A Low Debris Thickness
P43 0.5 3&4 2000 015 125 Sludge A with High Sludge Ratios
P44 025 3&4 500 0.15 125 Sludge A with High Sludge Ratios
P45 0.25 3&4 1000 015 125 Sludge A with High Sludge Ratios
P46 0.25 3&4 2000 015 125 Sludge A with High Sludge Ratios
P47 0.25 3&4 3000 015 125 Sludge A with High Sludge Ratios
P48 0.25 3&4 5000 0.15 125 Sludge A with High Sludge Ratios
P49 0.125 &4 1000 0.15 125 Sludge A with High Sludge Ratios
P50 0.125 3&4 2000 015 125 Sludge A with High Sludge Ratios
P51 0.125 3&4 3000 015 125 Sludge A with High Sludge Ratios
P52 0.125 3&4 4000 015 125 Sludge A with High Sludge Ratios
P53 0125 3&4 6000 015 125 Sludge A with High Sludge Ratios
P34 1 3&4 1000 0.15 125 Sludge A Repeat of P15
P35 2 3&4 100 0.15 125 Sludge A Repeat of P07
P36 2 3&4 100 0.15 125 Sludge B Repeat of P21
P37 0.5 3&4 100 0.15 125 Sludge A Repeat of P09
NUREG /CR-6367 5-2
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The sludge added to the loop is quantified in terms samples), and allowed to circulate for about 1
of sludge-to-fiber mass ratio, n. The quantity of minute
sludge is determined as

Approach velocity is set to 0.15 ft/s

Pre-soaked insulation debris (see Procedure D

tor generating insulation debris) is then added

within 5 seconds, the 12" downc omer filled to
T'he required quantity of sludge was measured the top making sure that no insulation i
using an OHAUS CT6000 Class A Ngital scale used caught in the top region loop is sealed (tog
also for fiber weight measurement. A container access over closed), and the stand pipe valve
(15 g approximate weight) 1s placed on the scale and opened

44

zeroed. Iron-oxide #2008 is then added until desired

weight is obtained (95% of final sludge weight) Flow loop 1s run at 0.15 ft/s until stable head

Iron-oxide #9101-N (5% of firal sludge weight) is 10ss 1s obtained. Four water samples (about 1
then added to same container liter each) are taken (2 top and 2 bottom) and
the flow is increased. This process is repeated
5.1.3 Procedure for Head Loss Testing through 1.5 ft/s (unless head loss exceeds
50 ft at lower velocity) noting stable head loss

, , 25,05,0.75, 1.0, and 1.5
Procedures followed for head loss lesting are 1.0, and 1.5 ft/s

described below step-by-step
After attaining the maximum velocity the

flow is lowered in steps to note the head

Loop is filled with fresh water and all i - a
losses at 1.0, 0.75, 0.5, 0.25, and 0.15 ft/s

manometer tubing and DP cells are bled

Pump is then shut off and computer readout
of DP cells are checked again against a known
static deflection

The computer data acquisition and control
program is started, which is used to monitor
differential pressure (DP) cell output and also
to mamtain required approach velocities : ‘
Model is then drained and the cake

- removed from the strainer plate and placed in
DP cells are checked by setting a static emoved from the strainer plate and placed ir

deflection between 0-3 ft and verifying that an oven (set at 250°F) for approximately two

dd\ 5

the computer reads same pressure head

: 'he dried cake is weighed as a rouch cheel
Set pump to obtair approach velocity of about The dried cake i weighed as a rough check

1.5 ft/s and turn on heating tapes. Monitor tor sludge mass balance
water temperature until it reaches 120-125°F o . s
I'he loop is cleaned thoroughly by flushing
Lower the water level in the 12 downcomer with fresh water repeatedly and made ready
to just above the tee junction with 4 pipe, by for next test
draining water through a drain port at the : )
top .1.4 Procedure for Analyzing Water
Samples
sludge sample is then added within 1 minute
(see Procedure tor weighing sludge The water samples drawn from the iug‘;‘ In step 9 of
the above procedures for head Joss testing were
analyzed to estimate the concentration of the sludge
in the water
'Veral experiments were carried out at low perature:
ases, heating tapes were not needed A clean and dry 0.45 um paper filter is

welghed
8 .

This step is skipped in the case when n
to the 1001
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Filter is then placed in glass filter system

nsisting of Schleicher and Schnell glass filter

ni ‘i\,i“f B( n‘{l

Water sample 15 added to filter system and a
vacuum is applied to drain the water sampl
through the filter

Volume of water sample that passed through
the filter paper is noted using the graduations
on the receiving flask

Filter with strained particulates is removed
|

abeled and placed on a tray to an dry for one
day

Once dry, filter with sludge is weighed and
difference from the clean dry filter noted as
veight of sludge. The scale employed is
A&D Electronic Balance, model ER182A, with
a rated capacity of 180 g and resolution ¢f (.1
4

Measured concentration is weight of sludge
divided by weight of water sample

A correction is applied to the measured
concentration based on calibration of the filter
system. The correction equation used was
developed based on ARL bench tests and is

displayed in Figure 2-3

5.2 Test Results

The head loss data were obtained for theoretical bed

g 1~ i

thicknesses in the range of 0.125” to 4.0” (0.32 to

1

10.2 cm); approach velocities in the range of ( 15 t«

5 ft/s (0.05 to 0.5 m/s); at temperatures of 75°

2"

(24°C) and 125°F (52°C); and for sludge-to-fiber
mass ratios in the range of 0 to 60 (or 0% to 6000
The transient head loss curves for each of the tests
were analyzed to obtain the stable head loss
corresponding to each combination of the
experimental parameters (nominal thickness
insulation class, sludge-to-fiber ratio added to the
loop and water temperature). These stable head
losses are presented in Tables 5-2 ard 5-3 for pure
NUKON™ fiber beds and mixed bea: formed of

NUKON™ and sludge. As indicated ir Table 5

only a fraction of the sludge is filtered by th~ ped
where as the remaining fraction continues to be

suspended in the loop coater. The quantity of

NUREG /CR-6367

sludge trapped on the fiber bed when the stable

head loss was attained was estimated from

concentration measurements described in Section

5.1.4 as follows

where

M...... Mass of sludge trapped on the cake
where the stable head losses were
measured (g)

Mass of sludge added to the loop as
described in Section 5.1.2

Concentration of sludge in the loop
water where the stable head losses were
measured (g/1)

volume of water in the loop (1)
5.2.1 Pure Fiber Beds

Figure 5-1 presents typical transient head loss traces
for a pure fiber bed of theoretical thickness of 4

(10 cm) at a water temperature of 125°F (52°C). As
shown in this figure, at the initial approach velocity
where the debris bed was formed, the head loss
climbed gradually to a steady value. During the
tests, it could be seen that the fibrous bed built up
gradually as the flocks of insulation were brought to
the strainer by the flow. Once all the debris reached
the strainer and the bed underwent compression, the
head loss attained a stable value. This stable value
was recorded and then the flow was increased in
steps until a maximum of 1.5 ft/s (0.5 m/s) was
reached or until the resultant head loss challenged
the structural integrity of the test loop. As the flow
was ramped up in steps, the head loss followed it
closely increasing with velocity. At each velocity
the head loss was allowed to reach a stable value

which was recorded

l'able 5-2 presents the measured stable head loss
data for pure fiber beds. To characterize the bed
and gain insights into the bed microscopic internal
structure, portions of the fiber bed were magnified
under a scanning electron microscope (see Figure
5-2). As illustrated in this figure, the beds are
formed of randomly arranged fibers almost always
perpendicular to the flow direction. This behavior

t
suggests that the original shreds contain loosely
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Figure 5-2. Scanning Electron Micrograph of a Clean Fiber Bed
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Table 5-2. Experimental Head Loss Data for Pure NUKON™ Fiber Beds
V, ARL Data for AH
fs" ft-water fewater  Fi-water
P01 & P02: 1" Theo. Thick.; No Sludge; 125°F

P01 Po2 Average
0.15 0.5 0.5 05
0.25 1.0 10 1.0
0.50 20 3.0 25
0.75 40 7.0 ¥
1.00 8.0 100 9.0
1.50 140 19.0 16.5

P05 & E32: 2" Theo. Thick.; No Sludge; 50°F

PG5 E32 Average
0.15 20 1.3 1.7
0.25 4.0 30 35
0.50 12.0 8.0 10.0
0.75 250 16.0 20.5
1.00 38.0 250 315
1.50 57.0 47.0 52.0

P03: 2" Theo. Thick.; No Sludge; 125°F

P03 Average
0.15 1.0 1.0
0.25 20 2.0
0.50 50 5.0
0.75 10.0 10.0
1.00 16.0 16.0
126 260 25.0
1.50 36.0 36.0

P04: 4" Theo. Thick.; No Sludge; 125°F

P04 Average
015 20 20
025 40 4.0
0.50 10.0 10.0
0.75 240 240
1.00 38.0 380
125 57.0 57.0

P40: 0.50" Theo. Thick.; No Sludge; 125°F

P40 Average
0.15 02 02
0.25 03 03
0.50 09 09
0.75 17 1.7
1.00 3.0 30
1.50 6.2 6.2

P42: 0.125" Theo. Thick.; No Sludge; 125°F

P04 Average
0.15 01 0.1
0.25 01 0.1
0.50 03 0.3
075 0.5 05
1.00 1.0 1.0
1.50 1.5 1.5
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Table 5-3. Experimental Head Loss Data for NUKON™ Based Mixed Beds

Nt T Head Loss (ft-water)
Test  Thickness
finches)  Added Filtered @ @ @ @ @ @
(%) (%) 015ft/s 025fs 050 ft's 0.75ft’'s 1.00 ft/s 1.50 fus
o7 2 o0 ™ T Z [ 13 21 H@I S s
Po8 2 100 95 1 2 7 17 34 52 (@1.25 ft/s)
P16 2 50 45 1 2 7 15 29 48
P19 2 50 35 - 2 5 15 30 46
P12 1 50 30 - 1 2 4 7 16
E34 1 100 83 - 1 4 < 13 25
P24 1 100 83 - 1 3 6 10 23
P26 i 100 83 - - 3 6 12 22
P13 1 250 205 - 6 12 21 26 39
Pi4 1 500 383 4 12 31 51 - =
P15 1000 843 53 - - - - -
P09 100 66 - 07 15 3 5 9
P27 100 66 - - 1 25 45 10.3
P28 05 100 66 - - 13 26 44 9.1
P29 05 100 66 - - 1.5 3 11.7
P10 05 250 159 - 1 2 5 u 19
P11 05 500 330 1 3 14 32 37 =
P33R 05 1000 1000 5 i5 34 43 -~ --
P43 05 2000 1274 10 18 50 - - -
P44 0.25 500 292 - 2 5 8 12 16
P45 0.25 1000 622 - 6 10 13 18
P46 0.25 2000 1333 - 4 6 8 14
P47 0.25 3000 1697 3 4 6 10 16 24
P48 025 5000 2651 8 10 2 30 34 40

SISA[PUY puR S)[Nsay 15a] S50 pealy



attached fibers that are easily detached under the
influence of head loss. This may explain why beds
formed of classes 3&4 and classes 5&6 behave alike.

