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SUMMARY

This literature review was prepared to support a study conducted by

. Pacific Northwest Laboratory (PNL, Project 16741) to assess the potential

deposition and resuspension of radionuclides in the 291-Z ventilation exhaust
building located in the 200 West Area of the U.S. Department of Energy’s
Hanford Project near Richland, Washington. The filtered ventilation air from
three of the facilities at the Plutonium Finishing Plant (PFP) compliex are
combined together in the 291-Z building before discharge through a common
stack. '

Production in the PFP began in 1949. The purpose of the plant was to
purify plutonium nitrate solution produced in the fuel separations facility
and reduce the solution to plutonium metal. The other two facilities included
in this review, which are part of the PFP complex, are the Plutonium
Reclamation Facility (PRF) and the Waste Incinerator Building (WIB). The PRF
was used to recover plutonium from wastes. The WIB was used to remove
plutonium from contaminated solid wastes and reduce the volume of those
wastes. The processes used in these facilities determine the composition of
the aerosols released to the exhaust ventilation system. A timeline in
Section 3.0 shows the operation of the'fac11ities, changes made to the
operations, and changes in the exhaust ventilation system. The timeline also-
includes a brief description of accidents or unusual events that may have
released particulate material to the exhaust ventilation system. The main
points found during this literature search are as follows:

e One of the weakest points in available data is the particle
characterization.

e While deposition can be well characterized for modeling purposes,
adhesion can be quantified only well enough to allow estimates of the
relative importance of the different types of adhesive forces.

e Adhesion of the particles is strongly affected by the relative humidity
of the airflow and the wall temperature, which control the near-wall
humidity.

e Several of the aerosol samples taken in 1971 contained relatively small
amounts of plutonium apparently bound to inert particulate.



e Estimates of deposition velocity show that for particles of 1-um AED and
smaller, deposition is most affected by vapor motion toward the walls (if
condensation is occurring), by temperature gradients (for walls cooler
than the gas), and by diffusion.
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1.0 INTRODUCTION

This literature review was prepared te support a study conducted by
Pacific Northwest Laboratory (PNL, Project 16741) to assess the potential
deposition and résuspension of radionuclides in the 291-Z ventilation exhaust
building located in the 200 West Area of the U.S. Department of Energy’s
Hanford Project near Richland, Washington. The filtered ventilation air from
three of the facilities at the Plutonium Finishing Plant (PFP) complex are
combined together in the 291-Z building before discharge through a common
stack. These three facilities contributing filtered exhaust air to the
discharge stream are 1) the PFP, also known as the Z-Plant or 234-5Z, 2) the
Plutonium Reclamation Facility (PRF or 236-Z), and 3), the Waste Incinerator
Building (WIB or 232-Z).

The 291-Z building houses the exhaust fans that pull air from the 291-1
central collection plenum and exhausts the air to the stack. Section 2.0 of
this report is a description of the physical characteristics of the ventila-
tion system from the High Efficiency Particulate Air (HEPA) filters to the
exhaust stack.

A description of the processes performed in the facilities that are
vented through 291-Z is given in Section 3.0. The description focuses on the
chemical and physical forms of potential aerosols given off from the unit
operations. A timeline of the operations and events that may have affected
the deposition of material in the ventilation system is shown. Aerosol and
radiation measurements taken in previous studies are also discussed.

Section 4.0 discusses the factors that influence particle deposition and
adhesion. Mechanisms of attachment and resuspension are covered with specific
attention to the PFP ducts. Conclusions and recommendations are given in
Section 5.0.
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2.0 POST HEPA VENTILATION DESCRIPTION

The 291-Z building houses the fans that exhaust air from the PFP, PRF,
and WIB to a 200-ft stack. Figure 2.1 is a diagram of 291-Z showing the fans,
inlet ducts, stack, and basic structure. These facilities are described in
the following subsections. Some of the factors important in determining the
amount and characteristics of deposited/resuspendable material in the
ventilation system are surface coatings, materials of construction, insulation
or exposure to temperature fluctuations, obstructions to flow, bends, dead air
spaces, changes in duct sizes, and other areas of flow variation. These fac-
tors are identified and discussed for each area. Other factors such as the
chemical and physical properties of potentially deposited aerosol also influ-
ence deposition and resuspension. These are more process related and are
discussed in Section 3.

-2.1 PLUTONTUM FINISHING PLANT (234-57)

The PFP was built to convert plutonium nitrate to plutonium metal. The
plant is divided into zones, with Zones 3 and 4 being the areas controlled for
the processing of radioactive materials. The Zone 3 ventilation system
exhausts air from processing areas, rooms, -and hallways; the Zone 4 system
exhausts glove boxes, process and laboratory vacuum systems, vaults, and hoods
where highly radioactive material is stored and processed. These two zones
are the most 1likely to contribute radioactive contamination to the ventilation
system.

Zone 3 is shown in Figure 2.1 as E-3 depicted by a dotted line connect-
ing filter rooms 311 through 316, and 318. The exhaust gases pass through
automatic dampers as they exit the filter rooms, then travel through short
lengths of metal duct into a stack manifold on the duct level (located between
the first and second floors). Several 90-degree bends and changes in duct
sizes are shown in Figure 2.1.

The exhaust from Zone 4, designated E-4 in Figure 2.1, passes through
rooms 309 and 310. (Room 309 is the main filter room and 310 is an alternate).
As the exhaust exits the Zone 4 filter rooms, it travels through automatic
dampers, through short duct lengths, and down into the east side of the stack
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manifold. Besides the 90-degree bends shown in Figure 2.1, the Zone 4 system
also contains a flow straightener in its portion of the stack manifold.

Top and side views of the stack manifold are shown in Figure 2.2. An
acid-drip drain is identified downstream of the exhaust from 309 and 310 in
Zone 4. The different duct sizes of the manifold in Zone 3 and a flow
straightener where the stack manifold makes a 90-degree bend to exit the PFP
are also depicted.

Hydrofluoric acid (HF) is used in an intermediate step in the conversion
of plutonium nitrate to plutonium metal. Because HF is highly corrosive, a .
potassium hydroxide scrubber system was developed in the PFP to process off-
gases. Scrubbed exhaust from the HF system was filtered by acid-resistant
filters before discharging to the filter box and joining the Zone 4 exhaust
shown in Figure 2.2.

Two butterfly valves allow HF system exhaust to either be routed to room
308, which is the outer room surrounding much of the ductwork on the second
floor, or directly to the stack manifold. The exhaust routed to room 308.
‘'would then pass through the 309 or 310 filter rooms. The butterfly valves are
normally positioned so that the exhaust from the filter box flows directly
into the Zone 4 end of the stack manifold between rooms 309 and 310.

2.2 PLUTONIUM RECLAMATION FACILITY (236-7)

The PRF was used to recover plutonium from wastes. Process exhausts
from this facility were routed through a filter room and through a single duct
to 291-Z. The duct runs underground until reaching the east side of 291-Z as
shown in Figure 2.3. From there it runs over the roof of 291-Z to an access.
panel. It then runs down through the access panel and enters the east side of
the central plenum at a location that was originally designed as an entry area
for a replacement fan. A Touvered damper is located as indicated on the
diagram.

2.3
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2.3 WASTE INCINERATOR BUILDING (232-7)

The WIB (232-Z) was used to remove plutonium from and reduce the volume
of contaminated solid wastes. The ventilation system downstream of thé 232-1
final HEPA filters is composed of two cylindrical (2-ft-diameter)
transiteducts that run below floor level to a single (3-ft-diameter)
underground transite duct north of the incinerator building. - A butterfly
valve is located at the west wall of 291-Z where the transition occurs from a
cylindrical duct to a 32-in. x 32-in. square metal duct.

As shown in Figure 2.3, the square duct runs alongside the top of the
south side of the 291-Z central plenum, makes a 90-degree bend, and then
descends to join with the portion of the 236-Z duct entering the central
plenum. The 232-Z duct has recently been blanked off with a barrier inserted
at the juncture of the 232-7/236-7Z ducts.

The duct from 232-Z has a number of 90-degree bends: where the two
transite lines empty into one, where the square duct turns on the corner of
the 291-Z building, and where the line enters the 291-Z main duct. A flow
straightener is located where the duct corners in the 291-Z building.

2.4 [FANHOUSE AND STACK (291-7)

As described in earlier sections, ducts from the PFP, PRF, and 232-7 all
enter into 291-Z. Figure 2.3 shows the different entry points. Exhaust from
the three facilities enters a large (15-ft x 20-ft) central concrete plenum.
Several stainless steel squirrel-cage fans located on both sides of this cen-
tral plenum (see Figure 2.3) draw air from the central plenum and move the air
into two lower plenums on each side of the central plenum below the fans. The
two flows join together downstream of the fans into a V shape and then flow
into the 291-7 stack.

