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Testing Summary

One of the events postulated in the hazard analysis for the Waste Treatment and Immobilization Plant
(WTP) and other U.S. Department of Energy (DOE) nuclear facilities is a breach in process piping that
produces aerosols with droplet sizes in the respirable range. The current approach for predicting the size
and concentration of aerosols produced in a spray leak event involves extrapolating from correlations
reported in the literature. These correlations are based on results obtained from small engineered spray
nozzles using pure liquids that behave as a Newtonian fluid. The narrow ranges of physical properties on
which the correlations are based do not cover the wide range of slurries and viscous materials that will be
processed in the WTP and in processing facilities across the DOE complex.

To expand the data set upon which the WTP accident and safety analyses were based, an aerosol
spray leak testing program was conducted by Pacific Northwest National Laboratory (PNNL). PNNL’s
test program addressed two key technical areas to improve the WTP methodology (Larson and Allen
2010). The first technical area was to quantify the role of slurry particles in small breaches where slurry
particles may plug the hole and prevent high-pressure sprays. The results from an effort to address this
first technical area can be found in Mahoney et al. (2012). The second technical area was to determine
aerosol droplet size distribution and total droplet volume from prototypic breaches and fluids, including
sprays from larger breaches and sprays of slurries for which literature data are mostly absent. To address
the second technical area, the testing program collected aerosol generation data at two scales, commonly
referred to as small-scale and large-scale testing. The small-scale testing and resultant data are described
in Mahoney et al. (2013), and the large-scale testing and resultant data are presented in Schonewill et al.
(2012). In tests at both scales, simulants were used to mimic the relevant physical properties projected for
actual WTP process streams.

Examination of the results from the initial (subsequently referred to as Phase 1) aerosol spray leak
testing described in the preceding paragraph highlighted some uncertainties in evaluating aerosol
generation that remained after the original scope of work was completed. Specifically, there was
uncertainty with respect to aerosol behavior (namely aerosol release fraction and generation rates) for:

¢ simulant(s) near the WTP rheological boundaries of (6 Pa/6 mPa-s and 30 Pa/30 mPa-s)

simulant(s) with solids loadings greater than 20 wt%

simulant(s) with a small solids fraction of particles that have a relatively high density

lower spray pressures (i.e., specifically 100 and 200 psig in the small-scale tests)

e in-spray measurements.

The need for additional (subsequently referred to as Phase 1) aerosol spray leak testing was
identified. The purpose of the study described in this report is to provide experimental data and analyses
to supplement the results obtained during Phase I testing and reduce uncertainty in the remaining
technical areas by performing large-scale tests with a range of orifice sizes and orientations representative
of the WTP typical conditions. The companion study describing the Phase II small-scale testing is
available in Schonewill et al. (2013).
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S.1 Objectives

Table S.1 provides a summary of each Phase II specific large-scale aerosol test objective, whether the
objective was met, and discussions of the test results. Test Plan TP-WTPSP-031, Rev. 1.0 identifies four
objectives relevant to Phase II large-scale spray leak testing. These are test objectives 10, 12, 13, and 14
(as listed in Table S.1). Other objectives identified in Test Plan TP-WTPSP-031, Rev. 1.0, are not
discussed in this report as they apply either to Phase I test objectives completed in previous testing and
discussed in Mahoney et al. (2012, 2013) and Schonewill et al. (2012) or to objectives addressed by
Phase Il small-scale testing and discussed in Schonewill et al. (2013).
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Table S.1. Summary of Phase II Large-Scale Test Objectives and Results

Objective
Test Objective Met? Discussion
Test Objective 10: Assess the Yes  Validation testing was performed to assess the ability of the

capability of the Malvern Insitec-S
in-process particle size analyzer, which
is the instrument used in the aerosol
testing, to measure accurately the
concentration and size distribution of
samples. This will be accomplished by
measuring carefully controlled dilute
aqueous slurries of known
concentration and particle size
distribution and comparing the
Malvern result to the known values.
Testing will include mono- and
poly-disperse suspensions and will
evaluate all four Malvern
configurations of 1) Phase [
small-scale spacers and old lens,

2) Phase Il small-scale spacers and
new lens, 3) Phase [ large-scale
spacers and old lens, and 4) Phase II
large-scale spacers and new lens (old
lens 100 mm, new lens 500 mm).

Test Objective 12: Determine the size Yes
distribution of aerosol droplets and the
total droplet volume concentration as a
[fraction of the total spray volume for
water sprays for a range of different
chamber sizes and for sprays traveling
different distances within the largest
chamber. Also determine the droplet
size distribution directly in the spray
(in-spray measurement) for the largest
sprays that can be measured. Testing
will be conducted using at least one
circular hole and multiple rectangular
breaches up to the 1 X 76 mm breach
at target pressures between 100 and
380 psi. The chamber length will be
varied from 39 ft to 10 ft and perhaps
as small as 5 ft if the data show this
will help the extrapolation to
long-distance sprays.

Malvern Insitec-S aerosol analyzer to accurately measure
dispersion/aerosol concentration and particle size distribution
(PSD) for all instrument lenses and spacer configurations
relevant to Phase I and Phase II aerosol testing. In addition, the
ability of the instrument to accurately measure distributed
dispersions across ~400 and ~900 mm path lengths was tested
and verified. The validation testing was aimed at assessing
accuracy for in-chamber test configurations used in Phase I and
Phase II testing. Test configurations and laser obscurations
relevant to in-spray testing were not evaluated.

In-Chamber Release. Fraction testing has determined the
droplet volume concentration and size distribution for water in
large-scale test chambers of different chamber volume.
Chamber size was controlled by changing the total length of the
chamber while maintaining the same cross-sectional area as
tested in Phase I spray leak testing. Chamber lengths of 10, 20,
30, and 39 ft were evaluated. Release fraction results from
these four chamber lengths were sufficient to establish a basis
for extrapolation to different spray lengths, and as such, testing
in chambers shorter than 10 ft was not needed. In addition,
in-chamber release fraction testing in the 39 ft chamber also
evaluated sprays of different length by adding spool extension
pieces to the spray header. These extensions reduced the
distance between the spray header, where high-pressure spray is
generated through an engineered orifice, and the chamber wall
downstream of the spray and upon which the spray impacts
(called the splash wall). Using this method, spray lengths (i.e.,
the distance between the spray source and splash wall) of 3.5,
19, 29, and 38 ft were tested. The in-chamber release fraction
results were supplemented with in-spray testing, which
measured the size distribution of droplets generated by the spray
directly by placing the aerosol analyzers in-line with the spray
(i.e., in the direct path of the spray such that the spray passed
directly through the aerosol analyzer’s measuring volume). All
Phase II, in-chamber and in-spray testing evaluated droplet
volume concentration and size distribution from sprays
generated from four orifices (a 2 mm circular hole, a 1 x 10 mm
slot, a 1 x 20 mm slot, and a 1 x 76 mm slot) at three test
pressures (100, 200, and 380 psig).



Table S.1. (contd)

Objective

Test Objective Met?

Discussion

Test Objective 13: Determine the size Yes
distribution of aerosol droplets and the
total droplet volume concentration as a
fraction of the total spray volume for
non-Newtonian clay slurries. Also
determine the droplet size distribution
directly in the spray (in-spray
measurement) for these simulants. The
rheology of the simulant will be
adjusted so that one slurry, at the
beginning of testing, has at least one
Bingham parameter near 30 Pa/30 cP
(target range is 30 £ 4 Pa or cP) and
the second Bingham parameter should
be less than or equal to the upper

30 = 4 Pa or cP target. The second
simulant will be adjusted so that one
slurry has at least one Bingham
parameter near 6 Pa/6 cP (target
range is 6 £ 2 Pa or cP) and the
second Bingham parameter should be
greater than or equal to the lower

6 £ 2 Pa or cP target. Testing will be
conducted using at least one circular
hole and multiple rectangular breaches
up to the 1 x 76 mm breach at target
pressures between 100 and 380 psi.

Test Objective 14: Compare the Yes
aerosol results from the Malvern
Insitec-S using the new 500 mm lens
that has a nominal measurement range
of 2.5 to 2500 um (Malvern
Instruments, Ltd. 2010) to aerosol
results using the 100 mm lens
employed in Phase I that provided a
nominal range of 0.5 to 200 um
(Schonewill et al. 2012). Tests will use
one or more orifices.

Phase II spray leak testing evaluated release fraction results
(i.e., droplet volume concentration and size distribution) for two
non-Newtonian simulants composed of a mixed dry clay
powder (80 wt% kaolin and 20 wt% bentonite) slurried in water.
To meet the rheological targets specified in the test objective,
two mixed clay slurries were prepared at average total solids
concentrations of ~27 wt% and ~32 wt%. The rheological
properties of both slurries were characterized using a Bingham
Plastic rheology model for consistency and yield stress using a
controlled rate concentric cylinder rheometer. The ~27 wt%
clay slurry exhibited an average Bingham yield stress and
consistency of 6.7 Pa and 12 mPas, respectively (note that

1 mPa's = 1 cP). The rheology target was met for all testing
performed with the ~27 wt% clay slurry. The ~32 wt% clay
slurry exhibited an average Bingham yield stress and
consistency of 26 Pa and 30 mPa-s, respectively. The rheology
target was met for all testing performed with the ~32 wt% clay
slurry. As with water testing, all in-chamber and in-spray
testing with clay slurries examined sprays generated through
four orifices (a 2 mm circular hole, a 1 x 10 mm slot, a

1 x 20 mm slot, and a 1 x 76 mm slot) at three test pressures
(100, 200, and 380 psig). All testing with the clay simulants
was conducted with a chamber length of 20 ft.

During Phase II analyses, functional testing of both 100 and
500 mm lenses was performed to compare lens performance.
Primary lens comparison tests were performed using a water
spray generated through a 1 x 76 mm rectangular slot at

380 psig and indicate that despite the difference in working
range for both lenses, the 500 mm lens provides comparable (if
not fully equivalent) results to the 100 mm lens results within
expected and measured uncertainty limits. Additional tests that
evaluated all configuration changes made to the large-scale test
chamber and aerosol instruments (such as the expansion of
chamber size, alteration of aerosol instrument hanging
mechanisms, use of the 500 mm lens, and use of longer 1 meter
rods for the aerosol instrument spacers) also indicate that
Phase 1II release fraction results can be compared directly to
Phase I release fraction results for equivalent orifice and test
pressure combinations.
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S.2 Results and Performance Against Success Criteria

The success criteria for achieving the large-scale aerosol test objectives are discussed in Table S.2.
These test criteria were established in Test Plan TP-WTPSP-031, Rev. 1.0.

Table S.2. Success Criteria for Large-Scale Aerosol Tests

Success Criteria

How Testing Did or Did Not Meet Success Criteria

Criterion for Test Objectives 10

Measure the concentration and size distribution of
known aqueous suspensions with the Malvern used
for aerosol measurements and quantitatively
compare the Malvern (Insitec-S) results with the
known values to estimate the Malvern (Insitec-S)
accuracy for measuring aerosols.

Met: The concentration and size distribution of eight
powder systems was measured and compared to known
values based on material balance or list/reference
properties. The eight powders included mono- and
poly-disperse glass bead powders and irregular
non-spherical powders. Tests with these powders evaluated
concentration and size distribution accuracy under different
instrument configurations (i.e., lenses and spacer bars)
relevant to Phase I and Phase II testing. Furthermore, tests
evaluated the accuracy of corrections made when analyzing
aerosols distributed over ~400 and ~900 mm path lengths.

Criteria for Test Objectives 12 and 13

Measure the droplet size distribution, total volume
concentration of droplets, and total volume flow
rate sprayed for each of the breaches and simulants
tested.

For in-spray measurements, measure the droplet
size distribution for each of the breaches and
simulants tested.

Characterize the viscosity or rheology, PSD, bulk
density, and surface tension of each simulant tested.

Met: Up to three Malvern Insitec-S aerosol analyzers were
used to continuously measure the droplet volume
concentration and size distribution during spray leak testing
in the large-scale test chamber for all orifice and pressure
combinations. The total volumetric flow rate of spray
generated through each orifice was determined by
monitoring differential loss of simulant mass from the
simulant feed and storage tanks as a function of time during
active spray.

Met: Three Malvern-Insitec-S aerosol analyzers were used
to measure the “in-spray” size distribution of water and
clay simulant sprays for all test pressure and orifice
combinations. In-spray measurements involved placing the
aerosol analyzers in the direct path of the spray (before it
impinged on the wall downstream of the spray header and
engineered breach) such that the spray passed directly
through the measuring volume of the Malvern Insitec-S.
This contrasts with the normal “in-chamber” aerosol
configuration where the analyzers are positioned above the
spray and outside of its direct path.

Met: Phase II tests evaluated water and two concentrations
of mixed dry clay powders (composed of 80 wt% kaolin
and 20 wt% bentonite) slurried water. For these three
simulants, the rheology, PSD, bulk density, and surface
tension where characterized through direct measurement or
through use of standard chemical references (for common
properties such as the viscosity of water).
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Table S.2. (contd)

Success Criteria

How Testing Did or Did Not Meet Success Criteria

For the 30 Pa/30 cP simulant at the beginning of
testing, at least one Bingham parameter is
30 £4 Pa or cP and the second Bingham parameter

should be less than or equal to this upper target of
30 =4 Pa or cP.

For the 6 Pa/6 cP simulant at the beginning of
testing, at least one Bingham parameter is 6 + 2 Pa
or cP and the second Bingham parameter should be
greater than or equal to this lower target of

6+ 2 Pa or cP.

Measure the pressure and flow in the piping.

Calculate the large-scale test chamber volume from
internal dimensions for chamber configurations
different from Phase I testing.

Met: A concentrated clay slurry (32.1 wt%) was used to
represent the upper test range of non-Newtonian simulant
rheology. It exhibited an average Bingham yield stress and
consistency of 26 Pa and 30 mPa-s, respectively. A target
consistency criterion of 30 =4 mPa's and yield stress

< 30 Pa was met for all testing performed with this
concentrated clay slurry.

Met: A dilute clay slurry (27.1 wt%) was used to represent
the lower test range of non-Newtonian simulant rheology.
It exhibited an average Bingham yield stress and
consistency of 6.7 Pa and 12 mPas, respectively. A target
yield stress criterion of 6 + 2 Pa and consistency >6 mPa-s
was met for all release fraction testing performed with the
dilute clay slurry.

Met: A data acquisition system was used to continuously
monitor and record recirculation loop pressure and flow
during Phase II spray leak testing.

Met: For all test configurations evaluated in Phase II,
including different chamber lengths, different spool
configurations, and different hanging mechanisms for
aerosol instrumentation, internal dimensions were recorded
and used to determine the internal chamber volume which
can be occupied by aerosol.

Criterion for Test Objective 14

Quantitative comparison demonstrates that the old
and new lenses give equivalent results for aerosol
conditions that have droplet sizes in a range
appropriate for both lenses.

Met: During Phase II analysis, functional testing of both
100 and 500 mm lens has been performed to compare lens
performance. Primary lens comparison tests were
performed using a water spray generated through a

1 x 76 mm rectangular slot at 380 psig and indicate that
despite the difference in working range for both lenses, the
500 mm lens provides comparable (if not fully equivalent)
results to the 100 mm lens results within expected and
measured uncertainty limits. Additional tests that evaluated
all configuration changes made to the large-scale test
chamber and aerosol instruments (such as the expansion of
chamber size, alteration of aerosol instrument hanging
mechanisms, use of the 500 mm lens, and use of longer

1 meter rods for the aerosol instrument spacers) also
indicate that Phase Il release fraction results can be
compared directly to Phase I release fraction results for
equivalent orifice and test pressure combinations.
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S.3 Quality Requirements

The Quality Assurance (QA) program at PNNL is based on the requirements defined in the DOE
Order 414.1D, Quality Assurance, and 10 CFR 830, Energy/Nuclear Safety Management, and Subpart
A—Quality Assurance Requirements (a.k.a., the Quality Rule). PNNL has chosen to implement the
following consensus standards in a graded approach:

o ASME NQA-1-2000, Quality Assurance Requirements for Nuclear Facility Applications, Part 1,
Requirements for Quality Assurance Programs for Nuclear Facilities

o ASME NQA-1-2000, Part 11, Subpart 2.7, Quality Assurance Requirements for Computer Software
for Nuclear Facility Applications

o ASME NQA-1-2000, Part IV, Subpart 4.2, Graded Approach Application of Quality Assurance
Requirements for Research and Development.

The procedures necessary to implement the requirements are documented through PNNL’s “How
Do I...?” (HDI)' system.

The Waste Treatment Plant Support Project (WTPSP) implements an NQA-1-2000 Quality
Assurance program, graded on the approach presented in NQA-1-2000, Part IV, Subpart 4.2. The
WTPSP Quality Assurance Manual (QA-WTPSP-0002) describes the technology life cycle stages under
the WTPSP Quality Assurance Plan (QA-WTPSP-0001). The technology life cycle includes the
progression of technology development, commercialization, and retirement in process phases of basic and
applied research and development (R&D), engineering and production and operation until process
completion. The life cycle is characterized by flexible and informal QA activities in basic research,
which becomes more structured and formalized through the applied R&D stages.

The work described in this report has been completed under the QA technology level of
Developmental Work. WTPSP addresses internal verification and validation activities by conducting an
Independent Technical Review of the final data report in accordance with WTPSP’s procedure
QA-WTPSP-601, Document Preparation and Change. This review verifies that the reported results are
traceable, that inferences and conclusions are soundly based, and that the reported work satisfies the test
plan objectives.

S.4 Simulant Use

A broad range of simulants have been developed for spray leak testing (Mahoney et al. 2013;
Schonewill et al. 2012). However, because of the hazards and costs associated with some of the simulants
developed, only a small subset of simulants was used in the large-scale test stand during Phase II testing.
Table S.3 presents a list of the simulants tested in the large-scale test stand, their physical and rheological
property ranges, and their relevance to the WTP operations. The properties important to aerosol
generation include PSD, viscosity, rheology, bulk density, weight percent undissolved solids, and surface
tension. Target property ranges are listed in Table S.3; the actual physical properties of simulants tested
during Phase II large-scale spray leak studies are reported in Chapter 3 of this report.

" HDI is a web-based system for managing the delivery of PNNL policies, requirements, and procedures.
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Table S.3. Target Simulants Tested in Phase IT Large-Scale Test Stand and the WTP Process Stream

Categories
WTP Process
Material/Description Alias Target Property Range Stream Categories
Water Water Viscosity 1 mPa-s (1 cP) o Ultrafilter permeate/treated low
Density 1000 kg/m’ activity waste
Surface tension 73 mN/m e Cs ion exchange eluate
e Recycle streams
80/20 solids blend ofa 30 Pa Clay The solids loading was adjusted to Non-Newtonian slurries
kaolin/bentonite clay meet target Bingham yield stress of
slurry, 32 wt% 30 Pa
80/20 solids blend ofa 30 Pa Clay The solids loading was adjusted to Non-Newtonian slurries
kaolin/bentonite clay meet the target Bingham yield stress of
slurry, 27 wt% 6 Pa

S.5 Summary of Phase Il Results

Phase II aerosol generation tests were performed to quantify the release fraction and generation rate
for a range of non-Newtonian clay slurries that represent expected WTP process stream properties,
chamber lengths, spray lengths, and initial chamber humidity. Results were collected from transient
concentration measurements in the chambers and from in-spray measurements. PNNL also conducted
extrapolations of orifice data to larger postulated breaches in 3 and 10 in. process piping and to
longer-distance sprays. Both the test results and extrapolations were compared with the WTP model
predictions. In addition, testing was conducted to evaluate instrument performance, the role of initial
chamber humidity, and experimental variation in repeat tests. These results were used to estimate the bias
in the in-chamber release fraction measurements and to estimate reasonably conservative aerosol
generation rate predictions as a function of orifice area, test pressure, and aerosol diameter. Below are
summaries of the key findings.

o Correlation Development for Comparing Test Results to the WTP Model. A reasonably
conservative correlation for aerosol generation rate was developed based on the in-chamber test data
and extrapolations of the in-chamber data to 100 ft chambers. The correlation was developed for
water, but it is appropriate for all the liquids and slurries tested because the aerosol generation from
the other fluids is overwhelmingly always the same or less than water sprays. The results for the
non-Newtonian chemical slurry simulants are the primary exceptions, but these slurries had unusual
rheologies in comparison to actual waste and the clay simulants, making the applicability of these
results questionable. The correlation was compared to in-spray data and was found to match the
in-spray data for the range of orifices and spray pressures tested. The good comparisons in the
regions of overlap for different size orifices and different spray pressures confirm that the
conservative correlation has orifice area, spray pressure, and droplet size dependences that agree with
in-spray data. Because the conservative correlation matches the in-spray results, this demonstrates
that the conservative correlation has accounted for the potential biases (humidity and method bias)
with the in-chamber method without actually quantifying them. A comparison of the WTP model for
generation rate to the test results, as represented by the conservative correlation, shows that the WTP
model has the correct dependence for droplet size, under-represents the effect of increasing
generation rate with orifice area, and under-represents the effect of increasing generation rate with
spray pressure. Accordingly, the greatest under-estimation in generation rate from the WTP model
occurs for the highest postulated pressure and the largest postulated breach, which is consistent with



the conclusions from previous testing (Schonewill et al. 2012). One specific process stream of
interest for the WTP is a 540 psig spray from a 290 mm” orifice. For this example, the WTP model
under-predicts the generation rate compared to the conservative correlation by about a factor of 20.

Performance of Malvern Insitec-S Aerosol Analyzers Using Phase 11 Chamber and Instrument
Measuring Configurations. Functional tests were performed to verify that changes made to both
large-scale test chamber and aerosol instruments for Phase II testing did not impact release fraction
measurements and prevent direct comparison with Phase I data. The most significant change made to
aerosol instruments was installation of the new focusing lens to change the working range of the
Malvern Insitec-S from 0.5 to 200 um (100 mm lens, Phase I) to 2.5 to 2500 pm (500 mm lens,
Phase II). Side-by-side comparison of 100 and 500 mm lens release fractions measured for water
sprayed through a 1 x 76 mm orifice at 380 psig indicated that both lenses produced equivalent
results at aerosol diameters between 23 and 100 um. Instrument sensitivity prevented comparison of
lens performance at release fractions corresponding to lower aerosol sizes. Additional functional tests
were conducted to determine optimal mixing fan settings and instrument purge air rate settings for
Phase II analysis and their influence on release fraction measurements. These tests affirmed the
adequacy of Phase | mixing fan selections and helped define the range of purge air settings for

Phase II analyses.

Validation of Malvern Insitec-S Aerosol Analyzer Performance. The performance of the Malvern
Insitec-S analyzer has been evaluated extensively. Tests examined the accuracy of Malvern Insitec-S
concentration and size distribution measurements by testing carefully controlled dilute aqueous
slurries of known concentration and PSD and comparing the Malvern Insitec-S result to the known
values. Testing included mono- and poly-disperse suspensions and evaluated six Malvern Insitec-S
configurations relevant to Phase I and Phase II testing:

— Phase I small-scale configuration: lens - 100 mm; spacer bar length - 150 mm
— Phase II small-scale configuration: lens - 500 mm; spacer bar length - 150 mm
— Phase I large-scale configuration: lens - 100 mm; spacer bar length - 500 mm
— Phase II large-scale configuration: lens - 500 mm; spacer bar length - 1000 mm

— Dispersions uniformly distributed across ~400 mm analyzed by the 100 mm lens (Phase I
in-chamber configurations)

— Dispersions uniformly distributed across ~900 mm analyzed by the 500 mm lens (Phase 11
in-chamber configurations).

Testing indicates that under the best measuring circumstances, the Malvern Insitec-S can measure
concentration and median dispersion size to approximately 2 and 3 percent of list values, respectively.
Particle shape was observed to increase the apparent concentration measured by the Malvern Insitec-S
(relative to the actual value); however, at the sizes of interest for spray leak analysis (10 to 100 um),
aerosol droplets are expected to be spherical so concentration readings will not be impacted.
Evaluation of the 500 mm lens results indicates that it is subject to loss of accuracy when used to
analyze dispersions that fall between primarily 2.5 and 20 pum. Aerosols observed in Phase I and
Phase Il spray leak testing, which always contain significant fractions of aerosols greater than 20 pm
in size, are not expected to be significantly impacted. Spray geometry corrections used to interpret
concentration and size measurements for distributed aerosols in Phase I and Phase II have been
evaluated and found to provide reasonable and appropriate corrections for laser attenuation. Overall

X1



evaluation of the validation results suggests that no bias correction in either aerosol concentration or
size distribution measurements is needed for Malvern Insitec-S configurations used in Phase I and
Phase II testing.

Assessment of Chamber Uniformity. Testing was performed to evaluate chamber uniformity (with
respect to aerosol concentration and size distribution) and its impact on accuracy of release fraction
measurements and their associated uncertainty. Tests employed the smallest Phase II test orifice (i.e.,
the 2 mm hole) to evaluate 39 ft test enclosure uniformity under conditions approaching the least
turbulent, and therefore least uniform, spray conditions evaluated in Phase II large-scale testing.
These measurements indicate that standard in-chamber test locations (which employ aerosol sampling
locations 21 in. above the orifice) will be subject to loss of large droplets as a result of settling,
leading to inaccurate assessment of release fraction and generation rate for droplets ~100 pm and
greater. Droplet loss is worst above the spray header and becomes less severe at downstream
positions and closer to the spray. Release fraction estimates for smaller droplets (i.e., 10 to ~80 pum)
do not appear to be impacted and are relatively insensitive to measurement location as long as the
direct path of the spray is avoided.

Evaluation of In-Spray Release Fractions as a Function of Position. In-spray measurements
evaluate release fraction in the direct path (which is defined as the most optically dense region) of the
spray. These measurements provide a direct means of assessing the full size distribution of aerosol
droplets produced by spray without incurring significant loss of large aerosols from droplet settling or
inertial wall capture. Phase II testing evaluated in-spray release fractions for water and two
non-Newtonian clay slurries as a function of downstream distance from the orifice. For many test
pressure, orifice, and simulant combinations, the in-spray release fraction did not change substantially
with increasing distance from the orifice. For test cases where significant change did occur, the
release fraction contributions were typically shifted to larger aerosol diameters. This increase in
overall aerosol size has been attributed to droplet coalescence or to preferential sampling of large
aerosols that settle to the bottom of the chamber. Relative to in-spray behavior for the majority of
spray configurations and simulants tested, the in-spray trends for water sprays generated by the

1 x 76 mm slot were anomalous and indicated that aerosol size decreased with increasing distance
from the orifice.

Assessment of In-Chamber Measurement Basis. In-chamber release fractions are expected to
under-estimate true fractional aerosol release because of bias introduced by evaporation (caused by
low relative humidity at the start of testing) and aerosol sampling bias introduced by settling of large
droplets and mixing limitations. In-spray measurements are not subject to these limitations and are
expected to over-estimate (and thus be conservative) actual release fractions in the size range of
interest (10 to 100 um) because of spatial measurement bias. However, measurement of in-spray
release fractions in the size range of interest is frequently impossible because of loss of size
distribution measurement accuracy at cumulative fractional volumes below 0.5 x 10, In practical
terms, this prevents measurement of size distribution information below 50 pm. Because in-spray
measurements are expected to be conservative (i.e., larger than) the actual release, they can be used as
a guide for correcting in-chamber release fractions such that they are “as-conservative” as in-spray
measurements. Comparison of in-spray and in-chamber release fraction measurements indicates a
multiplicative correction factor of three to in-chamber data will typically render them as conservative
as in-spray measurements (see Section 7.4). This “method bias” correction contains size distribution
and concentration measurements that impacts both in-spray and in-chamber measurements and also
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contains, in part, impacts to release fraction for humidity. However, the multiplicative factor of three
does not fully account for all humidity effects, and additional correction is necessary.

Determination of Fractional Aerosol Release from Non-Newtonian Slurries. The effect of
non-Newtonian rheology for clay slurry sprays was evaluated within the WTP rheological limits for
the Bingham yield stress and consistency of 6 Pa/6 cP and 30 Pa/30 cP. Spray tests were conducted
for measuring the generation rate and release fraction from concentration increase in the chamber and
directly in-spray. For the in-chamber measurements, the release fraction is the same as water or
decreases with increasing Bingham parameters. For in-spray measurements, the release fraction for
the clay slurries at 380 psig is the same as water. At 100 and 200 psig, the release fraction for the
clay slurries decreases with increasing solids content (and increasing rheology as characterized by the
Bingham yield stress and consistency). These results show that water results are typically the same or
larger than (i.e., conservative relative to) release fraction measured for non-Newtonian clay slurries.

Evaluation of the Effects of Spray Length and Confinement Size on Fractional Aerosol Release.
The effect of spray length within a chamber was investigated for a range of sprays within a 39 ft
chamber. Similar to the Phase I results in a 20 ft chamber, the release fraction always increased with
spray length in the 39 ft chamber. Accordingly, for a given size orifice, fluid, spray pressure, and
chamber size, the highest release fraction and aerosol generation rate are given by the test results
when the spray travels the full length of the chamber. The role of chamber length, when sprays travel
the full length of the chamber, was investigated for chambers ranging from 10 to 39 ft. For the largest
slot tested (1 x 76 mm), the release fraction increased with chamber length for all droplet sizes at

380 psig. The 1 x 76 mm slot also gave higher generation rates than the smaller orifices, and as a
result, it is significant in terms of the worst-case spray for accident analyses. For other orifices and
pressures, increasing chamber length typically caused the cumulative release fraction to increase for
larger droplets (above roughly 30 um) and decrease for smaller droplets (below roughly 30 um).

S.6 Discrepancies and Recommended Follow-On Tests

No discrepancies associated with the large-scale testing were identified, all planned objectives for

Phase II testing were completed, and all listed success criteria from Test Plan TP-WTPSP-031, Rev. 1.0,
were met. Expert reviews of the spray release results indicate that additional work would improve the
technical basis and application of the results at the WTP. As such, several follow-on tests and analyses
are suggested:

e Chemical Slurry Simulant. Several attempts have been made with the small-scale test stand to
obtain aerosol generation rates with a chemical slurry simulant representing WTP slurries with
limited success. The tests were compromised by atypical behavior of the simulant, which exhibited a
rheology that thickened with shear (dilatant) and was time dependent (rheopectic). The available
literature and discussion with subject matter experts indicates that no other Hanford tank waste
simulant or actual waste samples have exhibited this type of rheological behavior. Moreover, the
undissolved solids concentration, which ranged from 35 to 40 wt%, exceeded the current WTP solids
concentration upper limit of 27 wt% and, thus, was too concentrated to be truly representative. The
unstable rheology of the simulant forced modifications to the test equipment and procedures to allow
completion of the majority of the aerosol tests. Release fractions measured from chemical simulant
tests were typically greater than the release fractions measured for water or clay. Because of the
unusual rheology, elevated undissolved solids concentration, and the operational difficulties, direct
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comparison of the results between the chemical simulant and other simulants is questionable. If
results using a chemical slurry simulant are needed it is recommended that the cause of the unusual
rheology be identified and perhaps a new simulant formulation be developed. Use of the large-scale
test stand should be considered for further testing of the chemical slurry simulant to allow a wider
range of orifice sizes and in-spray measurements to be obtained.

Experimental Method Validation Testing for In-Chamber Configurations. The method and
model used for evaluating in-chamber generation rates makes several assumptions with respect to the
time-scale and completeness of aerosol mixing inside the test chambers and with respect to the
functionality of aerosol loss in the test chamber. Phase I and Phase I experimental work has not fully
evaluated the appropriateness of these assumptions and the impact of chamber heterogeneity on the
inferred generation rates. This issue may be addressed by using a suitably conservative correlation or
by developing and implementing an experimental validation method. Experimental validation studies
would be performed using an aerosol source that produces a known aerosol generation rate with a
well characterized PSD. These experiments would be conducted in the same manner that the
in-chamber spray release results are being obtained. The collected data would be analyzed in the
same manner and the results compared to the known aerosol source. The experiments would be
conducted over a range of conditions including various injection locations, injection rates and
simulants. Proposed materials to be aerosolized would include water, at least one other liquid that has
a low vapor pressure such that it does not evaporate, and if possible a particulate slurry.