Within the range tested, the size class of the
insulation debris shreds (i.e., 3&4 versus 5&6) has
no significant effect on head loss. In all cases, head
loss increased with both the bed thickness and the
approach velocity. The data shows that head loss
versus bed thickness is fairly linear, whereas
headloss versus velocity is non-linear. This trend is
shown in Figure 5-3. Note that experimental data
collected for different theoretical thicknesses
collapsed into a single line when plotted; this
confirms the linearity of head loss with respect to
fiber bed thickness. Any scatter that exists is within
the randomness of the data. The data confirms that
the water temperature has an important effect on
head loss; the higher water temperature resulted in
lower head loss for the same approach velocity.

5.2.2 Mixed Beds

Figures 5-4 and 5-5 are the transient head loss traces
for the mixed beds of different sludge-to-fiber mass
ratios. I~ ' oth cases, the bed theoretical thickness is
025" (0«  m), the operating temperature is 125°F
(52°C), . . the same procedure was followed for
debris introduction. In both cases, the resultant
head losses are significantly larger than those
corresponding to the pure fiber bed condition.
However, the transient head loss behavior in these
two cases is different, leading to the following
conclusions:

1. At low head losses, the debris beds are fairly
uniform and can be described as mixed beds
where the sludge particles are intermixed
with the fibers. Figure 5-6 presents a
photograph of the mixed bed typically
observed at low sludge-to-fiber mass ratios
and/or low approach velocities, characterized
by low compacting pressures. Such beds
behaved very similarly to pure fiber beds in
that head loss increased significantly for each
corresponding increase in velocity. Addition-
ally, the beds exhibited a certain amount of
hysteresis effects similar to pure fiber beds.
Visual observation of these beds suggests that
they remained fairly uniform throughout the
experiment. These beds are referred to as
undamaged mixed beds hereafter. Portions of

5-9
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these beds were magnified under SEM to
study the bed morphology (see Figure 5-7).

ro

Large head losses across the beds can damage
the debris bed by punching holes through the
bed. A photograph of a typical damaged bed
is presented in Figure 5-8. As shown, the
damaged beds resemble 2 partially plugged
strainer, and usually result in lower head
losses. In Figure 5-5, such a transition
occurr.d as the flow velocity was increased
trom 0.15 ft/s (0.05 m/s) to 0.25 ft/s (0.08
m/s). This increase was instantaneously
foliov:ed by an increase in head loss.
Apparently the bed stricture was unable to
support such high losses, leading to the
damage illustrated in Figure 5-8. As a result,
the head losses decreased with time,
ultimately reaching a much lower steady state
value. This behavior occurred at each
increasing velocity. Further increase in
velocity appears to have little effect on the
head loss. For example, in Figure 5-5
increasing velocity from 1 ft/s to 1.5 ft/s (0.3
m/s to 0.5 m/s) resulted in no notable
increase in head loss.

The stable head loss data obtained from the
experiments, including that for damaged beds, are
listed in Table 5-3 for mixed beds of different fiber
thicknesses and sludge-to-fiber mass ratios. Within
the range of mixed beds tested, neither the
insulation debris classes nor the sludge particle size
appears to have significant effect on the head loss.
In all cases, the head loss increased fairly linearly
with respect to the fiber bed thickness. However,
head loss strongly varied with approach velocity
and sludge-to-fiber mass ratio. To illustrate head
loss dependence on sludge-to-fiber mass ratio,
Figure 5-9 plots the head loss for the mixed beds as
a function of sludge-to-fiber mass ratio in the fiber
bed for three {low velocities (0.15, 0.75 and 1.5 ft/s
or 0.05, 0.23 and 0.5 m/s) and different thicknesses.

5.3 Measurement Uncertainties and
Repeatability

The measurement uncertainties in the flow, head
loss and temperature were very small (< 5%). On
the other hand, the uncertainties in concentration
could be as high as 15% if a single sample was used
(see Section 2.3.4). Considering that multiple
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Head Loss Test Results and Analysis

HEAD LOSS vs TIME
TEST P44

INSULATION TYPE: 3 & 4
EQUIVALENT INSULATION THICKNESS: 0.25*
TYPE A SLUDGE: 500 %
TEMPERATURE: 125 F
INSULATION ADDED AT: 0.15 fusec

0 1200 2400 3600 4800 6000 7200 8400 9600 10800
. TIME (sec)

wemee HEADLOSS —— APPROACH VELOCITY

Figure 5-4. Head Loss vs. Time (Type A Sludge 500%)
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HEAD LOSS vs TIME
TEST P48

INSULATION TYPE: 3 & 4
EQUIVALENT INSULATION THICKNESS: 0.25"
TYPE A SLUDGE: 5000 %
TEMPERATURE: 125 F
INSULATION ADDED AT: 0.15 fusec

0

1200 2400 3600 4800 6000 7200 8400 9600 108001200013200
. TIME (sec)

e HEADLOSS —-— APPROACH VELOCITY

NUREG /CR-6367

Figure 5-5. Head Loss vs. Time (Type A Sludge 5000%)
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PARAMETRIC TEST :P07

'
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TEST P07: 1" CLASS 3&4 DEBRIS / 100% SLUDGE A / 125°F

Figure 5-6. Typical Cake for Test with Low Sludge-to-Fiber Ratio
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Figure 5-7. Scanning Electron Micrograph of a Mixed Bed
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JARAMETRIC TEST <P 19
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TEST P49: 0.125" CLASS 3&4 DEBRIS / 1000% SLUDGE A / 125°F

Figure 5-8. Typical Damaged Cake
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samples were used to estimate concentration in most
tests, the actual uncertainties associated with
concentration measurements could be less than
$10%. Ir addidon to these instrument uncertainties,
experimental data obtained from the experiments
suffered from large variations introduced by the
random nature of the underlying processes (e.g., bed
forraation). To address this concern, several of the
tests were repeated and the results are plotted in
Figure 5-10. As shown in this figure, the data are
repeatable within + 20%. This should be treated as
the accuracy of the data and should be kept in mind
when applying the data.

5.4 Analysis and Discussions

As previously stated, the primary objective of the
head loss tests was to obtain data to validate the
semi-theoretical head loss correlation discussed in
Section 1.4. For compressible fiber beds formed on
the strainer surface, Equation 1.18 can be rewritten
as:

‘;LL”. = 4153X10° [355](1-¢,)"[1+57(1-¢,)"JuU

(5-5)

m o

1
(1-¢,) , | (AL,
+ 066 S A
ar Pu J { ¥

where,
S,  is specific surface area (ft'/ft’)
H is dynamic viscosity (Ibm/s-ft)
U is velocity (ft/s)
AH  is head loss (ft-water)
P,  is water density (Ibm/ft")
AL, 1s the fiber bed theoretical thickness

(in.)

AL, s the actual bed thickness (in.)

The mixture porosity, &,, can be given as:

P AL,
=1 - (1+=L 1-
& ( : n) (1-¢,) Vi

Q m
where,

Py is fiber density (175 Ibm/ft' or 2803
kg/m’)
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P,  1s sludge particle density (324 Ibm/ft'
or 5190 kg /m?

n is sludge-to-fiber mass ratio trapped on
the filter not added to the loop

g, is the theoretical fiber bed porosity

¢, and AL, (in ft) can be calculated as:

(5-7a)

e, = 1-c,/p;

AL =¢

m o' 0

(5-7b)

where,

¢,  is the ‘as-fabricated’ packing density
(Ibm/ft’)
c is the actual packing density (Ibm/ft’)

For a given fiber mass, i.e., known theoretical
thickness AL, Equation 5-5 has two unknowns: (a)
the head loss across the bed, and (b) the actual bed
thickness (or the actual packing density, ¢ of

Egn. 5-7b). For an incompressible bed, the actual
bed thickness is the same as the theoretical bed
thickness, and porosity can be estimated using
Equation 5-7a. The remaining variable, AH, can be
calculated directly using Equation 5-5. For
compressible beds the actual bed thickness is
different from the theoretical thickness as a result of
the compacting pressures. The experimental data
were used to estimate the actual thickness.

5.4.1 Data Analysis for Pure Fiber Beds
(p=0)

Figures 5-11 and 5-12 present comparison of the
head loss data with Equation 5-2 predictions for
water temperatures of 60°F and 125°F, respectively.

The following NUKON™ specific information was
used to evaluate several variables in the equation:

S, = 1.7142x10° /£ (5.6243x10°m™)

D, = 2.333x10° ft (or 7.112 um)

¢, = 24Ibm/ftf (384 kg/m?)

® = 5.5582x107 f'/Ibm or 3.47x10* m*/kg
(genenc fiberglass)

e, = 0985

NUREG/CR-6367
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In addition, water properties were obtained from
available physical tables as functions of temperature.
The bed compact density was calculated using the
following equation, which was developed based on
experimental measurements:

¢ = 1.3 ¢, (AH/AL )*® (5-8)
where,

¢, 1is 2.4 lbm/ft
AH is head loss (ft-water)
AL, is bed theoretical thickness (in.)

As vvident from these figures, the measured data
were within £20% of the correlation, verifying
Equation 5-5 applicability to fiber beds consisting of
classes 3&4 debris. It should be noted that the good
agreement observed in this case is primarily due to
the fact that the experiments were conducted in a
controlled environment. Such agreement may not
be possible for tests where the debris sizes and
water temperatures vary from test to test.

Equation 5-5 was solved using an iterative method;
to avoid the iterations, a simplified form of that
equation was developed for some special cases.
From visual observations, pure NUKON™ beds
were compressed to about half their original
thickness when subjected to head losses in the range
of the reference plant NPSH (14 ft water or 4.18x10*
Pa). For such a case, assume the bed to be
incompressible with a packing density twice that of
the theoretical one. Under such an assumption,
head loss can be estimated using Equation 5-5 and
the following assumptions:

AL =05AL, , and
13 =l*2c°/p/

m

For NUKON™ Equation 5-5 can be reduced to:

(5-9)

AH . 9712 w - 006 pU? (5-10)
o
Using water thermo-physical properties, this
equation can be re-written as:
AH | 74 U + 41 U? @ 60°F (5-11a)

o

Head Loss Test Results and Analysis

AH

o

=37U « 410°? @ 120°F  (5-11b)

These two equations are also compared in Figures
5-11 and 5-12 with the experimental data. As
evident from these figures, reasonable agreement
was obtained at low velocities, which also
correspond to low head loss gradients. At higher
velocities, however, Equation 5-11b clearly
underpredicts the head loss primarily because it
does not account for bed compressibility associated
with larger head loss gradients.

Also plotted in Figure 5-11 is the head loss
correlation reported by the BWROG developed from
the test column head loss data for NUKON™

[Ref. 5.2] . As noted in Reference 5.2, the data were
obtained at ambient temperature using small
NUKON™ shreds. This comparison suggests that
this latter equation considerably underpredicts the
data.