Most of the 291-Z building is below grade (see Figure 2.1). The tem-
perature inside the fanhouse does not fluctuate as much as the outside air
throughout the year because héat is generated by the fans, and the building is
insulated by its below-grade location.

The stack is a concrete structure 200 ft high with an inside diameter of
approximately 16 ft. An access door is located near the base of the stack and
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a sampling system with constant air monitors (CAMs) that alarm at preset
Tevels and record samplers for data collection is located at the 50-ft level.
Filters from the CAMs and record samplers are changed weekly; both instruments
measure airborne particles.

2.5 SURFACE COATINGS AND VOLUMETRIC FLOW RATE

Information on surface coatings of the ducts is scant and is found
primarily in design drawings. In the PFP the interior of the Zone 3 ducting
was designed to be coated with one coat of asphaltum (Hanford Drawing H-2-
16019). The Zone 4 stack manifold design specifications (Hanford Drawing H-2-
16026) stated "interior surfaces to be sand blasted, welds smoothed and primed
with Amercoat #44; after primer is dry apply three coats of #44 Amercoat(®)
body and three coats of #44 Amercoat Sealer." After the HF release occurred
in 1986 (see timeline in Subsection 3.2), the HEPA filters in the HF Tine were
replaced, and paint in the Zone 4 stack manifold was seen to be degraded.

The duct connecting the PFP and 291-Z buildings was to have interior
surfaces sandblasted and welds smoothed and painted with #44 Amercoat primer
(Hanford Drawing H-2-16017).

The concrete underground duct from the PRF to 291-Z was specified to be
painted with two coats of Amercoat 86 Prime and finished with two coats of
Amercoat 33 HV. '

Coatings on the 232-Z 1ine and on the concrete p]enums inside the 291-Z
building are unknown. The stack was designed to have the entire interior sur-
face receive two coats of paint.

A 1982 report estimated that flow through the 291-7 stack was
270,000 cfm, of which 68% came from the PFP Zone 3 exhaust, 13% from the PFP
Zone 4 exhaust, 17% from PRF, 2% from 232-7Z, and less than 1% from the PFP
process vacuum and air sampling systems (Vogt 1982). The total flow and
relative contributions from each of the facilities has changed throughout the
life of the plant, and these estimates are more representative of the current
flow rates.

(a) Ameron Protective Coatings, Brea, California.
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3.0 PLUTONIUM FINISHING PLANT HISTORY

Examining the types of processes used and changes in operating
conditions in the PFP, PRF, and WIB over the history of the plant may aid in
determining the content of potential deposits on the system surfaces. This
section begins with a general description of the processes that contributed
aerosols to the exhaust gases while the plant was operational. A discussion
of the off-gas handling systems and potential chemical species from each
process‘are included. A timeline showing operation of the facilities, changes
made to the operations, and changes in the exhaust ventilation system is
provided in Subsection 3.2. The timeline also includes a brief description of
accidents or unusual events that may have released particulate material to the
exhaust ventilation system. Finally, data from past investigative studies or
monitoring records can provide clues to the present state and quantity of
material deposited in suspected areas of duct. Pertinent information from
these past studies or records are identified. |

3.1 PURPOSE AND USE OF FACILITIES

The processes conducted in the three facilities (PFP, PRF, and WIB) that
vent to the 291-Z building are briefly described here.

3.1.1 Plutonium Finishing Plant

The PFP, also known as the Z-Plant or 234-5Z, started operation in 1949.
The purpose of the plant was to purify plutonium nitrate solution produced in
the fuel separations facilities and reduce the solution to plutonium metal.
Prior to 1949, these solutions were shipped offsite for further processing.
The PFP gave Hanford the ability to fabricate plutonium metal pieces onsite.

3.1




The main process steps for converting plutonium nitrate were as follows:

e Oxalic acid was added to the nitrate solution to precipitate plutonium
oxalate.

e The slurry was filtered to remove soluble impurities, and the oxalate
was calcined to form plutonium dioxide powder.

e Plutonium dioxide was converted to PuF, by continuous contact with HF gas
in the fluorinator.

e PuF, was mixed with calcium metal and iodine crystals, and heated in a
reduc1ng atmosphere to plutonium metal.

¢ The Pu buttons were pickled in nitric acid.

The PFP also housed support processes such as scrap recovery, sampling
and analysis, and a development Tlaboratory.

The characteristics of process-generated aerosols would depend on the
unit operation and the handling of the off-gas. Plutonium was present in
various forms in the process: nitrate solution, oxalate slurry, filter cake,
oxide and fluoride powders, and metal. Of these, the fine powders would be
most vulnerable to transport by air. Deposited particles may also have
reacted with the deposition surfaces, chemical vapors, and deposited 1iquid
aerosols. These reactions may have produced hard-to-disturb crusts or easy-
to-disturb flakes. Vapors from chemicals used in significant quantity in the
processes were probably available for reaction with process aerosols. These
chemicals would have included hydrofluoric acid (HF), carbon tetrachloride
(CC1,), tri-butyl phosphate (TBP), and water.

3.1.2 Plutonium Reclamation Facility

The PRF (236-Z) was built to reduce the amount of plutonium disposed of
as waste. Waste was brought in from the PFP, WIB, or americium recovery
(242-Z). Processing in the facility included dissolution of Pu, extraction,
and stripping. Figure 3.1 is a flow diagram showing the basic components of
the process.
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The process purified Pu from PFP process scrap and waste. The Pu in the
scrap was converted to Pu(IV) nitrate by dissolution. Plutonium was then
extracted into the o;ganic phase and stripped back into acid solution via
solvent extraction columns. The solution was then concentrated so that it
could be sent to metal conversion in the PFP.

The PRF used a number of different chemicals, including CC1, and TBP.
Plutonium was present in a variety of liquid solutions. A high-humidity
exhaust airflow was indicated based on the type of processes taking place in
the facility. The dampness'of the samples collected in 1971 (see Section 4)
corroborated this supposition. The apparent salt content and oxidation of the
sampling surfaces suggest that the acids and salts used in the PRF processes
were present in the exhaust gases.

3.1.3 Waste Incinerator Building

The purpose of the WIB was to remove plutonium from contaminated solid
waste. Glove boxes were used for sorting wastes, leaching plutonium from |
noncombustibles, and chopping and burning the combustibles. Off-gas was
processed through a scrubber and filter system. Leaching and incineration
were discontinued in 1973, but the sorting hood remained in use. Room air was
exhausted through HEPA filters in the floor and the sorting hood was exhausted
through one non-testable and one testable HEPA filter (Vogt 1982).

The scrubbing and leaching processes could have been a source of water
vapor in the exhaust stfeams, which might have contributed to scale deposits
or rust in the downstream ducts. Plutonium would have been present in the
facility in the form of contamination on incoming waste, as a solution in the
leaching process,- and in ash after scrap incineration. The scrubber and fil-
ter system would have mitigated the release of plutonijum-bearing ash particles
into the exhaust ducts. |

3.3
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3.2 TIMELINE

Production in the PFP started inm 1949 with the operation of the Rubber
Glove Line, which continued operation until the Remote Mechanical Line was
started up in 1953. Many projects for upgrading the facility, with regard to
safety, enhanced capacity, and additional capabilities have been completed.

Startup and shutdown of operations, accidents, and other significant
events are identified in the following timeline. Much of the information for
the timeline was extracted from Schilling (1990) and Vogt et al. (1983). The
timeline may not be complete because some information was unavailable due to
the classification of operating documents.

1949 Startup of plutonium finishing in 234-5Z.

1953 Original process automated to reduce worker radiation exposure
(Remote Mechanical A, RMA, line started up).

1955  Startup of Recuplex (236-Z), solvent extraction recovery of
plutonium from finishing plant liquid waste.

Modifications were completed to the fluorination and metal
reduction steps of the RMA line for increased capacity.

Additional process air-drying facilities were completed.

1958 New process equipment for PFP installed. Combustible exhaust
filters replaced with noncombustible ones.

1959 Recuplex converted from semi-works to manufacturing facility.
1960 Second Remote Mechanical Line (RMC) started up.
PFP vacuum system replaced. |

1961 Startup of incinerator and leach facilities (232-Z) to recover
plutonium from solid waste.

1962 Criticality accident in Recuplex; facility shutdown.

1963 Glove box ion-exchange process was set up to reprocess PFP
liquid waste in the interim between Recuplex shutdown and PRF
startup.

