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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-loop 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

i
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 I

accuracy range by the semi-theoretial 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.
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1.0 Introduction

1.1 Background and Program relatively larger fibrous shreds compared to the I

Overview 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 l

A loss of coolant accident (LOCA)in a boiling water debris carried to the strainer by the pool water.
reactor (BWR) would generate debris from various
sources located within the dcwell and would In September 1993, the NRC initiated analyses to
transport a fraction of these debris to the evaluate ECCS strainer blockage potential for BWRs
suppression pool. Examples of these debris include to the same detail as was previously done for PWRs.
fibrous or non-fibrous insulation fragments, paint The study selected a BWR/4, insulated primarily
chips and ablated concrete dust. Additional with NUKONm insulation, and undertook a
quantities of debris are contained in the suppression thorough review of various head loss models |
pool prior to the LOCA. Examples of such debris available for predicting head loss across beds I

include air-filters and suppression pool sludge formed of NUKON fragments. The review i

consisting mostly of iron oxide particles. After a concluded that there was no general consensus I

LOCA, all the debris reaching the suppression pool regarding a head loss model or the type and size
would become intermixed with the pool water and distribution of the debris likely to reach the strainer
be carried by the water flow to the suction strainers following a LOCA that could be used for the |
of the emergency core cooling system (ECCS) reference plant analysis. In response to the need for

;

pumps. A fraction of the debris reaching the an applicable head loss model, a semi-theoretical i

strainers would be trapped, forming a debris cake or head loss equation was developed. This equation
bed on the strainer surface. Formation of such a was based primarily on the insights gained from the
debris bed introduces head losses that may exceed general field of flow through fibrous medias but
the available net positive suction head (NPSH) was validated with limited experimental data
margin leading to loss of ECCS pumps. reported for NUKONm. The head loss model was 1

lincorporated into the parametric computer code
In 1979, the NRC established USI A-43, "Contain- BLOCKAGE, which was used for estimating
ment Emergency Sump Performance," to study potential for loss of NPSH at the reference plant
safety issues related to the ability of both following a LOCA. The model assumed that all the
pressurized water reactors (PWRs) and BWRs to debris reaching the strainer, including the
recirculate water back to the reactor core following a particulate debris, would be trapped in the strainer
postulated LOCA. NUREG-0897, Revision 1, surface forming a porous debris layer. The results
" Containment Emergency Sump Performance," [Ref. of these initial analyses were documented in
1.1] contained technical findings related to USl A-43, NUREG/CR-6224 [Ref.1.2). )
including experimental data obtained from NRC-
sponsored experiments that studied head loss Because the assumptions regarding the head loss 1

characteristics of the fibrous debris beds. Based on model and the filtration efficiency play a vital role
these experiments, a set of correlations were in estimating the potential for loss of NPSH,
developed for mineral wool, high density fiberglass, additional experiments were carried out to validate
and low density fiberglass (e.g., NUKON"). these assumptions. These experiments, termed as

head loss tests, were conducted to obtain the
Following the Barsebuck-2 and Perry events, several experimental data related to head loss and filtration
investigations were carried out both in the U.S. and characteristics of the mixed beds formed on the
Europe to study head loss acrciss beds formed of strainer surface. These experiments were conducted
insulation fragments. These studies led to the at the Alden Research Laboratory, Inc. (ARL). The
conclusion that the using of NUREG-0897 might experimental data obtained from these experiments
underestimate the potential for BWR ECCS strainer were analyzed and used to validate the head loss
blockage because (a) the correlations were correlation developed in NUREG/CR-6224, and to

,

developed based on experimental data obtained for develop a more appropriate filtration model. I

1
1
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1.2 Program Objectives and Report and suppression pool particulates.

Outline The primary focus was to obtain the required
experimental data and derive the models that were

The head loss tests were designed and conducted to specifically applicable to the reference plant; i.e., the
yield data and insights in the following specific experiments and the test matrices were designed to

obtain the data primarily for debris beds formed ofareas:
NUKON* fragments and simulants of commonly

1. Effect of fibrous debris class (classes 3&4 found suppression pool sludge and paint-chips. In
versus 5&6) on the head loss across the debris contrast, the models were developed in a
cake. generalized form, and are applicable to other plants.

2. The once-through efficiencies of the fibrous insights drawn from previous studies were
beds to filter / trap micron range sludge effectively used to identify the various phenomena ,

particles. considered in this study. These insights are :

summarized in Section 2, which also describes the '

3. The deposition morphology of the debris development of a semi-theoretical head le s
cake. equation discussed above. Section 3 presents a

description of the test set-up, including scaling
4. Head loss across the cake as a function of issues, instrumentation and controls, and associated

types and particle size distributions of the bed measurement uncertainties. The experiments were
constituents. conducted in two phases: (a) exploratory tests, and

(b) parametric tests. The data from the exploratory
5. The effect of water temperature on the head tests was used to develop the test procedures, select

loss. material size distribution and finalize the parameter
range. These tests and their results are summarized

The experimental data were used to: in Section 4. Section 5 presents the experimental
head loss data, including a comparison to the semi-

1. Develop a filtration model that was integrated theoretical model predictions. Section 6 presents the !
into BLOCKAGE to estimate the fraction of filtration data obtained from the tests and the
each type of debris that would be filtered at deselopment of an " approximate" filtration model
the strainer surface to form the debris bed. for integration into BLOCKAGE. Significant

findings of the study, along with recommendations
2. Validate / modify the semi-theoretical head for future studies, are summarized in Section 7.

lost equation for applicatica with mixed beds
formed of low density fiberglass fragments

.

L
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2.0 Insights Gained from Previous Studies

This section provides a brief description of the key disintegrated by suppression pool hydrodynamics
post-LOCA suppression pool phenomena for during the high energy phase [Ref. 2.2]. The type of
strainer blockage analyses, followed by various debris that finally approach the strainer after being
experimental approaches used to simulate these subjected to various destruction forces would likely
phenomena. Considerable experimentation to study consist of a mixture of classes 1,2,3 and 4.
the head loss, resulting from debris buildup on
ECCS suction strainers, was carried out as part of In addition to the fibrous insulation debris, a
the USI A-43 study and following the Barseback-2 sizeable quantity of particulate debris may be
and Perry events. These experiments provided generated in the drywell from break jet interaction
valuable insights into the significant roles played by with the drywell structures and non-fibrous
selection of debris, experimental set-up design, and insulation [Ref. 2.3]. Examples of such debris
experimental procedures. These insights are include paint-chips and concrete dust. A fraction of
discussed below. these debris would also be transported to the

suppression pool along with the fibrous insulation !

2.1 LOCA Related BWR Suction debris. Additional quantities of particulate debris
am kn wn t be present in the suppression pool.Strainer Blockage Phenomena
These particulate debris, referred to as suppression
pool sludge, consist primarily of rust and dust

Due to major differences between various U.S. particles. Typically, these particles would be a few
BWRs (e.g., types of insulation and containment microns in size and would most likely be contained
layout), it was not practical to identify and study all at the bottom of the suppression pool prior to a
the phenomena of importance to the reliable LOCA [Ref. 2.4]. However, as evident from the
operation of BWR ECCS. As a result, this study referenced suppression pool tests, the sludge
focused primarily on those conditions and materials particles would be resuspended by the high
that were specifically applicable to the reference intensity turbulence associated with the suppression
plant, a BWR-4/ Mark I containment. ' In the pool hydrodynamics during the high energy phase
following discussions, it is assumed that the reader following a LOCA [Ref. 2.2].
is familiar with the LOCA progression scenario and
suppression pool phenomenology discussed in Therefore, at the end of the high energy phase, the
Appendix B of NUREG/CR-6224 [Ref. 71]. suppression pool water would be uniformly mixed

with classes 1,2,3 and 4 fibers and the particulate
A postulated primary system pipe break located in debris (sludge particles, concrete dust, etc.). For the
the drywell generates fibrous insulation debris due reference plant, the average concentration of the
to a combination of blast overload forces and jet fibrous debris in the suppression pool water was
impingement forces. The generated debris vary in estimated to be between 6.6E-05 to 1.2E-03 lbm/ft i

3

size from individual fibers (or fines) to partially depending on the break size [Ref. 2.1]. Estimates of
destroyed blankets. The actual size distribution of sludge concentration were between 2.5E-03 to 0.017
the debris depend strongly on the type of insulation, Ibm /ft' resulting in sludge-to-fiber concentration
duration of exposure to high temperature and ratios ranging from 2 to 250.
radiation (i.e., it's age), mode of encapsulation and i

distance from the break. These debris are generated This mixture of particulate and fibrous debris would
at the break location from where a fraction of them be carried to the suction strainers by the water flow.
would be transported to the suppression pool by the Based on insights gained from previous studies,
vapor flows during the blowdown phase, followed almost all of the fibrous debris reaching the
by water flows during the washdown phase. suppression pool would be trapped on the strainer
However, it is likely that larger shreds may not be surface to form a debris layer that is compressible
transported to the suppression pool, and the debris under the influence of the differential pressure. The
reaching the pool would likely consist of shape (or thickness of the fibrous bed increases steadily with
size) classes 1 through 7 of Figure 2-1. These shape time as more debris are brought to the suction
classes were developed based on engineering strainers until the pool is finally cleared of the
judgement and limited experimentM data [Ref. 2.1]. debris. Based on BLOCKAGE calculations, such a
Moreover, some of these shreds would be further state could be reached within the first few flushing
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Settling Velocityin Filtration 9N Description Settling Characteristics
Calm Poolsy g Etficiency [

"M
Very small pieces of fiberglass material, Drag equations for cylinders are well 1-3.5 mm/s Unknown $"

" microscopic" fines which appear to be known, should be able to calculate fall Based on Cal. for 3
9 cylinders of varying IJD. velocity of a tumbling cylinder in still 0.5 - 2.54 cm long fibers ?

water. 1
0

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

a.
W
*

Multiple attached or interwoven strands This category is suggested since this 0.04 ft/s - 0.06 ft/s 1.0 (measured)
that exhibit considerable flexibility and class of fibrous debris would likely be (measured)
which due to random orientations most susceptibie to re-entrainment in
induced by turbulence drag could result the recirculation phase if turbulence
in low fall velocities. and/or wave velocity interaction

becomes significant.
,

3 Formation of fibers into clusters'which This category might be represented by 0.08 - 0.13 ft/s 1.0 (measured)
have more rigidity and which react to the smallest debris size characterized (measured)

4 drag forces more as a semi-rigid body. by PCis air blast experiments.

Clumps of fibrous debris which have This category was characterized by the 0.13 - 0.18 ft/s 1.0 (measured)
been n ted t sink. Generated by PCI air test experiments as comprising (measured)

5 different methods by various the largest two sizes in a three size
experimenters. distribution.

2 Larger clumps of fibers. Forms an Few of the pieces generated in PCI air 0.16 - 0.19 ft/s 1.0 (measured)
intermediate between Classes 5 and 7. blast tests consisted of these debris (measured)

6 types.

Precut pieces (i.e. 25" by .25") to Dry form geometry known, willingest 0.25 ft/s 1.0 (estimated)
simulate small debris. Other water, should be able to scope fall (calculated)

I manual / mechanical methods to velocities in still water assuming/
produce test debris. various geometries.

Figure 2-1. Fibrous Debris Classification
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Insights Gained from Previous Studies

cycles, if it is assumed that ECCS pumps were not loss for the various fibrous insulation materials most
lost due to loss of NPSH. For the reference plant, commonly used in PWRs: (1) mineral wool (also

2the estimates of fiber bed theoretical thickness , AL , referred to as rockwool), (2) high density fiberglass,o

varied between 0.5 to 8 inches, assuming a strainer and (3) NUKON [Refs. 2.5 and 2.6]. For all these
2surface area of 37.62 ft ; the actual thickness may be materials, head loss was measured as a function of

considerably lower due to compression of the cake, screen approach velocity and theoretical thickness
for both the "as-fabricated" blankets (without scrims

One of the deleterious effects of fibrous debris bed or other blanket covers) and for insulation shreds of
build-up is the ability of the bed to filter out various sizes. The insulation manufacturers
particulate debris. During the initial stages when provided the insulation blankets in their original
the fiber beds are very thin, only a small fraction of form (prior to aging) for testing. The blankets were
particulate mass would be filtered by the debris bed used "as-is" for head loss measurements for as-
and a majority of particulates would penetrate the fabricated mats; the blankets were manually
strainer and enter the reactor systems (i.e., ECCS shredded into small pieces, ranging in size from 1"
pumps, pipes and reactor vessel). A fraction of the x 0.5" x 0.125" to 3" x 2" x 0.125", for head loss
particulate mass entering the reactor systems would measurement for shreds. Best fit expressions
be deposited. The remaining fraction would reenter obtained from these experiments are reported in
the pool and become available for transport to the NUREG-0897 [Ref. 2.5] as:
strainer. This trend changes with time as the debris
bed thickness increases. At higher thicknesses much AU 123U85'(AL )*
higher fractions of the particulate debris will be (2-1)a

f r Mineral Wool (c=6.2 lbm/ft')filtered by the bed. Depending on the size
distribution of the particulate debris, a filtration

AU=1653U *(AL*)l54 (2-2)efficiency of 1.0 could be reached at higher bed .
3

thicknesses. f r High-Density Fiber Glass (c=10 lbm/ft )

AH=68.3US(AL )#
Due to a' combination of debris bed buildup and 3

for NUKON" (c=2.4 lbm/ft )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 where,
requires: (1) a once-through filtration model that
estimates the fraction of each debris species that U is the strainer approach velocity (ft/s)
would be trapped on the strainer surface as a AL, is the theoretical debris thickness (ft)
function of the debris bed thickness and the AH is the head loss (ft-water)
approach velocity, and (2) a model that estimates c is the as fabricated packed density.
the head loss as a function of the types and
quantities of debris making up the cake. Correlations are highly material specific. Attempts |

have been made by several investigators, with
2.2 Review of Head Loss Studies limited success, to eliminate this dependence on the

for Pure Fiber Beds m terials through the use of mass spread instead of
theoretical thickness [Ref. 2.7].

2.2.1 Findings of the Experimental Studies The major drawback of these equations is that they
are based on experimental data obtained for non-

As part of USI A-43 study, a series of tests were unifonn beds formed by relatively large shreds of

conducted under NRC sponsorship to measure head 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-

5Theoretical thickness, A1., also termed as nominal thickness, freaktor (HDR) tests [Ref. 2.5], than the shreds used
refers to thickness of the debns layer calculated from the debris .

mass, my using 'as-manufactured * packed or packing density of m the experiments reviewed above. Accumulation
the insulation, c; AL,, = m,/c A., where A,is the cross-sectional of such fine shreds on the strainer followed by
area of the strainer.
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Insights Gained from Previous Studies

compression, resulted in formation of much denser Another series of head loss tests were conducted at
beds and thus, higher head losses. Such higher ARL [Ref. 2.12] using NUKON" insulation
head losses were initially reported by Kermkraft- fragments. These tests employed an open loop
werk (KKL) after conducting experiments using equipped with a small scale semi-conical strainer
mineral wool that was aged up to 20 years (Ref. 2.8]. (surface area of 2.7 ft ) and a mixing tank (volume

3In these KKL experiments, aged mineral wool was of 240 ft ) to simulate the BWR suppression pocl.
stirred in water to simulate the effect of steam jet Reference 2.12 provides a detailed description of the
and subsequent suppression pool turbulence. The test facility and procedures. The debris used in half
fibrous material was then transferred to a small flat- of these tests were classified as ' fibers' that were
plate strainer section via circulating water flows, described to be loose clusters of individual fibers,

3where it formed a uniform layer. The experiment about 0.13 lbm/ft in density. The other half of the
was started at high velocities to allow for bed tests were conducted using ' shreds', which were
compaction before head losses were measured. described as consolidated fibers that retained some
Measured head loss was correlated using the of the original strength of the fiber bed. Based on
equation [Ref. 2.8]: these experiments, the following correlations were

developed:

M=318U "3(.il,)"4 (2-4)
M-77.4U " (.it,)a67 (2-7)' # #

It can be easily shown that Equation 2-4 results are
approximately 2 to 3 times higher than those of .iH=84U"3(E )*
Equation 2-1. As mentioned above, this increase can

for NUKON -- ' shreds' [Ref. 2.12]be attributed to smaller size debns used in the KKL
experiments compared to the previous NRC experi-
ments. Similarly, larger head losses compared to The various correlations proposed for debris beds
Equation 2-1 were also reported for mineral wool by formed of pure NUKON fragments (i.e, Eqns. 2-3,
several European investigators [Ref. 2.9]. 2-5,2-6,2-7 and 2-8) are plotted in Figure 2-2. As

evident from this figure, considerable scatter exists
NUKONm Based Fiber Bed Data in the head loss predictions by different correlations,
Since USI A-43 was completed, most of the head which raises questions related to their adaptability
loss data for fibrous beds in the U.S. was obtained to estimate BWR strainer blockage potential.
for NUKON [Refs 2.10,2.11, and 2.12), and a Careful examination of the experimental data would
limited amount of test data were reported for reveal that scattering can be attributed to:
Thermal-Wrap @, a fiberglass insulation, which

i

possesses a theoretical density close to that of Differences in the shape classes of the debris*

NUKON [Ref 2.13]. Initially, the NUKONm head used in the experiments. In general, beds
loss tests were conducted at ARL [Refs 2.10 and formed of finer debris resulted in larger
2.11]. In these tests, finer debris were generated pressure drops, possibly because of formation
from aged insulation blanket by either manual of relatively uniform and compact beds. The
means or by air jet (blast) impingement. These finer experiments conducted as part of USI A-43
debris, typically 0.25" x 0.25" x 0.125" in size, were study generally used larger shreds that
used to simulate LOCA debris and corresponding resembled shape classes 6 and 7 of Figure 2-1, j
head loss was measured from a closed loop and resulted in lowest of the measured ;
experimental set-up. Empirical correlations were pressure drops. As a result, Equation 2-3 '

developed based on the experimental data from provides the lowest pressure drop predictions j

these tests: for any given combinations of flow velocity I

and bed thickness. On the other hand, ;

M=173U"'(.iL )u6 Equations 2-6 and 2-7 were developed based j
I

for NUKON" -- Air-Blast Debris [Ref. 2.10]
n the head loss data obtained using debris

M=410U "2(.it,)us (2-6)
for NUKON" -- Manual Shreds [Ref. 2.11]
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Insights Gained from Previous Studies

2that were closer to classes 3&4, which may debris expected to reach the strainer following
explain the larger pressure drop predictions a LOCA. However, very limited experimental
provided by these equations. The other data exist that can provide insights into size
debris, which were intermediate in size, class of LOCA debris that reach the strainer.
provided head losses higher than Equation 2- As a result, one must ultimately rely on
1, but lower than Equations 2-6 and 2-7. engineering judgement to arrive at the size

class of the debris. This decision in part
Method of correlatine the data. Empirical should be based on the following=

forms, such as: considerations: (a) debris disintegration would
occur not only during generation but also
during transport (e.g., suppression pool

MI = A U8 (Alf (2-9) hydrodynamics), and (b) debris size class is
also influenced by other factors such as the

3effects of aging on the insulation of interest .
have been used to correlate the experimental
data which were obtained for a limited range 2. Methods that possess theoretical basis should
of experimental parameters. Multiple be adopted to correlate the data.
regression fit of the experimental data were
used to determine the empirical coefficients A, 2.2.2 Development of a Semi-Theoretical
B and C, without considering the conditions Head Loss Equation
such as water temperature or fiber
characteristics. A different set of empirical
constants were developed for each The previously developed correlations were purely

experiment; no attempt was made to identify empirical in nature, a fact that limits their usage.

important groups of physical parameters that For example,it is difficult to apply any of the

may collapse the data obtained from different correlations listed above to temperatures that are
typical of suppression pools. To nunmuze theseexperiments. As a result, the differences m,

the data caused by variations in the range of shortcomings, a semi-theoretical approach was

parameters studied in each experiment were sought. Such an approach is recommended because

manifested as scattering of correlations it correlates the data in terms of physical theories

predictions. These drawbacks can be avoided, that are based on previous experimental work in the

and the data can be better collapsed if related fields [Ref. 2.14]. Towards this objective,

functional forms with a theoretical basis are previous investigations in the general field of flow
through compressible fibrous / porous media wereused instead of purely empirical forms such
reviewed [Ref. 2.15 - 2.21] to identify groups ofas those described above. Usage of purely
parameters, pertinent functional forms and otherempirical forms for correlating experimental
information that willlead to better correlation of thedata are strongly discouraged (e.g., Ref. 2.14)

since they do not interpret the data in terms experimental data. The review findings were used

of the governing processes or on the basis of in developing the semi-theoretical head loss
equation described below.previous experimental work in the related

fields.
The formation of a debris layer on the strainer
sutfa s in a situa on

Based on these observations, the following
9 gg i e esconclusions were drawn:

drops. As initially suggested by Muskat [Ref. 2.15]
. . and confirmed later by Ward [Ref. 2.16], the1. Considerable attention must be paid to ensure

that size classes of debris used in the pressure drop across a fibrous bed can be expressed
as:

experiments would be representative of the

2 3The shape class information was deducted from photographs 1t is commonly bebeved that aged mineral wool is susceptible to
and other quahtative descriptions provided by the investigators break up and disintegrates readily under the influence of very
[Ref.1.5 and 1.8]. small forces.
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Insights Gained from Previous Studies

ap functional relationship between pressure and= a(c)gV+b(e)pV2 (2-10)
porosity expressed above (i.e., AP= (1-c)2 ) was
found not to be valid. The analytical reasoning for
this conclusion can be found from the works ofwhere,
Kyan, et al. [Ref. 2.18). Based on a large data base
for flow through fibrous media, Davies [Ref. 2.19]

AP is the pressure drop due to flow proposed that for laminar flow through fibrous
across the bed (dynes /cm ) porous media, the functional equation should be:

2

AL is the height or thickness of the
fibrous bed (cm)