5.4.2 Data Analysis for Mixed Beds (0.45 <
n<27)

Since the amount of sludge or. the fiber bed was
known at the time the head loss measurement was
made, application of the head loss model became
direct. The following physical parameters were
used:

D, = 7112 uym

S, = 17142 x 10° f/f = 5.6243x10°
p; = 174.8 Ibm/ft (2800 kg/m?)

P, = 324 Ibm/ff (5190 kg/m’)
Cuudge = 65 Ibm/ft° (1041 kg/m?)

¢, = 24lbm/ff (384 kg/m’)

In addition, the following closure relationship was
used for estimation of compressed bed actual
thickness:

¢ £ 65 lbm/ft’

¢ =13 ¢, (AH/AL)** (5-12a)

¢ = 65 Ibm/ft° Otherwise. (5-12b)
Tables 5-4, 5-5, 5-6 and 5-7 provide a point-by-point
comparison of the experimental data with the
correlation in a tabular form. Also, Figure 5-13
compares experimental data, plotted as (AP,,..)/
(APg,,) versus the sludge-to-fiber ratio, with the

correlation predictions for bed thicknesses ranging

NUREG/CR-6367
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from 1/4" to 1", an approach velocity of 0.15 ft/s
and a water temperature of 125°F. Good agreement
was obtained over the entire range of comparison,
particularly at higher fiber bed thicknesses where
uniform beds are expected. The apparent large
ditferences at low sludge-to-fiber mass ratios 1s
attributable to associated experimental uncertainties
which ranged up to + 20% under these conditions.
Once again, a simplified form of Equation 5-5 was
obtained for the 1 range of present interest as
follows:

=10(1+0.54n) “U+4(1+0.54m)U* @ 60°F (5-13a)

aH

0

=5(1+0.54n) " *U+4(1-0.54n)U* @ 120°F (5-13b)

Predictions of 5-13b are also plotted in Figure 5-13.

Similarly, good comparison was obtained for other
bed thicknesses and approach velocities whenever
the head loss gradient 1s less than about 50 ft-
water/in (see Tables 5-4 through 5-7). For higher
head loss gradients, which typically occurred at
higher approach velocities (U>1 ft/s) coupled with
large sludge-to-fiber ratios (n>10), the correlation
was found to overpredict the head loss. Figure 5-14
plots this data for an approach velocity of 1.5 ft/s:
AL, of 0.25", 05" and 1"; and a temperature of 125°F.
As evident from this figure, the correlation
reasonably bounds the data for all thicknesses at
low sludge-to-fiber mass ratios; however, at high
sludge-to-fiber mass ratios the correlation severely
overestimates the head loss. This overprediction can
be attributed to the fact that the model does not
account for the bed being damaged by the high
differential pressure.’. This does not pose a serious
concern since in the BWR suppression pools the
differential pressures are in the range of 5-25 ft-
water. In this range the model predictions are in
good agreement with the experimental data.

“In the experiments it was observed that holes were punched
through what appeared to be an initially uniform fiber bed by the
shear forces resulting from high head loss (see Figure 4-8). Such
effects were not incorporated into the present model.

Head Loss Test Fesults and Analysis

5.5 Application to NUREG/CR-6224

The semu-theoretical model proposed for NUKON™
based debris beds shown in Equation 5-5 performs
well for both pure beds (1 = 0) and for mixed beds
(n > 0) formed of (a) Sludge A, (b) Sludge B and (c)
Mix A. This conclusion is further validated by
comparing the equation predictions with the
experimental data made available by other sources
[Ref. 5.3 and 5.4]. These comparisons are presented
in Appendix B ot NUREG/CR-6224 [Ref. 5.5]. The
comparison also suggests that such factors as (a)
water temperature and (b) the bed compression can
be adequately accounted for through the use of the
semi-theoretical approach. Based on this study, the
head loss model in BLOCKAGE was updated to
include compressibility effects and was used in the
analyses described in NUREG/CR-6224.

The head loss mode! was developed assuming a
uniform debris layer on the strainer. The model
predictions are in agreement with the experimental
data for fiber bed thicknesses larger than 0.125"
(0.318 cm). Below these thicknesses the beds are
expected to be highly non-uniform and, therefore, it
1s unlikely that the model predictions wouid be
accurate. In this range, the model predictions
should be interpreted as an upper bound for head
loss.

Similarly, the model does not take into consideration
the damage caused on the fiber bed by high
pressure drops. As previously discussed, beds
thinner thar. 0.5" undergo irrecoverable damage at
high sludge-to-fiber mass ratios caused by excessive
head losses. The damaged beds resemble a partially
covered strainer. In this case also, the model
predictions are higher than the measured values,
and the model predictions can be seen to be
bounding rather than best-estimate. Note that in the
present experiments damage was only observed for
beds thinner than 0.5". No such damage was noted
for beds thicker than 1" in the head loss range of
interest (<50 ft-water). Thus, this model limitation
is only applicable for thin beds at high sludge-to-
fiber mass ratios.

3 NUREG/CR-6367
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Table 5-4. Comparison Between Model Predictions and Test Data for 2" Nominal Thickness Beds

R Head Loss (ft-water)
e PR @ 0.15 f/s @ 025 fs @ 0.50 ft/s @ 0.75 fils @ 1.00 f/s @ 1.50 ft/s
o %) Data Model Data Model Data Modei Data Model Data Model Data Model
Po3 4] 4] 08 1 2 20 5 56 10 108 i6 176 36 35
P16 50 45 1 14 2 28 7 R 15 15 29 240 48 47
Po7 100 84 1 18 2 32 6 10.0 13 18 21 30.0
POR 100 95 1 2 2 4 7 11 17 20 34 330
R 0 0 12 19 35 38 10 101 205 186 315 286 52 46
PI9 50 35 - 22 2 42 5 M2 15 204 30 316 527 602

SISA[RUY PU® SJ[NSay §S3 | SS077 peal



Table 5-5. Comparison Between Model Predictions and Test Data for 1" Nominal Thickness Bed

BRae 45 S Head Loss (ft-water)
Ratio
Test  dded Filtered @015 fs @ 0.25 fv's @ 0.50 /s @075 fu's @ 1.00 s @ 1.50 ft/s
%) %) Data Model Data Model Data Model Data Model Data Model Data Model
POl 0 0 05 05 1 1 2 28 1 54 8 87 14 172
roz2 0 0 05 05 1 1 3 28 7 54 16 B7 19 17.2
Aver 0 0 05 05 1 1 25 28 55 54 9 87 165 172
age
g P12 50 30 " 06 1 13 2 36 4 68 7 108 16 7
N E3 100 83 “ 09 1 18 4 5.1 8 95 13 15 25 0
P24 100 83 = 0.9 1 18 3 51 6 95 10 15 2 30
P26 100 83 - 09 - 18 3 5.1 6 95 12 15 2 30
Aver - 09 1 18 3 5.1 7 95 12 15 2 30
age
P13 250 205 . 17 6 68 12 95 21 18 2 29 9 3
Pl4 500 383 4 34 12 7 31 2 51 51 - - -
PIS 1000 843 53 29 - - - - - - " - - -

SISA[RUY pU® S}Nsay 1S3 SO peay
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Table 5-6. Comparison Between Model Predictions and Test Data 0.5" Nominal Thickness Bed
SRV Head Loss (ft-water)
Tet  dded  Filtred  @OQISfs  ©025fs  ©0S0fUs  @07SMs @100  ©L50Ms
%) %) Data Model Data Model Data Model Data Model Data Model Data Model
PO9 100 66 - 04 - 08 20 22 3 42 5 6.7 10 135
P27 100 66 - 04 . 08 1 22 25 42 45 67 103 135
P28 100 66 - 04 - 08 13 22 26 42 44 67 91 135
§ P29 100 66 . 04 - 08 15 22 3 42 = 67 117 135
Aver 100 66 - 04 - 08 15 22 28 42 47 67 103 135
age
PI0 250 159 . 07 1 14 2 38 5 71 9 12 19 22
P11 500 330 1 14 3 28 14 83 2 18 37 35 - i
P33R 1000 1000 5 7 15 12 3 25 43 2 ‘ - »
P43 2000 1274 10 9 18 17 50 35 - . - - - -
P40 0 0 02 02 03 04 1 11 17 21 3 35 72 71
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Table 5-7. Comparison Between Model Predictions and Test Data for 0.25" Theoretical Bed Thickness

5""8;.:’0“"" Head Loss (ft-water)
T s Sl @ 0.15 fiis @ 025 fs @ 0.50 f's @ 0.75 fiis @ 1.00 fi/s @ 1.50 fV/s

%) %) Data Model Data Model Data Model Data Model Data Model Data Model
P41 0 0 0 008 0 02 0 05 1 1 2 16 3 32
P44 500 292 06 2 13 5 35 8 7 12 125 16 25
P45 1000 622 . 2 4 5 6 105 10 16 13 23 18 40
Pa6 2000 1333 - 5 2 84 4 181 6 293 8 415 14 70
P47 3000 1692 3 6 4 103 6 2 10 3 16 51 24 8
P48 5000 2651 8 9 10 15 2 2 30 52 3 75 40 127
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Sludge-to-Fiber Mass Ratio on the Bed

Figure 5-14. Comparison of Predict: ns of BLOCKAGE Head Loss Correlz’ion (Equation 5-5) with ARL Head Loss
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6.0 Filtration Efficiency Test Results and Analysis

Head loss across a debris bed is dependent on the
quantity of sludge and fiber trapped on the strainer.
In the case of fibers, nearly 100% of the debris
approaching the strainer would be trapped, as
confirmed by visual observations and limited
concentration measurements. On the other hand,
not all the sludge approaching the strainer would be
trapped; in fact, a considerable fraction of the sludge
might penetrate the strainer on the first approach.

A set of filtration tests were conducted as part of the
present program to estimate (a) the once-through
filtration efficiency of the debris bed which relates to
the fraction of the debris approaching the strainer
that would be trapped during the first pass, and (b)
the cumulative or saturation filtration efficiency
which relates the total fraction of sludge added to
the loop that is ultimately filtered by the debris bed
after a large number of passes through the bed.

The same closed loop set-up used in the head loss
tests was used to measure the filtration efficiency.
As noted previously, the closed leop facility does
not provide the ideal set-up for measuring filtration
efficiency. However, the filtration efficiencies can be
inferred from the concentration measurements
obtained several times within one flushing cycle
after the fiber cake forms on the strainer. The
flushing cycle is defined as the time taken for the
water to flow through the loop once.

6.1 Experimental Procedure

The experimental procedure for fibrous debris
generation and sample preparation were the same as
those described in Sections 5.1.1 and 5.1.2. Step-by-
step descriptions of the procedures followed for
conducting the test are described below.

1 Loop is filled with fresh water and all
manometer tubing and DP cells are bled.

2 The computer data acquisition and control
progran. is started, which is used to monitor
differential pressure (DP) cell output and also
to maintain required approach velocities.