Validation of Malvern Insitec-S In-Spray Measurement Accuracy. The Malvern Insitec-S
validation activities described in Chapter 6 of this report addressed concerns related to aerosol
analyzer performance in Phase I testing. The analyzer configurations and concentrations tested
strongly reflect those associated with in-chamber testing, which represented the bulk of Phase I
large-scale testing. In anticipation of similar concerns, Phase II in-chamber configurations also were
evaluated in validation testing. Configurations and dispersion concentrations relevant to in-spray
testing were not tested as part of Malvern Insitec-S validation. With the increased importance of
in-spray configurations in Phase II analyses, additional follow-on validation work may be necessary
to address similar concerns with instrument performance and accuracy with respect to in-spray
measurements. Specific issues that may need to be addressed include 1) performance of the Malvern
Insitec-S at high laser obscurations, 2) accuracy of corrections for multiple light scattering at high
dispersion/aerosol concentrations, and 3) accuracy of spray geometry corrections for spray geometries
relevant to in-spray testing and that simulate the core of the spray.

Evaluation of Irregular Breach Morphology and Breaches that Occur in Thin Pipes. To date,
PNNL spray release testing indicates that aerosol generation rate and release fractions from pipeline
breaches depends only on the breach area and not on the morphology of the breach (Schonewill et al.
2012). However, PNNL spray leak studies have used engineered orifices with well-defined and
uniform dimensions using a pipe wall thickness representative of new pipe, and there is concern that
actual line breaks (e.g., at welds), breaches due to corrosion (e.g., bowl shaped pits), or large radial
(along the pipe circumference) breaches (known as fan spray releases) will result in aerosol
generation behavior that is different from the orifices tested. Furthermore, erosion (or corrosion) of
the pipe wall could lead to breaches with smaller aspect ratios and result in different aerosol
generation behaviors. To address the first concern regarding irregular breaches, PNNL suggests
follow-on testing with more complex breach geometries. These might encompass irregular breach
geometries such as cracks of varying length and multiple pinhole breaches at irregular overlapping
and non-overlapping spacing. Of particular concern to this study is the need to define the range of
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“typical” or “representative” transfer line breaches and their morphologies. To address concerns
related to wall thickness, PNNL suggests evaluation of breaches that derive from 3 in. transfer lines at
a reduced pipe wall thickness. Consideration should also be given to testing a large radial breach,
which could result in a large aerosol fan and increased aerosol generation. These studies can be
accomplished in existing test equipment by creating additional test spools with the complex breach
geometries and test spools with smaller wall thicknesses. Testing can be limited to selected orifice
areas similar to those previously tested.

Testing at Additional Hydraulic Orifice Diameters. While a significant range of orifice areas have
been tested, the range of hydraulic diameters tested in Phase II was limited. Hydraulic diameter is
thought to be an important parameter in acrosol formation. Additional testing with a larger range of
hydraulic diameters would expand the applicability of the existing results. An emphasis in this
additional testing would be to obtain additional in-spray measurements using water and both
in-chamber and in-spray measurements with a non-Newtonian slurry.

Additional Data Analyses. The available aerosol data for water collected in Phase II of the PNNL
testing has been used to develop a reasonably conservative correlation over an aerosol particle size
range of 10 to 100 um for application at the WTP. While this correlation may be suitable for
application, the technical basis could be improved by incorporating data from Phase I as well as
examining data from other simulants. This range (10 to 100 um) is suitable for assessing the hazards
associated with the respirable fraction. To address toxicological impacts the full range of aerosol
diameters (e.g., in-spray results) needs to be considered. At this point no correlation or analysis of the
in-spray data has been attempted. While the in-spray results are largely consistent with the
in-chamber results the two data sets are not entirely consistent. Follow-on work would consist of
using the existing data (and perhaps new data) to expand the correlation to be more generally
applicable over the entire range of aerosol diameters. The development of a correlation based on
dimensionless groups that include the physical properties may improve the basis for extrapolation to
other conditions.

Improve Conservative Correlation to Account for Non-Newtonian Fluid Properties and to
Include Phase | Test Results. A conservative correlation was developed to represent the in-chamber
test results for all chamber sizes, including the extrapolation to 100 ft chambers. A useful result
would be an equivalent evaluation of just the 20 ft chamber data to determine how to quantitatively
adjust a correlation based on 20 ft chamber data to match the conservative correlation that represented
all of the different chamber sizes. With this information, testing results collected in only the 20 ft
chamber could be used to quantitatively modify the current conservative correlation. One specific
application of this approach would be to determine how the correlation could be adjusted to account
for the general decrease in aerosol generation from non-Newtonian slurries with progressively higher
Bingham yield stress and consistency. A second application would be to incorporate the Phase I data
(Schonewill et al. 2012), which were collected in a 20 ft chamber, and these data include results for a
broader range of orifices areas and slot shapes.
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1.0 Introduction

One of the events postulated in the hazard analyses for the Waste Treatment and Immobilization Plant
(WTP) and other U.S. Department of Energy (DOE) nuclear facilities is a breach in process piping that
produces aerosols with droplet sizes in the respirable range. The current approach for predicting the size
and concentration of aerosols produced in a spray leak involves extrapolating from correlations reported
in the literature. These correlations are based on results obtained from small engineered spray nozzles
using pure liquids that behave as Newtonian fluids. The narrow ranges of physical properties on which
the correlations are based do not cover the wide range of slurries and viscous materials that will be
processed in the WTP and in other processing facilities across the DOE complex.

Two key technical areas were identified for which testing results were needed to improve the
technical basis by reducing uncertainty due to extrapolating existing literature results. The first technical
need was to quantify the role of slurry particles in small breaches where the slurry particles may plug and
result in substantially reduced, or even negligible, respirable fraction formed by high-pressure sprays.
The second technical need was to determine the aerosol droplet size distribution and volume from
prototypic breaches and fluids, specifically including sprays from larger breaches with slurries where data
from the literature are scarce.

To address these technical areas, small- and large-scale test stands were constructed and operated
with simulants to determine aerosol release fractions and generation rates from a range of breach sizes
and geometries. The properties of the simulants tested represented the range of properties expected in the
WTP process streams. An extensive test campaign was conducted to address the two key technical areas
outlined in the preceding paragraph. The objective of this first phase of testing (hereafter called Phase |
testing) was to improve the technical basis for predicting the size and concentration of aerosols produced
from a spray leak by reducing the uncertainty introduced by extrapolating existing literature results. The
results of Phase | testing (which are documented in Mahoney et al. (2012), Mahoney et al. (2013), and
Schonewill et al. (2012) and which are briefly summarized in Section 1.1) led to a conclusion that a
second phase of testing was needed, with the primary goal of improving confidence of the release fraction
results when extrapolating (i.e., scaling) those results to postulated spray leak scenarios in the WTP. In
addition to this primary goal for testing in the large-scale test stand, the Phase Il spray leak testing was
conducted to address areas of uncertainty remaining from Phase | testing with respect to aerosol behavior
(namely aerosol release fraction and generation rates) for:

o simulant(s) near the WTP rheological boundaries of (6 Pa/6 mPa-s and 30 Pa/30 mPa-s)
o simulant(s) with solids loadings greater than 20 wt%

o simulant(s) with a small solids fraction of particles that have a relatively high density

o lower spray pressures (i.e., specifically 100 and 200 psig in the small-scale tests)

e in-spray measurements.
The following sections provide the basis for executing the Phase | follow-on testing. First, a
summary of Phase | work is provided. This is followed by a discussion of the motivations for follow-on

(Phase I1) spray leak testing. Finally, a list of test objectives, the task methodology, the technical basis,
and success criteria are given for this second phase of spray leak testing.
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1.1 Summary of Phase | Work

Initial testing to obtain aerosol release fraction and generation rates was completed during Phase I in
small- and large-scale test stands and presented in the large-scale aerosol report (Schonewill et al. 2012)
and the small-scale plugging and aerosol test reports (Mahoney et al. 2012 and Mahoney et al. 2013).
These tests were conducted with simulants representing the expected WTP process stream properties over
a range of orifice sizes, geometries, and line pressures. The objective of Phase I work was to improve the
technical basis for predicting the size and concentration of aerosols produced from a spray leak by
reducing uncertainty introduced by extrapolating existing literature results As such, the functionality of
spray with respect to key operating parameters, such as spray pressure, orifice size, and fluid properties,
was evaluated and compared to a predictive aerosol generation model employed in WTP design
evaluations (hereafter referred to simply as “the WTP model”). From these evaluations, the behavior of
sprays generated from both small and large breaches of fluids representative of WTP wastes was
evaluated both on an absolute basis and relative to model predictions. The discussion that follows
summarizes the key findings of these evaluations as determined during Phase I spray leak testing.

Overall, the Phase I results indicated a straightforward functionality of the cumulative aerosol release
fraction and generation rate on pressure and orifice area. Viscosity and the weight fraction of solids had a
negligible effect on release fraction and generation rate. The configuration and geometry of the spray was
important, as evidenced by the splash wall distance and in-spray aerosol tests. In particular, Phase I tests
that evaluated the impact of distance between the transfer line breach (which is the point of origin for the
spray) and the splash wall (which is the downstream wall on which jets with sufficient force and travel
distance impinge) demonstrated that longer distance sprays yield a higher release fraction (unless the
spray was very close to the splash wall [i.e., 1 in.]). In-spray data provided a conservative measurement
of the release fraction and generation rates for selected breaches relative to in-chamber data. Phase I
in-spray data was subject to uncertainty because the in-spray release fraction depended on the location at
which the in-spray measurement was taken and because it was a strong function of the Malvern Insitec-S
analyzer setting used to interpret the in-spray light scattering data. In-spray data obtained in the
small-scale test stand indicated the majority of the data fell below or was equivalent to the release fraction
estimates generated using the WTP model. In-spray data obtained in the large-scale test stand indicated
the release fractions could be greater than the release fraction estimates from the WTP model by as much
as a factor of 50. The largest orifice evaluated in Phase I in-spray testing was a 2 mm hole, and as such,
Phase I in-spray measurements did not include testing of larger orifices whose in-chamber release fraction
results challenge the WTP model. For this reason, additional in-spray test results with larger orifices were
needed. The Phase I large-scale test results showed clear trends with increasing orifice area for both the
release fraction and generation rate. The small-scale results did not show much of a trend with increasing
orifice area, but they did generally agree with the large-scale results within the range of orifice areas that
were tested in Phase I. Comparison of small- and large-scale test results confirmed the overall trend of
increasing generation rate with increasing orifice area for both circular holes and slots. The results also
showed that the Phase I large-scale test results, which span a wider range of orifice areas than the
small-scale tests, provided the best data for extrapolating to larger breaches.

In general, Phase I testing found that the WTP model has the correct qualitative behavior, but either
does not have a quantitatively correct dependence on a quantity (pressure, orifice areas) or ignores a
quantity altogether (distance from a splash wall). Likewise, Phase I data indicate that the model may not
be conservative for all sprays. Assuming the WTP model uses the fluid properties of water for all the
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sprays, the combined extrapolations indicated that the cumulative release fractions from long-distance
sprays from the largest postulated orifice of a Bingham plastic fluid at the upper rheological boundary
will exceed the WTP model by factor of two to four for droplets that are <10 um. For larger droplets, the
release fraction will exceed the WTP model, but the magnitude is more uncertain. The most significant
uncertainty in this estimated release fraction is due to the role of chamber size and an assumed 100 ft
spray distance. An upper-bound release fraction from an in-spray particle size distribution (PSD) is
slightly more than the extrapolated large-scale chamber result for droplets <10 um. However, the
difference becomes progressively larger with increasing droplet size, and the upper bound is as much as a
factor of 50 more than that for the WTP model for droplets <100 um. The uncertainty of these Phase I
estimates was addressed with additional Phase II testing of non-Newtonian slurries sprayed through large
orifices in the large-scale chamber.

Phase I testing indicated that a number of factors affected the overall uncertainty in the measured
aerosol generation rates and release fractions. While a systematic quantitative evaluation of all the
combined factors was not performed, a qualitative estimate of release fraction and generation rate
uncertainty was determined. For Phase I large-scale chamber testing, overall uncertainty in the reported
release fractions and generation rates for the Phase I large-scale test chamber was estimated to be
approximately a factor of two to three (the reported Phase I results were not adjusted to account for this
uncertainty). The comparison of release fraction results for the small and large test chambers (in Phase I)
showed the difference in release fraction varying from none to as much as fivefold. This is important for
understanding the uncertainty in extrapolations to larger chambers and spray distances. However, not
enough data was available in Phase [ tests, with only two chamber sizes, to estimate the uncertainty in
extrapolations to larger chambers and served as a primary motivation for Phase II testing with larger
chamber lengths (i.e., 30 and 39 ft).

1.2 Motivation for Phase Il Testing

Phase II large-scale testing was motivated primarily by the need to improve understanding of the
impact of test enclosure size (scaling) and unobstructed spray length on release fraction and to better
understand the aerosolization behavior of non-Newtonian simulants from orifices larger than those tested
in Phase 1. In addition, Phase II testing sought to reduce, or at least improve understanding of, uncertainty
with respect to release fraction and generation rate measurements and bias in release fraction
measurements from test methodology and instrument sources. As stated in the preceding section, Phase |
test results indicated that the largest postulated breaches in the largest test chamber would challenge
release fraction and aerosol generation rate estimates provided by the WTP model. However, because
Phase I testing involved only two test enclosure sizes, there was insufficient test scale information to
reliably extrapolate release fractions to different chamber sizes and spray lengths. To address this
weakness, Phase II large-scale testing evaluated aerosol generation rate and release fraction in several
chamber sizes. Chamber size was varied by changing the length of the chamber while maintaining the
same cross-section of chamber area used in Phase I testing. Chamber lengths evaluated were 10, 20, 30,
and 39 ft. Furthermore, spool extension pieces were used to vary the length of the spray (at a fixed
chamber length of 39 ft) in order to isolate the effects of changing unobstructed spray length from
changing chamber volume.

Phase I testing was focused on evaluating the influence of a broad range of parameters on
aerosolization of simulants representing WTP process streams. The parameters evaluated in Phase I
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included, but were not limited to, orifice area and morphology, simulant viscosity, density, surface
tension, spray pressure, and test scale. Because of the need to evaluate a wide range of parameters, less
emphasis was placed on replicate testing and assessments of uncertainty. For Phase II testing, an
increased emphasis was placed on obtaining replicates at all test conditions to better estimate uncertainty
and improve statistical confidence in trends with pressure, orifice area, chamber size, and spray length.
To this end, all configurations were tested and the results screened to provide two or more acceptable
measurements. Replicate testing allows application of statistical analysis to determine the significance of
release fraction and generation rate scaling with key test parameters such as orifice area and spray
pressure.

Phase I testing indicated that non-Newtonian slurry, and in particular, chemical simulant slurries that
closely mimic the actual chemical make-up of WTP process streams, yield the greatest fractional release
and generation of aerosols of consequence to safety analysis. Consequence is expected to be increased
when non-Newtonian slurries are released through the largest postulated breaches. However, no
non-Newtonian simulants were tested in the large-scale test enclosure during Phase I to verify this
assertion. For this reason, Phase II large-scale operations emphasized testing of non-Newtonian
simulants. Because the large-scale test chamber did not have the appropriate permits to handle hazardous
simulants, the chemical simulant slurry was not tested. Instead, two non-Newtonian (and non-hazardous)
mixed clay slurries were prepared with rheologies that bound the range expected for waste treatment
operations in the WTP.

Phase I large-scale testing focused primarily on in-chamber measurement of release fraction, which
evaluates aerosol generation by measuring the change in aerosol concentration with time at fixed
locations above the spray. Only limited attention was given to in-spray measurements, which provide a
direct and conservative measurement of release fraction, in Phase I. As stated in the preceding section,
in-spray measurements made in Phase | were subject to uncertainty that derived from a locational
dependence on the in-spray release fraction with distance from orifice and variation of the in-spray
release fraction with analyzer settings that correct the light scattering pattern based on assumed spray
geometry. Further uncertainty derived from the selection of detection unit optics, which had a working
range of 0.5 to 200 um that, while capable of detecting aerosols in the size range of interest (10 to
100 um) to WTP safety analyses, was not capable of detecting aerosol droplet sizes encountered in
in-spray measurements. Finally, Phase I in-spray testing was limited to a very small set of orifice size and
test pressure. Phase Il provided an opportunity to address these uncertainties. First, a new detection lens
was purchased. This new lens allowed measurement of aerosols between 2.5 and 2500 um and was
capable of detecting aerosols in the size range anticipated for in-spray measurements. Furthermore, use
of the 500 mm lens was observed to virtually eliminate the dependence of the in-spray release fraction on
analyzer settings used to interpret the diffraction pattern, leading to improved confidence in the
measurement. Next, in-spray testing was conducted for all orifice sizes, test pressures, and simulant
combinations evaluated in the in-chamber configuration for Phase II testing. This allowed for a
comprehensive side-by-side assessment of in-spray and in-chamber test configurations, which in turn,
facilitated improved evaluation of the uncertainty in each of the two methods. Finally, additional
evaluation of the dependence of in-spray release fractions on position was performed to reduce
uncertainty with respect to the behavior of in-spray measurement as a function of distance from the
orifice. The expanded test scope allowed evaluation of position dependence for all test conditions and
simulants, providing a large data set against which the reasonableness of in-spray position dependence
could be evaluated.
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The issue of aerosol analyzer detection unit optics also impacted in-chamber testing results. All
Phase I testing was accomplished with a 100 mm lens with a working range of 0.5 to 200 pm. While
Phase II testing employed a 500 mm lens to facilitate improved in-spray testing, it also provided an
opportunity to assess the presence of larger aerosols in the in-chamber test locations. Phase I in-chamber
test results indicated few aerosols larger than 200 um. There was uncertainty as to whether this resulted
from a physical mechanism (such as settling) that prevented observation of greater than 200 um aerosols
in the in-chamber location, whether there were few greater than 200 um aerosols produced by spray, or
whether the lens selection prevented observation of larger aerosols. Use of the 500 mm lens in
in-chamber testing resolved this issue.

An unrelated but important uncertainty outstanding from the Phase I aerosol testing was the
performance of the Malvern Insitec-S instrument. Early in the Phase I testing, the Malvern Insitec-S was
identified as the primary aerosol instrument and all subsequent data analysis was derived from Malvern
Insitec-S measurements. Because the experimental method depends on an accurate and well-resolved
measure of droplet concentration and size distribution with time, understanding the performance of the
Malvern Insitec-S is an issue that applies to both the small- and large-scale testing. Reticle studies
presented in the Phase I reports suggested that the cumulative particle size distribution (by volume)
measured by the Malvern Insitec-S instrument becomes less precise below volume fractions of
approximately 5 x 107, Furthermore, the error in the concentration measurement was estimated to be
+40 percent by performing an evaluation of the laser diffraction technique (see Section 5.3.2 in
Schonewill et al. 2012). The measurement of precision in Phase I was based on a significant number of
data sets, but the assessment of accuracy was anecdotal: it was based on a single data set and was not
conducted using the Malvern Insitec-S, but a related instrument using the same analysis principle. A
more rigorous study to validate the Malvern Insitec-S performance and assess its accuracy was conducted
in Phase II to address this uncertainty.

1.3 Test Objectives

Phase II work presented in this report addresses four test objectives (Test Objectives 10, 12, 13, and
14 of TP-WTPSP-031, Rev. 1.0"). These four objectives from TP-WTPSP-031, Rev 1.0 are restated
below:

e Test Objective 10: Assess the capability of the Malvern Insitec-S in-process particle size analyzer,
which is the instrument used in the aerosol testing, to measure accurately the concentration and size
distribution of samples. This will be accomplished by measuring carefully controlled dilute aqueous
slurries of known concentration and PSD and comparing the Malvern [Insitec-S] result to the known
values. Testing will include mono- and poly-disperse suspensions and will evaluate all four Malvern
[Insitec-S] configurations of 1) Phase I small-scale spacer bars and old lens, 2) Phase II small-scale
spacer bars and new lens, 3) Phase I large-scale spacer bars and old lens, and 4) Phase II large-scale
spacer bars and new lens (old lens 100 mm, new lens 500 mm).

e Test Objective 12: Determine the size distribution of aerosol droplets and the total droplet volume
concentration as a fraction of the total spray volume for water sprays for a range of different chamber
sizes and for sprays traveling different distances within the largest chamber. Also determine the
droplet size distribution directly in the spray (in-spray measurement) for the largest sprays that can be

! Gauglitz PA. 2012. Test Plan for Spray Leak Quantification to Support WTP Spray Release Methodology.
TP-WTPSP-031, Rev. 1, Pacific Northwest National Laboratory, Richland, Washington.
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measured. Testing will be conducted using at least one circular hole and multiple rectangular
breaches up to the 1 x 76 mm breach at target pressures between 100 and 380 psi. The chamber
length will be varied from 39 to 10 ft and perhaps as small as 5 ft if data show this will help the
extrapolation to long distance sprays.

e Test Objective 13: Determine the size distribution of aerosol droplets and the total droplet volume
concentration as a fraction of the total spray volume for non-Newtonian clay slurries. Also determine
the droplet size distribution directly in the spray (in-spray measurement) for these simulants. The
rheology of the simulant will be adjusted so that one slurry, at the beginning of testing, has at least
one Bingham parameter near 30 Pa/30 cP (target range is 30 + 4 Pa or cP) and the second Bingham
parameter should be less than or equal to the upper 30 £ 4 Pa or cP target. The second simulant will
be adjusted so that one slurry has at least one Bingham parameter near 6 Pa/6 cP (target range is
6 = 2 Pa or cP) and the second Bingham parameter should be greater than or equal to the lower
6 = 2 Pa or cP target. Testing will be conducted using at least one circular hole and multiple
rectangular breaches up to the 1 x 76 mm breach at target pressures between 100 and 380 psi.

e Test Objective 14: Compare the aerosol results from the Malvern Insitec-S using the new 500 mm
lens that has a nominal measurement range of 2.5 to 2500 um (Malvern Instruments, Ltd. 2010) to
aerosol results using the 100 mm lens employed in Phase I that provided a nominal range of 0.5 to
200 um (Schonewill et al. 2012). Tests will use one or more orifices.

1.4 Task Methodology

Project Plan PP-WTPSP-091, Rev. 0,' defines the task methodology to be applied to Phase II testing.
The project plan text that outlines Phase II task methodology is reproduced in this section. It states that
testing will be conducted using the large-scale spray release test stand that was designed and
commissioned during the Phase I scope of the Spray Release Methodology testing project. The task
methodology will be similar to that used during Phase I portion of the work (Schonewill et al. 2012) with
the following changes:

e Chamber size will be expanded from 20 ft to 39 ft to facilitate evaluation of the effect of chamber size
and spray length on the size distribution of aerosol droplets and the total droplet volume concentration
as a fraction of the total spray volume for water sprays for a range of different chamber sizes and for
sprays traveling different distances within the largest chamber.

e Malvern Insitec-S instruments with 500 mm lenses will be used to measure the aerosol size
distribution and total droplet concentration in the spray chamber. The change in lens size from the
previously used 100 mm lenses to the 500 mm lenses was made because previous in-spray
measurements with 100 mm lenses could not quantify droplets larger than 200 um, and this made the
Phasell in-spray results over-estimate the release fractions.> Using 500 mm lenses helps get a more
accurate representation of PSD during in-spray measurements while including the PSD range of

" Bontha J. 2012. Project Plan for Phase Il Large Scale Spray Release Aerosol Testing. PP-WTPSP-091, Rev. 0,
Pacific Northwest National Laboratory, Richland, Washington.

2 A Malvern Insitec-S instrument with 500 mm lens has a nominal particle size measurement range of 2.5 to

2500 pm compared to the 100 mm lens employed in Phase I, which provided a nominal range of 0.5 to 200 um
(Malvern Instruments, Ltd. 2010). Droplets above the instrument range are interpreted as droplets within the
instrument range leading to over-estimates.
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interest (e.g., 10 to 100 um) and, thus, a better estimate of the cumulative release fractions from the
in-spray measurements.

e Approximately 1000 mm spacers will be installed between the Malvern Insitec-S transmitter and
detector to 1) improve the measurable particle size concentration and 2) enable in-spray
measurements with larger orifices.

e Testing will be conducted with non-Newtonian (clay) slurries with two target rheologies (yield stress
and consistency combinations) of 1) 6 Pa and 6 cP and 2) 30 Pa and 30 cP.

NOTE: The expectation is that some parameters that were established during the Phase I testing such as
using fans and fan speed to enhance mixing in the chamber, instrument purge air rates to prevent Malvern
Insitec-S flooding particularly during the in-spray measurements, and other similar system parameters
may need to be adjusted to improve reliability and repeatability of the data collected. Proposed changes
to these parameters, if any, will be investigated during shakedown of the system.

1.5 Analysis Methodology

The analysis methodology for Phase II testing is adapted directly from the Phase I large-scale data
analysis methodology. The technical basis for large-scale analysis of the in-chamber results is discussed
both in the main body of and in the Appendix C of Schonewill et al. (2012). It is reproduced below using
an alternate approach that better defines the assumptions inherent in the methodology approach applied to
determination of spray leak generation rates and release fractions. The analysis methodology for the
in-spray results is much more direct and is discussed briefly at the end of this section.

In the current report, spray of liquids or slurries into an enclosure is evaluated using either in-chamber
or in-spray methods. Because each method samples a different population of droplets, the two methods
do not generally yield the same result. When material is released from the orifice, it can travel freely as
an unbroken jet until it impacts an obstruction and pools in the catch pans at the bottom of the chamber.
High-velocity release causes break-up of the spray jet resulting in the formation of a broad size
distribution of droplets or solid particulate (Mahoney et al. 2013; Schonewill et al. 2012). It is expected
that large droplets will follow a trajectory governed by the inertia imparted at initial release, drag, and
settling. Small aerosols are subject to similar forces, but can become entrained in the carrier phase (air)
and mixed throughout the chamber by turbulence created by the high-velocity spray.

In-chamber measurements employ aerosol analyzers installed several feet above the spray at both
upstream and downstream measurement locations. In this configuration, the aerosol analyzers
preferentially observe the smaller aerosols capable of being suspended and mixed throughout the
chamber. Large droplets may still be observed in in-chamber configurations, but require that the
analyzers be located in the downstream trajectory of the spray (or a portion thereof). For this reason,
determination of generation rate and release fraction from in-chamber measurements use mixing models
such as the continuously stirred tank reactor (CSTR) model used in Phase I analysis, for example see
Schonewill et al. (2012). In contrast, in-spray measurements employ aerosol analyzers that are located in
the direct downstream path of the jet. Specifically, measurements track the most optically dense region of
the spray at fixed downstream locations. In-spray measurements include both large and small droplets
generated by the spray, which allows direct association of measured droplet size distribution and spray
leak flow rate with release fraction and generation rate measurements.
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151 In-Chamber Measurement Basis

For spray leak analysis of the in-chamber results, the large-scale test chamber is modeled as bounded
control volume where aerosol is introduced by spray of a high-pressure liquid from a breach at a fixed
location. Aerosol is “lost” from the bounded control volume through deposition onto chamber surfaces
(primarily the chamber walls, ceiling, and floor). Other processes, such as evaporation or droplet
coalescence, can alter the size of aerosol. Deposition will cause the spray material to pool and collect
with the test enclosure and slowly displace free chamber volume over time. Because the largest sprays
tested in Phase II introduced at most 150 gal into test chambers with total free volumes of 3600 gal (for
the 10 ft chamber) or more, displacement will not result in a significant change in free aerosol volume
during individual spray tests and can be neglected. A basic material balance (Deen 1998) of the
aerosolized fraction of the spray within the chamber that falls within a size range bounded by diameters d;
and dy, yields the time rate equation for the aerosol concentration in size bin i:

d

EIV &dv = [ RgidS+ [, RydV + [, Ry;dV (1.1)
where ¢; = thelocal (position dependent) acrosol concentration for size bin i
R,; = the rate of loss of acrosol size i as a result of deposition at the chamber surface S
Ry; = the generation of aerosol size i caused by aerosolization of the spray
Ry; = non-spray generation/consumption that impact the apparent generation of aerosol.

Other variables not defined above include the time ¢ and the total chamber volume V. For the overall
mass balance, the terms associated with the net generation rate can be replaced by:

J, Rv,idV = f;;Qs (1.2)

where Q; is the volumetric flow rate of liquid generated by pressure through the engineered orifice and f; ;
is the fraction of that spray aerosolized to produce aerosol in size bin i. Equation (1.2) treats droplet
formation as a fractional aerosolization process and is the product of the total leak flow rate (Q;) and the
fractional aerosolization of the spray (f;;), which is equivalent to the aerosol release fraction (see
Equation (1.16) below). In terms of aerosol generation rate, Equation (1.2) is simply:

fV RydV = gs, (1.3)
where gg; is the droplet generation rate.

Aerosol material balance is impacted by non-spray terms that account for additional loss or
generation of aerosol in the chamber as a result of evaporation, downstream droplet break-up, and/or
coalescence with other droplets. These phenomena depend both on droplet concentration and on other
system parameters, such as the rate of turbulent mixing and relative humidity. The impact of these
processes can be approximated by zero and first-order concentration terms, such that

J, RnidV =gni—hf, ¢av (1.4)

Here, gy ; accounts for zeroth-order processes such as apparent generation by droplet break-up far
downstream of the orifice, and #4; is a generic loss coefficient for first-order processes. The negative sign
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convention is adopted to treat first-order process terms as aerosol loss mechanisms. Higher-order effects,
such as droplet coalescence, have a net effect but are not explicitly accounted for in the droplet balance as
they are considered small relative to the dominant first-order effect of wall loss (discussed later).

As discussed in the Phase I large-scale report, deposition loss mechanisms can be expressed as
first-order loss mechanisms with respect to concentration such that:

fS Rs'idS = — fS 65’1'175'1' -ndS (15)

where, v ; (a vector quantity) represents the convective, settling, diffusive, or inertial aerosol velocity
that deposits aerosols of size i onto the chamber surface or transfers them across the permeable system
boundary and ¢ ; is the concentration of aerosol at the surface of the chamber. Both parameters are
position dependent, and determining their exact values requires full solution of the convective equations
for aerosol motion in the chamber. Combining Equations (1.1), (1.3), (1.4), and (1.5) yields:

d n A A

Iy GdV == J &vs; ndS+ g5+ gy — i f, GidV (1.6)
Equation (1.4) can be simplified by using chamber averages for the time rate change in aerosol and

for aerosol loss terms. The average chamber concentration for aerosols in size bin i (denoted by ¢;) is

defined as:

1 N
C = ;fV CidV (17)

Likewise, the deposition terms can be similarly averaged to yield an expression for the average
surface concentration of aerosol:

1

Co; = —
SET wa

Jg &,vs;-ndS (1.8)

where the term o represents an average velocity for events that bring aerosol into contact with the surface
and ¢, ; is the average surface aerosol concentration. Substitution of these averages into Equation (1.6)
produces:

dei
d_ct =9si t 9n,i — Vhic; — q;Ac (1.9)

If we define a net generation rate g; and deposition loss coefficient 4, for size bin i as:

9i = 9si t 9ni (1.10)
A
hs,i :;(Xi (111)

Here, the first term indicates the net generation of aerosol and includes aerosol produced by initial or
in-flight break-up of spray. Substituting Equations (1.10) and (1.11) into Equation (1.9) yields
Equation (1.12):
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dc;

At = % — hiCi + hS,iCS,i (112)

This equation is similar, but not identical, to the average chamber aerosol concentration rise curve
equation derived in Appendix C of Schonewill et al. (2012). The primary difference is that one of the loss
terms depends on the average surface concentration of aerosol, c;;, which reflects that a portion of aerosol
within the chamber must reach a surface before it is removed from the system. If the aerosol is
considered to be immediately and uniformly mixed by chamber turbulence, there will be no difference
between the average chamber and average surface concentration of aerosols. In this case, Equation (1.12)
reduces to:

dei _ gi

EZV_AL'CL' (113)
where A; = h; + hg;. This can be integrated analytically, and yields the following standard exponential
rise equation, which is used throughout Phase I aerosol generation rate analysis for differential aerosol
concentration:

¢ =%(1 — e~hit) (1.14)

For spray leak analysis, aerosol quantities are usually expressed and worked with on a cumulative
basis. Two key parameters evaluated in spray leak analysis are the cumulative aerosol concentration (Cy)
and generation rate (Gy) undersize, which are defined as C = Z{-;l c;and G, = 2{":1 gi- The
concentration rise expression defined by Equation (1.14) is best suited for analyzing differential
concentration, as several generation and loss terms are size specific. However, Phase I testing indicates
that this expression also can be used to describe the dynamics of cumulative quantities. In terms of
cumulative aerosol concentration, Equation (1.14) becomes

Cp =~ (1 — e~Aut) (1.15)

- AV

where G; and A, are the cumulative analogues of the generation rate and release fraction. Large-scale
aerosol testing is expected to produce in-chamber measurements of aerosol concentration and size
distribution that can be used to determine the concentration rise curves for aerosols as a function of size.
These data are interpreted using Equations (1.14) or (1.15) to determine the acrosol generation rate, Gy, as
a function of test chamber configuration such as chamber length, size of breach, and pressure driving the
spray leak. From generation rates, the cumulative aerosol release fraction R, can be determined by:

R, =Z—’: (1.16)

This approach defines release fraction calculations for in-chamber measurements, which represent the
majority of the spray release measurements that were conducted in Phase II.