1964 . Startup of PRF to replace Recuplex. Glove box pressurization
: caused by nitric acid reacting with Pu metal fines; off-gas
system overwhelmed, resulting in a release through a roof vent.
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1965
1970

1971
1972

1973

1976

1978

1979

1980

1981

1982
1984
1985

1986

1987
1989

Americium recovery starts in 242-Z.

Parts fabrication ceases at PFP.

Continuous americium recovery system installed in 242-Z.
Startup of plutonium oxide blending and production in PFP.

Capability to separate Pu from U in mixed scrap started up in

- PRF.

New recirculating off-gas scrubber installed for RMC
fluorinator.

Incinerator and leach facilities shutdown.
RMC line placed on standby.

Americium ion-exchange explosion; 242-Z americium recovery
shutdown.

234-5Z shutdown.
Restart of 234-57 operations.

High stack release during a HEPA filter replacement in 232-Z,
which dislodged filter or other surface contaminants.

PRF placed on standby.
RMA Tine and plutonium oxide production ends.

Plutonium scrap can fire in PFP contaminates most of Zone 3
operating area.

Americium recovery in 242-Z restarted.

17-in. Hg vacuum line installed.

Room 308 contaminated during filter change.

PRF restarted. Campaigns in January 1984, July 1987.

RMC Tine restarted in PFP. Six campaigns conducted from 1985 -
1989.

Jan. 28 HF release caused destruction of HF system filters (PFP
SAR Draft). PFP operations halted for nine-month period due to
criticality-prevention specification violation.

New 9AB filter box installed (HF system).

April 5 HF release measured at 10 ppm HF at filterbox 98
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3.3

PREVIOUS MEASUREMENTS/CHARACTERIZATION OF PARTICLES

Samples have been taken of particulate material in the exhaust ventila-

tion system for the PFP. In a study conducted by Mishima and Schwendiman in
1970 and 1971, samples were collected from the Zone 4 PFP exhaust, HF system,
vacuum line, PRF, 232-Z, and 291-Z stack. Observations were as follows:

In the plenum downstream of the 309 filter room, the ca]cu]ated activity
concentrations varied between 4.5E-06 and 1.0E-03 dpm/ft
(disintegrations per minute). The filtered material was "black with
shiny patches," with measured aerodynamic median activity diameters
(AMAD) of 9.5 and 20 um.

The HF system exhaust was sampled in the winter (70-71). Samples were
taken downstream of the final filter bank enclosure. An activity
concentration of 0.06 dpm/ft3 was measured. The AMAD of the particles
was 7.4 um, but the activity distribution of the material was bi-modal,
indicating more than one mechanism of particle formation.

The vacuum system maintained at 26 in. Hg was sampled between October
and December of 1970. Samples were taken from the line between the
vacuum pump and the main exhaust plenum. All the interior surfaces and
plates from the samples were loaded with a glassy, hard material
resemb11ng hard water deposits. An activity concentration of as high as
2.8 dpm/ft was measured. The AMAD was estimated to be less than 1.6 um
with a Tog-normal size distribution, indicating one mechanism of
particle formation.

The PRF building exhaust was sampled from a duct just upstream of the
entry into the 291-Z exhaust plenum. "A large quantity of moist,
reddish-brown, granular material was found on the filter sample ... and
the rubber cement surface on impactor plates and impactor walls appeared
oxidized." (Mishima and Schwendiman 1971, p. 18). The AMAD was 3 um.
The coarseness of the material pointed to generation of the particles
downstream of the filters. The material could have been rust from the
existing duct, which was metal and aboveground. The sample was
described as hav1ng a "high salt content" (Mishima and Schwend1man 1971,
p. 18). The activity concentration was low (1E-4 dpm/ft3). Since the
sampling described here, much of this duct has been replaced with a
concrete below-ground duct.

The 232-7 duct was sampled during incinerator operations. The sample
showed "highly active, coarse, red and gray particles” (Mishima and
Schwendiman 1971, p. 11). The outlet for the sample was on a vertical
wall of a sloped duct. The red coloring may suggest rust; gray may
indicate ash. The AMAD was 8 um, with a Tog-normal distribution.
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e The 291-Z stack was sampled at the base of the stack in the last quarter
of 1970. Considerable condensation was noted and the sampled mater1a1
was dark gray. The activity concentration was low, 6.4E-03 dpm/ft®. The
plutonium was believed to be attached to inert particles. :

A separate measurement program conducted from October 1972 to May 1973
sampled particles at the base of the stack (Mishima and Schwendiman 1973a).
Seven sets of samples were taken. The AMAD from the samples ranged from 3.3
to 9.0 um with 60 to 80 percent of the activity associated with particles less
than 10 um. The average activity was 0.034 dpm/fts. No apparent correlation

was seen between building operations and measured activity.

A study was performed in 1976-77 on the 291-Z stack to determine the
adequacy of the in-place sampling system (Glissmeyer 1992). Samples were
taken at the 50-ft level of the stack. All of the samples contained particles
with the appearance of rust. The AMADs of plutonium-containing particles were
between 3.5 and 8.6 pm. Ti0, and ZnS tracers with aerodynamic mass mean
diameters (AMMDs) of 1.3 and 8 to 9.5 um were released into the stack to test
the air sampling systems.

An estimation of holdup in the PFP was reported in Schilling (1989).
Nondestructive assay (NDA) data were collected from December 1986 through 1988
on ventilation ducting and process vacuum piping. In addition, physical
samples were taken from the exhaust stack manifold in February 1988 while
replacing the HF system filter box. Figure 3.2 shows the results of the data
analysis. A Tater measurement of the exhaust manifold revised the surface
area to 55,500ft? and the grams Pu to -2-20 (PFP Engineering Laboratory 1989).

3.8



£°19010€6S

uoneilld vd3H jo ebels is14 o}
J0lid SWRISAG €6 ? V6 Udamleg
uonoag ssed-Ag eanoeu ui 6 00g°L

"¢°e [NIIL

S9X0Gano|n
V6-H 8 96-OH

0gog - = Ny sweln
000°2y = (z}) ealy eoBuNg
ooo‘cl = J9a4 Jesun
sue4
Plojiuely
Isneyx3
xoels

sjuswaunsesy dn-p{oH Jo s3|nsay
001 nd sweln
08z () ey eoeuNg
ovt 1094 Jeaur]
si9)ld VdIH (6001)
siellld Vd3H
oe nd sweir)
009°2  (GW) eaiy edeung  009°LL
006°t 1094 Jeaun
sielld Vd3H (nd 6 1)
sielld Vd3H
! Nd swelr
000’8y () eeiv eoeung
00021 1084 seoun
S19ld VdaH

walsAs 4H

SPOOH ‘synep
‘SIX0GBA0ID)

¥ [auoz

walshs -3

‘016 ‘shemjjeH
‘SWOoY auoz
Bfunesedo

€ auoz

waishAs g-3

3.9




4.0 DEPOSITION AND ADHESION

In order for airborne material to become part of the "holdup" attached
to the duct, it must first be moved to the duct walls (sides, top, or bottom)
and then adhere to them. The two somewhat Qverlappihg processes of deposition
and adhesion are therefore relevant to the potential buildup of radioactive
material in the Z-Plant ducts and stack. In deposition, airborne particles or
droplets are brought to the duct wall. On contact with the wall, the parti-
cles either rebound or adhere. Even if the particle does adhere to the wall,
it can subsequently be detached if the adhesion forces are not strong enough
to hold it. If the particle is completely detached and returns to the bulk
airflow, it is said to be resuspended; the greater the adhesion force is on a
particle, the greater is the force required to resuspend it. It is also pos-
sible for a particle, on becoming detached, to remain in the flow boundary
layer, be carried along the surface of the wall, and become reattached shortly
thereafter; this is known as saltation.

The difference between rebound and detachment, and‘getween resuspension
and saltation, is to some extent a matter of the timing of particle detachment
and reattachment. Thus the different processes may not be very well distin-
guished from each other either in theory or in experiment. Another ambiguity
in literature data arises from the definition of deposition: deposition
velocity may or may not be defined so as to include the effects of rebound and
detachment. In general, experimental work is likely to measure a "deposition
velocity" that does include the decrease in deposition that is associated with
rebound and detachment. Theoretical work usually assumes "100% sticking" or
zero rebound and detachment. ’

This section of the report will first discuss the forces that are avail-
able to hold particles to surfaces in the general case. Then the case of
deposition and adhesion in a duct will be discussed, again without specific
attention to the conditions in the Z-Plant post-HEPA exhaust ducts. Finally,
the experimental data found in the literature that might be of use for the
Z-Plant duct conditions will be given and conclusions will be derived from
them.
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4.1 ADHESIVE FORCES ON PARTICLES
4.1.1 Total Adhesive Force , -

The adhesive or autohesive force is the force required to detach a
particle from a surface. By definition, particles that are in contact only
with the surface, as in a monolayer, are undergoing adhesion, while particles
in a layer that are only in contact with each other are undergoing autohesion.
However, both adhesive and autohesive forces are controlled by similar
physical mechanisms.

