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Anax}s'i: of Tests for Investigating the Effect of Coatings Debris on ECCS Strainer Performance for Vermont
Document No.:.TIS/VY-98-01-NP, Revision 2

Executive Summary

Two series of tests were conducted at the Alden Research Laboratories (ARL) to investigate the
effect of paint chips and fibrous debris on the performance of the new ECCS suction stacked-
disks strainers at the Vermont Yankee plant. The two series of tests were: 1) tests to determine
head losses due to a mixture of different types of fibrous debris and paint chips, hereafter denoted
as L-Series because they were conducted in the same closed-loop facility used for earlier head loss
tests sponsored by the USNRC [Zigler, et al, 1995], and 2) tests conducted to investigate the .
effects of suppression pool turbulence on the debris bed formation, hereafter designated as the C-
Series because they were conducted in the same suppression pool segment chugging facility
previously used for the debris settling tests, sponsored by the USNRC [Souto and Rao, 1996].

L-Series Tests: The specific objecuve of the L-series tests (loop test facility) was to estimate the
head losses due to a mixture of fibrous insuletion debris (0.35 Ib in mass), composed of 75% (by
mass) of NUKON™, 20% of FibertMat, and 5% of Temp-Mat®, and simulated paint chips (cured
epoxy) of given shape (flat pieces) and size distribution, i.¢., 50% (by mass) of small (1/8”x1/8”
to 1£7x 157), 25% of medium (1/2"x1/2” to 1”x1”), and 25% of large (1”x1” to 2"x2") paint
chips. Additionally, -some tests included 168 g of simulated suppression pool sludge. The
quantities of these materials and their ratios to each other were representative of the worst-case
debris loading (on & per strainer surface area basis) predicted to result from a hypothetical DBA
LOCA at Vermont Yankee. The range of approach velacities tested (0.01to 0.06 ft/s),
encompassed the expected approach velocities for the Vermont Yankee strainers (0.02 to
0.04 f¥/s). Significant findings of this series of tests are summarized as follows:

1. Debris was deposited non-uniformly over the strainer, with the bed thickness being higher in
the center than at the edges of the strainer. Non-uniform distribution of debris on the strainer
indicates that deposition of debris on the strainer surface was significantly impacted by
gravitational settling and wall effects. This situation (i.e., gravity and wall effects dominating
debris deposition) is not expected for the Vermont Yankee stacked-disks strainers. In this
context, note that these approach velocities were significantly lower than those approach
velocities previously tested in this facility (Le,, 0.15 to 1.5 ft/s) [Zigler, ez al, 1995] and,
therefore, these gravity related effects were never observed before.

2. The head losses measured were significantly lower than those calculated before the tests using
the HLOSS 1.0 computer code. This over-estimation in the computer code calculations is
mainly attributed to the intrinsic assumption of uniform debris distribution on the strainer
made in the pre-test analysis.

3. One test was conducted with a representative quantity of shredded Armaflex” insulation
material, also included as part of the debris mixture. This sample of shredded Armafiex

" remained floating on the water surface; without reaching the strainer and, therefore, was not
further tested, This behavior suggests that Armaflex insulation debris would not contribute to
the head loss due to postulated post-LOCA debris collecting on the Vermont Yankee stacked-
disks strainers.
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Analysis of Tests for Investigating the Effect of Coatings bebﬁs on ECCS Strainer Performance for Vermont
Yankee Document No.JTS/VY-98-01-NP, Revision 2

. C-Series Tests: The specific objective of the C-series tests (chugging facility tests) was to
investigate the effect of varying levels of turbulence on debris deposition and retention on a
cylindrical strainer at the relatively low approach velocities typical of the Vermont Yankee
stacked-disks strainers. To this effect, two bounding strainer approach velocities, ie., 0.06 and
0.12 ft/s, and four levels of turbulence, i.e., high, medium, low and no simulated chugging, were
investigated. Note that the high level of turbulence was estimated to be representative of
suppression pool turbulence occurring late in time during 2 medium LOCA blowdown. The same
fibrous debris composition and paint chips used for the L-series were investigated in the C-series
tests. Significant findings of this series of tests are summarized as follows:

1. The C1 tests, conducted with fibrous debris only, showed that at an approach velocity of
0.12 fi/s, strainer suction forces were dominant over gravity or turbulence related forces, for
all of the turbulence levels tested. Note that this approach velocity, 0.12 f¥/s, is at least 3
times higher than the kighest approach velocity expected at the Vermont Yaunkee stacked-
disks strainers (about 0.04 fi/s). For an approach velocity of 0.06 ft/s, the fibrous debris
remained suspended in the water at the high and medium turbulence levels, indicating than
turbulence-related forces were dominant over strainer suction and gravity related forces.

2. The C2 tests, conducted with fibrous debris and paint chips, showed that both types of debris
(ie., fibers and paint chips) can only be deposited on the strainer at an approach velocity of
0.12 fi/s and the high level of turbulence required to fully suspend all debsis materials, For the
medium and low levels of chugging-induced turbulence tested, very few paint chips were
deposited on the strainer, suggesting that gravity related forces (i.e., sedimentation onto the
pool floor) dominated the behavior of paint chips. At the approach velocity of 0.06 ft/s, these
tests clearly indicated that neither fiber or paint chips can be suctioned by the strainer at the
high and medium chugging-induced turbulence levels. After the simulated chugging was
stopped, only a smzall quantity of fibrous debris was deposited on the strainer.

3. Overall, the C-series tests indicate that paint chips do not contribute to the head loss due to
post-LOCA. debris for the strainer approach velocities and suppression pool turbulence
conditions calculated for Vermont Yankee.

4, As in the case of the L-series tests, the head loss measurements for the C-series tests were
lower than those head losses calculated with the HLOSS 1.0 computer code before the tests.
Aguin, this over-estimation in the pre-test head loss calculations is partially related to the non-
uniform distribution of debris on the cylindrical strainer that was observed during the C-series
tests.