1.5.2 In-Spray Measurement Basis

In-spray measurements, which make up the remainder of spray leak measurements, employ a direct
approach for release fraction analysis, whereby the size distribution of the spray is measured in-flight
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before dispersing through the chamber or incurring loss from inertial impact on the splash wall. Under
this operating method, the in-spray size distribution may be assumed to be equivalent to the release
fraction (with a total aerosolized fraction of one). In-spray size distribution measurements can be made
using either flux or spatial based measurements. Flux measurements nominally observe particles that
pass through a measurement surface and determine aerosol size, velocity, and concentration. Spatial
measurements observe aerosol particles within a defined measurement volume and determine only droplet
size distribution and concentration. Flux-based methods are advantageous in that they are free of size
distribution measurement bias that results from differences in aerosol particle velocity as the
measurement area is typically set up so that only one particle at a time is evaluated and because any bias
from velocity effects can be corrected using the measured particle velocity. In contrast, spatial
measurements will be biased toward the slowest moving particles as these particles remain in the fixed
spatial measurement volume for greater periods of time relative to faster moving particles. Because
particle velocity is not measured by spatial techniques, no correction for this bias is possible. Despite this
limitation, spatial techniques are often superior to flux techniques because of their ability to measure an
ensemble of particles in a single measurement, producing a statistically significant and representative
measurement of size distribution in a very short period of time (~1 s). Flux techniques require small
measurement volumes and typically count and size aerosols on a particle-by-particle basis. As a
consequence, acquisition of statistically significant and representative size distributions with flux-based
measurements requires long integration times (typically 10 to 100 s). For the current report, in-spray
measurements are made using a spatial aerosol analyzer to facilitate rapid analysis. The impact of this
selection may be to over-estimate release fractions in the droplet size range of interest to WTP spray leak
consequence analysis (10 to 100 pum)

1.6 Success Criteria

At the start of Phase II testing, several success criteria were proposed to assess and help meet the
overall success of follow-on testing. These criteria are documented in Test Plan TP-WTPSP-031,
Rev. 1.0.

Tests aimed as satisfying Test Objective 10 will be considered successful if testing:

e Measure[s] the concentration and size distribution of known aqueous suspensions with the Malvern
used for aerosol measurements and quantitatively compare[s] the Malvern (Insitec-S) results with the
known values to estimate the Malvern (Insitec-S) accuracy for measuring aerosols.

Tests aimed at satisfying Test Objectives 12 and 13 (see Section 1.3) will be considered successful if
the following criteria are met:

e Measure the droplet size distribution, total volume concentration of droplets, and total volume flow
rate sprayed for each of the breaches and simulants tested.

e For in-spray measurements, measure the droplet size distribution for each of the breaches and
simulants tested.

e Characterize the viscosity or rheology, PSD, bulk density, and surface tension of each simulant tested.

o For the 30 Pa/30 cP simulant at the beginning of testing, at least one Bingham parameter is 30 = 4 Pa
or cP and the second Bingham parameter should be less than or equal to this upper target of 30 = 4 Pa
or cP.



For the 6 Pa/6 cP simulant at the beginning of testing, at least one Bingham parameter is 6 = 2 Pa or
cP and the second Bingham parameter should be greater than or equal to this lower target of 6 £ 2 Pa
or cP.

Measure the pressure and flow in the piping.

Calculate the large-scale test chamber volume from internal dimensions for chamber configurations
different from Phase I testing.

Finally, tests aimed at satisfying Test Objective 14 will be considered successful if:

Quantitative comparison demonstrates that the old and new lenses give equivalent results for aerosol
conditions that have droplet sizes in a range appropriate for both lenses.
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2.0 Quality Assurance

The Pacific Northwest National Laboratory (PNNL) Quality Assurance (QA) program is based upon
the requirements defined in the DOE 414.1D, Quality Assurance, and 10 CFR 830, Energy/Nuclear Safety
Management, and Subpart A—Quality Assurance Requirements (a.k.a., the Quality Rule). PNNL has
chosen to implement the following consensus standards in a graded approach:

e ASME NQA-1'-2000, Quality Assurance Requirements for Nuclear Facility Applications, Part 1,
Requirements for Quality Assurance Programs for Nuclear Facilities

o ASME NQA-1-2000, Part II, Subpart 2.7, Quality Assurance Requirements for Computer Software
for Nuclear Facility Applications

e ASME NQA-1-2000, Part IV, Subpart 4.2, Graded Approach Application of Quality Assurance
Requirements for Research and Development.

The procedures necessary to implement the requirements are documented through PNNL’s “How
Do I...?” (HDI) system, which is a web-based system for managing delivery of PNNL policies,
requirements, and procedures.

The Waste Treatment Plant Support Project (WTPSP) implements an NQA-1-2000 Quality
Assurance program, graded on the approach presented in NQA-1-2000, Part IV, Subpart 4.2. The
WTPSP Quality Assurance Manual (QA-WTPSP-0002) describes the technology life cycle stages under
the WTPSP Quality Assurance Plan (QA-WTPSP-0001). The technology life cycle includes the
progression of technology development, commercialization, and retirement in process phases of basic and
applied research and development (R&D), engineering and production, and operation until process
completion. The life cycle is characterized by flexible and informal QA activities in basic research,
which becomes more structured and formalized through the applied R&D stages.

The work described in this report has been completed under the QA technology level of
Developmental Work. WTPSP addresses internal verification and validation activities by conducting an
Independent Technical Review of the final data report in accordance with WTPSP procedure
QA-WTPSP-601, Document Preparation and Change. This review verifies that the reported results are
traceable, that inferences and conclusions are soundly based, and that the reported work satisfies the test
plan objectives.

! NQA-1 is the abbreviation for Nuclear Quality Assurance-1, a regulatory standard created and maintained by the
American Society of Mechanical Engineers.
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3.0 Simulants

This chapter describes the waste simulants used in the large-scale aerosol tests, states the basis for
their selection, describes the physical property measurement methods used, and reports the measured
physical properties of the simulants. The simulants and the basis for selection are discussed in
Section 3.1. The physical property measurement methods and the resulting measurements are reported
in Section 3.2.

3.1 Simulants Used

Table 3.1 summarizes the WTP process streams and typical ranges for important fluid properties.'
The ranges of properties and descriptions are only representative, and specific waste examples may vary
from these generalizations. These are the process streams that were represented by simulants in the spray
release tests. The non-Newtonian simulants represent slurries that are expected to be in the vessels
commonly referred to as the non-Newtonian vessels. These include the ultrafiltration feed vessels
(UFP-VSL-00002 A/B) and the high-level waste lag storage and blend vessels (HLP-VSL-0027 A/B and
HLP-VSL-0028). During some of the process steps, the slurries in the ultrafiltration feed vessel are
expected to exhibit a Newtonian rheology. Some of the other vessels are expected to contain Newtonian
slurries and include, but are not limited to, the high-level waste receipt vessel (HLP-VSL-00022) and the
ultrafiltration feed preparation vessels (UFP-VSL-0001 A/B).

Table 3.1. WTP Process Stream Categories and Representative Fluid Properties

WTP Process Stream Categories Particles Composition Viscosity Rheology
Ultrafilter permeate treated low activity Negligible Caustic solution Newtonian
waste (LAW) 5-10 M Na 2-3 cP
Cs ion exchange eluate Negligible Na, K, Cs ions with Newtonian

0.5 M HNO; 0.5 cP and above
Recycle streams <2 wt% 0.2-2 M Na Newtonian
0.5 cP and above
Newtonian slurries Approximately Up to 8 M Na Newtonian®
2-16 wt%™ about 1-3 cP
Non-Newtonian slurries Up to 0.2-2 M Na Non-Newtonian
~20 wt% 6 cP/6 Pa to
30 cP/30 Pa

(a) The upper limit of ~16 wt% corresponds to a limit of 200 g/L in the waste acceptance criteria (ICD-19 201 12).
A new upper limit of 144 g/L in a 7 M Na feed has been recommended, and this corresponds to about 10 wt%
solids (Campbell et al. 2010).

(b) This category also could be a weak non-Newtonian fluid based on the feed acceptance criterion that allows up
to 1 Pa Bingham yield stress slurries to be delivered to the WTP (ICD-19 2011).

" These categories and ranges of process parameters were provided by the WTP client as guidance for proposal
preparation.

21CD 19. 2011. ICD 19 - Interface Control Document for Waste Feed. 24590-WTP-ICD-MG-01-19, Rev 5, River
Protection Project, Waste Treatment Plant, Richland, Washington.
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Table 3.2 lists the target simulants presented in the test plan (TP-WTPSP-031, Rev 1.0) for the spray
release testing effort.'" The four simulant classes and materials were chosen to represent the range of
waste categories shown in Table 3.1. The last column in Table 3.2 shows how each simulant represents
one or more of the WTP process stream categories. Of the four classes of wastes listed, three were tested
during the Phase I large-scale tests. Water was used for shakedown and baseline testing during both
Phases I and II. One aqueous sodium thiosulfate solution was chosen during Phase I testing to represent
process streams in the WTP that are Newtonian fluids but with a higher viscosity. These include the
ultrafilter permeate/treated low activity waste (LAW), Cs ion exchange eluate, and recycle streams.
During Phase I, the non-hazardous boehmite slurry at 8 and 20 wt% in water was tested in the large-scale
system but no simulants exhibiting a significant non-Newtonian rheology were tested. The types of
simulants tested in both Phase I and Phase II were selected carefully to provide test data for each simulant
class within the schedule, budget, and safety considerations associated with 500 gal batches of simulant.
These constraints included chemical cost, disposal cost, time for preparation, time for cleaning, and
chemical hazards. A greater number of simulants were tested in the small-scale spray leak tests, including
the chemical slurry simulant (Mahoney et al. 2012, 2013).

Table 3.2. Target Simulants and the WTP Process Stream Categories

WTP Process
Simulant Class Material Target Property Range Stream Categories
Baseline Water Viscosity 1 mPa-s (1 cP) Rinse waters
Density 1000 kg/m’
Surface tension 73 mN/m
Range of Solutions of water and Viscosities of ~1.5, Ultrafilter permeate/
Newtonian non-hazardous salts (sodium ~2.5 mPa-s (1.5, 2.5 cP) treated LAW
viscosity nitrate and sodium thiosulfate) Cs ion exchange eluate
recycle streams
Range of Gibbsite, boehmite, or other PSDs of slurries were selected  Newtonian and
slurries (non- non-hazardous particulates in to match Hanford waste PSDs ~ non-Newtonian slurries
hazardous) water or dilute salt solutions 8 and 20 wt% solids
Washed and A washed and leached version of  The solids loading was Non-Newtonian slurries
leached the simulant used in adjusted in an attempt to meet
chemical slurry  Pretreatment Engineering target Bingham yield stresses
simulant Platform (PEP) testing of 6 and 30 Pa

(Kurath et al. 2009)

The non-hazardous slurry simulant chosen for Phase I large-scale testing was an 80/20 solids blend
of a kaolin/bentonite clay slurry simulant. The kaolin/bentonite mixture was chosen because it satisfied
the simulant selection criteria for a non-hazardous, non-Newtonian simulant that could be used in both the
small- and large-scale test systems during Phase II testing as outlined in Gauglitz 2011. The 80/20 kaolin/
bentonite clay simulant has been used historically in a variety of studies such as Poloski et al. (2004),
Bamberger et al. (2005), and Russell et al. (2005). A wide range of Bingham rheological parameters can
be obtained for an 80/20 blend of these two clay materials by varying the total clay fraction in water (wt%
solids). For Phase II, clay slurry simulants were tested in both the small- and large-scale test systems in

! Gauglitz PA. 2011. Test Plan for Spray Leak Quantification to Support WTP Spray Release Methodology.
TP-WTPSP-031, Rev 0.2, Pacific Northwest National Laboratory, Richland, Washington.
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order to obtain a direct side-by-side comparison with the chemical slurry simulants that were tested solely
in the small-scale system and for scaling comparisons between the small-scale and large-scale test results.
Two clay simulants were used during Phase II testing to quantify the release fraction results at the
rheology limits of 30 Pa/30 cP and 6 Pa/6 cP, respectively, for non-Newtonian slurries. The total solids
concentration of the 80/20 clay mixture was adjusted to achieve the Bingham parameter boundaries of

30 Pa/30 cP for the first simulant, depicted as “30 Pa Clay,” and a 6Pa/6¢P clay simulant for the second as
simulant, known “6 Pa Clay.” The rheological properties of the clay simulants were continuously
monitored during testing to ensure that the Bingham parameters fell within the targeted range as defined
in TP-WTPSP-031, Rev. 1.0.

Simulant samples were taken at the start of each test day and the rheological properties were
evaluated, and if necessary adjustments were made and subsequent samples taken until the rheological
properties were acceptable. For the simulant 30 Pa Clay, at the beginning of testing at least one Bingham
parameter was required near 30 Pa/30 cP (target range was 30 + 4 Pa or cP) and the second Bingham
parameter was less than or equal to the upper 30 + 4 Pa or cP target. The second clay simulant, 6 Pa Clay,
was adjusted by dilution so that at least one Bingham parameter was near 6 Pa/6 cP (target range was
6 = 2 Pa or cP) and the second Bingham parameter was greater than or equal to the lower 6 & 2 Pa or cP
target, at the beginning of testing. For all test performed with both clay simulants the target rheological
properties were met.

3.2 Physical Properties

The physical properties were measured from samples collected before, during, and after testing for
the 30 Pa Clay and the 6 Pa Clay simulants. The measurement techniques are described in Section 3.2.1,
and the results are presented in Section 3.2.2 and Section 3.2.3.

3.2.1  Characterization Techniques

Samples were characterized for physical and rheological properties including PSD, bulk density,
surface tension, solids content, yield stress, and consistency (viscosity for Newtonian fluids). Sample
analyses were performed according to procedures RPL-COLLOID-02, Rev. 2, Measurement of Physical
and Rheological Properties of Solutions, Slurries and Sludges; OP-WTPSP-004, Rev. 1, Operation of the
Mettler Moisture Analyzer; OP-WTPSP-035, Rev. 0, Measurement of Static Surface Tension of Liquids,
Dispersions, and Slurries; and OP-WTPSP-003, Rev. 1, Size Analysis Using Malvern MS2000
(re-issuance of TPR-RPP-WTP-626).

3.2.1.1 Solids Content

The total solids content of slurry samples by weight were determined using a Mettler-Toledo Halogen
Moisture analyzer (Model HR83, Serial No. 1129192189) in accordance with OP-WTPSP-004, Rev. 1,
Operation of the Mettler Moisture Analyzer. Approximately 5 to 10 grams of slurry material were
introduced into the moisture analyzer and a preprogrammed drying program was run. The program
consisted of an initial hold period of 30 min at 95°C and then a second temperature of 105°C was used to
complete the drying process. The criterion for ending the program was set to a mean weight loss of 1 mg
over a 140 s period. The results were recorded as dry content (i.e., total solids content) by the moisture
analyzer, the definition of this result is given by Equation (3.1).
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dry weight

Dry Content = x 100% (3.1

wet weight

3.2.1.2 Surface Tension

Supernatant samples were obtained from both the 30 Pa Clay and the 6 Pa Clay simulants for surface
tension analysis by centrifugation at 20,200 RCF using an RC5C Sorvall centrifuge coupled with a fixed
angle rotor model SS-34.

Surface tension measurements were performed using a commercial force-balance K-12 MK6
Tensiometer (Kruss USA) in accordance with OP-WTPSP-035, Rev 0, Measurement of Static Surface
Tension of Liquids, Dispersions, and Slurries. The tensiometer consists of a K-12 MK6 tensiometer
processor unit, a force measuring unit (the balance), a Wilhelmy platinum plate, and a quartz sample
vessel. Static surface tension of the supernatant obtained from the two clay simulants was measured
using the Wilhelmy method, which is based on a force measurement. A platinum plate with a known
geometry was vertically suspended above the sample liquid. The lower edge of the plate then was
brought into contact with the sample liquid surface. The sample liquid wets the plate and pulls it slightly
into the liquid by the Wilhelmy force, which results from the wetting. The Wilhelmy force is measured
by moving the plate up to the level of the sample liquid surface. The resulting force was determined from
the weight measured by the balance. Surface tension measurements were carried out at room
temperature, which was recorded at the time of measurement with a calibrated thermocouple.

3.2.1.3 Density

Bulk density of the clay simulant samples were measured using certified glass pycnometers (Wilmad
LabGlass) in accordance with RPL-COLLOID-02 Rev 2.0. All density measurements were performed at
a sample temperature of 20°C; this was achieved by equilibrating the samples in a 20°C re-circulating
water bath. Daily balance checks were performed with a calibrated 50 g weight when the balance was in
use. After the balance performance check, the tare weight of the pycnometer to be used was obtained and
recorded in the density measurement bench sheet. The pycnometer was then filled with the simulant fluid
to be measured. The gross weight of the pycnometer containing the simulant fluid was obtained and
recorded in the density measurement bench sheet. The net weight of the simulant fluid was calculated by
subtracting the pycnometer tare weight from the gross weight of the pycnometer containing the simulant.
The bulk density of the simulant fluid was calculated using Equation (3.2). Unless specified otherwise,
all density measurements were carried out at room temperature. Room temperature associated with each
density measurement was also measured using a calibrated thermocouple, and the thermocouple readout
was recorded in the density measurement bench sheet.

(3.2)

M
pP=<

where bulk density in g/mL
net weight of the simulant fluid in g

volume of the simulant fluid in mL.

< <o
Il
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3.2.1.4  Particle Size Analysis

Particle size characterization was accomplished using a Mastersizer 2000 (Malvern Instruments, Inc.,
Southborough, Massachusetts) with a Hydro G wet dispersion accessory (equipped with a continuously
variable and independent pump, stirrer, and ultrasound). The Mastersizer 2000 has a nominal size
measurement range of 0.02 to 2000 um. The actual range is dependent on the accessory and the
properties of the solids being analyzed. When coupled with the Hydro G wet dispersion accessory, the
nominal measuring range is 0.02 to 2000 pm (this is dependent on material density). Table 3.3 provides a
summary of basic information regarding the analyzer and accessory. A NIST traceable particle size
standard is used to evaluate the performance of the particle size analyzer in accordance with
OP-WTPSP-003, Rev. 1.0.

Table 3.3. Summary of Malvern Mastersizer 2000 Instrument Information

Analyzer Malvern Mastersizer 2000 (Serial No. MAL 1019545)

Measurement principle Laser Diffraction (Mie scattering)

Analyzer accessory Hydro G, 800 mL capacity

Measurement range 0.02 to 2000 pm nominal

Type Flow cell system with continuously variable and independent pump, overhead stirrer,
and ultrasound (20 watt full power).

Small aliquots of the simulant samples (<1 mL for slurries, ~0.2 to 1 g for dry simulants) were diluted
with de-ionized water in the Hydro G dispersion unit with pump and stirrer speed set typically at 2000
and 8000 rpm, respectively, for 60 s before making the particle size measurements. Appropriate dilutions
were determined by the amount of light passing through the diluted material (obscuration), which was
measured by the particle size analyzer. Samples were analyzed on the same aliquot initially without
sonication and then during sonication (100 percent, 20 W) after an initial sonication period of 60 s and
also post-sonication.

All simulant samples were well mixed before taking aliquots for PSD measurements. Measurements
were made on duplicate samples to confirm the mixing and sub-sampling technique; all PSD data
reported in this report are averages of six measurements taken from two different aliquots.

3.2.1.5 Rheology

Rheological characterizations were performed in accordance with RPL-COLLOID-02, Rev. 2.0 using
a Haake RS600 rheometer operated with RheoWin Pro 2.96 Software (Thermo Electron Corporation).
The RS600 rheometer is equipped with a low-inertia torque motor and a coaxial cylinder measurement
geometry. The drive shaft of the motor is centered by an air bearing that ensures an almost frictionless
transmission of the applied torque to the sample. Unless specified otherwise, all rheological analyses
were conducted at 25°C. Samples were gently shaken by hand to ensure complete mixing before
introducing them into the measuring device. Before any flow curves were measured, a pre-shear at a
constant 250 s™' rate for 3 min was performed on all simulant samples. Flow curves were obtained by
shearing the sample at a controlled rate from zero to 1000 s for 5 min, holding constant at 1000 s for
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1 min, and then shearing at a controlled rate from 1000 s™ to zero for 5 min. This procedure was
performed twice, and the second measurement was used for data analysis. Where possible, the down
ramp from 800 to 250 s was used to evaluate the flow curves.

Understanding and interpreting the flow curves is critical to assessing the rheology of the
non-Newtonian simulants used in Phase II. For these measurements, non-elastic flow of non-Newtonian
materials is characterized with rotational viscometry. The goal of rotational viscometry is measurement
of a material’s flow curve, which describes the shear stress response, 7 , as a function of applied shear

rate, 7/ (also called the rate-of-strain). The result of a flow curve measurement is a set of 7 versus 7/

measurements, which are called flow curve data. Flow curve data can be interpreted with several
constitutive equations that relate viscous stress to shear rate. Such analysis allows the flow behavior over
a broad range of conditions to be described with just a few rheological descriptors (e.g., viscosity, yield
stress, consistency, and flow index).

Flow curves were measured using a concentric cylinder rotational viscometer operated in controlled
rate mode. These types of viscometers operate by placing a given volume of test sample into a
measurement cup of known geometry. A cylindrical rotor attached to a torque sensor is lowered into the
sample until the slurry is even with, but does not cover, the top of the rotor. For a given concentric
cylinder geometry, both the radius and height of the rotor are known such that the gap distance between
cup and rotor and surface area of fluid contact can be determined. In addition, the top and bottom of the
rotor have recessed surfaces such that the fluid only contacts the radial surfaces of the rotor. A filled
rotor-in-cup test geometry is shown in Figure 3.1. Fluid flow properties of a sample are determined by
spinning the rotor at a known rotational speed, Q, and measuring the resisting torque, M, acting on the
rotor. Because fluid only contacts the rotor on the radial surfaces of rotation, all of the force resisting
steady-state rotation can be ascribed to shearing of the fluid in the cup-rotor gap. Assuming an isotropic
fluid and cup and rotor dimensions as shown in Figure 3.1, the torque acting on the rotor can be directly
related to the shear stress at the rotor using the equation,

M

T=——
27HR: a3)

Shear stress is measured in units of force per area [N/m?]. Calculation of the fluid shear rate at the
rotor is complicated by the fact that shear rate depends on both on the measurement system geometry and
the fluid rheological properties. For the simplest fluids (i.e., Newtonian fluids) the shear rate of the fluid
at the rotor can be calculated given the geometry of the cup rotor shear (see Figure 3.1) by using the

equation,
. 2R,
= —2_IQ 34
Y ( RL- R}] (34)
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Figure 3.1. Rotor and Cup Geometry Used in Rotational Viscometry Testing in Phase IT

Here, shear rate has units of inverse seconds [1/s]. Calculation of shear rate for materials showing
more complex shear stress versus shear rate behavior (i.e., non-Newtonian fluids) requires input of flow
curve parameters (e.g., yield stress and degree of shear-thinning or shear-thickening). Typically, because
the required input parameters are not known prior to measurement, this requirement is circumvented by
using a cup and rotor system with a small gap (~1 mm) such that shear rate effects introduced by fluid
properties are minimized. For these systems, Equation (3.4) provides an accurate determination of shear
rate for non-Newtonian materials.

The resistance of a fluid to flow can also be described in terms of the fluid’s apparent viscosity, 77,
which is defined as the ratio of the shear stress to shear rate:

N = — (3.5)
V4

The units of apparent viscosity are Pa-s; however, viscosity is typically reported in units of centipoise (cP;
where 1 cP =1 mPa-s).

The flow curve data provided in this section and in Appendix E are presented in plots of ras a
function of ]/ . As stated above, flow curve data can be interpreted with several constitutive equations

(i.e., flow curves), allowing characterization of that data with just a few rheological descriptors. The
behaviors of the slurries have been described by the Bingham plastic flow curve equation for the
simulants used in Phase II testing.
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Bingham plastics are fluids that show finite yield points. This stress (i.e., the yield stress) must be
exceeded before these types of materials flow. Once flow is initiated, the stress response of the material
is linear over the rest of the shear rate range. Bingham plastics are described by the expression

t=1"+k,y (3.6)

where Tf is the Bingham yield index (or stress) and & is the Bingham consistency index.

Concentrated slurries can show complex flow curve phenomena, including both time-independent and
time-dependent behaviors. Figure 3.2 outlines flow behaviors typical of sludge materials. With respect to
time-independent behaviors, yield stress materials can be classified by changes in the slope of the
equilibrium flow curve after material yield (see Figure 3.2a). Materials that show increasing slope with
applied shear rate are considered “shear-thickening” yield materials, whereas materials with decreasing
slope are considered to be “shear thinning.” Materials with constant slope after yield are referred to as
Bingham plastics. These types of flow behavior are time-independent and do not depend on the direction
the flow curve is being measured (i.e., the stress response is the same when measured with increasing
shear rate or decreasing shear rate). As such, time-independent changes are reversible.

o Bingham plastic static yield stress
shear-thinning - (up-ramp) up-ramp
2] ) 2]
92) n 2]
] 0] 0]
= ] ]
~ R -
©n wn wn
= = =
< < o]
2 g g
. . down-ramp
«» shear-thickening « dynamic yield stress «
yield stress (down-ramp)
shear rate shear rate shear rate

(2) (b) (©)

Figure 3.2. Summary of Flow Curve Behaviors Typically Observed for Concentrated Slurries, Including
(a) Common Time-Independent Behaviors, (b) Static and Dynamic Yield Stress, and
(c) Flow-Curve Hysteresis

Time-dependent flow curve phenomena refer to immediately irreversible (i.e., either short-term or
permanent) changes in the stress response of a material. These changes can be caused by the application
of shear or may simply occur over time. Time-dependent phenomena can be attributed to breakage of
slurry structure, settling of dispersed solids, or changes in the chemistry of slurry components. As shown
in Figure 3.2b and Figure 3.2c, time-dependent phenomena can manifest as the different static and
dynamic slurry yield stresses and as flow curve hysteresis.

3.2.1.6  Selection of Refractive Index for Laser Diffraction Analysis

The simulants tested in the current application consist of both pure liquids or solutions and
suspensions of solid particles in pure liquids or solutions. For the majority of aerosols generated from
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pure liquids or suspensions, determination of aerosol refractive index (RI) is straightforward because Rls
for the test solutions are available in the literature. In particular, the RI of water can be easily obtained
from general chemistry references.

While Rls are generally available for the liquids and supernates tested, assignment of appropriate
values for RI for aerosols generated during spray of slurries is not straightforward. Assigning Rls for
slurry systems is difficult because 1) aerosols generated by slurry sprays are heterogeneous composite
particles of solids either fully or partially encapsulated in water and 2) the composition of the composite
particles is not necessarily equal to that of the test slurry as confinement and jamming of particles at the
point of release may alter the composition and in-flight drag or evaporation may strip the aerosol of water
content or particles. For the purpose of estimating release fractions, a single RI may be assigned to the
system with the understanding that the concentration and size distribution derived from the laser
diffraction aerosol instrumentation used in the current testing may not be accurate. One of the following
three basic RIs can be assigned: 1) that of the solid component, 2) that of the liquid component, or 3) an
effective RI for a particular concentration of solid in liquid. For simple simulants, solid and liquid RIs are
generally available in the literature. These values can be used to bound the RI of aerosol composites and
are necessary inputs for estimating the effective RI of the composite liquid-solid aerosol.

Estimates of RI for composite solids can be made by using one of several mixing rules available in
the literature. These rules are derived for binary mixtures where optical properties of the pure
components are known. These rules are:

e Bruggeman Rule (Bruggeman 1935)

fﬂ +(1_f)w:0 (3.7)

€1 +2€e5f €xt+2€eff

Maxwell-Garnett Rule (Garnett 1904)

Eeff— €y — €1— € (3 8)
Eefft 262 €1+ 26, ’
e [ooyenga Rule (Looyenga 1965)
1 1 1
Eef?‘ =fe,* +(1-f)e,? (3.9)
e Monecke Rule (Monecke 1994)
_ 2{fe1+(1-f)e, ) ter e,
eff T T arpete-Ne (3-10)
e Hollow sphere equivalent (Bohren and Huffman 1983)
_ (B=2f)e;t+2feq
Ceff = &1 fe2+(3-fey (.11
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Here, f'is the volume fraction of component 1, & is the effective dielectric constant on the medium,
and & and & are the dielectric constants of component 1 and 2, respectively. The dielectric constant is
related to the complex refractive index (denoted by #) by:

€ =n? (3.12)

Of these five mixing rules, two appear amenable to extension beyond binary systems. These are the
Bruggeman and Looyenga mixing rules. From these rules, the following extension to multicomponent
systems is proposed:

o Extended Bruggeman Rule

€i—€eff _
Yifi e, =0 (3.13)
e Extended Looyenga Rule
Y 1
eefj: =Y fie,"? (3.14)

Here, f; and & are the volume fraction and dielectric constant of component i, respectively. These
multicomponent rules produce complex Rls that are in reasonable agreement with results produced by
nesting the binary rules to produce RI estimates for complex mixtures of particles.

The test matrix for the large-scale Phase II effort includes water and two double component solid
slurries. The following approach was used to determine RlIs for this diverse array of test mixtures:

1. Using standard chemical references, determine the RI for all solid components, pure liquids, and salt
solutions. For the salt solutions, the dissolved component concentration was measured directly or
determined by mass balance.

2. Determine the composition of all test mixtures in terms of volume fraction by mass balance or
available documentation of mixture chemical makeup.

3. Based on the composition determined in step 2 and the pure component and suspending phase Rls
assigned in step 1, calculate the RI of the mixture using the appropriate set of mixing rules (i.e.,
Equations (3.7) to (3.14)). The general approach used was to apply all of these mixing rules (five for
binary systems and two for multicomponent mixtures) to a given system. It should be noted that each
mixing rule produces a slightly different RI result; however, differences in the RI produced by
application of different mixing rules to the same chemical mixture typically occur in the third decimal
place, and as such, analysis of Malvern Insitec-S data using the different RI will not produce a
noticeable difference in final aerosol concentration or PSD results. To produce a single RI result for
analysis, the final composite RI for the mixture was calculated as the arithmetic average of the
RI results produced by the individual mixing rules.

RIs for all pure liquid and solid components and test slurries are presented in Table 3.4. In general,
the absorption index (i.e., the imaginary component) of pure solids is not available in the literature.
However, unless the solid particles are spherical, the imaginary component may be generally taken to be
non-zero. Likewise, even spherical aerosol droplets of supernatant that contain non-spherical insoluble
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particles also will have a non-zero absorption index. Because the exact value of solid particle absorption
index is not known, it has been set to 1.000 for all solid particles, such that they are represented (in terms
of Mie theory) as being completely opaque. Proper assignment of the solid particle absorption index is
not expected to strongly impact the size distribution result, as the diffraction result above 1 um is
expected to be robust with respect to order-of-magnitude changes in absorption index, as long as the RI is
reasonable for non-spherical particles (i.e., non-zero and on the order of 0.01 to 1).

