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CHARACTERIZATION OF PARTICULATE PLUTONIUM RELEASED
IN FUEL CYCLE OPERATIONS

by

W. B. Seefeldt, W. J. Mecham, and M. .1. Steindler

ABSTRACT

An estimate of the plutonium source terms is made for the fuel
cycles of three reactor types on the basis of currently applied,
currently available, and estimated future technology. The three
reactors are LWR-U, LKR-Pu, and LMFBR. The source terms are
characterized as to quantity, form, and particle size distribution.

Historical operating data for existing plants and the state of
the art of the technology of .ir cleaning are reviewed.
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1. SUMMARY

An estimate was made from currently available information of the expected
releases of plutonium (both quantities and size distributions) to t.he
environment in ex-reactor fuel cycles. Three different fuel cycles were
considered, corresponding to the three reactor types: (1) a light-water
reactor fueled with slightly enriched uranium, (2) a light-witer reactor
operating with recycle plutonium, and (3) a liquid-metal fast-breeder reactor.
In the corresponding reference fuel cycles, the relative plutonium processing
rates are approximately .1:2:8, respectively,

To make allowance for developing technology in effluent control, an
estimate for each fuel cycle was made for three stages of technology:
(a) practices of air cleaning in plants presently operating; (b) current air-
cleaning technology as applied to proposed or hypothetical plants; and
(c) improved practices based on projected future applications and/or advanced
technology. The plutonium source terms (i.e., releases) are reported as ug
Pu/GW(e)~yr of electrical power production, and include releases estimated for
both normal operations and averaged accident conditions. The information
reviewed indicated that the principal form of plutonium release would be
airborne particulates, of a reasonably well characterized chemical form and
particle-size distribution. The chemical form would depend on the material
source and would be solid plutonium dioxide from solid fuel material and solid
plutonium nitrate from the evaporation of droplets of process solution.

Literature was reviewed on experience in the shipping of plutonium and
other hazardous materials, on the operation of existing reprocessing and
fabrication plants, and on releases described in environmental statements for
proposed and hypothetical plants. Literature on accident history and on
projected accident behavior was included. Also reviewed were regulations of
the Atomic Energy Commission, the Nuclear Regulatory Commission, and the
Environmental Protection Agency.

Because the principal mode of release is airborne plutonium, particular
attention was paid to the mechanisms of aerosol behavior and collection, and
to the efficiency of standard HEPA fiber filters. The operation of fiber
filters is such that increased particle-removal efficiency can be achieved by
using several standard filters in series; particles are retained by adhesion
on the surface of the fibers and not by being trapped in the interstices.
The collection efficiency of fiber filters is strongly dependent on particle
size and is at a minimum for particles with a diameter of the order of 0.4 pm.
As a result of this characteristic, the particles penetrating the filter tend
to be concentrated in a narrow range of about this size, that is, between
about 0.2 and 0.6 pm for fiber filters of the HEPA type. Experimental results
indicate that a single-stage HEPA filter has a typical penetration fraction of
less than 10"1* for the size of particles with maximum penetration. Particles
smaller than 0.1 urn and larger than 0.6 pm are filtered out more effectively.

Because of the intrinsic high efficiency of HEPA filters, the practical
limits of effectiveness of a filter system are determined by the leak-
tightness of Installation and by the continuing maintenance checks on filter
and seal integrity. The principal factor determining the releases during
normal operations are expected to be the requirements imposed by regulatory
authorities. Releases as a result of accidents, which are not under process
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control, are determined by the safety features of overall plant design and
especially the features of the air cleaning and confinement systems.

The numerical estimates of plutonium source terms in this report are
based on our selection of the best available plant data in the literature as
cited in references of Section 9 fcr existing plants, for plants under
construction, and for state-of-the-art proposed plants. Basic performance
data for HEPA filters with respect to collection efficiency were derived from
LASL tests summarized in Section 7. Factors of judgment were applied to allow
for degradation in service and to alternative reference designs with an
additional stage of filtration.

In normal shipment of plutonium, the regulations specify complete
containment. The expected releases for accidents were based on a PNL study
of the risk of plutonium shipment.

It was found that air cleaning in existing fuel cycle facilities for
light water reactors with enriched uranium fuel is not capable of meeting
proposed EPA emission limits of 0.5 mCi/GW(e)-yr of combined 23^Pu and other
alpha-emitting transuranic nuclides. Substantially improved air cleaning is
needed for such plants.

On the basis of equal fractions of plutonium released in equivalent fuel
cycle facilities, the plutonium discharges [per GW(e)-yr of generated power]
for light water reactors with plutonium recycle is about twice that for light
water reactors with uranium fuel, and the release for LMFBRs is about four
times that for light water reactors with plutonium recycle.



2. INTRODUCTION

At present, considerable controversy exists about the acceptability of
the future public hazard from plutonium releases in an expandiug nuclear power
industry. All of irhe currently operating nuclear power reactors are generating
plutonium. It is proposed to utilise this plutonium in the anticipated
expansion of the nuclear industry during the next two or three decades by
recycling It to the thermal reactors that produced it, or by using it as fuel
in new fast breeder reactors. Large quantities of plutonium have been handled
without significant public injury during th** past three decades, mostly in
large-scale governmental operations and small-scale research operations.
There is no such experience with large-scale operations in competitive,
investor-owned business organizations.

In order to predict the impact of increased participation of plutonium in
nuclear power generation, it is desirable to provide estimates of the amount
and form of plutonium that may be released from operations that are part of
the ex-reactor fuel cycle. Under normal circumstances, the ex-reactor fuel
cycle includes mining, milling, fuel material preparation, fuel element
fabrication, storage, shipping, reprocessing, and waste handling and disposal.
The physical and chemical attributes of the materials of the ex-reactor fuel
cycle depend on the particular type of reactor fuel and operation, e.g., LWR-U
or LWR-Pu. Since the present focus is on plutonium, operations that deal only
with uranium are not considered here. Further, little attention is given to
waste disposal operations largely because the major release of plutonium in
these operations $s from stored materials over a long term.

i

The objective of this work is to provide a summary of available informa-
tion that characterizes the source term for the releases of plutonium from the
external fuel cycle. As used here, the source term includes the quantity of
plutonium released per unit of fuel cycle throughput, the physical form and
particle size distributions of plutonium associated with normal operations and
with accidents, and the weighting of these factors by their probability of
occurrence. The source terms described are those for releases of solid
plutonium compounds dispersed in a gaseous medium. The major focus is on
plutonium dioxide dispersed in air.

The scope of the work includes a historical assessment of the commercial
nuclear industry, light water reactors with and without the recycle of
plutonium, liquid metal fast breeder reactors, and the impact of power parks.
The scope also includes a review of the state of fundamental knowledge of the
mechanics of aerosol formation, agglomeration characteristics, and the
mechanisms of particle interception.
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3. CHARACTERIZATION OF ALTERNATIVE FUEL CYCLE CONCEPTS

3.1. Introduction

This report considers four basic fuel cycle concepts which are
identified as:

v

i (1) The Light Water Reactor-Uranium (LWR-U) cycle,

1 (2) The Light Water Reactor-Plutonium (LWR-Pu) cycle,

f (3) The LMFBR cycle, and

> (4) A reactor park concept that incorporates LWR-Pus and LMFBRs.

! The fuel cycle operations for each concept are described below.

3.2. LWR-U Cycle

The reference LKR-U cycle provides for the fueling of LWRs only with
slightly enriched uranium, which may be either virgin or recycle. Since no
plutonium is involved in fueling LWR-Us, the fabrication of finished fuel

\ assemblies is not considered in this review. In this cycle, plutonium bearing
| spent fuel is shipped and then processed for the recovery and subsequent
* recycle of uranium. Plutonium is recovered and stored, and high-level wastes
| are treated for disposal. Recycle uranium is converted to UFg> re-enriched,

converted to UOg, and fabricated into fuel assemblies. These operations are
performed at three sites categorized as follows: (1) processing and conver-
sion to UFg, (2) enrichment, and (3) conversion to UO2 and refabrication.

Plutonium is converted to PuO2 at the processing plant and is
subsequently shipped to a storage facility.

1

} High-level wastes that may contain small quantities of transuranium
jl compounds are converted to solids at the processing plant and are shipped to

a disposal site.

Plutonium is thus present in three shipments: (1) spent fuel from the
reactor to the processing plant, (2) solid oxide from the processing plant to
storage, and (3) high-level waste (containing only small quantities of
plutonium) from the processing plant to the disposal site.

3.3. LWR-Pu Cycle

The LWR-Pu cycle differs from the PWR-U cycle in that the separated
plutonium at the processing plant undergoes operations designed to recycle it
back to a reactor. The plutonium is converted to oxide at the processing

; plant to meet NRC shipping requirements. At a fabrication facility designed
for plutonium handling, plutonium and slightly enriched uranium are fabricated
into mixed-oxide fuel assemblies that aro subsequently shipped to a reactor.
The other portions of the cycle are basically the same as those for the LWR-U
cycle, except that less uranium enrichment is required.