3. DP cells are checked by setting a static
deflection between 0-3 ft and verifying that
the computer reads same pressure head.

4

10.

11

12.

Set pump to obtain approach velocity of about
1.5 ft/s and turn on heating tapes. Monitor
water temperature until it reaches 120-125°F.

Lower the water level in the 12" downcomer
to just above the tee junction with 4" pipe, by
draining water through a drain port at the
top. The drained water is saved to be added
back into the loop in Step 9 below.

Sludge sample is then added within 1 minute
(see Section 5.1.2 for weighing sludge
samples), and allowed to circulate for about 1
minute.

Approach velocity is set to the value specified
for the test (0.15, 0.25 or 0.5 ft/s).

Collect one water sample, about one liter each
at top and bottom locations.

Pre-soaked insulation debris (see Section 5.1.1

for generating insulation debris) is then added

within 5 seconas, the 12" downcomer filled to

the top using the water saved in Step 5 above

making sure that no insulation is caught in

the top region, loop is sealed (top access cover

closed), and the stand pipe valve opened.

Note the time at which the insulation is

added.
\
|
\

Collect water samples (about one liter each at
top and bottom locations) at 20 second
intervals, starting from 20 seconds after
adding the insulatior and continue for an
elapsed time equal to 240 seconds. Thereafter,
collect five additional samples at intervals of
about 40 seconds.

Flow loop is run at the set approach velocity
until stable head loss obtained. The velocity
is increased in steps to 1.5 ft/s (unless head
loss exceeds 50 ft at lower velocity), noting
stable head loss at each of the next higher
value in the sequence of 0.25, 0.5, 0.75, 1.0,
and 1.5 ft/s.

After attaining the maximum velocity, the

flow is lowered in steps to note the head
losses at 1.0, 0.75, 0.5, 0.25, and 0.15 ft/s.
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13, Pump is then shut off and computer readout
of DP cells are checked again against a known
static deflection.

14.  Model is then drained and the "cake"
removed from the strainer plate and placed in
an oven (set at 250°F) for approximately two
days.

15.  The dried cake is weighed as a rough check
for sludge mass balance.

16.  Perform concentration analysis of collected
samples.

17. The loop is cleaned thoroughly by flushing
with fresh water repeatedly and made ready
for next test.

Water samples collected in Step 10 above were
analyzed to estimate the sludge concentration
following the procedures described in Section 5.1.4.

6.2 Derivation of Filtration
Efficiency

The concentration measurements were used to
obtain the filtration efficiencies. Figure 6-1 presents
the concentration profiles for top and bottom
samples for Test P27. In this test, the sludge was
added to the loop initially, and then allowed to
circulate for several minutes to attain uniform
concentration. As evident from the figure, water
samples drawn during this initial phase suggest that
uniform concentration was attained in the loop, and
that the concentration was very close to the
theoretical value of 0.075 g/1'. At 0 seconds, a pre-
measured quantity (AL, = 0.5”) of classes 3&4 fibers
was added to the loop, all at once. The actual time
at which the insulation cake formed could not be
directly measured from the experiment since the
water was very murky. However, based on
previous experiments, it was estimated that the bed
would form in 80 seconds as illustrated in Figure 6-
1. Until that point, the concentration of sludge in
the water samples drawn above and below the
strainer was essentially the same, confirming that
filtration is minimal during the time when the bed is

"“Theoretical estimate is based on the fact that in test P27, 39 g of
sludge was added to a loop water column of 520 L

NUREG/CR-6367

beirg formed. However, as expected, this trend
reversed once the bed was formed on the strainer.
Due to filtration of sludge by the fiber bed, the
concentration below the bed was found to be
substantially lower than that above the bed; this
trend was especially evident during the first
flushing cycle. Thereafter, the concentrations both
above and below the stramner decreased steadily
with time, ultimately reaching a stable value of
about 0.027 g/1. After that point, change in
concentration was minimal, indicating that the filter
bed had reached an equilibrium. It is likely that this
equilibrium was a result of bed structure and the
particle size distribution.

The concentration profiles, such as those illustrated
in Figure 6-1, were used to estimate the bed
filtration efficiency as a function of time. A
complete listing of these transient concentration
profiles for all of the filtration tests (P24 through
P32) are provided in Reference 6.1. Two types of
filtration efficiencies were measured from the
concentration data: once-through etficiency and
cumulative efficiency. The once-through efficiency
is a measure of the fraction of the sludge that is
filtered by the debris bed during the first pass and
1s defined as:

once -through C
top

where,

Concethrougn 15 ONce-through efficiency

Cop is sludge concentration above the bed
(8/D)

Ciotom 18 sludge concentration below the bed
(g/1)

On the other hand, the cumulative efficiency is a
measure of the fraction of the total sludge added to
the loop that is filtered by the debris bed as a
function of time and is defined as:

- Mmul- M e
ecumuhnvc - M
total

where,
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€.muatve 18 cumulative filtration efficiency
Mo is total sludge added to the loop (g)
M. is total sludge filtered by the cake (g)

Figure 6-2 presents estimated once-through filtration
efficiencies for a 0.5 (1.3 cm) thick fiber bed at 0.15
ft/s (0.05 m/s) as a function of time. As evident
from this figure, two alternatives exist for estimating
the once-through filtration efficiency. In the first
case, instantaneous concentrations both upstream
and downstream of the strainer can be used to
estimate once-through efficiency as a function of
time. The efficiencies obtained using thus method
may reach as high as 33% during the first cycle and
level to about 15% during the subsequent cycles.
However, the trerds exhibited varied from
experiment to experiment suggesting that large
experimental uncertainties are associated with these
estimates. To minimize these variations, it was
decided to obtain the filtration efficiency estimates
based on time-averaged concentrations. These time-
averaged concentrations for the first cycle are
illustrated in Figure 6-1 for Test P27. The once-
through efficiencies obtained from these time-
averaged values are plotted in Figure 6-2 for both
the first and second cycles. Both the instantaneous
efficiencies and time averaged efficiencies suggest
that filtration cfficiency reaches a maximum value
during the first cycle and decreases with every
subsequent cycle. Based on SEM images of the
sludge particles leftover in the water below the
strainer, it was concluded that this decrease in
efficiency is a reflection of shift in sludge particle
distribution towards the smaller sizes (< 1 um); i.e.,
the fraction of micron size particles contained in the
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water after a few flushing cycles is significantly
lower than that in the sludge originally added to the
loop. Since such a shuft in particle size is not
expected in the case of an open-loop arrangement,
such as the BWR suppression pool, it is possible that
the filtration efficiency in the open loop may not
decrease with time. As a result, the once-through
filtration efficiencies for the first cycle were
interpreted to be the filtration efficiency
corresponding to a once-through arrangement.
These once-through filtration efficiency estimates are
plotted in Figure 6-3 for several bed thicknesses and
approach velocities.

Within the range tested, the once-through filtration
efficiencies are fairly independent of both the
approach velocity and fiber bed thickness. In all
cases, the maximum efficiency attained was about
45%. Note, however, that this estimate of 45% is
associated with large experimental uncertainties
involved with concentration measurements. Based
on a bounding analysis, it was estimated that a
maximum possible upper bound for the once-
through efficiency is 50%.

Figure 6-2 also presents the cumulative filtration
efficiencies for Test P27. As shown in this figure the
cumulative filtration efficiency increased steadily
with time, ultimately reaching an asymptotic value
of 66%. These asymptotic values are plotted as
functions of theoretical thickness in Figure 6-4. As
evident from this figure the cumulative efficiency
varies from 50% to 95% as the thickness increases
from 1/8" to 2". Beyond 2" the cumulative filtration
efficiency was about 95%.
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References for Section 6
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Hecker, "Head Loss of Fibrous Insulation
Debris and Sludge for BWR Suction
Strainers,” Alden Research Laboratory, Inc.,
1995.
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7.0 Summary and Significant Findings

A series of controlled experiments were conducted
at ARL under NRC sponsorship to obtain head loss
and filtration characteristics of debris beds formed
of NUKON™ fibrous fragments. A thermally
insulated closed loop test set-up was selected to
conduct experiments at elevated temperatures
typical of suppression pools. A flat-plate strainer
with a hole arrangement typical of strainers found
in most U.S. BWRs was used to simulate the ECCS
suction strainer. This test set-up was selected
because it maximizes the amount of data that can be
obtained. Being smaller in volume minimized time
was required to clean the set-up between each test.
Also, the set-up could be insulated appropriately to
operate at elevated temperatures. Finally, its design
permitted sustaining larger head losses which
allowed for broader range of operating parameters.
However, it does have the following short-comings:

Its usage to obtain accurate/reliable filtration
data are somewhat limited by the fact that the
flushing time scales are very small.

2. The transient head loss curves obtained are
not prototypical of BWR suppression pool
conditions and hence can not be used to
validate transient predictions of BLOCKAGE.

3. Finally, usage of a flat plate strainer raises
questions on the applicability of the data to
assess strainer designs other than uniform
strainers that are presently in use (i.e., the
data may not be directly applicable for
assessment of non-uniform passive strainers,
especially at low fiber bed thicknesses).

A leaf shredder was used to generate the fibrous
fragments that are judged to closely resemble the
LOCA generated NUKON™ debris in the reference
plant. A total of three particulate mixes, termed as
Sludge A, Sludge B and Mix A, were used to
simulate the particulate debris that are expected to
reach the ECCS suction strainer after a LOCA.

The stable head losses across the strainers were
measured using DP cells and the sludge
concentration measurements were used to estimate
the quantity of sludge contained in debris cake at
the time the stable value is reached. Exploratory
tests were effectively used to finalize the procedure
used to introduce the debris into the loop. The

nsights gained from these exploratory tests related
to debris introduction can be summarized as
follows:

1L The approach velocity at which the debris bed
forms does not significantly effect the head
loss across the bed. As a result, it was
possible in the experiments to form the debris
bed at the lowest velocity (0.15 ft/s) and
increase the velocity in preselected steps until
a velocity of 1.5 ft/s was reached. This
procedure maximized the head loss data that
could be obtained from each test.

2 Once the bed is compacted under the
influence of head loss, it does not fully
recover to the original state. As a result, the
head loss data obtained for precompressed
beds was discarded from the correlation
development.

3. The head loss was very sensitive to the
method by which sludge and fibrous debris
were introduced into the test loop. It is
essential that experiments closely simulate, as
much as possible, the actual conditions that
prevail in the BWR suppression pool (i.e., the
fiber and sludge debris intermixed with the
water approach the strainer simultaneously).
In this study, two methods were used to
simulate these conditions, both of which
provided very similar results.