Table 3.4. Refractive Indices for Simulants Used in Large-Scale Spray Leak Testing. The RI of pure
components has been taken from reference sources available in the literature. Rls for
mixtures have been calculated using both binary and multicomponent mixing rules. Both the
real (RI) and the imaginary (i.e., the absorption index) components of the complex RI are
given. All Rls are listed to three decimal places to demonstrate the value of RIs provided to
the Malvern Insitec-S software. Real RI values are typically significant to two figures,
whereas imaginary RI values are significant to one figure.

Absorption Index
Refractive (Imaginary Refractive
Component Method® Index (Real) Index Component)
Pure Liquids and Solutions
Water Reference 1.330 0.000
Pure and Mixed Solids
Kaolin-Bentonite Solids Calculated 1.592 1.000
Slurry Systems
30 Pa Clay Calculated 1.378 0.148
6 Pa Clay Calculated 1.389 0.119
Slurry System Suspending Phase

30 Pa Clay Reference 1.330 0.000
6 Pa Clay Reference 1.330 0.000

(a) Method: 1) Reference means the indexes are taken from a reference chemical handbook or literature source
and 2) calculated means the indexes are determined by known component indices and averaging of all
mixing rules (two for binary systems and five for multicomponent systems).

3.2.2 Newtonian Simulant

The Newtonian simulant used in large-scale testing was tap water from the Richland, Washington,
municipal water system. Table 3.5 documents the physical properties of water; these properties were
included in all data collected corresponding to Newtonian aerosol testing. During Phase I testing, the
surface tension of the tap water was measured as 72.25 + 0.07 mN-m™', which agrees with values
documented in the literature. Surface tension measurements for tap water were not repeated for the
Phase II tests.
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Table 3.5. Newtonian Simulant Properties for Large-Scale Aerosol Tests

Property Water
Target solution density (kg/L) 0.998@
Reference surface tension (mN/m), at 25°C 71.99 +0.36®
Tap water surface tension (mN/m), at 25°C 72.25 +0.07°
Target viscosity (mPa-s) 1.002®

(a) Water bulk density and viscosity at 20°C from the CRC Handbook, 56™ Edition,
pp. F-11 and F-47. 1 mPa's=1 cP.

(b) J.Phys. Chem. Ref. Data Vol. 12, No. 3, 1983.

(¢) Measured during Phase I testing, error given is the standard deviation.

3.23 Non-Newtonian Simulant

The physical properties for both non-Newtonian clay simulants used during large-scale aerosol testing
are given in Table 3.6. The clay simulants were prepared in water provided by the City of Richland as
described in Chapter 5 of this report.

The rheological targets for both the clay simulants were readily achieved during large-scale aerosol
testing with minor adjustments usually resulting from simulant dehydration due to tank head space or
dilution resulting from clay recycling activities. The average values reported in Table 3.6 have been
generated from the daily samples that were collected each day of clay testing to ensure that the targeted
rheological properties were being met. Ten samples were taken and averaged for the 30 Pa Clay, while
nine samples were averaged for the 6 Pa Clay. The error values reported in Table 3.6 are the tolerance
limits, which for the purposes of this report are defined as twice the standard deviation of the data set.
Typical rheograms obtained for the 30 Pa Clay simulant are given in Figure 3.3 and Figure 3.4.

Figure 3.3 shows the initial rheogram of the unused 30 Pa Clay simulant for the first batch of clay used
during testing. The second rheogram shown in Figure 3.4 was taken from the second batch of clay
simulant. The second batch of clay was reclaimed from the test chamber and reused for subsequent tests
after its initial use. Typical rheograms for the 6 Pa Clay simulant have also been given in Figure 3.5 and
Figure 3.6, again Batch 2 was made from reclaimed clay slurry.

The measured bulk densities for both clay simulants are in agreement with the calculated theoretical
densities and are consistent with the measured weight percent of total solids. The surface tension of the
simulant supernates was measured after centrifuging at 20,200 relative centrifugal force (RCF). The
resulting supernates were yellow, which suggests that soluble organic compounds leached from the clay
simulants. The surface tension measured for the supernates from both clay simulants was found to be
slightly less than that of tap water. The values appear to be within the method error.
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Table 3.6. Non Newtonian Simulant Properties for Aerosol Tests

Property 30 Pa Clay 6 Pa Clay
Measured wt % TS (%) 32.32+0.64*" 27.10 + 1.40@°
Calculated slurry density (kg/L), 20°C 1.242 1.195

Measured slurry density (kg/L), 20°C
Surface tension, Supernate (mN/m), 25°C
Bingham yield stress (Pa), 25°C
Bingham consistency (mPa-s), 25°C

1.249 + 0.009*
71.91 +0.10@9
25.51 +£3.12@D
29.72 + 6.01@»

1.201 + 0.012®

71.66 + 0.03®9
6.72 + 1.49@9

12.012 £ 1.71@c)

(a) Error analysis is calculated at the tolerance limit, defined as twice the standard deviation.
(b) Average of ten samples, one sample collected each day of testing.

(c) Average of nine samples, one sample collected on each day of testing.

(d) Average of two measurements on the same sample aliquot.
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Figure 3.3. Flow Curve of the 30 Pa Clay Batch 1Simulant Prior to Testing. The Bingham parameters
were analyzed from the down-ramp between 250 and 800 v.
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A select number of percentiles are presented in Table 3.7 for both unsonicated clay simulants. The
cumulative volume percent undersize PSD for both simulants unsonicated and post sonication is shown in
Figure 3.7 and the differential PSD of the unsonicated material is given in Figure 3.8. The PSD analysis
was measured under conditions of flow and sonication, as well as unsonicated and post-sonicated.
Sonication did not appear to have any impact on the PSD of either clay simulant, suggesting that the clay
was well hydrated and the PSD results represent primary particle sizes. The particle size data presented
here is the average of 12 and 15 measurements for the 30 Pa Clay and 6 Pa Clay, respectively, taken from
multiple samples collected on different days.

Table 3.7. Summary of Selected Percentile Values for Measurements Taken at 1 min Recirculation
Time, for Unsonicated, 30 Pa Clay and 6 Pa Clay Simulants

30 Pa Clay 6 Pa Clay
~32 wt% ~27 wt%
Percentiles Unsonicated® Unsonicated®
d(0.01) 035 0.35
d(0.05) 0.60 0.60
d(0.10) 0.92 0.92
d(0.25) 2.06 2.07
d(0.50) 5.13 5.13
d(0.75) 13.0 12.9
d(0.90) 28.3 27.6
d(0.95) 44.4 428
d(0.99) 93.4 88.4

(a) Average of 12 measurements taken from four samples.
(b) Average of 15 measurements taken from five samples.
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4.0 Test Equipment and Instrumentation

This chapter briefly describes the large-scale test system equipment and the key instrumentation used
to measure aerosol concentration and size distribution during Phase II testing. Where applicable, we refer
readers to the Phase I large-scale spray release testing report (Schonewill et al. 2012) for detailed
descriptions of test equipment and instrumentation.

4.1 Test System

The large-scale test system was designed and built to accomplish the test objectives discussed in
Section 1.3 of this report. The Phase II design provided additional flexibility in chamber size relative
to the Phase I test configuration, allowing chamber lengths of 5 to 39 ft in total length while maintaining
the same cross-sectional chamber area used in Phase I testing. Phase II tests employed the same spool
system to accommodate a broad range of test orifices. In addition, two measurement approaches to
accurately measure the volumetric spray rate generated by high-pressure flows through the test orifices
were implemented by collecting data from 1) load cells on the test simulant feed and storage vessels to
monitor loss of fluid from the circulation loop as a result of the spray and 2) Coriolis flow meters
upstream and downstream of the orifice to directly measure the loss of fluid through an orifice by flow
rate differences during testing.

A schematic of the large-scale test system designed and built in Laboratory 184 of the Applied
Process and Engineering Laboratory (APEL) is shown in Figure 4.1. The system consists of the
following major components: 1) flow loop, 2) test chamber, 3) aerosol instrumentation, 4) general
instrumentation, and 5) data acquisition systems (DAS). This section briefly summarizes the design and
operating characteristics of these large-scale test system components; a full description of these
components may be found in Schonewill et al. (2012).

4.2 Flow Loop

The flow loop and associated instrumentation, detailed through the Process and Instrumentation
Diagram (P&ID) in Figure 4.2, is composed of the primary loop section, which includes the breached
pipe, three variable speed centrifugal pumps in series, two Coriolis flow meters, pressure sensors (PSs),
resistance temperature detectors (RTDs), load cells, and ancillary equipment such as 500-gal simulant
feed/storage tanks, transfer pump, and agitators. The loop was designed to produce sprays from
prefabricated spool pieces, called “test sections,” with prototypic breach sizes varying from the smallest
to the largest postulated breach in a 3 in. schedule 40 pipe. Except for the largest breach/orifice
(2.74 x 76 mm), the loop can maintain fluid velocities at or above 6.5 ft/s with pressures from 100 to
380 psig during sprays.

During spray release tests, simulant was delivered into the closed loop via a 3 in. flexible hose linking
the bottom of the feed tank (TK-2) to the inlet of the first pump (P-1), through the upstream Coriolis flow
meter (FE-1), the next two pumps in series (P-2 and P-3), passing through the test section (bypass leg not
used) before entering the downstream Coriolis flow meter (FE-2), and returning to the feed tank (TK-2).
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Capture/Waste
Tank

Figure 4.1. Schematic of the Large-Scale Test System

In addition to the primary flow system, varying lengths of extension piping were added to the flow
loop to achieve 3.5, 19, 28, and 38 ft nominal distances from the spray orifice to the back wall (or splash
wall) in the 39 ft chamber to evaluate the effect of spray distance and distance from the splash wall on the
aerosol concentration and PSDs.

Fluid velocities greater than 6.5 ft/sec and pressures of up to 380 psig at the test section were
achieved using three Krebs millMAX centrifugal pumps connected in series and controlled using
Honeywell variable frequency drives (VFDs) in a slave/master configuration to match the frequency
of the upstream or master pump. Pressure in the loop was regulated using two globe valves (GV-1 and
GV-2 in Figure 4.2) that were located downstream of the test/bypass sections. Multiple RTDs and
absolute pressure transducers were installed in the system to monitor temperature and pressure conditions,
respectively.

The flow rate through the recirculation loop was measured both upstream and downstream of the
spray orifice using two Coriolis mass flow meters (FE-1 and FE-2 in Figure 4.2). The location of the
flow meters allowed the spray leak flow rate to be determined from the differences in the flow rates
during the spray release tests. Alternatively, the spray leak flow rate also was determined by measuring
the feed tank (TK-2) mass change indicated by load cells. The feed tank (TK-2), the storage tank (TK-1),
and the capture/waste tank (TK-3) all were mounted on individual load cells so mass changes in each tank
could be monitored.

4.2



194

/2" PIFE

@
*
TK-3 SKID
T i R
1
1
1
|
|
|
|
|
|
|
|
I
1
o :
|
—————

=3

3" PIPE

1 | i}
1 M I
o
st (! ! v 0 1 ____ -2
v
|
e |-
- ! =
‘ It -
2" out RLPTURE 1= |8
1 OF PUMP DISK I : = | E
i 2x%3 i PibE 5} I8
VFD-3 7 | F ; =
= o e |E
77777777777777777777 ‘f ‘ﬂ BV-5 = i
2" FIFE 2% 3
" T
2* FIFE ——| ]
= PPE——| | ! = ! ]
3* FIFE e ! 1 I iy
Y
e 3" PIPE
-
3" PIPE —f

%V
i 3" HOSE

LEGEND

3 WAY T WALVE TANE MIXER

TEMP SEMZ0OR Laan CELL

I mow ueree PRESSURE RELIEF k} DIFF FRESSURE

| PRESSURE SENSOR PUMP
ok, el @ FLANGE cHANGE  —| |—

_____ FLANGE: . N N Ball WALVE =] HIPE

“PUMP SKID
GLOVE WALVE (-] ELEGTRICAL: &y

<HOSE

Tk—2 SKID

Figure 4.2. P&ID Diagram of the Large-Scale Spray Release Test System



The working capacity of the feed (TK-2) and storage (TK-1) tanks was approximately 500 gal each,
and 2 hp mixers each connected to a VFD provided agitation for each tank. These two tanks included
diffusers designed to spread the returning fluid horizontally and minimize vortexing, were baffled to
improve mixing, and contained internal cooling coils to maintain a constant temperature during the tests.
The feed tank (TK-2) served as the primary simulant feed source to the recirculation loop during testing,
while the storage tank (TK-1) supplied makeup fluid to the feed tank (TK-2) via a transfer pump. The
makeup fluid from the storage tank allowed operators to maintain the hydrostatic head in the feed tank
(TK-2) within a few inches, thereby providing a constant net positive suction head to the pumps. This
operational requirement in Phase I testing was relaxed during Phase II work.

The main function of the capture/waste (TK-3) tank was to support simulant capture and recirculation
loop flush operations. The working capacity of the tank was approximately 1000 gal. Also, this vessel
could receive the recirculation loop discharge when testing with an open flow loop configuration (if
required). Although the open loop configuration was never used during actual test runs, it was always
used during flush operations when cleaning the recirculation loop.

4.3 General Instrumentation

Several instruments were used to acquire data for the test operating conditions. A P&ID for the
large-scale test configuration showing the various instruments and their locations is provided in
Figure 4.2. These instruments also are listed in Table 4.1 along with the relative location, manufacturer,
model, and accuracy specifications. The data quality associated with each of these instruments also is
listed in Table 4.1. In the table, the entry “NQA-1" in the Data Quality column implies that the data
meets the NQA-1 requirements for the project by ensuring that the instrument has been either calibrated
by an approved vendor or through approved PNNL procedures. Instruments that are listed under the
category “For Information Only” are those that are used to provide information to the test operator.

The type of instrumentation used in Phase II testing did not change from Phase I. However, the
manufacturer and model of pressure transducers was changed from an Omega PX440E0-500GI to a
Cole-Parmer C206/68073-14 for PS1, PS2, PS4, and PS5 (see Figure 4.2 for locations). Note that the
instruments listed in Table 4.1 and the P&ID in Figure 4.2 do not show the aerosol concentration
measurement devices that are included in the spray chamber. These aerosol concentration measurement
devices are discussed in Section 4.5. A measuring and test equipment (M&TE) list that includes
calibration information was maintained separately for the project. This list tracked any changes to the
instruments that were added or removed from the large-scale test system. Data from the sensors listed in
Table 4.1 were logged on a DAS running Allen Bradley programmable logic controller (PLC) data
acquisition and control software. The PLC-based DAS was chosen for this application because of its
robustness and versatility; that is, it would allow expansion to an automated control system if desired.
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Table 4.1. Instrumentation Used for Process Parameter Measurements

Parameter Measured Relative Test Location Manufacturer Model Accuracy Data Quality
Storage Tank (M-1) HI HLPS (18000%#) +4.51b NQA-1

Weight Feed Tank (M-2) Hardy Instruments HI HLPS (18000%#) +4.51b NQA-1
Capture/Waste Tank (M-3) HI HLPS (9000#) +2.251b NQA-1
Feed Pump 1 (PS1) C206/68073-14 +2.5 PSI For Information Only
Feed Pump 2 (PS2) C206/68073-14 +2.5 PSI For Information Only

. Cole Parmer

Test Section (Absolute) (PS4) C206/68073-14 +2.5 PSI NQA-1

Pressure Test Section (Backup) (PS5) C206/68073-14 +2.5 PSI NQA-1
Feed Pump 3 (PS3) PX44E0-500GI +2.5 PSI For Information Only
Flow Meter 2 (PS6 and PS7) Omega PX44E0-500GI +2.5 PSI For Information Only
Globe Valve 2 (PS8) PX44E0-1KGI +5.0 PSI For Information Only
Test Chamber (RH1) For Information Only

Humidity Test Chamber (RH2) Omega HX93DAC-RP1-F +2.5% RH For Information Only
Ambient (RH3) For Information Only
Test Chamber (TS1) NQA-1
Ambient (TS2) NQA-1
Storage Tank (TS3) NQA-1

Temperature Omega PR-13-2-100-1/4 +1°F
Feed Tank (TS4) NQA-1
Capture/Waste Tank (TSS5) NQA-1
Test Section (TS6) NQA-1
Downstream of Pump 1 (FE-1) NQA-1

Flow Rate Downstream of Primary Pres. MicroMotion F300S +0.027 gal For Information On ly
Reg. Valve (FE-2)
Downstream of Pump 1 (FE-1) NQA-1

Density Downstream of Primary Pres. MicroMotion F300S +0.0001 g/cm’

Reg. Valve (FE-2)

For Information Only




4.4 Phase Il Test Chamber Configurations and Spools

The test/spray chamber design used in Phase I, shown schematically in Figure 4.3, also was used in
Phase II testing. However, the chamber length for Phase II tests was extended to include options for 25,
30, 34, and 39 ft total chamber lengths. Aerosols generated from the test section are contained in the test
chamber and are characterized to determine the size distribution of aerosol droplets and the total droplet
volume concentration as a fraction of the total spray volume.

Test Section
{Spray Header)

Test Chamber

Figure 4.3. Schematic of the Spray Chamber

The spray chamber was designed to meet the following requirements:

e It is adjustable from a minimum size of ~4 ft wide x 8 ft high x 5 ft long (~160 ft’ volume) to a
maximum size of ~8 ft wide x 8 ft high x 39 ft long. The test chamber volume is incrementally
adjustable in increments of 5 ft in length (one section is 4 ft for the 39 ft chamber) and 2 ft in width.

e [t is constructed of materials (primarily stainless steel sheets) that have minimal affinity for attracting
or interacting with aerosols (e.g., through high static charges) generated during the testing.

e Non-aerosolized liquid is directed to a collection vessel.
o [t is accessible for mounting aerosol characterization instruments.
o [t has viewing ports for visually observing and video/still camera for recording the discharging spray.

o The enclosed volume is calculated easily.

4.6



o [t is easily cleaned of simulant materials when not in use.

o [t has an exhaust system for clearing/evacuating aerosols between tests.

Throughout testing, the fluid volume that collects at the bottom of the chamber was minimized via
sump pump transfer from the test chamber to a tank, tote, or drain. The windows were covered during
testing to preclude any potential light interference with the aerosol measuring instruments (discussed in
Section 4.5). In the absence of sprays, the back wall (i.e., the splash wall) could be removed to allow easy
access to the chamber by operators if needed.

The various spray chamber configurations used during Phase II testing and corresponding chamber
volumes are summarized in Table 4.2.

Table 4.2. Spray Chamber Configurations and Chamber Volumes

Malvern Insitec-S Number of Malvern Spray

Spray Spray Instrument Support Insitec-S Spray Header Chamber

Chamber Chamber Type [Frames(F) or Instruments in Extension Volume
Identifier  Length (ft) Spacer Bars (S)] Chamber Configuration (m®)
10S2A 10 Spacer Bars 2 No Extension 13.7
20S3A 20 Spacer Bars 3 No Extension 27.5
20F3A 20 Frames 3 No Extension 27.5
30S3A 30 Spacer Bars 3 No Extension 41.4
39S3A 39 Spacer Bars 3 No Extension 53.9
39S3B 39 Spacer Bars 3 120” Extension 53.9
39S3C 39 Spacer Bars 3 228” Total Extension 53.8
39S3D 39 Spacer Bars 3 412” Total Extension 53.8
39F3A 39 Frames 3 No Extension 53.9

(a) The spray chamber identifier (i.e., chamber configuration) includes five characters that is generically presented
as #X#Y. The first two characters represent chamber length (10, 20, 30, or 39 ft). The third character (X)
represents the Malvern Insitec-S instrument support type and is either spacer bars (S) or frames (F). The fourth
character represents the number of Malvern Insitec-S instruments installed in the chamber (1, 2, or 3). The fifth
character represents the spray header extension configuration with the following definitions: A = no extension,
B = 120 in. extension, C = 120 in. + 108 in. extensions, and D = 120 in. + 108 in. + 107 in. + 77 in. extensions.

The test section is a spool piece that has spray orifices (i.e., circular holes and slots) through which
the fluid is discharged to create the spray leak for characterization (i.e., release fraction and PSD). For the
testing discussed in this section, a 2 mm circular hole and three different slots (ranging from
1.0 mm x 10 mm to 1.0 mm % 76.2 mm) were tested to establish the release fraction and PSD. The
various spray orifices used during testing are detailed in Table 4.3.
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Table 4.3. Orifice ID and Geometries Used for Phase II Large-Scale Testing

Nominal Orifice Size

Diameter or Length x Measured Dimensions Orifice Area

Orifice ID Shape Width (mm) (mm) (mm?)

1 X 76 mm slot S4A Slot 1.0 x 76.2 horizontal 0.96 x 76.11 7314
(axial)

2 mm hole S8A  Circular 2 2.00 3.14

1 x 10 mm slot SSB Slot 1.0 x IO.horlzontal 0.95 x 10.02 9.53
(axial)

1 x 20 mm slot 33C Slot 1.0 x 20.h0r120nta1 0.99 x 20.01 19.83
(axial)

Both spool 4 (S4A) and spool 8 (S8A, S8B, and S8C) test sections are shown in Figure 4.4 and
Figure 4.5, respectively. These test sections typically consists of an 18.24-in.-long 3-in.-diameter,
schedule 40 pipe spool. As shown in Figure 4.5, smaller spray orifices allowed multiple orifices to be
machined on one spool piece.

1.0mm X 74.2mm

/
/ SEEDET 1.5+

e

AN

| r.25 ol

Figure 4.4. Schematic of Spool 4 Test Section

To facilitate spray initiation and cessation for each test, individual orifices were sealed with a
specially designed release assembly that allowed the orifice to be opened when the desired conditions in
the recirculation loop were met. The spray release assembly consisted of an over-center lever positioned
at each orifice. Each release lever was opened using a manual pull-rod from outside the test chamber. A
test spool with the spray release assembly attached is shown in Figure 4.6.
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4.5 Aerosol Instrumentation

During Phase II testing, only the Malvern Insitec-S open-frame process aerosol analyzers (Malvern
Instruments, Ltd.) were used for measuring aerosol concentration and size distribution. In contrast,
Phase I work used both the Malvern Insitec-S and a Process Metrix process particle counter (PPC)
(Process Metrix). During Phase I testing, the results, which are discussed in Chapter 8 of Schonewill
et al. (2012), indicated that the Malvern Insitec-S instrument was best suited to be the primary aerosol
measuring instrument; therefore, the Process Metrix PPC was not used in Phase II testing. In the sections
that follow, the principles of measurement and operational specifications for the Malvern Insitec-S
analyzer are described in detail. These discussions include information on instrument locations and
installation configurations in the large-scale test chamber, data collection/sampling rates, and the primary
measurement input parameters (e.g., refractive index).

45.1 Malvern Insitec-S Operating Principle

Three Malvern Insitec-S aerosol analyzers were purchased for use during large-scale spray leak
testing. The Malvern Insitec-S analyzer is an open-frame aerosol size analyzer that uses laser diffraction
to determine aerosol size and concentration. The basic instrument setup and operating principle are
illustrated in Figure 4.7. The Malvern Insitec-S consists of a relatively broad 10 mm-diameter laser
source positioned opposite a photodetector assembly. The volume swept by the laser beam as it passes
from the laser source to the photodetector assembly defines the Malvern Insitec-S measuring volume.
The distance between the laser source and the photodetector is set by spacer bars that typically range in
length from 150 to 500 mm. For 150 and 500 mm spacer bar lengths, the measuring volume swept by the
laser is ~5.5 and ~33 cm’, respectively. For Phase II testing, the spacer bar length was increased to
1000 mm to increase aerosol concentration sensitivity by increasing the measuring volume swept by the
laser to ~74 cn’.

| photo detector

ass o .

g particle scatters array

windows ) °
laser light across

\ ° detector array
. ° : d .-

- i

10 mm diameter 4 °
[ ]
laser source (660 500 mm detector

nm) o R
spray ° '\ lens alignment
shrouds stage

aerosolized spray
droplet

Figure 4.7. Schematic of the Basic Malvern Insitec-S Aerosol Analyzer Setup and Operating Principle

The photodetector assembly consists of a Fourier lens that focuses the laser onto a ring photodetector
array. During operation, undeflected laser light is focused onto a laser power detector at the center of the
ring detector. Deflected laser light is focused onto one of 32 photodetector rings on the surface of the
photodetector assembly. The displacement of the deflected light from the center of the ring detector is
proportional to the angle at which the laser light has been diffracted.
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The Malvern Insitec-S functions by continuously monitoring and recording both the intensity of
undeflected laser light striking the central detector relative to the background intensity when no aerosol is
present (termed the transmission) and the light scattering pattern generated by scattering of laser light by
aerosol in the measuring zone. When an aerosol particle enters the measuring volume, it scatters light in
all directions. However, the intensity of scattered light varies as a function of scattering angle and
generates a scattered light pattern that is unique to particles of that size and morphology. As the
measuring volume of the Malvern Insitec-S is large, the instrument is capable of simultaneously
measuring multiple particle scattering events in a single measurement. Using Mie scattering theory and
given the nominal optical properties of the aerosol and the suspending phase, the scattered light pattern
generated by the particle ensemble can be analyzed to determine the size distribution of aerosol particles.
Diffraction of the laser beam yields a loss of intensity of the laser beam that strikes the central detector
relative to the intensity measured when no aerosol is present (termed the background laser intensity).
This decrease in intensity, along with the size distribution estimated from the scattered light pattern, can
be used to determine aerosol concentration.

The specific size and concentration range of the Malvern Insitec-S as configured for Phase 11
large-scale aerosol testing are as follows:

e Size Range. The nominal size range that can be measured by the Malvern Insitec-S is defined by the
focal length of the Fourier lens used to focus laser light on the photodetector. A 500 mm lens was
employed for all Phase II large-scale matrix testing. This lens yields a nominal measuring range of
2.5t0 2500 um. Select functional tests conducted before and during primarily Phase II matrix testing
employed a 100 mm lens with a nominal measuring range of 0.5 to 200 um.

e Concentration. The nominal range of concentration that can be detected by the Malvern Insitec-S
analyzer strongly depends on the instrument setup and spray configuration. In general, the Malvern
Insitec-S can measure aerosols in the range of 0.01 to 1000 parts per million volume (ppmv). The
specific range achievable in a given experimental setup is determined primarily by the length of the
spacer bars and the geometry of the spray. Longer spacer bars allow lower aerosol concentrations to
be probed, but also reduces the aerosol concentration at which the detector saturates. The geometry
of the spray also has a strong impact on the range of aerosols that can be detected by the instrument.
For example, high aerosol concentrations can be measured if the aerosol is confined to a limited
portion of the measurement volume, such as fan sprays. However, correct interpretation of aerosol
concentration for such sprays requires knowledge of the spray geometry relative to the measurement
volume. The Malvern Insitec-S measurement software allows input of spray geometry and spray
concentration profiles to correctly determine the concentration of localized sprays.

45.2 Phase Il Malvern Insitec-S Frame Configuration and Installation Location

In Phase II testing, the 1000 mm spacer bar and frame configuration was used for “in-chamber” and
“in-spray” measurements of release fraction, respectively. In the “in-chamber” configuration, all Malvern
Insitec-S analyzers were positioned above the spray at approximately half the distance between the path
of the spray and the top of the chamber. Figure 4.8a shows three Malvern Insitec-S instruments in their
in-chamber measurement configuration. All three instruments employed 1000 mm spacer bars and were
installed above the expected path of the spray. During “in-spray” testing, measurements were made in
which the Malvern Insitec-S analyzers were placed directly in the path of the spray. Customized
1000 mm rectangular hanging frames were fabricated for “in-spray” measurements; these rectangular
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frames enabled “in-spray” measurements to be taken without the spray hitting the spacer bars, thus
eliminating or minimizing impact to aerosol concentration and size measurements made at downstream
Malvern Insitec-S analyzers. Figure 4.8b shows three Malvern Insitec-S aerosol analyzers set up for
in-spray measurements on the custom in-spray frames.

(a) — In-Chamber Malvern Insitec-S Configuration 7 (b) —In- Spray Malvern Ins1tec S Configuration

Figure 4.8. Malvern Insitec-S Aerosol Analyzers Configurations. (a) The “in-chamber” configuration
employing 1000 mm spacer bars, and (b) the “in-spray” configuration using custom built
hanging frames that limit impingement of the spray on the Malvern Insitec-S support frame.

For in-chamber measurements, the Malvern Insitec-S analyzers were installed at different locations in
the large-scale test chamber to allow profiling of the aerosol concentration as a function of test position.
Key instrument locations and spacing dimensions used for in-chamber testing are illustrated in Figure 4.9;
their values are listed in Table 4.4. Dimension A measurements are referenced from the spray header
wall to the leading edge of the Malvern Insitec-S mounting end-plate. To convert Dimension A to the
actual horizontal distance between the spray orifice face and the Malvern Insitec-S laser beam centerline
requires the subtraction of 13 in. (spray orifice face to spray header wall distance) and addition of 4.8 in.
(Malvern Insitec-S mounting end-plate edge to laser beam centerline).

When testing in chambers longer than 10 ft in length, three Malvern Insitec-S analyzers were used.
Analyzers were spaced evenly through the chamber and were placed 1) near the spray header, 2) at the
“middle” of the test chamber, and 3) near the splash wall. It should be noted that the in-chamber spacing
of Malvern Insitec-S analyzers used in Phase II differs from that used in Phase I, in which two of the
aerosol analyzers were more closely spaced near the spray. Phase I testing located the Malvern Insitec-S
aerosol analyzers at 3.3, 6.2, and 13.3 ft from the wall near the spray header (as measured by Key
Dimension A). The change in Malvern Insitec-S spacing for Phase II testing was done to more closely
match the physical location (and associated chamber volume) of each analyzer to assumptions made for
analysis of in-chamber data.
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Figure 4.9. Two Schematic Views Showing Key Dimensions that Define the “In-Chamber” Measuring
Locations of the Malvern Insitec-S Analyzers. The top view is shown in the left-hand figure
and a depth (front to back) view is shown in the right-hand figure. For reference, north (N)
is indicated on the figure.

Table 4.4. Values of Key Dimensions Listed in Figure 4.9 for In-Chamber Testing

Malvern
Insitec-S Insitec-S Analyzer
Chamber Length (ft)  Analyzer ID Chamber Position” A (ftfy B(ft) C(ft) D(ft) E (ft)
10 n/a 3 n/a n/a n/a n/a n/a
MAL1855 2 3.3 2.3 23 2.3 2.3
MAL1854 1 6.6 2.3 23 23 23
20 MAL1852 3 5 2.3 2.3 23 2.3
MAL1855 2 10 2.3 2.3 2.3 2.3
MAL1854 1 15 2.3 2.3 2.3 2.3
30 MAL1852 3 7.5 2.3 23 2.3 23
MAL1855 2 15 2.3 23 2.3 23
MAL1854 1 225 23 23 2.3 23
39 MALI1852 3 10 23 23 23 2.3
MAL1855 2 20 2.3 2.3 23 23
MAL1854 1 30 2.3 2.3 2.3 2.3

(a) The Malvern Insitec-S analyzer order in proximity to the spray header and respective identification
number is illustrated in Figure 4.12.

When executing in-chamber testing in the 10 ft chamber configuration, only two Malvern Insitec-S
analyzers were used because of limited chamber space. These analyzers where spaced evenly in the 10 ft
chamber, with one analyzer near the spray header and the other near the splash wall. Regardless of
chamber length, the Malvern Insitec-S instruments were always centered (Dimension B and C) in the
chamber and the Malvern Insitec-S laser beams were always vertically positioned midway between the
spray orifice and the top of the chamber, at approximately 23.1 in. from the chamber top/ceiling. The
spray header orifices were also fixed at approximately 44 in. from the chamber top/ceiling. Therefore,
conversion of Dimension D and E (in Table 4.4) to distances between the spray orifice and the Malvern
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Insitec-S laser beam location requires the following arithmetic: 44 in. (chamber ceiling to spray orifice)
minus 28 in. (Dimension D or E) plus 4.8 in. (Malvern Insitec-S mounting end-plate edge to laser beam
centerline).