3.4. LMFRR Cycle

The core, axial blankets, and radial blankets discharged from an LMFBR
are processed together for the separation of uranium, plutonium, and fission
products. Uranium and plut.onium are each converted to oxide at the processing
plant. Each is shipped to one or both of two separate fabrication plants
(which may be at the same location)—the uranium for fabrication of axial and
radial blanket assemblies at one plant or lor fabrication of core assemblies
at the second plant, and the plutonium for fabrication of core assemblies,
also at the second plant. It is assumed that excess plutonium not needed for
the fabrication of reload assemblies is processed and fabricated into mixed-
oxide core assemblies for use in other reactors. The high-level waste is
converted to solid form at the processing plant and is shipped to a disposal
site. Four different shipments of uranium and plutonium are made in the
ex-reactor cycle.

3.5. Reactor Park

The reference reactor park consists of a mixture of LMFBRs and LWR-Pus
such that the only fuel material needed for the park is natural or depleted
uranium. Near the reactors is a processing plant that is capable of accepting
spent fuel from both types of reactors and cf effecting separation of uranium,
plutonium, and fission products. Also on site are several fabrication
facilities: one for the fabrication of the uranium blanket assemblies for
LMFBRs and of uranium-only assemblies for the LWR-Pus, a second for the
fabrication of mixed-oxide assemblies for LWR-Pus, and a third for the
fabrication of mixed-oxide assemblies for LMFBR cores. A fuel cycle facility
may consist of separate structures, each for the performance of one or more
functions, or a single structure. In the reactor park concept, the material
shipped is restricted principally to incoming depleted uranium and the small
amount of plutonium (excess or shortage) needed to correct imbalances between
the two reactor types present. Solidified high-level wastes may be shipped
offsite for disposal.



4. HISTORICAL REVIEW OF OPERATING EXPERIENCE WITH PLUTONIUM

4.1. Experiences Related to Government-Owaed Facilities

During a thirty-year period, the Atomic Energy Commission has been
producing plutonium and fabricating it into forms suitable for weapons. A
great deal of experience has been accumulated in performing the many operations
between the stage at which fuel is discharged from the plutonium-producing
reactors and the stage at which it has reached its final form. These
operations include processing for the separation of plutonium, conversion to
oxide and fluoride, reduction to metal, consolidation, and metal fabrication.
In addition to these basic operations, large-scale scrap recovery has been
done at facilities for recovering plutonium. Since the facilities are widely
separated—e. g. , Hanford, Rocky Flats, Savannah River, Los Alamos, etc.—
large-scale shipping operations have also been required.

Data on the scale of the operations and the total particulate discharges
from these facilities are unavailable, but guesses can be made based on the
approximate numbers of stockpiled weapons. If it is assumed that 10,000
weapons have been fabricated, that each requires on the order of 10 kg of
plutonium, and that processing and fabrication efficiences are on the order of
50% then 200,000 kg of plutonium have been processed. This quantity is
further increased if it is assumed that periodic refabrication is required.
If the size of shipments is on the order of 100 kg and if material in
intermediate forms is shipped four times, the number of shipments can be
estimated to be of the order of 8000, or an average of about one shipment per
day. This crude estimate serves to illustrate the potentially extensive
experience available.

In addition, nuclear weapons are continuously airborne as part of the
U. S. military defense and as part of the U. S. contribution to NATO defenses.
The total number of air- and ground-miles accumulated in performing this
function must be substantial, although actual figures are not available.

«
Two accidents involving nuclear weapons have been reported.1 The first,

referred to as the Palomares, occurred January 16, 1966, along the coast of
Spain. It resulted from the in-flight explosion of a B-52 bomber while it
vas engaged in in-flight refueling. The explosion released four plutonium-
bearing weapons, three of which impacted on the ground and one of which landed
in water. Two weapons were recovered intact, one from land and one from the
sea. The high-explosive components of >the other two weapons detonated on
impact and dispersed plutonium over 1200 acres. The radii of the areas where
levels of ground contamination exceeded 500 ug/m^ were 80 m and 60 m for the
two weapons.

A second accident, also involving a B-52 bomber, occurred at North Star
Bay, near Thule in Greenland on January 21, 1968. The cause was an on-board
fire which necessitated bail-out of the crew. On impact of the bomber, the
fuel ignited and four plutonium-bearing weapons burned. The debris and
flaming fuel were scattered along a path about 700 m long. It was estimated
that 99% of tl e plutonium was contained on the surface, and that some was
carried downwind in a smoke cloud.
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Extensive cleanup operations were performed for each of the two events,
and large quantities of contaminated material were shipped back to the U. S.
Exposures of operating or other personnel were apparently not severe, since no
exposure incidents have been reported.

The experiences in process operations, fabrication, and shipping
apparently have been good, although no detailed information is available. As
is discussed in Section 7, studies have been reported on characterizing
airborne plutonium discharges from several facilities by particle size
distribution, but not by quantity. The data on particle size distributions are
useful in helping to identify the significant characteristics of particulate
discharges from commercial fuel cycle facilities.

4.1.1. LASL Facilities

The off-gas treatment facilities for two LASL operations were
upgraded in about 1973. The two facilities are identified as DP West and the
CMR laboratories. The new facilities and a record of the improvement of
plutonium levels in the effluent were recently described.2

The DP West facilities involve glove box operations with
kilogram quantities of 2 3 9Pu and several-hundred-gram quantities of 2 3 8Pu.
The off-gas systems were progressively upgraded through the years, and a
particularly intense effort was initiated following the 1969 Rocky Flats fire.
Prior to the changes, the exhaust of each glove box was passed through one
stage of HEPA filters located near the glove box and was subsequently given an
additional stage of HEPA filtration in a building (146) provided for this
purpose. In early 1973, an additional bank of HEPA filters was installed in a
second building (324). A capability for efficiency testing with DOP was also
provided.

In late 1972, the room exhaust system for DP West was also
upgraded to a system that contained roughing filters and one stage cf HEPAs.
The discharge data for the process and room air systems (shown in Table 4.1)
indicate the substantial improvements obtained.

TABLli 4.1. Plutonium in Gaseous Effluent from
DP West Operations at LASL2

Year

1971

.1972

19 73

1974 (4 months)

Pu Discharged (pCi)

Process Air
System

500

300

13

0.08

Room Air
System

12,500

55,000

1

1

Total

13,000

55,000

14

1.1



The CMR laboratories are used for research and development
activities involving gram to 100-gram quantities of the two plutonium
isotopes. Prior to system improvements, exhaust air was passed through single
banks of Aerosolve 95 filters (stated to be 80 to 85% efficient for 0.3-um
DOP particles) and two sets of dry glove fiber filter pads. The new system,
operable, in late 1973, consists of roughing filters and two banks of HEPA
filters. Table 4.2 shows that the effluent activity was reduced 99.2 to 99.7%.

TABLE 4.2. Alpha Effluent
at LASL2

Month/Year

8/73
9/73
10/73
11/73
12/73
1/74
2/74
3/74
4/74
5/74
6/74

Avg before change

Avg after change

Pu

Wing 7

70
49
19
0.09a

0.00
0.9
0.04
0.10
1.00
0.43
0.51

46

0.38

from CMR Operations

Discharged

Wing 5

68
30
179
62
71
134
0.1a

0.07
0.20
0.36
0.46

90.6

0.238

(liCi)

Wing 2

378
435
379
416
105
1 2 a
0.4a

0.03
0.03
1.90
2.40

287.5

0.952

filters installed.

j

, 4.2. Commercial Reprocessing Plant

To date, only one commercial facility has been constructed and operated
for the processing of nuclear fuels: the Nuclear Fuels Services (NFS)
facility at West Valley, New York. The plant was operated from 1966 through
1971, then terminated operations pending plant expansion and improvement. In
that period, a total of 624 MT (metric tons) of fuel was processed
representing a total burnup of 3.8 x 106 MWd.3 In addition, 95.5 kg of
plutonium from SEFOR was processed and recovered. Of the total, 379 MT was
fuel from the NPR (New Production Reactor) (average burnup, 2039 MWd/MT) and
245.1 MT was largely from commercial power reactors (average burnup, 12,359
MWd/MT). The total amount of plratoninm handled was 1884 kg. A breakdown by
year is shown in Table 4.3.