5. Anindirect result from this series of tests was the estimation of the density and characteristic
fiber diameter of the fibrous debris mixture for use in the Vermont Yankee ECCS strainer
performance analysis. Based on a characteristic debris bed thickness estimated from video

* tapes of the C-series tests, a density of 2.1 Ib/ft* is proposed for the mixture of fibrous debris
types postulated to ocour during a DBA. Based on the head loss measurements, a
characteristic fiber diameter of 8.3 pm is proposed for the Vermont Yankee ECCS stacked-
disks strainer performance analysis under DBA conditions.
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- Analysis of Tests for Investigating the Effect of Coatings Debris on ECCS Stralner Performance for Vermont

Yarkee Document No.:JTS/VT-98-01-NP, Revision 2 *
1.0 Introduction

During a loss-of-coolant accident (LOCA) in a Boiling Water Reactor (BWR) muclear power
plant, pipe insulation in the drywell may be dislodged by the force of the LOCA jet and be
transported to the suppression pool. This insulation debris, along with corrosion products and
other miscellaneous debris can block the strainers on the suction lines supplying the emergency
core cooling system (ECCS) pumps. Consequently, this could result in a suffidently large
pressure drop across the strainer surface that would degrade pump performance. For the
Vermont Yankee (VY) nuclear station, strainers have been designed to accommodate worst-case
debris Joading such that the resulting head loss across the debris bed does not degrade pump
performance. This design effort involved predicting the debris head loss at the strainer surface for

a specified set of assumptions, which included:

fibrous insulation debris transported to the strainers,

corrosion products and other miscellaneous debris in the suppression paol,
pump flow rate, and

paint chip debris in the suppression pool.

* For this design effort to be valid, it is necessary to have confidence that the comrelation used to

predict head loss is applicable and conservative for the insulation type and other conditions
relevant to Vermont Yankee,

The methodology used to calculate fibrous debris head loss as part of the Vermont Yankee
strainer sizing aamty is based on that developed by the Nuclear Regulatory Commission (NRC)
as documented in NUREG/CR-6224 [Zigler, et. al, 1995]. This methodology is implemented in
the HLOSS code developed by Innovative Technology Solutions (ITS) Corporation [Mast, P. K.
and Souto, F. I, 1997]. The validation effort conducted for the HLOSS code demonstrated the
applicability of the code for calculating debris head loss across NUKON fibrous debris, with and
without the presence of corrosion products. The primary fibrous insulation found at Vermont
Yankee, however, is a mixture of fibers rather than just NUKON. While all the fibrous insulation
types are blankets of fibers, they have somewhat different densities, and the size of the individual
fibers is also different. Becanse the NUREG/CR-6224 head loss correlation is based on the actual

physical parameters of the fibrous debris material (i.e., fiber diameter, density, and porosity), itis
expected 1o be valid for fiber mixtures as well. However, limited data on mixed fiber bed head
loss is available to confirm this expectation.

Tests to evalnate generic strainer performance under the specified Vermont Yankee conditions
were performed at Alden Research Labs (ARL) in Holden, Massachusetts [Johnson, 1998]. The
purpose of the testing was to xnthxgate the effect of paint chips and fiber debris on the
performance of new ECCS suction strainers to be installed at the Vermont Yankee plant. Two

- separate sets of tests designated as I tests and C tests were planned and executed [Copus,

Jamary 15, 1998]. These tests are summarized as follows:
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Analysis of Tests for Investigating the Effect of Coatings Debris on ECCS Strainer Perfornance for Vermont
Yankee Document No,:JTS/VY-98-01-NP, Revision 2

o L-Series Tests: These tests were designed to quantify the effect of known quantities of
paint chips (with known size distribution) in a fibrous debris bed on strainer head loss at low
approach velocities prototypic to the Vermont Yankee ECCS flow under accident conditions.

e C-Series Tests: These tests were designed to investigate the effect of varying levels of pool
turbulence on paint chip deposition on the strainer surface at low approach velocifies
prototypic to the Vermont Yankee ECCS flow under 2ccident conditions.

Both test series represented previously untested conditions unique to the Vermont Yankee ECCS
performance expectations under accident conditions [Betti, 1997]. Previous head loss' and
turbulence” testing has been performed, but not at the ‘debris loading conditions specified for
Vermont Yankee Design Basis Accident (DBA) and Intermediate Break Accident (IBA) scenarios
and not at the low approach velocities that would be prototypic for the new ECCS strainers.

This report summarizes the results of the ARL tests performed for Vermont Yankee, along with
analysis of the tests using HLOSS 1.0 and BLOCKAGE 2.5. The results can be used to apply the
HLOSS codeto Vermont Yankee strainer design/evaluation efforts.

1. Hesdloss Test serics database — Testy 2t flow velocies of 1S = 1.5 fse & fibeous/studgs (oo peinf) debeis loadings, so¢ NUREG-6224, Ap.
E., Figaro E-24, Tables E1-E9 [Zigler, et o, 1993].

2. Chugging Testseries database - Tests which measiired concentration ratios aflee set imes, 10 & 15 min., for geoeric Sber (NUKON dass 324,
class 325) aod ron oxid= pacticles, see NUREG-6234 App. B, Fig. B6-B [Zlgler, o al, 1995}
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2.0 L-Series Tests

These tests were performed in the “Head Loss Loop Facility”, which consists of 2 100 gallon flow
loop with a flat disk strainer of approximately 0.8 fi* in area. Flow through the loop can be
closely controlled via variable speed pumps so that values of head loss versus (steady-state)
velocity can be generated for a known debris bed on the strainer. Values of head loss at
representative VY flow velocities were generated for a range of debris quantities/composition.
The important parameters that were varied were:

v Fiber quantity. A mixture of 75% (by mass) NUKON, 20% Fibermat, and 5% Tempmat
represemtative of the insulation mix in the Vermont Yankee VY containment was used for
6 of the 7 tests. Two quantities of shredded fiber were used: ’
» 0.35 ib., which is representative of the fiber loading per unit area expected from a
DBA, was used intests L~1, L-2, L-3, 1L-4, and L-5,
e 0,05 b., which is representative of the fiber loading per unit area expected from an
IBA, wasused intest 1-14,

e Shudge: All of the tests were run inttially without sludge. Four tests inchuded 168 g of
(BWROG simulant, NUREG/CR-6224- iron oxide mixture) shudge at the end of the test
to quantify the impact of combined studge and paint chip particulate in the debris bed.