The adhesive force can be quantified in several different ways. The
adhesion number is the fraction of particles detached at a given experi-
mentally applied force (e.g., centrifugal, vibrational, or air drag). This is
also referred to as "surface particle retention.” The adhesive force for a
given particle size range is often used to mean the force required for 50%
detachment under the conditions of the experiment (Ranade 1987). A quantity
that is loosely related to adhesive (or detachment) force is the resuspension
fraction, the total fraction of attached material that is found to leave a
macroscopic area over a given period of time @s the result of applying some
force (often not quantified). The literature also refers to "sticking coef-
ficients", which are the fraction of particles (usually in an airflow) that
become attached to a surface rather than rebounding from it.

In general, the total adhesion force, which is the sum of many different
forces, increases approximately linearly as particle diameter increases while
the particle weight force increases as the cube of diameter. In the particle
size range from 10 to 1000 um, the weight and adhesive forces may be of the
same order of magnitude, but for a 1-um particle the adhesive force can easily
exceed the weight force by several orders of magnitude (Bowling 1985). The
adhesive force can be made up of molecular, electrostatic, capillary, contact,
and magnetic forces, depending on the properties of the materials and the
medium.

4.1.2 Types of Adhesive Force - Dry Environment

Molecular (van der w&a1s) forces, electrostatic forces, and magnetic
forces act before the particle has contacted the surface, both bringing the
particle to the surface and establishing the contact area (often through
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deformation of the surfaces). The molecular component of adhesion forces
depends on the particle dimensions, contact area, and properties of the
bodies. Of the forces that act at a distance, molecular forces predominate
below 50-um particle size and electrostatic forces above; in the presence of
surface asperities, electrostatic forces can also predominate for smaller
particles. The distances over which these forces act are probably of the
order of 0.01 um or less.

Molecular forces are always present and result from interactions between
the induced and natural instantaneous dipoles in neighboring atoms. Although
the theory of these interactions is highly developed, it does not lend itself
to application: for example, the effects of microroughness and deformation,
as well as trace impurities, are not readily definable for a given application
but drastically affect the van der Waals force. For a 5-um sphere and a flat
- surface at a separation of 0.4 nm, the van der Waals force can range from less
than 1 to more than 10,000 mdyn, depending on the medium, the molecular
interaction properties of the materials, and the material hardness (Ranade
1987). The force is proportional to particle diameter, but a 2% deformation
of the particle more than doubles the adhesive force (Bowling 1985).

Electrostatic or Coulombic forces arise from non-zero net charges on the
particle and substrate. This is equivalent to an electrostatic interaction
between the particle and its "image." Coulombic forces (or bulk excess charge
image forces) require preliminary charging of the particle and typically
decrease with time after contact owing to charge leakage, with more rapid
leakage for higher electrical conductivity. Coulombic forces are proportional
to the square of the particle diameter (Bowling 1985). They are eliminated by
the presence of liquid. ’

In some cases, particles can acquire an electric charge through friction
with the walls; this is known as triboelectricity. Minerals such as quartz,
talc, starch, calcite, gypsum, hornblende, and sulfur (among others) display
this property. The acquisition of net charge increases the adhesive force
caused by Coulombic forces. The charge decreases with diameter and may
increase or decrease with temperature, depending on the effect of the
increased temperature on electrical conductivity of the particles and surface,
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internal ionization, and moisture condensed on the particle. These properties
are typically material-dependent (Zimon 1969).

After contact, several phenomena that determine contact area come into
play. The pressure on the contact area induced by molecular forces can be
from 0.2E+09 to 3.0E+09 dyn/cm?, and can produce increasing deformation and
contact area with time. The greatest forces of adhesion therefore tend to
occur for soft material bound to a metal, and hard oxide layers on metals
reduce the force of adhesion. Simultaneous oxidation of a particle and a
surface can cause the particle to become entrapped in the oxide (Bowling
1985). Sintering, diffusion, condensation, surface dissolution and alloying,
capillary forces, and creation of solid bridges between particle and surface
(as by melting) also affect the adhesive contact area. Capillary forces come
about when a 1liquid meniscus is present between the particle and surface.
Forces coming from "tackiness" of a surface film, such as a film of oil, /

typically depend on the rheological properties and thickness of the film.

4.1.3 Types of Adhesive Force - Wet Environment

Capillary forces operate when particles are held by the surface tension
and- by the reduced pressure below the meniscus of the liquid that condenses in
- the gaps between particle and surface. The capillary force is negligible
below about 65% relative humidity. Above 65% relative humidity, large
increases in particle retention were found to occur in a l-hour humidity
exposure period, such that even particles in the 50- to 140-um (geometric)
range were substantially retained. Total particle retention was above 80%
after 100 h exposure at 84% relative humidity, and was 100% after 1 h exposure
at 100% relative humidity. The non-capillary forces were estimated to contri-
bute about 20% of the total particle retention (Whitfield 1979). Capillary
forces are proportional to surface tension and so are lower for organic
liquids than for water. For the same reason, capillary forces for water have
the most effect on a hydrophilic surface and their least effect on a hydro-
phobic surface (Zimon 1969; Bowling 1985). Capillary forces are proportional
to particle diameter. For a l-um particle in water, the force is about
40 mdyn (Ranade 1987).
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Another effect of the presence of water occurs when particles are
brought to a surface in drbps of water, or are trapped on a surface by drops
of water. In these cases the adhesion number varies very little with particle
and drop size for normally directed detaching forces. In this case the hydro-
philicity of the surface is the main influence: removal from a hydrophilic
surface is more difficult than removal from a hydrophobic surface. A tangen-
tially directed force causes the drop to spread; hence particles of any given
size are less easily detached as drop size increases. Smaller particles are
less easily detached than 1arger ones, and the hydrophilicity of the surface
is about as important as particle size (adhesive force increases as hydro-
philicity increases).

After the water drop evaporates, the particles that were situated in it
will require larger detaching forces than if they had settled freely onto the
dry surface. This apparently results from a crust of non-volatile contami-
nants in the Tiquid that remains after the liquid has evaporated. The
strength of adhesion after evaporation of salt solution droplets was higher
for higher original (pre-evaporation) salt concentrations. Particles that had
adhered where a drop had evaporated were almost not removable in an airflow of
velocity less than 11 m/s. Even salt concentrations as low as 0.01% could
produce 90% particle retention, compared to 60% retention for pure water
(Zimon 1969). The adhesion of about 1% of the dust that was.in a water drop,
after the drop evaporates, becomes very strong; this results from the soluble,
and so crust-forming, material. The adhesive force for the strongly bound
particles can be on the order of 100,000 times the adhesive force for the
other 99% of the particles (Williams and Nosker 1985). Deliquescent salts can
also exhibit this behavior. Several common salts (carbonates, sulfates, and
chlorides) have critical relative humidity levels ranging from 15 to 97%. The
critical values are those at which a deliquescent salt takes up moisture to
form a solution with uptake continuing until the vapor pressure of the solu-
tion is equal to that of the water vapor in the atmosphere above the solution.

A film of oil or other "tacky" substance can also effectively increase
the contact area between the article and surface. For a range of oil-film
thicknesses, the adhesive force is maximum and does not vary with oil-film
thickness; for thicknesses greater or less than that, adhesive force
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decreases. Particle adherence to tacky films is not well quantified, althoughv
it is believed to depend on the viscosity of the film and the depth to which
it is penetrated by the particle. In one case, the maximum adherence to an

0il film occurred between 0.25 and 2 mg/cm2 oil. For an oil film of density
0.5 mg/cmz, there was 80 to 100% retention of glass particles of diameter 5 um
or greater on an oily surface that was parallel to an airf]ow of 25 m/s (Zimon
1969).

4.1.4 Adhesive Forces - Miscellaneous Considerations

Another area-affecting phenomenon present when particles in an airflow
contact the sides of a conduit is associated with melting of the particles by
friction heating. Some of the materials that are sensitive to the temperature
. increase caused by friction are those with low melting or softening points
(e.g., waxes, fats, sulfur, and starch sugar) and dusts containing those
materials. At low velocities these temperature-sensitive particles behave
like the insensitive ones, first adhering and then rebounding as velocity
increases. At higher velocities the melting or softening point is reached in
the contact area, increasing adhesion and even welding particles to the sur-
face. Finally, the velocity increases to the point that melting does not hold
the particles and they begin to rebound again (Zimon 1969). Thus, particle
retention that is affected by melting passes through two maxima.