The particulate discharge during the seven years of operation was
reported to total 2.16 curies.3 Reference 3 provides no breakdown of the
fraction of total particulate that is either plutonium or total alpha.
However, such data was obtained by HEW (Department of Health, Education, and



TABLE 4.3. Summary of Fuel Processed and Particulates Released During Operation of
Nuclear Fuel Services Facility

Year

1966

1967

1968

1969

1970

1971

TOTAL

Fuel
Processed
(MTU)a

145.2

102.5

136.5

135.9

37.3

| 67.1

( o

624.5

Pu
Content
(kg)a

245.9

285.1

270.2

490.7

175.5

320.8

95.5

1,883.7

Average
Burnup

(MWd/MT)a

3,374

6,327

2,814

7,521

11,109

11,814

6,089

Estimated
Pu

Specific
Activity
(Ci/g)

0.157

0.200

0.168

0.232

0.276

0.236

Total
Cia

0.15

0.45

1.1

0.12

0.18

0.16

2.16

Particulate

Total
a(mCi)b

0.94

2.84

6.93

0.76

1.13

1.01

13.6

Pu (mg)c

6.03

14.2

41.2

3.26

4.11

4.28

73.1

Discharged

mCi(a)/
; GW(e)-yr

2.2

4.6

20.6

0.8

3.1

1.4

Avg 4.2

Fraction
of Pu

Released

2.4 x 10~8

5.0 x 10~8

15.3 x 10"8

0.7 x 10~8

2.3 x 10~8

1.0 x 10~8

Avg 3.9 x 19~8

Reference 3.

Conversion factor obtained from data in Table 4.4.
CBased on estimated specific activity of plutonium.
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Welfare) investigators who made measurements at the plant during June of 1969
when 20 MT of fuel from the Yankee Rowe Reactor was processed.4 This was one
of the hotter fuels processed—its average burnup was 20,500 MWd/MT. The
results are shown in Table 't.4. For the three periods for which alpha data
are reported, the. fraction of total particulate that was alpha ranged from
5.05 x 10"3 to 7.3 x 10~3. The value of 6.45 x 10~3, together with estimates
of specific activity based on burnup, was used to convert the NFS reported
data to weight quantities of plutonium. The results of these calculations are
shown in Table 4.3 The imprecision of the estimate due to the presence of
other alpha-emitting nuclides is recognized.

TABLE 4.4. Concentration of Particulate Discharges from
Nuclear Fuel Services Facility During
Processing of Fuel from Yankee Rowe Reactor6

Concentration (uCi/cm3) ± 3 a

Period
Gross a Gross B n . a
x 10-14 x 10-12 R a t l O ) ^ T

June 5 to 12, 1969 2.8 + 0.3 3.8 ± 0.1 7.3 x 10~3

June 12 to 19, 1969 6.5 ±0.7 1.0 ± 0.5 6.45 x 10~3

June 19 to 26, 1969 6.6 ± 0.4 1.3 + 0.5 5.05 x 10"3

July 3 to 10, 1969 a 2.0+0.1

A heavy black deposit on the filter made gross alpha
measurement impracticable.

A total weight of about 73 rug of plutonium was released, which
corresponds to an average release fraction of 3.9 x JO"8 of the total
plutonium processed during the 6~yr period. Yearly values ranged from
0.7 x 10-8 in 1969 to 15.3 x 10~8 in 1968.

The recently announced proposed regulations of the EPA5 provide
plutonium particulate discharge limits for the entire fuel cycle of 0.5 mCi/
GW(e)-yr of electrical power generation. NFS data, converted to these units,
are shown in Table 4.3. The average value for the 6 yr of operation is 4.2
mCi/GW(e)-yr.

If NFS had processed fuel having a burnup of 30,000 MWd/MT (with a Pu
content of 8.56 kg/MT), the plutonium release rate would have been about 8.9
mCi(a)/GW(e)-yr of electrical power generation. This value was calculated on
the basis of a specific activity of 0.7 Ci(a) per gram of plutonium and a
plant release fraction of 3.9 x 10™a.
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4.3. Commercial Fabrication Plants

There are six commercially operated fuel fabrication facilities having
a capability of handling reasonably large quantities of plutonium. All of
them are characterized as being pilot scale; none is suitable for supporting
a large-scale commercial plutonium-recycle industry. Their total annual
production capacity has been estimated to be 50-75 MT/yr.

Table 4.5 identifies the facilities, their plutonium possession limits,
and estimated capacities.7 Kerr-McGee and NUMEC are manufacturing fuel for
the Fast Flux Test Reactor. Table 4.6 lists experimentally determined alpha
particulate discharges, both as concentrations in the stack gas and as annual
releases.7 The numbers are not correlated with quantities of plutonium
handled; hence, calculation of release fractions is not possible. Although
LASL (an ERDA facility) does not perform operations comparable to those in
the commercial facilities, it does handle several metric tons of plutonium
per year.7 If it is assumed that two metric tons per year are handled and
that che plutonium specific activity is 0.09 Ci/g, the fraction released would
be 7.2 x 10"11. This fraction, much smaller than that for NFS, possibly
reflects that solids are being handled (instead of solutions as at NFS) and/or
that the air cleaning systems are more efficient.

TABLE 4.5. Existing Mixed-Oxide Fabrication Facilities7

Company

Exxon Nuclear

General Electric

Kerr-McGee

NUMEC

Wesuinghouse

Nuclear Fuel
Services

Location

Richland, Wash.

Pleasanton, Calif.

Crescent, Okla.

Apollo, Pa,

Cheswick, Pa.

Erwin, Tenn.

Pu Possession
Limit (kg)

100

15

360

2000

120

100

Estimated
Production
Capacity
(MT/yr)

15

3

5-10

20 .

10-15 \

i
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TABLE 4.6. Experimentally Determined Alpha-Emitters
Released from Plutonium Facilities7

Facility

Kerr-McGee

NUMEC

Westinghouse

LASL

Alpha-Particulate

Stack Gas
Concentration

(UCi/ml)

4 x Wn

<0.6 x lO"14 Not

<5.4 x 10~llf

1-0.5 x lO"14

Discharge

Annual
(yCi)

30

available

11

13

Additional data about the discharges from the Westinghouse (Cheswick)
facility has been furnished in the PSAR for the Westinghouse Recycle Plant at
Anderson, South Carolina.8 Discharges from three locations were sampled:
fume hocJs at 4060 cfm, wet-dry glove boxes at 3000 cfm, and the analytical
laboratory at 7300 cfm. The normal sampling rate was 1 m3/hr and the sampling
interval was 24 hr. These conditions yield an activity threshold of
5.4 x 10"1'1 uCi(a)/ml. Most of the time, activity levels were at or below the
threshold for the thr^e locations. The highest count rate recorded was for a
sample from the analytical laboratory that corresponded to an el:fluent
concentration of 3.2 x 10~13 uCi/ml. The threshold value, 5.4 x 10"14 uCi/ml,
is listed in Table 4.6.

No data was found, during the review, on the particle size distributions
; of particulate discharges from the commercial facilities. Data on chemical

characteristics was similarly lacking.

4.4. Accident Evaluations

, Accidents in plutonium-handling facilities and more general failures in
: | nuclear air- cleaning systems have been summarised and evaluated in two recent
| review articles.9'1"

| An analysis was made of 13 major plutonium-handling accidents that
occurred in more than thirty years.^ Although the 13 accidents do not include
all accident-experience data, the incidents were selected as major ones for
which documentation is available and which are representative of plutonium

'i hazards in general and of glove box operations in particular. The accidents
are summarized in Table 4.7. The predominance of Rocky Flats accidents in
this table is due to the availability of this information tc the author and to
the exceptional hazard of finely divided plutonium metal. Plutonium solutions

j and plutonium oxide are distinctly less hazardous.



TABLE 4.7. Major Plutonium Containment Accidents9

Damage
Category Manner and Amount of Pu LxplanatIon

11/16/51

12M/51

1/55

9/57

3/31/59

5/H/61

Criticality
Excursion in
Criticality
Test

Fire

Chemical
Explosion

Explosion

Over-
pressurized
Container

Chemical
Explosion

RlchUnd,
Wash.

Hanford,
Wash:
Research
Facility

GE
Install.
at Hanford.
Wash.

Rocky
Flats
plant,
Col.

Rocky
Flats
plant,
Col.

Pu Metal
Machining,
Richland,
Wash.

Los Alamos
Scientific
Laboratory,
New Mexico

Oak Ridge
Nat. Lab.,
Tenn.

Mlamisburg,
Ohio

Hiamisburg,
Ohio

l/JO/65

1O/15/6S

5/11/69

Over-
pressurized
Container

Fire

Fire

Livermorf;,
California

Rocky
Flats
plant,
Col.

Rocky
Flats
plant.
Col.

Pressure buildup inside a vessel
containing Pu solution, caused the
solution to spray into room. No
environmental release,

<A g; some Pu outside of facility.

No Pu outside of facility.

2.3 ug in air exuaust; none
detected in environment.

Emerging «wnok2 (alter the ventila-
tion system was shut off) contained
negligible Pu. <4 x 10~9 g Pu/g of
vegetation found in vicinity, but
this is considered below hazardous
levels.

Uo significant contamination out-
side the laboratory room; glove
box breached, room contamination
up to 26,000 dis/Cmin)(cm2).

Heavy Pu contamination of the room;
some outside on the ground to
20,000 dis/(min)(cm2).