The head loss data were obtained for theoretical
fiber bed thicknesses of 0.125” to 4.0”; approach
velocities of 0.15 to 1.5 ft/s; temperatures of 75°F
and 125°F; and sludge-to-fiber nominal
concentration ratios of 0 to 60. Within the range
tested, the data exhibited the following trends:

1. The debris cakes, with or without sludge,
were compressible under the influence of
head loss resulting from flow through the
cake. Visual observations suggest that the
compaction was higher for pure fiber beds
and was somewhat lower for sludge beds.
The SEM images of the beds suggest that the
fibers were aligned perpendicular to the flow,
but in a random manner in the horizontal
direction; i.e., the beds are best described as
random beds normal to the flow. In the case
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Summary and Significant Findings

of mixed beds, the sludge particles were
primarily seen to be intermixed with the
fibers, leading to formation of random mixed
beds. The beds appear to be uniform,
although this could not be confirmed for all
depths.

2. The fibrous debris size difference (classes 3&4
versus classes 5&6) does not appear to play a
significant role in the head loss. This result is
likely a direct reflection of the minimal
structural differences between classes 3&4 and
classes 5&6. Attempts to generate very small
size classes using the leaf shredder resulted in
‘kernels’ which are not prototypical of LOCA
generated debris. Although, kemels induced
larger head losses, it is not clear if those head
losses resulted from the structure of the
kernels or the smaller size of the debris.

3. Water temperature plays a significant role in
determining the head loss. Increasing the
water temperature decreases the head loss,
most likely due to the associated decrease in
water viscosity. No other effects of water
temperature appear to play a significant role.

4 Particulate debris significantly increases the
head loss across a debris bed. In some cases,
a 100-fold increase in head loss was noted,
corresponding to an increase in sludge-to-
fiber mass ratio of 10. Head loss differences
between Sludge A, Sludge B and Mix-A
appear to be marginal, maybe because the
particle size distributions in all these mixes
are similar.

For test conditions where the beds are fairly
uniform, the head loss data were predictable within
an acceptable accuracy range by the semi-theoretical
model. The model was equally applicable for both
pure fiber beds and the mixed beds. Typically, the
model predictions overestimated the head losses for
very thin beds (AL <0.125") and/or for thin beds at
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hugh sludge-to-fiber mass ratios. This over-
estimation is attributable to the non-uniformity of
the debris beds. In this range, the correlation can be
interpreted to provide upper bound estimates.
Based on these findings, usage of the semi-
theoretical model in BLOCKAGE provides a
reasonable approach for modeling head loss across
the fiber beds.

The concentration measurements obtained during
the first flushing cycle were used to estimate the
filtration efficiencies of the debris beds. The
measurements were conducted for thicknesses
ranging from 0.25 to 1 in; over a velocity range of
015 to 0.5 ft/s; and a sludge concentration between
0.05 g/1to 0.15 g/1. The results of these tests
suggest the following:

1 Once-through filtration efficiencies were
typically 20-50% over the range of parameters
tested. These efficiencies were weakly
dependent on the approach velocity and the
fiber bed thickness. However, these findings
should not be extrapolated beyond the range
of measurement because it is very likely that
fiber beds thinner than 0.25” would possess
much lower filtration efficiencies.

2. The data suggest that cumnulative filtration
efficiency increases with the number of loops
circulated and finally reaches a stable value.
Typically the saturation or cumulative
filtration efficiency was found to be a strong
function of the bed thickness, ranging from
nearly 90% to 50%, while the fiber bed
thickness was varied between 1 in to 0.125 in.

The filtration efficiencies measured frem these
experiments should be regarded as approximate. In
general, they suggest that only a fraction of the
debris would ultimately be filtered by the thin
debris cakes regardless of the number of times the
particles pass through the bed. Based on these
insights, a simplified filtration model was developed
and incorporated into BLOCKAGE.
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A ALDEN RESEARCH LABORATORY 2
& Purchase Order Number: SEA/LOSS CALIBRATION B
& 4" EXPERIMENTAL VENTURI DATE: Sepiember 20, 1994 a.
3 Serial Number: 0-3135-4 PIPE DIAMETER =  4.0000 &
= THROAT DIAMSTER =  2.0000 ‘g
&
5
ftun Line Air Net Ruon Outpnt Flow i Line Pipe Cocl e
i Temp Temp Weight Duration {sce Rey. # g_
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12 68 8 8087 107.948 6.028~ 1200 58857 42384 0.8682

For Pipe Rey. #s above 1.00 x 10~ Avg Coel = 08675 With Standard Devintion = 0.0009
~ dp transtitier volts The data reported on herein wes obisined by meesuring equipment the calibration of which

is traceable to NIST , following the installation and test procedures referenced

in this report, resulting in & flow measurement uncertainty of 4/- 0.25% or less.
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Summary and Significant Findings

Calibration of Rosemount Temperature Trarsmitter

volts temp F
7.151 126.37
6.044 105.58
4.905 82.74
3.796 63.19
2.677 42.02
Regression Output:
Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom
X Coefficient(s) 18.85511
Std Err of Coef. 0.193481
Model # 442ARGA150F030RNT
Serial # 21435
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Simulated BWR Sludge Characterization
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Several instances of clogging of the strainers at the
suction of the pumps of the Emergency Core
Cooling System (ECCS) have occurred at U.S. plants.
Of particular interest are the clogging incidents in
1992 and 1993 at the Perry Nuclear Plant, a BWR-6
Mark IIl containment. In these incidents, ECCS
pump suction strainers experienced mechanical
deformation due to higl. pressure losses. As
determined in the evaluation of these events [Ref. 1],
the high strainer pressure losses resulted from the
accumulation of a combination of fibrous debris and
particulate matter (primarily iron oxide). In these
cases, the fibrous debris was produced by filters that
had been inadvertently dropped in the suppression
pool. The main conclusion of the analysis of the
Perry events is that fibrous material deposited on
the surface of the ECCS pump suction strainers can
act as a filter media, capturing fine particles present
in the suppression pool. This combined effect of
fibers and particulate debris results in pressure
losses significantly higher than those which typica.y
occur with fiber beds alone.

The fine particles in the Perry suppression pool
were found to be prunarily iron oxides produced by
direct oxidation of the pool and carbon steel piping
systems which are connected to the suppression
pool. In addition to corrosion products, some other
miscellaneous debris materials were found in the
pool, including Griffolyn, Herculite, tape, and
plastic. The situation of having iron oxides and
some other foreign materials in the suppression pool
is not unique to the Perry plant and, as a matter of
fact, is a common condition of several BWRs

[Ref. 2]. These corrosion products and debris
materials are commonly referred to as sludge, and
its characteristics like composition, quantity, density
and size distribution are site specific. At issue is,
however, the potential for having high pressure
losses in the ECCS pump suction strainers due to
the accurnulation of iron oxide particles in fibrous
materials. This circumstance has prompted several
activities, both by the U.S. Nuclear Regulatory
Cemmission as well as the BWR Owners” Group
(BWROG), to characterize the behavior of iron oxide
particles similar to those expected to be in the

B-1

1.0 Introduction

sludge present in the floor of BWR's suppression
pools.

Perhaps the most important single parameter in
determining the behavior of sludge particles is the
size distribution. The mechanisms by which these
particles are deposited or filtered in a fibrous bed
strongly depend on the relative size of the particles
in comparison with the diameter of the fibers. This
relative size will affoct the filtration efficiency, i.e.,
the fraction of sludge mass being deposited on the
fibers, as well as the morphology of the deposits in
the fibers. The nature of this morphology, in turn,
may affect the pressure drop in the ECCS strainers.
As a matter of fact, several tests conducted by the
BWROG indicate that fine particle produce, when
combined with fibrous matenals, lower head losses
than the corresponding head losses for a coarser
distribution of particles [Ref. 3]. Therefore,
determining the general characteristics of the sludge,
including its particle size distribution, is important
in the assessment of head loss measurements.

The objective of this report is to present the results
of various analyses conducted to characterize two
types of simulated BWR sludge and their deposition
on NUKON™ insulation fibrous materials during
typical tests carried out at the Alden Research
Laboratories, Inc. (ARL) to measure head losses. In
general, this characterization consists in determining
the shape, state of agglomeration, and size
distribution of the iron oxide particles used to
simulate the sludge in the head loss experiments; in
addition, the morphology of the deposition of these
sludge particles on fibrtous beds will be
investigated. Section 2 of this report presents the
iron corrosion processes expected to produce the
iron oxide particles in suppression pools. The
simulated BWR sludge is described in Section 3,
whereas the sludge particles and debris beds
analyzed are described in Section 4. The type of
analysis performed on each sample and the
corresponding results are presented in Section 5.
Finally, Section 6 presents the significant findings
from these analyses.
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There are two distinguishable types of corrosion:
chemical and electrochemical. Chemical corrosion,
such as that in non-electrolytes or dry gases, is
controlled by the kinetics of heterogeneous reactions
and is not accompanied by the generation of electric
currents. Electrochemical corrosion occurs with
generatio: of currents, such as the case of corrosion
of metals with electrolytes. This is a widespread
type of corrosion, and includes the action of natural
waters and most agueous solutions on metal
surfaces.

2.1 Electrochemical Corrosion of
Iron

On a piece of metal subjected to electrochemical
corrosion there are both anodic and cathodic sites
which are continually shifting. Some portions of the
surface attract electrons away from others because of
the presence of impurities, strains, or other
influences that change the reactivity of the metal.
This is the reason why iron corrodes in some areas
more than otheis. At an anodic site an oxidation
process occurs, which is the loss of electrons, and
the metal goes into solution as a result of a reaction
given by:

Fe - 2 electrons = Fe®*

As part of the formation of rust at a cathodic site,
water is being reduced to hydroxide ions and
dihydrogen as follows:

2H,0 + 2 electrons = 2HO " + H,

In the corrosion of iron in a neutral media there
occurs an additional reaction of the anodic products
with the hydroxyl ions formed at the cathode sites:

Fe*' + 20H =~ Fe(OH), (Ferrous hydroxide)
The ferrous hydroxide formed has a comparatively
high solubility. In the presence of oxygen in the
solution, a further reaction takes place, the oxidation
of ferrous hydroxide to ferric hydroxide:

2.0 Corrosion of Iron

4Fe(OH),+ 2H,0 =4Fe(OH),  (Fernc hydroxide)

2Fe(OH),++0,+H,0
=Fe,0," H,0

(Hydrated ferric oxide)

Hydrated ferric oxide has a yellow color and is
much less soluble than ferrous hydroxide in
solution. It is important to note that secondary
formation of the insoluble iron corrosion products
ferrous hyvdroxide and hydrated ferric oxide does
not suppress the process of electrochemical rusting.
The formation of rust proceeds not directly on the
anodic site but in the solution adjacent to the
corroding surface. Therefore adhesion to the surface
and protective properties of rust are weak. For this
reason, the rate of corrosion of iron changes little
with time in distilled water with access of oxygen
and also in a number of natural waters.

The poor protective properties of rust can also be
explained by the fact that the more soluble ferrous
hydroxide initially forms directly on the surface of
iron, and only after the oxidation of the hydroxide,
does the highly insoluble ferric hydrate precipitate.
Under atmospheric corrosion, rust does form in
more intimate contact with the iron surface, wit'.
better adherence, thereby providing considerable
protective action. Rust formed in the corrosion of
iron and low-alloy steels consists of a mixture of
ferric and ferrous hydroxides. Depending on
conditions and time of formation of rust, its
composition can fluctuate considerably. The older
the rust and the easier the access of oxygen, the
greater the content of the hydrated ferric oxide.