E = aS (1-e)25[1+a (1-e)3] V
p is fluid dynamic viscosity (poise) 2

(2-13)AL op is fluid density (g/cc)
V is fidd velocity (cm/s)
a(c) and b(c) are unknown functions of the

bed porosity. where,

Since the 1940s, experimental and theoretical efforts a and e, are empirical constants.
have been underway to determine a(c) and b(c) for
beds formed of different porous media. Initial Based on experimental data for flow through
efforts focused on channel flow models for porous compressible mats made of nylon, fiberglass,
media, which resulted in the well-known Kozeny- Darcon, and wood pulp, Ingmansc,n, et al. [Ref. 2.20]
Carman Equation for laminar flows: confirmed this relationship and suggested 3.5 and 57

for the empirical constants a and a . To date, theseo

constants have been in wide use for laminar flow2
Ap aS (3.,)2 through fibrous porous media. Using these

MV (2-11)E" ,3 constants, Equation 2-13 can be rewritten as:

E = 3.5S (1-e)'5[1+57(1-e)S]gVwhere, 2
(2-14)AL

S, is the specific surface area of the porous
2 8

bed (cm /cm )
e is the bed porosity. Equation 2-14 is proposed for laminar flows. These

flows are traditionally referred to as low-velocity
in the turbulent region, Equation 2-10 becomes flows. For turbulent or high velocity flows,
equal to (Ref. 2.17]: experimental studies of Kyan, et al., and numerous

other investigators indicate that the functional
relationship expressed in Equation 2-12 is valid for

bS,(1-e) V , fibrous media as well. The empirical constant isAp
2p (2-12)--

close to 0.66,instead of 0.3 as suggested by ErgunAE '
[Ref. 2.17]. The equation thus becomes:

Based on a comprehensive set of experimental data E 046SJ1-e) y2 (2-15)pfor flow through granular porous media with AL e
porosities between 0.4 and 0.85, Ergun proposed
values of 4.2 and 0.3 for the constants a and b
[Ref. 2.17]. The overall equation, valid for laminar, transient,

and turbulent flow regimes, can now be expressed

A series of later investigators studied flow through as a sum of Equations 2-14 and 2-15, as shown
below:fibrous porous media, both theoretically and

experimentally. For laminar flow through fibrous
porous media, characterized by high porosities, the
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Insights Gained from Previous Studies

filtration of particulate debris by the fibrous debris
$ = 3.5S (3_,)ts[1+57(1-c)3] V+ bed formed on the strainer surface. The examples of2

AL
(2-16) the particulate debris include suppression pool

0.66S,(1-e) py: sludge consisting mostly of iron oxide particles, and
concrete dust and calcium silicate fragmentse

generated by the LOCA jets. Several experiments
were carried out in both the U.S. and Europe to

Unlike previously developed correlations (Eqns. 2-1 investigate the effect of filtration of these
through 2-8), Equation 2-16 can be used to particulates on the head loss [Ref. 2.3,2.12,2.22 and |

incorporate the effects of a variety of factors 2.23]. Initially, most of these experiments employed
including fiber type, temperature, debris size, 70-200 pm particles to simulate the particulate debris
compressibility and presence of sludge. approaching the strainer. However, later surveys of
NUREC/CR-6224 presents discussions on how each the sludge typically found in the U.S. BWR
of these factors can be addressed and proposes suppression pools was used to develop a
approximate forms of Equation 2-16 for several of prototypical sludge size distribution [Ref. 2.4].
the selected special cases. Using characteristic
properties of NUKON and ambient water 2.3.1 Findings of the Experimental Studies
temperature, Equation 2-16 can be approximated to
be equal to: The experiments conducted in Europe for mixed

debris were not released for public usage at the time
gg these experiments were planned, and hence are not

= 67U+54U2 (2-17) reviewed here. Two tests [Ref. 2.3 and 2.12] were
conducted in the U.S. to address this concern. Thea

first series of tests used > 70 pm rust particles to
simulate sludge and NUKON fibers to simulate

where, LOCA debris. The debris were added to a large
water tank which was equipped with a small-scale

AH is head loss (ft-water) truncated cone strainer located at the tank bottom.
AI, is theoretical thickness (ft) The head loss across the strainer was measured as a >

U is fluid velocity (ft/s) function of time and was correlated as follows

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 AH=1059U13 (AL,)e2(3t,)a2 (2-18)

evident from this figure, Equation 2-17 provides
reasonable agreement with the experimental data. where,
In the past, three different correlations (Eqns. 2-3,
2-5 and 2-6) were used to correlate this same set of AL, is the theoretical sludge thickness' (ft)
experimental data. Encouraged by the good
comparison,it was decided to adopt this correlation A similar set of experimental data were also
and further validate the equation for debris that was reported by the BWROG [Ref. 2.3] which used a
more representative of actual BWR conditions at once-through test column to obtain the data. These5

elevated temperatures. One of the objectives of this experiments also employed > 70 pm rust particles to
study was to obtain the experimental data that could simulate the sludge, and correlated the experimental
be used to validate Equation 2-16. data into the following form [Ref. 2.3]:

2.3 Effect of Sludge Filtration on
the Head Loss *rhickness calculated from the mass using iron oxide density of

320 lbm/ft'.

Following the Perry event, additional concerns were 51n this sec.up a mixere of fiber and sludge contained in the top
raised regarding increase in pressure drop due to portion of the column wes allowed to drain through the strainer

under the influence of the gravity.
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AH=aU+bU2 (2-19) sludge particles approaching the strainer, the
head loss was considerably higher in the case
of larger particles. For example, for a given

where, concentration, the 70 pm particles used in the
experiments described above always resulted

a =7.4(AL*)*(1+n237) in Pressure drops higher than the 1-3 pm
particles. In this regard, results of the

b=7.1(AL,)*(1+n"7), and BWROG survey of sludge particles typically
n= sludge-to-fiber mass ratio found in suppression pools should be

approaching the strainer carefully assessed in determuung the
prototypical sludge particle size distribution.

In Equations 2-18 and 2-19, the quantities AL, and a
were estimated based on the amount of sludge 3. The experimental data should be correlated
added to the test set-up since the visual observations making use of functional forms that possess
suggested that most of the sludge was trapped by sound theoretical basis instead of purely

,

the debris bed. Predictions of Equations 2-18 and 2- empirical functional forms. For example, '

19 are plotted in Figure 2-4. Once again, Equation 2-18 is based purely on an empirical
considerable scatter exists between the predictions functional form based on data obtained at
provided by these ecuations, possibly due to a relatively higher sludge-to-fiber mass ratios.

'combination of the utfference in the experimental Usage of this correlation at low sludge-to-
methods employed to measure head loss and the fiber ratios (e.g., AL, = 0) would severely
purely empirical nature of the correlations proposed. underpredict head loss. Such drawbacks can 1

be avoided if the correlation is developed |
In a later investigation, the BWROG conducted making use of insights drawn from previous |

additional tests to investigate the effect of sludge experimental work in the related fields as '

particle size on the head loss. These tests used 1-3 described in the following sections.
pm rust particles based on a BWROG survey of the
suppression pool sludge to simulate the particulate 2.3.2 Development of a Semi-Theoretical
debris approaching the ECCS strainer,instead of the Head Loss Equation
> 70 pm particles used in the experiments reviewed
above. The results of these tests clearly indicated
that only a small fraction of the smaller debns Due to important industrial applications (e.g.,

process water filtration and high efficiency

pas , e e pr v o s ex en s wh e most P
n on-s e p ti e by h rous be s asof the sludge was noted to have been filtered in the

first pass. This resulted m substantially lower extensively investigated [Ref. 2.24 and 2.25]. The
experiments have revealed that filtration efficiency is

pressure drops m, the later case compared t
Equations 2-18 and 2-19. a str>ng function of the particle diameter and the

bed thickness. Additional factors that appear to

The experimental data reported in the open influence filtration are fluid approach velocity, bed
m rP ology and fiber diameter. In all cases,h

literature provide the following insights:
considerable increase was observed in the head loss
as a resuh of Mradoa nese invesuganons suggest

1. Filtration of particulate debris by the fibrous
layer would substantially increase the that the semi-theoretical head loss equation

described above can also be used to predict headPressure drop. The increase in some cases
loss across a debris bed made of fibers and sludge ifwas ten-fold depending on the sludge-to-fiber
the porosity, e, in E uation 2-16 can be expressed as:9mass ratio.

2. Considerable attention must be paid in At
selecting the representative sludge particle 8 = 8. = 1 - (1+-pI 9) (1-8,) g (2-20)

Psize. Experiments conducted by BWROG P m

have shown that for the same concentration of
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insights Gained from Previous Studies

sludge and fiber approaching the strainer assuming
e, = 1-c,/ pf (2-21) 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 pm [Ref.
2.12 and 2.23]. However, for sludge particles in the

E *Co / C E. (2-22) range of 1-10 pm, the assumption of 100% filtration -
m

would considerably overestimate a and thus the
head loss across the bed. For these cases, estimation - ;

The sludge-to-fiber ratio a in Equation 2-20 is based of head loss requires accurate estimation of a which
on the quantity of sludge filtered by the debris bed; in turn depends on the filtration efficiency which is
not the quantity approaching the strainer. defined as the fraction of the particulates removed

by the fibrous beds during their passage through the
Figure 2-5 provides a comparison of this equation debris bed. Previous experimental studies of
prediction with the experimental data of Reference filtration demonstrate that filtration efficiency is a
2.12. As evident from this figure, reasonable strong function of particle size. Other factors that

'

agreement was observed. One of the objectives of effect filtration efficiency include the bed thickness,
this study is to further validate this correlation. bed morphology and the approach velocity. Several

semi-analytical models have been developed to
Usage of Equation 2-20 to predict head loss across a predict filtration efficiency as a function of all the
mixed debris bed requires accurate estimation of , parameters listed above. One of the objectives of9
the sludge-to-fiber ratio y and AL,, and the nominal this study is to measure filtration efficiency of the
thickness of the fiber bed. In Figure 2-5 both q and debris bed.
AL, were estimated based on the concentration of

i

|

|

l

|

|

I
1
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3.0 Test Facility Description

! The test facility developed for these experiments 3.1.2 Test Loop Description
was designed and instrumented to obtain head loss
data that can be used in conjunction with
BLOCKAGE m plant specific analyses. The test Based on engineering judgement and past

facility was not designed to be used for a strainer experience, a closed test loop was selected as the

design qualification. The following sections describe basic head loss facility. Figure 3-1 shows a

J how various BWR suppression pool features were schematic of the test loop. The 12 inch vertical test,

'

incorporated into the test facility. 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

i 3.1 Test Loop flat velocity profile at the strainer *. While the
) vertical piping associated with the test section was

3.1.1 Design Considerations c nstructed of 12 inch diameter pipe, the rest of the
loop was built using 4 inch piping to keep the flow'

Full-scale simulation of actual suppression pool and velocities high enough to minimize settling of
sludge particles in the loop, especially in the; ECCS systems was beyond the scope of this study; horizontal segments at low flow velocities.hence, for these head loss experiments tw

alternatives were considered to simulate the Additional details of the test loop are provided in,

Reference 3.1.'

underlying phenomena: (1) an open loop and (2) a
closed loop. Each of these options have relative4

advantages and disadvantages over the other. The To facilitate operation at a higher than ambient

open loop experimental data are easily scalable t temperature, the steel piping of the flow loop was

actual BWR conditions, and the test set-up would insulated to mminuze heat loss from the loop. In

j provide a better measurement of once-through addition, a resistance heater on the pipe walls and
,

filtration efficiencies. However, a realistically sized the energy loss from the pump were used to

j open loop limits the maximum head loss that can be maintain water at temperatures as high as 125 F.
1 sustained to very small values (e.g.,10-20 ft-water)
I compared to a closed loop. This would have 3.2 Test Strainer.

. seriously limited the range of parameters that could
i

be explored in an open loop facility. A closed loop The ECCS suction strainers used in a BWR are
i required much smaller amounts of water, insulation typically semi-conical in geometry as shown in
; and sludge, resulting in easier facility clean up Figure 3-2. In this case the debris is drawn to the
| between tests and less energy required to maintain strainer by the water flow and is then held

elevated water temperatures. On the other hand, compressed to the strainer surface by the differential
the closed loop allows particulate debris which pass pressure introduced by the flow. If it is assumed
through the debris bed (cake) on the strainer, to be that the flow is fairly uniform, then the primary,

re-filtered by the cake on subsequent flow cycles. direction of the flow at any given location would be
Therefore, the head loss versus time data (i.e., perpendicular to the strainer surface, except near the4

transient head loss curves) in the closed loop are not edges. In such a case, any segment of the strainer
indicative of what will occur in a plant. This can be approximated by a flat plate located in a
drawback was compensated for by measuring the direction perpendicular to the primary flow

; sludge concentration remaining in the loop, which direction. Thus, a flat plate strainer arrangement
was used to estimate the quantity of debris can be used to simulate the strainers found in the
contained in the debris bed at the time when steady reference plant ECCS. It should be emphasized that

>

state conditions were attained. This information these similitude arguments may not be applicable to3

was in turn used to correlate the head loss in terms strainer designs that intentionally introduce non-.

! of the actual amounts of debris contained in the uniform flows.
! debris cake.
,

'It is generally suggested that a length-to-diameter ratio of 7 is
needed to establish fully developed flow patterns

i
j 3-1 NUREG/CR-6367
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Test Facility Description

The simulated strainer used in this study consisted 3.3.2 DP Across Strainer
of a perforated flat plate made from 14 gauge,304
stainless steel with 1/8 inch holes and 30 holes per The head loss across the strainer was measured
square inch. The hole arrangement and size were between piezometric taps located 1.5 ft upstream
exactly the same as that of the reference plant and 1 ft downstream of the strainer. The calibration
strainers and the strainers commonly found in U.S. curve for the pressure transducer is presented in
BWRs. Introduction of the strainer resulted in Appendix A. The tabulated pressures were
reduction of the flow area to about 40% and caused |obtained after appropriately accounting for elevation
small head loss, typically about 0.2 ft-water at a differences between the two pressure taps and the
water velocity of 1.5 ft/s. These clean strainer head head loss introduced by a clean (or unloaded)
losses were subtracted from the head losses strainer.
measured for strainers loaded with debris beds to
obtain the head loss resulting from the flow through 3.3.3 Loop Water Temperaturethe debris layer.

The perforated strainer plate was located between Water temperature was measured by a RTD sensor

two lengths of 12 inch diameter acrylic pipes to which was also connected to the computer

facilitate viewing of debris cake formation and nitoring system. The calibration curves are

compression. This also allowed visual evaluation of Presented in Appendix A. The water was initially
the travel time for all introduced insulation debris to brought to the required temperature by making use

reach the strainer plate, the debris distribution on f I W Power heating stripes placed on the stainless

the strainer, and compression of insulation debris at steel pipes and the heat losses from the pump. No

various approach velocities. additional controls were used to precisely control
the water temperature, but generally the water

3.3 Controls and Instrumentation temperature did n t vary m re than 5 F from the set
point; the maximum variation noted was about 15 F.

3.3.1 Loop Flow 3.3.4 Loop Sludge Concentration

Loop flow was controlled by a 40 HP variable speed Loop concentration of sludge and other particulate
motor-pump combination. A calibrated 4 inch by 2 debris was measured by drawing water samples
inch Venturi flow meter was used to measure the from ports located upstream and downstream of the
flow through the loop; differential pressure cells strainer. Usually one liter water samples were
were used to measure the head difference across the drawn after head loss stabilized at each approach
venturi which was then translated to estimate the velocity. The samples were then filtered through a
flow rate. The calibration curves are provided in 0.45 pm pore filter paper and the concentration was
Appendix A. As evident from these curves, the determined by weighing the filter paper before and
measurement uncertainties were within 2% after filtration using a precise electronic analytical
throughout the velocity range of present interest balance (A&D).
(0.15-1.5 ft/s). The DP cell output was fed to a
computerized control system which was used in Due to the important role played by concentration
feedback mode to control AC pump drive speed and estimates, considerable attention was paid to
thus the test loop flow rate. Every ten seconds the quantify the uncertainties associated with the
system flow was averaged, recorded and checked concentration measurement. In the first step,14
against the set point. If the difference between the bench tests were conducted where a known quantity
setpoint and the actual flow was more than 2%, then of sludge varying between 0.03 g to 0.25 g was
the pump speed was altered appropriately. This added to 1 liter of water in a glass bottle used for
ability to accurately control the flow eliminated the sample collection. The mixture was then filtered
need for a valve in the flow loop, thus reducing the through the filter (0.45 pm pores) and the filtrate
possibility of dead zones where the sludge particles was dried and weighed. The percentage of weight
can settle out. returned from these tests are plotted versus the

original weight in Figure 3-3. As shown in this

NUREG/CR-6367 3-4
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Test Facility Description
#

figure, the collected weights were approximately the considering the uncertainties involved. The
same as the added weight at large concentrations. individual samples yielded concentrations that

,
However, at low concentrations, the collected varied from 112% to 85% of the nominal

! weights were up to 12% lower. Visual observations concentration. Thus,it can be concluded that
suggest that these differences are due to concentration measurement based on a single
measurement uncertainties and sludge adhering to sample could be associated with an uncertainty of
the walls of the sampling bottle. As shown in this up to 15%. This uncertainty can be muumized if
figure, a fairly linear correction equation could be the concentration estimates are obtained by
developed to compensate for these factors. averaging data from more than one sample. In

Figure 3-4, these averaged values are plotted versus
In addition to the bench tests, three sludge only approach velocity. As evident from this figure,
loop tests were conducted using the k,op set-up. In uncertainties involved are within 5%.
these tests a pre-determined quantity of sludge was
added to the loop and the water was allowed to Based on these calibration tests, it was concluded
circulate several times. Samples of water were then that:
drawn and filtered to estimate concentration of
sludge in the loop. The measured concentrations 1. Each concentration sample could be associated
were then corrected using the correction equation with uncertainties as high as 15%.
developed from the bench tests described above.
The ratio of measured concentration to the nominal 2. To minimize the uncertainties, more than one
concentration versus the approach velocity is plotted sample should be drawn whenever possible.
in Figure 3-4 . Sludge recovered of 100% in Figure
3-4 would correspond to the ideal condition. As The concentration information was used to estimate
evident from this figure, very few tests yielded such the filtration efficiency of the debris bed.
highly accurate estimates, which was expected
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4.0 Development of Experimental Procedures

A series of exploratory tests were conducted to hand,if the head loss is proven to be fairly
draw insights that could be used to (a) develop the insensitive to the approach velocity, then it is
experimental procedure that could be used in the possible to use the same test to obtain head loss
final set of tests, termed as parametric tests; (b) data corresponding to several different velocities.
maximize the data that can be collected from each Thus, it was important that this issue be further
test; and (c) understand the effect of each of the key explored experimentally to quantify the effect, if
parameters on the head loss. The following sections any, of the approach velocity on the resultant head
summarize how the exploratory test results were loss. A total of seven experiments were conducted
used in developing the experimental procedure. (E-01, E-01R, E-02, E-03, E-20, E-21 and E-22).
Table 4-1 presents the test matrix for the exploratory important observations from these experiments can
test. be summarized as follows:

4.1 Selection of Approach 1. The head loss is a strong function of the

Velocities "*! city at which it is measumd. Es trend is
evident from the transient head loss curve
illustrated for Test E-01 in Figure 4-1. In this

4.1.1 Selection of Approach Velocity test, a pure fiber bed of theoretical thickness
Range for Experimentation of 2 in. was allowed to form at an approach

velocity of 0.15 ft/s. Thereafter, the approach

The reference plant has a total of 4 low pressure vel city was increased in steps until a

ECCS strainers (2 LPCI and 2 core spray) with a maximum vel city f 1.0 ft/s was attained.
2total surface area of 37.62 ft . A rated flow of 25,000

GPM translates to an approach velocity of about 1.5 At each intermediate velocity ample time was

ft/s. This value of 1.5 ft/s was selected as the allowed for the bed to compress under the

upper bound for experimentation. A lower bound influence of increased pressure drop and for,

of 0.15 ft/s was selected for experimentation because the head loss to reach a steady state value.

maintaining stable flow rates below 0.15 ft/s was As evident from Figure 4-1, the resultant head

extremely difficult. The selected approach velocity loss increased monotonically with increasing

range of 0.15 - 1.5 ft/s envelops the ECCS approach vel city.

velocities in the existing U.S. BWRs, as confirmed by
After a head loss of 36 ft-water was reacheda recent survey undertaken by the BWROG.
at a velocity of 1.0 ft/s, the approach velocity

4.1.2 Selection of Approach Velocity at was then reduced in steps, finally reaching.

the initial velocity of 0.15 ft/s. As the
Bed Formation velocity was decreased, the head loss

followed closely. However, at each
Head loss across a filter bed is a strong function of subsequent velocity the resultant head loss -

the approach velocity. For incomprenible beds, the was about 5-10% higher than the head loss
head loss at any given velocity is Wi3 pendent of the measured on the way up. This trend is
velocity at which the bed is fornu t For illustrated in the insert of Figure 4-1, which
compressible beds, such as fibrous debris beds, the plots head loss as a function of the approach
head loss could be a function not only of the velocity. In this figure, the velocity direction
approach velocity at which it is measured, but also is illustrated with an arrow.
of the approach velocity at which the bed is formed.
Implicitly, it follows that the approach velocity at A similar trend was also observed for all the
which the bed forms may impact the bed remaining tests and is consistent with
morphology (i.e., the internal structure of the bed), previously reported results [Ref. 4.1,4.2 and
which in turn may affect the head loss across the 4.3]. This trend can be attributed to the
bed at a given velocity. If the head loss is very 'hysterisis effect', which refers to the fact that
sensitive to the approach velocity at which the bed the bed does not fully recover from the
is formed, then a separate test should be conducted compressed state, i.e., beds are not completely
for each selected approach velocity. On the other elastic. Since the conditions leading to the

4-1 NUREG/CR-6367



Development of Experimental Procedures

Table 4-1. Exploratory Test Matrix

Test Insulation Effective Insulation Sludge Sludge Method of Water Remarks
# Class Thickness Added at Type % Introduction Temperature