150 g Pu in aqueous solution was
ejected from the equipment into
the cell. 0.6 g was blown through
the cell door. Outside local
contamination was extensive. Coil
ventilation filters removed 1.5 e
and did not allow release via this
path to the plant stack.

Room contaminated by leak through
glove box vent. No environmental
contamination.

Pu escaped from the glove box, and
extensive contamination of tlie
building resulted from the r.pread
of ^1/2 g of 23aPu.

Some Pu dfscharg*:d through the
stack. contamination was
detected . tside the building.

Activity outside the building w<is
less than 250 countd/(min)(cm2);
contamination of the building
extensive relative to 8-hr
concentration limit.

Some contamination of the roof,
but no clear evidence of extGrn.il
contamination from the very large
fire, partly oecause the Pit back-
ground around the plant wa;- nigh
as a result of earlier Pu .carafe.

Too-rapid withdrawal of a safety
rod resulted in criticailty and
boiling surge. No ventilation
system damage.

Spontaneous ignition of combustible
waste in storage. [Apparently no
ventilation system provided.!

900 R of metal Pu residues caught
fire. (Ventilation system role
not clear.1

800 g Pu metal-containing
briquette spontaneously ignited
and burned completely in a
glove box.

22 kg of Pu in metal form
spontaneously ignited in a RIOVG
box. After 15 min, ventilation
was stopped.

t.;.nlos.on, apparently from air aud
possibly an organic soJvent from
sparks from Pu metal machining.

Welding repair of metal r>ear .in
asbestos filter allowed spark to
ignite Pu dust (possible metal Pu)
collected on a filter from 5-yr
i'u production. Burning of
combustible material on the filter
resulted in destroying the filter
completely.

A ch-.-mical explosion occurred in
an t-vaporator inside a .shielded
cell.

A leak in a vacuum connection to
a scrubber for the glove box
pppration resulted in thu scrubber
venting to the room. <\ 23ePu
precipitate was being dried in the
glove luix.

17 p of 238Pu was being processed
in a glove liox having a raetU.mol-
air atmosphere. It is believed
that a hot plate ignited the
atmosphere and led to an explosion
which pressurized the glove box
and tore six gloves from the glove
ports.

Pu-contaninatL'd gas was released
to a ventilated hood and was
discharged to the atmosphere
through a high stack.

Oilv PM metal chips and lathe
turnings caught firii frum a spark.
JO g of Pu wa.s widely dispersed in
Lhe building, apparently as verv
fine aerosoJ.

A fire swept through a product io>i
buiJding, causing about $50
million danufi'J. The filters
apparently caught .ill the
con I ami nan t s> re teased during t ho
fire.
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The author's conclusion was that in all plutonium incidents to date, the
£ jtonium release from containment was very low—below that which constituted
c / apparent health risk. Even in the case of an accident (at Oak Ridge) in
v..iich 150 g of an aerosol of plutonium (probably very finely divided) was
dispersed explosively into a cell, only 0.6 g escaped through an open cell
door and there was only minor spread of plutonium contamination outside the
cell.

More striking was the example of the fire May 11, 1969, at Rocky Flats.
Here, a much larger quantity of plutonium burned inside a production building,
and the containment of the building and its exhaust system was such that only
a minute amount, escaped.

There are several reasons fcr the exceptionally good containment record
of plutonium aerosols. Hunt's vifcw9 is that the two most important reasons
are the following. First, the process of burning plutonium produces particles
which (for most of the mass burned) tend to be so large that they settle out
quickly in the vicinity of the original release. Other dispersion mechanisms
tend to operate, similarly. It should be noted that many particle-sizing
studies measure only the characteristics of the airborne fraction of a
plutonium release. Such studies cannot be directly used to assess the
probable dispersion of plutonium when a given total quantity of plutonium is
released. Second, the particles that are small enough to be efficiently
airborne tend to become attached to any fixed surfaces (even the smoothest
ones) with which they may come in contact; this is particularly so for the
smallest size fraction. The attached particles may, of course, be
subsequently resuspended, but resuspensicn probabilities are small, even for
large surface disturbances. This contact adhesion of particulate plutonium

> is the basis of air cleaning and filtration,which, however, are not analyzed

• in this review.9

<
) Another review article is concerned with the performance and problems
'[ of air-cleaning systems.10 Fifty-five selected abnormal events were.
\ considered and analyzed for failures of various sorts. A summary of the
! failures by categories along with their immediate causes is given below in

Table 4.8, which is taken from the report.10 As shown in Table 4.8, a large
proportion of failures (about 65%) appear to be due to errors by personnel
responsible for the operation and maintenance of air-cleaning equipment. This

j situation, together with the importance of air cleaning as an engineered
safeguard, has led to publication by the AEC and the NRC of regulatory guides
(listed in Table 4.9).
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TABLE 4.8. Analysis of Causes of Abnormal Occurrences in
Air-Cleaning Systems for Nuclear Facilities10

Category

Number
of

Events

Immediate Cause

Personnel
Error

Mechanical
or Other

Malfunction Unknown

Fires and explosions

Filter failures due
to contamination

Filter failures due
to mechanical damage,
etc.

Plugged filters

Failures involving
gaskets, seals, etc.

Miscellaneous problems

Excessive exposures
during handling of
contaminated filters

Overall distribution

All events

Those events for which
the cause was known

13 4 (31%)

5 (56%)

1 (33%)

30 (55%)

30 (65%)

7 (54%)

3 (33%)

1 (33%)

16 (29%)

16 (352)

2 (15%)

1 (1.1%)

7

9

9

5

4

5

6

5

(57%)

(56%)

(67%)

(100%)

0

2

3

0

(0%)

(22%)

(33%)

(0%)

3

2

0

0

(43%)

(22%)

(0%)

(0%)

1 (33%)

9 (18%)
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TABLE 4.9. Regulatory Guides Related to Air-Cleaning Systems

Guide No. Title

1.7 Control of Combustible Gas Concentrations in Containment
Following a Loss of Coolant Accident

1.42 Interim Licensing Policy on As-Low-As-Practicable for Gaseous
Radioiodine Releases from Light-Water-Cooled Nuclear Power
Reactors

1.52 Design, Testing, and Maintenance Criteria for Atmosphere
Cleanup System Air Filtration and Adsorption Units of
Light-Water-Cooled Nuclear Power Plants

1.70.2 Additional Information—Air Filtration Systems and
Containment Sumps for Nuclear Power Plants

1.78 Assumptions Used for Evaluating the Habitability of a
Nuclear Power Plant Control Room During a Postulated
Hazardous Chemical Release

3.2 Efficiency Testing of Air-Cleaning Systems Containing
Devices for Removal of Particles

3.7 Monitoring of Combustible Gases and Vapors in Plutonium
Processing and Fuel Fabrication Plants

3.12 General Design Guide for Ventilation Systems of Plutonium
Processing and Fuel Fabrication Plants

3.16 General Fire Protection Guide for Plutonium Processing and
Fuel Fabrication Plants

3.20 Process Off-Gas Systems for Fuel Reprocessing Plants

3.32 General Design Guide for Ventilation Systems for Fuel
Reprocessing Plants

8.8 Information Relevant to Maintaining Occupational Radiation
Exposure as Low as Practicable (Nuclear Reactors)

a Calculation of Releases of Radioactive Materials in Liquid
and Gaseous Effluents from Pressurized-Water Reactors
(PWRs)

a Calculation of Releases of Radioactive Materials in Liquid
and Gaseous Effluents from Boiling-Water Reactors (BWRs)

aDivision 4 Regulatory Guide under development.
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5. REGULATORY' STANDARDS

The basic standards for protection against radiation from activities
under licenses issued by the Nuclear Regulatory Commission are included in
10 CFR Part 20 of the Code of Federal Regulations. Paragraph 20.106 states
ihac "(a) a licensee shall not possess, use, or transfer licensed material so
as to release to an unrestricted area radioactive (Tutorial in concentrations
which exceed the limits specified in Appendix 11, Table II of this part. . .
For purposes of this section concentrations may be averaged over a period not
greater than one year (d). . . .Table IJ of this part shall apply at
the boundary of the restricted area. . . .the concentration at the boundary
may be determined by applying .ippropriate factors for dilution, dispersion, or
decay between the point of cascharge and the boundary." Applicable values from
Appendix B, Table II, 10 CFK I'art 20, for the plutonium isotopes are:

Concentration (i;Ci/ml)

Isotope

Pu-238

-239

-240

-241

-242

-243

-244

7

6

6

3

6

6

6

Air

Soluble

x 10"1"

X 10-1"

x lO"11*

x 10"!2

x 10-1'

x 10-e

x UT1*

Insoluble

1

1

1

1

1

8

1

X

X

s

X

X

X

X

10-12

10-12

10-12

10-9

10-12

10"8

10-12

5

5

5

2

5

3

4

Water

Soluble

x 10"6

x 10"6

x 10~6

x lO"1*

x 10~6

x 10-'(

x 10"6

Insoluble

3 x 10"5

3 x 10~5

3 x 10"5

1 x 10"3

3 x lfl-5

3 x 10-1*

1 x 10~s

Operating experience of power reators has indicated that actual
discharges are less than the limits .stated above. ISased on that experience,
the Commission prepared quantitative guidance for design objectives and
limiting conditions for operation of reactors to meat the criterion of "as
low as practicable." This guidance, identified as Appendix I of 10 CFR Part
50, was recently adopted. In May 1974, the Commission indicatedl that it was
studying the possible extension of the "as low as practicable" concept to the
effluents, from the ex-reactor fuel cye;.Le, including those from fuel
reprocessing facilities and plutonium mixed-oxide fuel fabrication plants. To
date, such guidance has not been published in the Federal Register.