2.1.1 Effects of Dissolved Oxygen

At ordinary temperatures, oxvgen and moisture are
the basic factors necessary for the corrosion of iron
in a neutral media. Both must be present
simultaneously, because oxygen alone or water free
of dissolved oxygen does not corrode iron to any
practical extent. Iron corrodes in natural waters at a
rate according to the concentration of dissolved
oxygen. Water in contact with iron continues to
corrode only until the dissolved oxygen is
consumed. The rate of corrosion is roughly limited
by the rate of diffusion of the dissolved oxygen to
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Appendix B

the metal surface, and thus the reason for the high
corrosion rate at or near the water line,

2.1.2 Effects of pH and Temperature

The corrosion rate of iron is also dependent on the
pH level of water. At a value of pH greater than
needed for hydrogen evolution (pH=4), the
corrosion rate 1s constant up to a pH of 9.5. Once
hydrogen evolution begins, a protective layer of
terrous hydroxide is formed on the iron surface
formed by the initial corrosion reaction. In this
range, the surface of iron is always in contact with
the saturated solution of ferrous hydroxide.
Corrosion continues as rapidly as the dissolved
oxygen can diffuse through the protective laver.
This layer is continually being renewed by the
corrosion process and will continue based on the
availability of dissolved oxygen. At pH levels above
9.5, the increase in alkalinity extends its effect to the
iron surface and decreases the corrosion rate
rendering the iron passive. This decreases the
permeability of the dissolved oxygen and
consequently the rate of formation of the corrosion
product layer. At pH levels below 4, in the acid
region, the alkaline corrosion product layer is
dissolved and the acid reacts directly with the iron
surface.

The corrosion rate is also influenced by the
temperature of water. Increased temperature
increases the corrosion rate by allowing the
dissolved oxygen to penetrate further into the
ferrcus hydroxide layer.

2.2 Chemical Corrosion of Iron

The oxidation of iron results in three simple oxides
that can be found in the scale formed on iron.
Often the scale consists of three different layers
composed of FeO, Fe,O,, and Fe,0, These layers
are situated such that the oxide with the lowest

NUREG /CR-6367
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oxygen content, FeO, is next to the metal, then the
intermediate iron oxide, Fe,O,, and finally the
highest iron oxide, Fe,0O,, at the external surface.

Ferrous oxide, FeO, forms a cubic lattice and is
stable only at temperatures above 570°C. It does not
form at lower temperatures. When the scale is
cooled, it decomposes according to:

4FeO =Fe+Fe 0,

Ferrous-Ferric Oxide, Fe,O, or black magnetite, has a
cubic lattice, with unit cell containing eight Fe,O,
groups. Magnetite is stable from ambient
temperature to the melting point of iron. By heating
magnetite to 400°C. the magnetic properties decay
and Fe, 0, is formed according to:

2Fe,0,+0 =3Fe,0,

Ferric oxide, Fe,0O, or Hematite, has a

rhombohedral structure. The unit cell contains two

Fe,O, groups. Hematite exists within a wide

temperature range, but partially dissociates above |
1100°C. |

2.3 Formation of Coatings

The formation of coatings of iron oxides on the
surface of iron is dependent on temperature and is
inversely proportional to the square root of the
formation time. Although this coating, known as
mill scale, may be protective when first formed, a
limited thickness is reached at which point the
coating cracks exposing the surface to further
localized corrosion in the form of pitting. Internal
stresses during formation of the oxide and the
thermal cycling of the oxide and metal can cause
fragmentation which also exposes the metal surface
to further corrosion.



3.0 BWR Sludge

3.1 Sludge in BWR Suppression
Pools

Several BWR plants have reported seduments on the
suppression pool floor. The analyses of these
sedimented material showed that it consists
primarily of steel corrosion products, mostly iron
oxides, although some plants have also observed
other constituents, like organic matter, in the
sediments. This particulate material is commonly
referred to as sludge but, since steel corrosion
products constitute more than 99% (by mass) of the
suppression pool sludge, in this report the terms
sludge and corrosion products will be used
indistinctly.

The makeup of corrosion products in BWR
suppression pools is plant specific, but it is
generally characterized as iron oxide. By some
estimates [Ref. 4], the amount of sludge may vary
from 30 kg to 2300 kg, depending on the plant
cleanup procedures. The oxides produced in these
pools are considered to be a product from direct
corrosion in the pool as weil as corrosion particles
from piping systems that are periodically flushed
and drained into the pool. These corrosion products
can potentially contain all the iron oxide compounds
described in Section 2. Information obtained from
suppression pool cleaning companies indicates that
the typical trend involving the particle size of the
corrosion products is a function of the elapsed time,
the theory being that the longer the elapsed time
from the last cleaning, the larger the particle size.
This 1s believed to be the result of the natural

agglomeration of the more amorphous gelatinous
material as well as the mill scale particles that flake
off over the course of time. In those areas where
large amounts of particles have been settled for
longer periods of time, the agglomerates will have a
larger equivalent size. Based on the rudimentary
filtration methods used by the suppression pool
cleaning companies, the general consensus among
these companies is that the mean particle size of the
agglomerated iron oxide particles in the suppression
pools is about 25 um. Since the cleaning companies
removed many layers of sludge, collected at
different depths from several plants, this particle
size can be considered a rough average of the
sludge particle size.

A better characterization of the sludge particles in
BWR suppression pools was conducted by the
BWROG, which evaluated, using LASER light
scattering, the particle size distribution of the
sludge samples obtained from five BWR suppression
pools, including Mark I, Il and III containments. It
is believed that these sludge samples consist of
nearly 100% iron oxides. The data from these
samples is summanized in Table B-1 [Ref. 3).

As it can be seen in this table, despite the
differences among the particle size distributions in
the samples from the surveyed plants, the median
equivalent diameter is less than 10 um in all cases.
It is interesting to note the discrepancy between
these sludge particle size determinations and the 25
Wm mean size estimated by the suppression pool
cleaning companies. The BWR owners’ group
characterization using LASER light scattering is

Table B-1. BWR Suppression Pool Sludge Particle Size Distribution
Plant Cont. Type 0-1 pm 0-5 pm 0-16 pm 10-75 pm >75 pm

A 11 65% 100% 0%
75% 100%

B 11 94% 99.5% 0.5% %

T I 8% 88% 97% 3% 0%

D I 14% 85% 97% 3% 0%

E 111 18% 75% 86% 14% 0%
14% 65% 82% 18%
15% 65% 80% 20%
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more accurate than the estimated average particle
size based on filtration methods used by the
cleaning companies, but the specific conditions at
which the BWROG samples were taken are not
known at the present time. In particular, it is
important to have an idea about both the depth in
the sludge layer at which the BWROG samples were
obtained, as well as the time elapsed from the last
pool cleaning at each plant. According to the
hypothesis of particle agglomeration as a function of
time, it could be possible to obtain agglomerates
from the top surface of the sludge layer smaller in
size than those obtained from the bottom; in
addition, smaller agglomerates could be cbtained if
the suppression pools are cleaned more frequently.

3.2 Simulated BWR Sludge

The information in Table B-1 was used by the
BWROG to suggest the sludge particle size
di~*ribution in Table B-2 to be used in the head loss
experiments conducted at ARL.

Table B-2. BWROG Recommended Particle Size
Distribution for Simulated Sludge [5].

Fe,O, <2 25 510 1035 »35
Type wum um um pm pm

#2008 5% 80% 15% 0% %
#9101-N V% ~0% ~0% 82% ~18%

It is important to note that the method used to
deternune the particle size distribution of powder
#2008 is not accurately known, whereas the particle
size distribution of powder #9101-N was apparently
measured by screen analysis. Knowledge of the
method used in determining the particle size
distribution is of relevance because the various
measurement processes result in different particle
sizes; for example, the transport and deposition
behavior of particles is better characterized by
defining a diameter in terms of the particle terminal
settling velocity, a case in which all particles having
simular settling velocities are considered to be of the
same size, regardless of their actual size or shape.
This situation has to be considered when comparing
the results obtained from different techniques used
to characterize particle size distributions.

To simulate the particle size distribution suggested
by the BWROG, it was decided to mix 95% of black

Size Range  Average Size  Percentage by Mass iron #2008 and 5% of black iron #9101-N, resulting
(pm) - . in the so called Sludge A. The estimated particle
0-5 25 81 size distribution for this mix is given in Table B-3.
5-10 75 14 Table B-3. Sludge A Particle Size Distribution

According to Manufacturer’s
10-75 425 5 Specifications.
Size Range Percentage by Mass

A survey was conducted among some companies (pum) (%)
capable of providing several powders with the o aos
recommended particle size distribution. None of the '
surveyed companies was able to provide iron oxide 2-5 76
powders with the required particle size distribution. 5.10 14.25
Although it was recognized that some ceramic '
powders could be provided with exactly the 10-35 41
suggested particle size distribution, it was decided 35.75 0.9

to use iron oxide powders to better simulate the
sludge observed in BWR suppression pools.

Black iron oxide, Fe,O,, was supplied by Hansen

Engineering, Inc. according to the following particle
size distributions:
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To have an idea about the behavior of a coarser mix
of sludge, it was decided to conduct some head loss
experiments using 100% of black iron #9101-N. This
mix is called Sludge B.

The debris generated during a loss of coolant
accident (LOCA) in a BWR can incorporate some



other particles in addition to the fibrous insulation
matenals. Examples of these additional materials
include calcium silicate particles, produced by the
impingement of the jet of steam and water from the
break on the calcium silicate insulation materials
used in systems such as the Reactor Core Isolation
Cooling (RCIC) and the Reactor Water Clean-up
(RWCU), concrete dust and paint chips, generated
by the destruction of paint coverings on structures
in the drywell. These non-fibrous materials may be
transported to the suppression pool and eventually

Appendix B

to the ECCS strainers, contributing to the pressure
drop. To better understand the effects of these
additional materials on the pressurc drop increase, it
was decided to conduct some experimen's using a
combination of iron oxide (Sludge 2 ) and odditional
11% in weight of unqualified pain* chips; since this
muxture includes simulated part.cles from materials
n the drywell, it was decidew to designate it Mix A
to distinguish this simulate debris material from
the sludge already present in the suppression pool
before the LOCA.
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4.0 Samples Analyzed and Characterization Techniques

Several tests were conducted to measure the head
losses due to accumulation of NUKON™ fibrous
materials and sludge particles on a plate simulating
ECCS strainers. In general, these tests consisted of
dropping sludge particles and NUKON™ fibrous
shreds into an experimental facility in which water
was circulating through the plate at different flow
velocities. To obtain a better characterization about
the sludge particles and their deposition on
NUKON™ fiber beds, the following samples were
collected during some of the typical tests.