Velocit(ine.h) (ft/sec)y
Weight

E01 Kemels 2 0.15 NONE O N/A 60 Effect of Velocity at Time
E02 Kemels 2 0.50 NONE O N/A 60 Adding Material
E03 Kemels 2 1.00 NONE O N/A 60

E05 Kernels 2 0.15 Sludge A 250 A 60

E05R Kemels 2 0.15 Sludge A 250 A 60

E15 Kemels 2 0.15 Studge A 250 A 60

E06 Kemels 2 0.50 Sludge A 250 A 60

E16 Kemels 2 0.50 Sludge A 250 A 60

E20 Kemels 1 0.15 Sludge A 100 A 60

E21 Kemels 1 0.25 Sludge A 100 A 60

E22 Kemels 1 0.50 Sludge A 100 A 60

E20 Kemels 1 0.15 Sludge A 100 A 60 Effect of Debris Adding
E07 Kemels 1 0.25 Sludge A 100 A 60 dures (See Notes

)
E21 Kemels 1 0.25 Sludge A 100 A 60 ;

E22 Kemets 1 0.50 Sludge A 100 A 60

E23 Kemels 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 Kemels 2 0.25 Sludge A 250 B 60

E11 Kemels 2 0.50 Sludge A 250 B 60

E19 Kemels 1 0.25 Sludge A 100 C 60

E10 Kernels 2 0.25 Sludge A 250 C 60

E09 Kemets 2 0.50 Sludge A 250 C 60

'
E01 Kemels 2 0.15 NONE O N/A 60 Effect of Temperature
E13 Kemels 2 0.25 NONE O N/A 125

E20 Kemels 1 0.15 Sludge A 100 A 60

E25 Kemels 1 0.15 Sludge A 100 A 60

E14 Kemels 1 0.15 Sludge A 100 A 115

E26 Kemels 1 0.15 Sludge A 100 A 115

E01 Kemels 2 0.15 NONE O N/A 60 Effect of Insulation Class
E32 3&4 2 0.15 NONE O N/A 55

E20 Kernels 1 0.15 Sludge A 100 A 60

E25 Kemels 1 0.15 Sludge A 100 A 60

E31 3&4 1 0.15 Sludge A 100 A 55

E33 3&4 1 0.15 Sludge A 100 A 55 i

Method A:
1) Sludge added first and allowed to mix at velocity of 13 ft/sec
2) Approach velocity lowered to 015 ft/see
3) Insulation sample added within a few seconds

Method B:
1) Approach velocity set to 0.15 ft/sec
2) Botn insulation and sludge mixed separately in a bucket and added within a few seconds

Method C
1 Approach velocity set to 0.15 ft/see
2)) Fitsrous insulation added first and allowed to deposit
3) Sludge added wittun a few seconds

,
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Development of Experimental Procedures

i,3 sterisis effect are not typical for the alternatives were investigated: >

reference plant, the head loss data obtained
while the velocities were decreasing was Method A
excluded from further analysis and correlation Sludge is added first at a relatively high*

development. approach velocity (1.5 ft/s) and allowed to
circulate through the loop for several minutes -

2. The head loss is only wealt Jtpendent on to ensure uniform mixing with the loop water !
the approach velocity a wh4 d. e bed is and establish a uniform concentration. |

formed. As evident from Fign 4-2a and '

Approach velocity is lowered to 0.15 ft/s*

4-2b, the final stable head loss at any given which was selected as the approach velocity
velocity is the same (within the random at bed formation. '

Insulation debris is added all within a short Ideviation) with no regard to whether the bed *

was formed at that velocity or it was formed time (few seconds) while maintaining the
at a lower velocity and then the velocity was approach velocity of 0.15 ft/s. ;

increased. This finding is equally valid both |
for the beds with and without sludge (i.e., Method B >

Ipure beds and mixed beds). Approach velocity is set at 0.15 ft/s.*

The insulation and sludge mixture, previously*

The implication of these findings is that a single test prepared in a bucket, is added together !
can be used to measure head losses corresponding slowly.-

to several velocities; that is, the bed can be allowed
to form at the lowest velocity of interest and then Method C '

can be increased in steps until the maximum Approach velocity is set to 0.15 ft/s. !
*

'
velocity was reached. As a result of these tests, it Fibrous insulation is added first and allowed i

*

was decided to start each test at the lowest velocity to deposit on the strainer and head loss !

and increase the velocity in steps until the allowed to stabilize. !
maximtun velocity is reached. At each velocity, the Sludge is added at a later time. I*

head loss was allowed to reach the stable value.
After reaching the maximum flow velocity, the Several exploratory tests were conducted to examine
velocity would be decreased in steps reaching the the impact of the method of debris addition on the ;

initial value of 0.15 ft/s. The corresponding stable head loss. 'Ibe measured head losses are plotted in
'

head losses were recorded, although they were not Figure 4-3. As evident from this figure, Method C i

analyzed or considered in the development of the typically resulted in much higher pressure drops
correlation. compared to the other two methods. On the other

hand, Methods A and B resulted in very similar ,

4.2 Selection of Method of Debris head loss values; the differences are in the same !

Introduction 'd*' ' "*8"i'"d' "' '""d * d*"i^*i"'' VIS"^l
observations of distribution of materials in the loop i

and formation of the bed suggest that Method C
Previous investigations related to fiber beds loaded does not represent actual plant conditions. For f

with particulate debris suggest v.s the bed example, the beds formed in Method C can be best ;

morphology can significantly influence the head loss described as consisting of two separate debris layers, '

[Ref. 4.4]. Bed morphology is also influenced by a sludge layer on top of the fibrous layer, which is ,

such factors as (a) the sequence in which the debris not expected to occur in the BWR suppression pools.
arrive at the strainer, (b) the mede of deposition, Also, Method B resulted in high sludge
and (c) the affluent concentration. In an open loop concentration at the time of bed formation and j
it may be possible to simulate the actual BWR resulted in spatially variable sludge concentration in ;
suppression pool conditions; fibrous debris and the loop. To avoid these non-typical conditions
sludge particles arrive at the strainer simultaneously related to bed formation,it was decided to adopt
and at low concentrations. However, in a closed Method A as the primary method of debris
loop exact simulation of these conditions is not introduction. ,

possible. Instead, the following three different j

t
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43 - Selection of Debris Size for Based on these test results as well as from the visual

Experimentation inspection of the debris, the following conclusions
were drawn:

4.3.1 Insulation Debris 1. Longer exposure to a leaf shredder does not
necessarily produce more representative

The reference plant uses NUKON blankets for debris. Longer shredding leads to balling up
primary piping insulation. Thus, aged NUKON and generation of kemels. Such a ball milling i

was selected as the material for study. The process is not expected to occur following a ,

I
NUKONm blankets were aged according to the LOCA and thus kemels are not representative
ASTM standards. Based on practicality of the debris produced following a LOCA.
considerations, a leaf shredder was selected for The NUKONm debris produced from the air-
shredding the NUKON" blankets into the blast tests did not possess any kemels either
representative size classes. As previously discussed, (Ref. 4.6]. Based on this reasoning,it was
the representative insulation debris would resemble decided not to perform any more experiments .i

shape classes 1,2,3 and 4 of Figure 2-1 due to using kemels.

disintegration caused by debris generation and
2. The parametric head loss tests weresuppression pool chugging. The debris may possess

slightly larger size classes (e.g., classes 5&6) if the conducted using insulation classes 3&4

debris is not subjected to the suppression pool Primarily. However, a few tests were
chugging (i.e., the debris that arrives during the conducted using insulation classes 5&6 to

washdown phase). Therefore, the intent of this examine the effect of insulation class on the
head loss.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 4.3.2 Sludge

,

insulation ' Classes 3&4*; and, (2) a coarser mixture
of classes 1,2,3,4,5, and 6, which was referred to The sludge particle size distribution provided by the
as insulation ' Classes 5&6'. BWROG, shown in Table 4-2, was used to conduct

the experiments [Ref. 4.7]. To create a simulant of
.

Several exploratory studies were undertaken to this sludge, SEA surveyed various vendors of I

generate these insulation size classes using the leaf I

shredder. Initially,large pieces were added to the
Table 4-2. BWROG-Provided Size Diuributionshredder and were shredded long enough for the

fragments to be rolled up into small balls or of the Suppression Pool Sludge

',kemels'. A photograph of the typical kemels used Bin Width Average Size .

m the experiment is illustrated in Figure 4-4. Later, % by weightpm pm
the method was revised and better controlled to
generate insulation debris that closely resembled 0-5 2.5 81 %

citsses 3&4 and 5&6, described above. Photographs
of classes 3&4 and 5&6 are illustrated in Figures 4-5 5-10 7.5 14 %

and 4-6. Exploratory tests were conducted t
10-75 42.5 5%

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, special powders. The intent of the survey was to :

the kemels generally resulted in higher head losses identify a vendor who could provide the iron-oxide
[Ref. 4.5]. Visually, the cake formed of kemels was Powders with size distribution that closely
different from that one formed with Classes 3&4, as resembled the BWROG-provided size distribution.

the deposition with the kemels appeared more Based on this survey,it was determined that iron-

uniform and was flatter or more compresced [Ref. oxide powders #2008 and #9101-N, sold commer-

4.5]. On the other hand, the cake for Classes 3&4 cially by Hansen Engineering, Inc., best matched the

was slightly uneven and was more springy after BWROG sludge size distribution data. As shown in

drying. Table 4-3, a mixture of powders consisting of 95%

4-7 NUREG/CR-6367
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Table 4-3. Iron Oxide Particles Supplied by Hansen Engineering, Inc.

Fe 0, Specification <2pm 2-5 pm 5-10 pm 10-35 pm >35 pm3

#2008 5% 80 % 15% 0% 0%

#9101-N ~0% -0% -0% 82 % ~18%

# y[ 4.75 % 76 % 14.25 % 4.1% 0.9%9

by weight of powder #2008 and 5% by weight of to be most common for BWR conditions. This
C9101-N best simulates the BWROG size description qualitatively matches the paint-chips
distribution. This mixture, termed Sludge A, was previously produced for experimentation at ARL for
used in most of the head loss tests. PP&L tests [Ref. 4.10]. The weig;ht range for the

chips used in the PP&L experiments was between l
In addition to Sludge A, some other head loss 0.02 g and 0.16 g, with an average of about 0.10 g. '

experiments were conducted using another sludge l
Imixture, named Sludge B. Sludge B consisted of According to BWROG estimates, about 86 lbm of

100% #9101-N iron-oxide powder and was used such debris may be produced in the drywell. If it is j
primarily to estimate the effects of a different sludge assumed that all these debris would be transported i

size distribution on the head loss. ultimately to the strainer, this may introduce |
additional head losses. To examine the impact of

Consi,lerable efforts were devoted to characterize these paint-chips on head loss, a mixture consisting
Sludge A and B, both before and after they were of 10% by weight of paint-chips and 90% by weight
added to the loop and circulated through the pump of Sludge A, named Mix A, was used in the
propeller region. The characterization procedure experiments.

1
involved Scanning Electron Microscopy and |
Sedimentation velocity analysis. Appendix B 4.4 Selection of Temperature for Idocuments the sludge characterization efforts.
Based on these results, it was concluded that, EXPerintentation .

i

although Sludge A may contain larger agglomerates ;
during dry state, they disintegrate into more According to the reference plant's final safety |
representative sizes after being circulated through analysis report, the suppression pool water
the loop for several minutes. The size distribution temperature varies with time after a LOCA due to
of Sludge A appears to be consistent with the the combined effects of the steam dumping and heat
specifications of Table 4-2 at the time when the fiber exchanger operation. Depending on the break size
is added to the loop according to method A of and reactor power level at the time of the break,
debris introduction. suppression pool temperatures as high as 175*F are

possible. In view of these possible large variations
4.3.3 Paint Chips in suppression pool temperatures (60* - 175*F), it is

essential that the effect of elevated temperatures on
HDR test results demonstrate that a LOCA would the head loss and debris bed buildup be well
produce a certain quantity of paint debris in the understood prior to application of the present head
drywell [Ref. 4.8]. A recent BWROG study [Ref. I ss data to evaluate ECCS strainer blockage
4.9], which examined various failure modes for potential.
epoxy coated zine based paints found in the BWR
containments, classified these paint debris as 'large For flow through fiber beds, head loss has been

sheets', 'small sheets', ' chips , and ' particles'. The known to be significantly influenced by water l
chips, about 0.125 to 1.0 inch in width were judged temperature, especially in the viscous flow regime.

4-11 NUREG/CR-6367 |
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In most cases, this effect can be attributed to finding is further confirmed by making use of
changes in the viscosity and density. However, it is similar data obtained for pure fiber beds and mixed
possible that other effects of temperature may also beds as part of the parametric tests.
play an important role. For example, the higher
temperature may affect the fiber strength and may Although the majority of the exploratory tests were
possibly lead to formation of more dense beds. The conducted at the ambient temperature, it was
Vattenfall experiments have shown that in the case decided to conduct the parametric tests at the
of mineral wool, variations in head loss caused by elevated temperatures because the lower head losses
temperatures can be accounted for through the use corresponding to these higher temperatures allow
of a viscosity correction factor [Ref. 4.11]. Similar for a larger range over which the rest of the
understanding related to effects of temperature on experimental parameters can be varied.
the head loss is presently lacking for NUKON .

4.5 Selection of Loop Sludge-to-
Three exploratory tests (E-13, E-14, and E-26) were Fiber Mass Ratiosconducted at elevated temperatures to examine the
effect of temperature on the head loss. The head
loss data from these experiments was plotted in For the reference plant, the sludge-to-fiber mass
Figures 4-7a and 4-7b for the pure beds and mixed ratios can vary from 2 to 200 depending on the
beds, respectively. As shown in these tests, elevated break size and location. Initially, this range was
temperature lowers head loss in all cases. This is selected for experimentation. However, it was
consistent with the trends exhibited by head loss quickly recognized that the experimental apparatus
data reported by Vattenfall for mineral wool. could not sustain head losses introduced by large

,

Although not shown here explicitly, approximate sludge-to-fiber mass ratios, especially for thicker
analyses have revealed that this head loss variation beds. Typically for thick beds (AI,2 0.5"), a
is attributable to changes in viscosity, i.e., changes in maximum sludge-to-fiber mass ratio of 20 was
head loss can be accounted for by varying viscosity achieved. For thinner beds, sludge-to-fiber mass
in Equation 2-16 as a function of temperature. This ratios as high as 60 were used.

|

!

|
1

1

|
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5.0 Head Loss Test Results and Analysis

Based on the results of the exploratory tests and 5&6. The material collected in the bag
other supporting analyses, a test matrix was consisted of finer debris ranging from
developed for the final set of tests conducted as part individual fibers to small shreds (classes 3&4

j of this study. The test matrix is presented in Table of Figure 2-1). These debris are treated as
15-1. The experimental procedures for the head loss insulation classes 3&4. Any 6" x 6" squares !

i tests and the test results are presented in the still intact (not shredded) are removed from j
following sections. either sample. |,

.j

i 5.1 Experimental Procedures 6. Bag is replaced beneath shredder and steps 1
; through 5 are repeated until the required

1

amount of insulation for either size class is
The experimental procedure for each step of the obtained.

j head loss tests are summarized below. These
procedures were extracted from Reference 5.1. 5.1.2 Procedures for Debris Preparation

i 5.1.1 Procedure for Insulation Debris
In the experiments, the debris deposited on the

.

.

|
Generation strainer surface is quantified in terms of its

theoretical (d nominal) thickness which relates to its
As previously discussed in Section 4, a leaf shredder weight as:
was used for fibrous insulation debris generation
from the blankets of aged (or heat treated)
insulation provided by the insulation vendor II'*"g, (5-U
[Ref. 5.1]. The leaf shredder used for debris p, A,a

generation is a FLOWTROW leaf cater with setting
on 5. A total of four (4) plastic strings are exposed
to a length each of 3.4" approximately. Based on a where,
series of exploratory tests, the following procedures
were followed to generate the debris: W,3, is insulation mass (g or Ibm)

p, is theoretical or nominal NUKONS
1. Heat treated insulation blanket is cut density (2.4 lbm/ft or 0.039 g/cc)3

vertically into 6" squares. A, is strainer surface area (0.869 ft or 807.72

2cm )
2. Two squares are processed at a time. AL, is bed theoretical thickness.

3. Each square is peeled into individual layers, After numerical substitutions, this equation can be
about 10 to 12 per square. re-written as:

4. All these layers are put into leaf shredder
(off). Leaf shredder is covered and a bag is % = E. Onch)- (71.2) (5-2)

placed beneath. Leaf shredder is turned on
and run for 60 seconds.

The required amount of fiber was measured using
5. Bag beneath shredder is removed; larger an OHAUS CT6000 Class A Digital scale, with a 1

pieces of insulation that remain in shredder capacity of 6000 g and a resolution of 1 g. A
are removed and kept separate from material container of 200 g is placed on the scale and the
that settles into bag. The materialin the scale is zeroed. After that, shredded NUKONm is
shredder consisted of insulation fragments added to the container until desired weight is
ranging from individual fibers to class 6 fibers reached. The NUKON debris is then transferred
as shown in Figure 2-1. These materials were to a container filled with water and thoroughly
considered to represent insulation size classes mixed to completely soak the insulation and remove

air bubbles trapped in the shreds.

5-1 NUREG/CR-6367
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Head Loss Test Results and Analysis

Table 5-1. Parametric Test Matrix

* * '

I"Syg,8$ " I sula il d* 8
P8(iCulate RemarksTest c s p., , yp

l'01 1 3&4 0 U.lb 125 N/A Head Loss f est
P02 1 5&6 0 0.15 125 N/A Head Loss Test
P03 2 S&6 0 0.15 125 N/A Head Loss Test
P04 4 3&4 0 0.15 125 N/A Head Loss Test
P05 2 5&6 0 0.15 50 N/A Head Loss Test
P06 1 S&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 3&4 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 0.15 125 Sludge A Head Loss Test
P16 2 3&4 50 0.15 125 Sludge A Head Loss Test
P17 4 3&4 50 0.15 125 Sludge A Head Loss Test
P18 4 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 0.15 125 Sludge A Filtration Test
P25 1 3&4 100 0.25 125 Sludge A Filtration Test,

P26 1 3&4 100 0.5 125 Sludge A Filtration Test
P27 0.5 3&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 0.25 125 Sludge A Filtration Test
P32 0.25 3&4 100 0.5 125 Sludge A Filtration Test
P33 0.5 3&4 1000 0.15 125 Sludge A Head Loss Test
P38 1 3&4 750 0.15 125 Sludge A Head Loss Test
P40 0.5 3&4 0 0.15 125 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 0.15 125 Sludge A Low Debris Thickness
P43 0.5 3&4 2000 0.15 125 Sludge A with High Sludge Ratios
P44 0.25 3&4 500 0.15 125 Sludge A with High Sludge Ratios
P45 0.25 3&4 1000 0.15 125 Sludge A with High Sludge Ratios
P46 0.25 3&4 2000 0.15 125 Sludge A with High Sludge Ratios
P47 0.25 3&4 3000 0.15 125 Sludge A with High Sludge Ratios
P48 0.25 3&4 5000 0.15 125 Sludge A with High Sludge Ratios
P49 0.125 3&4 1000 0.15 125 Sludge A with High Sludge Ratios
P50 0.125 3&4 2000 0.15 125 Sludge A with High Sludge Ratios
P51 0.125 3&4 3000 0.15 125 Sludge A with High Sludge Ratios
PS2 0.125 3&4 4000 0.15 125 Sludge A with High Sludge Ratios
P53 0.125 3&4 6000 0.15 125 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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Head Loss Test Results and Analysis

The sludge added to the loop is quantified in terms
samples), and allowed to circulate for about 1

of sludge-to-fiber mass ratio, r|. The quantity of minute.
sludge is determined as:

7. Approach velocity is set to 0.15 ft/s.

W% = y IV Mriber 8.
Pre-soaked insulation debris (see Procedure D
for generating insulation debris) is then added
within 5 seconds, the 12" downcomer filled to

The required quantity of sludge was measured the top making sure that no insulation is
using an OHAUS CT6000 Class A Digital scale used
also for fiber weight measurement. A container caught in the top region, loop is sealed (top

access over closed), and the stand pipe valve(15 g approximate weight)is placed on the scale and opened.
zeroed. Iron-oxide #2008 is then added until desired
weight is obtained (95% of final sludge weight). 9. Flow loop is run at 0.15 ft/s until stable head
Iron-oxide #9101-N (5% of fir al sludge weight) is loss is obtained. Four water samples (about Ithen 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

Procedures followed for head loss testing are t 0.25,0.5,0.75,1.0, and 1.5 ft/s.
described below step-by-step:

10. After attaining the maxunum velocity, the
1. Loop is filled with fresh water and all fl w is lowered in steps to note the head

manometer tubing and DP cells are bled. I sses at 1.0,0.75,0.5,0.25, and 0.15 ft/s.

2. The computer data acquisition and control 11. Pump is then shut off and computer readout
program is started, which is used to monitor f DP cells are checked again against a known
differential pressure (DP) cell output and also static deflection.
to maintain required approach velocities.

12. Model is then drained and the " cake"
3. DP cells are checked by setting a static removed from the strainer plate and placed in

deflection between 0-3 ft and verifying that an ven (set at 250*F) for approximately two
the computer reads same pressure head. days.

4.' Set pump to obtain approach velocity of about 13. The dried cake is weighed as a rough check
1.5 ft/s and tum on heating tapes. Monitor f r sludge mass balance.
water temperature until it reaches 120-125'F.

14. The loop is cleaned thoroughly by flushing
5. 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 f r next test.
draining water through a drain port at the
top. 5,1.4 Procedure for Analyzing Water

.

Samples
6.8 Sludge sample is then added within 1 minute

(see Procedure C for weighing sludge
The water samples drawn from the loop in step 9 of
the above procedures for head loss testing were
analyzed to estimate the concentration of the sludge
in the water.

Several experiments were carried out at lower temperatures. In
such cases, heatmg tapes were not needed.