e Pgint Chip Size: The shape and size distribution’ of unqualified coatings debris fs highly
uncertain. Thus, a mix of VY specified sizes [Betti, 1997] was explored as shown in the
following table. Inmost cases, a thickness of 7.5 mils was used, with one comparison test

(1-5) at a thickness of 15 mils.
Table 1. VY Paint Chip Size Distribution
Size - Size Range
Small A 178" x1/8” 10 V2" x V2"
Medium ¥Bx¥tel”x1”
Large o 1”x17t02”x2”
Mix . 50% small, 25% medium, 25% large

o Paint Chip Quantity. The quantity of paint coatings that would be expected to be
destroyed during a LOCA is also highly uncertain. Thus, a range of values for the
quantity of coatings debris was explored. Note that the largest quantity specified (20 &%)
represents slightly more than 20 fi? of coatings debris per square foot of strainer surface

o Strainer approach velocity: The Vermont Yankee strainer is expected to operate under
ECCS flow conditions of 7400 - 14200 gpm for the 800 £ RER system strainer and 4000
- 4600 gpm for the 430 f* CS system strainer, The range of approach velocities (0.01 -
0.06 ft/s) which encompasses these conditions was applied for each of the debuis loading
cases. .
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Table 2 summarizes the L series matrix of tests, varying the relative quantities of each of the
above debris types. These tests were performed in January 1998.

Table 2. L Series Test Matrix

Test | Fiber Type | Fiber Sludge Paint Size Paint Flow Velocity

Mass’ Mass Amount .

(Ib) (.) (thickness - ril) () (f/s)
L-1 Mix 035 - - 0.0 0.01-0.06
1-2 Mix 0.35 0.4 - 0.0 0.01-0.06
13 Mix 035 - Mix (7.5) 50 0.01-0.06
4| Mx 035 04 Mix (7.5) 5.0 001006 |
L-5 Mix 035 0.4 Mix (15) 5.0 0.01-0.06
111 - - - Mix (7.5) 20.0 0.01-0.06
1-14 Mix 0.05 0.4 Mix (7.5) 20.0 0.01-0.06

2.1  Qualitative Results from the L Tests

The L tests effectively met their designed goal of covering the parametric space, which incuded
low flow conditions and the individual and combined debris constituents of paint, sludge, and
fiber. Tests L-1 and L-3 provided a baseline head loss comparison between fibrous debris with
and without pzint chips at the relatively low flow velocities representative of VY strainer
conditions. Results of these two tests indicated that head losses were less than pretest predictions
[Copus, January 19,1998] using theoretical input values or the extrapolated results from the high
flow velocity database as indicated by Appendix E of NUREG/CR-6224. Tests L-2 and 14
repeated the comparison between fiber and paint debris beds when sludge is also present. These
tests indicated that sludge was a significant contributor to total head loss and that the total head
loss was still less than pre-test predictions based on the high velocity database. Tests L-4 and L-S
compared 15 mil thick paint debris to 7.5 mil paint debris. These tests indicated that paint of
either thickness produced similar results, -both having head losses less than pretest prediction
values. As an option, a small amount of Armaflex insulation was to be added to the test loop
during Test L-3. The purpose for this additional point for Test L3 was to determine the
. transportability of the Armaflex insulation type. Due to its closed-cell construction, Armaflex was
found to be highly buoyant, was not transportable, and could not be added to the debris bed. This
test confirmed that Armaflex debris would not contribute to head losses across the strainer
surface,

All of the above tests were for a fiber loading representative of DBA conditions. Tests 1-11 and
L-14 repeated the investigation of low flow conditions for paint alone and a fiber loading
representative of IBA conditions. The L-11 test investigated the separate effect of a large paint
loading (20 i% vs. a strainer area of less than 1 fi%) without a fiber or sludge component. The test
indicated that pzint alone could not completely block flow and that head losses would be
relatively low at low flow velocities.. The 1-14. test combined the effects of a small fiber bed, a
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large paint loading, and sludge. This test indicated that the addition of fiber and studge would
increase the head loss due to large paint loadings alone.

The general data trend is that head losses across & generic strainer for the VY loading conditions
and flow velocities have been lower than predicted. Also, fiber bed densities have been much less
than the theoretical values used for input to the pretest calculations.

22 L Series Tests — Quantitative Resnits

Seven tests (L1, L2, L3, 14, LS, L11, & L14) were performed, which resulted in ten separate
data sets and 69 separate data points st oondmons that are applicable to VY specifications. A
summary of this data is given in Table 3.

Table 3. I Series Data Sets & individual points

VY fiber mix 2 datasets 12 pts 10.01-0.06 ft/s flow range
VY fiber + paint 3 data sets . 2lpts 0.01-0.12 ft/s flow range,
) 7.5 & 15 mil paint
VY fiber + sludge 1 data set 6 pts 0.01-0.06 ft/s flow range
VY fiber, sludge & paint "3 data sets 21 pts 0.01-0.12 ft/s flow range,
7.5 & 15 mil paint, DBA
& IBA loading
VY paint 1 data set _6pts 01-0.06 fi/s flow range,
' highest laad

2.2.1 L Series Data
A range of pressure drop values in terms of inches of water was measured for each type of debris

over the expected range of VY ECCS flow velocities. The results for two of the flow velocities
are reported below in Table 4 by debris type.
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Table 4. L, Series Head Loss results
<PROPRIETARY INFORMATION REMOVED>