On May 29, 1975, r'ie Environmental Protection Agency issued proposed
rules for environment:.! radiation standards which would assure protection of
the general public f 'om unnecessary radiation exposures and radioactive
materials in the genc-'il environment resulting from the normal operations of
facilities comprising the uranium fuel cycle.2 Specifically excluded at this
time are facilities based on the recycle of plutonium or thorium. These
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standards indicate the direction that environmental controls are taking, and
it is expected that the proposed rules will form the basis of future
regulations that would be applicable to ex-reactor cycles involving plutonium,
e.g., plutonium recycle in LWRs, LMFBRs, etc.

The standards as proposed apply to the entire ex-reactor cycle; they do
not apply to the individual operations of the cycle. The allocation of
discharges to each facility falls under the jurisdiction of the Nuclear
Regulatory Commission.

The key part of the proposed regulations that bears relevance to this
study appears in paragraph 190.10 of 40 CFR:

". . . .(b) The total quantity of radioactive materials entering the
general environment from the entire uranium fuel cycle, per gigawatt-
year of electrical energy produced by the fuel cycle, shall contain
less than. . . .0.5 millicuries combined of plutonium-239 and other
alpha-emitting transuranic radionuclides with half-lives greater than
one ytar."2

Ir. proposing these regulations, the EPA has taken into account the
current technology of methods of reducing the plutonium content of discharges
to the environment. By diligent application of that technology to the design
and operation of facilities, this limit is believed to be reasonably
achievable.

The Nuclear Regulatory Commission has issued a series of Regulatory
Guides intended to provide guidance to licensees for meeting the requirements
of 10 CFR. Those identified as pertinent to this study are:

Regulatory Guide No. Title

3.2 Efficiency Testing of Air-Cleaning
Systems Containing Devices for Removal
of Particles

3.10 Liquid Waste Treatment System Design
Guide for Plutonium Processing and Fuel
Fabrication Plants

3.12 General Design Guide for Ventilation
Systems of Plutonium Processing and
Fuel Fabrication Plants

3.18 Confinement Barriers and Systems for
Fuel Reprocessing Plants

3.20 Process Off-gas Systems for Fuel
Processing Plants
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Regulatory Guide 3.2 refers to an ANSI standard that is acceptable for
the efficiency testing of air-cleaning systems: ANSI N 101.1-1972, "American
National Standard—Efficiency Testing of Air-Cleaning Systems Containing
Devices for Removal of Particles." The standard provides for a unifoim
method of in-place testing of air-cleaning devices in such a manner that any
penetration of the device by test aerosol (dioctyl phthalate) or any leakage
of the test aerosol around the devices is included in the results. Perform-
ance criteria are not part of the standard.

Guidance for performance is included in Regulatory Guide 3.12. "HEPA
filter systems should be tested after filter installation using a 'cold DOP'
test. Acceptance should be based on an efficiency of 99.95% or better for DOP
having a light-scattering mean diameter of approximately 0.7 microns."
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6. PRINCIPLES OF AEROSOL BEHAVIOR

6.1. Introduction

Aerosols are essentially a special form of matter for which the
formation, movement, and collection follow principles different from those of
bodies of macro size (larger than 1 ram). Until recently, lack of knowledge of
these principles made the design of filters and other aerosol control devices
a rather mysterious art. Even today, the application of filter theory is
limited in practical design, and personnel involved in design evaluation do
not make use of the large body of principles that are understood. In this
section, a brief outline of aerosol collection principles is given in order to
provide a rational basis for discussing empirical filtration data and design
capabilities of filters presented in other sections of this report, with
respect to both normal filtration and behavior of plutonium aerosols during
accidents.

The characteristic sizes of particles that form aerosols of various
types are summarized in the chart prepared by Lapple and reproduced here as
Fig. 6.1. Aerosols are constantly produced naturally over land and oceans by
wind action and evaporation of seawater spray. The small size limit is
provided by the increasing tendency of particles to coagulate as size
decreases; also, the smaller sizes serve as condensation nuclei. The large
size limit is provided by sedimentation.

6.2. Surface Adhesion Forces and Coagulation of Aerosols2

The limited size range and concentrations of aerosols that are stable is
basically determined by (1) coagulation and (2) contact adhesion forces of
small particles; these effects are not found in macrobodies. Microbalance
measurements of the surface-contact adhesion of individual Pyrex spheres on a
Pyrex optical flat at one-atmosphere pressure and a relative humidity of 25%
and 95% have been summarized in the following formula, which gives the force
required for removal of a particle of diameter, d:

Contact adhesion force (g) = 1.7 x 10"5 d (urn)

For reference, the force W exerted by gravity is approximately:

W (g) = 1.7 x 10~12 d3 (vm3)

The ratio of adhesion force to weight is 107 d~2. Thus, a sphere of 1-um
diameter is held by a force many times greater than its weight; it is evident
that small particles are held relatively more strongly than large particles.
This surface adhesion effect means that once contact is made, it is not easily
broken. Related effects are associated with the agglomeration of particles
and the deposition of particles on fixed surfaces (such as ducts and filters).

Particle agglomeration is described by the fundamental equation

dn K ?
dT = ' 2 n '
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where n is the number of particles per unit volume of air (cm3), t is the time
(sec), and K is the coagulation rate constant (cm3/sec). The time •:. for the

2
number of particles to be reduced by one-half by agglomeration is t, « - —

Kn
where n is the 01iginal number of particles par unit volume (cm3).

For an aerosol of uniformly sized particles, d (vim), the relation
between the mass concentration C (mg/m3) and the number of particles per unit
volume, n (particies/cm3), is

=7<1 3 P6 o
ID"3

where p is the density (g/cm3). Solving for n and substituting in the above
equation for t. , one obtains

h 3CK
x 10-3

I'or o = 4 g/cm3

(sec)
(4 x 1(T3) d 3

o_
CK

The value of K is determined for a pair of particles of specified
diameters. For a pair of the same size in the range of diameters of 0.001 to
1.0 urn, the value of K (corrected for the gas kinetic effect) is about
1 x 10~9 cm3/sec. Where the particles in a pair are of unequal size, the
value of K is larger; e.g., for 1.0-ym and 0.01-pm particles, K = 2 x 10 .

Values of K (including the gas kinetic correction) are shown in
Table 6.I.2

TABLE 6.1. The Coagulation Constant K(ri, r2)
K f (10-10 cm3 sec"1)*1

r2(um) 0.001 0.01 0.1 1.0

0.001

0.01

0.1

.1.0

8.

180.

8845

178100

78

2 2 1 .

168.

2032

0

5 11

35

.10

.95 6.44

Taking into account the gas kinetic correction, f.
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On the above basis, the relative stability of aerosols against
coagulation is illustrated by the calculated values (Table 6.2) of t,, the
time (sec) for the number of particles to be reduced by one-half. The value
of C * 10 rag/m3 corresponds to that of a stable fog. Other values of C are
given "co show the effect of mass concentration on the half-time. As shown in
the table, particles as small as 0.001 um are very unstable even in dilute
concentrations. Particles of about 0.1 um are stable at low concentrations
but agglomerate rapidly at high concentrations. For an aerosol of particles
of a wide range of diameters, the small particles are "eaten up" rather
rapidly by the large particles, due to the large value of K. This is illus-
trated by the last four entries of Table 6.2, which shows the rapidity with
which small particles agglomerate with large particles having a diameter of 1 urn.

TABLE 6.2. Calculated Half-Times for Coagulation

Mass
Concentration,

C(mg/m3)

1
10
100

1
10
100

ioa

10*

ioa

Original
Diameter,
d (um)

0.001
0.001
0.001

0.1
0.1
0.1

1/1?
0.1/1°
0.01/lf

0.001/lb

Coagulation
Constant,

K(cm3/sec)

1 x 10"9

1 x 10~9

1 x 10"9

1 x 10~9

1 x 10"9

1 x 10~9

6.4 x 10-10

3.6 x 10~9

2.0 x 10~7

1.8 x 10~5

Half-Time,

th(sec)

4 x 10~3
4 x 10-1*
4 x 10~5

4 x 103

400
40

6.2 x 105

1.1 x 102

2.0 x lO-3

2.2 x 10-8

aTotal mass concentration of equal numbers of
particles of the two diameters shown in column 2.