In-spray testing was conducted using Malvern Insitec-S analyzer locations that differed from those
used for in-chamber testing. The most notable difference is the height of Malvern Insitec-S analyzers
with respect to the spray. Fixed heights were not used for in-spray testing; instead a pre-measurement
spray was used to identify the nominal path of the spray through the chamber. The analyzers then were
centered directly in the path of the spray. Depending on the path of the spray, each of the analyzers had
slightly different positions depending on how far downstream of the spray they were located. All in-spray
testing employed three Malvern Insitec-S analyzers using the in-spray frames shown in Figure 4.8b.
In-spray testing with water was done in the 39 ft chamber configuration, whereas in-spray testing with
clay simulants was performed in the 20 ft chamber to avoid cost and schedule loss associated with having
to reconfigure the chamber during a single campaign of clay testing or having to thoroughly clean the test
chamber and flow system if switching between simulants. The key dimension recorded for in-spray
testing was the distance of each Malvern Insitec-S analyzer from the chamber wall located near the spray
header (i.e., Dimension A in Table 4.4); this distance is presented for in-spray measurements in Table 4.5.

Table 4.5. Values of Key Dimensions Listed in Figure 4.9 for In-Spray Testing

Malvern Malvern Insitec-S
Insitec-S Analyzer Chamber
Test Simulant/Configuration Analyzer ID Position® A (ft) X® (ft)

Water/1 X 76 mm slot MAL1852 3 5.0 4.3
MALI1855 2 12.5 11.8
MAL1854 1 20.0 19.3
Water/All Other Orifices MAL1852 3 5.0 4.3
MAL1855 2 8.5 7.8
MAL1854 1 12.0 11.3
Clay/All Orifices MAL1852 3 5.0 43
MALI1855 2 8.5 7.8
MALI1854 1 12.0 11.3

(a) The Malvern Insitec-S analyzer order in proximity to the spray header and respective identification
number is illustrated in Figure 4.12.

(b) Horizontal distance from the orifice to the aerosol analyzer measuring location (i.e., the laser
centerline).

In addition to in-chamber and in-spray testing, several additional series of spray leak tests were
conducted. Some of these tests used non-standard aerosol instrument locations. One such set of tests
evaluated chamber uniformity and involved testing with the Malvern Insitec-S in 18 unique chamber
locations. While these tests are not discussed in detail in the main body of this report, the test approach,
location, and results for these additional tests are documented in Appendix A. Furthermore, a detailed list
of large-scale chamber aerosol instrument configurations, for both standard in-spray and in-chamber tests
as well as additional tests (such as chamber uniformity and humidity testing), is provided in Appendix B
of this report.
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45.3 Detection Unit Optics

The Malvern Insitec-S aerosol analyzers were equipped with a 500 mm lens for all of aerosol tests
conducted in Phase II. The lens is a part of the Malvern Insitec-S detection unit and functions to translate
(i.e., focus) fixed angles of scattered light to fixed light displacement on the photodetector rings. The
focal length of the lens determines the range and resolution of light scattering angles that can be
interpreted by the photodetector and, thus, the range of aerosol sizes accessible to the Malvern Insitec-S
analyzer.

Phase I testing used a 100 mm lens. This lens had a nominal aerosol size measurement range of
0.5 to 200 um and was selected for Phase I testing because it gave the greatest sensitivity (in terms of size
resolution) for aerosols in the range of interest (i.e., 10 to 100 um). Use of the 500 mm lens, which has a
nominal working range of 2.5 to 2500 um, for Phase Il testing was driven by concerns that aerosols larger
than 200 um had not been adequately measured during Phase I testing. This concern was greatest for
in-spray measurements because in-spray testing conducted at the end of Phase I with the 100 mm lens
demonstrated clear clipping of the size distribution at the upper end of the range. In addition, there also
was concern that in-chamber measurements conducted during Phase I testing might not have
representatively measured aerosols greater than 200 pum in size, although there was no obvious clipping of
the size distribution in Phase I in-chamber measurements. With respect to the latter concern, it should be
noted that Phase II in-spray testing with the 500 mm lens evidences a significant fraction of large aerosols
(>200 pum) while similar Phase II in-chamber tests are consistent with Phase I and do not evidence
aerosols larger than 200 um. Thus, it can be tentatively concluded that large aerosols were not “missed”
in Phase I in-chamber measurements as a result of using the 100 mm lens. The lack of measured aerosols
greater than 200 wm in in-chamber measurements most likely results from sampling issues associated
with the location of aerosol analyzers in both Phase I and Phase II testing. This is discussed in more
detail in Section 7 of this report, where direct comparisons of in-spray and in-chamber release fraction
measurements are presented.

Comparative testing of the 100 and 500 mm lenses was performed before the start of primary Phase II
testing to evaluate the impact of the lenses on measured release fractions. Testing was performed in the
39 ft large-scale chamber configuration (with no spray header extensions) using a nominal 1 x 76 mm slot
with sprays at 380 psig. The results of lens testing are shown in Figure 4.10. Comparisons of the release
fraction results indicated that both lenses gave equivalent results (based on expected uncertainty and
reproducibility of release fractions determined during Phase I testing).

Because use of the 500 mm lens did not appear to affect the ability to measure release fraction in the
size range of interest, it was selected for use for the entirety of Phase Il water and clay matrix tests.
Exclusive use of the 500 mm lens avoided the need to frequently switch out Malvern Insitec-S optical
lenses (which requires realignment and has the potential to damage the instrument) and allowed access to
sizes larger than 200 um for the bulk of Phase II testing (which eliminated speculation regarding the
existence of larger aerosols in both in-chamber and in-spray measurements).
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Figure 4.10. Comparisons of Release Fraction Measurements Made Using the 100 mm Lens (blue
circles) and the 500 mm Lens (red squares). Data correspond to release fractions measured
for water spray through a nominal 1 x 76 mm orifice at 380 psig. Each measurement curve
represents the average of at least two repeat tests; error bars correspond to the maximum
and minimum release fractions measured in individual tests. Open circles represent points
at aerosol diameters that fall outside the nominal Malvern Insitec-S measuring range for
in-chamber measurements and, as a result, are suspect. Criteria for determining suspect
points for in-chamber measurements are described in Section 7.1 of this report.

The favorable comparison between 100 and 500 mm lens results found in large-scale testing differs
from the conclusions derived from similar lens studies carried out in the small-scale test stand. When
comparing the performance of 100 and 500 mm lenses, small-scale studies found that “... the 500-mm
lens gave higher release fractions in the size range between 10 and 100 um, with release fractions
obtained with the 500-mm lens being two to three times the values obtained with the 100-mm lens”
(Schonewill et al. 2013). It is important to note that the factor of two to three identified in small-scale
testing is an overall (i.e., typical) difference in 100 and 500 mm lens results observed across multiple tests
involving several different orifices and simulants. In selected tests, good agreement between 100 and
500 mm lens tests in the small-scale studies was observed. The lens tests conducted in large-scale studies
were limited in scope and involved one test orifice, pressure, and simulant combination. It is possible that
large-scale lens agreement is simply a coincidence of limited testing and that more extensive testing
would produce findings in line with those observed in small-scale tests. Likewise, the agreement between
100 and 500 mm lens in large-scale tests could result from an orifice or chamber size scaling effect. If
this issue warrants additional attention, efforts should be made to collect additional lens comparisons in
large-scale tests for a more diverse range of spray geometries and chamber scales.
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45.4  Aerosol Purge and Spray Shrouds

Because the Malvern Insitec-S aerosol analyzers are located inside the test chamber, the aerosol
generated by the spray directly contacts the instrument surfaces. While the instruments have been
positioned above the spray for in-chamber measurements and employ a specialized open frame that
avoids jet impingement during in-spray measurements, jet formation and break-up is generally a turbulent
process, and there may be times when the spray passes through the Malvern Insitec-S measuring volume
or strikes the analyzer itself. Although the electronic components are protected inside specialized
enclosures for the laser and detector, the laser and scattered light still pass through optical windows to
generate the measuring volume (see Figure 4.7). Deposition of aerosol or the presence of contaminants
will impact the quality of the measurement. Any minor surface contamination or surface imperfections,
such as scratches, can be taken into account by measuring the “background” scattering intensity generated
by the laser prior to aerosol generation (i.e., when the measurement volume is free of aerosol). Gross
contamination or damage to the windows found during these background measurements may be corrected
by cleaning the windows with a lens paper and an appropriate solvent, or new windows may be installed.
During the course of Phase Il testing, simple cleaning operations with water or an alcohol-based lens
cleaner and compressed air generally restored window cleanliness to a level acceptable for aerosol
measurement. In the one instance when cleaning did not restore window cleanliness, the windows were
replaced in all three instruments.

Contamination of the window during aerosol generation is of significant concern because particles
and aerosol collected on the window will yield a static scattering signal that will remain through the
measurement. To prevent contamination of the windows by direct spray impact, all Malvern Insitec-S
instruments are equipped with a 40 mm cylindrical spray shroud. In addition to the factory supplied spray
shrouds, a 2 in. extension piece cut on a 45° angle was added to the end of the shrouds to protect the
lenses from directional spray or rebound (whichever was evaluated as having the greatest chance of
impacting data collection). Even with these protective extension pieces in place, lens contamination was
observed periodically. As such, real-time and post-measurement evaluations of all aerosol results were
performed by the aerosol instrument operator, the lead aerosol engineer, and aerosol data analysts. Ifa
review of aerosol data found or suspected contamination and that contamination event impacted data
necessary for release fraction analysis (such as the data collected during the initial concentration rise of
aerosol at the start of spray), the tests impacted by contamination were repeated.

The spray shroud protects the optics from direct impact, but does not provide protection against
diffusive or convective transport of acrosol particles. As such, the Malvern Insitec-S analyzers also are
equipped with a purge system that passes air across the windows and transports aerosol out of the volume
enclosed by the spray shrouds. The purge air flow rate was generally set at ~1 SCFH/window (a total of
~2 SCFH/instrument) for the nominal 2 mm and 1 x 10 mm orifice, ~50 SCFH/window for the nominal
1 x 20 mm orifice, and ~100 SCFH/window for the nominal 1 x 76 mm orifice during in-chamber testing.
For in-spray and clay simulant testing, when window contamination was highly likely, purge rates
between 50 and 100 SCFH were generally used for the 2 mm, 1 x 10 mm, and 1 X 20 mm orifice while
even larger purge rates of 70 SCFH (for Malvern Insitec-S positions 1 and 2) and 150 SCFH (for Malvern
Insitec-S position 3) were used for the 1 x 76 mm orifice. The purge air setting was found to have no
effect on the observed release fraction and was kept at the minimum value that enabled data collection
without lens contamination. A discussion of the effect of purge air settings can be found in Appendix A
of this report.
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455 Aerosol Instrumentation Control and Data Acquisition

All Malvern Insitec-S analyzers are interfaced to a single control computer through a multiport local
communications interface box (part MPS2991-OP10045353). Each instrument is operated through a
separate installation of Malvern’s RTSizer software (Version 7.40). The software collects, analyzes, and
reports the aerosol data collected by the instrument. The primary program outputs are aerosol size and
concentration; other parameters—including raw data, such as the raw light-scattering signal, laser
transmission, and background, and other calculated parameters, such as the Sauter Mean Diameter
(SMD)—also are recorded. For Phase II testing, the RTSizer software required a software patch
(purchased from Malvern Instruments, Ltd.) to accommodate the larger 1000 mm spacer bars used in
Phase II. This patch was necessary because the original (unpatched) software did not allow for values
greater than 255 mm for the spray radius and consequently limited analysis of collected aerosol data to an
optical path length of 510 mm or less.

Measurements made with the Malvern Insitec-S analyzer were set up and controlled through the
RTSizer software. The typical instrument configuration and software settings used for analysis are listed
in Table 4.6. A complete description of these parameters is given in the RTSizer user manual (Malvern
Instruments, Ltd. 2010). The first three parameters—the lens, gain, and update period—must be set
before any data are collected because these parameters cannot be changed after collection of data. The
lens must be set to match the focal length of the lens installed in the instrument; for all large-scale Phase |
testing, the focal length of the lens was 100 mm. For Phase II, the optical lens was changed to a 500 mm
focal length lens for both in-spray and in-chamber measurements. Use of the 500 mm lens, which has a
nominal working range of 2.5 to 2500 um, for Phase Il testing was driven by concerns that aecrosols larger
than 200 um had not been adequately measured during Phase I testing (see Section 4.5.3 for additional
discussion). The gain setting is a photodiode multiplier that determines the instrument response
(sensitivity) to scattered light. The highest gain setting of 2% was used for large-scale testing because
aerosol concentrations were expected to be low (i.e., <10 ppmv based on initial estimates). The update
period (or accumulation period) determines the time period over which results are integrated. Longer
update periods tend to smooth variations in aerosol concentration with time, thus yielding smoother data;
however, data may be time-averaged over periods when aerosol concentration transience is of interest
(such as the initial increase in concentration from which release fraction estimates are made). Shorter
accumulation periods can be selected to capture fast transients; however, this also tends to yield an
increase in noise-to-signal ratio. For large-scale testing, two update periods were employed. Initial
testing used a 1-s update period, which adequately captured dynamics on sprays generated on most small-
to medium-sized orifices. For larger orifices, the initial increase in concentration typically occurred on
time scales of order 1 s, and as such, a lower update period of 0.25 s was used in later testing.
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Table 4.6. Malvern Insitec-S Instrument Configuration and Software Parameters Used in Typical
Phase Il Measurements

Parameter Setting
Lens 500 mm
Gain 2x
Update period 0.25s

Particulate RI

Media RI

Particle density, g/cm’

Scattering threshold
Minimum size
Maximum size
First scatter
Multiple scatter
Spray properties

1.33 + 0.00i (for water),
1.389 + 0.148i (for 30 Pa Clay), or
1.378 + 0.1191 (for 6 Pa Clay)

Air: 1.00+0.00i

0.998 (water), 1.195 (6 Pa Clay) and 1.242 (30 Pa Clay)
2

2.5

2500

1

On

Measured:

e Uniform spray concentration in measurement volume
e Path length for 1000 mm spacers is 920 mm
e Path length for 500 mm spacers is 420 mm

Air Purge rate 1 or 50 SCFH per side

Other properties, such as the particulate and media Rls and the scattering threshold, may be changed
by post-analysis processing to evaluate the effect of these parameters on the instrument results. From the
set of parameters that can be changed post-process, two important parameter selections are RI and the
spray properties. The RI is a complex number that specifies how light refracts through a material (real
component) and how the material attenuates or absorbs light (imaginary component). As all aerosols are
tested in air, the media RI is always set to that of air (1.00+01). The particulate RI depends on the
material being tested. Selection of particulate RI values for measuring large-scale aerosols is discussed in
Chapter 3 of this report. The spray properties allow the user of the RTSizer software to define the shape,
size, and concentration profile of the spray as it passes through the measurement volume. The shape and
profile options are outlined in the RTSizer software manual (Malvern Instruments, Ltd. 2010).

45.6 Total Impact of Phase Il Malvern Insitec-S Configuration Changes

Phase Il spray leak testing implemented several changes to the configuration of the Malvern Insitec-S.
The three most significant changes include use of the 500 mm lens rather than the 100 mm lens
(Section 4.5.3), use of 1000 mm spacer bars (as opposed to the 500 mm spacer bars used in Phase I), and
keeping the same horizontal chamber spacing between the three Malvern Insitec-S instruments
(Section 4.5.2). In addition, there were several changes made to the test chamber, such as the
mechanisms used to hang the Malvern Insitec-S analyzers to allow test operators to more easily relocate
instrument locations during chamber size changes and during transitions from in-chamber to in-spray
measurements. There was concern that the combined impact of all these changes would produce a
significant difference in release fraction measurements derived from the Phase II configuration relative to
those made in Phase I. To address this issue, direct comparisons of Phase I and Phase II test results were
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performed. The data compared are derived from Phase I and Phase II testing of a 380 psig spray
generated through a 2 mm round hole in the 20 ft chamber. Phase II testing of this spray configuration
involved one set of tests with the aerosol analyzers installed at the standard Phase II locations (as listed in
Table 4.4) and another set of tests in which the analyzers were returned to the Phase I locations (which
were 3.3, 6.2, and 13.3 ft downstream from the wall near the spray header). These tests allowed isolation
of changes to release fraction measurements that occur as a result of configuration changes to the Malvern
Insitec-S analyzers (such as the use of the 500 mm lens) and those that result from changes in
measurement positions. The result of this comparison, which is shown in Figure 4.11, indicates that
Phase II release fractions are comparable (equivalent) to those collected in Phase I under the same spray
conditions (e.g., pressure/orifice). It should be noted that configuration changes to the Malvern Insitec-S
analyzers and chamber do appear to reduce release fractions as measured in the standard Phase |
configuration. However, this change appears to be offset by keeping the equal spacing between the three
Malvern Insitec-S instruments in Phase I testing. As such, there appears to be no overall impact to
release fraction measurements.
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Figure 4.11. Comparison of Release Fraction Measurements Made During Phase I (green squares) to
Those Made During Phase II using the Standard Phase II Malvern Insitec-S Locations
(blue circles) as Well as the Standard Malvern Insitec-S Locations Used in Phase I (red
dots) and the 500 mm Lens (red circles). Data correspond to release fractions measured for
water spray through a 2 mm hole at 380 psig. Each measurement curve represents the
average of at least two repeat tests; error bars correspond to the maximum and minimum
release fractions measured in individual tests. Test-to-test reproducibility was excellent
during comparative testing, and as such, the error bars are mostly hidden behind the
measurement symbols. Open circles represent points at acrosol diameters that fall outside
the nominal Malvern Insitec-S analyzer measuring range for in-chamber measurements
and, as a result, are suspect. Criteria for determining suspect points for in-chamber
measurements are described in Section 7.1 of this report.
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4.6 Mixing Inside the Chamber

To create a more homogenous aerosol concentration, particularly within the larger chamber lengths
(20 to 39 ft), an array of four “shrouded” Detmar fans was installed ~10 ft downstream of the spray
header and just above the collection pan of the chamber. These 4 in. fans were installed with flexible
ducting that moved the inlet closer to the bottom of the chamber and spray header to preclude any
influence on the jet. Phase I testing included a series of spray release tests conducted using a 2 mm hole
to identify the fan configuration and settings that provided the best mixing of aerosol in the test chamber
and best acrosol measurement reproducibility. The results, discussed in Chapter 8 of Schonewill et al.
(2012), indicated that use of only the two central fans in the shrouded Detmar array shown in Figure 4.12
was necessary to achieve “adequate” chamber mixing and measurement reproducibility. Before the start
of primary Phase II testing, these mixing fan optimization tests were repeated to verify that changes to the
chamber configuration (namely the increase in chamber length from 20 to 39 ft) did not require increased
mixing power or use of additional fans. Phase Il mixing fan optimization tests confirmed that the fan
configuration and operational parameters identified in Phase I were adequate for tests conducted in the
39 ft chamber. As such, no changes were made to fan configuration or operations for Phase II. The
results of optimization testing are provided in Appendix A of this report.
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Note: Actual position of MAL1855 was directly over the fans at 10 ft from the spray header wall.

Figure 4.12. Top View of Malvern Insitec-S Instruments and Fan Arrangement

4.7 Summary of Phase Il Changes to Test Equipment

The test equipment used in Phase II spray release testing is described in this chapter. Much of the
equipment used in Phase I testing was adapted without change for use in Phase II testing. However,
several key changes were made to the test chamber and aerosol instruments to facilitate successful
completion of the Phase II test objective. A summary of these changes is provided in Table 4.7.
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Table 4.7. Summary of Instrument and Test Chamber Changes Between Phase T and Phase 1T Testing

Parameter/Configuration Phase [ Phase 11
Minimum Chamber Length Tested 20 ft 10 ft
Maximum Chamber Length Tested 20 ft 391t
Aerosol Detection Instruments Used (3) Malvern Insitec-S analyzers and  (Up to three) Malvern Insitec-S
(1) Process Metrix PPC analyzers

Malvern Insitec-S Horizontal Spacing

Malvern Insitec-S Lens Used

Malvern Insitec-S Spacer Length

Special Frames for In-Spray Testing

Spray Orifice Distance from Splash Wall at
Maximum Chamber Length Tested
Constant Feed Tank Hydrostatic Head
Feed Tank Diffuser on Return Leg

Not uniform: 20 ft test chamber
positions were 13.3, 6.2, and 3.3 ft

(as measured by key dimension A in

Figure 4.9)

100 mm

500 mm

No

3.5,9.9 and 19 ft

Yes
Yes — All simulants

Uniform: 20 ft test chamber
positions were 15, 10, and 5 ft
(as measured by key dimension A
in Figure 4.9)

500 mm

1000 mm

Yes

3.5, 19,28, and 38 ft

No
Yes — Water
No — Clay
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5.0 Test Approach, System Operations, and Data Analysis

Chapter 4 presented a detailed description of the large-scale test configuration and equipment. In this
chapter, the experimental approach used for large-scale testing, test operations, Malvern Insitec-S
performance check, simulant preparation, and data analysis are discussed in detail. Sections 5.1 and 5.2
present the general methodology that was used throughout all of the testing and also provide
representative pressure and flow profiles to demonstrate system operation. In Sections 5.3 and 5.4, the
approach used to prepare test simulant and a matrix of the tests that were performed is presented. Finally,
Section 5.5 presents the data analysis methodology used for Phase II testing.

5.1 General Test Approach

Each test was conducted in accordance with an approved Test Instruction, and all data and necessary
information were recorded electronically, in Laboratory Record Books (LRBs) or in the Test Instruction
itself. Operationally, each test consisted of the following checks:

o Daily startup checks
e Spray release tests

e Daily closeout checks.

In addition, daily functional checks and periodic (approximately weekly) performance checks were
conducted to verify that each Malvern Insitec-S instrument was performing within acceptable ranges in
accordance with the Malvern Insitec-S operating procedure (OP-WTPSP-047, Rev. 2'). The details of
these routine checks are provided in Section 5.1.2.

5.1.1  Daily Startup Checks

Daily startup checks involved turning on the instruments, configuring the recirculation loop for
testing, checking the functionality of all components, and allowing the entire system to warm up. Key
tasks that were performed during daily startup checks are identified below:

e Turning on all instruments and DASs

e Synchronizing all DAS and, if needed, video/still camera clocks

e Performing a functional check of all key instruments

o Verifying that ancillary equipment to the aerosol instruments are operating
o Mixing feed/storage tank contents, as needed

e Verifying valve configurations

o Configuring chamber, internal components, and instrumentation as required and recording any
changes in the LRB

" Burns CA. 2012. Malvern Insitec-S Operating Procedure. OP-WTPSP-047, Rev. 2, Pacific Northwest National
Laboratory, Richland, Washington.
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o Wetting the test chamber walls and, when the chamber is closed, humidifying it to >80 percent
relative humidity (RH) before collection of baseline test data and subsequent test execution.

5.1.2  Spray Release Tests

Spray release tests involved the actual test runs during which the spray was initiated and aerosols
were measured in the chamber. The start of each test day began with verifying sufficient simulant
inventory was available in the simulant feed tank (TK-2), followed by a subsequent pre-test simulant
mixing step that typically only required the use of tank agitators. However, the agitator did not provide
adequate tank mixing (i.e., in the space behind the feed tank cooling coils) for the 30 Pa Clay' slurry
simulant. To assure adequate mixing of the 30 Pa Clay simulant, the feed tank contents were recirculated
through the recirculation loop at ~250 gpm while both globe valves (GV-1 and GV-2) were fully open.
The loop return flow was split equally at valve 3V-3 to deliver flow to both the storage and feed tanks.
When the feed tank mass reached ~1850 Ib (~176 gal), the storage tank transfer pump was started to
deliver 30 Pa Clay simulant to the feed tank until the storage tank inventory was depleted. This process
was repeated at least three times to assure adequate blending of the 30 Pa Clay. The 6 Pa Clay simulant
did not require this special mixing protocol and was mixed adequately with the feed tank agitators. Water
from the City of Richland did not require agitation, but was agitated to improve feed tank temperature
uniformity and control. The feed tank was under constant agitation from the beginning to the end of the
test.

To prevent potential Malvern Insitec-S measurement interference from external light sources during
background and aerosol data collection, the chamber windows were covered in black plastic and the
chamber lights were turned off. The center two shrouded chamber fans were verified to be on and set to
12 V, which was the voltage determined during Phase I shakedown tests to attain good mixing within the
chamber (see Chapter 8 in Schonewill et al. (2012)). The chamber RH was verified to be >75 percent and
the feed tank (TK-2) temperature within the range of 65 to 85°F prior to the start of each test. At this
point, baseline data needed for the Malvern Insitec-S aerosol analyzers were collected, and then, data
logging was initiated on the PLC and the Malvern Insitec-S DASs.

The desired test fluid pressure (100, 200, or 380 psig) and flow (143 to ~300 gpm) were achieved by
bringing the system up to operating conditions via the Pump 1 VFD (Pump 2 and 3 VFDs were slaves)
and adjusting globe valves GV-1 and GV-2 (see Figure 4.2). In all tests, the fluid velocity was set to be
>6.5 ft/s (>143 gpm) in the Coriolis meter (FE-2) downstream of the test section. In addition, the Coriolis
flow meter (FE-2) backpressure was maintained at >50 psig using GV-2 to preclude formation of
micro-bubbles that could lead to erroneous readings.

Upon achieving the required operating conditions, the appropriate spray release lever was actuated to
release spray from the orifice being evaluated. Simultaneously, the DAS operators were notified to
record the time when the spray was initiated. The spray release duration typically lasted 2 min during

! Throughout this report, discussion of mixed clay (80 wt% kaolin and 20 wt% bentonite) slurries will be denoted
using one of several notations that indicate the target rheological conditions for these simulants. Discussion will
primarily refer to the mixed clay simulants as “6 Pa Clay” for mixtures made up to meet a target yield stress of 6 Pa
or as “30 Pa Clay” for mixtures that target a yield stress of 30 Pa. Other identifiers may be used to maintain
consistency with test plan and test instruction simulant or sample names. Such identifiers will be defined in the
“Acronyms and Abbreviations” section in the front of this report.
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water testing, but was reduced to ~70 s during for both 6 Pa and 30 Pa Clay testing to conserve clay
simulant and minimize mechanical heat generation. During the time the lever was open, the test engineer
constantly monitored the fluid pressure at the test section (PS4 and PS5, see Figure 4.2) to assure that the
pressure did not drop by more than 10 psi because of the alternate flow path created by the spray orifice.
In contrast to the Phase I tests, no pump leakage (from Pumps 2 and 3 at <200 psig) was observed during
Phase II testing with water. However, slight pump leakage from the mechanical seal in Pumps 2 and 3 at
high pressure (200 to 380 psig) during clay testing was observed, and the leaking fluid was collected and
weighed for each test during 30 Pa Clay testing.' The mass of the leaked fluid coupled with the mass
change in the feed tank during a test was used to determine the amount of fluid lost through the spray
orifice. After the ~70 s or 2 min spray duration, the spray release lever was closed to prevent fluid from
further leaking through the orifice. Simultaneously, the DAS operators were notified to record the time at
which the spray release lever was closed.

After the spray was terminated, the PLC DAS operator would typically stop logging data (~1 min
from the end of the spray). The Malvern Insitec-S DAS data logging continued for at least 30 s to 1 min
after the “end of aerosol detection” condition was observed, and data often was logged during chamber
evacuation. The “end of aerosol detection” condition is defined as the point at which the measureable
aerosol concentration was zero or very close to zero depending on background/instrument stability. After
this, the residual aerosol in the chamber was evacuated, as necessary, by forced ventilation of the
chamber. Chamber evacuation was sometimes necessary to clear the test chamber of fine particles that
lingered sometimes up to 5 to 10 min after the spray was stopped. These particles obscured the Malvern
Insitec-S laser, but because of their small size, they did not generate a measurable diffraction pattern (and
hence did not generate a measurable PSD) on the 500 mm lens optical detector used in the Malvern
Insitec-S for Phase II analysis. If not evacuated, the lingering particles caused an apparent (artificial)
increase in the concentration of particles in measurable size ranges at the start of the following test and
would impact determination of the initial concentration for that test. This effect was observed
predominately after testing with the 30 Pa Clay simulant, and the generation of lingering particulate
matter varied with the orifice used and the fluid pressure.

Because internal reflection from external light sources can manifest as abnormally high signals in the
raw light scattering pattern, still images and video recordings of the sprays were collected separately from
the spray release tests to avoid impacting the Malvern Insitec-S data. The lights in the chamber were
turned on and the plastic window coverings were removed to allow sufficient light into the chamber for
the still and video image captures. Still images were captured using a digital camera typically positioned
above the spray header. Video images were captured by opening the northeast chamber window port
along the side of the spray header. During clay simulant testing, the video images were typically taken
from behind the test section (or spray header) looking down the length of the test chamber.

The feed tank temperature was maintained at 75 £ 10°F, prior to the start of a test, to minimize any
effects that may be caused by condensation or evaporation. During clay simulant testing, density was
monitored at the Coriolis flow meters to make sure no significant changes occurred throughout the course
of testing with a given simulant.

' The maximum recorded fluid leak from the Pump 2 and Pump 3 mechanical seals was during test S757. The
percent of mass leaked divided by the total sprayed mass was 1.3 percent. Fluid leaks from the seals steadily
decreased during 30 Pa Clay testing to negligible masses by test S793 during which a mass leak percent of

0.03 percent was recorded. The fluid leak rate was not measured after test S793 as it was negligible; however, the
lead test engineer continued to visually monitor for any leak mass rate increase.
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Samples were collected from the feed tank at the end of each test day during water testing. During
clay testing, samples were collected from the PS1 sample port at the start and end of each test day. The
clay simulant sample collected at the start of the day was evaluated for consistency and yield stress.
Testing was started only when target rheological properties guidelines, as provided in the Test Plan, were
met. Clay simulant samples collected at the end of the day were archived. The associated Test
Instructions defined the naming conventions used for designating the grab samples collected during
testing. In general, the file naming convention allowed easy identification of the test conditions for which
the samples were collected. For tests with water, no sample analyses were performed on the samples
collected, but samples were archived in case an analysis need was identified later. For the clay simulants,
analysis for consistency and yield stress, bulk density, and weight percent of total solids was conducted
for samples representing each day of testing. Four 30 Pa Clay and six 6 Pa Clay samples were analyzed
for particle size. Surface tension measurements were also performed on the supernatant obtained from a
representative sample for both clay slurry simulants.

5.1.3 Daily Closeout Checks

At the completion of testing each day, a series of daily closeout checks were performed to verify that
the testing was completed as planned, video/still images were taken (as necessary), data were backed up,
data sheets were collected into test data packages, and system valves were placed in a safe mode.

