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CHARACTERIZATION OF THROUGH-WALL AEROSOL TRANSMISSION FOR SCC-LIKE GEOMETRIES
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The flow rates and aerosol transmission properties
were evaluated for an engineered microchannel with
characteristic dimensions similar to those of stress
corrosion cracks (SCCs) capable of forming in dry cask
storage systems (DCSS) for spent nuclear fuel. Pressure
differentials covering the upper limit of commercially
available DCSS were also examined. These preliminary
data sets are intended to demonstrate a new capability to
characterize SCCs under well-controlled boundary
conditions.

I. INTRODUCTION

Dry cask storage systems (DCSS) for spent nuclear
fuel (SNF) are designed to provide a confinement barrier
that prevents the release of radioactive material, maintain
SNF in an inert environment, provide radiation shielding,
and maintain subcritical conditions. SNF is initially stored
in pools of water to provide cooling and radiation
shielding. As these pools near capacity, dry storage
systems are sought as the primary alternative for interim
storage. After sufficient cooling in pools, SNF is loaded
into a canister which is then welded shut. The dry storage
canister is decontaminated, dried, and ultimately sent to a
storage location for emplacement in an overpack.

Canisters are typically made of stainless steel. The
open volume between the canister and the overpack allows
for passive ventilation from outside air, which can impart
dust that collects on the surfaces of the canister. As the
SNF cools, salts contained in the dust may deliquesce to
form concentrated brines. These brines may contain
corrosive species such as chlorides that can lead to
localized corrosion or "pittine. With sufficient stresses,
these pits can evolve into stress corrosion cracks (SCCs),
which could penetrate through the canister wall and create
a flow path from the interior of the canister to the external
environment.1

I.A. Objective

The purpose of this study was to explore the flow rates
and aerosol transmission through an engineered slot with
characteristic dimensions similar to those in SCCs.

Additionally, pressure differentials covering the upper
limit of commercially available DCSS were studied. Given
the scope and resources available, these data sets are
considered preliminary and are intended to demonstrate a
new capability to characterize SCC under well-controlled
boundary conditions. Additional information on this
exploratory study is available in the project report.2

I.B. Previous Studies

Data obtained from the measurement of particulate
segregation in flows through open charmels has
significance in multiple fields. Studies include particle
penetration through building cracks,3, 4, 5 nuclear reactor
safety,6 and more recently, storage and transportation of
spent nuclear fuel in dry casks. Study of these systems
contribute to the understanding of particulate segregation
through small channels as functions of particle size,
charmel dimensions, and differential pressures.

Previous work has contributed to the characterization
of particulate segregation across channel flow for a range
of particle sizes in aerosols. Lewis was motivated by a lack
of empirical studies to support the development of
protection factors against solid particles for enclosures.3
This protection factor was taken as the ratio of the dose of
an outside concentration of particulates to the dose
accumulated inside an enclosure for a specified time, with
the doses defined as concentration-time integrals. Models
were derived describing the total transport fraction of
particles across a rectangular slot into an enclosure as
functions of particle size, differential pressures, and slot
heights. Lewis described an experimental apparatus with
synthesized aerosols (containing either talc, aluminum
oxide, titanium oxide, various silica powders, or ambient
dust) mixed in a chamber containing an enclosure with a
rectangular slot open to the chamber.3 A differential
pressure was established between the chamber and the
enclosure. Protection factors were found by comparing
mass concentration values inside and outside the enclosure
over a given time. The primary observations included the
decrease in total transport fraction with increasing particle
size from 1-10 gm as well as a decrease in protection factor
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(corresponding to an increase in total transport fraction)
with increasing differential pressures and slot heights.

Liu and Nazaroff conducted experiments of aerosol
flow through rectangular slots using various building
materials, including aluminum, brick, concrete, and wood.4
The slot heights were 0.25 mm and 1 mm, which are quite
large compared to the micron- to submicron-sized particles
they flowed through the cracks. They obtained data for
particle penetration (defined as the ratio of downstream to
upstream particle concentration), related to total transport
fraction, as a function of particle size and found that, for
0.25 mm cracks, particle sizes between 0.1-1 gm achieved
penetration factors near unity, while smaller and larger
particles showed diminished penetration factors for
pressure differentials of 4 and 10 Pa. Meanwhile, for 1 mm
slot heights, the penetration factors were near unity across
most of the particle size distribution. Liu and Nazaroff s
results matched closely with models they created from
analysis of particle penetration through simplified cracks
and had similar qualitative conclusions to Lewis's work.'

Mosley et al. studied particle penetration through a
0.508 mm slot height using aluminum; the particle size
distribution was 0.5-5 gm (Ref. 5). They found penetration
factors close to unity for particle sizes between 0.1-1 gm,
with a sharp drop-off in penetration factor for particle sizes
larger than 1 gm for pressure differentials between 2 and
20 Pa. This observation was consistent with Liu and
Nazaroff s results when considering the order of
magnitude of the pressure differentials and particle size
distributions.