222 Density Estimate for fiber bed in the L Tests

All but one of the tests formed thick 0.35 Ib fiber beds on the 0.8 f* flat plate strainer. Visual
observations indicated non-uniform {oading densities due to large fiber fragments and a dominant
settling velocity (vs. flow velocity) force with debris thicknesses estimated at 2-6 inches and
slightly different behavior from test to test. These thicknesses can be estimated/verified perhaps to
within 0.5 inch using the filmed results of the tests [ARL, 1998]. The debris was thickest in the
center of the strainer and thinnest at the edge position, with the difference being ebout a factor of
two. Tuming off the flow resuited in expansion of the fiber debris bed by as much as 1 or 2
inches. The thickness was measured during the 14 test at 3-3.5 inches at the edge and 5-5.5
inches in the center of the strainer. All of the debris was estimated to be on the strainer at that
time, and using a density of 1.5 Ib/f* would yield an average thickness on the strainer of sbout 3.7
mcbes The epproach velocity was 0.02 ft/s for these initial bed thickness measurements. For
100% deposition of the 0.35. Ib fiber mass at a density of 2.77 Ib/f®, the fiber would form an
average fiber bed of ~2 inches. Accordingly the appareat density of the fiber debris bed could
range from 1.8 Ib/f> to 0.9 1b/R> depending on the flow velocity, location on the strainer, and time
of debris bed measurement. Based on an average fiber debris depth of 3.7 inches, a normnal L fest
densrty for head loss estimates would be ~1.5 1b/f* with an uncertainty factor of 30%.

2.2.3 Fiber Diameter Estimate for the 1, tests

Pretest predictions were performed uising a density of 2.77 Ib/f® and an effective fiber diameter of
7.1 p mbased on a weight percent averaging of the marufacturer as-fabricated data. These values
produced estimated head losses of approximately 6 inches of water (vs. 1.5 inches actualiy
measured) at 65F and an approach velocity of 0.04 fi/s. Both the average fiber diameter (which is
used to estimate the average surface-to-volume ratio for the eatire debris bed) and the debiis bed
average density are dependent on specific debris Joading conditions, and different input values for
both.values are indicated in order to amalytically match the observed results. First, different
densitics were clearly observed. Based on an observed average fiber debris depth of 3.7 inches,
the L test density for head loss estimates would more appropriately be 1.5 Ib/ff®. Second, very
non-uniform debris loading was seen in the L tests, indicating non-uniform flow through the
strainer. Head Ioss measurements from the L tests can be conservatively matched using a density
of 1.5 1b/f° and an effective fiber diameter of 10.7 pm. Table 5 summarizes this information,
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Table $. Hloss vs. L Series Test Values

<PROPRIETARY INFORMATION REMOVED>
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3.0 C-Series Tests

These tests [Ripp, January 1998] were performed in the (modified) “Chugging Facility.” This
facility, which is a scale model of a section of the BWR Mark I torus, uses pistons to simulate the
turbulence induced by the downcomers. Previously this facility had been used to investigate
debris sedimentation under various levels of turbulence [Souto and Rao, 1995]. A modification to
this facility added a smafl (2.8 ft*) cylindrical strainer in the pool along with the associated piping
and a varisble speed pump. This facility was then used to investigate the effect of varying degrees
of pool turbulence on the rate and amount of fiber and paint chip debris buildup on the strainer (as
inferred from the time-dependent head loss across the strainer). No sludge debris was used in
these tests. This was done to observe the fiber and paint chip debris behavior in the suppression
pool for the relatively low strainer approach velocities (0 02 - 0.04 ft/s) representative of the
Vermont Yankee strainers. ;

The fiber and paint chip debiis quantities used in these tests were scaled (on a per square foot of
strainer surface arca basis) to those specified for an IBA and DBA at Vermont Yankee. The
cylindrical strainer mockup used in these tests had approximately 1/400 times the surface area of
the stacked disk strainers in the VY facility.

Four levels of pool turbulence were investigated in these tests:

H  -Strokeof2ftanda frequency of 57 strokes per minnte for four downcomer tubes each
with an area of 0.5 f%. This was estimated to be representative of suppression pool
turbulence energy level occurring late in time during a Medium LOCA blowdown which
relates roughly to a hypothetical 900 s VY IBA in a Mark I torus. A discussion of the
chugging phenomena expected dunng a LOCA, the scaling analogy used to design the
ARL test facility, and some previous results for fiber and shudge materials may be found in
the NUREG/CR-6368 report [Souto and Rao, 1995]. The HI turbulence level used in the
C test series resulted in a turbulence level that suspended both paint and fiber debris.

MED - Stroke of 2 ft and a frequency of 27 strokes per minute. This resulted in a turbulence
energy level at 22% of the HI turbulence level This level begins to suspend pamt debris in
addition to ﬁber debris.

10 - Stroke of 2 ft and a frequency of 13 strokes per minute. This resulted in a turbulence
energy level at 5% of the HI turbulence level, This level was sufficient to keep fiber debris
suspended off floot, but could not suspend any paint.

Zero - No stroke, recirculation flow only at 75 and 150 gpm through a 1 ft splash plate at the
pool surface. This results in a turbulence energy Ievel of less than 1% of the HI turbulence

level. This level was sufficient to partially circulate fiber and extend its settling time
(relative to the quiescent pool settling time), but had no effect on paint settling times.

Two strainer approach velocities were investigated in these tests:
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V=10,06fs - nominal approach velocity (based on total. surface area) for VY
strainers :

V=0.121/ - high approach velocity (based on circumscribed surface area) for VY
strainers

The fiber and the paint debris used for pool loading was the same as that used in the L test series.
For fiber debris, the mixture of NURKON/Tempmat/Fibermat described in Section 2 was used.
This material is representative of the materials in Vctmont Yanknc and also compares rcasonably
to the generic reactor matesials used to devel : atabas:
paint chip debris, a cured epoxy paint K&
Section 2 was supplied by Keeler and which was similar to epoxy paint found in the VY
plant. This paint debris had an approximate thickness of 7.5 mils and the wexght per square foot
was sbout 31.2 g/ft®, This material is reasonably representative of reactor pamt materials in terms
of size, density, and settling velocity based on test results documented in the BWROG URG.
_ Although the actual coatings in the VY drywell vary in thickness (7.5 mil to 15 mil range
considered in the I-series tests), the 7.5 mil paint debris was used for these tests, since the thinner
debris would have a lower settling velocity and thus would be more likely to transport to the
strainer. The use of the thinner paint debris is considered conservative for that reason.