1. A clean and dry 0.45 pm paper filter is
sThis step is skipped in the case when no sludge is to be added
to the loop.

5-3 NUREG/CR-6367
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Head Loss Test Results and Analysis

2. Filter is then placed in glass filter system sludge trapped on the fiber bed when the stable
consisting of Schleicher and Schnell glass filter head loss was attained was estimated from
holder BGHT. concentration measurements described in Section

5.1.4 as follows:
3. Water sample is added to filter system and a

vacuum is applied to drain the water sample
V MIMrinered * M - C iudge *

through the filter. added ioop

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

Mm ,,a = Mass of sludge trapped on the cake
5. Filter with strained particulates is removed, where the stable head losses were

labeled and placed on a tray to air dry for one measured (g)
day. M,oa a = Mass of sludge added to the loop as

described in Section 5.1.2
Concentration of sludge in the loop6. Once dry, filter with sludge is weighed and C,%, =

difference from the clean dry filter noted as water where the stable head losses were
weight of sludge. The scale employed is measured (g/1)

% volume of water in the loop (1)A&D Electronic Balance, model ER182A, with V =

a rated capacity of 180 g and resolution of 0.1
g. 5.2.1 Pure Fiber Beds

7. Measured concentration is weight of sludge Figure 5-1 presents typical transient head loss traces
divided by weight of water sample. for a pure fiber bed of theoretical thickness of 4"

(10 cm) at a water temperature of 125'F (52 C). As
8. A correction is applied to the measured shown in this figure, at the initial approach velocity

concentration based on calibration of the filter where the debris bed was formed, the head loss
system. The correction equation used was climbed gradually to a steady value. During the
developed based on ARL bench tests and is tests, it could be seen that the fibrous bed built up
displayed in Figure 2-3. gradually as the flocks of insulation were brought to

the strainer by the flow. Once all the debris reached
5.2 Test Results the strainer and the bed underwent compression, the

head loss attained a stable value. This stable value
~

The head loss data were obtained for theoretical bed was recorded and then the flow was increased in

thicknesses in the range of 0.125" to 4.0" (0.32 to steps until a maximum of 1.5 ft/s (0.5 m/s) was

10.2 cm); approach velocities in the range of 0.15 to reached or until the resultant head loss challenged

1.5 ft/s (0.05 to 0.5 m/s); at temperatures of 75'F the structuralintegrity of the test loop. As the flow

(24'C) and 125'F (52*C); and for sludge-to-fiber was ramped up in steps, the head loss followed it

mass ratios in the range of 0 to 60 (or 0% to 6000%). cl sely increasing with velocity At each velocity,
the head loss was allowed to reach a stable valueThe transient head loss curves for each of the tests
which was mcorded.were analyzed to obtain the stable head loss

corresponding to each combination of the
experimental parameters (nommal thickness, Table 5-2 presents the measured stable head loss

insulation class, sludge-to-fiber ratio added to the data for pure fiber beds. To characterize the bed

loop and water temperature). These stable head and gain insights into the bed microscopic intemal

losses are presented in Tables 5-2 ar d 5-3 for pure stmetum, portions of the fiber bed were magnified

NUKON fiber beds and mixed beo: formed of under a scannmg electron microscope (see Figure

NUKON and sludge. As indicated ir Table 5-3, 5-2). As illustrated in this figure, the beds are

only a fraction of the sludge is filtered by the bed f rmed of randomly arranged fibers almost always

where as the remaining fraction continues to be Perpendicular to the flow direction. This behavior

suspended in the loop coater. The quantity of suggests that the original shreds contain loosely

NUREG/CR-6367 5-4
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Head Loss Test Results and Analysis

i
Table 5-2. Experimental Head Loss Data for Pure NUKON Fiber Beds

f; V ARL Data for AH,_.a
NS ft-water ft water ft-water

P01 & P02: 1" Theo. Thick.; No Sludge; 125'F
'

Pol P02 Average
0.15 0.5 0.5 0.5
0.25 1.0 1.0 1.0
0.50 2.0 3.0 2.5
0.75 4.0 7.0 5.5
1.00 8.0 10.0 9.0
1.50 14.0 19.0 16.5

P05 & E32: 2" Theo. Thick.; No Sludge; 50*F
PGS E32 Average

0.15 2.0 1.3 1.7
0.25 4.0 3.0 3.5
0.50 12.0 8.0 10.0
0.75 25.0 16.0 20.5
1.00 38.0 25.0 31.5
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 2.0 2.0
0.50 5.0 5.0
0.75 10.0 10.0
1.00 16.0 16.0
1.26 26.0 25.0
1.50 36.0 36.0

PO4: 4" Theo. Thick.; No Sludge; 125 F
PO4 Average

0.15 2.0 2.0
0.25 4.0 4.0
0.50 10.0 10.0
0.75 24.0 24.0
1.00 38.0 38.0 |

1.25 57.0 57.0 '

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

P40 Average 1

0.15 0.2 0.2 1

0.25 0.3 0.3
0.50 0.9 0.9
0.75 1.7 1.7
1.00 3.0 3.0
1.50 6.2 6.2

P42: 0.125" Theo. Thick.; No Sludge; 125'F
PO4 Average

0.15 0.1 0.1
0.25 0.1 0.1
0.50 0.3 0.3
0.75 0.5 0.5
1.00 1.0 1.0
1.50 1.5 1.5

,

1
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y Table 5-3. Experimental Head Loss Data for NUKON Based Mixed Beds $ ;

a

Hea ss (f mater)Nominal Ra o
n Test Thickness *

$ (inches) Added Filtered @ @ @ @ @ @ .g
M (%) (%) 0.15 ft/s 0.25 ft/s 0.50 ft/s 0.75 ft/s 1.00 ft/s 1.50 ft/s ~

s 'A
AW 2 100 84 1 2 6 13 21 34 (491.25 f t/s) y
POS 2 100 95 1 2 7 17 34 52 (@l.25 ft/s) I

kP16 2 50 45 1 2 7 15 29 48

P19 2 50 35 - 2 5 15 30 46 k
E.

P12 1 50 30 - 1 2 4 7 16 1
cr

E34 1 100 83 - 1 4 8 13 25

P24 1 100 83 - 1 3 6 10 23

P26 1 100 83 - - 3 6 12 22

P13 1 250 205 - 6 12 21 26 39

y P14 1 500 383 4 12 31 51 - -

oo
P15 1 1000 843 53 - - - - -

P09 0.5 100 66 - 0.7 1.5 3 5 9

P27 0.5 100 66 - - 1 2.5 4.5 10.3

P28 05 100 66 - - 1.3 2.6 4.4 9.1

P29 0.5 100 66 - - 1.5 3 5 11.7

P10 0.5 250 159 - 1 2 5 9 19

P11 0.5 500 330 1 3 14 32 37 - [

P33R 0.5 1000 1000 5 15 34 43 - - [
P43 03 2000 1274 10 18 50 - - -

P44 0.25 500 292 - 2 5 8 12 16

P45 0.25 1000 622 - 4 6 10 13 18

P46 0.25 2000 1333 -- 2 4 6 8 14

P47 0.25 3000 1697 3 4 6 10 16 24

P48 0.25 5000 2651 8 10 22 30 34 40

i

t
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, Head Loss Test Results and Analysis
4

attached fibers that are easily detached under the these beds were magnified under SEM to,

influence of head loss. This may explain why beds study the bed morphology (see Figure 5-7).
'

formed of classes 3&4 and classes 5&6 behave alike.
2. Large head losses across the beds can damage

Within the range tested, the size class of the the debris bed by punching holes through the,

1

insulation debris shreds (i.e.,3&4 versus 5&6) has bed. A photograph of a typical damaged bed I

no significant effect on head loss. In all cases, head is presented in Figure 5-8. As shown, the
loss increased with both the bed thickness and the damaged beds resemble a partially plugged
approach velocity. The data shows that head loss strainer, and usually result in lower head

: versus bed thickness is fairly linear, whereas losses. In Figure 5-5, such a transition
j' headloss versus velocity is non-linear. This trend is occurred as the flow velocity was increased

shown in Figure 5-3. Note that experimental data from 0.15 ft/s (0.05 m/s) to 0.25 ft/s (0.08
collected for different theoretical thicknesses m/s). This increase was instantaneouslyI collapsed into a single line when plotted; this follov/ed by an increase in head loss. <

1 confirms the linearity of head loss with respect to Apparently the bed structure was unable to
fiber bed thickness. Any scatter that exists is within support such high Icisses, leading to the

1
| the randomness of the data. The data confirms that damage illustrated in Figure 5-8. As a result, !

j the water temperature has an important effect on the head losses decreased with time,
; head loss; the higher water temperature resulted in ultimately reaching a much lower steady state
j lower head loss for the same approach velocity. value. This behavior occurred at each

increasing velocity. Further increase in
i 5.2.2 Mixed Beds velocity appears to have little effect on the
| head loss. For example, in Figure 5-5
k Figures 5-4 and 5-5 are the transient head loss traces increasing velocity from 1 ft/s to 1.5 ft/s (0.3
I for the mixed beds of different sludge-to-fiber mass m/s to 0.5 m/s) resulted in no notable

ratios. I * oth cases, the bed theoretical thickness is increase in head loss.
. 0.25" (0.e n), the operating temperature is 125 F
l (52*C), , u the same procedure was followed for The stable head loss data obtained from the
! debris introduction. In both cases, the resultant experiments, including that for damaged beds, are

j

head losses are significantly larger than those listed in Table 5-3 for mixed beds of different fiber*
1

corresponding to the pure fiber bed condition. thicknesses and sludge-to-fiber mass ratios. Within
{

j However, the transient head loss behavior in these the range of mixed beds tested, neither the

two cases is different, leading to the following insulation debris classes nor the sludge particle size ;.

- conclusions: appears to have significant effect on the head loss.
In all cases, the head loss increased fairly linearly |

1. At low head losses, the debris beds are fairly with respect to the fiber bed thickness. However,'

j uniform and can be described as mixed beds head loss strongly varied with approach velocity

j where the sludge particles are intermixed and sludge-to-fiber mass ratio. To illustrate head

with the fibers. Figure 5-6 presents a 1 ss dependence on sludge-to-fiber mass ratio,
'

photograph of the mixed bed typically Figure 5-9 plots the head loss for the mixed beds as
|

observed at low sludge-to-fiber mass ratios a function of sludge-to-fiber mass ratio in the fiber
i

and/or low approach velocities, characterized bed for three flow velocities (0.15,0.75 and 1.5 ft/s |

by low compacting pressures. Such beds r 0.05,0.23 and 0.5 m/s) and different thicknesses. '

behaved very similarly to pure fiber beds in
that head loss increased significantly for each 5.3 Measurement Uncertainties and
corresponding increase in velocity. Addition- Repeatability
ally, the beds exhibited a certain amount of
hysteresis effects similar to pure fiber beds. . . .

Visual observation of these beds suggests that The measurement uncertainties m the flow, head

they remained fairly uniform throughout the I ss and temperature were very small (< 5%). On
the other hand, the uncertainties m concentrationexperiment. These beds are referred to as

undamaged mixed beds hereafter. Fortions of c uld be as high as 15% if a single sample was used
(see Section 2.3.4). Considering that multiple

5-9 NUREG/CR-6367
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; Head Loss Test Results and Analysis

samples were used to estimate concentration in most p, is sludge particle density (324 lbm/ft'
tests, the actual uncertainties associated with or 5190 kg /m')

; concentration measurements could be less than 11 is sludge-to-fiber mass ratio trapped on
i10% In addition to these instrument uncertainties, the filter not added to the loop
experimental data obtained from the experiments e, is the theoretical fiber bed porosity
suffered from large variations introduced by the,

] random nature of the underlying processes (e.g., bed c; and AL, (in ft) can be calculated as:
formation). To address this concern, several of the

j tests were repeated and the results are plotted in e, = 1-c,/ pf (5-7a)~

Figure 5-10. As shown in this figure, the data are
j repeatable within 20% This should be treated as
; the accuracy of the data and should be kept in mind AL, = c, / c AL, (5-7b)
I when applying the data.

_

where,
; 5.4 Analysis and Discussions

c, is the 'as-fabricated' packing density,

i (Ibm /ft')
] . As previously stated, the primary objective of the is the actual packing density (Ibm /ft')c
; head loss tests was to obtain data to validate the

semi-theoretical head loss correlation discussed in For a given fiber mass, i.e., known theoretical
Section 1.4. For compressible fiber beds formed on

thickness AL , Equation 5-5 has two unknowns: (a)
: the strainer surface, Equation 1.18 can be rewritten o

the head loss across the bed, and (b) the actual bed
i AS

thickness (or the actual packing density, e of'

Eqn. 5-7b). For an incompressible bed, the actual
Ag bed thickness is the same as the theoretical bed
7~ = 4.153 x10''

3.5S,'(1-c.)"[1+57(1-c.)S]gU
thickness, and porosity can be estimated using

i

1 (5-5)g= , Equation 5-7a. The remaining variable, AH, can be
) ,#" 2+ 0.66 S, p, U caletdated directly using Equation 5-5. For

8 AL. , compressible beds the actual bed thickness is |s

different from the theoretical thickness as a result of
the compacting pressures. The experimental data l.

where,
were used to estimate the actual thickness.

,

'

S, is specific surface area (ft /ft') i
2

p is dynamic viscosity (Ibm /s-ft) 5.4.1 Data Analysis for Pure Fiber Beds j
.

i U is velocity (ft/s) 6;=0)
AH is head loss (ft-water) J;

| p,, is water density (Ibm /ft') Figures 5-11 and 5-12 present comparison of the -

AL, is the fiber bed theoretical thickness head loss data with Equation 5-2 predictions for
,

j (in.) water temperatures of 60 F and 125'F, respectively.
AL, is the actual bed thickness (in.)

The following NUKON specific information was
; The mixture porosity, e., can be given as: used to evaluate several variables in the equation:

g* S, = 1.7142x10 ft /ft' (5.6243x10'nr )5 2

e, = 1 - (1+ p, n) (1-e,) E (5-6) D, = 2.333x10'' ft (or 7.112 pm)
P c, = 2.4 lbm/ft' (38.4 kg/m')p m

4

6= 5.5582x10-' ft'/lbm or 3.47x104 m /kgS
,

I where, (generic fiberglass)
e, = 0.986

: p, is fiber density (175 lbm/ft' or 2803
1 kg/m')
|
1

5-17 NUREG/CR-6367
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Head Loss Test Results and Analysis

! In addition, water properties were obtained from m
available physical tables as functions of temperature. = 3.7 U + 4.1U2 @ 120*F (5-11b)g*
The bed compact density was calculated using the
following equation, which was developed based on These two equations are also compared in Figures
experimental measurements: 5-11 and 5-12 with the experimental data. As I

evident from these figures, reasonable agreement
c = 1.3 c, (AH/E,)oas (5-8) was obtained at low velocities, which also

correspond to low head loss gradients. At higher
where,

velocities, however, Equation 5-11b clearly
underpredicts the head loss primarily because it

c, is 2.4 lbm/ft' does not account for bed compressibility associated I
AH is head loss (ft-water) with larger head loss gradients. ;
AI, is bed theoretical thickness (in.)

l
Also plotted in Figure 5-11 is the head loss

,

As evident from these figures, the measured data correlation reported by the BWROG developed from i

were within 20% of the correlation, verifying the test column head loss data for NUKON"
Equation 5-5 applicability to fiber beds consisting of [Ref. 5.2) . As noted in Reference 5.2, the data were
classes 3&4 debris. It should be noted that the good obtained at ambient temperature using small
agreement observed in this case is primarily due to NUKON shreds. This comparison suggests that
the fact that the experiments were conducted in a this latter equation considerably underpredicts the ;

controlled environment. Such agreement may not data. .

be possible for tests where the debris sizes and
water temperatures vary from test to test. 5.4.2 Data Analysis for Mixed Beds (0.45 <

Equation 5-5 was solved using an iterative method;
to avoid the iterations, a simplified form of that

Since the amount of sludge on the fiber bed was
equation was developed for some special cases.

known at the time the head loss measurement wasFrom visual observations, pure NUKON" beds made, application of the head loss model became
were compressed to about half their original
thickness when subjected to head losses in the range

direct. The following physical parameters were
used:

of the reference plant NPSH (14 ft water or 4.18x10'
Pa). For such a case, assume the bed to be

D, = 7.112 pm
incompressible with a packing density twice that of

S" = 1.7142 x 10 ft /ft' = 5.6243x105 2 5

the theoretical one. Under such an assumption, 2 8p' = 174.8 lbm/ft (2800 kg/m )head loss can be estimated using Equation 5-5 and
p = 324 lbm/ft' (5190 kg/m')the following assumptions: cb,, = 65 lbm/ft (1041 kg/m')2

2 8c, = 2.4 Ibm /ft (38.4 kg/m )
E,,, = 0.5 E, , and -

r,,, = 1 - 2c, / pf In addition, the following closure relationship was
. used for estimation of compressed bed actualFor NUKON Equation 5-5 can be reduced to:

thickness:

= 9712 pU + 0.06 pU (5-10) c = 1.3 c, (AH/AI,)a a e s 65 lbm/ft (5-12a)2 $

E.
8e = 65 lbm/ft Otherwise. (5-12b)Using water thermo-physical properties, this

equation can be re-written as:
Tabler 5-4,5-5,5-6 and 5-7 provide a point-by-point
comparison of the experimental data with theON

= 7.4 U + 4.1 U2 @ 60*F (5-11a) correlation in a tabular form. Also, Figure 5-13
E, compares experimental data, plotted as (APu)/

(AP,a,,) versus the sludge-to-fiber ratio, with the
correlation predictions for bed thicknesses ranging

5-21 NUREG/CR-6367
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Head Loss Test Results and Analysis

from 1/4" to 1", an approach velocity of 0.15 ft/s 5.5 Application to NUREG/CR-6224
and a water temperature of 125 F. Good agreement
was obtained over the entire range of comparison,
particularly at higher fiber bed thicknesses where The semi-theoretical model proposed for NUKON"
uniform beds are expected. The apparent large based debris beds shown in Equation 5-5 performs
differences at low sludge-to-fiber mass ratios is well f r both pure beds (n = 0) and for mixed beds
attributable to associated experimental uncertainties (q > 0) formed of (a) Sludge A, (b) Sludge B and (c)
which ranged up to 20% under these conditions. Mix A. This conclusion is further validated by
Once again, a simplified form of Equation 5-5 was e mparing the equation predictions with the
obtained for the y range of present interest as experimental data made available by other sources
follows: [Ref. 5.3 and 5.4]. These comparisons are presented

in Appendix B of NUREG/CR-6224 [Ref. 5.5]. The
g comparison also suggests that such factors as (a)

=10(1+0.54n)'5U+4(1+0.54n)U @ 60*F (5-13a) water temperature and (b) the bed compression can
2

E
be adequately accounted for through the use of theo

g semi-theoretical approach. Based on this study, the
=5(1 +0.54n)'5U+4(1+0.54n)U @ 120*F (5-13b) head loss model in BLOCKAGE was updated to

2

E
include compressibility effects and was used in theo

analyses described in NUREG/CR-6224.

Predictions of 5-13b are also plotted in Figure 5-13.
The head loss model was developed assuming a

Similarly, good comparison was obtained for other unif rm debris layer on the strainer. The model
bed thicknesses and approach velocities whenever Predictions are in agreement with the experimental
the head loss gradient is less than about 50 ft- data for fiber bed thicknesses larger than 0.125"

water /in (see Tables 5-4 through 5-7). For higher (0.318 cm). Below these thicknesses the beds are
head loss gradients, which typically occurred at expected to be highly non-uniform and, therefore, it

higher approach velocities (U>1 ft/s) coupled with is unlikely that the model predictions would be

large sludge-to-fiber ratios (q>10), the correlation ecur te. In this range, the model predictions

was found to overpredict the head loss. Figure 5-14 should be mterpreted as an upper bound for head
I ss.plots this data for an approach velocity of 1.5 ft/s:

AL, of 0.25",0.5" and 1"; and a temperature of 125'F.
As evident from this figure, the correlation Similarly, the model does not take into consideration,

reasonably bounds the data for all thicknesses at the damage caused on the fiber bed by high

low sludge-to-fiber mass ratios; however, at high pressure drops. As previously discussed, beds

sludge-to-fiber mass ratios the correlation severely thinner thar. 0.5" undergo irrecoverable damage at

overestimates the head loss. This overprediction can high sludge-to-fiber mass ratios caused by excessive

be attributed to the fact that the model does not head losses. The damaged beds resemble a partially
covered strainer. In this case also, the model

account for the bed being damaged by the high
predictions are higher than the measured values,differential pressure. This does not pose a serious

concern since in the BWR suppression pools the and the model predictions can be seen to be

differential pressures are in the range of 5-25 ft bounding rather than best-estimate. Note that in the

water. In this range the model predictions are ! present experiments damage was only observed form
beds thinner than 0.5" No such damage was notedgood agreement with the experimental data.
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. |

'In the expenments it was observed that holes were punched
through what appeared to be an initully umform fiber bed by the
shear forces resultmg from high head loss (see Figure 4-8). Such
effects were not incorporated into the present model.
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Table 5-4. Comparison Between Model Predictions and Test Data for 2" Nominal Thickness Beds g
k
12.

SI" 8' '
Head Loss (ft-water)

R

est
@ 0.15 ft/s @ 0.25 ft/s @ 0.50 ft/s @ 0.75 ft/s @ 1.00 ft/s @ 1.50 ft/sAdded Filtemd

(Y*I (7'I Data Model Data Model Data Model Data Model Data Model Data Model

P03 0 0 0.8 1 2 2.0 5 5.6 10 10.8 16 17.6 36 35
V'
M P16 50 45 1 1.4 2 2.8 7 8 15 15 29 24.0 48 47

P07 100 84 1 1.8 2 3.2 6 10.0 13 18 21 30.0

P08 100 95 1 2 2 4 7 11 17 20 34 33.0

E32 0 0 1.2 1.9 3.5 3.8 10 10.1 20.5 18.6 31.5 28.6 52 46

P19 50 35 - 2.2 2 4.2 5 11.2 15 20.4 30 31.6 52.7 60.2
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Table 5-5. Comparison Between Model Predictions and Test Data for 1" Nominal Thickness Bed

E ' IIcad Loss (ft-water)
Ra

''' @ 0.15 fus @ 0.25 fus @ 0.50 fus @ 0.75 fus @ 1.00 fus @ 1.50 fus
Added Filtered

(%) (%) Data Model Data Model Data Model Data Model Data Model Data Model

P01 0 0 0.5 0.5 1 1 2 2.8 4 5.4 8 8.7 14 172d

P02 0 0 0.5 05 1 1 3 2.8 7 5.4 10 8.7 19 17.2

Aver 0 0 0.5 0.5 1 1 2.5 2.8 5.5 5.4 9 8.7 16.5 17.2

age
.