I.C. Uniqueness of Current Study

The motivation behind the aforementioned work was
based on ambient particle penetration of enclosures and the
amount of particles subject to human exposure, with slot
heights and pressure differentials corresponding to
conditions typically associated with building cracks and
pressure differences between indoor and outdoor
environments, respectively. However, the channel
dimensions considered do not apply to the channel
geometry associated with SCC from potential corrosion of
dry casks. The literature reports typical crack heights to be
around 16 to 30 gm (Refs. 8, 9, and 10) and internal
pressures of 100 to 760 kPa (14.5 to 110 psig) (Ref. 9) for
a range of cask models. Therefore, an apparatus and
procedures were developed to investigate a slot height on
the order of tens of microns and pressure differentials on
the order of hundreds of kPa to supplement the established
database of particulate transmission in microchannel flows.
This experimental approach is intended to be adaptable for
future testing of more prototypic stress corrosion crack
geometries.
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II. APPARATUS AND PROCEDURES

The experimental approach adopted for this study is
similar to previous studies in that aerosol analyzers are
used to characterize the particle size distribution and
concentration present in the gas before and after flowing
through a simulated crack. 3'4'5'7 As these previous studies
considered aerosol transport through building walls or
containment structures, the focus was placed on flows
through relatively wide and long slots driven by constant
low pressure drops. In the present study, consideration is
given to aerosol transport through dry storage canister
walls. Here, the focus is on much narrower and shorter
microchannels that represent stress corrosion cracks
through the canister wall driven by initially higher pressure
drops. Furthermore, the pressure drop is not constant but
transient to simulate the blowdown from canister
depressurization.

ILA. General Construction

The general layout of the experimental setup is
illustrated in Figure 1. A 0.908 m3 (240 gal) pressure tank
is used to simulate the canister. The tank was pressurized
and loaded with a measured amount of aerosols. Flow from
the tank into the test section was measured by a mass flow
meter (MFM). The engineered microchannel, simulating a
crack, was mounted in the middle of the test section. A
sample stream was metered from the high-pressure
upstream and low-pressure downstream side of the
simulated crack for aerosol size and concentration
characterization using identical TSI Model 3321
Aerodynamic Particle Sizer (APS) Spectrometers. The
pressure of the upstream sample was reduced to ambient
by a mass flow controller (MFC) that metered the flow to
the upstream APS. An open-to-ambient, overflow line was
used to protect the upstream APS from over-pressurization
in the event of a control valve failure. A mass flow meter
measured the sample flow drawn into the downstream
APS. Pressure was monitored on the upstream and
downstream sides of the microchannel using pressure
transducers (PTs). A low pressure drop high efficiency
particulate air (HEPA) filter was used to remove aerosols
from the exhaust stream.



SAND2019-#### C

Phigh, Thigh

PV

Aix Test Section 

4P 
Am,

4161=:-'
I channel Iout, tot.

Pressure Relief
mhigh

Aerosol
Diagnostics

low

Aerosol
Diagnostics

HEPA
Filter

Ambient

PI., Tim

Fig. 1. Schematic of the apparatus showing the major
components.

II.B. Design of the Microchannel

The engineered microchannel was fabricated from
paired high-precision Mitutoyo gage blocks. The
microchannel was machined into the surface of one gage
block using electrical discharge machining (EDM). The
mounting holes were also cut using wire EDM. As shown
in Figure 2 the dimensions of the microchannel are 12.7
mm (0.500 in.) wide, 8.86 mm (0.349 in.) long and an
average of 28.9 gm (0.0011 in.) deep. The paired halves of
the gage blocks are bolted together to form the
microchannel held in a mounting assembly. An isometric
view of the microchannel mounted to the flow flange is
shown in Figure 3.
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Fig. 2. Schematic of the microchannel assembly.
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Fig. 3. Isometric cutaway showing the microchannel
mounted to the flow flange.
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II.C. Selection of Initial Conditions

H. C.1. Surrogate Selection

Cerium oxide (Ce02) was chosen as the surrogate for
spent nuclear fuel (psNF 10 g/cm3) because of its
relatively high density (pceo2 = 7.22 g/cm3) and its
commercial availability. All values are defined here as
aerodynamic equivalent diameter (AED). This surrogate
was chosen because the particles were concentrated in the
respirable range (AED < 10 gm). Table 1 gives a summary
of the aerosol size distribution statistics of the surrogate as
measured by the same TSI 3321 instrument in a separate
characterization study.

Table 1 Summary of cerium oxide surrogate
characteristics.

Number
Particle Size

Mass Particle
Size

Median (tun) 1.18 4.12

Mean (gm) 1.36 4.81

Geometric Mean (gm) 1.24 3.98

Mode (gm) 1.07 4.22

Geometric Std. Dev. 1.47 1.88

Total Concentration 2422 (#/cm3) 2.30 (mg/m3)

II.C.2. Selection of Aerosol Density

An upper estimate of the desired aerosol density was
needed to inform the execution of the tests. As described
earlier, the tests described in this report were focused on
respirable particles with an AED < 10 gm. To derive an
aerosol density of interest, data from a previous study was
referenced to estimate an upper bound for release of spent
fuel into a canister.11 An average release fraction across all
tests was found to be 1.9x10-5, where air was blown
through segments of spent fuel rods and the released fuel
was measured. Of this release fraction, the respirable
fraction from all available data was 6.0x10-3. Therefore,
the respirable release fraction was estimated as the product
of the two fractions as 1.1 X10'.