41 Samples for Sludge Particle
Characterization

The characterization of the sludge consisted in
determining the shape, state of agglomeration, and
particle size distribution of Sludge A and Sludge B.
In the case of Sludge A, both samples from the dry
mix produced with the manufacturer's powders as
well as samples collected from the test loop while
the particles were circulating in the water were
analyzed; for Sludge B, only samples from the dry
powder supplied by the manufacturer were
analyzed. The following paragraphs describe each
of the samples collected for analysis.

Sample 1.0. Dry powder from Sludge A, ie., as it
was after mixing the iron oxide powders from
Hansen Engineering, Inc., specifications #2008 and
#9109-N, as described in Section 3, and before
dropping it into the test facility.

Sample 1-1. Specimen of water collected from the
port located after the plate (Port 2) while the Sludge
A particles were circulating in the test loop at 1.5
ft/s (0.5 m/s).

Sample 1-2. Same as above; taken to verify
repeatability of the collection process.

Sample 1-3. Specimen of water collected from the
port located before the plate (Port 1) while the
Sludge A particles were circulating in the test loop
at 1.5 ft/s (0.5 m/s).

Sample 1-4. Specimen of water collected from Port
2 while the Sludge A particles were circulating in
the test loop at 1.5 ft/s (0.5 m/s); 0.05 % in weight
of surfactant (sodium meta-phosphate, was added to

the collected water to investigate the state of
agglomeration after the specimen was collected.

Sample 1-5. Specimen of Sludge A particles
deposited on 4 0.45 um pore size filter paper. The
particles came from a test in which 35 g of Sludge A
were dropped in the test loop without any fibrous
material.

Sample 1-6. Specimen of Sludge A particles
deposited on a 0.45 um pore size filter paper. The
particles came from test P09, in which the mass of
Sludge A was the same as the mass of the
NUKON™ fiber shreds in the test loop. The
nominal fiber bed thickness was 1 inch (2.5 ¢cm) and
the approximate temperature in the water was 52°C
(125°F). The filter paper was taken at a flow
velocity of 0.15 ft/s (0.05 m/s).

Sample 2-0. Dry powder from Sludge B, i.e., the
iron oxide powder, specification #9109-N, supplied
by Hansen Engineering, Inc., as it was before
diopping it into the test facility.

4.2 Samples for Debris Bed
Characterization

The characterization of the debris bed formed on the
perforated plate consisted of determining its
morphology, 1.e., the mode of deposition of the
sludge particles on the fibers. It is important to
note, however, that the debris beds were not
collected for the specific purpose of making this
characterization and, therefore, the handling of the
debris beds may have affected their characteristics in
the test loop; in particular, the beds removed at the
end of the head loss tests were dried in an oven at
about 121°C (250°F) for approximately two days. It
is possible that this drying process may have
modified not only the morphology of the deposited
particles, but also their chemical composition.

Sample 3-0. Specimen from a clean fiber bed, ie,
the bed formed during test P01 in which only
NUKON™ fiber shreds were ac " “ to the
experimental loop. The nominal fiber bed thickness
was 1 inch (2.54 cm) and the approximate water
temperature was 52°C (125°F).

Sample 3-1. Specimen of a mixed bed, i.e., a fiber
bed loaded with Sludge A particles. In this case, the
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bed came from test P26, in which the same mass of
Sludge A as the mass of fibers was added to the
experimental loop. The nominal fiber bed thickness
was 1 inch (2.54 cm) and the water temperature was
about 52°C (125°F)

Sample 3-2. Specimen of mixed bed heavily loaded
with sludge, i.e., the debris bed formed when a
mass of Sludge A particles ten times greater than
the mass of fibers was added to the loop. The bed
came from test P33, in which the nominal fiber bed
thickness was 0.5 inches (1.27 cm) and the water
temperature was 52°C (125°C).

4.3 Characterization Techniques

The main objectives of these analyses were to
determine the shape, state of agglomeration, and
particle-size distribution of the Fe,O, used to
simulate suppression pool sludge, and to investigate
the morphology of the debris beds formed during
the head loss experiments. The techniques selected
to achieve these objectives were Scanning Electron
Microscope (SEM) with minimal sample
modification and Sedimentation Velocity analvsis.
Specifically, SEM analysis allows the determination
of the shape and state of agglomeration of the
sludge particles providing, in addition, qualitative
information about their size distribution. SEM was
also the technique employed to obtain information
about the morphology of the debris beds.
Quantitative estimation of the particle-size
distribution with SEM is, however, a tedious process
that requires the analysis of several images and,
therefore, the more efficient technique of
sedimentation velocity analysis was used to obtain
the quantitative particle-size distribution (by mass)
of Sludge A and Sludge B.

4.3.1 Scanning Electron Microscope
Analysis

The determination of the shape and state of
agglomeration by microscopy is a well established
technique; the properties are characterized in terms
of the absorbed, back scattered, and secondary
electrons from the primary beam. In these analyses,
all of the samples were coated with a thin layer of
carbon to avoid electrical charge due to the electron
beam. This coating is a standard procedure that
does not cause any artifacts. In the case of the dry
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powder samples from Sludge A and Sludge B, i.e.,
Samples 1-0 and 2-0 respectively, the coated
particles were dropped directly onto the SEM saub.
The samples from the filter papers, 1.e., Samples 1-5
and 1-6, were prepared by cutting the filter papers
into several pieces and mounting some of these
pieces onto the SEM stub using conductive paste.
The debris bed samples, i.e., Samples 3-0, 3-1, and 3-
2, were also prepared by cutting out a piece from
each bed and mounting it on the SEM stub using
conductive paste.

All specimens were analyzed over the whole area at
low magnification (750 um bar) to determine how
representative the photographed region was
compared to other regions; this same procedure was
carried out at the higher magnifications to verify
that the photographed regions were representative.
Photographs were taken of each sample at
magnifications corresponding to scale bars of 750
um, 30 um, and 1 pm. This choice of magnifications
provided information at the length scales
corresponding to agglomerates (750 um and 30 pm
bars) and primary particles (1 um bar).

4.3.2 Sedimentation Velocity Analysis

A quantitative characterization of the particle size
distribution, by mass, can be obtained by
measurements of the sedimentation velocity of the
particles in water. This technique provides useful
information about the particle size distribution, by
mass, in the range from 1 to 100 um. For
agglomerates larger than 100 um, sedimentation
velocity analysis requires dispersing the particles in
a container from which the liquid is withdrawn and
inserted into an analysis chamber. The particles are
easily dispersed into the water using a surfactant,
sodium meta-phosphate, with ultra-sonication. This
will separate the particles and provide better
information about the actual primary size
distribution and the strength of the forces holding
the agglomerates together. In some cases, a
magnetic stirring bar can be used to further disperse
the particles; in these analyses, however, this
method of dispersion was not used because the
magnetic properties of the iron oxide particles cause
attraction to the stirring bar.

The techniques used to characterize the analyzed
samples are summarized in Table B-4



Table B-4. Summary of Samples and Characterization Analyses.

Appendix B

Sample Sample Description Analysis Technique
Sludge Particles
1-0 Dry powder of Sludge A SEM Sedimentation Velocity
1-1 Sludge A suspended in water; Port 2' Sedimentation Velocity
-2 Sludge A suspended in water; Port 2 SEM Sedimentation Velocity
1-3 Sludge A suspended in water; Port 1° SEM Sedimentation Velocity
1-4 Sludge A suspended in water; Port 2 (Surfactant added) SEM Sedimentation Velocity
1-5 Sludge A deposited on filter paper; no fibrous shreds SEM
-6 Sludge A deposited on filter paper; fibrous shreds added SEM
2-0 Dry powder of Sludge B SEM Sedimentation Velocity
Debris Beds
3-0 Clean fiber bed SEM
3-1 Mixed bed; sludge-to-fiber mass ratio: 1 SEM
3-2 Mixed bed; sludge-to-fiber mass ratio: 10 SEM

"Port 2. After the perforated plate
" Port 1. Before the perforated plate

B-11
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5.0 Results

The objectives of the SEM analyses were to obtain
qualitative information about the shape, size, and
state of agglomeration of the iron oxide particles
used to simulate suppression pool sludge, and to
gain a qualitative description about the deposition of
these particles on NUKON™ fiber beds. The
objective of the sedimentation velocity analyses was
to determine quantitatively the particle size
distribution, by mass, of the sludge particles.

5.1 Characterization of Sludge A
Particles

Sludge A was the mixture of iron oxide particles
used to simulate suppression pool sludge in the
majority of the head loss tests and, therefore, most
of the characterization efforts corresponded to this
type of sludge. Specifically, both samples from dry
powders as well as samples of the sludge particles
collected while circulating in the water in the test
facility, were analyzed with SEM and sedimentation
velocity.

5.1.1 Sludge A SEM Results

As indicated in Table B4, all of the samples from
Sludge A, with the exception of Sample 1-1 which
was identical to Sample 1-2, were analyzed by SEM.
The following paragraphs summarize the most
significant results from these analyses.

Several specimen: of the dry powder from Sludge
A, as it was befor- dropping it into the test loop,
were prepared for SEM analyses; all showed similar
results. Typical SEM photographs of this sample are
included as Figures B-1, B-2, and B-3. The
photograph at the lower magnification (750 pum) in
Figure B-1, shows large agglomerates with
dimensions on the order of 100 um and smaller; in
some cases even agglomerates of about 375 um are
visible. As indicated in Figure B-1, these
agglomerates are approximately spherical. The
photograph at the next magnification (30 um) in
Figure B-2, shows nearly spherical particles and
agglomerates on the order of 5 to 30 um. These
particles are found between the larger agglomerates
and can be observed as small features on the 750
um photograph in Figure B-1. The primary particles
are dense are relatively smooth, while the
agglomerates are rough and porous. The
photograph at the highest magnification (1 pm) in

Figure B-3, indicates that the rough and porous
agglomerates consist of much smaller spherical
primary particles of less than 1 um. These primary
particles are agglomerated extensively, and the
spread of the size distribution is broad; an
appreciable fraction of the particles by number is
observed for all sizes between 0.1 and 0.9 um.