Equal number of particles of each particle size.

The above adhesion and agglomeration effects of aerosols are crucial to
the estimation of aerosol behavior, as incorporated, for example, in the
accident analysis of ORNL (see Section 8).

6.3. Basic Mechanisms for Collection of Airborne Particles

Moving particles make contact with fixed surfaces {e.g., filter fibers)
by three major mechanisms:

(1) flow interception

(2) inertia.!, impaction

(3) thermal diffusion
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Although these three mechanisms are universal, they are discussed here
concretely in relation to the surface configuration commonly found in filters,
namely, a cylindrical fiber of small diameter fixed transversely in the path
of an airborne particle. To illustrate the basic behavior of particles, only
a single fiber is considered, as in Fig, 6.2. The three removal processes
are discussed below.

Particle—o^ ^ ^ — F i b e r
in Air

Fig. 6.2. Single-Fiber Model of Filtration

Flow interception can be best understood for the ideal case of a fiber
of infinitely small diameter, fixed in the path of flowing air containing
airborne particles. (Such fibers are approximated by the smaller fibers in
fiber filters.) In Fig. 6.3, this case is illustrated for two positions of
the particle. In position A, the particle is approaching the fiber; in
position B, the particle contacts the fiber. The cross section of the fiber
is represented as a dot (point).

A. PARTICLE APPROACHING FILTER B. PARTICLE CONTACTS FILTER
Fiber

T ^ V-^~-^- Air

Particle Particle N
Fjber particle

(represented as
a point)

Fig. 6.3. Particle Removal by Flow Interception

Since the fiber is of infinitely small cross section, it does not
deflect the air path. If the fiber is in the flow patl :he particle, the
particle strikes the fiber and adheres to it, while the air passes on.
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The reason for assuming the ideal case of a fiber with an infinitely
small cross section is that the larger the diameter of the fiber, the more the
fiber disturbs the air flow. A disturbance in air flow is likely to carry the
particle around the fiber, preventing the particle from striking it. The
effectiveness of this mechanism of removal is thus dependent on fiber cross
section and on the number of fibers in the path of the particle. Also, larger
size particles favor removal. This is an effective removal mechanism by small
fibers and for particles with diameters of 0.1 to 5 urn.

Inertial impaction effects removal by the particle striking a fixed
fiber in its path (Fig. 6.4). Unlike the mechanism discussed above, this
mechanism depends on the inertia of the particle {i.e., its m=»ss) to keep the
particle in its original path even when the air is deflected round the fibers,
which now may be of any size. The mechanism of inertial impaction is
relatively more important for the more massive (larger) particles having
diameters greater than 5 urn.

Particle-^ Particle \ F i h p r
Path N D e r

Fig. 6.4. Particle Removal by Inertial Impaction

Thermal diffusion is the random motion o£ a small particle that is
independent of the motion of its supporting medium (air). It is the same as
Brownian motion, the zig-zag path of a particle under the bombardment of air
moleeuJes, which themselves are in agitated motion as a manifestation of their
kinetic-molecular motion in the gaseous state. The higher the temperature,
the greater rhe speed and energy of the thermal vibrations of the air
molecules and the higher the speed of the random translational motions
imparted to the particle. A small particle in thermal diffusion motion has a
much higher probability of striking a nearby surface than if it is simply
carried along a single line of flow of the air medium. Figure 6.5 illustrates
this particle removal mechanism. Thermal diffusion is relatively more
prevalent for particles less than 0.5 pm in diameter and is the only
filtration mechanism that increases in effectiveness as particle size
decreases. The contact effectiveness is measured by the mean square displace-
ment of a particle (in the x direction):

~x? = 2Dt,

where t is the time and D is the particle diffusivity. Also,
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where T is the absolute temperature, y is air viscosity, d is particle
diameter, k is Boltzmann's constant, and C and IT are numerical constants.3

Thus, for a given time and other conditions, the effective cross-sectional
area of a particle moving through a filter is inversely proportional to the
particle diameter and the velocity.

Fiber

^ Air

Particle'

Particle
Path

Fig. 6.5. Particle Removal By Thermal Diffusion

The relative effectiveness of the three filtration mechanisms is rather
well defined with respect to particle diameter, as shown in Table 6.3. The
effects of fiber diameter and air velocity are given as related to the ideal
single-fiber cases discussed above. Kowever, actual effects of fiber diameter,
air velocity, fiber density, filter depth, and pressure drop are too
complicated aerodynamically to be simply characterized quantitatively with
respect to removal effectiveness for a wide range of particle sizes. Practical
penetration probabilities have been measured down to the limit of detection
for particles in the l-pm size range.

As the particle size decreases below about 0.5 um, the thermal diffusion
mechanism predominates and the particle density is rapidly reduced by both
filtration and agglomeration. Since this mechanism of particle removal
depends on residence time, a reduction in residence time by increasing the. air
velocity reduces the removal efficiency for a given filter installation. Air
velocity per se is not important in diffusion.

Another representation of the way in which particle size and air
velocity affect filter penetration via the three filtration mechanisms is
shown in Fig. 6.6.1' Although the figure is oversimplified (especially as
regards the inertial effect), it does illustrate the major variables of
filter design.

The theory described above clearly indicates a maximum penetration as a
function of particle size. It was early established, experimentally and
theoretically, that particles of larger size penetrate less easily than those
of smaller size, down to 0.3 pin, but there has been much argument as to
whether particles smaller than this penetrate less easily because of increases
i \ Brownian motion. The main reason for the lack of agreement has been the
difficulty of the experimental work.1* A carefully designed series of
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experiments with sodium chloride aerosol shows the theoretically predicted
decrease in penetration as the mean size of particles is reduced from 0.2 to
0.02 um; the results are shown in Fig. 6.7. The decrease in penetration with
sizes above about 0.5 urn is well known. Tests showing critical size for HEPA
filters are discussed in Section 7,

TABLE 6.3. Relative Effectiveness of Filtration Mechanisms

Process

Variable
Flow

Interception
Inertial
Impaction

Thermal
Diffusion

Particle Size

Fiber Diameter

Air Velocity

Effective Removal
for 0.1 um to 5 urn
Diameter Particles

Effective for
Small Fibers

Effectiveness
Noc Dependent
on Velocity

Effective for
Particles
Larger than
5 urn

Effectiveness
Not Dependent
on Fiber Size

Effectiveness
Increases with
Increasing
Velocity

Increasing
Effectiveness as
Particle Size
Decreases Below
0.5 ym

Effectiveness
Not Dependent on
Fiber Size

Effectiveness
Decrea3es with
Increasing Air
Velocity

These results are indicative of the soundness of modern filtration
theory. In many practical areas, however, commercial aerosols and filters
have not been studied systematically enough or measured carefully enough to
distinguish whether problems are due to design principles or to poor operating
procedures.

Particles are not trapped in a fiber filter because they are too small
to pass through the "mesh" formed by the interstices, but rather are trapped
if they touch the surface of the fixed fibers (to which they tend to adhere
strongly). Thus, penetration of .- filter is proportional to the probability
of a particle not contacting a fiber. If Px, the probability of a particle
penetrating a HEPA filter unit, should have the value lO"1*, then the
probability of its penetrating four filter units in series is Pj1* = 10"16.
Such a large separation factor is very difficult to confirm experimentally
under conditions where the amount of penetration is large enough to be
measurable. Such tests also have to consider general aerosol stability
associated with possible chemical, electrostatic, and agglomeration effects,
as well as filter imperfections.



31

Interception

As radius increases curve moves j
As fibre diameter increases curve moves f
As inter-fibre distance increases curve moves

II Oirect interception

/As inter-itbi*< disiante increases curve mces ••

Ineriial

As radius increases curve
moves •* -

As density increases curve
moves * - -

As hbre diameter increases
curve moves ••

Linear velocity, cm/sec

Fig, 6.6, The Effects of Inertia, Diffusion, and
Interception on the Penetration-
Velocity Curve4

§?

<t

0.001
0.01 0.1

NoCI PARTICLE DIAMETER, fim

Fig. 6.7. Series of Experiments Showing
Decrease of Penetration of
Fiber Filter at Submicron
Diameters1*
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6.4. Measurement of Aerosol Emissions

The methods used to detect and measure properties of aerosols are
important to the understanding and interpretation of reported data and to
establishing adequate emission controls. The types of measurements include
the mass of material, the chemical constitution, the radioactivity, and the
particle sizes. Because of the special nature of small particles, such
methods have been considered too costly and too difficult for extensive use.
However, recent advances in aerosol technology have demonstrated the
practicality of methods of general and dependable use. In this section, some
of the more effective measurement methods for monitoring general emissions on
a test basis are reviewed. The particular features designed for routine plant
control are not addressed here. The methods described could be adapted for
routine use, but routine controls are optimally more specialized than the
general methods discussed here.