To estimate an upper aerosol density for spent fuel dry
storage, a canister with 37 pressurized water reactor (PWR)
assemblies with a mass of fuel (UO2) 520 kg per assembly
was assumed. Ten percent of the fuel was assumed to fail
due to an undefined event. The fines released were
assumed to recirculate within the canister without any
deposition. The canister was assumed to have a starting
initial pressure of 800 kPa (116 psia). The equivalent
aerosol density for this assumed system at standard
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temperature and pressure is approximately 7 mg/m3. For
the storage tank, approximately 50 mg was needed to
achieve an equivalent aerosol density. Expecting a large
deposition factor, the test was started with an excess (— 100
mg) of the respirable ceria particles aerosolized into the
tank.

III. PRELIMINARY RESULTS

MA. Gas Flow Measurements

Figure 4 shows the mass flow of air through the
microchannel as a function of pressure drop across the
microchannel. A pre-test characterization (blue) with zero
particle loading was collected using clean air and a clean
microchannel The data collected during the aerosol-laden
test is shown in red. The post-test characterization (green)
was conducted with zero particle loading and clean air but
with the previously deposited aerosols on the microchannel
left in an undisturbed state. Figure 5 shows a photo of the
gage blocks making up the microchannel after the aerosol-
loaded test and the post-test characterization. The
microchannel is cut into the gage block in the foreground
and particle deposition is evident, especially along the side
walls of the microchannel The decrease in flow rate from
the pre-test characterization test to the aerosol test indicates
partial plugging of the microchannel The similarity of the
aerosol test results and the post-test characterization results
indicates that the microchannel particle deposition
occurred early in the aerosol test.
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Fig. 4. Mass flow rate versus pressure differential.
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Fig. 5. Photo of gage block microchannel The
microchannel is cut into the block in the foreground.
Particle deposition is evident along the side walls of the
microchannel

MX. Aerosol Measurements

Figure 6 shows the mass concentration of aerosols
measured upstream and downstream of the microchannel
on the left independent axis and the air mass flow rate
through the microchannel on the right independent axis as
a function of time. The mass concentration of aerosols is
higher upstream of the microchannel than downstream
indicating exclusion of aerosols in the flow through the
microchannel The concentration difference is greatest
early in the transient when the flow through the
microchannel is largest. Later, the concentrations become
equivalent after approximately five hours. Over the nine-
hour period, the average mass concentration upstream was
0.048 mg/m3 while the average concentration downstream
was 0.030 mg/m3. The transient aerosol mass flow rate and
integral total aerosol mass is shown in Figure 7. By the end
of the test, the mass of aerosols that entered the test section
upstream of the microchannel was 0.207 mg and the mass
of aerosols that exited the microchannel was 0.117 mg.
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limited to sampling at atmospheric pressure. Although the
test apparatus was adapted to accommodate this constraint,
the accuracy and uncertainty of future results are expected
to improve by employing a high-pressure aerosol
instrument in future testing.

While providing a well-controlled flow path for
modeling and scoping studies, a slot orifice is a gross
simplification of a prototypic stress corrosion crack. More
complicated flow geometries, including lab-grown SCC,
are being considered for future studies.
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Fig. 6. Air mass flow rate through the microchannel and
the aerosol mass concentration for upstream and
downstream sampling as a function of time.
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Figure 7. Transient aerosol mass flow rate and integral total
aerosol mass.
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IV. SUMMARY
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The gap of the microchannel tested was 28.9 j.tm
(0.0011 in.), the width was 12.7 mm (0.500 in.) and the
length was 8.86 mm (0.349 in.). Over a nine-hour period,
the average mass concentration upstream of the
microchannel was 0.048 mg/m3 while the average
concentration downstream was 0.030 mg/m3. At the end
of the test, the integrated mass of aerosols entering the test
section upstream of the microchannel was 0.207 mg and
the mass of aerosols exiting the microchannel was 0.117
mg for an overall transmission of 0.56.

V. FUTURE WORK

These studies were exploratory in nature and made use
of existing aerosol characterization equipment that was

This work was funded by the U.S. Department of
Energy, Office of Nuclear Energy Spent Fuel and Waste
Disposition Research and Development Program.

The authors would like to express their appreciation to
Andres Sanchez and Gabriel Lucero of Department 6633
(WIV1D Threats and Aerosol Science) for their critical
assistance in performing these tests. Parallel modeling
efforts by Stylianos Chatzidakis at Oak Ridge National
Laboratory and Andrew Casella at Pacific Northwest
National Laboratory of these tests is eagerly anticipated.
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