The parameters varied in the test matrix for the C series tests, shown in Table 6, dre the pool
turbulence level, the strainer approach velocity, and the debris loading in the pool. Of these
parameters, both the material parameters and the turbulence parameters were intended to"be
relatively generic due to their high degree of uncertainty, with the key parameter being the
relatively well defined Vermont Yankee specific approach velocity (0.02 fi/s on average for the
VY CS system and 0.04 fi/s on average for the VY RHR system) to the ECCS strainers. This
approach velocity would be representative of the fluid velocity at the debris surface prior to filling
of the gaps between the straimer disks, After the gaps are filled with debris, the fluid velocity at
the debris surface would be determined by considering the total strainer flow through the
circumscribed area of the strainer. This velocity ranges from 0.06 ft/s for the CS system to 0.11
f/s for the RHR gystem.” As can be seen in Table 6, the strainer approach velocities actually
tested ranged from 0.06 £i/s to 0.12 fi/s, Thus, this is somewhat higher than actually expected, for
conservatism (higher surface velocities would tend to favor debris deposition on the strainer),

This is'a typoaraphical error. The paint tested at ARL was K&L E-1-7475. As

do ented in the Enclosure A purchase documentation, the paint ordered by DE&S
was K&\ 7475, This is the epoxy topcoat originally used in the VY drywell. K&L su
-1-7475 as the € unvalent aint for ARL testil '

EJBetti 12/3/01 W n/;/,, / M’//
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__Table 6. C Series Test Matrix

Test Strainer Approach Velocity Pool Turbulence FPool Debris Load
Co 0.06-0.12 ft/s HI, MED,LO & ZERQ | None - clean plate
Cla-0.12 ’ 0.12 fi/s Lo Fiber only
Clc-0.06-1H= 0.06 fi/s m (1 1b mixed)
Cl¢-0.06-0Hz 0.06 ft/s ZERO
C1d-0.12 0.12 fi/s 10
C15-0.06 0.06 ft/s . MED
C1b-0.32¢ 0.12 ft/s MED
C22-0.06 0.06 ft/s Lo DBA load
€2b-0.06 0.06 /s MED (1 1b fiber,
C2b-9.12 0.12 ft/s _ MED 170 &2 paint)
-C2¢-0.12 012/ - H
C2¢-0.06-1H0z 0.06 f/s 314
C2¢-0.06-0Hz 0.06 fi/s ZERO

For a given test run (C-2, for example), a comparison of the time dependent head loss at the four
pool turbulence levels was designed to demonstrate how pool turbulence and debris settling affect
deposition of (especially paint chip) debris on the strainer surface. If turbulent forces are
dominant, then head losses would remain low during the turbulent period and a large fraction of
dcbris would still be suspended in the pool whea the turbulence ends. Head losses would then be
expected to remain low if settling forces are dominant late in time, as a larger fraction of the paint
chip debris would then be subject to settling to the floor of the suppression pool. If strainer
suction forces are dominant, then head losses could increase steadily throughout both the
turbulence and the settling phases in the pool as debris contimues to collect on the strainer.

Prior to the C tests, three possible scenarjos were postulated:

1) Turbulence keeps all debris suspended in the pool, but does not impact the rate of debris
buildup on the strainer. In this case, one would expect a combination of fiber and paint debris
to build up on the strainer during the blowdown phase of the accident. Following the end of
blowdown, relatively rapid sedimentation of paint debris would occur such that the debsis
buildup on the strainer would be primerily fiber. (This is the default set of assumptions used to
develop prior estimates of debris buildup on the strainers.)

2) Turbulence not only keeps the debris suspended in the pool during the blowdown phase of the
accident, but also impedes the deposition of (especially paint) debris on the strainer. In that
case, there is no period of time during which significant paint debris is deposited, and the.
overall debris deposition on the strainer is very similar to what would be expected for fibrous
debris only. ' ’
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3) The level of turbulence in the pool following the blowdown phase is sufficiently high that
there is a long-term fmpact on both paint chip and fiber deposition on the strziner surface. In
that case, the ultimate head loss is reduced because of the reduction in both paint chip and
fibrous debris deposition.

A companson of results at different pool turbulence levels and a comparison between the results
of the C-1 series (fiber only) and the C-2 series (ﬁber with paint) determined which of the above
scenarios xs a closer description of reality. ‘

The C tests were run during the week of February 16-20, 1998. The measured parameter was the
Head loss (in inches of water) as a function of time, approach velocity, and turbulence (chug)
level. Key results from these tests are summarized in Table 7. The entrainment values are
estimates of the debris fraction initially suspended or entrained in the pool based on observation.

Table 7. C Series Test Results
Designator | Head Loss @ time | Chog level | Flow vel level Fiber Paint
" (in. (@ min) entrained entrained
CO All Al - -
C1b-0.12¢ Med Hi All -
Cia-0.12 Lo Hi All -
C1d-0.12 .
C1¢-0.06-1Hz : Hi Lo All -
C1b-0.06 Med Lo All -
Cl¢-0.06-0Hz Zero* Lo All -
C2¢-0.12 H - H All 80%
C2b-0.12 . Med Hi All 10%
C2¢-0.06-1Hz Hi Lo Al 80%
C2b-0.06 Med Lo All 10%
C22-0.06 Lo 1o All 1%
C2¢-0.06-0Hz Zero* Lo All 80%

* The zero chugging-induced turbuleace follows an lmtxal period of high turbulence that was
required to initially suspend the debris.  ~

3.1 Qualitative Analysis of the C Tests =~

Test CO was a baseline test series without any debris in the pool. Dats was taken at three
chugging levels and twa flow velocities. These tests demonstrated that the chugging turbulence
Ievels had a negligible impact on head loss across a clean strainer.

The C1 test series was performed with only fibrous debris in the pool. At the higher stramner
approach velocity of 0.12 ft/s, complete deposition on the strainer of all fibrous debris inifially in
the pool was observed at both the medium and low pool turbulence Ievel, As would be expected
in that case, the final measured head loss was epproximately the same in both cases (independent
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of pool turbulence level). This indicates that for these flow versus pool turbulence conditions,
the strainer suction forces were dominant relative to the pool turbulence forces for fibrous debris.