The SEM photographs of Sample 1-0 indicate that
the particles in the dry powder of Sludge A are
extensively agglomerated; although the SEM results
do not provide the quantitative particle size
distribution of Sludge A, they suggest that the large
agglomerates observed produce a particle mass-size
distribution significantly larger than the particle size
distribution recommended by the BWROG in Table
B-2 and, consequently, also larger than the particle
size distribution according to the iron oxide supplier
specifications. However, it is not possible to
determine from these results what is the state of
agglomeration when the sludge particles are
suspended in the water circulating in the test loop;
to get this information, Samples 1-5 and 1-6 were
analyzed. The SEM photograph of Sample 1-5 in
Figure B-4, shows that the Sludge A particles,
collected in a 0.45 um pore size paper while
circulating in the test loop without fibrous materials,
are considerably less agglomerated than the particles
in the dry powder of Sludge A; it is believed that
the dispersion of the large agglomerates cccurred
when they passed through the impeller of the pump
used in the head loss experiments. Figure B-5
shows the SEM photograph of a specimen from
Sample 1-6, which corresponds to the Sludge A
particles collected on a 0.45 um pore size filter paper
while they were circulating in the test loop at 0.15
ft/s (0.05 m/s) in the presence of a fiber bed. This
photograph shows very few agglomerates and
almost none of about 100 pm, suggesting that, in
addition of having dispersion in the circulating
water, larger agglomerates were deposited on the
fiber bed. In all of the cases analyzed for the Sludge
A particles collected while circulating in the test
loop, the primary particles observed at the highest
magnification (1 um) were similar in size to those
observed in the corresponding samples for dry
powders from Sludge A, i.e., primary particles in
the size range from 0.1 to 0.5 um; this typical result
is illustrated in Figure B-6, which shows the SEM
photograph, at 1 pm bar magnification, of a
specimen from Sample 1-6. This result suggests that
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Figure B-1. SEM Photograph of Sludge A as a Dry Powder (Sample 1-0) at 750 pum Bar Magnification.
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Figure B-2. SEM Photograph of Sludge A as a Dry Powder (Sample 1-0) at 30 um Bar Magnification
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Figure B-3. SEM Photograph of Sludge A as a Dry Powder (Sample 1-0) at 1 um Bar Magnification
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Figure B-4. SEM Photograph of Sludge A as Collected in a Filter Paper from the Test Loop Without Fiber
Bed (Sample i-5). 750 pm Bar Magnification.
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Figure B-5. SEM Photograph of Sludge A as Collected in a Filter Paper from the Test Loop With Fiber Bed
(Sample 1-6). 750 pm Bar Magnification.
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Figure B-6. SEM Photograph of Sludge A as Collected in a Fiiter Paper From the Test Loop With Fiber Bed
(Sample 1-6). 1 um Bar Magnification.
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these smaller pnimary particles cannot be dispersed
in the test loop.

5.1.2 Sludge A Sedimentation Velocity
Results

The qualitative results from the SEM analyses
showed that Sludge A as a dry powder, before
dropping it into the water in the test loop, was
composed of large agglomerates of nearly sphencal
particles with a very broad size distribution. The
SEM results also showed that, when the Sludge A
particles are circulating in the water in the test loop,
considerable dispersion of the agglomerates occurs.
To obtain the quantitative characterization of the
particle size distribution, both in the dry state as
well as when the particles are circulating in water,
several samples of Sludge A particles were analyzed
by sedimentation velocity measurements. The
results from these analyses are summarized in the
following paragraphs.

Specimens from Sample 1-0, particles from Sludge A
as a dry powder, were so agglomerated that the
sedimentation velocity measurements, initially
conducted in the absence of surfactant and without
ultra-sonication, gave meaningless results.
Consequently, it was decided to analyze a specimen
from this sample using ultra-sonication but without
surfactant. In this case, the agglomerates were
dispersed using the ultra-sonication process for
about 10 minutes. The results for the frequency and
cumulative particle size distributions (by mass) from
this analysis are presented in Table B-5; the
corresponding plots are presented in Figure B-7, for
the frequency particle size distribution, and Figure
B-8 for the cumulative particle size distribution. The
mass-mode, or maximum in the mass particle
population, occurs at about 8.4 um; the mass-
median, i.e., the equivalent diameter above which
50% of the mass exists, occurs at about 7.6 pm.

To investigate the dispersion effect of adding a
surfactant, 0.05% in mass of sodium-meta-phosphate
was added to a specimen of Sample 1-0. In this
case, the specimen was also ultra-sonicated for about
15 minutes. The measured particle size distribution
by mass is presented in Table B-6, which includes
both the frequency and cumulative distributions.
The same results are showed graphically in Figures
B-9 and B-10 respectively. The mass-mode in this
case
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Table B-5. Dry Powder Sludge A Particle Size
Distribution. Sedimentation Velocity
Analysis Without Surfactant.

Equivalent Cumulative Mass
Diameter Mass Fraction Fraction
(um) (%) (%)
100.00 -93 7.6
80.00 -3 0
60.00 -93 0
50.00 93 0
40.00 93 0
3000 929 0.2
25.00 92.6 04
20.00 91.7 09
15.00 88.5 3.2
10.00 70.5 18.0
8.00 53.7 16.7
6.00 34.5 19.2
5.00 26.1 8.4
4.00 18.8 7.8
3.00 11.9 ()
2.00 53 6.7
1.50 27 26
1.00 1.0 1.7
MEDIAN DIAMETER: 7.61 um
MODAL DIAMETER: 842 um

occurs at about 5.4 um; the mass-median of the
particle size distributions is approximately 5 pm.

The comparison of the data in Tables B-5 and B-6
suggests that the measured particle size distribution
1s very sensitive to the method used to disperse the
agglomerated particles. Unfortunately, it is not
possible to determine from these analyses how
much energy is needed to break down the large
agglomerates (>100 um) initially present in the
Sludge A; this is critical because many of the
relevant properties of the particles in the test loop,
including filtration efficiency and pressure drop,
will depend on the agglomerate size and not on the
primary particle size. To obtain quantitative
information about the extent of dispersion of the
agglomerated Sludge A particles introduced by the
pump and heater in the head loss testing facility,
several samples of Sludge A, suspended in the
water and circulating at 1.5 ft/s (0.5 m/s), were
collected and examined using sedimentation velocity



Table B-6. Dry Powder Sludge A Particle Size
Distribution. Sedimentation Velocity
Analysis With Surfactant.

Equivalent Cumulative Mass Fraction
Diameter Mass Fraction (%)
(um) (%)
100.00 98.6 15
80.00 98.6 0
60.00 98.6 0
50.00 98.4 0.2
40.00 97.5 0.9
30.00 95.4 2.1
25.00 94.2 1.2
20.00 929 1.2
15.00 90.2 2.8
10.00 82.7 74
8.00 759 6.9
6.00 614 14.5
5.00 505 109
4.00 384 12.2
3.00 26.1 123
2.00 13.2 13.0
1.50 6.5 6.7
1.00 2.7 38
0.80 24 0.3
0.60 24 0
0.50 2.1 0.3
0.40 18 0.3

MEDIAN DIAMETER: 4.95 um

MODAL DIAMETER: 542 um

analysis; these are Samples 1-2, 1-3, and 14
described in Section 4.

The specimen from Sample 1-2 had to be dispersed
with ultra-sonication for about 4 minutes because,
without this dispersion process, the measured
results were meaningless. The specimen from
Sample 1-3, unlike Sample 1-2, did not require ultra-
sonication to provide useful measurements.
Similarly, the analyzed specimen from Sample 1-4
gave useful measurements without ultra-sonication.
For comparison purposes, however, it was decided
to analyze another specimen from Sample 1-4 after
ultra-sonication for about 4 munutes; hereafter, the
results for this specimen are denoted by 1-4 (US).

The frequency particle size distribution, by mass,
measured for Samples 1-2, 1-3, 14, and 1-4 (US) are
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presented in Figure B-11; the corresponding
cumulative particle size distributions are presented
in Figure B-12. As indicated in Figures B-11 and B-
12, all of the analyzed specimens gave, within the
limits of error of this technique, the same particle
size distribution for Sludge A. This is an
encouraging result, because shows that the collected
samples are representative of the Sludge A particles
while circulating in the water in the test loop. The
averages and standard deviations of the measured
values for the frequency and cumulative particle
size distributions, by mass, are presented in Figures
B-13 and B-14 respectively. As indicated in Figure
B-13, the average mass-mode is 2.26 pm, whereas
the average mass-median is 2.38 um. Figure B-14
also presents the comparison between the measured
particle size distribution of Sludge A and the
particle size distribution recommended by the
BWROG,; for all practical purposes, Siudge A in the
test loop represents fairly well the suggested particle
size distribution.

5.2 Characterization of Sludge B
Particles

Sludge B is composed of 100% of the iron oxide
powder provided by the manufacturer according to
specification #9101-N and, since was used only in
three of the head loss experiments, the
characterization efforts were concentrated just in
analyzing the particles from the dry powder before
dropping the sludge into the test loop. Both SEM
and sedimentation velocity analyses were used to
typify Sludge B particles.

5.2.1 Sludge B SEM Results

Specimens of Sample 2-0, dry powder from Sludge
B as supplied by the manufacturer, were prepared
for SEM analyses. Figures B-15, B-16, and B-17
present typical SEM photographs of this sample
Figure B-15, the SEM photograph at the lower
magnification of 750 um bar, shows very few
particles or agglomerates above 100 um and
practically none above 150 um. The SEM
photograph at 30 um bar magnification in Figure B-
16, shows that Sludge B contains a large number of
nearly spherical particles between 1 and 30 ym. In
contrast with the SEM results for Sludge A, this
photo suggest that the Sludge B particles do not
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Surfactant.
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Figure B-9. Mass-Particle Size Frequency Distribution of Sludge A as a Dry Powder (Sample 1-0) With Surfactant.
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Figure B-10. Mass-Particle Size Cumulative Distribution of Sludge A as a Dry Powder (Sample 1-0) With
Surfactant.
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Figure B-15. SEM Photograph of Sludge B as a Dry Powder (Sample 2-0) at 750 um Bar
Magnification.
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Figure B-16. SEM Photograph of Sludge B as a Dry Powder (Sample 2-0) at

30 um Bar Magnification
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Figure B-17. SEM Photograph of Sludge B as a Dry Powder (Sample 2-0) at 1 pm Bar Magnification
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Figure B-18 Mass-Particle Size Frequency Distribution of Sludge B as a Dry Powder (Sample 2-0).
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Figure B-20. SEM Photograph of a Clean Fiber Bed (Sample 3-0) at 750 pum Bar Magnification.
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Figure B-21, SEM Photograph of a Clean Fiber Bed (Sample 3-0) at 30 um Bar Magnification
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Figure B-22. SEM Photograph of a Clean Fiber Bed (Sample 3-0) at 1 um Bar Magnification.
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Figure B-24. SEM Photograph of a Lightly Loaded Mixed Bed (Sample 3-1) at 30 um Bar
Magnification
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Figure B-25. SEM Photograph of a Lightly Loaded Mixed Bed (Sample 3-1) at 1 um Bar
Magnification.
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Figure B-26 SEM Photograph of a Heavily Loaded Mixed Bed (Sample 3-2) at 750 pm Bar
Magnification.
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Figure B-27. SEM Photograph of a Heavily Loaded Mixed Bed (Sample 3-2) at 250 um Bar
Magnification.
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Figure B-28. SEM Photograph of a Heavily Loaded Mixed Bed (Sample 3-2) at 30 um Bar
Magnification
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Figure B-29. SEM Photograph of a Heavily Loaded Mixed Bed (Sample 3-2) at 1 um Bar
Magnification.
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Appendix B

These analyses suggest that the deposition of sludge
particles is by smooth coating, in the case of
primary particles, and by channel blocking in the
case of agglomerates; since the agglomerates

NUREG/CR-6367

represent by far most of the particle mass, it is
believed that the blocking mode is the dominant
type of particle deposition in the head loss
experiments.
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