514 Verification of Malvern Insitec-S Performance

Routine checks of all Malvern Insitec-S aerosol analyzers were conducted to verify acceptable and
optimal performance of the instruments during the course of Phase II testing. These checks included
alignment of the optical components and verification that the detection system and its electrical
subcomponents were working properly before each day of testing (and throughout each day if needed).
For example, each Malvern Insitec-S analyzer, for a given combination of components (i.e., optical lens,
detector, and laser), has a unique, fingerprint scatter pattern that enables the user to quickly identify
window contamination or internal shine resulting from scattered light from either an external light source
or the laser. If a shine peak was identified by aerosol engineers, the windows were cleaned, rotated, or
replaced until the detector signal was within the normal range for the instrument. In addition, routine
(approximately weekly) checks of the Malvern Insitec-S analyzers were performed using an RS-3 Mark II
reticle, which is a physical standard purchased directly from Malvern Instruments Ltd. for the purpose of
validating instrument performance. The reticle consists of a fixed number of micrometer-sized opaque
circles that range in size from 4 to 95 um and that are deposited onto a glass plate. The reticle provides a
fixed physical standard against which instrument performance can be assessed. For all performance
checks, each Malvern Insitec-S instrument met the accuracy requirements specified by the reticle
certificate of analysis. These requirements specify that the diameters corresponding to the 10", 50™, and
90™ cumulative volume percent undersize must be within +3 percent of 33.36 um, £2 percent of
44.37 um, and £10 percent of 60.94 um, respectively. These performance checks provide a baseline
measure of instrument accuracy with respect to PSD against which data may be assessed. During the
course of large-scale testing, approximately 20 performance checks were conducted on each of the three
Malvern Insitec-S analyzers. During Phase I, the reproducibility of the Malvern Insitec-S was evaluated
and has been discussed in detail in Chapter 5 of Schonewill et al. (2012). The combined verification of
performance against the reticle and checks of optical alignment and detection units maintained the fidelity
of aerosol concentration and size measurements made throughout the Phase Il testing campaign.
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5.2 System Flow and Pressure Settings

This section presents a brief discussion of the pressure/flow variations for the range of orifices that
were evaluated during the testing. When a spray was initiated for the largest orifices, the fluid pressure
and flow rate exiting the pumps decreased and increased, respectively. For all of the orifices tested in
Phase 11, the pressure decrease was typically <5 psig and on the order of ~10 psig for the largest orifice
(i.e., S4A, 1 x 76 mm slot) if not mitigated by restricting the flow path with a globe valve (GV-1) just
downstream of the orifice at the initiation of a test spray. However, the flow rate increased noticeably
depending on the area of the orifice. The reason for this is directly related to changing the system
pressure (or head) curve when the spray is initiated. When the orifice is open to the atmosphere, the
system curve shifts to the right, and the point at which this intersects the pump curve shifts to the right.
This is tantamount to a decrease in frictional loss and the pressure drop needed to achieve a given flow.
This intersection is the operating point. This condition is illustrated in Figure 5.1, which is the pump
performance curve supplied by Krebs for the slurry pumps As an example, referring to the red arrow in
the figure and using the best efficiency point (BEP) as the system curve, shifting the curve to the right is
representative of initiating the spray. Note that the head (and pressure drop) decreases slightly from 160
to 150 ft, while the flow rate increases from approximately 280 to 350 gpm. The result is a relatively
small pressure change, and an increase in the flow rate commensurate with the spray leak rate. This
behavior provided stable test pressures that were very close to the target pressures.

5.5



Model: millMAX 3x2-14 HH

30 T urve PC0B0H447-14,
||

40

400

%]
S
11

48 BEP

4

=

350

Nizm

=]

300 == a ; -

=

5]

rds
Fi

250 —1800 4 : f

ns

e

200 —1800

ri

Slurry Head, Feet

150 —1400HH : ammm, / {

Ji
fl.n

1=
N
[=}
o

]

{

[
BB

7

7

100 1 =T

0 100 200 300 400 500
Capacity, GPM

Figure 5.1. Pump Performance Curve for Pumps 1, 2, and 3

A difference in the effect of orifice size can be seen by comparing Figure 5.2 and Figure 5.3.
Figure 5.2 shows the pressure and flow rate versus time for a small orifice (2 mm) at a relatively low
pressure, while Figure 5.3 (an example Phase I dataset) shows a large slot orifice (1 x 76 mm) at a high
pressure. Note that the change in pressure (~0 psig) and flow rate (~ 2 gpm) at spray initiation (t =0 s) is
very small for the 2 mm case; whereas, for the larger slot, this change is much larger (~10 psig, 55 gpm).
As discussed above, the pressure change is not as large in magnitude as the flow rate change upon spray
initiation.
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The pressure decrease, as shown in Figure 5.4, can be small (~2 psig) for this largest slot orifice at the
highest test pressure upon spray initiation if mitigated. This condition existed because, at the same time
the spray was initiated, the flow path was purposely restricted via a globe valve (GV-1) just downstream
of the test section. If the flow path remained fully open, the pressure would drop well below the target
pressure of 380 psig. The reason for adjusting the globe valve (GV-1) downstream of the test section at
the exact time the spray was initiated was to prevent over-pressurization of the recirculation loop, which
would cause a pressure relief flow path to open. This was a special case that occurred in tests involving
the largest orifice (1 x 76 mm) and highest operating pressure (380 psig).
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5.3 Simulant Preparation

As discussed in Chapter 3 two clay simulant slurries, each composed of an 80:20 mixture (by weight)
of kaolin and bentonite powder in water, were used during large-scale testing,. The first clay simulant
had target rheological properties of 30 Pa/30 cP; this simulant is otherwise known as the 30 Pa Clay
simulant. The second clay slurry target rheological properties were 6 Pa/6 cP; this simulant is referred to
as the 6 Pa Clay simulant. The total wt% solids for the final 30 Pa Clay was ~32 wt% solids while the
6 Pa Clay simulant was ~27 wt% solids. Both simulants were used to evaluate the effect of
non-Newtonian rheology on aerosol generation rates and release fractions. The basis for the simulant
selection and the physical properties of the simulants used are presented in Chapter 3. This section only
presents the approach used to prepare and maintain the two clay simulants used during large-scale testing.

To prepare the 30 Pa Clay simulant, a 1:1 ratio of kaolin and bentonite were pre-mixed before
introducing them into the mixing vessel. To complete the 30 Pa Clay test matrix, a total volume of
~500 gal of 30 Pa Clay simulant was prepared. To allow target rheological properties to be evaluated and
controlled during large-scale simulant preparation, small, 60-gal batches of 30 Pa Clay were prepared
using an 80-gal mixing vessel equipped with a variable speed overhead impeller mixer and a diaphragm
pump. The pneumatic diaphragm pump drew simulant material from the bottom of the mixing vessel,
thus inducing recirculation. This approach was required because the 30 Pa Clay simulant was very
difficult to mix after the addition of ~90 percent of the dry powders needed for its makeup.

For each 60-gal batch of 30 Pa Clay simulant, the mixing vessel was preloaded with the required
amount of City of Richland water to obtain a targeted total weight percent of solids. The initial mass of
water varied from batch to batch and was adjusted as the rheological properties of the initial batches of
clay slurry were evaluated. Before the addition of any clay powder, Mt Hood 480 Biocide was added and
dispersed throughout the mixing tank at a concentration of 5 parts per mission (ppm) to avoid any
biological activity that could potentially impact the physical properties (notably the rheology) of the
simulant mixture. The 1:1 kaolin-to-bentonite powder blend was added slowly to the mixing tank to
assure that the material was well dispersed and able to hydrate without clumping. After all of the 1:1
blended powder was added, the system was allowed to mix for a minimum of 10 min before adding the
remainder of the dry kaolin powder needed to achieve the desired 80:20 kaolin-to-bentonite ratio. After
the final addition of kaolin, the simulant was mixed for an additional 15 min to assure that the clay was
well-homogenized. Archive samples were taken at the completion of each batch.

When preparation of each batch was complete, the 30 Pa Clay simulant was transferred using a
pneumatic diaphragm pump to an intermediate bulk container, commonly referred to as a “tote.” Four
~60-gal batches were placed in each tote and multiple totes were filled. The feedstock simulant was
transferred from totes into the large feed tank (TK-2) in 350 to 400 gal batches. The 30 Pa Clay simulant
material was sheared and recirculated using the recirculation loop and the tank agitators, as discussed in
Section 5.1.2, to provide adequate tank mixing (i.e., in the space behind the feed tank cooling coils).
Once the rheological properties were considered quasi-stable and the material was well-mixed, the total
solids of the simulant were modified to achieve and maintain the targeted rheological properties, in this
case 30 Pa/30 cP. This usually required dilution of the simulant with City of Richland water (to
counteract any upward drift in simulant rheology from shear or evaporation) or blending of different
simulant batches of different total weight percent of solids.
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The 6 Pa Clay simulant was generated by diluting the remaining 30 Pa Clay simulant inventory stored
in totes and the feed tank at the end of 30 Pa Clay simulant testing. It should be noted that at least one
full tote of 30 Pa Clay simulant inventory used to produce the 6 Pa Clay simulant was simulant that was
tested (i.e., sprayed into the test chamber) and reclaimed from the test chamber catch pans via a 1 in.
diaphragm pump. During initial dilution of the clay simulant, the same blending/mixing protocol (i.e., at
least three storage tank transfers) discussed previously was followed. Unlike with the 30 Pa Clay
simulant, once the targeted rheological properties were achieved, the 6 Pa Clay simulant was adequately
mixed by the feed tank agitator alone, and as a result, no additional mixing was required for testing.

5.4 Test Matrix

Two distinct series of tests were included in Phase II testing—functional tests and aerosol release
fraction tests, commonly referred to as matrix tests. The functional tests were focused on determining the
effect of Malvern Insitec-S instrument changes (i.e., 100 to 500 mm lens and 500 to 1000 mm spacer
bars), chamber humidity, Malvern Insitec-S vertical and horizontal position, Malvern Insitec-S detector
lens purge rate (with air), and chamber mixing fan configurations (e.g., number of bilge fans, fan voltage,
etc.). These functional tests are discussed in detail in Appendix A and only summarized in groups 0
through 5 below. The scope of the matrix tests, summarized in groups 6 through 8 below, was provided
in TP-WTPSP-031" and focused on measuring the aerosol release fractions to evaluate 1) the effect of
spray header orifice distance from the splash wall, 2) the effect of chamber size and spray wall distance,
and 3) the effect of the WTP non-Newtonian rheology limits on aerosol generation. In total, a series of
620 tests were completed. These test groups are:

Functional Tests (Groups 0 through 5)

e Group 0 focused on establishing the impact of the mixing fan configuration on release fraction and
size distribution in the 39 ft chamber with the 2 mm orifice and at 380 psig. Conditions varied from
no fans, to four fans at 12 V, two center fans at 6 V, and two center fans at 12 V.

e Group 1 focused on establishing the impact of Malvern Insitec-S position (vertical and horizontal), in
relation to the spray orifice, on release fraction and aerosol size distribution measurements. Malvern
Insitec-S laser heights were varied from 1.7 ft above the spray orifice (standard position), 1.1 ft above
the spray orifice, and 0.4 ft “below” the spray orifice. The horizontal lengths, laser distance from the
spray orifice, were varied from the standard lengths of 29.3, 19.3, and 9.3 ft for Malvern Insitec-S
positions 1, 2, and 3, respectively, to alternative horizontal lengths of 34.3, 24.3, and 14.3 ft for
Malvern Insitec-S positions 1, 2, and 3, respectively.

e Group 3 focused on establishing the effect of Malvern Insitec-S detector lenses on size distribution
and concentration measurements when using a 500 mm lens during Phase II and a 100 mm lens
during Phase 1.

e Group 4 focused on establishing the impact of Malvern Insitec-S purge air rate (varied from 1 to
100 SCFH) on Malvern Insitec-S measurements for a range of test conditions (orifice, fluid pressure,
Malvern Insitec-S position).

! Gauglitz PA. 2012. Test Plan for Spray Leak Quantification to Support WTP Spray Release Methodology.
TP-WTPSP-031, Rev 1.0, Pacific Northwest National Laboratory, Richland, Washington.
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e Group 5 focused on establishing the effect of chamber RH, ranging from 50 to ~100 percent, on the
release fraction and size distribution.

Matrix Tests (Groups 6 through 8)

o Group 6 matrix tests, summarized in Table 5.1, focused on establishing the impact of the effect of
spray header distance from the splash wall on release fraction and aerosol size distribution. In the
39 ft chamber, all four orifices and three fluid pressures were evaluated with the spray header orifice
at 38, 28, 19, and 3.5 ft from the chamber splash wall.

e Group 7 matrix tests, summarized in Table 5.2, focused on establishing the impact of the chamber
size (10, 20, 30, and 39 ft wall-to-wall) and spray orifice-to-splash-wall distance on release fraction
and size distribution.

o Group 8 matrix tests, summarized in Table 5.3, focused on establishing the impact of using the
kaolin-bentonite clay simulant with non-Newtonian rheology (~30 Pa/30 cP and ~6 Pa/6 cP) on
aerosol generation, release fraction, and aerosol size distribution in a 20 ft chamber with all four
orifices and three fluid pressures.

Initial testing was primarily focused on functional tests, Groups 0 through 5, and provided the
foundation for spray release test configuration and conditions on parameters such as Malvern Insitec-S
lens and spacer bars, Malvern Insitec-S purge rate, mixing fan configuration, Malvern Insitec-S laser
position in relation to spray orifice, and chamber RH. The number of functional tests was dictated by the
observed results and need for additional insight into potential effects of the particular test condition. The
matrix tests, described by Groups 6 through 8, encompassed the bulk of spray release testing and went as
planned, with any additional tests being conducted only because of operational mishaps, test parameter
errors, or measurement equipment malfunctions. Table 5.1 through Table 5.3 summarizes these matrix
tests and provides both the actual and accepted number of tests.
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Table 5.1. Group 6 Tests (Planned and Actual) to Establish Effect of Spray Orifice Distance from Splash Wall

Spray Orifice Malvern Insitec-S Configuration™ Test Fluid Number of Tests
Chamber Distance from Mixing Fan Nominal Orifice Pressure Actual/
Simulant  Configuration® Splash Wall (ft) Purge Rate (SCFH)® Locations Conditions (mm) (psig) Planned®  Accepted
S84, S48 100 i) b DV.wo 10208k
Water 39S3A 38 50 [S8B (200, 380 psig), S8C] Standard® ’ A 100, 200, 380 36 47/40
center fans 1.0 x 76.2 Slot
100 (S4A) .
Circular, 2.0
1.0 x 10 Slot
1 (S8A, S8B) @ 12V, two 1.0 x 20 Slot
Water 39S3B 28 50 (S8C, S4A) Standard center fans 1.0 % 76.2 Slot 100, 200, 380 36 44/40
Circular, 2.0
1.0 x 10 Slot
1 (S8A, S8B) @ 12V, two 1.0 x 20 Slot
Water 3983C 19 50 (SSC, S4A) Standard center fans 1.0 % 76.2 Slot 100, 200, 380 36 53/50
Circular, 2.0
1.0 x 10 Slot
® 1 (S8A, S8B) @ 12V, two 1.0 x 20 Slot
Water 39S3D 3.6 50 (S8C. S4A) Standard center fans 1.0 % 76.2 Slot 100, 200, 380 36 39/38
Circular, 2.0
Total 144 183/168

(a) The five-character chamber configuration code (e.g., 39S3A) represents: 39 = total chamber length in feet, S = spacer bars (in-chamber testing), 3 = Malvern Insitec-S analyzers
used, and the last character represents lengths of spray header extensions where A = no spray header extension, B =10 ft, C =19 ft, and D = 34.3 ft spray header extension.

(b) The Malvern Insitec-S instruments were configured with 500 mm lens and 1000 mm spacers for all matrix tests.

(c) Malvern Insitec-S purge air rates were varied depending on the spray orifice and test fluid pressure.

(d) Standard In-Chamber Malvern Insitec-S Locations: (Position 1) A =75% of chamber length (360 in.), B&C =28 in., D&E = 28 in.; (Position 2) A = 50% of chamber length
(240 in.), B&C = 28 in., D&E = 28 in.; (Position 3) A =25% of chamber length (120 in.), B&C =28 in., D&E = 28 in. Dimensions A, B, C, D, and E are defined and illustrated in
Figure 4.9.

(e) Triplicate runs were planned for each orifice at each fluid pressure for in-chamber tests.

(f) A target distance of 3.5 ft was selected to match small-scale spray distances. The as-fabricated distance for large-scale was 3.6 ft. Throughout this report, the target distance of
3.5 ft is used when referring to this dimension.
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Table 5.2. Group 7 Tests (Planned and Actual) to Establish Effect of Chamber Size

Spray Orifice Malvern Insitec-S Configuration® Test Fluid Number of Tests
Chamber Distance from Mixing Fan Nominal Pressure Actual/
Simulant  Configuration®®  Splash Wall (ft) Purge Rate (SCFH)© Locations Conditions Orifice (mm) (psig) Planned® Accepted
. 1.0 x 10 Slot
1 [S8A, S8B (100 psig)]
Water 39S3A® 38 50 [S8B (200, 380 psig), S8C]  Standard? 12V, two 1.0 20 Slot 55 200, 380 36 47/40
center fans 1.0 x 76.2 Slot
100 (S4A) .
Circular, 2.0
1.0 x 10 Slot
) ® 1.0 x 20 Slot
Water 39F3A 38 100 (S8A, S8B, S8C, S4A) In-spray No fans 1.0 x 76.2 Slot 100, 200, 380 12 21/20
Circular, 2.0
1584, 8B (100 i) »  2Viwe  10<20S
Water 30S3A 29 50 [S8B (200, 380 psig), S8C]  Standard® ’ : 100, 200, 380 36 38/34
center fans 1.0 x 76.2 Slot
50 (S4A) :
Circular, 2.0
1 [S8A, S8B (100 psig)] 1.0 x 10 Slot
50 [S8B (200, 380 psig), S8C] @ 12V, two 1.0 x 20 Slot
Water 20S3A 19 50 [S4A (100 psig)] Standard center fans 1.0 % 76.2 Slot 100, 200, 380 36 37/37
100 [S4A (200, 380 psig)] Circular, 2.0
1 [S8A, S8B (100 psig)] }8 : ;8 g}gt
Water 10S2A 9 50 [S8B (200, 380 psig), S8C]  Standard® No fans : 100, 200, 380 36 38/37
100 1.0 x 76.2 Slot
(S4A) .
Circular, 2.0
Total 156 181/168
(a) The five-character chamber configuration code (e.g., 30S3A) represents: 30 = total chamber length in feet, S = spacer bars (in-chamber testing) or F = frames (in-spray testing),

(b)
(©
(d)
(©)

(8)

3 = Malvern Insitec-S analyzers used, and A = no spray header extension.

The Malvern Insitec-S instruments were configured with 500 mm lens and 1000 mm spacers for all matrix tests.

Malvern Insitec-S purge air rates were varied depending on the spray orifice and test fluid pressure.

Standard In-Chamber Malvern Insitec-S Locations: (Position 1) A =75% of chamber length (360 in.), B&C = 28 in., D&E = 28 in.; (Position 2) A = 50% of chamber length
(240 in.), B&C =28 in., D&E = 28 in.; (Position 3) A =25% of chamber length (120 in.), B&C = 28 in., D&E =28 in. Dimensions A, B, C, D, and E are defined and illustrated
in Figure 4.9.

Triplicate runs were planned for each orifice at each fluid pressure for in-chamber tests and single runs were planned for each orifice at each fluid pressure for in-spray tests.

The test data set for the 39S3A chamber configuration is duplicated from Table 5.1 to illustrate the complete test data package used in establishing the effect of chamber length.
For in-spray tests: The vertical position of Malvern Insitec-S instrument laser beam varied and was always centered in the spray jet majority. Similarly, the spray jet was always
centered between the Malvern Insitec-S laser source and detector. The Malvern Insitec-S laser beam to spray orifice distance was: MAL1854 (Position 1) = 11.3 ft, MAL1852
(Position 2) = 7.8 ft, and MAL1855 (Position 3) = 4.3 ft.
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Table 5.3. Group 8 Tests (Planned and Actual) to Evaluate Effect of the WTP Non-Newtonian Rheology Limits on Aerosol Generation Rates

Spray Malvern Insitec-S Configuration™ Number of Tests
Orifice
Simulant Distance Test Fluid
Rheology Chamber from Splash Mixing Fan Nominal Pressure Actual/
Simulant Target Configuration® Wall (ft) Purge Rate (SCFH)©? Locations Conditions Orifice (mm) (psig) Planned®  Accepted
1.0 x 10 Slot
50 (S8A, S8B, S8C) © 12V, two 1.0 x 20 Slot 100, 200,
20534 100 (S44) Standard™  center fans 1.0 % 76.2Slot 380 36 37135
30 Pa/ Circular, 2.0
Cl 19
Y 30mPas 1.0 x 10 Slot
150, 70, 60 (S8A, S8B, S8C) o ® 1.0x20Slot 100, 200,
20F3A 150, 70, 70 (S4A) In-spray No fans 1.0 x 76.2 Slot 380 12 15/13
Circular, 2.0
1.0 x 10 Slot
50 (S8A, S8B, S8C) © 12V, two 1.0 x 20 Slot 100, 200,
20834 150, 70, 70 (S4A) Standard center fans 1.0 x 76.2 Slot 380 36 41735
6 Pa/ Circular, 2.0
Cl 19
i 6 mPa-s 1.0 x 10 Slot
100 (S8A, S8B, S8C) ) ® 1.0 x 20 Slot 100, 200,
20F3A 150,70, 70 (S4A) In-spray Nofans 5 76281t 380 12 12/12
Circular, 2.0
TOTAL 96 102/95

(a) The five-character chamber configuration code (e.g., 20S3A) represents: 20 = total chamber length in feet, S = spacer bars (in-chamber testing) or F = frames (in-spray testing),
3 = Malvern Insitec-S analyzers used, and A = no spray header extension.

(b) The Malvern Insitec-S instruments were configured with 500 mm lens and 1000 mm spacers for all matrix tests.

(c) Malvern Insitec-S purge air rates were varied depending on the spray orifice.

(d) When a series of three Malvern Insitec-S air purges rates are listed these correspond to MAL1854 (Position 1), MAL1852 (Position 2), and MAL1855 (Position 3) with
position 1 being the farthest from the spray orifice header (horizontally).

(e) Standard in-chamber Malvern Insitec-S locations: (Position 1) A = 75% of chamber length (360 in.), B&C = 28 in., D&E = 28 in.; (Position 2) A = 50% of chamber length
(240 in.), B&C =28 in., D&E = 28 in.; (Position 3) A =25% of chamber length (120 in.), B&C = 28 in., D&E = 28 in. Dimensions A, B, C, D, and E are defined and illustrated
in Figure 4.9.

(f) Triplicate runs were planned for each orifice at each fluid pressure for in-chamber tests and single runs were planned for each orifice at each fluid pressure for in-spray tests.

(g) For in-spray tests: The vertical position of Malvern Insitec-S instrument laser beam varied and was always centered in the spray jet majority. Similarly, the spray jet was always
centered between the Malvern Insitec-S laser source and detector. The Malvern Insitec-S laser beam to spray orifice distance was: MAL1854 (Position 1) = 11.4 ft, MAL1852
(Position 2) = 7.8 ft, and MAL1855 (Position 3) = 4.3 ft.




5.5 DataAnalysis

Analysis of large-scale PLC and Malvern Insitec-S data in Phase II testing followed the same basic
approach employed in Phase I large-scale testing (Schonewill et al. 2012). Slight changes in analytical
methods were incorporated to accommodate changes to the large-scale test instrumentation (in particular,
configuration changes to the Malvern Insitec-S analyzers) and changes in the test methodology (such as
the widespread use of replicate and in-spray testing). Aerosol tests on the large-scale spray release test
skids produce a set of PLC data (corresponding to test skid measurements such as test fluid pressure,
recirculation loop volumetric flow rate, and chamber RH), a set of aerosol analyzer data (including, but
not limited to, total aerosol concentration and PSD), and a set of process meta-data such as timestamps
corresponding to the start and stop of spray releases. After data collection, the analytical method applied
to data depends on whether the data collected derive from “in-chamber” measurements or “in-spray”
measurements. For an “in-chamber” measurement, the analytical approach involves 1) analyzing “raw”
PLC data and 2) determining the “in-chamber” generation rate and release fraction from Malvern
Insitec-S size distribution and concentration data and the processed PLC data. Analysis of “in-spray” data
is more direct and involves only determination of the “in-spray” release fraction from Malvern Insitec-S
size measurements. In the sections that follow, a brief review of data analysis methods used in the
treatment of PLC and Malvern Insitec-S data is given. For a more detailed review of the basis for and
approach to spray release data analysis, the reader is referred to the initial test reports for small- and
large-scale (Mahoney et al. 2013 and Schonewill et al. 2012, respectively).

5.5.1 PLC Data Analysis

PLC data sources include sensors located throughout the large-scale test apparatus; information
derived from these test sensors is used primarily in the analysis of “in-chamber” measurements. Eight
key instruments are employed in Phase II large-scale data analysis; these instruments are listed in
Table 5.4.

During testing, load cell and Coriolis meter readings are used to assess the spray leak rate developed
at the engineered orifice. The first step involved in calculating volumetric spray rate from tank mass is to
determine the difference measured between the initial test fluid mass (at the start of spray), M;, and the
final test fluid mass (and the end of spray), M;, and from the measured spray duration using:

AM = (M — M;) — M55 (5.1)

where
M; = M1; + M2; (5.2)
My = M1 + M2, (5.3)

Here, M1 and M2 refer to the masses from the storage and feed tanks, respectively, and M, is the mass
lost through pump leakage. As before, the subscripts i and f'define the initial (before the spray is
initiated) and final (after the spray is stopped) masses. The spray start and stop times were used to specify
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Table 5.4. Eight Primary Instruments Used in Phase II Large-Scale Data Analysis

Data
Instrument Type Description/Location Quality Identifier Units

Load cell/scale Mass of storage tank contents NQA-1 Ml b,

Load cell/scale Mass of feed tank contents NQA-1 M2 b,

Coriolis flow sensor Located upstream of test section, pre-spray NQA-1 FE1 gpm
flow rate

Coriolis flow sensor Located downstream of test section, FIO FE2 gpm
post-spray flow rate

Pressure transducer Test section pressure at elbow just upstream of ~ NQA-1 PS4 psig
orifice(s)

Resistance temperature Test section temperature, at elbow just NQA-1 TS6 °F

detector upstream of orifice(s)

Relative humidity sensor Test chamber RH, 33 in. from wall near spray FIO' RHI %
header

Relative humidity sensor Test chamber RH, 101 in. from wall near FIO RH2 %
spray header

a spray duration At,.,,. Then, this information can be combined with the mass loss and simulant density
(p) (listed in Table 3.6 in Chapter 3 of this report) to determine the tank-mass-based volumetric spray rate

(Om):

O =2 (52 ) (5.4)

Atspray

To calculate the volumetric spray rate from Coriolis flow meter readings, Q,, the following equation is
used:

Q. = ((FE1) — (FE2)) + (FE1,s — FE2yq (5.5)

Here, the first term in parentheses represents the difference between the time-averaged Coriolis flow rates
as measured by FE1 (upstream of the orifice) and FE2 (downstream of the orifice) during the spray. The
second term in parentheses represents a correction for any pre-spray (thus the ps subscript) difference in
sensor readings. In Phase I testing, both upstream (FE1) and downstream (FE2) Coriolis meters were
qualified as NQA-1 instruments; however, because of difficulties with the downstream Coriolis meter
FE2 during Phase II testing, this meter output was marked as “For Information Only” (FIO).> As a result,
volumetric spray rates determined by Coriolis meter readings, although still calculated for all Phase 11
tests, must also be marked FIO and cannot be used for release fraction determination. Instead, the

! The relative humidity sensors were procured with a factory calibration but this did not meet the stringent NQA-1
quality requirements of this work. Performance checks of the sensors near the end of testing indicate that the values
obtained from these sensors are reasonably accurate.

? The FE2 Coriolis meter, downstream of the orifice, was tagged out of service/FIO on July 18, 2012, (at W254) due
to the zero point reading was outside the Test Instruction acceptance criterion of £0.1 gpm and could not be
corrected. A calibrated replacement Coriolis meter was placed into service at the FE2 location on July 27, 2012, (at
W312); however, the meter was designated as FIO since it did not have a project recognized NQA-1 pedigree. The
zero point reading acceptance criterion was met for FE2 for the remainder of testing and the meter output was in
agreement with the FE1 output.

5.17



volumetric spray rate determined from tank mass difference (Equation (5.4)) is used in the determination
of release fractions. Use of the tank-mass-based spray rate in the calculation of Phase II release fractions
is not expected to impact comparability of Phase I and Phase II results, as Phase I release fraction
determinations also used volumetric flow spray rates derived from the tank mass.

Pressure transducer readings are captured for use in the WTP model, which requires knowledge of
pressure to estimate the exit velocity of liquid from the orifice. The remaining sensors listed in Table 5.4
including the temperature probe and RH sensors, are used for informational purposes. In particular,
humidity sensor readings were used to assess the initial humidity at the start of sprays and, as described in
Appendix A, also were used in a set of information studies aimed at determining the impact of RH on the
release fraction results. Temperature sensor readings (which are NQA-1) were used to verify that
temperature fell within the appropriate control boundaries before the start of spray.

552 Determination of In-Chamber Generation Rate and Release Fraction

For each test, measurements from Malvern Insitec-S analyzers yield aerosol concentration and size
distribution measurements as a function of the period immediately before, during, and after termination of
spray releases. Before use, all Malvern Insitec-S transmission data were evaluated and corrected for laser
drift. To correct for drift, the laser intensity, S, measured as a function of time during each test was
re-normalized to a pre-spray averaged background level (S,) obtained by averaging the laser intensity

readings over a period of 2 s immediately before spray. The corrected laser transmission, t, is thus:

= S
"~ (Sps)

(5.6)

Corrected total aerosol concentrations, denoted by c,, are then calculated using the Beer-Lambert law:

_ 2D3’2
v =3

Int 5.7

where D; ; is the SMD (which is reported by the Malvern Insitec-S software) and b is a proportionality
constant determined by evaluation of how the uncorrected concentration data reported by the Malvern
Insitec-S software vary with t. Determination of b is accomplished by using linear regression analysis of
In(7) versus ¢, / D, with available uncorrected data, where the resulting best-fit slope is 1.5-b.
Determination of b is only possible when sufficient (i.e., greater than five) measurements of uncorrected
¢, (and corresponding D; > and 1) are reported by the Malvern Insitec-S software. After b is determined,
there is sufficient information to determine a corrected ¢, in cases where old (uncorrected) ¢, and Dj ,
measurements are available from the raw Malvern Insitec-S output. In certain cases, laser drift can
prevent direct reporting of ¢, and D3, measurements while still allowing the Malvern Insitec-S to report a
size distribution. In these cases, the Sauter mean diameter must be calculated from the size distribution
information before the corrected aerosol concentration can be calculated using Equation (5.7).

Generation rates and release fractions are determined by evaluating the rate of concentration rise
immediately after the start of a spray and are typically calculated on a cumulative or differential basis as a
function of particle size. The cumulative and differential approaches differ in only the format of the
concentration size distribution (i.e., the set of data that describes the cumulative or differential
concentration of aerosol in ppmv as a function of aerosol diameter) used during analysis. The approach
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outlined below shows the cumulative approach; the reader is referred to Schonewill et al. (2013) for a
description of the differential approach. If we denote F, as the cumulative volume fraction that falls
below a particle diameter, dj, the concentration distribution by size is given by:

Cp = Cka (58)

Here, ¢, represents the cumulative concentration that falls under particle diameter, d;. Both ¢, and F}, and
as a result ¢, are functions of time, and are converted to an elapsed test time scale, ¢, by using:

t=t, —tg (5.9)

where t,, is the measurement timestamp and ¢ is the timestamp corresponding to the start of spray. For
release fraction analysis, a chamber volume averaged concentration is determined from the concentration
distribution curves corresponding to each of the two (for the 10 ft test configuration) or three (for
chamber configurations longer than 10 ft) Malvern Insitec-S analyzers. Because Phase I Malvern
Insitec-S aerosol analyzers are evenly spaced across the length of the test chamber, the average volume
concentration of the chamber is calculated as the arithmetic average:

- 1 n

Ck —azjmck’j (510)
Here, n,, represents the number of individual Malvern Insitec-S measurements (n,, = 3 for all but the 10 ft
chamber configuration, where n,, = 2). The average transient concentration data, ¢, are used to
determine the best-fit cumulative generation rate, Gy, and loss coefficient, A,. Specifically, non-linear
least-squares analysis is used to fit the transient aerosol concentration distribution data, ¢ (t), to:

=~ _ Gk —Agt
ck—lk—v(l—e kt) (5.11)
Here, V is the volume of the test chamber. Least-squares analysis yields Gy, which is the cumulative
generation rate that occurs under particle diameter d;. The cumulative release fraction undersize, Ry, is
then calculated by:

R, =& (5.12)
Qm
It should be recognized that this analysis incorporates assumptions made in the derivation of
Equation (5.11) (see Section 1.5). The most significant of these is that mixing of aerosol droplets within
the chamber is rapid with respect to the rate of accumulation of aerosol within the test chamber.
Furthermore, the average volumetric chamber concentration ¢;, needed to interpret data in terms of the
exponential model is associated with the arithmetic average of Malvern Insitec-S concentration readings.
The aerosol analyzers employed in most test configurations measure aerosol concentration at three fixed
locations above the spray and sample a total volume of ~220 cm?® (~0.057 gal). Even relative to the
minimum chamber volume of ~3600 gal, the sampling volume represents less than 0.002 percent of the
region occupied by aerosol. Because the actual aerosol volume sampled is significantly smaller than the
chamber volume, consideration must be given to the representativeness of aerosol measured relative to
the bulk aerosol. Processes that can change or alter the aerosol before it reaches the measuring location,
such as evaporation or coalescence, can impact apparent generation rates as determined by
Equation (5.11).