At the lower strainer approach velocity, both the medivm and high pool turbulence levels were
sufficient to keep all fibrous debris in suspension and prevent its deposition on the strainer, This
indicates that for these flow versus pool turbulence conditions, the pool turbulence forces
dominated the strainer suction forces for fibrous debris. In the final fiber-only test run at this
lower flow rate, debris was initially suspended in the pool through induced chugging turbulence.
The piston chugging was then terminated such that the only source of pool tarbulenice ‘was the
recirculation of the flow through the strainer. At this very low turbulence level, fibrous debris
was collected on the strainer. However, significant fiber sedimentation was also observed,
thereby limiting the total quantity of debris collected on the strainer and hence the final head loss
value.

The C2 test series was performed with both fiber and paint debris in the pool. At the higher
strainer approach velocity, the degree of paint debris deposition on the strainer was a strong
function of pool turbulence. The high pool turbulence level (Test C2c-0.12) was sufficient to
keep most of the paint debris suspended in the pool rather than settling to the pool floor, and this
suspended paint debris was then readily deposited on the strainer along with the fibrous debris.
Thus, the strainer suction forces dominated the pool turbulence forces for both paint and fibrous
debris under these conditions. At the medium pool turbulence level (Test C2b-0.12), most of the
paint debris settled to the pool floor, and little remained suspened where it could be ultimately .
depsoited on the strainer surface. Hence, the measured head loss in this case was only slightly
higher than the cormresponding result from the fiber-only tests. This indicates the dominance of
the settling forces for paint debris even at the medium pocl turbulence level.

At the lower strainer approach velocity, one observed similar results with respect to paint debris
sedimentation. Thus, at the high pool turbulence level (Test C2c-0.06-1Hz), most of the paint
debris did not settle to the pool floor, whereas at the medium pool turbulence level (Test C2b-
0.06), significant sedimentation was observed. However, at this lower approach velocity, the
pool turbulence in both cases was also sufficiently high to keep all debris (both paint chip and
fiber) in suspension and prevent its deposition on the strainer. Thus, as was the case in the fiber
only tests conducted at this flow rate, no measurable head loss was observed. This indicates that
for these conditions, the pool turbulence forces dominate the strainer suction forces for both
debris types. At the low pool turbulence leve! (Test C22-0.06), deposition of fiber on the strainer
was ¢bscrved. However, paint debris sedimentation was sufficiently complete such that no more
than a negligible quantity of such debris was deposited on the strainer. This same effect was
observed in Test C2¢-0.06-0Hz, wherein the debris was initially fully suspended through high
chugging turbulence, with the piston chugging then terminated such that the only source of pool
turbulence was the recirculation of the flow through the strainer. As in Test C22-0.06, little or no
paint debris deposition on the strainer was observed. Also as in the fiber-only test conducted in
this manner, significant settling of even fibrous debris was obsserved. Thus, at the lower strainer
approach velocity of 0 06 fV/s, significant pamt debris deposition on the strainer was not observed
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under any pool turbulence conditions. Figures 1A and 1B illostrate the critical debris
deposition results from the C series tests. '

Based on the results of these tests as summarized above, one can draw several qualitative
conclusions relative to the expected behavior of the actual Vermont Yankee strainers during a
postulated LOCA. During the initial stages of a LOCA, either DBA or IBA, little debris will have
built up on the strainers, and the gaps between the strainer stacked disks will be open (not filled
with debris). During that initial time period, the flow velocity at the strainer/debris surface is
determined by the total strainer surface area and ranges from 0.02 ft/s to 0.04 f/s as previously
stated. This surface velocity is the important parameter for characterizing the relative importance
of the strainer suction force relative to the force of the random bulk turbulence in the pool
Visual interpretation of the test video obtained during the C-series testing demonstrated that the
key factor in determining whether debris was deposited on the strainer was not whether the debris
impacted the strainer surface, but whether the flow rate was sufficient to keep that debris on the
surface. At both approach velocities, debris was observed to continually impact the strainer
surface. However, for certain combinations of approach velocity and pool turbulence, the random
bulk flnid velocity was sufficiently high to reentrain the debris into the pool. Thus, the expected
behavior of the actual Vermont Yankee strainers prior to gap closure is best represented by the
results of the testing dane at the lower strainer approach velocity of 0.06 fi/s. For that approach
velocity, it was demonstrated that no significant deposition of paint debris on the strainer could
occur. The paint debris either rapidly settled to the pool floor at low turbulence, or remained in
suspension at medium to high turbulence. In fact, at this approach velocity, even fibrous debris
deposition on the strainer was inhibited by the turbulence. Thus, during the early stages of a DBA
LOCA and during all phases of an JBA LOCA (during which insufficient debris is generated to fill
the gaps), no paint debris depasition on the strainer is expected.

During the later stages of a DBALOCA, after the gaps bave essentially filled with debris, the flow
velocity at the debris surface is determined by the circumscribed strainer surface area and ranges
from 0.06 ft/s to 0.11 /s as previously stated. Thus, for the CS strainer (0.06 /s velocity), the
conclusions drawn from the low velocity tests summarized sbove are still valid, even after gap
closure. For the RHR strainer (0.11 ft/s velocity), the testing done at 0.12 ft/s is most directly
relevant. Those results would suggest that paint debris suspended in the pool at the time of gap
closure could subsequently be deposited on the strainer surface, causmg a significant head loss
increase. However, the timing of debris deposition on the strainers is such that pool turbulence is
significantly dummshed by the time gap closure occurs.. The results of the C-2 tests done at
medinm to low pool turbulence demonstrate that rapid settling of the paint debris is then expected
to occur. Thus, & negligible quantity of paint debris remains suspended in the pool by the time
gap closure occurs, and negligible paint debris deposition on the strainer is expected.