Y' P12 50 30 - 0.6 1 1.3 2 3.6 4 6.8 7 10.8 16 21

M
E34 100 83 - 0.9 1 1.8 4 5.1 8 9.5 13 15 25 30

P24 100 83 - 0.9 1 1.8 3 5.1 6 9.5 10 15 23 30

P26 100 83 - 0.9 - 1.8 3 5.1 6 9.5 12 15 22 30

Aver - 0.9 1 1.8 3 5.1 7 95 12 15 23 30

age ,
y

P13 250 205 - 1.7 6 6.8 12 9.5 21 18 26 29 39 43 *

- r* i

P14 500 383 4 3.4 12 7 31 22 51 51 - - - - y
-

P15 1000 843 53 29 - - - - - - - - - - g
|c
@

b h '
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Table 5-6. Comparison Between Model Predictions and Test Data 0.5" Nominal Thickness Bed E

$
,

'

Sludge to Mer
llead Loss (ft-water) :gRatio

at 0 0.B fus @ 0.25 fus @ 0.2 fus @ 0.75 fus @ W fus 0 1.M fus iAdded Filtered
(%) (%) Data Model Data Model Data Model Data Model Data Model Data Model

,

P09 100 66 - 0.4 - 0.8 2.0 22 3 4.2 5 6.7 10 13.5 ,

P27 100 66 - 0.4 - 0.8 1 2.2 25 4.2 45 6.7 103 135 i
>

P28 100 66 - 0.4 - 0.8 13 2.2 2.6 42 4.4 6.7 9.1 13.5
vi

h P29 100 66 - 0.4 - 0.8 1.5 2.2 3 4.2 5 6.7 11.7 135

Aver 100 66 - 0.4 - 0.8 15 2.2 2.8 4.2 4.7 6.7 103 13 5
age

P10 250 159 - 0.7 1 1.4 2 3.8 5 7.1 9 11.2 19 22

P11 500 330 1 1.4 3 2.8 14 83 32 18 37 35 - - 4

;

P33R 1000 1000 5 7 15 12 34 25 43 42 - - - -

|

P43 2000 1274 10 9 18 17 50 35 - - - - - -

|
iP40 0 0 0.2 0.2 03 0.4 1 1.1 1.7 2.1 3 3.5 7.2 7.1
i

,

1

I

i
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Table 5-7. Comparison Between Model Predictions and Test Data for 0.25" Theoretical Bed Thickness

'" E' '
licad Loss (ft-water)

Ra

at @ 0.15 ft/s @ 0.25 ft/s @ 0.50 ft/s @ 0.75 ft/s @ 1.00 ft/s @ 1.50 ft/sAdded Filtered
(%) (%) Data Model Data Model Data Model Data Model Data Model Data Model

P41 0 0 0 0.08 0 0.2 0 0.5 1 1 2 1.6 3 3.2
Y
U P44 500 292 - 0.6 2 13 5 33 8 7 12 12.5 16 25

P45 1000 622 - 2 4 5 6 10.5 10 16 13 23 18 40

P46 2000 1333 - 5 2 8.4 4 18.1 6 293 8 41.5 14 70

P47 3000 1692 3 6 4 10 3 6 22 10 36 16 51 24 86

P48 5000 2651 8 9 10 15 22 32 30 52 34 75 40 127 g
0c.
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Head Loss Test Results and Analysis
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6.0 Filtration Efficiency Test Results and Analysis3

1

; Head loss across a debris bed is dependent on the 4. Set pump to obtain approach velocity of about
'

quantity of sludge and fiber trapped on the strainer. 1.5 ft/s and turn on heating tapes. Monitor
In the case of fibers, nearly 100% of the debris water temperature untilit reaches 120-125'F.i

approaching the strainer would be trapped, as
confinned by visual observations and limited 5. Lower the water level in the 12" downcomer

'

concentration measurements. On the other hand, to just above the tee junction with 4" pipe, by
"

not all the sludge approaching the strainer would be draining water through a drain port at the ;

trapped;in fact, a considerable fraction of the sludge top. The drained water is saved to be added,

might penetrate the strainer on the first approach. back into the loop in Step 9 below.
A set of filtration tests were conducted as part of the
present program to estimate (a) the once-through 6. Sludge sample is then added within 1 minute
filtration efficiency of the debris bed which relates to (see Section 5.1.2 for weighing sludge

; the fraction of the debris approaching the strainer samples), and allowed to circulate for about 1
| that would be trapped during the first pass, and (b) minute.

the cumulative or saturation filtration efficiency
which relates the total fraction of sludge added to 7. Approach velocity is set to the value specified4

the loop that is ultimately filtered by the debris bed for the test (0.15,0.25 or 0.5 ft/s).;
'

after a large number of passes through the bed.
1 8. Collect one water sample, about one liter each
! The same closed loop set-up used in the head loss at top and bottom locations.
; tests was used to measure the filtration efficiency.
l As noted previously, the closed loop facility does 9. Pre-soaked insulation debris (see Section 5.1.1

not provide the ideal set-up for measuring filtration for generating insulation debris) is then added
efficiency. However, the filtration efficiencies can be within 5 seconds, the 12" downcomer filled to
inferred from the concentration measurements the top using the water saved in Step 5 above,

f obtained several times within one flushing cycle making sure that no insulation is caught in
,

after the fiber cake forms on the strainer. The the top region, loop is sealed (top access cover
flushing cycle is defined as the time taken for the closed), and the stand pipe valve opened.
water to flow through the loop once. Note the time at which the insulation is

added.

6.1 Experimental Procedure
10. Collect water samples (about one liter each at

top and bottom locations) at 20 second
The experimental procedure for fibrous debris intervals, starting from 20 seconds after
generation and sample preparation were the same as adding the insulatior and continue for an
those described in Sections 5.1.1 and 5.1.2. Step-by- elapsed time equal to 240 seconds. Thereafter,
step descriptions of the procedures followed for collect five additional samples at intervals of
conducting the test are described below. about 40 seconds.

1. Loop is filled with fresh water and all 11. Flow loop is run at the set approach velocity
manometer tubing and DP cells are bled. until stable head loss obtained. The velocity

, is increased in steps to 1.5 ft/s (unless head
2. The computer data acquisition and control loss exceeds 50 ft at lower velocity), noting

prograni is started, which is used to monitor stable head loss at each of the next higher
differential pressure (DP) cell output and als value in the sequence of 0.25,0.5,0.75,1.0,
to maintain required approach velocities. and 1.5 ft/s.

3. DP cells are checked by setting a static 12. After attaining the maximum velocity, the
deflection between 0-3 ft and verifying that flow is lowered in steps to note the head
the computer reads same pressure head. losses at 1.0,0.75,0.5,0.25, and 0.15 ft/s.

6-1 NUREG/CR-6367
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Filtration Efficiency Test Results and Analysa I
i

13. Pump is then shut off and computer readout beirg formed. However, as expected, this trend
of DP cells are checked again against a known re.'ersed once the bed was formed on the strainer.
static deflection. Due to filtration of sludge by the fiber bed, the

concentration below the bed was found to be
14. Model is then drained and the " cake" substantially lower than that above the bed; this

removed from the strainer plate and placed in trend was especially evident during the first
an oven (set at 250*F) for approximately two flushing cycle. Thereafter, the concentrations both
days, above and below the stramer decreased steadily

with time, ultimately reaching a stable value of
15. The dried cake is weighed as a rough check about 0.027 g/1. After that point, change in

for sludge mass balance. concentration was muumal, indicating that the filter
bed had reached an equilibrium. It is likely that this

16. Perform concentration analysis of collected equilibrium wa.s a result of bed structure and the
samples. particle size distribution.

17. The loop is cleaned thoroughly by flushing The concentration profiles, such as those illustrated
with fresh water repeatedly and made ready in Figure 6-1, were used to estimate the bed
for next test. filtration efficiency as a function of time. A '

complete listing of these transient concentration
Water samples collected in Step 10 above were profiles for all of the filtration tests (P24 through
analyzed to estimate the sludge concentration P32) are provided in Reference 6.1. Two types of
following the procedures described in Section 5.1.4. filtration efficiencies were measured from the

concentration data: once-through efficiency and
6.2 Derivation of Filtration cumulative efficiency. The once-through efficiency

is a measure of the fraction of the sludge that isEfficiency
..

filtered by the debris bed during the first pass and
is defined as:

The concentration measurements were used to
obtain the filtration efficiencies. Figure 6-1 presents

C -Cthe concentration profiles for top and bottom ep m
,*"" * "# ,

,

samples for Test P27. In this test, the sludge was C,
'

added to the loop initially, and then allowed to
circulate for several minutes to attain uniform
concentration. As evident from the figure, water where,
samples drawn during this initial phase suggest that
uniform concentration was attained in the loop, and m, is once-through efficiencye

that the concentration was very close to the C., is sludge concentration above the bed
theoretical value of 0.075 g/l''. At 0 seconds, a pre- (g/l)
measured quantity (AL, = 0.5") of classes 3&4 fibers C ,,,,, is sludge concentration below the bed
was added .to the loop, all at once. The actual time (g/l)
at which the insulation cake formed could not be
directly measured from the experiment since the On the other hand, the cumulative efficiency is a
water was very murky. However, based on measure of the fraction of the total sludge added to
previous experiments, it was estimated that the bed the loop that is filtered by the debris bed as a
would form in 80 seconds as illustrated in Figure 6- function of time and is defined as:
1. Until that point, the concentration of sludge in
the water samples drawn above and below the

Afmi AI *strainer was essentially the same, confirnung that c
,*"""' " ,

filtration is minimal during the time when the bed is Afew

'* Theoretical estimate is based on the fact that in test P27,39 g of where,
sludge was added to a loop water column of 5201.
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Filtration Efficiency Test Results and Analysis

e , is cumulative filtration efficiency water after a few flushing cycles is significantly
Mw is total sludge added to the loop (g) lower than that in the sludge originally added to the '

M. is total sludge filtered by the cake (g) loop. Since such a shift in particle size is not
expected in the case of an open-loop arrangement,

Figure 6-2 presents estimated once-through filtration such as the BWR suppression pool, it is possible that
efficiencies for a 0.5" (1.3 cm) thick fiber bed at 0.15 the filtration efficiency in the open loop may not
ft/s (0.05 m/s) as a function of time. As evident decrease with time. As a result, the once-through
from this figure, two altematives exist for estimating filtration efficiencies for the first cycle were
the once-through filtration efficiency. In the first interpreted to be the filtration efficiency
case, instantaneous concentrations both upstream corresponding to a once-through arrangement.
and downstream of the strainer can be used to These once-through filtration efficiency estimates are
estimate once-through efficiency as a function of plotted in Figure 6-3 for several bed thicknesses and
time. The efficiencies obtained using this method approach velocities.
may reach as high as 33% during the first cycle and
level to about 15% during the subsequent cycles. Within the range tested, the once-through filtration
However, the trerds exhibited varied from efficiencies are fairly independent of both the
experiment to experiment suggesting that large approach velocity and fiber bed thickness. In all
experimental uncertainties are associated with these cases, the maximum efficiency attained was about
estimates. To mmmuze these variations,it was 45%. Note, however, that this estimate of 45% is
decided to obtain the filtration efficiency estimates associated with large experimental uncertainties
based on time-averaged concentrations. These time- involved with concentration measurements. Based
averaged concentrations for the first cycle are on a bounding analysis,it was estimated that a
illustrated in Figure 6-1 for Test P27. The once- maximum possible upper bound for the once-
through efficiencies obtained from these time- through efficiency is 50%.
averaged values are plotted in Figure 6-2 for both
the first and second cycles. Both the instantaneous Figure 6-2 also presents the cumulative filtration
efficiencies and time averaged efficiencies suggest efficiencies for Test P27. As shown in this figure the
that filtration cfficiency reaches a maximum value cumulative filtration efficiency increased steadily |

during the first cycle and decreases with every with time, ultimately reaching an asymptotic value
subsequent cycle. Based on SEM images of the of 66%. These asymptotic values are plotted as
sludge particles leftover in the water below the functions of theoretical thickness in Figure 6-4. As
strainer, it was concluded that this decrease in evident from this figure the cumulative efficiency
efficiency is a reflection of shift in sludge particle varies from 50% to 95% as the thickness increases
distribution towards the smaller sizes (< 1 pm); i.e., from 1/8" to 2". Beyond 2" the cumulative filtration
the fraction of micron size particles contained in the efficiency was about 95%.

1

,
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7.0 Summary and Significant Findings

A series of controlled experiments were conducted insights gained from these exploratory tests related
at ARL under NRC sponsorship to obtain head loss to debris introduction can be summarized as
and filtration characteristics of debris beds formed follows:
of NUKON fibrous fragments. A thermally
insulated closed loop test set-up was selected to 1. The approach velocity at which the debris bed
conduct experiments at elevated temperatures forms does not significantly effect the head
typical of suppression pools. A flat-plate strainer loss across the bed. As a result,it was
with a hole arrangement typical of strainers found possible in the experiments to form the debris
in most U.S. BWRs was used to simulate the ECCS bed at the lowest velocity (0.15 ft/s) and
suction strainer. This test set-up was selected increase the velocity in preselected steps until
because it maximizes the amount of data that can be a velocity of 1.5 ft/s was reached. This
obtained. Being smaller in volume minimized time procedure maximized the head loss data that
was required to clean the set-up between each test. could be obtained from each test.
Also, the set-up could be insulated appropriately to
operate at elevated temperatures. Finally,its design 2. Once the bed is compacted under the
permitted sustaining larger head losses which influence of head loss, it does not fully
allowed for broader range of operating parameters. recover to the original state. As a result, the
However, it does have the following short-comings: head loss data obtained for precompressed

beds was discarded from the correlation
1. Its usage to obtain accurate / reliable filtration development,

data are somewhat limited by the fact that the
flushing time scales are very small. 3. The head loss was very sensitive to the

method by which sludge and fibrous debris
2. Tbc transient head loss curves obtained are were introduced into the test loop. It is

not prototypical of BWR suppression pool essential that experiments closely simulate, as
conditions and hence can not be used to much as possible, the actual conditions that ~;

validate transient predictions of BLOCKAGE. Prevail in the BWR suppression pool (i.e., the
fiber and sludge debris intermixed with the i

3. Finally, usage of a flat plate strainer raises water approach the strainer simultaneously).
|questions on the applicability of the data to In this study, two methods were used to

assess strainer designs other than uniform simulate these conditions, both of which
strainers that are presently in use (i.e., the provided very similar results. |
data may not be directly applicable for '

assessment of non-uniform passive strainers, The head loss data were obtained for theoretical
especially at low fiber bed thicknesses). fiber bed thicknesses of 0.125" to 4.0"; approach j

velocities of 0.15 to 1.5 ft/s; temperatures of 75'F I

A leaf shredder was used to generate the fibrous and 125'F; and sludge-to-fiber nominal
fragments that are judged to closely resemble the concentration ratios of 0 to 60. Within the range
LOCA generated NUKON debris in the reference tested, the data exhibited the following trends:
plant. A total of three particulate mixes, termed as
Sludge A, Sludge B and Mix A, were used to 1. The debris cakes, with or without sludge,
simulate the particulate debris that are expected to were compressible under the influence of
reach the ECCS suction strainer after a LOCA. head loss resulting from flow through the

cake. Visual observations suggest that the
The stable head losses across the strainers were compaction was higher for pure fiber beds
measured using DP cells and the sludge and was somewhat lower for sludge beds. .

concentration measurements were used to estimate The SEM images of the beds suggest that the
the quantity of sludge contained in debris cake at fibers were aligned perpendicular to the flow,
the time the stable value is reached. Exploratory but in a random manner in the horizontal
tests were effectively used to finalize the procedure direction; i.e., the beds are best described as ,

used to introduce the debris into the loop. The random beds normal to the flow. In the case )
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Summary and Significant Findings

of mixed beds, the sludge particles were high sludge-to-fiber mass ratios. This over-
primarily seen to be intermixed with the estimation is attributable to the non-uniformity of
fibers, leading to formation of random mixed the debris beds. In this range, the correlation can be
beds. The beds appear to be uniform, interpreted to provide upper bound estimates.
although this could not be confirmed for all Based on these findings, usage of the semi-
depths. theoretical model in BLOCKAGE provides a

reasonable approach for modeling head loss across
2. The fibrous debris size difference (classes 3&4 the fiber beds.

versus classes 5&6) does not appear to play a
significant role in the head loss. This result is The concentration measurements obtained during
likely a direct reflection of the nurumal the first flushing cycle were used to estimate the
structural differences between classes 3&4 and filtration efficiencies of the debris beds. The
classes 5&6. Attempts to generate very small measurements were conducted for thicknesses
size classes using the leaf shredder resulted in ranging from 0.25 to 1 in; over a velocity range of
'kemels' which are not prototypical of LOCA 0.15 to 0.5 ft/s; and a sludge concentration between
generated debris. Although, kemels induced 0.05 g/l to 0.15 g/1. The results of these tests
larger head losses, it is not clear if those head suggest the following:
losses resulted from the structure of the
kemels or the smaller size of the debris. 1. Once-through filtration efficiencies were

typically 20-50% over the range of parameters
3. Water temperature plays a significant role in tested. These efficiencies were weakly

determuung the head loss. Increasing the dependent on the approach velocity and the
water temperature decreases the head loss, fiber bed thickness. However, these findings
most likely due to the associated decrease in should not be extrapolated beyond the range
water viscosity. No other effects of water of measurement because it is very likely that
temperature appear to play a significant role. fiber beds thinner than 0.25" would possess

much lower filtration efficiencies.
4. Particulate debris significantly increases the

head loss across a debris bed. In some cases, 2. Tne data suggest that cumulative filtration
a 100-fold increase in head loss was noted, efficiency increases with the number of loops
corresponding to an increase in sludge-to- circulated and finally reaches a stable value.
fiber mass ratio of 10. Head loss differences Typically the saturation or cumulative
between Sludge A, Sludge B and Mix-A filtration efficiency was found to be a strong
appear to be marginal, maybe because the function of the bed thickness, ranging from
particle size distributions in all these mixes nearly 90% to 50%, while the fiber bed
are similar. thickness was varied between 1 in to 0.125 in.

i
For test conditions where the beds are fairly The filtration efficiencies measured frcm these |

uniform, the head loss data were predictable within experiments should be regarded as approximate. In
an acceptable accuracy range by the semi-theoretical general, they suggest that only a fraction of the
model. The model was equally applicable for both debris would ultimately be filtered by the thin |pure fiber beds and the mixed beds. Typically, the debris cakes regardless of the number of times the j
model predictions overestimated the head losses for particles pass through the bed. Based on these
very thin beds (AI,<0.125") and/or for thin beds at insights, a simplified filtration model was developed

and incorporated into BLOCKAGE.
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:p Pipe Reynolds Number (in thousands)
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g, = C F, Kg / 6 li [

q, = Actual Flow (ft /sec) i3

c = Dischargecoefncient(Dimensionicss) ALDEN RESEARCII LABORATORY >

oh. Pressure Differen int ( Feet of Water at itim Temperature ) Purchasc Order Number: SEA / LOSS
4" EXPERIMENTAL VENTURI mg ,,

0.1507 Scrial Number: O'-3135-4Meter Constant =K a =g
- September 20,1994 J

F = AverageThermalExpansion Factor 1.0000=

k2 0.0218*Ihroat Arca(ft )a = =
,

2 t
32.1625 LaImal Acceleration of Gravity (ft/sec )g ==

{ Ratio of Throat to Pipe Diameter ( Dimensionicss ) 0.5000B ==

4.0000 M-|x! Pipe Dinmeter (Inches ) =

,$, ;
mo %ront Diameter (Inches) 2.0000=

s

[O For Pipe Itcynokls Number > 100.00 x 1043 avg coefricient 0.8675=

$ Dimensions liy: Ant Certified By: gQ g
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$ ALDEN RESEARCH LABORATORY 4

.

: x Pierchase Order Numler: SEA / LOSS CALIDRATION $
l 6 4"!!XPERIMEffrAL VEN1URI DATE: September 20,1994 "

M Scrial Number: 0-3135-4 PIPli DIAME111R = 4.0000 9r

| "
TIIROAT DIAMEllitt = 2.0000 3

Y
E

Ittm Line Air Net Itun Output I' low 11Line *Pi e Coef

k"
l

# Temp Temp Weight Duration [sce Itcy. #
Dcg 1: Dcg F lb. xcs. notel CFS 1701120 m ID'S 5'

09
*I 61t GR 4063 161.507 4.531- OA042 6.659 IA234 0.N669

2 68 68 2058 111.967 3.340- 0.2952 - 3.539 1.0398 0.8656
3 68 68 2053 166.231 8.064- 0.1983 1.582 0.6986 0.8730
4 68 68 2046 396.509 3.017- 8.289 t E-02 0.261 0.2919 0.8973
5 68 68 4066 132341 5377- DA936 9.921 13384 0.R673

6 68 68 6073 159.364 7391- 0.6122 15.197 2.1561 0.8691
7 68 68 8080 184.852 3.366- 03022 20.126 2A730 0.8663
8 68 68 8081 161.606 3J92- 0.8033 26.37A 2.8290 0.8665

y 9 68 68 8085 144.664 4.238- 0.8979 32.813 3.1619 0.8674
4 10 68 68 8083 129.594 4395- 1.002 40.921 3 ',287 0.8669

: 11 68 68 8090 118.519 5.346- 1.096 48.934 3.8619 0.8676
! 12 68 68 8087 107.948 6.028- 1.203 58.857 4.2384 0.8682

For Pipe Rey. #s above 1.00 x 10*5 Avg Coef = 0.8675 With Standard Deviation = 0.0CXP)
- dp transenitter volts ne date segerted on herein was obtained by onessuring equipment the entitration of which

is treecable to NIST. Following tle Installetion and test =ocedures seferenced
in this re =rt, resulting in a flow measurement uneenteinty of 4f. 0.25% or less.