Once contact is made and the particle area is established, short-range
interactions such as chemical and hydrogen bonds can affect the adhesive
force. Electrical double-layer forces (those arising from electrostatic
contact potentials) are proportional to the area of contact and are greatly
reduced by the presence of liquid in the gap. Adhesion of polymers has also
been shown to be controlled by the acid or base nature of the surfaces; in
addition, polar and metallic bonds can affect adhesion (Ranade 1987). A1l of
these forces haVe different dependencies on particle size. The Coulombic pre-
contact and capillary pdst-contact forces, when present, are often much
greater than the molecular pre-contact or double-layer, post-contact forces.

Electrical double-layer (or contact potential) forces arise when
particles contact a substrate and the charges on the particle surface induce
an equal and opposite charge on the substrate surface. This type of
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electrostatic interaction arises from the difference in the work functions of
the materials, producing a contact potential. The double-layer adhesive force
is greater for a grounded substrate than for a charged substrate. In addi-
tion, the electrical conductivity of the bodies that come into contact deter-
mines the adhesive force. Particles coming into contact with a semiconductor
experience stronger adhesive forces than particles contacting a conductor
(such as a metal). A Tayer of paint on metal is a semiconductor; both its
conduction characteristics and its thickness can affect the double-layer adhe-
“sive force it exerts (Zimon 1969). At the maximum contact potential of 0.5V
and a separation distance of 0.4 nm, the electrostatic double layer force on a
1-um particle is about 1 mdyn (Ranade 1987). The double-layer force is
proportional to particle diameter.

4.1.5 Surface Roughness

Because all of the types of forces of adhesion depend on the area of
contact between a particle and surface, or on the distance between the par-
ticle and the surface, surface roughness has an effect on adhesive force. A
deformable material can provide more contact area (for a particle pressed onto
it) and so increase adhesion. If the heights of the surface roughness are of
similar or larger size than particle dimensions, contact area and adhesive
" force increase (compared to a perfectly flat surface). If the surface rough-
ness is an order of magnitude smaller than particle dimensions, contact area
and adhesive force decrease. This is illustrated by one case of particle
detachment by an airflow: for particles of 20-um diameter, the detachment
velocity was increased by increasing surface roughness, but the roughness had
no effect on the detachment velocity for particles over 50 um in size. The
surface roughness in these experiments was not stated (Zimon 1969).

4.2 PARTICLE DEPOSITION IN DUCTS

Deposition is the process controlling the transport of aerosols from the
bulk airflow to the duct wall, where forces of adhesion can act on the aero-
sol. The several deposition mechanisms of interest are Brownian and turbulent
diffusion, sedimentation (gravity deposition), inertial impaction, thermo-
phoresis (present for a radial temperature gfadient), and diffusiophoresis
(which occurs during condensation of a vapor). Deposition can be described in
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terms of a deposition efficiency or fraction of airborne material deposited in
a length of duct. More commonly, the parameter "deposition velocity” is used;
this velocity, when multiplied by the concentration of aerosol, gives the
deposition rate per unit area or deposition flux. If the deposition velocity
is constant in a given duct, then the deposition efficiency and deposition
velocity are related as follows (Sehmel 1968):

In( C/Cy ) = -4 x (K/ V) x (L/D)

Here C is the concentration a distance L downstream from where the original
concentration C, was measured, K is the deposition velocity, V the bulk flow
velocity, and D the duct diameter. Deposition efficiencies depend on the
length of duct and on the deposition velocity, which depends on the flow
conditions and particle characteristics.

Both Brownian and turbulent diffusion affect particle deposition.. In
Brownian diffusion there is a net flux of particles toward surfaces because of
concentration gradients produced by particle capture at the surface. Both the
particle diffusivity and the fluid flow pattern past the surface affect depo-
sition by diffusion (Chan et al. 1989). For a 2-um aerodynamic equivalent
diameter (AED) particle, the effect of Brownian diffusion is important only
below 0.3 m/s flow velocity; for a 0.1-um particle, Brownian diffusion can be
- important at flow velocities as high as 10 m/s. The effect of Brownian dif-
fusion in turbulent flow diminishes with increasing particle diameter raised
to the 1.5 power (Beal 1970). Turbulent diffusion is produced by the eddies
in turbulent flow, and in typical bulk turbulent flows it dominates over
Brownian diffusion for particles of 5-um AED or greater. However, in
deposition Brownian diffusion remains an important consideration because
turbulence decreases in the Taminar boundary layer near the surface and
Brownian diffusion dominates (Ounis and Ahmadi 1990). Turbulent and Brownian
diffusion can produce deposition on the top and walls of conduits as well as
the bottom.

Sedimentation Qf particles of 70-um AED or less follows Stokes’ Law,
which describes viscous-controlled gravity settling. The particle deposition
velocity is proportional to particle diameter squared (or to particle area),
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particle density, and the inverse of the fluid viscosity. For particles above
70-um AED, a Reynolds-number (#Re) dependent coefficient is used to correct
the Stokes’ Law deposition velocity (Chan et al. 1989). The slope of the
surface upon which particles settle is also significant. Only 50% of freely
falling glass particles of diameter 90, 70, 40, and 15 um adhered to a
perchlorvinyl enameled surface at 'slopes of 10, 22, 42, and 48 degrees from
the horizontal, respectively. This information on limiting slope does not
pertain to particles less than about lo-um AED, since these do not fall
vertically so much as they are carried by inertial and diffusion mechanisms
(Zimon 1969). Particles deposited by sedimentation are typically found within
a small angle of the bottom of conduits.

4.2.1 Deposition in Linear Flow

In Tinear turbulent flow at sufficiently high velocities, inertial
deposition (or impaction) occurs when particles "coast" on momentum to reach
surfaces. For a 2-um AED particle in a tube a few centimeters in diameter,
this effect becomes important,above 0.3 m/s flow velocity, at which point the
deposition velocity is 1E-6 m/s. For a 0.1-um particle, a flow velocity above
10 m/s is needed (and the resulting deposition velocity is about 0.0002 m/s).
The inertial deposition velocity increases with particle diameter, but at an
ever decreasing rate until finally size has no more effect. For an airflow
velocity of 10 m/s, this size cutoff occurs at about 1-2 um (and a deposition
velocity of 0.08 m/s). This neglects the effect of sedimentation (Beal 1970;
Liu and Ilori 1974). The deposition of 1- to 28-um particles on the walls of
vertical tubes, in which sedimentation plays no part, has also been tested.
At the Taminar-turbulent flow regime boundary or a #Re of about 2000, the
deposition velocity was Tow (1E-06 m/s). The deposition velocity increased
with turbulence, up to on the order of 0.1 m/s at a #Re of about 50,000.
Under these turbulent conditions in smooth tubes, deposition was shown to be
higher near the inlet, outlet, and tube joints (Sehmel 1968).
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4.2.2 Deposition in Bends

In flow in a bend, deposition is controlled by centripetal force as well
as the forces affecting linear flow. Flow tends to skew toward the outside of
the bend; that is, the peak axial velocity is found on the outer side of the
centerline. Recirculation in a plane perpendicular to the flow direction also
occurs; the center of the recirculation is between the top and the inner side
of the tube. The centripetal acceleration caused by the curve, and the recir-
culation, both increase the deposition in a bend compared to a straight
conduit.

In horizontal bends, inertial deposition is controlied by the ratio of
the bend curvature radius to tube radius (curvature ratio), the Dean number
(#De), and the Stokes number (which is proportional to the particle diameter
squared, the particle density, and the inverse duct diameter). The Dean
number is the Reynolds number - #Re - divided by the square root of the A
curvature ratio. The #De is a direct measure of skewing and recirculation,
and higher skewing and recirculation are linked with higher deposition.
Experiments and analysis showed that for a tight 90-degree bend at high #De,
the area where impaction was likeliest to occur was the outside of the turn;
for a loose turn at high #De, inertial deposition was much more generally
distributed. In general, the tighter the turn and the higher the #De, the
earlier in the bend most deposition occurred in terms of the angle traversed
(Tsai and Pui 1990).