The cascade impactor is a device that receives an air sample stream and
collects particles in separate size ranges. The device consists of a train of
jets; in each jet a separate size fraction of aerosol is deposited. The
collected fractions can be weighed, measured for radioactivity, or otherwise
analyzed. The collection efficiency of the cascade impactor is well
established for a wide range of air rates, sample sizes, and particle sizes.
In practice, the lower limit of particle size is about 0.5 pm. Its versatility
makes it generally adequate for detecting and measuring particles of sizes
greater than 0.5 pm. The other devices discussed below are required only to
measure the smaller particles.

The Millipore filter is a chemically pure membrane filter, of very
uniformly porous cellulose material. It collects very small particles, such
as those smaller than 0.5 um, which noimally pass through the cascade impactor
train. The filter can be examined microscopically to count and measure the
particles. Also, the entire filter may be measured for radiation or may be
chemically dissolved for analysis of contained particles. Multiple filters in
series can establish the completeness of collection.

A thermal precipitator is also effective for collection of small
particles (smaller than 1 pm) from a sample stream. A hot wire, usually
electrically heated nichrome, establishes a thermal gradient, causing particles
to be deposited on collector plates on two sides of the wire. These plates
may be examined with an electron microscope, or the deposited particles may be
washed off and analyzed. A thermal precipitator is cheaper and easier to
control than an electrostatic precipitator for sampling.

Electrostatic precipitators are used in certain large-scale applications
for particle collection, but are not considered convenient for analytical
purposes.

Either a microscope or an electron microscope can be used to obtain
greatly enlarged "pictures" of particles deposited on a surface. The use of
a light microscope is limited to particles larger than about 0.2-ym diameter.
An electron microscope can be used for particles as small as about 0.002 pm.
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A recent development is the scanning electron microscope, which has the
advantage of using reflected electrons (instead of transmitted electrons).
This type of electron microscope appears to be promising for small-particle
detectica and measurement.

A very effective device for measuring the absolute particle number
concentration for particles of unlimited smaller sizes is the condensation-
nuclei detector. It is a "cloud chamber" that provides a vapor. The vapor
condenses on individual particles, which serve as condensation nuclei. The
particles rapidly grow to a size large enough to scatter light, and this
scattering effect is measured photoelectrically. This device does not measure
particle size, but it does measure the total number of particles, however
small, in a sample volume of air.

The devices mentioned above can be used separately or together to
characterize the particles present in aerosol emissions. Of these devices,
only the cascade impactor separates the sample stream into size fractions.
The others, which can be used for smaller sizes, do not separate the fractions,
but give a "field" of undifferentiated particle size which must be counted and
sized visually. In principle, fractional collection can be extended to
particles below 0.5 um (e.g., by thermal diffusion) since the thermal force is
proportional to both the thermal gradient and the particle diameter.5

However, methods based on this principle have not been reduced to practice.
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REVIEW OF MAJOR EXPERIMENTAL STUDIES RELATING TO PARTICLE SIZE
DISTRIBUTIONS AND EFFICIENCIES OF FIBER FILTERS

7.1. Analysis of Particle Size Distributions at Several AEC Facilities

An experimental program to measure the particle size distributions of
plutonium aerosols generated at five AEC facilities was carried out by
experimenters at Los Alamos.1!2 The data are reported here because the study
is the only one for which systematic measurements and analyses have been
reported. No similar information is available for operations representative
of the commercial fuel cycle.

The five facilities included in the study were two each at the Rocky
Flats plant and Mound Laboratory and one at LASL. Table 7.1 lists them by
location according to the authors' coding, together with the predominant
operations (R & D, fabrication, or recovery), isotopes of plutonium handled,
prefilter efficiency, and relative quantities handled. The operations
performed at fabrication facilities include mechanical operations such as
grinding, welding, machining, and foundry; operations at the recovery plant
consist of chemical conversion processes such as acid dissolution, precipita-
tion, drying, and calcination of oxides. R & D operations include both
mechanical and chemical processes that are characteristic of production
operations but they are carried out on a much smaller scale and not
continuously.

TABLE 7.1. Facilities and Operating Conditions at Sampling
Locations for Determining Particle Size
Distributions1>2

Location

00

04

08

11

14

Type of
Operation

R & D

R & D

Fabrication

Recovery

Fabrication

Pu Isotopes
Handled

238 and 239

238

238

239

239

Prefilter
Efficiency

Unknown

High

High

Unknown

Unknown

Relative
Quantity
Handled

Small

Moderate

Moderate

Large

Large'

Authors' coding for two facilities at Rocky Flats, two at
Mound Laboratory and one at LASL.

The sampling stations were upstream from the exhaust HEPA filters, where
aerosol concentrations were adequately high to obtain the required measure-
ments. Where prefilters existed, the sampling points were downstream from
them. Samples were obtained during the most active periods of the working
day, when activity concentrations in the exhaust systems were likely to reach
high values.
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Particle size characteristics were determined by radiometric analyses
of (1) the material deposited on each of the stages (a total of eight stages)
of Andersen impactors and (2) material deposited on a backup membrane filter
that collected particles that passed through the impactor. A total of 218
sets of samples (nine samples per set) were obtained and analyzed at the five
facilities. The raw data consisted of activity measurements of material that
had deposited at each stage of the Andersen impactor, which in turn
characterized the material at each stage as being within a certain particle
size range. Since the stage at which a particle is deposited is a complex
function of actual particle size, shape, and density, the unit of size
measurement is the activity median aerodynamic diameter (amad).

The analysis of the data was complicated by the facts that (1) distri-
butions were often different from sample to sample (usually attributable to
changing plant operations) and (2) results did not always match the log normal
probability distributions often characteristic of aerosols. An effort was
made to characterize the distribution of each assuming log normal distribution.
A mean diameter and geometric standard deviation for each sample was then
obtained.* •'

*A log normal distribution, by definition, is a normal distribution of the
logarithms of the measured values. The mean (d = u) and standard deviation
(cO are computed by conventional methods using°the logarithms of the values.
Thus:

log d = [ £ log \

U/n
J

log (dj x d2 x dfl)
, or

d = */dj x d2 x d , and

n-1

The upper and lower confidence intervals (d and d^, respectively) of
the logarithmic distribution for 2 a (95%) are:"

O

log d = log d + 2 log a , and

log dL = log d - 2 log a , or

du " dg X ag 2 ' 3 n d

dT = d * o 2
L g g

The value d is termed the geometric mean, and o is the geometric standard
deviation. 8 8
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The simplest presentation of the results, although with considerable
smoothing, is shown in Table 7.2. Overall averages of means and geometric
standard deviations for each facility are presented. Note that this presen-
tation cannot and does not reflect changes in day-to-day operations within
each facility. The distributions of all sample sets for each facility from
which the information in Table 7.2 was derived are shown in Figs. 7.1 through
7.5. The data are useful in detarmining the gross characteristics for each
plant.

TABLE 7.2. Mean Plutonium Size Characteristics
of Aerosols at Five AEC Facilities
Upstream from Air-Cleaning
Facilities2

Location

00

04

08

11

14

Particle
Diameter,
amad ()im)

1.8

2.3

4.0

0.34

2.7

Geometric
Standard

Deviation,
ag

2.2

3.5

1.7

5.4

2.4

Range of
Particle

Sizesa (pm)

0.4 - 8.7

0.2 - 28

1.4 - 12

0.01 - 9.9

0.5 - 16

Based on 2 a for log-normal distribution.
Lower and upper limits are obtained by dividing
and multiplying (respectively) the mean by a 2.

The two fabrication facilities (locations 08 and 14) exhibit the
largest means of the group, 4.0 and 2.7 pm. The geometric standard deviations
(Og) are among the narrowest of the group, indicating that the range of
particle sizes is small. If one assumes that log-normal probability
distributions are valid, the range of sizes (2 a limits) for location 08 is
1.4 to 12 iJm, and for location 14, 0.5 to 16 vim. These ranges are not grossly
different.

The recovery facility (location 11) in which chemical operations pre-
dominate has the smallest mean, 0.3 um, and the largest geometric standard
deviation, 5.4. Evidently, the aerosols produced in chemical operations are
very much smaller than those produced by mechanical operations and also have
a much broader distribution of sizes. Using 2 ag limits, the range of
particle sizes is 0.01 to about 10 pm.

The measurements made at the two R & D facilities (locations 00 and 04)
are intermediate, having means of 1.8 and 2.3 pm. The geometric standard
deviations are also intermediate, although the two values are quite different
from each other, 2.2 and 3.5. The large og for location 04 suggests that the
variety of operations conducted at that location during the period of the
study may have been wider than at location 00,
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Fig. 7.3. Size Characteristics of Aerosol
Containing 238Pu, by Radiometric
Analysis of All Iinpactor Samples
at Location 08, a Fabrication
Facility.2
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A more refined method of examining the data is based on generating (for
each facility) a frequency distribution of the means of all samples, and a
comparable distribution for the geometric standard deviations. It would be
expected that if day-to-day operations were reasonably repetitive (and other
factors were reasonably constant), the distributions would be narrow in
character. The distributions for tho five facilities are shown in Figures
7.6 through 7.10.