CALillitA111D BY: MPK CEltT!FIED IlY:

- - -- _
. . .. - . . .
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Summary and Significant Findings

-un Ost:Om cMA

Calibration of BLH Transmi::t
SN77717
Usius hyd-dic Dund.eism Tamar ARI.No.1CS
Dans: 2m95 e w Sy-CMA
Ramos Ses 050 PSI Tempsuess 75 das F

wd' '
Tamer W ra u p,amese

2.A 5 to 20A 20B PST Valu PST Emr
1 e oco -n9o74
2 1 4mm eedad 4eacT n Mt

3 1 1 10 p 19g1 0M 0 144

4 f 1 15 005 9 die 144331 0.147

5 1 1 1 20lXT1 15704 199117 0 129

6 1 1 25.007 4551 24 9323 0.000

7 1 1 1 10.009 53226 29 9528 0.068

8 1 1 1 35.000 6 4467 34.9062 057
9 1 1 1 1 40.011 7.4444 4 0045 0.017

10 1 1 t 45411 8.4447 45 6 -0.C24

1l 1 1 1 45 011 8.4447 410:20 -0.024

12 1 1 1 1 40411 7.4731 4 :214 0C5
11 1 1 1 1< nne 6'A13 19 M4 D att
14 1 1 1 tonn4 4 e art 10 0171 o c'T
15 1 1 94 007 44491 *<e*00 .6 nd4_

16 1 1 1 20.007 13868 *fl0162 -0.044-

17 1 1 15.005 1 6153 110193 -0.006

18 1 1 10.005 1445 1M N 0ft06
I

19 f 5.0C3 0.6743 Sf301 -0334 .

20 0.0Co -02954

Note: Zeroes nosinci dsdin resfummen. F. ope: 11466'r71
Neis: Pname morr n only for Innerequ : 5596532

- mus emed at esp. Sr.d Err Ya (Lc17860s )
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Summary and Significant Findings

v:.C0 C9A 073 CMA

Calibra: ion of BLH Trr.s=i:::
$N50186
L* sing hy*mbe WTeme A.E Na 1Cf
Dew 2ts/95 Ca10neasd TerCMA
Rmse Sus C 50 PSI Temper mus 15 des F

w.iniae ' -- Tener Rades e-- w Perous
2A 5 10 20A 2DB PST Volu PST Error

1 enm o *,<4s

? 1 4 ( ev't 144A4 J 07" e 4A1
't 1 1 6 10 0e4 ? _4/.o ce6so 0 144

4 1 1 11005 334?.5 14 0481 0.316

5 1 1 1 T.007 4 917 19 4653 0311

6 1 1 25.007 53346 24 4610 0.125

7 1 1 1 30.009 63359 27 95r7 0.164

9 1 1 1 31009 73389 34 9850 0.064

9 1 1 1 1 4CLD11 8.5335 39 9942 0.043

10 1 1 1 41011 9340s 4 1 0169 .O.0 '. 3

11 1 1 1 41011 93415 45.0204 0420
12 1 1 1 1 40.011 8.5453 A10253 -0.042

11 1 1 1 mi nno 7 co' 14 med 0 c71

14 1 1 1 to 600 6 $*11 30 Od40 0 ?**

15 1 1 *4 0r'7 4 4444 *$ 0stT' -D it'

16 1 1 1 T.007 43577 20.0455 0.100 ,

1
17 1 1 15 005 336 15 0s58 0264 j

18 1 1 10.005 235 3 10.Os46 -0 410
19 1 1003 136'I 50444 0.816

20 0.000 036s6
Noss: Zernes sea W in regnmeien Separ 5.0112:fr9
Neu: Prensures aimes: a.dy for Irunnspr 2.794173

.1. indeemsed as asp. Sui Err Y: (LQ370095
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Summary and Significant Findings

.im c9mn3 cxA

1
'

Calibradon of BLH TreHc:t
AR!.No.: C260 SN50186

,

Using Hydsedis Dead-ashsTaur ARL No.1025 |
|Dann: 2.385 Fak" B$1A

Ramos S= 0 50 PS: T 76 das F
m hon 50A.woi
_w imht1' *-

Tesser Randies r 2ad " Paamse

2A 5 to 20A 20B PSI Veiu PS! E-or
1 e arm 0 179

1 1 4 crvt 1In? 4 mso J$ am

3 1 1 10.0M ?IM) 10m84 0 110
4 1 1 15.005 3 1576 15.0389 -0 ''4
5 1 1 1 MDD7 4 1457 21C 12 -0.060
6 1 ! 25.0(TT 5.0967 24 I305 0.710

7 1 1 1 10.000 6.CW79 20.8708 04C
8 1 1 1 15.000 7f75 14."f997 0 601

9 1 1 l 1 40.011 8CT3 39.5 03 0.478
6

10 t 1 1 45.011 9.1601 45.3177 0.577

11 1 1 1 45.011 9.1557 45.2955 -0.529
40.011 8.1242 40.0C2 4t C3 _12 1 I I I i

11 1 1 1 14 nne 7 Dead 141rm o not

14 1 1 1 ilonno 4 Dese M M44 0 414

14 1 1 ?< orn 51m ?4 est o s*t

16 1 1 I M007 41581 20.0857 0 191

17 1 1 15.005 3 1670 15 0008 -0.568

18 1 1 10.005 2.179'2 10.1014 -0 972

19 1 1 5.003 I.1809 5.0677 t.273 -

20 1 0.000 0.1c6
Noss: Zeroes nei matuned si regreemer6 Seps: 5.0443665
Ness: Pr==== 4 a msn.nly for Innerega. 0.se9239

mw at top. Sad Err Y 0.1584152
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Summary and Significant Findings

os.cc 09nws tv.A

CaEbra: ion of BLHTra:. smiter
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11 1 1 1 14 0n0 49e*4 44 em o lit
,
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Summary and Significant Findings

v1.10 01/0354 CMA

Cdib z:ic:1 of ELH X.DUCER
SER No.: 77717'
Ush 'iyd: ::nc Dead-si hTes:cr AR.L No.1025r 8
Ds::: Sc354 Calinsstad By:CMA

Ramse 5et 0 50 FII Terrpura::: 76.6 des F
Cell Cor:mme:md to Cha- .sh 0
w ie : 1es~.:~.- . Tes:cr Randi::: Ca:c. dated Peromete

1 2M 23 5 10 20A PSI Volts PSI Ew
I t 0.000 0.0516
2 1 5 003 1.0215 5.0111 0.159
3 1 1 10.005 1.9895 10.0021 0.031
4 1 1 15.005 2.95 65- 14.9879 | 0.114
5 1 1 1 20.007 3.9266 19 G897 0 086
6 1' 1 25.007 4.898 24.9982 0Fa3
7 1 1 1 30 009 5 868 290095 0 030
8 1 1 1 35 28 6.8396 35.0091 0.002
9 1 1 1 1 39.010 7.6168 39.0163 0.016
10 1 1 1 1 39.010 7.6175 39.0199 0.025
11 11 1 1 35.008 6.8409 35.0158 0.021'

17 16 ! 1 30.009 5.8699 30.0093 0.003
13 1 1 25.007 4.901 25.0137 4 029'

14 1 1- 1 20.007 3.9278 19.9959 0.056
15 1 1 15 005 2.9598 15.0040 0 001
16 1 1 10.005 1.9916 10.0129 0.077
17 1 5.003 1.02.34 5.0209 0353
18 i' O 000 0 0512 i

Note: Ze oss not ir:ch: dad in regressior. Slope: 3.1559834
Note: Pressess correct crJy for In:= cept: 0.255774 8

te:npera =c i . dica:sd at top. Std E:r Y: 0.0105519
-
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Summary and Significant Findings

v1.10 01/2354 CMA

Calib:2: ion of BLH X.DUCER
SER No.: 50186
Usi::: Hytz:Se Deadweigh: Tes:= ARL No.1025
Da:e: 9,08S4 Cff=a:=d By-CMA
Ra::ge se:0 50 PSI Tempea .: 76.6 des F
Ce!! Ce nee:=d to Chr:nel: 1

We:W h-iSe t ien- i Tes:cr Read =g
'

PST E e-
r.w. .s pecet

1 2A 23 5 10 20Al PST Voks
1 1 0.000 0.2666
2 1 1 5.003 1.25 F2 4 9923 0.217
3 1 1 10.005 2.2534 9.9783 0 269
4 1 1 15.005 4 3.2548 14.9953 0.064
5 1 1 1 20.007 6 4.2498 19.9803 0 134
6 1 1 25.007 5.2467 24.9748 0.127
7 1 1 1 30 000 6.2469 29 9358 0 076
8 1 1 1 35.008 7.2486 35.044 0 011
9 1 1 1 1 39.010 8.0138 39.0134 0.009
10 1 1 1 1 39.010 8 G:82 39 0101 0001
11 1 1 1 35 008 7.2524 35.0234 -0.G:3
12 1 1 1 30 009 6.2547 30.0249 0 055
13 1 1 25.007 5.2581 25.0319 -0.101
14 1 1 1 20.007 4.2565 20.0139 0.034
15 1 1 15.005 3.2671 15.0319 -0 179
16 1 1 10.005 2.2515 10 02Gs 0 152
17 1 5.003 1.2649 5.0259 0.453
18 0 000 0.2632 i

Note: Ze-oes notinch:ded htrertssion. Slope: 5.0100266
Note: Pressires ect:c= only for Intercept: 1.31131

tempescre indies: d st top. Std Err Y: 0.020:471
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Summary and Significant Findings
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Summary and Significant Findings

Calibration of Rosemount Temperature Transmitter

volts temp F |
7.151 126.37

6.344 105.58

4.905 82.74

3.796 63.19

2.677 42.02 .

|
|
1

Regression Output:
1

Constant -8.68532

Std Err of Y Est 0.685024

R Squared 0.999684.

No. of Observations 5

Degrees of Freedom 3

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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LO Introduction

Severalinstances of clogging of the strainers at the sludge present in the floor of BWR's suppression
suction of the pumps of the Emergency Core pools.
Cooling System (ECCS) have occurred at U.S. plants.
Of particular interest are the clogging incidents in Perhaps the most important single parameter in
1992 and 1993 at the Perry Nuclear Plant, a BWR-6 determuung the behavior of sludge particles is the
Mark III containment. In these incidents, ECCS size distribution. The mechanisms by which these
pump suction strainers experienced mechanical particles are deposited or filtered in a fibrous bed
deformation due to high pressure lesses. As strongly depend on the relative size of the particles
determined in the evaluation of these events [Ref.1], in comparison with the diameter of the fibers. This
the high strainer pressure losses resulted from the relative size will affect the filtration efficiency, i.e.,
accumulation of a combination of fibrous debris and the fraction of sludge mass being deposited on the
particulate matter (primarily iron oxide). In these fibers, as well as the morphology of the deposits in
cases, the fibrous debris was produced by filters that the fibers. The nature of this morphology, in tum,
had been inadvertently dropped in the suppression may affect the pressure drop in the ECCS strainers.
pool. The main conclusion of the analysis of the As a matter of fact, several tests conducted by the
Perry events is that fibrous material deposited on BWROG indicate that fine particle produce, when
the surface of the ECCS pump suction strainers can combined with fibrous materials, lower head losses
act as a filter media, capturing fine particles present than the corresponding head losses for a coarser
in the suppression pool. This combined effect of distribution of particles [Ref. 3]. Therefore,
fibers and particulate debris results in pressure determining the general characteristics of the sludge,
losses significantly higher than those which typicauy including its particle size distribution, is important
occur with fiber beds alone. in the assessment of head loss measurements.

He fine particles in the Perry suppression pool The objective of this report is to present the results
were found to be primarily iron oxides produced by of various analyses conducted to characterize two
direct oxidation of the pool and carbon steel piping types of simulated BWR sludge and their deposition
systems which are connected to the suppression on NUKON insulation fibrous materials during
pool. In addition to corrosion products, some other typical tests carried out at the Alden Research
miscellaneous debris materials were found in the Laboratories, Inc. (ARL) to measure head losses. In
pool, including Griffolyn, Herculite, tape, and general, this characterization consists in determining ;

plastic. The situation of having iron oxides and the shape, state of agglomeration, and size i

some other foreign materials in the suppression pool distribution of the iron oxide particles used to I

is not unique to the Perry plant and, as a matter of simulate the sludge in the head loss experiments; in I
fact,is a common condition of several BWRs addition, the morphology of the deposition of these )
[Ref. 2]. These corrosion products and debris sludge particles on fibrtous beds will be
materials are commonly referred to as sludge, and investigated. Section 2 of this report presents the
its characteristics like composition, quantity, density iron corrosion processes expected to produce the
and size distribution are site specific. At issue is, iron oxide particles in suppression pools. He
however, the potential for having high pressure simulated BWR sludge is described in Section 3,
losses in the ECCS pump suction strainers due to whereas the sludge particles and debris beds
the accumulation of iron oxide particles in fibrous analyzed are described in Section 4. The type of
materials. This circumstance has prompted several analysis performed on each sample and the i
activities, both by the U.S. Nuclear Regulatory corresponding results are presented in Section 5. |
Commission as well as the BWR Owners' Group Finally, Section 6 presents the significant findings j
(BWROG), to characterize the behavior of iron oxide from these analyses.

'

particles similar to those expected to be in the
|
1

I
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2.0 Corrosion of Iron

There are two distinguishable types of corrosion:
chemical and electrochemical. Chemical corrosion, 4F#(OH)2+ 2H 0 -4Fe(OH)3 (Ferric hydroxide)

2

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 2Fe(OH):+jo +# 02 2 (Hydrated ferne oxide)currents. Electrochenu, cal corrosion occurs with _pe,o, . y,o
generation 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 Hydrated ferric oxide has a yellow color and is
waters and most aqueous solutions on metal much less soluble than ferrous hydroxide in
surfaces. solution. It is important to note that secondary

formation of the insoluble iron corrosion products
2.1 Electrochemical Corrosion of ferrous hydroxide and hydrated ferric oxide does

Iron n t suppress the process of electrochemical rusting.
The formation of rust proceeds not directly on the
anodic site but in the solution adjacent to the

On a piece of metal subjected to electrochemical corroding surface. Therefore adhesion to the surface
corrosion there are both anodic and cathodic sites and protective properties of rust are weak. For this
which are continually shifting. Some portions of the reason, the rate of corrosion of iron changes little
surface attract electrons away from others because of with time in distilled water with access of oxygen
the presence of impurities, strains, or other and also in a number of natural waters.
influences that change the reactivity of the metal.
This is the reason why iron corrodes in some areas The poor protective properties of rust can also be
more than others. At an anodic site an oxidation explained by the fact that the more soluble ferrous
process occurs, which is the loss of electrons, and hydroxide initially forms directly on the surface of
the metal goes into solution as a result of a reaction iron, and only after the oxidation of the hydroxide,
given by: does the highly insoluble ferric hydrate precipitate.

Under atmospheric corrosion, rust does form in
more intimate contact with the iron surface, with

2Fe - 2 electrons - Fe . better adherence, thereby providing considerable
protective action. Rust formed in the corrosion of

As part of the formation of rust at a cathodic site, iron and low-alloy steels consists of a mixture of
water is being reduced to hydroxide ions and ferric and ferrous hydroxides. Depending on
dihydrogen as follows: conditions and time of formation of rust,its

composition can fluctuate considerably. The older
the rust and the easier the access of oxygen, the

2H O + 2 electrons - 2HO + H greater the content of the hydrated ferric oxide.2 2

In the corrosion of iron in a neutral media there 2.1.1 Effects of Dissolved Oxygen
occurs an additional reaction of the anodic products
with the hydroxylions formed at the cathode sites: At ordinary temperatures, oxygen and moisture are

the basic factors necessary for the corrosion of iron

y,2* + 2OH - Fe(OH)2 (Ferrous hydroxide) in a neutral media. Both must be present
simultaneously, because oxygen alone or water free
of dissolved oxygen does not corrode iron to any

The ferrous hydroxide formed has a comparatively practical extent. Iron corrodes in natural waters at a
high solubility. In the presence of oxygen in the rate according to the concentration of dissolved
solution, a further reaction takes place, the oxidation oxygen. Water in contact with iron continues to
of ferrous hydroxide to ferric hydroxide: 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

B-3 NUREG/CR-6367
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the metal surface, and thus the reason for the high oxygen content, FeO, is next to the metal, then the
corrosion rate at or near the water line. intermediate iron oxide, Fe30, and finally the4

highest iron oxide, Fe O , at the external surface.2 3
2.1.2 Effects of pH and Temperature

Ferrous oxide, FeO, forms a cubic lattice and is

The corrosion rate of iron is also dependent on the stable only at temperatures above 570*C. It does not
pH level of water. At a value of pH greater than f rm at lower temperatures. When the scale is
needed for hydrogen evolution (pH=4), the c oled, it decomposes according to:
corrosion rate is constant up to a pH of 9.5. Once
hydrogen evolution begins, a protective layer of 4FeO-Fe+Fe 0ferrous hydroxide is formed on the iron surface 3 4

formed by the initial corrosion reaction. In this
range, the surface of iron is always in contact with Ferrous-Ferric Oxide, Fe30 or black magnetite, has a4

the saturated solution of ferrous hydroxide. cubic lattice, with unit cell containing eight Fe304

Corrosion continues as rapidly as the dissolved groups. Magnetite is stable from ambient
oxygen can diffuse through the protective layer, temperature to the melting point of iron. By heating
This layer is continually being renewed by the magnetite to 400 C. the magnetic properties decay
corrosion process and will continue based on the and Fe2O is formed according to:3

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 2Fe 0pO-3Fe O3 2 3

rendering the iron passive. This decreases the
,

permeability of the dissolved oxygen and Ferric oxide, Fe2O or Hematite, has a |3

consequently the rate of formation of the corrosion rhombohedral structure. The unit cell contains two
Fe O groups. Hematite exists within a wideproduct layer. At pH levels below 4, in the acid 2 3

region, the alkaline corrosion product layer is temperature range, but partially dissociates above
dissolved and the acid reacts directly with the iron 1100*C.

surface.

The corrosion rate is also influenced by the
temperature of water. Increased temperature
increases the corrosion rate by allowing the The formation of coatings of iron oxides on the

dissolved oxygen to penetrate further mto the surface of iron is dependent on temperature and is

ferrous hydroxide layer. inversely proportional to the square root of the
fg ; g g g
mill scale, may be protective when first formed, a

2.2 Chemical Corrosion of Iron
. .

limited thickness is reached at which point the
coating cracks exposing the surface to further

The oxidation of iron results in three simple oxides localized corrosion in the form of pitting. Internal
that can be found in the scale formed on iron. stresses during formation of the oxide and the
Often the scale consists of three different layers thermal cycling of the oxide and metal can cause

O . These layers fragmentation which also exposes the metal surfacecomposed of FeO, Fe30, and Fe24 3

are situated such that the oxide with the lowest to further corrosion.

NUREG/CR-6367 B-4
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I

3.0 BWR Sludge
i
; 3.1 Sludge in BWR Suppression agglomeration of the more amorphous gelatinous

POOLS material as well as the min scale particles that flakea

off over the course of time. In those areas where
large amounts of particles have been settled for,

Several BWR plants have reported sediments on the longer periods of time, the agglomerates will have a
suppression pool floor. The analyses of these larger equivalent size. Based on the rudimentary
sedimented material showed that it consists filtration methods used by the suppression pool
primarily of steel corrosion products, mostly iron cleaning companies, the general consensus among
oxides, although some plants have also observed these companies is that the mean particle size of the
other constituents, like organic matter, in the agglomerated iron oxide particles in the suppression
sediments. This particulate materialis commonly pools is about 25 pm. Since the cleaning companies
referred to as sludge but, since steel corrosion removed many layers of sludge, collected at
products constitute more than 99% (by mass) of the different depths from several plants, this particle
suppression pool sludge, in this report the terms size can be considered a rough average of the
sludge and corrosion products will be used sludge particle size.
indistinctly.

A better characterization of the sludge particles in
The makeup of corrosion products in BWR BWR suppression pools was conducted by the
suppression pools is plant specific, but it is BWROG, which evaluated, using LASER light
generally characterized as iron oxide. By some scattering, the particle size distribution of the
estimates [Ref. 4], the amount of sludge may vary sludge samples obtained from five BWR suppression
from 30 kg to 2300 kg, depending on the plant pools, including Mark I, Il and III containments. It
cleanup procedures. The oxides produced in these is believed that these sludge samples consist of
pools are considered to be a product from direct nearly 100% iron oxides. The data from these
corrosion in the pool as well as corrosion particles samples is summarized in Table B-1 (Ref. 3].
from piping systems that are periodically flushed
and drained into the pool. These corrosion products As it can be seen in this table, despite the
can potentially contain all the iron oxide compounds differences among the particle size distributions in
described in Section 2. Information obtained from the samples from the surveyed plants, the median
suppression pool cleaning companies indicates that equivalent diameter is less than 10 pm in all cases.
the typical trend involving the particle size of the It is interesting to note the discrepancy between
corrosion products is a function of the elapsed time, these sludge particle size determinations and the 25
the theory being that the longer the elapsed time pm mean size estimated by the suppression pool
from the last cleaning, the larger the particle size. cleaning companies. The BWR owners' group
This is believed to be the result of the natural 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 0-10 pm 10-75 pm >75 pm

A III 65 % 100 % 0%
75 % 100 %

B II 94 % 99.5 % 0.5% 0%

C III 8% 88 % 97% 3% 0%

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

E III 18 % 75 % 86 % 14 % 0%
14 % 65 % 82 % 18 %

15 % 65 % 80 % 20 %

B-5 NUREG/CR-6367
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more accurate than the estimated average particle
size based on filtration methods used by the Fe30 <2 2-5 5-10 10-35 >354

cleaning companies, but the specific conditions at Type pm pm pm pm pm
which the BWROG samples were taken are not #2008 5% 80% 15 % 0% 0%
known at the present time. In particular, it is #9101.N -0% -0% -0% 82 % -18%
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 It is important to note that the method used to
pool cleaning at each plant. According to the determine the particle size distribution of powder
hypothesis of particle agglomeration as a function of #2008 is not accurately known, whereas the particle
time, it could be possible to obtain agglomerates size distribution of powder #9101-N was apparently
from the top surface of the sludge layer smaller in measured by screen analysis. Knowledge of the
size than those obtained from the bottom; in method used in determining the particle size
addition, smaller agglomerates could be obtained if distribution is of relevance because the various
the suppression pools are cleaned more frequently. measurement processes result in different particle

sizes; for example, the transport and deposition
3.2 Simulated BWR Sludge 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

The information in Table B-1 was used by the similar settling velocities are considered to be of the
BWROG to suggest the sludge particle size
dio ibution in Table B-2 to be used in the head loss same size, regardless of their actual size or shape.r

This situation has to be considered when comparingexperiments conducted at ARL.
the results obtained from different techniques used
to characterize particle size distributions.Table B-2. BWROG Recommended Particle Size

Distribution for Simulated Sludge [5]. 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
I""I I""I (Y'I

in the so called Sludge A. The estimated particle
* *'# E ^0-5 2.5 81

5 - 10 7.5 14 Table B-3. Sludge A Particle Size Distribution
According to Manufacturer's

10 - 75 42.5 5 Specifications.