In vertical tube bends, there was found to be a Stokes number (for a
given particle size) at which there was a minimum deposition efficiency. This
resulted from an increase of deposition in the bend at smaller Stokes numbers
because of increased sedimentation effectiveness; i.e., the lower flow veloc-
ity allowed gravity more time to deposit aerosol in the bend. There was also
an increase of deposition at larger Stokes numbers because of inertial impac-
tion. For bends that started from the horizontal and turned downward,
deposition was roughly uniform along the entire angle traversed by the bend
(Balashazy et al. 1990).

When flow passes around an obstacle, deposition is maximum on the -front
and back of the (cylindrical) obstacle and virtually zero at the flow
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tangents, with the maxima much greater for Tow (5 m/s) than for moderate

(14 m/s) velocities. The front of the cylinder accumulates particles up to
20 pm in diameter, while the maximum diameter of particle adhered to the back
is less than 10 um; this distinction between front and back decreases with
increased velocity. The number of particles deposited on front and back are
roughly equal. It is also the case for plates in an airflow that the Targer
particles are a greater proportion of the deposit for angles closer to
perpendicular to flow (Zimon 1969). ‘

4.2.3 Deposition With Temperature or Vapor Gradients

In thermophoresi;, particTes experience a radiometric force when they
are suspended in a gas in which there is a temperature gradient. The drift
velocity is proportional to the gradient and toward the cool surface. The
effect of walls that are cooler than the gas is to enhance deposition, while
warmer walls decrease deposition) The effect increases as heat transfer to
and through the wall increases (Postma 1961). It follows that thermophoretic
deposition is heaviest where the wall is coolest. Thermophoresis is not
dependent on particle size, but does depend on the thermal diffusivity of the
particle material (Davies 1966).

Diffusiophoresis occurs when condensation of vapor onto surfaces causes
particle drift by two mechanisms. First, a net flow of gas toward the cool
surface, or Stephan flow, convects particles with it toward the surface.
Second, the gradient in water vapor concentration causes a molecular weight
gradient that impels particles in the direction of the gradient or away from
the surface. Stephan flow typically predominates. The particles that are
convected toward the surface are scrubbed by the condensing vapor (Chan et al.
1989). Because condensation occurs on the coolest parts of conduit walls,
diffusiophoretic deposition is heaviest there; however, the condensation may
very well carry the particles to the bottom of the conduit. Diffusiophoresis
is not dependent on particle size or shape, so long as the particle diameter
is well above the mean free path of the air molecules, which is about 0.1 um
at standard conditions (Davies 1966).
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4.3 PARTICLE REBOUND

Rebound occurs immediately upon contact between a particle and a sur-
face; detachment occurs some time after the particle has become attached.
Detachment can lead either to resuspension of the particle into the bulk flow
or to saltation, in which the particle remains in the surface layer. In sal-
tation of soils, deposited particles between 100 and 500 um in diameter are
taken up by the airflow to heights not exceeding 1 cm. They travel several cm
downwind and on impact induce movement by, and possibly resuspen-sion of,
other particles. Transport via saltation tends to be temporary and short-
range, while resuspension allows relatively long-range transport.

Because particles can rebound from a surface after impact, not all
particle-surface contact leads to adhesion. The fraction of particles that
- rebound from the wall acts as a kind of "anti-deposition” mechanism. This
effect is often included in experimental deposition velocities because of the
difficulty of separating the two mechanisms experimentally. For example, one
test showed maximum apparent deposition velocities for particles of about
30-um diameter at #Re of 10,000 to 20,000, and decresse of deposition at
higher Reynolds numbers (Forney and Spielman 1974). In another set of tests,
deposition of particles of 1- to 28-um size declined after #Re = 50,000,
apparently because of particle rebound or resuspension (Sehmel 1968). In both
cases, a sticky coating increased the apparent deposition velocity at high #Re
by about an order of magnitude. In general, particles that arrive with
kinetic energy will bounce off if the kinetic energy exceeds the energy of
adhesion plus the energy lost in elastic and/or plastic deformation of the
particle and the surface.

It follows that for a given particle size, there is in theory a critical
velocity above which the particle will rebound from the surface and adhesion
is not possible. As one example, quartz particles 2 um in diameter bounced '
off a smooth quartz surface for particle (or surface) velocities greater than
0.1 to 0.15 m/s (Zimon 1969). For metal and glass particles dropped onto
metal and glass surfaces, the maximum velocities at which adhesion could occur
were found to be dependent on the elastic or plastic deformability of the
materials. As long as one of the metals was copper (relatively low yield
limit), the maximum velocity of adhesion was relatively high -- 1 to 2 m/s for
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10-um particles and 0.1 m/s for 20-um particles in copper/glass tests, or 2
m/s for 18-um particles and 0.3 m/s for 32-um paftic]es in copper/steel tests.
For steel/glass tests, in which the yield limits of both materials were
considerably higher, the maximum velocities of adhesion were much Tower, 0.05
to 0.09 m/s for particles under 10 um in size (Rogers and Reed 1984). Once
above the limiting velocity, rebound can be overcome only at velocities high
enough to make the particles penetrate the surface. For hard substances such
as metals and oxides, penetration does not occur below velocities of several
hundred meters per second (Zimon 1969).

In a study that did not distinguish between rebound and resuspension,
the "stickiness" of aerosols released from the stack of a boiling water reac-
tor (BWR) nuclear power plant were studied. These aerosols were found to have
an AMAD of about 10 pm "with large variations." These aerosols, which
contained a variety of fission and activation products, were collected both on
"sticky" coated rods and on dry, clean, stainless-steel rods. The ratio of
material collected on the two sets of rods was about 10 to 1. This led the
authors to speculate that at least 90% of material deposited on the rods was
resuspended in the absence of stickiness and in the 20-50% humidity range
where capillary forces had little effect (Strom 1988). The airflow velocity
for the particle collection was not stated.

4.4 PARTICLE DETACHMENT

Detachment (and resuspension) of dust on a surface exposed to airflow is
the remaining mechanism of importance. Surface dust is acted upon by the
adhesive force, the particle weight, the frontal force exerted by the flow on
the particle, and the 1ift force (usually the least significant). The par-
ticle becomes detached when the frontal force exceeds the frictional force
that is produced by the net downward force on the particle. The frontal force
depends on the thickness of the boundary layer, which is laminar for bulk
turbulent flows of less than 100 m/s velocity. For a laminar boundary layer
whose thickness exceeds the particle diameter and whose velocity profile is
linear, Stokes’ Law can be used to approximate the frontal force. The force
is thus proportional to the velocity in the boundary layer, inversely
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proportional to the layer thickness, and proportional to the square of the
particle diameter. At velocities less than 25 m/s, particles smaller than
50-pum diameter are within the laminar boundary layer and so subject to Stokes’
Law frontal forces. As the flow becomes more turbulent and the boundary layer
thinner, Tower bulk flow velocities are needed to detach a given particle. A
range of detachment velocities can be observed for particles of the same size
apparently under the same conditions (Zimon 1969).

An airflow around a dusty obstacle detaches particles to an extent that
depends on the angle between the flow and the surface, not just on the air
velocity. Maximum detachment of particles occurs at points-of maximum veloc-
ity, where the flow is bara11e1 to the curved surface of the obstacle. Only a
small number of particles are detached from the front surface against which
the air blows (producing a stagnation point), and even fewer are detached from
the back (Zimon 1969).

As the flow velocity increases, fewer large particles stick to a surface
because the increase in rebound (kinetic energy) and detaching force exerted
by the airflow more than make up for the increase in inertial impaction. The
elastic rebound force and the airflow (frontal) detaching force both increase
as the square of particle radius, while the adhesive force increases only as
the particle radius. By the same token, the lower kinetic energy for fine
particles makes a high adhesive force (to overcome elastic rebound) less
important to particle capture. Because less adhesive force is needed for
particles with Tower kinetic energy, there was little difference at low
velocities in the deposition coefficients of wet and dry surfaces: for 20- to
60-um particles, the difference first appeared at about 2.3 m/s. For the same
reason, the difference between wet and dry surfaces was less for fine
(20 - 30 pm) than for coarse (50 - 60 um) particles (Zimon 1969).