These qualitative arguments on paint debris bebavior suggest that paint debris does not impact
Vermont Yankee strainer head loss under any relevant DBA or IBA LOCA conditions. These
arguments are based on best-estimate anticipated debris quantities, pump flows, and strainer sizes.
However, these arguments should be revisited as part of the final Vermont Yankee strainer head
loss performance assessment to confirm that the preliminary conclusions reached herein are valid.
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C2a-lochuglov

PRCPRIETARY INFORMATICN REMOVED>

Figure 1A. Head loss results for test C2a-0.06

<PROPRIETARY INFORMATION REMOVED>

C2b-medchuglov

<PROPRIETARY INFORMATION REMOVED>

Figure 1 B. Head loss results for test C2b.-0.06
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3.2  Quantitative Analysis for the C Tests

3.2.1 Ctests —Density Estimate for fiber bed in the C Tests

<PROPRIETARY INFORMATION REMOVED>
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<PROPRIETARY INFORMATION REMOVED>
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3.‘;’,.2 Fiber Diamcter Estimate for the C tests

<PROPRIETARY INFORMATION REMOVED>

Table 8. Comparison of test results and HLOSS calculations for different fiber diameters
(The debris density used is 2.1 Iblfr’)

<PROPRIETARY INFORMATION REMOVED>

3.2.3 Debris DEposition Analysis using the ARY C tests

<PROPRIETARY INFORMATION REMOVED>

3.2.3.1 Test C2a-.06 {C2a)- Low flow and the lowest chugging energy. Fiber plus paint, but
very little paint on strainer.

<PROPRIETARY INFORMATION REMOVED>

3.2.32 Test Clc-.06-0Hz (Clc) < Low flow and zero chugging. Fiber debris.

<PROPRIETARY INFORMATION REMOVED>
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3.2.3.3 Test C2¢-0.06-0Hz (C2f)~ Low flow and zero chugging. Fiber debris plus paint
but very little paint on straiger. )

<PROPRIETARY INFORMATION REMOVED>
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3.24 Comparison to Blockage Calculations

<PROPRIETARY INFORMATION REMOVED>

Table 9. Blockage Results vs. C Series Test Values
<PROPRIETARY INFORMATION REMOVED>
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<PROPRIETARY INFORMATION REMOVED>
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4.0 Summary and Conclusions

Tests to evaluate generic strainer performance under the specified Vermont Yankee conditions
were performed at Alden Research Labs in Holden, Massachusetts [Johnson, 1998). The purpose
of the testing was to investigate the effect of paint chips and fiber debris on the performance of
new ECCS suction strainers to be installed at the Vermont Yankee plant. Two separate sets of
tests described as L (Loop facxhty) tests and C (Chugging facility or pool facility) tests were
planned and executed. Both test series represented previously untested conditions unique to the
Vermmont Yankee ECCS performance expectations under accident conditions. The results of these
tests can be used to apply the HLOSS code to Vermont Yankee strainer design/evaluation efforts.

The L tests were performed in the “Head Loss Loop Facility”, which consists of a 100 gallon flow
loop with a flat disk strainer of approximately 0.8 f* in area. The purpose of the testing was to
investigate the effect of VY specific debris on a generic strainer in a Joop geometry. Flow through
the loop can be closely controlled via variable speed pumps so that values of head loss versus
(steady-state) velocity can be generated for a known debris bed on the strainer. Values of head
loss at representative VY flow velocities were generated for a range of debris
quantities/composition.

All but one of the L tests formed thick 0.35 Ib. fiber beds on the 0.8 £ flat plate strainer. Visual

observations indicated non-tmiform loading across the strainer due to wall effects and a dominant
settling velocity (vs. flow velocity) force with debris thicknesses estimated at 2-6 inches and
slightly different loading behavior from test to test. These thicknesses can be estimated/verified
perhaps to within 0.5 inch using the filmed results of the tests [ARL, 1998]. The debris was
thickest in the center of the strainer and thinnest at the edge position with the difference being
about a factor of two. Tuming off the flow resulted in expansion’ of the fiber debris bed by as
much as 1 or 2 inches. The thickness was measured during the 1.4 test at 3-3.5 inches at the edge
and 5-5.5 inches in the center of the strainer. All of the debris was estimated to be on the strainer
at that time and using a density of 1.5 Ib/t® would yield an average thickness on the strainer of
about 3.7 inches. The approach velocity was 0.02 fi/s for these initial bed thickness
raeasurements. For 100% deposition of the 0.35 Ib. fiber mass at a reference density of 2.77 Ib/,

the fiber would form an average fiber bed of 2 inch. Accordingly the apparent dcnsuy could range A’
from 1.8 Ib/f* to 0.9 Ib/R depending on the flow velocity, location on the strainer, and time of °

debris bed measurement. Based on an average fiber debris depth of 3.7 inches, 2 nominal L test
density for head loss estimates would be 1.5 1b/f® with an uncertainty factor of 30%.

Pretest predictions for the L tests were performed using a reference density of 2.77 Ib/ff’ and an
effective fiber density of 7.1 micron based on a weight percent averaging of the mamfacturer as-
fabricated data. These values produced estimated head losses of approximately 6 inches (vs. 1.5
inches actually measured) at 65F and a flow velocity of 0.04 ft/s. Both the effective fiber diameter
(which is used to estimate the average surface-to-volume ratio for the entire debris bed) and the
debris bed average density are dependent on specific debris loading conditions and different input
values for both values are indicated in order to analytically match the observed results. Based on
an observed average fiber debris depth of 3.7 inches, the L test density for head loss estimates
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would more appropriztely be 1.5 Ib/ft’. Head loss measurements from the L tests can then be
conservatively matched using a density of 1.5 Ib/ft* and an effective fiber diameter of 10.7 pm.

The C tests were performed in the (modified) “Chugging Facility.” This facility, which is a scale
model of a section of the BWR Mark I torus, uses pistons to simulate the turbulence induced by
the downcomers. Previously, this facility had been used to investigate debris sedimentation under
various levels of turbulence. A modification to this facility added a small (2.8 #%) cylindrical
strainer in the pool along with the associated piping and a variable speed pump. This facility was
then used to investigate the effect of varying degrees of pool turbulence on the rate of debris
buildup on the strainer (as inferred from the time-dependent head loss across the strainer). This
was done to simulate debris removal behavior from a pool for the very low strainer approach
velocities (0.02 ft/s on average for the CS system and 0.04 ft/s on average for the RHR system)
representative of the Vermont Yankee strainers.