Size Range Percentage by Mass
A survey was conducted among some companies (pm) (%)
capable of providing several powders with the

<2 4*75recommended 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 14.25Although it was recognized that some ceramic
powders could be provided with exactly the 10-35 4.1
suggested particle size distribution,it was decided

35-75 0.9to use iron oxide powders to better simulate the
sludge observed in BWR suppression pools.

To have an idea about the behavior of a coarser mix
Black iron oxide, Fe30, was supplied by Hansen of sludge, it was decided to conduct some head loss4

Engineering, Inc. according to the following particle experiments using 100% of black iron #9101-N. This
size distributions: mix is called Sludge B.

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

NUREG/CR-6367 B-6
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other particles in addition to the fibrous insulation to the ECCS strainers, contributing to the pressure
materials. Examples of these additional materials drop. To better understand the effects of these
include calcium silicate particles, produced by the additional materials on the pressure drop increase, it
impingement of the jet of steam and water from the was decided to conduct some experin eres using a
break on the calcium silicate insulation materials combination of iron oxide (Sludge / ) and additional

|used in systems such as the Reactor Core Isolation 11% in weight of unqualified paint chips; since this |

Cooling (RCIC) and the Reactor Water Clean-up mixture includes simulated partcles from materials
(RWCU), concrete dust and paint chips, generated in the drywell, it was decided to designate it Mix A |

by the destruction of paint coverings on structures to distinguish this simulateu debris material from
in the drywell. These non-fibrous materials may be the sludge already present in the suppression pool .

transported to the suppression pool and eventually before the LOCA.

|
:
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4.0 Samples Analyzed and Characterization Techniques

Several tests were conducted to measure the head the collected water to investigate the state of
losses due to accumulation of NUKONm fibrous agglomeration after the specimen was collected.
materials and sludge particles on a plate simulating
ECCS strainers. In general, these tests consisted of Sample 1-5. Specimen of Sludge A particles
dropping sludge particles and NUKONS fibrous deposited on 4 0.45 pm pore size filter paper. The
shreds into an experimental facility in which water particles came from a test in which 35 g of Sludge A
was circulating through the plate at different flow were dropped in the test loop without any fibrous
velocities. To obtain a better characterization about material.
the sludge particles and their deposition on
NUKON" fiber beds, the following samples were Sample 1-6. Specimen of Sludge A particles
collected during some of the typical tests. deposited on a 0.45 pm pore size filter paper. The

particles came from test P09, in which the mass of
4.1 Samples for Sludge Particle Sludge A was the same as the mass of the

Characterization NUKONm 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

The characterization of the sludge consisted in (125'F). The filter paper was taken at a flow
determining the shape, state of agglomeration, and velocity of 0.15 ft/s (0.05 m/s).
particle size distribution of Sludge A and Sludge B.
In the case of Sludge A, both samples from the dry Sample 2-0. Dry powder from Sludge B, i.e., the
mix produced with the manufacturer's powders as iron oxide powder, specification #9109-N, supplied
well as samples collected from the test loop while by Hansen Engineering, Inc., as it was before
the particles were circulating in the water were dropping it into the test facility.
analyzed; for Sludge B, only samples from the dry
powder supplied by the manufacturer were 4.2 Samples for Debris Bed
analyzed. The following paragraphs describe each Characterizationof the samples collected for analysis. :

1

Sample 1.0. Dry powder from Sludge A,i.e., as it The characterization of the debris bed formed on the |
was after mixing the iron oxide powders from perforated plate consisted of determining its ;

Hansen Engineering, Inc., specifications #2008 and morphology,i.e., the mode of deposition of the '

#9109-N, as described in Section 3, and before sludge particles on the fibers. It is important to
dropping it into the test facility. note, however, that the debris beds were not

collected for the specific purpose of making this
Sample 1-1. Specimen of water collected from the characterization and, therefore, the handling of the
port located after the plate (Port 2) while the Sludge debris beds may have affected their characteristics in
A particles were circulating in the test loop at 1.5 the test loop; in particular, the beds removed at the
ft/s (0.5 m/s). end of the head loss tests were dried in an oven at

about 121*C (250*F) for approximately two days. It
Sample 1-2. Same as above; taken to verify is possible that this drying process may have
repeatability of the collection process. modified not only the morphology of the deposited '

particles, but also their chemical composition.
Sample 1-3. Specimen of water collected from the
port located before the plate (Port 1) while the Sample 3-0. Specimen from a clean fiber bed,i.e.,
Sludge A particles were circulating in the test loop the bed formed during test P01 in which only
at 1.5 ft/s (0.5 m/s). NUKONm fiber shreds were ad " to the

experimental loop. The nominal fiber bed thickness
Sample 1-4. Specimen of water collected from Port was 1 inch (2.54 cm) and the approximate water
2 while the Sludge A particles wera circulating in temperature was 52*C (125'F).

4 the test loop at 1.5 ft/s (0.5 m/s); 0.05 % in weight
of surfactant (sodium meta-phosphate' was added to Sample 3-1. Specimen of a mixed bed, i.e., a fiber

bed loaded with Sludge A particles. In this case, the

B-9 NUREG/CR-6367

. _ _ _ . _ _ _ _ _ _ _



Appendix B

bed came from test P26, in which the same mass of powder samples from Sludge A and Sludge B, i.e.,
Sludge A as the mass of fibers was added to the Samples 1-0 and 2-0 respectively, the coated
experimental loop. The nominal fiber bed thickness particles were dropped directly onto the SEM siub.
was 1 inch (2.54 cm) and the water temperature was The samples from the filter papers, i.e., Samples 1-5
about 52*C (125'F). and 1-6, were prepared by cutting the filter papers

into several pieces and mounting some of these
Sample 3-2. Specimen of mixed bed heavily loaded pieces onto the SEM stub using conductive paste.
with sludge, i.e., the debris bed formed when a The debris bed samples, i.e., Samples 3-0, 3-1, and 3-
mass of Sludge A particles ten times greater than 2, were also prepared by cutting out a piece from
the mass of fibers was added to the loop. The bed each bed and mounting it on the SEM stub using
came from test P33, in which the nominal fiber bed conductive paste.
thickness was 0.5 inches (1.27 cm) and the water
temperature was 52*C (125'C). All specimens were analyzed over the whole area at

l
low magnification (750 pm bar) to determine how 1

4.3 Characterization Techniques representative the photographed region was )
compared to other regions; this same procedure was |
carried out at the higher magnifications to verify

iThe main objectives of these analyses were t that the photographed regions were representative.
determine the shape, state of agglomeration, and Photographs were taken of each sample at
particle-size distribution'of the Fe 0, used t magnifications corresponding to scale bars of 7503

simulate suppression pool sludge, and to investigate pm,30 pm, and 1 pm. This choice of magnifications
the morphology of the debris beds formed during provided information at the length scales
the head loss experiments. The techniques selected corresponding to agglomerates (750 pm and 30 pm
to achieve these objectives were Scanning Electron bars) and primary particles (1 pm bar).
Microscope (SEM) with minimal sample
modification and Sedimentation Velocity analysis. 4.3.2 Sedimentation Velocity Analysis
Specifically, SEM analysis allows the determination

,

of the shape and state of agglomeration of the
sludge particles providing, in addition, qualitative A quantitative characterization of the particle size

information about their size distribution. SEM was distribution, by mass, can be obtained by

also the technique employed to obtain information measurements of the sedimentation velocity of the

about the morphology of the debris beds. Particles in water. This technique provides useful

Quantitative estimation of the particle-size inf nnation about the particle size distribution, by
distribution with SEM is, however, a tedious process mass, in the range from 1 to 100 pm. For

that requires the analysis of severalimages and, agglomerates larger than 100 pm, sedimentation

therefore, the more efficient technique of vel city analysis requires dispersing the particles in
,

sedimentation velocity analysis was used to obtain a c ntainer from which the liquid is withdrawn and i

the quantitative particle-size distribution (by mass) inserted into an analysis chamber. The particles are

of Sludge A and Sludge B. easily dispersed into the water using a surfactant,
sodium meta-phosphate, with ultra-sonication. This

4.3.1 Scanning Electron Microscope Will Separate the particles and provide better
mformation about the actual pnmary size.

Analysis distribution and the strength of the forces holding
the agglomerates together. In some cases, a

The determination of the shape and state of magnetic stirring bar can be used to further disperse
agglomeration by microscopy is a well established the particles; in these analyses, however, this
technique; the properties are characterized in terms method of dispersion was not used because the
of the absorbed, back scattered, and secondary magnetic properties of the iron oxide particles cause
electrons from the primary beam. In these analyses, attraction to the stirring bar.
all of the samples were coated with a thin layer of
carbon to avoid electrical charge due to the electron The techniques used to characterize the analyzed
beam. This coating is a standard procedure that samples are summarized in Table B-4.
does not cause any artifacts. In the case of the dry

NUREG/CR-6367 B-10
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Table B-4. Summary of Samples and Characterization Analyses.

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
1-2 Sludge A suspended in water; Port 2 SEM Sedimentation Velocity
1-3 Sludge A suspended in water; Port 1 SEM Sedimentation Velocity2

1-4 Sludge A suspended in water; Port 2 (Surfactant added) SEM Sedimentation Velocity
1-S Sludge A deposited on filter paper; no fibrous shreds SEM
1-6 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
8 Port 1: Before the perforated plate

B-11 NUREG/CR-6367
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5.0 Results

The objectives of the SEM analyses were to obtain Figure B-3, indicates that the rough and porous
qualitative information about the shape, size, and agglomerates consist of much smaller spherical

]state of agglomeration of the iron oxide particles primary particles of less than 1 pm. These primary i

used to simulate suppression pool sludge, and to particles are agglomerated extensively, and the
gain a qualitative description about the deposition of spread of the size distribution is broad; an
these particles on NUKONm fiber beds. The appreciable fraction of the particles by number is |
objective of the sedimentation velocity analyses was observed for all sizes between 0.1 and 0.9 pm. I
to determine quantitatively the particle size ;
distribution, by mass, of the sludge particles. The SEM photographs of Sample 1-0 indicate that |

the particles in the dry powder of Sludge A are j
5.1 Characterization of Sludge A extensively agglomerated; although the SEM results |

d n t Provide the quantitative particle sizeParticles
distribution of Sludge A, they suggest that the large
agglomerates observed produce a particle mass-size

Sludge A was the mixture of iron oxide particles distribution significantly larger than the particle size
used to simulate suppression pool sludge in the distribution recommended by the BWROG in Table
majority of the head loss tests and, therefore, most B-2 and, consequently, also larger than the particle
of the characterization efforts corresponded to this size distribution according to the iron oxide supplier
type of sludge. Specifically, both samples from dry specifications. However,it is not possible to
powders as well as samples of the sludge particles determine from these results what is the state of
collected while circulating in the water in the test agglomeration when the sludge particles are
facility, were analyzed with SEM and sedimentation suspended in the water circulating in the test loop;
velocity. to get this information, Samples 1-5 and 1-6 were

'

analyzed. The SEM photograph of Sample 1-5 in
5.1.1 Sludge A SEM Results Figure B-4, shows that the Sludge A particles,

collected in a 0.45 pm pore size paper while

As indicated in Table B-4, all of the samples from circulating in the test loop without fibrous materials,

Sludge A, with the exception of Sample 1-1 which are considerably less agglomerated than the particles

was identical to Sample 1-2, were analyzed by SEM. in the dry powder of Sludge A;it is believed that
The following paragraphs summarize the most the dispersion of the large agglomerates occurred

significant results from these analyses. when they passed through the impeller of the pump
used in the head loss experiments. Figure B-5

Several specimens of the dry powder from Sludge shows the SEM photograph of a specimen from
SamP e 1-6, which corresponds to the Sludge AlA, as it was before dropping it into the test loop,

were prepared for SEM analyses; all showed similar Particles collected on a 0.45 pm pore size filter paper

results. Typical SEM photographs of this sample are while they were circulating in the test loop at 0.15

included as Figures B-1, B-2, and B-3. The ft/s (0.05 m/s) in the presence of a fiber bed. This
P otograph shows very few agglomerates andhphotograph at the lower magnification (750 pm) in

Figure B-1, shows large agglomerates with almost none of about 100 pm, suggesting that, m,

dimensions on the order of 100 pm and smaller;in addition of having dispersion in the circulating

some cases even agglomerates of about 375 pm are water, larger agglomerates were deposited on the

visible. As indicated in Figure B-1, these fiber bed. In all of the cases analyzed for the Sludge ,

A Particles collected while circulating in the testagglomerates are approximately spherical. The
I P, the primary particles observed at the highestphotograph at the next magnification (30 m) in

Figure B-2, shows nearly spherical particles and magnification (1 pm) were smular in size to those

agglomerates on the order of 5 to 30 pm. These observed in the corresponding samples for dry

particles are found between the larger agglomerates p wders from Sludge A, i.e., primary particles m

and can be observed as small features on the 750 the size range from 0.1 to 0.5 pm; this typical result

pm photograph in Figure B-1. The primary particles is illustrated in Figure B-6, which shows the SEM
P otograph, at 1 pm bar magnification, of ahare dense are relatively smooth, while the

agglomerates are rough and porous. The specimen from Sample 1-6. This result suggests that

photograph at the highest magnification (1 pm) in

B-13 NUREG/CR-6367
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Figure B-1. SEM Photograph of Sludge A as a Dry Powder (Sample 1-0) at 750 pm Bar Magnification.
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Figure B-2. SEM Photograph of Sludge A as a Dry Powder (Sample 1-0) at 30 pm Bar Magnification.
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Figure B-3. SEM Photograph of Sludge A as a Dry Powder (Sample 1-0) at 1 pm Bar Magnification.|
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(Sample 1-6). 750 pm Bar Magnification.
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these smaller primary particles cannot be dispersed Table B-5. Dry Powder Sludge A Particle Size
in the test loop. Distribution. Sedimentation Velocity

Analysis Without Surfactant.
5.1.2 Sludge A Sedirnentation Velocity

Results Equivalent Cumulative Mass
Diameter Mass Fraction Fraction

(M*) N NThe qualitative results from the SEM analyses
showed that Sludge A as a dry powder, before

100.00 ~93 7.6
dropping it into the water m, the test loop, was

80.00 -93 0
composed of large agglomerates of nearly spherical

60~00 ~93 0
particles with a very broad size distribution. The

93 0
SEM results also showed that, when the Sludge A

'

particles are circulating in the water in the test loop,
30.00 92.9 0.2 jconsiderable dispersion of the agglomerates occurs.
25.00 92.6 0.4 jTo obtain the quantitative characterization of the
20.00 91,7 0.9

particle size distribution, both in the dry state as
15.00 88.5 3.2

well as when the particles are circulating in water,
10.00 70.5 18.0several samples of Sludge A particles were analyzed 8.00 53.7 16.7

by sedimentation velocity measurements. The
6.00 34.5 19.2

results from these analyses are summarized in the
8

following paragraphs. 78
ISpecimens from Sample 1-0, particles from Sludge A
5 7

as a dry powder, were so agglomerated that the
1.50 27 2.6

sedimentation velocity measurements, initially
1.00 1.0 1.7conducted in the absence of surfactant and without

ultra-sonication, gave meaningless results.
Consequently,it was decided to analyze a specimen MEDIAN DIAMETER: 7.61 pm
from this sample using ultra-sonication but without |

surfactant. In this case, the agglomerates were MODAL DIAMETER. 8.42 pm 1

dispersed using the ultra-sonication process for ccurs at about 5.4 pm; the mass-median of the
about 10 minutes. The results for the frequency and
cumulative particle size distributions (by mass) from Particle size distributions is approximately 5 pm.

this analysis are presented in Table B-5; the .

corresponding plots are presented in Figure B-7, for The emparison of the data in Tables B-5 and B-6
suggests that the measured particle size distribution

,

the frequency particle size distribution, and Figure
B-8 for the cumulative particle size distribution. The is very sensitive to the method used to disperse the

aggl merated particles. Unfortunately, it is notmass-mode, or maximum in the mass particle
population, occurs at about 8.4 pm; the mass- Possible to determine from these analyses how

median, i.e., the equivalent diameter above which much energy is needed to break down the large

50% of the mass exists, occurs at about 7.6 pm. aggi merates y00 pm) initially present in the
Sludge A; this is entical because many of the

,

To investigate the dispersion effect of adding a relevant properties of the particles in the test loop,

surfactant,0.05% in mass of sodium-meta-phosphate ingluding filtration efficiency and pressure drop,
will depend on the agglomerate size and not on thewas added to a specimen of Sample 1-0. In this

case, the specimen was also ultra-sonicated for about Primary Particle size. To obtam quantitative
ini rmation about the extent of dispersion of the15 minutes. The measured particle size distribution
aggi merated Sludge A particles mtroduced by theby mass is presented in Table B-6, which includes

both the frequency and cumulative distributions. Pump and heater in the head loss testing facility,

The same results are showed graphically in Figures several samples of Sludge A, suspended in the
water and circulating at 1.5 ft/s (0.5 m/s), were

B-9 and B-10 respectively. The mass-mode in this
c llected and exammed using sedimentation velocitycase

NUREG/CR-6367 B-20
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Table B-6. Dry Powder Sludge A Particle Size presented in Figure B-11; the corresponding
Distribution. Sedimentation Velocity cumulative particle size distributions are presented
Analysis With Surfactant. in Figure B-12. As indicated in Figures B-11 and B-

12, all of the analyzed specimens gave, within the
Equivalent Cumulative Mass Fraction limits of error of this technique, the same particle
Diameter Mass Fraction (%) size distribution for Sludge A. This is an

(pm) (%) encouraging result, because shows that the collected
samples are representative of the Sludge A particles

100.00 98.6 1.5 while circulating in the water in the test loop. The
80.00 98.6 0 averages and standard deviations of the measured
60.00 98.6 0 values for the frequency and cumulative particle
50.00 98.4 0.2 size distributions, by mass, are presented in Figures
40.00 97.5 0.9 B-13 and B-14 respectively. As indicated in Figure
30.00 95.4 2.1 B-13, the average mass-mode is 2.26 pm, whereas
25.00 94.2 1.2 the average mass-median is 2.38 pm. Figure B-14
20.00 92.9 1.2 also presents the comparison between the measured
15.00 90.2 2.8 particle size distribution of Sludge A and the
10.00 82.7 7.4 particle size distribution recommended by the
8.00 75.9 6.9 BWROG; for all practical purposes, Sludge A in the
6.00 61.4 14.5 test loop represents fairly well the suggested particle
5.00 50.5 10.9 size distribution.
4.00 38.4 12.2
3.00 26.1 12.3 5.2 Characterization of Sludge B
2.00 13.2 13.0 gg
1.50 6.5 6.7
1.00 2.7 3.8
0.80 2.4 0.3 Sludge B is composed of 100% of the iron oxide
0.60 2.4 0 powder provided by the manufacturer according to
0.50 2.1 0.3 specification #9101-N and, since was used only in
0.40 1.8 0.3 three of the head loss experiments, the

characterization efforts were concentrated just in
MEDIAN DIAMETER: 4.95 pm analyzing the particles from the dry powder before

dropping the sludge into the test loop. Both SEM
MODAL DIAMETER: 5.42 pm and sedimentation velocity analyses were used to

typify Sludge B particles.
analysis; these are Samples 1-2,1-3, and 1-4
described in Section 4. 5.2.1 Sludge B SEM Results

The specimen from Sample 1-2 had to be dispersed Specimens of Sample 2-0, dry powder from Sludge
with ultra-sonication for about 4 minutes because, B as supplied by the manufacturer, were prepared
without this dispersion process, the measured for SEM analyses. Figures B-15, B-16, and B-17
results were meaningless. The specimen from present typical SEM photographs of this sample.
Sample 1-3, unlike Sample 1-2, did not require ultra- Figure B-15, the SEM photograph at the lower
sonication to provide useful measurements. magnification of 750 pm bar, shows very few
Similarly, the analyzed specimen from Sample 1-4 particles or agglomerates above 100 pm and
gave useful measurements without ultra-sonication. practically none above 150 um. The SEM
For comparison purposes, however, it was decided photograph at 30 pm bar magnification in Figure B-
to analyze another specimen from Sample 1-4 after 16, shows that Sludge B contains a large number of
ultra-sonication for about 4 minutes; hereafter, the nearly spherical particles between 1 and 30 pm. In
results for this specimen are denoted by 1-4 (US). contrast with the SEM results for Sludge A, this

P oto suggest that the Sludge B particles do noth
The frequency particle size distribution, by mass,
measured for Samples 1-2,1-3,1-4, and 1-4 (US) are

B-21 NUREG/CR-6367



-

b d
m i
e i
n x

$
*

w
y

20
E v

18 E v
.

16 - V
-

:

14^

6 . Sludge A Without Surfactant7

c 12 Median = 7.01 um
.j ; Mode = 8.42 ym.
8 10
it :

V8 9 y s
7 . ,

is a -

V Vm :
E 6 -

:

4 -

-

: v
2 i. V

- V
: v

V, r rr r-09 - - - - - - -

0.1 1 10 100
Equivalent Diameter ( m)

,

I

Figure B-7. Mass-Particle Size Frequency Distribution of Sludge A as a Dry Powder (Sample 1-0) Without
Surfactant.