When more than a monolayer of adherent dust is present, the manner of
removal of particles depends on whether adhesive forces are greater than
autohesive forces (in which case erosion occurs) or autohesive greater than
adhesive (in which case denudation occurs). In erosion, the topmost particles
are first to be removed by airflow and are not raised far above the surface;
if the adhesive forces are strong enough, the monolayer that finally remains
is not stripped away. (Thi§ last is the case for room dust, carbonates, and
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some gypsums.) In denudation, detachment occurs at the leading edge of the
boundary between the surface and the dust layer, and a dust cloud fills the
“entire flow area. '

As a general rule, the detachment velocity required to remove autohered
particles is always less than that for adhered particles. As an example of
the order of magnitude of autohesion detachment velocities, sandy soil parti-
cles of all sizes remained adherent to a plane glass surface for airflows
below 4 m/s. Above that, the adhesion of the large particles diminished,
although particles less than 1 um in diameter adhered even at 15 m/s air
velocity. A velocity of 4 m/s was observed to be sufficient to detach an
autohered layer of magnetite dust less than 10-um diameter, and in other cases
velocities of between 3 and 10 m/s sufficed to entirely remove autohered
layers of mineral dusts with sizes in the 20- to 90-um range. These air
velocities almost certainly would have been inadequate to remove the adhered
monolayer, however. An adhered layer of glass particles under 100 um was less
than 30% removed from a horizontal plane surface by an air velocity of 11 m/s;
the same conditions removed less than 10% of an adhered layer of particles
under 50 um (Zimon 1969). - Although autohesion detachment velocities are lower
than those for adhesibn, the two types of detachment velocities are of the
same order of magnitude.

Detachment always requires an airflow velocity that is higher than the
velocity above which sedimentation is minimized. Thus there is a range of
buffer velocities, meaning that particles of a given size deposited at a given
airflow require 1arge, not slight, increases in velocity to be removed. The

“detachment velocity (minimum velocity needed to detach an adhered particle)
depends on the adhesive and weight forces to be overcome. For particles
larger than about 100 um, the adhesive force is negligible compared to the
weight. Because the frontal force increases as the square of particle diame-
ter while the weight increases as the cube, the detachment velocity increases
with particle diameter above 100 um. Below 70-um diameter, adhesion (or
autohesion) is more significant. Smaller particle sizes, particularly under
50 um, are not easily removed by airflow because of their higher adhesive
forces. As an example, for corundum on an iron surface in a 10-cm tube, the
detachment velocity was 11.4 m/s for 70-um particles, 10.6 m/s for 100-um
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particles, rising to 16.3 m/s for 1000-um (1 mm) particles. As another
example, airflows of 11 m/s or less removed 10% or less of glass particles
less than 50-um diameter from a horizontal surface; on the other hand, removal
was substantially complete for particles in the 100- to 150-um range (Zimon
1969).

4.5 DEPOSITION AND ADHESION IN THE Z-PLANT DUCTS

Deposition and adhesion depend on the properties of the aerosol, the
surface on which it collects, and the flow carrying it. The aerosol in the
Z-Plant post-HEPA ducts probably consists of plutonium oxides, fluorides,
oxalates, and possibly nitrates. Any and all of this material may be associ-
ated with high relative humidity, soluble salts, acids, or (in the case of the
236-Z exhaust) organic solvents such as TBP and carbon tetrachloride. The
surfaces in the ducts are mostly coated metal or concrete, although a consid-
erable length of the 232-Z duct is Transite. Flow conditions are uniformly
turbulent because of the large duct diameters and 4- to 7-m/s air velocities.
The airflow passes through bends, dampers, butterf]y valves, flow straight-
eners, and the blades of the exhaust fans.

4.5.1 Sizes of Z-Plant Aerosols

Existing documents provide some basis for estimating the size distribu-
tions of material entering the Z-Plant exhaust duct system. In Mishima et al.
(1968), size distributions are given for "production-run" fresh plutonium
oxalate, partially oxidized oxalate, and plutonium tetrafluoride. The distri-
butions of all these compounds had AMMDs in the 90- to 110-um range and
standard deviations between 1.1 and 1.5; the distributions were approximately
Tognormal. Another document (Mishima et al. 1978) gives, for Pud2 used for
fuel fabrication, a size distribution with an AMMD of about 25 pm, a standard
deviation of about 1.7, and noticeable deviations from lognormality. In
experiments, a 1-m/s airstream was directed upward in annular flow around 1-g
samples of these compounds. The aerosol removed by this airflow typically had
size distributions that were similar to but finer than those of the samples;
decreases in AMMD of about 30% were observed (Mishima et al. 1968).
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Size distributions of about 20-um AMMD and 1.7 standard deviation (for
oxide) and 70-um AMMD and 1.5 standard deviation (for the other compounds) may
roughly represent the process material entering the Z-Plant ducts upstream of
the HEPA filters. The material resulting from waste incineration (232-1
‘activity) might be represented by a size distribution for plutonium-containing
ash from combustion of contaminated solid material. This aerosol had a mean
diameter of 2.1-um AED and a standard deviation of 6.4, as measured by Mishima
and Schwendiman (1973b). It is not clear what effect the 232-Z scrubbing
system would have had on the ash size distribution, however.

The filters can be expected to have somewhat changed the size distribu-
tion of all aerosols, because they are slightly less efficient for the 0.3- to
1.0-AED range than for larger particle sizes (Tillery et al. 1984). However,
unfiltered material (escaping during filter changeouts and failures) has prob-
ab1y>also contributed to exhaust aerosol and deposition. Coagulation of the
aerosol is another mechanism that could affect the size distribution of the
material entering the exhaust system.

Both the deposition and adhesion of the exhaust aerosol are dependent on
the size distribution. The fractions of aerosol in several size categories
for process plutonium oxide, process non-oxide plutonium compounds, and
plutonium-contaminated ash are given below.

Particle Plutonium
AED Range Plutonium Oxalate, Contaminated
Oxide Fluoride Ash

< 0.3 0 0 0.15
0.3 - 1.0 ‘ 0 0 0.20
1.0 - 10 0.096 0 0.46

10 - 70 0.90 - 0.51 0.17
70 - 100 0.008 0.31 0.011
100 - 1000 0.001 0.18 0.01
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4.5.2 Adhesion Mechanisms in Z-Plant Ducts

The reactivity and solubility of the exhaust aerosol also contribute to
its adhesion to the duct wall. EXperiments indicate that air blown upward in
an annulus around small samples of damp plutonium oxalate, partially oxidized
oxalate, and oxide and fluoride powder produced one or two orders of magnitude
as much aerosol from the two types of oxalate as from the oxide or fluoride.
The authors hypothesized that resuspension was aided by the evaporation of
moisture from the oxalate into the very dry sweep air (Mishima et al. 1968).
If this was the explanation, the mechanism would not hold for some Z-Plant
duct airflow conditions; relative humidity can be over 50%, with saturation
conditions possible in winter. On the other hand, particles might be released
during dryer conditions, when evaporation could occur.

There are also mechanisms that could greatly increase the permanent
particle adhesion resulting from high-humidity conditions: one of these is
the dissolution of the soluble salts that are 1likely to be part of the
aerosol. The salts could easily form a crust after drying (when the high-
humidity conditions are removed), and the crust would hold other material in
place. In addition, PuF, is slightly hygroscopﬁc. Other mechanisms that
might increase particle retention are (1) the deagglomeration in moisture of
large particles into much smaller ones that are harder to remove and (2) the
possible increase of oxidation or corrosion of the surface in contact with
moist particles (Whitfield 1979). Because of these mechanisms, it seems
Tikely that almost all particles that have been in contact with the duct wall
during periods of humidity have become fixed there, unless they were removed
by forces other than those exerted by airflow.

The adhesion and resuspension behavior of plutonium compounds in ducts
could be quantified by the appropriate experimental data. However, there is a
shortage of applicable existing measurements of resuspension of plutonium
compounds or other metal compounds under airflow conditions.

4.5.3 Experiments Applicable to Z-Plant Resuspension

The following five experiments represent the most nearly applicable
experiments that were found in the literature.
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Resuspension factors were measured for dust contamination of hot cells
and a plutonium handling facility. In the hot cell, contamination came
from cutting irradiated fuel, and the ventilation rate was 50-air
changes per hour. When decontamination work was not underway, the
geometric mean of the measured resuspension factors was 2.3E-8/cm. When
decontamination was underway, resuspension was 1.8E-6/cm. When less
disturbing activities such as provision transfer or radiation survey
were going on, the resuspension was an intermediate value. For
resuspension of Pu0, powder, the resuspension factor was in the above
range and the size éistribution had an MMD of 6.4 to 26 um and a
geometric standard deviation of 2.3 to 2.7 (Matsui et al. 1988). In
these measurements it is unclear whether geometric or aerodynamic
diameter is meant. (There is roughly a factor of 3 difference for
plutonium dioxide.) The air velocity and the force applied to the
particulate to resuspend it are not quantified. The nature of the
surface from which resuspension occurred and the sampling system and
duration are not described. The applicability of these data is low
because of the lack of experimental definition, and the fact that duct
airflow was not involved.