5.19



5.5.3 Determination of In-Spray Release Fraction

In-spray measurements are made with the Malvern Insitec-S aerosol analyzers installed directly in the
path of the spray. Passage of the leading edge of the jet through the measurement zone is essentially
instantaneous relative to the maximum aerosol data collection rate (4 Hz). As a result, in-jet
concentration profiles (with time) are essentially step functions instead of gradual increases to some
equilibrium concentration. The time at which the step change in concentration occurs for in-spray
measurements is dictated by the jet velocity and the downstream distance of the analyzer from the orifice
(as well as jet trajectory to a lesser extent). As such, interpretation of in-spray concentration rise with the
exponential model does not produce a physically meaningful result. For this reason, determination of
in-spray release fractions use the alternate approach outlined below. Schonewill et al. (2012)
demonstrated that release fraction can be expressed as:

Rk =f:S‘Fk,O (513)

where f; is the fraction of spray aerosolized and F}, is the size distribution of aerosol produced by the
spray. For in-spray measurements, the measurement location of the Malvern Insitec-S instruments is such
that 1) the size distribution should closely resemble that produced by aerosolization of the high-pressure
spray and 2) the measured spray is not yet impacted by aerosol loss mechanisms. The latter assertion
means that in-spray measurements can treat the aerosolization process as complete with the caveat that
such aerosolization includes particles that would not be considered aerosolized in “in-chamber”
measurements because of losses due to inertial impact against a wall or gravitational settling. For
complete aerosolization,

fs=1 (5.14)

Then, if the in-spray size distribution measured by the Malvern Insitec-S analyzer is denoted by Fk(ms),
then the corresponding in-spray release fraction must be (from Equation (5.13)):

RI((INS) _ (Fk(uvs)) (5.15)

The size brackets in the right-side term reflect that Malvern Insitec-S size distribution measurements are
time-averaged (typically over a period of 4 s) to improve result confidence and to capture any variances
resulting from natural transients (such as spray turbulence). Once flow is established through the
engineered orifice, the in-spray size distribution is not expected to exhibit transience beyond turbulence.
However, in-spray measurements may be impacted by buildup of smaller particles in the test chamber and
re-entrained into the spray. For these reasons, time averaging of in-spray data for release fraction analysis
is taken near the start of spray (typically between 8 and 12 s).

Once the in-spray release fraction is determined, the cumulative generation rate undersize (i.e., below a
particle diameter, d;) for in-spray measurements may then be calculated as:

INS INS
¢ = @RI (5.16)

For Phase II analysis of in-spray measurements, in-spray generation rates were not calculated.
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5.5.4  Averaging of Replicate Results

In Phase Il spray leak testing, significant effort was made to perform at least one (but typically two or
more) replicate “in-chamber” tests for each test configuration and orifice. Replicate tests were performed
to provide a better estimate of overall “in-chamber” release fraction and generation rate measurement
variability. To reduce the complexity of presenting measurement results from several replicate tests and
to provide a clearer picture of data trends and functionality, the geometric mean of both release fraction
and generation rates were determined for each set of replicate tests. Specifically, for a given test
configuration L, the mean release fraction and generation rates were determined using

R = ”/H}?Rk,i (5.17)
G = "/H? G (5.18)

Here, }?I(CL) and G_IEL) represent the geometric mean release fraction and generation rates, respectively, of n
individual release fraction, Ry ;, and generation rate measurements, G;,;. As before, the subscript &
associates each result with its corresponding aerosol diameter d;. Based on the limited number of
replicate tests employed in analysis for each unique test configuration (i.e., simulant, orifice and pressure
combination) and the difficulty in quantitatively combining uncertainty from separate test conditions, a
statistical presentation of the uncertainty (i.e., the 95 percent confidence limit) is not provided when
presenting mean release fraction results for a given test configuration. Instead, the uncertainty presented
with the mean values derived from Equations (5.17) and (5.18) is simply taken as the maximum and
minimum values of the individual measurements. Statistical tests will be applied when interpreting trends
in larger sets of measurement data, such as release fraction variability with pressure or orifice area.
Geometric averaging of in-chamber data was selected based on the current presentation of results, which
presents release fractions on a logarithmically scaled axis. Furthermore, geometric averaging is applied
only to in-chamber results. Similar test-by-test averaging is not needed for in-spray measurements
because those measurements typically involved a time-averaged size distribution measurement derived
from a single test.

555 Determination of WTP Model Release Fraction Curves

Larson and Allen (2010) summarize the methodology used by WTP for estimating the aerosol release
fraction and generation rate of spray releases, and McAllister (2010) provides additional details on the
equations and method. The method uses the theoretically-based correlation by Dombrowski and Johns
(1963) for estimating the Sauter mean diameter, D; », and then estimates the aerosol droplet size
distributions using the Rosin and Rammler (1933) distribution. The Dombrowski and Johns (1963)
equations used in the WTP methodology for estimating the Sauter mean diameter are

1/5
_ K2 o2 1/6 K p& U7 1/3
d, = 0.9614 (pl - ) [1 +2.6u (72 - 05) (5.19)
B sy /6
d; =1.882d, [1 + W] (5.20)
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D3, = 0.63 dg (5.21)

where d; = the theoretical ligament diameter (m)

d;, = the theoretical droplet diameter (m)

4 = the liquid viscosity (Pa s)'

p; = the liquid density (kg m™)
pa = the air density (kg m”)

o = the surface tension of the liquid (N m™)
U = the fluid velocity at the orifice (m s™)
K = the spray nozzle parameter (m?).

The K parameter is determined with the (McAllister 2010) relationship

0.5A
K= b

B sin(g/z)

(5.22)

where A4, is the area of the orifice for all shapes and & is the full spray angle and assumed to be the
maximum value of 150° for a fan spray. For use in Equation (5.19), the velocity of the liquid leaving the
orifice can be determined from the pressure differential (AP) with an orifice flow equation (e.g., see Denn
1980), and McAllister (2010) uses the following orifice flow equation with a typical value of 0.62 for the
orifice coefficient:

1/2
=) (5.23)

u=o62 (2F
The Sauter mean diameter for a particular spray can be determined using Equations (5.19) to (5.22).
To determine the fraction of a spray contained in droplets below any particular size for a spray release
accident analysis, a relationship is needed for the droplet size distribution. For the WTP methodology,
Larson and Allen (2010) use the Rosin and Rammler (1933) distribution and further assume that the
release fraction of a spray is equal to the droplet size distribution. As determined by the WTP

methodology, the cumulative release fraction R ,((WTP) of droplets with diameters equal to or smaller than

dy is given by:
q
(WTP) _ o _ _ (Psz 4k
R, =1 exp[ (Dx D3,z) ] (5.24)
22— [r(1-1/)] ™ (5.25)
Dx

The WTP superscript has been included to differentiate release fractions determined by Equation (5.24)
from other uses of release fraction in this report. Here, g and Dy are a constant and characteristic
diameter, respectively, that determine the median of and spread in the droplet size distribution. The ratio
of Sauter mean diameter to characteristic diameter Dy is defined by Equation (5.25), where I' is the
gamma function. Larson and Allen (2010) recommend ¢ = 2.4 when using Equations (5.24) and (5.25)

! McAllister (2010) has a typographical error and shows incorrect units for viscosity (kinematic viscosity units are
used), but correctly uses the correct viscosity and units in the example calculation.

5.22



for WTP release fraction calculations. Once release fraction is calculated, the cumulative generation rate
predicted by the WTP model, G,EWTP), may be determined as:

G}EWTP) e R’(CWTP) (5.26)

where Q, is the volumetric flow of the spray (m® s™) . In the WTP model, the volumetric flow for
calculating the total release with Equation (1.7) is simply the spray velocity times the area of the orifice.

Qs = U4y (5.27)

5.6 Summary of Changes from Phase |

In this chapter, we outline the general test approach, system operations, and test configurations along
with the data analysis approach employed in the Phase II spray release testing. The overall approach and
test methodology were adapted from Phase I testing; however, several key changes were made to address
unresolved test issues that remain from Phase I testing and to address new issues identified. A summary
of these changes, along with brief discussion of each, is provided in Table 5.5.
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Table 5.5. Summary of Key Changes Made in the General Test Approach and Data Analysis
Methodologies for Phase II Spray Leak Testing

Phase II Change

Rationale

Testing of non-Newtonian simulants

In-Spray testing for all Phase II test
pressure, orifice, and simulant
combinations

Widespread use of replicate testing for
in-chamber tests

Averaging of in-chamber release fraction
(and generation rate) replicates

Exclusion of release fraction data
impacted by measurement bias

Chamber RH requirement of >80% before
collection of baseline test data and
subsequent test execution spray release

Phase I large-scale tested only Newtonian simulants. Phase II testing
included tests of non-Newtonian slurry composed of mixed clay (80 wt%
kaolin and 20 wt% bentonite) in water. The ratio of mixed clay
solids-to-water was selected to produce slurry with one of two target
slurry yield stresses (6 Pa or 30 Pa).

Phase I did not perform in-spray testing for all test combinations.
However, because it is believed that in-spray measurements provide an
upper-bound estimate for release fractions, Phase II testing evaluated
in-spray release fractions for Phase II test configurations.

For the in-chamber testing, at least one or more replicate tests were
conducted in an attempt to better understand experimental variability.

The approach and methods for determining in-chamber release fractions
and generation rates were adapted from Phase I testing without
substantial change. However, replicate testing was performed for all
Phase II in-chamber test configurations and yielded two or more repeat
measurements of release fraction for each simulant, test pressure and
orifice combination. To reduce the complexity and improve the
readability of data presentations, repeat measurements were uniformly
averaged (using a geometric mean) in Phase II testing. Replicate testing
helped improve confidence when evaluating trends in release fraction
data with changing test pressure and orifice area and facilitated improved
extrapolation of large-scale results to larger postulated breaches.

Both small- and large-scale Phase I reports typically provided all release
fraction data between 1 and 200 um. Release fraction data were
highlighted when the fit of the exponential concentration rise was poor
(R?<0.5). For Phase II reporting, release fraction data were subjected to
more stringent reporting requirements. For the current report, both
in-spray and in-chamber release fraction data below 10 um are not
reported, as they fall outside the primary size range of interest (10 to
100 pm). In additional, both in-spray and in-chamber release fraction
data that fall below 0.5% of the total fractional release are not reported
because of loss measurement accuracy. Finally, in-chamber release
fraction data above 80 um are highlighted because of concerns
associated with poor sampling of large aerosols in in-chamber
measurement configurations. These guidelines are established in
Section 7 of this report.

During functional tests, when investigating the influence of chamber RH
on test results, preliminary results suggested that maintaining >80%
chamber RH had no detectable influence on aerosol concentrations and
size distributions The most conservative release fraction results are
captured under a 100% RH chamber condition.

5.24



6.0 Malvern Insitec-S Analyzer Validation

In both Phase I and Phase I testing, the Malvern Insitec-S aerosol analyzer was used as the primary
means for measuring aerosol concentrations and size distributions. The Malvern Insitec-S employs open
frame laser diffraction, whereby aerosol size and concentration are measured by time averaging laser
power and scattered light intensities from diffraction events that occur in the measurement volume
defined by the path of the 10 mm diameter laser beam across the 70 to 920 mm open path between the
laser source and detector. As discussed below, the measurement technique and configuration pose several
difficulties when interpreting aerosol results:

e PSD is not measured directly. Instead, the scattered light pattern produced by the aerosol or
dispersion is measured. Then, the size distribution of that dispersion is inferred by calculating the
size distribution of a dispersion of spherical particles that produces the best match of the measured
diffraction pattern (Jillavenkatesa et al. 2001). The process requires calculation of scattered light
intensity as a function of particle size and scattering angle through Mie theory (van de Hulst 1981).
To reduce the computational power needed to invert the diffraction pattern, inversion algorithms may
invoke a model (Jillavenkatesa et al. 2001) that assumes size distribution functionality. Example
inversion models for a Malvern Instruments Mastersizer 2000 particle size analyzer (laboratory
equivalent to the Insitec-S; Malvern Instruments Ltd.) include mono-disperse single peak
distributions, mono-disperse multiple peak distributions, or poly-disperse (broad) size distributions.
The distribution of sizes is typically assumed to be log-normal. The inversion model can have a
dramatic impact on the measured size distribution, and examples of this impact are given Appendix G
of Wells et al. (2011). In one example, a mixture of two mono-disperse powders of distinct size (i.e.,
with minimal overlap in their size distributions) was analyzed using laser diffraction. The mixture
size distribution was properly characterized when a multi-modal mono-disperse model was selected.
However, when a general purpose (broad) size distribution model was selected, the result was a single
broad distribution of particles that showed no indication of two distinct size distributions. In many
cases, especially when dealing with dispersions created from aerosolization, the size distribution is
continuous and broad. For poly-disperse mixtures, application of a broad general purpose size
distribution model tends to smooth the distribution and will broaden the size distribution (i.e.,
increase the lower and upper size boundaries of the distribution). The inversion algorithm is typically
instrument specific, and as is the case with the Malvern Insitec-S aerosol analyzer used in PNNL’s
spray leak analyses, the user is not always able to select or alter the inversion method.

e Aecrosol concentration is determined using the Beer-Lambert law, which relates the loss of laser
power (or conversely, the obscuration of the laser intensity) resulting from the presence of aerosol in
the Malvern Insitec-S analyzer measuring volume to the concentration of aerosol in the measuring
volume. Use of the Beer-Lambert law requires knowledge of the aerosol size distribution (as
determined by the inversion of the measured diffraction pattern) and determination of the scattering
efficiency of aerosol particles (which requires both knowledge of the size distribution and optical
properties of the aerosol). As such, the concentration measurement is tied directly to the
determination of particle size, and errors in the measured size distribution may carry through to
concentration determination. Like size measurements, the Beer-Lambert formulation used by the
Malvern Insitec-S analyzer assumes spherical particles. Interpretation of concentration measurements
for non-spherical particles may be subject to bias that depends on the surface area to volume ratio.
With respect to aerosol measurements conducted in Phase I and Phase II spray release studies, the
assumption of spherical droplets is reasonable for water droplets in the size range of interest (10 to
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100 pm), as capillary forces are expected to dominate the drop shape. On the other hand, aerosols
formed by high velocity spray of slurries may contain non-spherical particulate that will be subject to
particle shape measurement bias.

¢ Diffraction events may occur at any point along the measurement zone. Because diffraction path
length for the open frame (70 to 920 mm) is long relative to typical laser diffraction techniques
(which employ short path lengths on the order of 1 to 10 mm), diffraction events collected through a
single lens (100 mm in Phase [ and 500 mm in Phase II) must consider that diffraction events
occurring far from the collection optics will have a much lower range of accepted scattering angles
than events occurring near the optics. As such, scattering events that occur far from the detector will
show attenuation or complete loss of scattered light at high angles relative to events that occur near to
the detector. And as a result, the overall diffraction pattern also will be attenuated at large scattering
angles. Because the diffraction signal at large scattering angles typically correspond to light scattered
by small particles, the resulting PSD will either under-estimate or completely exclude the volume
contribution of those small particles. If the concentration profile of the aerosol (or geometry of the
spray) within the measurement zone is known, the algorithm for determining the size distribution can
attempt to correct for large scattering angle attenuation. The Malvern Insitec-S analyzer implements
corrections for laser attenuation; however, this correction is based on first principles, and the accuracy
should be evaluated to determine their overall accuracy.

Despite the difficulties outlined above, the Malvern Insitec-S is still a far superior tool for aerosol
characterization and analysis because it allows rapid in-process assessment (i.e., complete measurements
at data rates up to 4 Hz) of statistically significant populations of aerosol particles (ensemble diffraction)
whose size range can span several orders of magnitude (0.5 to 2500 um). Other aerosol sizing
techniques, such as phase Doppler and optical image capture and analysis, require much longer
observation times (i.e., on the order of 1 min) to build statistically significant size distribution results.
Optical techniques are further hindered by field-of-view constraints and with respect to the overall range
of particle sizes that can be captured at a single magnification level.

The difficulties outlined above pose a challenge to those attempting to assess overall instrument
accuracy with respect to size and concentration measurements. As stated previously, the Malvern
Insitec-S analyzers are the primary means of aerosol characterization for spray leak characterization in
both the Phase I and Phase II test campaigns. As such, it is important to understand the accuracy of these
instruments for measuring aerosol concentrations and size distributions. Phase II test activities included
studies focused on determining the accuracy of the Malvern Insitec-S size and concentration
measurements under various test configurations. In this chapter, the test approach and results for these
Malvern Insitec-S validation studies are described in detail, and an overall assessment of measurement
accuracy with respect to the standard aerosol test configurations used during Phase I and Phase II is
provided.
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6.1 Objectives

Malvern Insitec-S validation testing addressed Test Objective #10 of TP-WTPSP-031, Rev. 1.0"). As
stated in TP-WTPSP-031, Rev 1.0, this test objective required that PNNL:

[A]ssess the capability of the Malvern Insitec-S in-process particle size analyzer, which is
the instrument used in the aerosol testing, to measure accurately the concentration and
size distribution of samples. This will be accomplished by measuring carefully
controlled dilute aqueous slurries of known concentration and PSD and comparing the
Malvern result to the known values. Testing will include mono- and poly-disperse
suspensions and will evaluate all four Malvern configurations of 1) Phase I small-scale
spacers and old lens, 2) Phase II small-scale spacers and new lens, 3) Phase I large-scale
spacers and old lens, and 4) Phase II large-scale spacers and new lens (old lens 100 mm,
new lens 500 mm).

In more simple terms, the aim of Malvern Insitec-S validation testing was to:

1. Evaluate the accuracy of concentration, the linearity of concentration response, and the accuracy of
size distribution measurements under instrument configurations where there is no need to correct the
diffraction pattern for distance effects

2. Evaluate the validity of diffraction pattern corrections that account for distance effects.

According to TP-WTPSP-031, Rev. 1.0, the success criterion that governed validation testing was:

[M]easure[s] the concentration and size distribution of known aqueous suspensions with
the Malvern used for aerosol measurements and quantitatively compare[s] the Malvern
(Insitec-S) results with the known values to estimate the Malvern (Insitec-S) accuracy for
measuring aerosols.

Validation testing evaluated if it was necessary to change analyzer settings for analysis of Phase I and
Phase II data to improve measurement accuracy. To meet the objectives, a series of validation tests that
evaluated Malvern Insitec-S analyzer performance against known or certified materials and that
parametrically evaluated the impact of instrument settings on the result were conducted. These tests were
used to determine if any corrections for measurement bias should be made and if any optimal instrument
settings existed to improve the overall aerosol measurements used for both Phase I and Phase II release
fraction analysis. As discussed in detail below, validation testing observed no systematic bias in the
Malvern Insitec-S analyzer’s concentration or size results that required correction.

6.2 Approach

Phase II Malvern Insitec-S validation activities represent an extension of Phase I validation activities
reported in Section 5.3.2.1 in Schonewill et al. (2012). Phase II validation studies employ
solid-particle-in-liquid dispersion testing in both liquid flow cell and column configurations. Use of
solid-in-liquid dispersions rather than airborne liquid or solid particulates simplifies mass balance
considerations by eliminating significant loss of dispersed particulates to walls through condensation,

! Gauglitz PA. 2012. Test Plan for Spray Leak Quantification to Support WTP Spray Release Methodology.
TP-WTPSP-031, Rev. 1.0, Pacific Northwest National Laboratory, Richland, Washington.
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adsorption, or settling. Testing activities examine the impact of test material, dispersion configuration,
and software settings that affect interpretation of the diffraction pattern. Key differences between Phase I
and Phase II testing activities are described below:

o Phase II validation activities represent a significant expansion of validation tests, including
development of concentration curves for mono-disperse and poly-disperse materials of difference size
and optical properties.

o Tests evaluate not only concentration accuracy, but size accuracy as well.

o Phase I validation examined the performance of the Malvern Mastersizer 2000 instrument, which is a
laboratory equivalent of the in-process Malvern Insitec-S analyzer. Phase II validation studies
employed the Malvern Insitec-S analyzer directly and eliminated the need to consider differences in
the operating specifications of the Malvern Mastersizer 2000 and the Malvern Insitec-S analyzer.

In the following subsections, the test materials and methodology employed in Phase II validation
activities are discussed in detail.

6.2.1 Test Materials

Phase II validation activities employed a range of test materials to evaluate the impact of material
properties on measurement accuracy. Materials were selected to fall within the range of interest for spray
leak testing (e.g., 10 to 100 um in size). A summary of materials tested is given in Table 6.1 along with
key material specifications.

Table 6.1. Selected Properties of Powder Systems Used in Malvern Insitec-S Validation Testing

Refractive d(10), d(50), d(90), PSD
Material Shape Index Distribution wm wm pm Source

Glass beads, 10 um Spherical  1.520 + 0.000i Mono-disperse 8.1 9.2 10.2 Cert’
Glass beads, 20 um Spherical  1.520 + 0.000i Mono-disperse ~ 21.8 22.8 23.8 Cert®
Glass beads, 50 um Spherical  1.520 + 0.000i Mono-disperse  47.4 49.2 51.0 Cert®
Glass beads, 3to 30 um  Spherical  1.520 +0.000i  Poly-disperse 9.14 13.4 20.3 Cert®
Glass beads, XLSciTech  Spherical 1.520 +0.000i  Poly-disperse 49.4 68.1 93.7 Ref®
Glass beads, QAS3001B  Spherical 1.520 +0.0001  Poly-disperse 37.1 60.0 95.5 Cert"
Boehmite, APRYAL Irregular  1.655 + 1.000i  Poly-disperse 1.68 8.04 20.1 Ref®
AOH20
Gibbsite, NOAH R6011 Irregular  1.580 + 1.000i  Poly-disperse 1.8 9.0 21.3 Ref®

(a) Certificate of analysis based on Andreasen Pipette, Coulter Counter, and Optical Microscopy.

(b) Reference measurement (Malvern Mastersizer 2000).

(c) Certificate of analysis based on laser diffraction.

For activities focused on verifying Malvern Insitec-S size measurements, several mono-disperse and

poly-disperse glass beads were purchased from Whitehouse Scientific, Ltd., (Waverton, Chester,

United Kingdom). These materials included 10, 20, and 50 um mono-disperse glass powders and a 3 to
30 um poly-disperse glass powder. All materials purchased from Whitehouse Scientific came with a
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National Institute of Standards and Technology (NIST) traceable certified size distribution that is based
on methods independent of laser diffraction, including Andreasen Pipette, Coulter Counter, and Optical
Microscopy. These materials allow any size distribution bias introduced by laser diffraction to be
evaluated directly. To evaluate instrument bias, a separate size standard, QAS3001B (which is a 15 to
150 um poly-disperse glass bead), was purchased from Malvern Instruments. This standard has a
certified (NIST-traceable) size distribution based on laser diffraction measurements and is intended to
check performance of the Malvern Mastersizer 2000 (and other Malvern Instruments Ltd. size analyzers).

Activities related to evaluating concentration accuracy employed the certified glass beads purchased
from Whitehouse Scientific and Malvern Instruments. These standards were further supplemented by
three additional test powders: 1) XLSciTech mono-disperse glass beads, 2) Gibbsite NOAH R6011
powder, and 3) Boehmite APYRAL AOH20 powder. The gibbsite powder was manufactured by BASF
but was procured from a U.S. supplier, NOAH Technologies Corporation. The boehmite powder was
manufactured by Nabaltec GmbH but also was procured from NOAH Technologies Corporation. The
XLSciTech glass powder is XLSciTech product XLSL063075. This powder was manufactured by and
purchased from XL Science and Technology (Richland, Washington). Unlike the Whitehouse Scientific
and Malvern Instruments glass bead standard, the XLSciTech glass beads and gibbsite and boehmite
powders are not NIST traceable. Their reference size distributions have been measured using a Malvern
Mastersizer 2000 particle size analyzer whose performance was verified against NIST traceable
standards.

6.2.2  Test Setup

Malvern Insitec-S validation testing employed one of two standard test configurations: 1) flow cell
testing and 2) column testing. These tests differ primarily in how the solid-in-liquid dispersion was
presented to the instrument. The aim of flow cell tests was to evaluate baseline instrument accuracy; they
also included limited testing of software correction of the diffraction pattern for distance. Column testing
was intended to provide a limited evaluation of the accuracy of concentration and size distribution
measurements in instrument configurations that replicate Phase I and Phase II aerosol setups. As such,
these tests provided an assessment of the accuracy of diffraction pattern corrections made on aerosols
distributed across long (>150 mm) path lengths.

A basic schematic for flow cell testing is shown in Figure 6.1. As indicated in the diagram, the test
particle dispersion was pumped from an agitated storage vessel through a liquid flow cell and back
through a return line to the storage vessel. For validation testing, a Hydro G dispersion unit (purchased
from Malvern Instruments) was adapted for use in dispersion storage, mixing, and pumping. The
Hydro G dispersion unit can hold up to 800 mL of dispersion and is equipped with an overhead mixer for
the dispersion reservoir and a built-in pump to circulate the dispersion. This dispersion unit is intended
for analysis of standard materials (such as glass beads) with particle diameters as large as 2000 um and
can uniformly disperse the test materials identified in Table 6.1. The dispersion was presented to the
Malvern Insitec-S measuring region using a liquid flow cell (part number MPS2628) purchased from
Malvern Instruments. The flow cell creates an optical path of variable length through which a test
dispersion can be flowed and is attached to the Malvern Insitec-S frame using a tri-clamp. The flow cell
path length can adjusted using stainless steel spacers of variable thickness. Spacers can be used
individually or can be combined to create a range of optical path lengths from 1 to 10 mm; a standard
3 mm spacer was employed for all flow cell analysis. For the majority of validation tests, the flow cell
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was installed on the faceplate of the detection unit, as this eliminates the need to correct for laser
attenuation from lowered angle of acceptance. The small optical path combined with the proximity of the
flow cell to the detector is typical of most laboratory laser diffraction setups, and as such, this
configuration provided a baseline assessment of Malvern Insitec-S performance. For select test cases, the
flow cell was installed at the laser unit, and its distance from the detection unit varied by installation of
150, 500, and 1000 mm spacers, to evaluate the impact of distance from detector on the interpretation of
the diffraction pattern. In addition, the majority of flow cell tests employed the 100 mm lens because its
measurement range was best suited for the test dispersions listed in Table 6.1. Select flow cell tests also
examined the Malvern Insitec-S performance using the 500 mm lens. The flow cell test matrix (which is
discussed in detail in the next subsections) employs all materials listed in Table 6.1.

agitator

particle
dispersion

laser 3 mm liquid detector
flow cell

Figure 6.1. Basic Test Setup for Flow Cell Testing

In column testing, the flow cell is replaced with a flow column. Two column lengths, 400 mm and
900 mm, were employed in testing. The basic configuration for each column length is shown in
Figure 6.2 and Figure 6.3. Flow columns are intended to simulate aerosols uniformly distributed over a
long (>150 mm) path length. The 400 mm column configuration represents the typical Phase I large-scale
Malvern Insitec-S analyzer configuration in which the aerosol measurement path length was 420 mm. In
keeping with the Phase I Malvern Insitec-S analyzer configuration, 400 mm flow column testing
employed a 100 mm lens.' Likewise, 900 mm column testing employed an optical path length and lens
choice consistent with Phase II large-scale testing, in which the optical path length was 920 mm and a
500 mm lens was installed on the Malvern Insitec-S detection unit. Both column configurations
employed a closed loop flow system, which consisted of a 50 gal dispersion reservoir and a stainless steel
rotary lobe pump capable of flow rates up to 10 gpm. The dispersion reservoir was agitated with an
overhead mixer. Both 400 and 900 mm columns are fabricated of 1.5 in. inner diameter black PVC
tubing. The inner diameter of the tube is rough to prevent specular reflections of scattered light. Column
testing only employed the 3 to 30 um poly-disperse glass bead powder purchased from Whitehouse
Scientific.

! For the 400 mm column test configuration (shown in Figure 6.2), the distance between laser and detection units
was 1000 mm. This distance has no functional impact on the results of column testing, as only the dispersion
configuration (i.e., the location of the 400 mm column relative to the detection unit) is relevant.
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Figure 6.2. Diagram for 400 mm Flow Column Testing Used to Simulate the Phase I Malvern Insitec-S
Aerosol Analyzer Test Configuration

flow out 1.5” diameter
dispersion column
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Figure 6.3. Diagram for 900 mm Flow Column Testing Used to Simulate the Phase IT Malvern Insitec-S
Aerosol Analyzer Test Configuration

6.2.3 Test Matrix

Flow cell tests employed a diverse matrix of tests to evaluate 1) concentration accuracy, 2) linearity
of concentration response, and 3) accuracy of particle size. As described previously, several particle
systems were tested and several instrument configurations assessed. Table 6.2 outlines the matrix of flow
cell tests performed during Malvern Insitec-S validation activities; it does not include column tests.

The flow cell test matrix lists several tests with each having one of the following test goals:

e Concentration and Size Response Tests are evaluations of concentration and size distribution
accuracy for several different test powders in the standard Malvern Insitec-S flow cell configuration
(i.e., 100 mm lens, 150 mm spacers, and flow cell installed near the detection unit).

e Lens Tests are evaluations of the impact of the 500 mm lens on the concentration and size
distribution result relative to the standard instrument configuration using the 100 mm lens.

o Position Tests evaluate the impact of distance of the flow cell from the detection unit. The flow cell
is installed at the laser unit, and different spacer bars (150 mm, 500 mm, and 1000 mm) are used to
alter the distance between flow cell and detection unit.
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o Irregular Particle Evaluations examine the impact of irregular powders on the diffraction results.
While standard tests employ spherical glass beads, irregular particle tests use either boehmite or
gibbsite powders. These are industrial materials, and are expected to have broad size distribution and
irregular shapes with rough surfaces.

Table 6.2. Flow Cell Test Matrix for Malvern Insitec-S Validation

Flow Cell
Test No. Test Goal Test Dispersion Lens Spacer Bars Location

1 Concentration and 10 um glass bead 100 mm 150 mm Detector
Size Response

2 Concentration and 20 pum glass bead 100 mm 150 mm Detector
Size Response

3 Concentration and 50 um glass bead 100 mm 150 mm Detector
Size Response

4 Concentration and 3 to 30 um glass bead 100 mm 150 mm Detector
Size Response

5 Concentration and XLSciTech 100 mm 150 mm Detector
Size Response

6 Concentration and QAS3001B 100 mm 150 mm Detector
Size Response

7 Lens Test 3 to 30 um glass bead 500 mm 150 mm Detector

8 Lens Test XLSciTech 500 mm 150 mm Detector

9 Position Test 3 to 30 um glass bead 100 mm 150 mm Laser

10 Position Test 3 to 30 um glass bead 100 mm 500 mm Laser

11 Position Test 3 to 30 um glass bead 100 mm 1,000 mm Laser

12 Position Test XLSciTech 100 mm 150 mm Laser

13 Position Test XLSciTech 100 mm 500 mm Laser

14 Position Test XLSciTech 100 mm 1,000 mm Laser

15 Irregular Particle Boehmite powder 100 mm 150 mm Detector
Evaluation

16 Irregular Particle Gibbsite powder 100 mm 150 mm Detector

Evaluation

While flow cell tests assessed a variety of instrument configurations (including changes in spacer bar
length and flow cell location) and test powders, column tests focused solely on examining the impact of
Phase I and Phase II test configurations on measurement accuracy. As such, the test matrix consisted of
only two tests: 1) a single 400 mm column evaluation and 2) a single 900 mm column evaluation. The

test configurations for these two tests are listed in Table 6.3.