I
!

- ----_----- -_ - _ _ - - - --- . _ - - - - _ - _ - - - _ - _ - - - - - _ - _ - - - _ - - - - - - - _ - - _ - - -



__.

L

:

100
:
_

90 1
n -

6 80 l
c :

j 70 |-
2 60 i
e :
= 50 1

2 -

Sludge A Without Surfactantm :

40 :-P .
U > -

'il 30 -

3 i
E 20 -

-

a :
0 10 E

O ''''-

0 20 40 60 80 100
Equivalent Diameter ( m)

5
m
e 4
ri 1
$ Figure B-8. Mass-Particle Size Cumulative Distributions of Sludge A as a Dry Powder (Sample 1-0) Without E.

{ Surfactant.

- _ - - - - - - _ - - - _ _ - _ _ - _ _ _ .



$ %
m i
O 5n
:= m

th
G

16
:
: Sludge A With Surfactant a14 Median = 4.95 m
: Mode = 5.42 m A

12 1 oa
^ :

AC :
10c 7

.9 :

3 8 ?- A
P 1

.

a: a
2 3 6 7

a -

E :4 7 a
:

2
-

a
- a
i aa ^

a
^^1^-0i r- - - - - - - a a-

0.1 1 10 100
Equivalent Diameter (pm)

Figure B-9. Mass-Particle Size Frequency Distribution of Sludge A as a Dry Powder (Sample 1-0) With Surfactant.

._. _ _ _ _ - _ _
_ _ . _ _ _ _ _



-

.

.

.

.

. . . . . . _... .. .. . .. w

100
:

90 i_
g :

80 --
-

c :

$ 70 i
E 60 :-w

-

E 50 im -

Sludge A With Surfactant
3 3 :

e 40 :-.M > -

'il 3 0 i

3 :
!E 20 :-

s :
U 10 !

.

0 ~ ''''-- - - -

0 20 40 60 80 100
Equivalent Diameter ( m)

$x

M k
1$ Figure B-10. Mass-Particle Size Cumulative Distribution of Sludge A as a Dry Powder (Sample 1-0) With k{ Surfactant.

_ _ - _ .



l
@'

| e
!E
n

g!

e
i &

d
30

_ o
~

- Sludge A Suspended in Water
25 ~

A l-2 Port 2
: 0

_ 3 o 1-3 Port 1
6 20

- 0 o i-4 Port 2
g - o I-4 (US) Port 2
0 :

3 15 -

8m
W -

c'>
m -.

2 10
- n*
-

Ei!
- g
- ag- o

5
- A
-

": A A gg
9 a, m E . . . .9. 9 O R W9 0 98.Q.On ,,, _ . . .

- _ m- m m --- --- -

0.1 1 10 100
Equivalent Diameter (um)

Figure B-11. Mass-Particle Size Frequency Distribution of Sludge A in the Water in the Test Loop (Samples
1-2,1-3,1-4, and 1-4 [US]).

- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - _ _ - - . - _ _ _



_ _ _ _

100
:

90 i -:-----~~~~~~~~-~~~~~-----
: ,7------------------============

* 80 i ,/- .

C : I1
.9 70 L i,
- : i.
3 - 't

:s 60 ;;,
.:: i !

.9 50 !O : i

g s 40 [!
j g | Sludge A Suspended in Water"

|
30-

'. - - - - I-2 Port 2 |

|i3 20 ----- I-3 Port 1
'

O J I-4 Port 2 i

10 y 1-4 (US) Port 2 i

0 1 ...i....i....i....i....
0 20 40 60 80 100

Equivalent Diameter ( m)

$
m

$ %
x 2

Figure B-12. Mass-Particle Size Cumulative Distribution of Sludge A in the Water in the Test Loop (Samples E.
1-2,1-3,1-4, and 1-4 [US]). Fy

to

. - - - --

- . . . . .
. . . . . . . . . . . . . . _

" ' " " ' ' - - ' - - - ' - _.
_. _ _ _ _ __ _



.________ _ -_

5 %
m 1a it
n w
N *
th
El

30
_

_

--

Sludge A Suraended in Water
25 - Average Median = 2.38 mv

^ Average Mode = 2.26 m.
-

P 20
_ _ -

-

e
o __

:;= vo 15 - ^ --

E
g : x __ X --,

te g to -

__

|is
.

_- )(
-- X5 -

--
--

k( ~~I-X ygy 3? vA .... - X M Mn. . .

93 i to 100
-- ^''''

Equivalent Diameter (um)

Figure B-13. Average of the Mass-Particle Size Frequency Distribution of Sludge A in the Test Loop.
(Samples 1-2,1-3,1-4, and 1-4 [USD.

. ..
. .. . . . . . . .. . .. . . . . . . . . . . . . . . . . . . . . . . . . .

..
... .. . . . . . . . . . . . .



_ _ _ _ _ _ _ _ _ .

.

.

.

..
.

. . .

100 i
"

A2 3b f
-- - -- -- -- -- -- --

@ 80 JE-
.- --

3
a - . -

"c
.] 60 -l
O
c)

E
--

so 3 40 -- i
1% e -

.j . _. | Sludge A Suspended in Water
~-

.!!! -- A BWROG Recommended Size Distributions 20 .
E E_

_ .

o - -

O a a
: .~

0 _- . ' .'....i....i....
0 20 40 60 80 100

Equivalent Diameter ( m)

E
x
"1

>
0 $

9& Figure B-14. Average of the Mass-l' article Size Cumulative Distribution of Sludge A in the Test Loop.{ (Samples 1-2,1-31-4, and 1-4 [USD. g
,

. . - . . ..

.. . _ _ .
. _

_ . .

. . .___ .. . _ _ _ _
_ _ _ _ _ _ __



_ . _ _ _ _ _ _

Appendix B

.c . ..
,; pqQ y '. cy .4 y (.: -
' *s "

q1RQ.,. ty ,'' q' 2 , ) .'" m.c ~~~. h,? s .i % n.
''

;; 2 , c.
.

$63 ",6 . * sg -..;

.7 ,, e . p+;;y. - .* . ,, _
;

,- . -4 w ;. - -

.

<;.,

s:~ % ,. . . ..**1...,6.2 '
' :.rq .a < ~ *, . .

. 4.M -.
,e
e *. . y ...

.

* W; .e b.74.a..e+g , . wg.<y),. .. . i -
- . .

s.

.,

* - < . - ,?- , ' . - s.
.. * ,;gQ. rg. a; n .y

. ...
_ , .

.

. '-:-
.

'..s. f i,'P ..

t .*Q:fLfty ;f
. .' , yJp. : .1.. .

. . n *
; ;_) .].; _

. v p . [ . p . v 1. & .. t< 9
'

, .

:; : : .

3- v -
. . . , _ - .,

.. f. f. ( . ., 'b * *.I e:,, g ' .? k *
_- |,

. . . .., . .

|s .
. +

'

, ,

: r.p4. 2. s. - ,

#;.g .,-

.
. . ,

.

s-

,. , ..

.

, , , , . . .. j . , , . . , , . .
, .

..
'

6 ? ' '~
., .,

-
.

,
f , , .s { ,. ,

'
-

- - [ E: - *,4

,
'-

, . O' -

}_

'*
. -(',. $. . .. .

.

.. i.

.,.

.

.
%,

- ,
.

.M '

-
.. ..~ ,

:e . .-
, ,

-

. . . ........

022209 20KV X40.0 750um

Figure B-15. SEM Photograph of Sludge B as a Dry Powder (Sample 2-0) at 750 pm Bar
Magnification.

NUREG/CR-6367 B-30

.

_.



- -- -

Appendix B

s1udyqB'[.\~'L.*d*%c47r[.
' '

~

,

_

,d ,
. . .-# .

.* ''. . . p . q') .
-

~

. ,

g,.1"*Sa fyy .3
* *w

..q...,~

g
: .- b 6 --
p * 4,d g,-.

a. ~ ( ;,, veg 3. . g. f. ..

. .f
h et "

. tj
i, ty. , g g, s.v.gv
- @. . e .4. :.

~ ;.:. .. g e .. :s C

c
,

(Q. _,; 4g rQ g . Q. y*;; x, t*} ' f. ( s
>:

n. g.

.ff|*;}.cQi|f,y.:. g >pc4 97.g

~

-

1:- 9x.

,

& - .

$ . .

,, e , y .:.- .

g ,e e g-Q.

_ g, * v. .'; %. -

...........
022210 20KV X1.00K 30um

Figure B-16.
SEM Photograph of Sludge B as a Dry Powder (Sample 2-0) at 30 pm 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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seem to form stable agglomerates. The highest Table B-7. Dry Powder Sludge B Sedimentation
magnification SEM photograph,1 pm bar, presented Velocity Analysis.
in Figure B-17, shows that Sludge B has very few
particles below roughly 1 pm. Overall, these SEM Equivalent Cumulative Mass
photographs indicate that the spread of the Sludge B Diameter Mass Fraction Fraction
particle size distribution is not as broad as in the (pm) (%) (%)
case of Sludge A. 100.00 76.3 23.7

80.00 76.2 0
5.2.2 Sludge B Sedimentation Velocity 60.00 76.2 0.1

Results 50.00 76.2 0
40.00 76 0

The qualitative results from the SEM analyses 30.00 76 0
showed that Sludge B, as a dry powder, was 25.00 75.9 1.2

composed of primary particles in the range from 1 20.00 71.6 4.3
to 30 pm, and agglomerates of about 100 pm. To 15.00 65.5 6.1

obtain the quantitative particle size distribution. by 10.00 56.2 9.2
mass, a specimen from Sample 2-0, Sludge B as a 8.00 45.2 11.0
dry powder, was analyzed by sedimentation 6.00 31.3 13.9
velocity measurements. 5.00 22.5 8.8

4.00 7.6 14.9

The specimen for analysis was dispersed by ultra- 3.00 0 21.8

sonication for about 5 minutes in the presence of 2.00 0 14.6

surfactant (sodium meta-phosphate). The frequency 1.50 0 0
and cumulative particle size distributions, by mass, 1.00 0 6.1
measured for Sludge B are masented in Table B-7; 0.80 0 5.1
the same results are plotteI *gures NS and B. 0.60 0 0
19, for the mass based freqmncy and cuinulative 0.50 0 0
particle size distributions respectively. The mass-
mode of the this particle population occurs at about MEDIAN DIAMETER: 8.76 pm
3.6 pm; the mass-median is about 8.8 pm.

MODAL DIAMETER: 3.65 pm
According to the manufacturer's specifications,

.

Sludge B should have about 82%, by mass, of examine with SEM analysis several specimens from
particles in the range from 10 to 35 pm, and trace debris beds samples collected during some of the
amounts below 10 pm. The results of the head loss experiments. Specimens from Samples 3-
sedimentation velocity analysis indicate that the 0,3-1, and 3-2, representing, respectively, a clean

screen analysis method, apparently used by the fiber bed, a mixed bed lightly loaded, and a mixed
manufacturer to determine the particle size bed heavily loaded, were analyzed. A summary of

,

distribution of Sludge B, was not adequate to the most significant results is presented in the
characterize particles below 10 pm. I II *I"8 S*CII "S'

5.3.1 Clean Fiber Bed SEM Results5.3 Characterization of Debris
Beds

Sample 3-0 consists of a clean fiber bed, taken from
the test facility without any sludge particles, and

The morphology of the particulate deposits on the serves as a control to compare the results when
fiber beds has an important effect in their filtration sludge was added into the test loop. Figures B-20,
efficiency, i.e., in the fraction of the entering B-21, and B-22 present the SEM photographs of a
particulate mass that is retained by the debris bed specimen from this sample at magnifications of 750
and, therefore, it also affects the pressure losses at pm,30 pm, and 1 pm bars respectively. Figure B-20
the suction of the ECCS's pumps. To have a better shows that the fibers form a fairly uniform
knowledge about this morphology,it was decided to
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Figure B-20. SEM Photograph of a Clean Fiber Bed (Sample 3-0) at 750 pm Bar Magnification.
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Figure B-21. SEM Photograph of a Clean Fiber Bed (Sample 3-0) at 30 pm Bar Magnification.
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Figure B-22. SEM Photograph of a Clean Fiber Bed (Sample 3-0) at 1 pm Bar Magnification.
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structure;in addition, Figure B-20 suggest that the Figures B-26, B-27, B-28, and B-29.
fibers in the bed are arranged in a perpendicular
direction with respect to the water flow in the test

Figure B-26 presents a SEM photograph at thefacility. Figure B-21, SEM at 30 pm bar lowest magnification (750 pm), and shows a
magnification, shows that the fibers are about 7 pm relatively uniform arrangement of fibers with large
in diameter with very few particles deposited on agglomerates intermixed with the fibers; the
their surfaces; the SEM photograph at the highest dimensions of these agglomerates range from less
magnification of 1 pm bar, presented in Figure B-22, than 100 pm to about 250 pm. The next highestshows these particles in more detail. The nature of

magnification photo (250 pm) in Figure B-27,these deposits, however, can not be inferred from
suggests that a significant blockage of the channels

these pictures, but they can be chemical products within the fibers is produced by these agglomerates.
used in the production of the fibers; alternatively, The SEM photo at a 30 pm bar magnification in
they can be sludge particles deposited on the test Figure B-28, shows particles and agglomerates, with
facility surfaces during previous tests, and removed dimensions on the order of 30 pm and smaller,
by the water flow for ulterior deposition on these covering the surface of the fibers. The highestfibers,

magnification SEM photo (at 1 pm bar) in Figure B-
29, shows that the primary particles covering the5.3.2 Lightly Loaded Mixed Bed SEM
surface of the fibers have dimensions less than 1

Results m.

Sample 3-1, a fiber bed loaded with Sludge A n genera , these SEM photographs show that the
particles, came from a test in which the same mass Spread of particle size is broad; an appreciable
of Sludge A as the mass of fibers was added to the number of agglomerated and primary particles are
test loop. Figures B-23, B-24, and B-25 present the bserved for all sizes between 0.1 and 250 pm. In
SEM photographs of a specimen from this sample. addition, the SEM analyses of the debris beds show
Figure B-23 is the lowest magnification (750 pm) n munif rm deposition of the particles on the
SEM photograph, and shows a fairly uniform fibers. This could have been the result of the debris
arrangement of fibers with some large particles or bed drying, transport, and sample preparation for
agglomerates intermixed with the fibers. Figure B- analysis; this possibility is supported by the
24, a medium magnification SEM photograph (30 bservation that particles fell off during the
pm), shows that numerous small particles are Preparation of the specimen for SEM examination,

deposited on the surface of the fibers. As indicated unless great care was taken.

by the highest magnification SEM photograph (1
m) in Figure B-25, the dimensions of these particles The SEM photos of the heavily loaded bed,

are on the order of 0.1 to 0.5 pm. presented in Figures B-26 and B-27, suggest a
blocking mode of particle deposition [Ref. 6], in

5.3.3 Heavily Loaded Mixed Bed SEM which the agglomerated particles are lodged within
. .

Results the pore constrictions of the bed in such a way that
the flow channels become clogged. The SEM
photographs at high magnification, presented in

The heavily loaded mixed bed from which Sample Figures B-28 and B-29, show numerous sub-micron
3-2 was callected, was produced when a mass of particles deposited on the surfaces of the fibers,
Sludge A particles ten times greater than the mass

suggesting also some particle deposition by smooth
of fibers was added to the test loop. Specimens for coating [Ref. 7]. Since the agglomerates represent
SEM analyses were selected from three regions in - by far most of the particle mass, it is believed that
this debris bed sample: periphery, halfway from the dominant type of particle deposition in the
edge to center, and center. In general, the SEM examined case is of the blocidng mode.photographs showed similar results for these three
regions. Typical SEM photographs are presented in

B-39 NUREG/CR-6367

.

. .
_ _ _ _



,

Appendix B

p + , ,Y a ,9, f
I f , ,,;
~bspa, p.sc s%e f *Vt p

. it ,'!4>*& ; hj "'rl' ; | f $,N.|yirv a r 3 [*)
,

| ;.; ! $. ,&s' $ L' ',

k, *'t' s I th
'

[$);kOd>WQf|jfff-{i)$,r??).L.tg|~$li %f
i ~

f f?n n.,h,/' '& % n '. h . ~f-ti Q;,c h+ Q L
..

U hk|e%: dOW[i ,,i@W
slit? dt

. f/ .Q W.
d sp #g.'

I, Wais<

t gy
h $

h?'d 5 [) [{? b)--Sth$$|$ Y
k?!!d . , ? .%.b :j . .

? ) gif)hh ,bk-
F..? $N %f$k. '~'#

NM, f
, p4

-[ { 'Ih ...

diny 7[U;)N#7 C f4 f ,, n )
> L% ' ' x Gy3. ?

n , , e n,;N f I ;
,

y$ i ?

s ;b ss , 1) <&::~;:g';
*-

;

3 .3{;I
-

?' J|

g [x y'

~

y fg j;
p We

-

,

-
v

3o

Figure B-23. SEM Photograph of a Lightly Loaded Mixed Bed (Sample 3-1) at 750 pm Bar
Magnification.
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Figure B-24. SEM Photograph of a Lightly Loaded Mixed Bed (Sample 3-1) at 30 pm Bar
Magnification.
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Figure B-25. SEM Photograph of a Lightly Loaded Mixed Bed (Sample 3-1) at 1 pm 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-28. SEM Photograph of a Heavily Loaded Mixed Bed (Sample 3-2) at 30 pm Bar
Magnification.
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Figure B-29. SEM Photograph of a Heavily Loaded Mixed Bed (Sample 3-2) at 1 pm Bar
Magnification.
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6.0 Findings

The objectives of these characterization analyses sensitive to the method used to disperse the
were to determine the shape, state of agglomeration, agglomerated particles.
and size distribution of the iron oxide particles used
in the head loss experiments to simulate the sludge The sedimentation velocity analyses of the Sludge A
found in the suppression pools of several BWRs;in particles circulating in the water in the head loss test
addition, the morphology of the deposition of these loop at 1.5 ft/s (0.5 m/s), indicate that the size
particles on NUKON fiber beds was investigated. distribution, by mass, represents fairly well the
To achieve these objectives, SEM analyses were used particle size distribution recommended by the
to determine the shape, state of agglomeration, and BWROG. On the other hand, the sedimentation
to obtain a qualitative estimation of the size velocity analyses show that, without the dispersion
distribution of the iron oxide particles; the introduced by the impeller of the pump in the head
quantitative size distribution was estimated with loss facility, the large agglomerates observed in
sedimentation velocity analysis. The morphology of Sludge A produce a particle mass-size distribution
deposition of these particles on NUKON fiber significantly larger than the recommended by the
beds was investigated using SEM analyses. BWROG; this finding confirms the corresponding

conclusion derived as part of the Suppression Pool
Sludge A was used in the majority of the head loss Experiments (Ref. 8].
tests and, therefore, was characterized both in the
dry state, i.e., before dropping it into the head loss With respect to Sludge B, the SEM analyses showed
test facility, as well as while circulating in the water that, in the dry state, it is composed of nearly
in the test loop; Sludge B was charact:rized only in spherical agglomerated particles; the spread of the
the dry state, as supplied by the manufacturer, size distribution is not as broad as in the case of the
before dropping it into the test facility. To Sludge A particles. The sedimentation velocity
determine the morphology of the debris bed formed analyses showed that the mass-median diameter of
in the head loss experiments, samples from clean the Sludge B particle population occurs at about 8.8'
and mixed fiber beds, both lightly and heavily pm, indicating a smaller size distribution than the
loaded with Sludge A particles, were characterized particle size distribution according to the
using SEM. manufacturer's specifications, i.e., 82%, by mass, of

particles in the size range between 10 and 35 pm. In
6.1 Findings of the Sludge general, these results suggest that Sludge B is not

Particles Characterization signincantly diHerent fr m Sludge A, a nnding that
may explain why the head losses measured for tlus
type of particles were similar to the corresponding

The SEM analyses of Sludge A showed that it is head losses for Sludge A particles.
composed of nearly spherical particles extensively
agglomerated;in the dry state, the spread of the size 6.2 Findings of the Debris Beddistribution is broad, with an appreciable number of
primary and agglomerated particles observed for all Characterization
.;izes between 0.1 pm and 375 pm. The SEM
analyses of the Sludge A particles, collected while The SEM of the debris bed formed during the head
circulating in the water in the head loss test loop loss experiments showed that, in all cases, the fibers
without fibrous materials, suggested that significant form a fairly uniform structure arranged in a
dispersion of the large agglomerates,i.e., greater perpendicular direction with respect to the water
than 100 pm, occurred when they passed through flow in the test facility. In the case of the mixed
the pump's impeller; furthermore, the SEM analyses beds, these analyses showed large agglomerates,
of the Sludge A particles collected while circulating between 100 and 250 pm, intermixed with the fibers.
in the water in the presence of NUKON fibrous Higher magnification SEM photographs, indicated
shreds, showed that a considerable fraction of the that the size distribution of the particles deposited
large agglomerates is deposited on the fiber beds. on the fiber surfaces and channel structures is
in general, these results suggest that the particle size broad, showing an appreciable number of primary
distribution of the Sludge A particles is very particles and agglomerates between 0.1 and 250 pm.
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These analyses suggest that the deposition of sludge represent by far most of the particle mass, it is
particles is by smooth coating, in the case of believed that the blocking mode is the dominant
primary particles, and by channel blocking in the type of particle deposition in the head loss
case of agglomerates; since the agglomerates experiments.
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