The C1 test series was performed with fiber debris in the pool. Fiber debris was suctioned from
the pool completely in tests Cla-0.12, C1d-0.12, and C1b-0.12r. over a period of thirty minutes
and deposited on the strainer this indicated that the strainer suction forces were dominant at the
higher approach velocity of 0.12 fi/s regardless of turbulence level. Fiber debris remained
suspended in the pool indefinitely in tests C1c-0.06-1Hz and C1b-0.06, which were performed at
the expected VY DBA flowrate. These tests showed that turbulent forces dominated the strainer
suction force at the HI and MED turbulence levels for the lower approach velocity of 0.06 #/s
Fiber debris was partially suctioned from the pool in the Clc-0,06-0Hz test over a 60 minute
period and deposited on the strainer, indicating that settling forces were a factor which limit fiber
debris deposition on the strainer under the condition of recirculation only.

The C2 test scrics was performed with both fiber and paint debris in the pool. When paint was
added to the debris-mixture, both paint and fiber could only be suctioned from the pool and
deposited on the strainer under the higher approach velocity and the HI turbulence level as
indicated by test C2c-0.12. Fiber with small emounts of paint were suctioned from the pool and
deposited on the strainer under MED turbulence levels in the C2b-0.12 test performed at the
higher flow velocity which was very similar to the fiber only result seer in C1b-0.12r. For the
postulated VY DBA approach velocity of 0.06 ft/s, no fiber or paint was collected on the strainer
as indicated by the C2b-0.06 and C2c-0.06-1Hz tests. Under post DBA/IBA conditions of
recirculation flow, only fiber was collected as indicated by the C2¢-0.06-0Hz test. Comparison of
the data taken at the 0.06 ft/s approach velocity (C22-0.06, C2b-0.06 and C2¢-0.06 tests) clearly
indicate that neither fiber or paint can be suctioned from the pool and deposited on the strainer
during for tusbulent conditions in excess of turbulence driven by recirculation flow alone at the
initial Vermont Yankee approach velocities of 0.02 /s and 0.04 f/s. For conditions where pool
turbulence is driven by recirculation flow, only fiber can be suctioned from the pool and deposited
. on the strainer and only a fraction of the fiber is deposited with the remainder settling to the
bottom of the pool. ‘

The qualitative results from the C-series tests concerning paint debris deposition on the strainer
suggest that paint debris does not impact Vermont Yankee strainer head loss under-any relevant .
DBA or IBALOCA conditions. At pool turbulence levels that are sufficient to keep paint debris
suspended in the pool (rather than settling to the pool floor), the turbulence is also sufficient to

26032



Analysis of Tests for Investigating the Effect of Coatings Debris on ECCS Strainer Performance_for Vermont
Yankee ' Document No.:JTS/VY-98-01-NP, Revision 2

prevent deposition of the paint debris on the strainers. Once turbulence levels are reduced so
as to allow the deposition of debris on the strainers, the turbulence is no longer sufficient to
prevent rapid settling of the paint debris. In no case was it possible to observe a measurable
impact on strainer head loss due to coatings debris.

For the C tests, depending on the flow velocity and time of debris bed measurement, the density
of the debris bed could range from 1.4 Ib/8* to 4 I/ft*, Based on an observed average fiber debris
thickness of 2 inches from test Cla at the 0.12 and 0,06 ft/s approach velocities, a nominal C test
density for head loss estimates would be 2.1 I/ff® with an uncertainty factor of 50% due to non-
uniform deposition and the uncertainty in the thickness measurement

Head loss measurements from the C tests which suctioned fiber from the pool and deposited it on
the strainer were lower than would be predicted using extrapolated values from the high velocity
database found in NUREG/CR-6224. Pretest predictions for the C tests were performed using a
deunsity of 1.5 T/R? and an effective fiber diameter of 10.7 pm based on results of the I series
tests. These values produced estimated head losses of approximately 5 inches (vs. 10 inches
actually measured) for 100% debris deposition. Both the effective fiber diameter (which is used to
estimate the average surface-to-volume ratio for the entire debris bed) and the debris bed average
density are dependent on specific debris loading conditions and different input values for. both
values are indicated in order to analytically match the observed results, Head loss measurements
from the C tests can be reasonably matched using the observed average density £ 2.1 Ib/ft® and an
effective fiber diameter of 8,3 um. .

Comparison of the BLOCKAGE calculations to the settling results seen in the C tests [156 &
pool, 75 gpm flow, 0.35 i fiber] indicates agreement somcwhere between the tau=1 case where
quiescent pool debris settling velocities aré used and the tau=0.5 case where the settling velocity
for the debris is one half the quiescent pool settling velocity, The tau=1 case indicates
approximately 75% fiber deposition on the strainer in 60 minutes and the tau=0.5 case indicates
approximately 80% deposition in 60 minutes vs. 2 75% removal in 50-60 minutes for the C tests.
The C tests indicated near complete settling in 40-50 mimites where BLOCKAGE indicates that
about 10% of the fiber would still be in the pool at that time. This seems to indicate that the
settling times are slightly faster and the settling fraction is slightly higher in the C cases than what
would be predicted using the default (NUREG/CR-6224) settling velocities found in
BLOCKAGE ' -

Comparison of the results of the L series tests and the C series tests indicates that the average
debris density was lower and the effective surface to volume ratio was higher in the L tests which
were conducted on a flat plate and in’a flow loop system vs. the C tests which were conducted
using a cylindrical strainer in a pool system. Tests under both conditions produced head loss
values Jower than those, which would be extrapolated from the database, found in NUREG/CR-
6224. -
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Attachment A

The following is an HLOSS Output File usecf in the analyses to estimate the head loss across the
cylindrical strainer under the conditions of the Cla-.12 test.
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