Table 6.3. Column Test Matrix for Malvern Insitec-S Validation

Test No.  Purpose Test Dispersion Lens Spacer Bars ~ Column Length
17 Phase I Configuration 3 to 30 um glass 100 mm 1,000 mm 400 mm
Validation bead (at detector)
18 Phase II Configuration 3 to 30 um glass 500 mm 1,000 mm 900 mm
Validation bead (at detector)
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6.2.4 Test Methodology and Data Analysis

For each test (including both flow cell and column tests), a known mass of de-ionized or distilled
water was added to the flow loop dispersion reservoir and circulated to remove entrained air. After the
water was added, the Malvern Insitec-S analyzer was aligned, and baseline measurements of background
laser and diffraction intensities were taken to prepare the instrument for measurements. Next, a known
mass of dry test powder is added to the dispersion reservoir and mixed (by overhead agitator) and
circulated through the system for at least 1 min or until a stable laser obscuration reading was observed in
the Malvern Insitec-S software readout. The target mass of dry powder added was selected in some cases
to yield a range of laser obscuration that bound those typically seen in in-chamber aerosol testing (i.e.,

1 to 15 percent). On this basis, mass additions target a final (concentration endpoint) test obscuration of
20 percent. Achievement of this target in actual testing was constrained by test material limits.
Specifically, standards procured from Whitehouse Scientific and Malvern Instruments Ltd. are provided
in pre-measured 0.1, 0.5, or 1 g aliquots. To eliminate potential size bias from fractionating individual
aliquots (which would hamper size verification efforts), the entire pre-measured aliquots were added. The
need to add fixed amounts of mass limited the control over the test obscuration. As result, some flow cell
tests saw obscurations up to 30 percent. It should be noted that because the path length used in flow cell
testing is small (3 mm) relative to those used in chamber testing (400 to 900 mm), the dispersion
concentrations employed in validation testing (~100 to 1000 ppmv) are by necessity much higher than
those observed in aerosol testing (~0.1 to 1 ppmv). After addition and circulation, the dispersion
obscuration, concentration, and size were measured to verify dispersion stability and sonication or
additional mixing/circulation were used as needed to address poor dispersion stability. It should be noted
that no dispersing agents were used to aide particle stability. Once a stable dispersion was achieved, the
dispersion concentration and size distribution were measured.

For certain tests, a series of mass additions were made to the same dispersion to yield a set of
increasing concentration measurements for a single test system. In other tests, a single mass addition was
made. For all tests and/or concentration test points, each mass addition has a corresponding Malvern
Insitec-S size and concentration measurement. The “actual” volumetric concentration of solid in the
dispersion for concentration point i, y;, is determined by mass balance and the standard reference density
of the powder (p;) and dispersing phase (water, p,,) using Equation (6.1).

1
_ 2™
Vsi = mw, T
Pw Ps

(6.1)

Z; ms, j

Here, m;; represents the sequence of mass additions up to concentration point i. These are compared
to the total volumetric solid concentration of measurement, c,;, made by the Malvern Insitec-S analyzer
for concentration point i. The ratio of the “actual” concentration to the concentration, A.; measured by
the Malvern Insitec-S analyzer is calculated using Equation (6.2).

Aoy = 2 (6.2)

The result of the calculation from of Equation (6.2) can be used to assess the accuracy of the Malvern
Insitec-S total concentration result on a measurement-by-measurement basis, with a perfect match
between the actual concentration and measured concentration yielding A.;= 1. For a series of tests in
which the mass of a given powder is added and subsequently characterized in step-wise additions, the
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resulting set of concentration data form a “concentration curve,” an example of which is shown in
Figure 6.4. For such data, the accuracy of the concentration measurement can be assessed by linear
regression analysis where the data are fit to:

Vs = AsCy (6.3)

This analysis results in a best-fit slope, A, for a set of measurements that are functionally equivalent to
Ac;i(derived from a single measurement), in that it provides a measure of agreement between the “actual”
concentration and the concentration measured by the Malvern Insitec-S analyzer (with A, = 1 indicating
perfect agreement). Regression analysis also provides a coefficient of determination, R, for the data set,
which can be used to assess the quality of correlation and the linearity of the concentration response.
When R? ~ 1, the data indicate close correlation between changes in actual and measured concentration.
If R? is significantly less than 1, it may indicate a deficiency in how the instrument responds to increases
in concentration after various mass additions. Assessments of both 1, and R are necessary, as it is
possible to have A; = 1 and R’ <1 when there is significant scatter in the data or to have A; # 1 and

R’ =1 when the concentration response is linear but the slope is not unity.
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Figure 6.4. Expected Concentration Curve Result Obtained from a Series of Step-Wise Mass Additions
and Measurements to the Flow Cell Test System

To assess the accuracy of the PSD determination, the measured size distribution was compared to
either the list size distribution (for certified size standards such as those purchased from Whitehouse
Scientific or Malvern Instruments, Ltd.) or to a size distribution measured on a Malvern Mastersizer 2000
(which is a laboratory particle size analyzer that uses laser diffraction). The primary means of assessing
size distribution accuracy is to evaluate the ratio of measured-to-list values for the 10", 50", and 90" size
percentiles:

dm(10)

5(10) = ;2 (6.4)
_ d;n(50)
5(50) = 225 (6.5)
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dm(90)

6(90) - dref(go)

(6.6)

Here, 8(10), 8(50), and 8(90) represent the ratio of measured-to-list value for the 10", 50", and 90™ size
percentiles. The subscripts “m” and “ref” on the diameter d(X) at the X" percent refer to the measured
and list values, respectively. These three diameter ratios provide similar information to A.;, such as
values close to unity indicate good agreement.

For column testing, the concentration and size distribution results obtained from the dispersion
distributed over the entire column length was compared to reference test cases. The reference test cases
for 400 and 900 mm column tests correspond to concentration PSDs made for the same test dispersion
(3 to 30 um glass powder) with the flow cell. Reference flow cell measurements employed the same
lenses used for column testing (100 mm lens for the 400 mm column and the 500 mm lens for the
900 mm column). Reference measurements employed “at-detection-unit” flow cell configurations to
allow direct comparison of the column test, which requires distance corrections for laser attenuation, to
results requiring no distance correction.

The concentration PSD indicates the cumulative concentration Cj, for all particle sizes under a particle
diameter, d;. To calculate the concentration PSD, the measured total dispersion concentration, c,,,
provided by the Malvern Insitec-S analyzer is multiplied by the cumulative volume fraction, Fi, for all
particle sizes under d;. For a concentration test point i, the concentration PSD is formed by the set of:

Cri = Cp,iFy (6.7)
for all k.

The analysis approach outlined above occurs after data from the Malvern Insitec-S analyzer have
been processed by the Malvern Insitec-S data collection and analysis software. Because several of the
software settings can impact analysis, the correct settings must be implemented before the data are
exported for use in Equations (6.1) to (6.7). Several key software settings must be applied to correctly
analyze the data. These include the material RI and whether not to apply spray geometry (laser
attenuation) corrections. The particle RI listed in Table 6.1 was used for analysis; an RI of 1.330 + 0i was
used for the dispersing phase (water). For flow cell testing, the application of spray geometry corrections
depends on where the flow cell is installed. For tests in which the flow cell is installed at the detection
unit, no spray correction is needed, and the “Unity” calculation approach may be used. The “Unity”
calculation refers to diffraction analysis with no correction for distance or attenuation. For tests in which
the flow cell is installed at the laser unit, the result is determined by using both the “Unity” approach and
applying spray geometry corrections, which require input of the flow cell location (e.g., 500 mm away
from the detection unit when the 500 mm spacers are used) and optical path length of the dispersion
(e.g., 3 mm). Finally, column tests are also examined with both the “Unity” analysis and the analysis that
corrects for spray geometry. The spray geometry correction inputs for dispersion location and optical
path length are selected to be consistent with the setup shown in Figure 6.2 for the 400 mm column test
and Figure 6.3 for the 900 mm column test.
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6.3 Results

In the following sections, test results for Malvern Insitec-S validation testing are presented and
discussed in detail. Baseline performance tests (i.e., flow cell tests in the standard instrument
configuration) are discussed first. Next, the impact of changes in the Malvern Insitec-S configuration,
such as flow cell installation location, is evaluated. Finally, the results of column testing are presented
and the impact of spray geometry corrections discussed.

6.3.1 Tests of the Standard Instrument Configuration and Performance

The Malvern Insitec-S is a highly configurable in-process particle size analyzer. Before evaluating
instrument configurations relevant to spray leak testing, tests were performed that evaluated the
instrument in a “standard” configuration (with respect to the laser diffraction method) which avoids
complications associated with distance of scattering events from the detection unit, non-spherical
particles, and distributed aerosol. As defined herein, the “standard” instrument configuration consists of
the 100 mm lens, the 150 mm spacer bars, and a liquid flow cell installed directly against the detection
unit. This configuration is hereafter referred to as the “baseline” configuration, as it serves as a point of
reference for different configurations that evaluate changes in lens selection or the consequence of long
dispersion path lengths (i.e., column testing). All tests assessing instrument performance in this baseline
configuration employ spherical glass bead powders, as these systems do not violate the spherical particle
assumption made by the Malvern Insitec-S software to interpret the light scattering pattern, and as such,
should not be impacted by uncertainty when using this assumption to interpret irregular particle systems.

Baseline assessments of performance include all tests falling under “Concentration and Size
Response” heading in Table 6.2. The results of concentration and size response tests are presented in
Table 6.4. When all tests shown in Table 6.4 are considered, the ratio of measured-to-test concentration
ranges from 0.92 to 1.11. This range suggests a typical accuracy of concentration of approximately
+10 percent for spherical particles. For the systems tested, the broadness of the size distribution (i.e.,
mono-disperse or poly-disperse) does not appear to have a significant impact on agreement between
measured and test concentrations. An overall average of the data yields an average concentration ratio of
1.02, suggesting excellent overall agreement within 2 percent between Malvern Insitec-S concentration
measurements and those measured by mass balance. Application of tolerance analysis to the measured
data indicates that 95 percent of all concentration measurements should fall within a concentration ratio
range of 0.87 to 1.17 (assuming a 95 percent confidence level). On this basis, the estimated uncertainty in
concentration measurements appears to be 15 percent for spherical particles under “ideal” measuring
circumstances (that is with the flow cell near the detection unit, for the 100 mm lens).

Tests for the 10, 20, and 30 um mono-disperse glass powders, as well as the 3 to 30 um poly-disperse
glass powder and XLSciTech glass beads, included several step-by-step mass additions that allow
analysis of mass addition and concentration rise linearity. The sample result shown for the 10 um glass
bead powder in Figure 6.5 indicates a best-fit slope A5 of 1.032 and an R* of 0.998. These results suggest
good (i.e., 3 percent) agreement between measured and actual concentrations and excellent linearity of the
concentration response for the 10 um glass powder system. The full set of linearity testing results is
provided in Table 6.1, and generally indicates good agreement between measured and actual
concentrations (with a range of -5 percent to +9 percent relative difference) and excellent overall linearity
(with all R? coefficients greater than 0.99).
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Table 6.4. Summary of Baseline Concentration Response for Individual Concentration Points

Measured (Malvern

Insitec-S) Actual
Concentration, Concentration,
Glass Bead System Test Point ppmv ppmv Ratio (A.;)
10 um mono-disperse I-1 46 43 1.08
1-2 91 85 1.07
1-3 139 130 1.07
1-4 186 180 1.03
1-5 227 224 1.01
1-6 214 224 0.96
1-7 213 224 0.95
Average - - - - 1.02
20 um mono-disperse 1-1 109 102 1.06
1-2 201 196 1.02
1-3 298 289 1.03
1-4 410 393 1.04
1-5 524 505 1.04
1-6 437 443 0.99
Average - - - - 1.03
50 pm mono-disperse I-1 199 213 0.94
1-2 394 416 0.95
1-3 586 616 0.95
1-4 762 809 0.94
1-5 969 1002 0.97
Average - - - - 0.95
3 to 30 um poly-disperse 1-1 227 207 1.10
1-2 447 411 1.09
1-3 454 411 1.11
2-1 43 46 0.95
2-2 94 90 1.04
2-3 143 134 1.07
2-4 233 216 1.08
2-5 322 293 1.10
3-1 534 492 1.08
Average -- - -- - 1.07
QAS3001B 1-1 171 186 0.92
Average - - - - 0.92
XLSciTech 1-1 224 235 0.95
1-2 455 467 0.97
1-3 947 961 0.99
Average - -- - -- 0.97
Overall Average - - - -- - -- 1.02
Lower 95/95 Tolerance - -- - -- - -- 0.87
Upper 95/95 Tolerance - -- - -- - -- 1.17
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Figure 6.5. Concentration Curve for a 10 um Mono-Disperse Glass Bead Powder. The test
configuration and analysis methodology are listed in the figure legend. Linear regression
analysis reports a best fit slope (45) of 1.032 and a R’ of 0.998.

The test results presented in Table 6.4 and Table 6.5 demonstrate the expected accuracy of the
Malvern Insitec-S measuring system for spherical particles measured. The results correspond to “ideal”
measuring configurations for the 100 mm lens where the flow cell is located near the detection unit such
that no spray geometry correction is required. Analysis of the test data generally indicates good
agreement between the concentration measured by the Malvern Insitec-S and that determined by material
balance. On average, individual test points are only 2 percent higher than the expected concentration.
Furthermore, tests where step-wise additions of material to the dispersion reservoir indicate excellent
linearity of the concentration response. Specifically, increases in concentration are linear over the entire
range of test concentrations (and obscurations) examined. An overall evaluation of expected
concentration tolerance was applied to determine an expected working accuracy for the Malvern Insitec-S
analyzer. This analysis indicates that 95 percent of all aerosol concentration measurements are expected
to fall within £15 percent of the actual concentration (with 95 percent confidence) under ideal test
circumstances (i.e., spherical particles and no correction for spray geometry).

Table 6.5. Results of Linear Regression for Tests Involving Stepwise Addition of Mass. These results
show the best-fit slope, 4, for each series and correlation coefficient R’.

Test System Series Ratio, A R’
10 um mono-disperse 1.032 0.998
20 um mono-disperse 1.037 1.000
50 pm mono-disperse 0.955 0.999
3 to 30 um poly-disperse 1.087 0.998
XLSciTech 0.982 1.000
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Evaluation of the accuracy of PSDs measured by the Malvern Insitec-S analyzer is presented in
Table 6.6. The results indicate variations in the quality of the particle size measurement. For the 10 um
and 3 to 30 um glass bead powders, the measured d(10) and d(50) values both show good agreement with
their respective list values (as indicated by a o value close to 1), while the d(90) value for both is larger
than expected. For the 20 and 50 um powders, the measured d(10) values are about ~20 percent too
small, whereas the measured d(90) values are ~20 to 30 percent too large. This result indicates that the
measured distributions for the 20 and 50 um particles are too broad, which is typically observed when
comparing size distributions measured by laser diffraction to reference values from optical methods. The
QAS3001B and XLSciTech beads show reasonable agreement with all measured size percentiles within
~10 percent of their list values. This result likely reflects the fact that the reference size distributions for
these two powders were measured by laser diffraction.

Table 6.6. Evaluation of Size Distribution Accuracy for Spherical Systems

Measured  Measured  Measured Ratio Ratio
Glass Bead System d(10), um  d(50), um  d(90), um 5(10) 5(50) Ratio 5(90)
10 pm mono-disperse 7.9 9.9 13.5 0.98 1.08 1.33
20 um mono-disperse 18.0 22.6 314 0.82 0.99 1.32
50 um mono-disperse 39.4 49.2 61.8 0.83 1.00 1.21
3 to 30 um poly-disperse 8.9 13.5 22.7 0.97 1.01 1.11
QAS3001B 40.3 64.7 98.5 1.09 1.08 1.03
XLSciTech 55.6 69.2 86.5 1.12 1.02 0.92
Overall Average - -- - - - -- 0.97 1.03 1.15

6.3.2 Irregular Powder Tests

The goal of the irregular powder tests was to examine the performance of the Malvern Insitec-S
instrument for analyzing non-spherical particles. The results of concentration analysis are shown in
Table 6.7.

The results for gibbsite powder show close agreement between the measured and actual
concentrations. In contrast, the results for boehmite powder indicate that the measured concentrations all
are approximately a factor of two larger than their corresponding actual concentrations. This
disagreement likely reflects particle shape effects, as the correlations used to interpret the laser diffraction
pattern assume that particles are spherical. Deviation of the particle shape from spherical introduces error
into both the concentration and size measurement. A step-wise mass addition was performed for the
boehmite powder. The resulting concentration curve for this step-wise addition is shown in Figure 6.6
and indicates that each addition produces a proportional gain in the concentration measured by the
Malvern Insitec-S analyzer over the range of actual concentrations tests. Linear regression analysis
indicates an excellent correlation between Malvern Insitec-S and measured concentration with an R” ~ 1.
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Table 6.7. Summary of Irregular Powder Concentration Response for Individual Concentration Points

Measured (Malvern Insitec-S) Actual Concentration Ratio
Powder System Test Point Concentration ppmv ppmv (Ae)
Boehmite 1-1 16.3 8.3 1.97
1-2 34.0 16.6 2.05
1-3 52.1 24.9 2.10
1-4 69.9 33.1 2.11
1-5 87.6 41.3 2.12
1-6 105.3 49.6 2.13
2-1 117.2 54.3 2.16
Average - - - -- 2.09
Gibbsite 1-1 87.4 84.9 1.03
Average - -- - -- 1.03
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Figure 6.6. Concentration Curve for Boechmite Powder. The test configuration and analysis
methodology are listed in the figure legend. Linear regression analysis reports a best fit
slope (Ag) of 2.105 and a R” of 0.999.

Size distribution analysis results for the two irregular powder tests are shown in Table 6.8. The
results indicate the Malvern Insitec-S analyzer over-estimates the d(50) by less than 10 percent and
over-estimates the d(10) and d(90) for both powders by approximately 20 percent relative to
measurements made on a Malvern Mastersizer 2000. This is not unexpected, as the Mastersizer 2000 is
more sensitive to particulate fines because it employs a dual blue (470 nm) and red (633 nm) laser system.
For boehmite, the Mastersizer 2000 detects a significant fraction of particulate (~7 percent by volume)
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below 1 um. This fraction is not detected by the Malvern Insitec-S, which employs a single 660 nm laser.
The gibbsite powder, which has a size distribution nearly identical to that of the boehmite powder, is
similarly impacted.

Table 6.8. Evaluation of Size Distribution Accuracy for Irregular Particles

Measured  Measured ~ Measured Ratio Ratio Ratio

Glass Bead System d(10), um  d(50), um  d(90), um 5(10) 5(50) 5(90)
Bochmite 2.1 8.8 24 .4 1.26 1.09 1.21
Gibbsite 1.9 9.6 25.9 1.10 1.07 1.22

6.3.3 Lens Tests

In lens testing, a 500 mm Malvern Insitec-S lens was installed and used to measure concentration and
size results for the 3 to 30 um poly-disperse glass beads and the XLSciTech glass beads. The 500 mm
lens has a nominal working range of 2.5 to 2500 um, whereas the 100 mm lens used in baseline testing
(see Section 6.3.1) has a nominal working range of 0.5 to 200 um. While the 100 mm lens working range
is much better suited to in-chamber testing and the size range of interest (10 to 100 pum) for spray leak
testing, the 500 mm lens also covers the size range of interest and can be used for in-spray testing (where
large 100 to 1000 pum particles are expected). Because the working range of the 500 mm lens is large, the
particle systems selected for 100 mm testing may challenge the measuring limit of the 500 mm lens. As
such, it is important to test the accuracy of the 500 mm lens when measuring such systems.

The results of concentration testing with the 500 mm lens for 3 to 30 um and XLSciTech glass beads
are shown in Table 6.9. In this table, the measured, actual, and concentration ratio are given for each
series test with the 500 mm lens along with a performance observed in 100 mm lens testing. Two
separate tests were performed on 3 to 30 um poly-disperse glass beads. Both of these tests indicate that
the Malvern Insitec-S with a 500 mm lens under-estimates concentration by ~23 percent relative to the
actual concentration and by about ~30 percent relative to the average 100 mm lens performance. The
source for this difference may derive from the Malvern Insitec-S 500 mm lens particle size measurement
shown in Table 6.10, which indicates that the 500 mm lens over-estimates the broadness of the size
distribution, which in turn, could bias the concentration measurement low. In contrast, the concentration
and size distribution measurements for the XLSciTech powder made using the 500 mm lens show
excellent agreement with the 100 mm lens. This result may indicate that the working size range of the
500 mm lens is challenged by the 3 to 30 um powder, which has a d(50) value of ~13 pm that is less than
one order of magnitude higher than the lower working limit of the lens (i.e., ~25 um). We speculate that
working this close to the lower range limit impacts the accuracy of the PSD measurements.
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Table 6.9. Summary of Lens Test Concentration Results and Comparisons

Measured (Malvern

Insitec-S) Actual Concentration, Ratio

Powder System Test Point Concentration, ppmv ppmv (Aei)

3 to 30 um poly-disperse 1-1 165 213 0.77
2-1 166 212 0.78

Ave: 500 mm lens - -- - -- 0.78

Ref: 100 mm lens® - - —--- 1.07

XLSciTech 1-1 1110 1150 0.97

Ave: 500 mm lens - - 0.97

Ref: 100 mm lens® - - 0.97

(a) Reference 100 mm lens measurement (averages values from Table 6.4).

Table 6.10. Evaluation of Size Distribution Accuracy for Spherical Systems

Meas. Meas. Meas.
Glass Bead System Test System d(10), um  d(50), um  d(90), um

3 to 30 um poly-disperse 500 mm lens 54 14.4 26.4
100 mm lens 8.9 13.5 22.7

Ratio (500/100) 0.61 1.07 1.17
XLSciTech 500 mm lens 57.5 71.0 88.4
100 mm lens 55.6 69.2 86.5

Ratio (500/100) 1.04 1.03 1.02

6.3.4 Position Tests

Position tests were conducted to evaluate the ability of the Malvern Insitec-S analyzer to
appropriately correct for laser attenuation caused by the increased optical distance between scattering
centers and the detection unit optics. For flow cell testing, the position of the scattering events are highly
localized (i.e., confined to a single distance away from the detector) and, as a result, do not represent the
configurations employed in actual aerosol testing. Instead, these flow cell position tests represent a
first-order assessment of the accuracy of distance corrections by the Malvern Insitec-S software (which is
based on first principles). It should be noted that, in addition to assessing the accuracy of the software
corrections for distance, the impact of distance on the uncorrected results is considered to better highlight
why corrections are needed. As the distance of scattering event most strongly impacts the angle of
acceptance, the measured PSD is impacted most directly and will be the focus of discussion in this
subsection.

Figure 6.7 shows the uncorrected size distributions for the 3 to 30 um and XLSciTech glass bead
powders. For comparison, the list (for the 3 to 30 wm) and reference (for the XLSciTech) size
distributions are included. In addition, the size distribution measured at-detector is shown to facilitate
direct comparison to a result not impacted by laser attenuation. The results in Figure 6.7 show a gradual
loss of fines from the size distribution as the flow cell is moved progressively farther (i.e., 150 mm,

500 mm, and 1000 mm) from the detection unit for the 3 to 30 um poly-disperse material. The impact at
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150 mm is minor above the 10" size percentile; however, at 1000 mm, there is almost a complete
attenuation of particles below 20 wum. This means that for scattering events that occur ~1000 mm from
the detector, the analyzer cannot detect particles below 20 um at all using the optical configuration
employed by Malvern Insitec-S. This attenuation is primarily related to the size of particle. This
assertion is demonstrated by the flow cell position tests for the XLSciTech powder, which has a size
distribution that falls almost entirely above 50 um and which shows very little (if any) attenuation of the
PSD with distance.

Attenuation of the fines fraction of the PSD will impact concentration measurement, as the
uncorrected instrument size will show an apparent increase resulting from the apparent loss of fines from
the diffraction measurement. This increase in apparent size in the uncorrected result yields an increase in
apparent (uncorrected) concentration in systems impacted by attenuation. The concentration test results
for the 3 to 30 um system are shown in Table 6.11 and demonstrate the expected effect. That is, the
apparent concentration increases monotonically with increasing distance from the detector from 1.07
when the flow cell is installed at the detector to 2.12 when the flow cell is installed ~1000 mm from the
detector. This trend was not observed in the concentration points for increased distance in the XLSciTech
glass beads system. However, there does appear to be a minor impact of the initial move of the flow cell
from the detector to the laser side for the XLSciTech beads, as the concentration ratio jumps from 0.97 to
about 1.1 as a result of the configuration change.
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Figure 6.7. Impact of Distance from Detector on the Measured PSD for (a) a 3 to 30 Poly-Disperse
Glass Bead and (b) an XLSciTech Glass Powder. Measurements were made using a flow
cell with a 3 mm optical path. The measured size distributions have not been corrected for
spray geometry effects.
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Table 6.11. Summary of Uncorrected Position Test Concentration Measurements

Measured (Malvern

Position Insitec-S) Actual Ratio

Powder System (Spacer Length) Concentration, ppmv Concentration, ppmv  (A.;)

3 to 30 um poly-disperse  Detector® - - 1.07
Laser (150 mm) 239 215 1.11

Laser (500 mm) 269 195 1.38

Laser (1,000 mm) 407 192 2.12

XLSciTech Detector® - -- - - 0.97
Laser (150 mm) 1280 1110 1.15

Laser (500 mm) 1240 1110 1.12

Laser (1,000 mm) 1230 1110 1.11

(a) Reference at-detector measurement is the average of the 100 mm baseline tests from Table 6.4.

The overall impact of increasing distance on the uncorrected result is twofold: 1) the uncorrected
total concentration reported by the Malvern Insitec-S increases, while 2) the uncorrected PSD shows
attenuation of the fractional contribution of below a certain threshold diameter (which depends on
distance from the detector). As a result, both effects must be considered when trying to assess the overall
impact of distance on the uncorrected result. At particle sizes in which there is no attenuation of the
volume contribution, the concentration of aerosol particles in that size range will increase. However, for
particle sizes in which attenuation of the volume fraction does occur, the concentration of aerosol can be
partially or entirely reduced. Because of the potential impact to the result, the particle size and
concentration results must be corrected when this attenuation is significant. Based on the results in
Figure 6.7 and Table 6.11, attenuation for systems that best represent the lower limit of size interest
(i.e., the 3 to 30 um) appears to become significant when scattering events occur farther than 150 mm
from the detection unit. This means that the impact of attenuation need only be considered and corrected
for configurations where scattering events occur beyond 150 mm. Because both Phase I and Phase 11
small-scale aerosol tests employ a maximum 70 mm optical path length, small-scale acrosol data are not
expected to be subject to increased uncertainty associated with attenuation. On the other hand, both
Phase I and Phase II large-scale configurations employ path lengths in excess of 150 mm. As a result, the
impact of attenuation and corrections made to address attenuation must be considered.

Figure 6.8 and Table 6.12 show the impact of corrections for laser attenuation on the measured PSD
and concentration result, respectively. As before, the at-detector result (which requires no correction) and
the list/reference PSD are included for comparison. The impact of correction on concentration and PSD
results measured at distances of 150 mm or greater appears to depend on both the test system (i.e.,
powder) and distance from the spray. Likewise, the correction does not appear to adjust the result in a
uniform manner. For example, corrections to PSDs measured for the 3 to 30 um powder at 150 mm yield
a small population of 1 to 7 um particles that is not present in the uncorrected result and that
over-estimates the fractional contribution of a similar population seen in the at-detector result. Still, the
corrected result for 150 mm shows excellent agreement with the at-detector data above 3 percent of the
total population, and the concentration result in Table 6.12 is only 7 percent low relative to the actual
concentration. In contrast, the correction of the 3 to 30 um powder data at 500 mm yields a PSD result
that grossly over-estimates the population fraction of fines and under-estimates concentration by a factor
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of ~20. Finally, correction of 1000 mm data for the 3 to 30 pm powder does not appear to appreciably
change the PSD or concentration results relative to the uncorrected data, suggesting insufficient signal on
the diffraction channels that need to be corrected. For the XLSciTech powder system, correction of
diffraction data produces a better size and concentration result for the 150 mm test position (relative to
uncorrected data). Correction of the 500 mm data set yields a significant (10 percent by volume) and
anomalous size population at 1 um and produces a concentration that is a factor of 10 too low. Similar to
the 3 to 30 um system, corrections of the XLSciTech data collected at 1000 mm produce no noticeable
change relative to uncorrected data.
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Figure 6.8. PSD Data from Figure 6.7 After Spray Geometry (laser attenuation) Corrections Were

Applied. Data correspond to corrected distributions for (a) a 3 to 30 um poly-disperse glass
bead and (b) an XLSciTech glass powder.
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Table 6.12. Summary of Position Test Concentration Measurements after Correction for Laser

Attenuation
Measured (Malvern
Position Insitec-S) Concentration,  Actual Concentration, Ratio
Powder System (Spacer Length) ppmv ppmv (Ae)
3 t0 30 um poly-disperse  Detector™ - - 1.07
Laser (150 mm) 201 215 0.93
Laser (500 mm) 9.0 195 0.046
Laser (1,000 mm) 405 192 2.11
XLSciTech Detector® - - 0.97
Laser (150 mm) 1120 1110 1.00
Laser (500 mm) 300 1110 0.27
Laser (1,000 mm) 1230 1110 1.11

(a) Reference at-detector measurement is the average of the 100 mm baseline tests from Table 6.4.

The results outlined above demonstrate significant difficulty in appropriately correcting laser
diffraction patterns corresponding to localized scattering far from the detector. This result is not entirely
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unexpected, as the lowered angle of acceptance may attenuate the diffraction signal down to levels
comparable to but still above measurement and electronic noise, yielding anomalous PSD and
concentration results after signal amplification. In cases in which the attenuation is severe or nearly
complete, the signal may fall below the noise thresholds, leaving no signal to correct. This would yield
diffraction data only on channels that do not need correction such that the corrected and uncorrected
results would not differ.

As stated previously, the physical configuration tested in flow cell position tests do not reflect an
actual aerosol configuration tested in Phase I or Phase II. While the results inform the need to test the
accuracy of aerosol configurations in which aerosol is sampled at distances greater than 150 mm, they do
not reflect on the validity of corrections for optical path lengths longer than 3 mm. Specifically, the flow
cell configuration tested here demonstrates the impact of severe or complete attenuation on high-angle
diffraction channels that will not occur for configurations in which aerosols are distributed across a long
path length between laser and detector. In the latter configuration, the detector will still receive
high-angle diffraction signals from scattering events that occur close to the detector. The diffraction
pattern resulting from this “distributed” aerosol will only suffer partial attenuation rather than the
complete attenuation suffered from a “localized” aerosol far from the detector. In the next section, the
ability of the Malvern Insitec-S software to correct for partial attenuation in “distributed” systems is
tested.

6.3.5 Column Testing

Column testing was performed to evaluate the accuracy of aerosol concentration and size
measurements for distributed systems with optical path lengths in excess of 150 mm. As discussed at the
end of the preceding section, such systems are subject to partial (but not complete) attenuation of the
high-angle diffraction pattern and, as a result, may not be subject to the same difficulties observed in the
correction of complete attenuation in localized diffraction events. Two column tests were performed:

1) a 400 mm column (optical path length) test and 2) a 900 mm column (optical path length) test. The test
configurations for 400 and 900 mm column tests were selected to match Phase I and Phase II aerosol
instrument and measuring configurations, respectively. The purpose of these tests is to evaluate the
accuracy of size and concentration “correction” for partial attenuation.

The concentration and PSD results for the 400 and 900 mm columns are shown in Table 6.13 and
Figure 6.9. For the 400 mm column test, the uncorrected concentration result is approximately 30 percent
too large relative to the actual value and about 25 percent too large relative to “at-detector” measurements
requiring no correction. This over-estimate in concentration results from an under-estimate in the volume
fraction of fine material in the PSD (which yields a larger apparent particle size for the dispersion).
Similar trends appear in the 900 mm column test results. The “uncorrected” concentration is ~25 percent
larger than the actual concentration and 50 percent larger than “at-detector” measurements; as before, the
over-estimate in uncorrected concentration results from underestimating the fractional contribution of
particles below approximately 30 pum.

Application of corrections for laser attenuation generally improves agreement between the actual and
measured size and concentration results. For the 400 mm column test, correction yields a dispersion
concentration result that is 13 percent larger than the actual result and that is only 5 percent larger than the
“at-detector” measurement. There is still disagreement between the corrected and “at-detector” size
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distribution measurements, but the corrected result now shows a population shoulder below 7 um that is
consistent with the at-detector measurement. As sho