Metal and metal-oxide particulates were poured through a 100-mesh screen
and so deposited on a horizontal, 302 stainless steel foil deposition
surface in a 7.6-cm diameter, horizontal pipe. Airflows across the
sample of greater than 20 m/s were used in this apparatus. Forty-nine
experiments were performed for nine sets of conditions, all with rela-
tive humidity < 60%, with tungsten, Fe203, nickel, manganese, and SnO,
powders of sizes under 10 um. Resuspension rates were expressed as the
fraction of deposited mass resuspended/time; each experiment was about
5-min long. For tests with low mass-loading per surface area, particles
were resuspended continuously; for high-loading tests, resuspension was
characterized by "layer-stripping," or bursts of particle removal. This
was believed to correspond to the difference between adhesive and
autohesive forces. Powder size had a large influence: Tlarger tungsten
powder was not resuspended by layer-stripping. The effect of particle
density was unclear, perhaps because the particle-bed density rather
than the intrinsic density should be considered. Results for 10-um
manganese and 10-um tungsten powders were quite different, possibly
because of material characteristics other than density. Resuspension
rates ranged from about 1E-04 to 1E-01 fraction of material per second.
The rates generally increased with increasing airflow velocity, with
decreasing particle size, and with sample loading density (Wright and
Pattison 1984). It was not clear whether aerodynamic or geometric
diameters were stated. These data are of uncertain applicability.
Although the experiment was well characterized and pertained to duct
flow, it used a very short measurement period, and the materials tested
were loosely packed and not similar to plutonium in density or chemical
characteristics.

Uranium oxide powder (U,0,) of less than 50-um diameter was loaded onto
2-m square concrete paving stones at a density of 180 g/mz. For powder
in the 0-4-um size range, the average resuspension factor measured 0.3 m
up at the downwind edge of the loaded area was 2.0E-06 m!; for the
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0-12-um range, 1.5E-07 m™}; and for the full 0-50-um range, 9E-08 m™l.
These values were measured outdoors over several days, with occasional
light rains and wind speeds less than 5 m/s. No relationship between
the resuspension of the powder and the wind speed was noted. Similar
values were obtained three weeks later after weathering (Stewart 1967).
The sampling techniques, forces acting on the particles, and exact
meteorological conditions during the experiments were not specified.
Because of the outdoors nature of these experiments, the data obtained
from them are not particularly applicable.

Plutonium oxide (AMAD about 15 um) and nitrate powders in water
suspension were dripped onto various surface coverings on a laboratory
floor. The stresses applied included the ventilation air flow and
various levels of human activity (walking on the powder). The duration
of each test was not stated, but the sampling system is described in
some detail. For plutonium oxide, the resuspension factor at "36 steps/
min" activity was in the range 2E-09 to 6E-09/m for paper, PVC, and
waxed linoleum surfaces; for unwaxed Tinoleum, it was about 2E-08/m.

For plutonium nitrate, the resuspension factor for paper and waxed
linoleum was 1E-10 to 2E-10/m for "36 steps/min," and the resuspension
factor for PVC was 3E-10 to 2E-09/m. In the tests of paper floor cover-
ing, between 3 and 10% of the activity was in the form of oxide parti-
cles of less than 5 um attached to inert dust and fibers. The size
distribution of particles in the air and on the floor appeared to be
about the same; it had a geometric AMAD of about 10 um (Jones and Pond
1967). It would be difficult to apply these data to Z-Plant conditions
because they do not pertain to duct flow, the resuspending forces are
not quantified, and the surfaces do not resemble those in the ducts.

Aerosol particles of (U,Pu)0, with aerodynamic diameter of 7 um were put
on substrates of aluminum, Piexig]as, chromium-plated steel, and brass.
Centrifugal acceleration was applied over a 1-min period to determine
the adhesive force. Particle retention was much greater (possibly 4
times as high) when all the data for several different successively
higher accelerations were taken with a single deposit than when a fresh
deposit was used for each acceleration test. The fresh-deposit
procedure was therefore used throughout. The authors surmised that on
successive accelerations the irregularly shaped particles that had not
already been removed rearranged themselves for greater adhesion. There
was no significant difference in adhesive forces measured in air at 40-
50% relative humidity versus in nitrogen at 10% relative humidity.
There was also not a significant difference between machined and
polished surfaces or between aluminum, Plexiglas, and Cr-plated steel.
Only the results with the brass substrate were significantly different
(about 1/3 the adhesive force of the others). For the other three
substrates, the force of adhesion for 50% removal was estimated to be
8E-08 N, or 8% of the force estimated in the presence of capillary water
(Pickering 1984). These data have considerable applicability for plu-
tonium oxide in metal ducts under low-humidity conditions, but are
limited to force of adhesion. They are therefore difficult to apply to
determining resuspension rates or fractions.
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Of these experiments, only one (the last) has any immediate relevance.
It indicates that, where the capillary force is present in Z-Plant ducts, it
will produce much more adhesion (and less resuspension) than can be expected
in its absence. It is estimated that at all particle sizes below 100-um AED,
Coulombic forces (based on equations in [Bowling 1985]) and weight forces
should be negligible by comparison to molecular and double-layer forces (as

measured by Pickering [1984]).
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5.0 CONCLUSIONS AND RECOMMENDATIONS -

The main points that have been found during this literature search are

the following:

1.

One of the weakest points in available data is the particle characteri-
zation. Deposition is largely dependent on the particle-size distribu-
tion. A "source-term" (exhaust system inlet) particle-size distribution
would therefore be needed for any computer modeling of particle deposi-
tion. The measurements made in the stack do not necessarily indicate
which of the upstream tributaries was the source of any particular
portion of the size distribution, even though examination of individual
particles gives clues as to their origin. In addition, the tendency of
particles to be strongly fixed (encrusted) to the duct walls depends on
the salt content of all the deposited particles, not just of the
plutonium-containing particles. A 1971 sampling campaign did in fact
find high salt content in aerosol samples taken from the end of the
236-Z line. Thus both the composition and the size distribution of
aerosol -are of importance. Particle-size measurements carried out
during plant shutdown may not be of use; however, because deposition
probably occurred primarily during production. Such measurements may be
indicative of the resuspension that is occurring.

While deposition can be well characterized for modeling purposes, adhe-
sion can be quantified only well enough to allow estimates of the rela-
tive importance of the different types of adhesive forces. There is no
definitive way to convert adhesion forces into particle detachment
rates. In fact, neither particle rebound nor detachment -- which
together determine resuspension -- can be well quantified with current
information. It follows that only upper-limit deposition estimates can
be obtained. Resuspension tests conducted with simulated duct-deposit
material would be needed to provide particle detachment data.

Adhesion of the particles is strongly affected by the relative humidity
of the airflow and the wall temperature, which control the near-wall
humidity. When the near-wall humidity exceeds 65%, capillary forces
come into play; they are about 12 times as strong as the forces avail-
able to produce adhesion at a lower humidity. Thus, ducts exposed to
outside air may accumulate particles during parts of the winter when
condensation occurs. There is also some question as to whether there
could be enough condensation to wash deposited particles into the low
points in ducts. The conditions in outside ducts should be determined
if possible.

Several of the aerosol samples taken in 1971 contained relatively small
amounts of plutonium apparently bound to other particles, such as moist
rust. In another (236-Z line), it seemed to be moist rust. This is
strong evidence of resuspension and corrosion of the duct surface. Vis-
ual examination of the duct surface is needed to confirm this.
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Estimates of deposition velocity show that, on the whole, deposition is
most affected by vapor motion toward the walls (if condensation is occur-
ring), by temperature gradients (for walls cooler than the gas), and by
diffusion for particles of 1-um AED or smaller. Above that size and
below 100-um AED, sedimentation and, in bends, centripetal acceleration
are the most important deposition mechanisms for air velocities of about
20 ft/s. At velocities of about 50 ft/s, inertial deposition can also
significantly increase the deposition of 7- to 70-um AED particles in
ducts of 5-ft diameter or less. These results mean, in general, that
most deposition will be found on the bottoms of ducts and possibly the
outside radius of duct bends because of the prevalence of sedimentation
over less directional forms of deposition.

The deposition velocity of particles of below 10-um AED is so Tow (less
than 0.5 cm/s in straight ducts) that only a small fraction of these
particles are Tikely to be deposited -in the several-minute travel time
from the final HEPA filters to the stack. It is also Tikely that some
but not all particles larger than about 7- to 10-um AED rebound from
surfaces, at the prevailing air velocity of about 20 ft/s. This may
partly explain why sampling in the early 1970s found that aerosols from
several parts of the Z-Plant exhaust system had median activity
diameters of 3- to 10-um AED.
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