Examination of Figures 7.8 and 7.9 (for the fabrication facilities) shows
that the distributions of both the means and the geometric standard deviations
are quite narrow for location 08, indicating that day-to-day operation is
reasonably consistent. The distributions for location 14 show more scatter;
this is especially evident for the geometric standard deviation.

Figure 7.10 (for the recovery facility) shows rather narrow distributions
of means centering in the small particle size region, and a broad scatter of
geometric standard deviations. The narrow distribution of means may very
well be characteristic of operations involving solutions and chemical
conversions. Whether the wide scatter in crg's is attributable to a wide range
of operations during the study or to some inherent characteristic of handling
solutions cannot be determined.

The distributions for the two R & D facilities (Fig, 7.6 and 7.7) can be
seen to be very different. Those at location 00 are suggestive of repetitive
operations while the scatter in both means and Og's for location 04 are
suggestive of a wide variety of chemical and mechanical operations being
performed at different times.
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Apparently, the particle size distributions of repetitive operations, as
characterized by means and t?K'

s5 are likely to be reasonably reproducible.
Evidence for this conclusion is, however, lacking for the case in which
solutions are handled or chemical conversion processes conducted. As would be
expected, mechanical operations yield means of distributions that are
significantly larger than those for chemical operations.

7.2. Experimental Studies of HEPA Performance

Experimenters at LASL have been conducting a program to establish the
performance of each HEPA in a series of 3 HEPAs.2>3>4 The study is intended
to generate information that yields filter efficiency at each stage as a
function of particle size. The task is a formidable one since very high
concentrations of aerosol are necessary in the input to the first stage in
order to have a sufficient quantity of particulate downstream from the third
stage to yield meaningful results.

To increase the capability of the measurements, the aerosols were
prepared from PuO2 in which the predominant plutonium isotope was 238Pu, which
has a high specific alpha activity. A typical procedure for generating the
aerosol consists of ball-milling "^PuOj powder for long periods (.e.g., 360
hr). A portion of the resulting material is suspended in water and stirred
vigorously for 2 hr. A small quantity of an anionic surfactant is added, then
dispersed by ultrasrnics for periods up to 68 hr. The latter operation is
intended to break up agglomerates; tha surfactant keeps the: particles well
dispersed. The stability of the resulting mixture was demonstrated by an absence
of observable settling over a weekend. Aerosol generation was accomplished by
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use of a RETEC nebulizer (described in reference 1). To ensure the completion
of drying, make-up air was heated about 10°C above ambient. The resulting
aerosol was then passed through the filter train. Appropriate samples were
taken upstream and downstream from the train and intermediate locations.

Most aerosols generated had mean particle sizes of about 0.7 pm. Efforts
continued during the program to produce aerosols of smaller sizes (0.1 urn
being an objective); aerosols of 0.2 pm were produced.

Aerosol samples were characterized by passing them through an Andersen
impactor consisting of eight stages. Residual particulates not intercepted
by the impactor were collected on a high-efficiency membrane filter. The
total activity of the material deposited at each stage was determined. The
range of particle sizes (measured as activity median aerodynamic diameter)
deposited at each stage was determined by prior calibration. The authors
reported mean particle size and the geometric standard deviation for each
sample set obtained. Raw data was not included in the reports cited.
Filter efficiencies were obtained by the authors from the raw data.

In the first series of runs (designated here as series A), reliable
.information was obtained on the efficiencies of the first two stages of HEPAs,
but data on the third stage was regarded as questionable because counting
statistics obtained on the extremely dilute aerosols discharging from that
stage were very poor. In a second series of runs (designated here as series
B), special efforts were made to operate the experiments in a manner that
would alleviate this problem. HEPAs with known lower efficiencies (but still
in excess of 99.97%) were placed in the first stage position, and efforts were
made to generate aerosols having higher concentrations to challenge the first
stage. This improved the counting statistics for the aerosol discharged from
thd system to the point where overall efficiencies of the third stage could be
determined but did not improve them enough to allow efficiencies to be
determined as a function of particle size.

The raw data for each run, as converted to amad and geometric standard
deviations, are shown in Table 7.3 (for Series A) and Table 7.4 (for Series B),
together with overall fractional penetrations for all particle sizes. The
average penetration* for the first-stage HEPAs for Series A was 22 x 10~7 as
compared with 182 x 10" 7 for Series B. This is an expected result because
the experimenters deliberately selected low-efficiency HEPAs for the first
stage in Series B in order to yield improved counting statistics for the
stage 3 HEPAs. Comparable penetrations for stage 2 HEPAs were 315 x 10~7 and
722 x 10~7 for Series A and B, respectively. Average penetration for stage 3
HEPAs for Series A is regarded as unreliable because of poor counting
statistics, but for Series B average penetration was 634 x 10~7, which is
quite comparable to the results obtained with stage 2 HEPAs.

A general pattern observable in the data for mean particle sizes and
their geometric standard deviations is that values of both parameters tend to
decrease from stage 1 to stage 2. Subsequent analysis (below) for
penetrations vs particle size explains this observation.

*Average penetrations are geometric averages, i.e., the antilogarithm of the
average of the logarithms of stated values.
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TABLE 7.3.

Run

P4-1

P4-2

P4-3

P4-4

P4-3

P4-6

P4-7

P4-8

HEPA
Filter
Stage

0
1
2
3

0
1
2
3

0
1
2
3

0
1
2
3

0
1
2
3

0
1
2
3

0
1
2
3

0
1
2
3

Avg (Geom) 1
2
3

Aerosol Size Distributions and Filter
Penetrations in HEPA Filter
Efficiency Experiments, Series A3

Aerosol Size
Characteristics

V (pm)

0.31
0.31
0.40

0.37

0.34

0.38
0.37
0.36

0.34
0.36
0.34

0.66
0.38
0.39

0.48
0.44
0.42

0.48
0.47
0.42

0.47
0.48
0.41

°g

2.87
2.01
1.69

2.46

1.65

2.51
1.76
1.68

3.00
1.99
1.89

3.28
2.10
2.09

3.76
1.69
1.66

2.98
1.96
1.68

3.26
1.70
1.69

Overall Fractional
Filter Penetration

x lO"7

4?
16,350

593

34
201

43,987a

9
236

43,406a

68

6,297a

13
1 5 3a

33,203

2
2,270
3,618a

55
80a9,381a

34
85

3,449a

22
315a

^8,500

Data for the third stage considered unreliable.
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TABLE 7.4.

Run

P4-10

P4-11

P4-12

P4-13

P4-14

P4-15

P4-18

P4-19

Avg (Geom)

HEPA
Filter
Stage

0
1
2
3

0
1
2
3

0
1
2
3

0
1
2
3 .

0
1
2
3

0
1
2
3

0
1
2
3

0
1
2
3

1
2
3

Aerosol Size
Penetrations

Distributions and
in HEPA Filter

Efficiency Experiments, Series

Aerosol Size
Characteristics

V (pm)

0.44
0.53
0.42
—

0.43
0.47
0.39
—

0.33
—
a
—

0.27

a
—

0.22

a
—
0.26
0.29
__
~

0.37
0.30
0.22
—

0.32
0.30
0.28
~

Overall
Filter ]

%

2.1
2.3 1
1.7
--

3.4
2.4 1
1.9
—
3.6
—
a
—

3.9

a
—

2.6

a
—

3.2
2.2

3.2
2.5
2.5
—
3.7
2.1
2.4 1,

Filter

B4

Fractional
Penetration

io-7

,551
351
725

,000
334
596

79
982
903

89
985
668

151
555
780

81
,414
884

4.r

68i
583

200
213
248

182
722
634

aData reported to be unreliable.5
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7.3. HEPA Efficiency as a Function of Particle Size

Efficiencies, expressed as fractional penetrations, are reported in
references 2 through 4 as a function of particle size. It was observed in
reference 4 that data for the second stage HEPAs indicated increasingly high
penetration as particle size decreased. This observation is inconsistent with
the expected results based on filtration theory. The authors subsequently
re-examined their data statistically, and now report5 revised values of pene-
trations (not yet published). They have identified the suspect data from
individual runs, which are identified in Table 7.4. The revised results are
shown in Table 7.5.

TABLE 7.5. HEPA Filter Performance Reported by LASL
(Revised, July 1975) as a Function of
Aerosol Particle Size5 (Data from all
runs combined).

Particle
Range, ;

(pm)

Size
amad

<0.12

0.12-0.

0.22-0.

0.44-0.

0.96-1.

1.54-2.

2.3 -3.

3.4 -5.

>5.4

.22

.44

.96

,54

,30

,4

4

Fractional Filter Penetrationa

HEPA
x 10

23 ±

49 ±

56 ±

98 ±

27 ±

1.7 ±

5.2 +

5.5 i

8.6 +

-V
19

45

60

95

38

1.5

5.8

5.5

8.6

HEPA 2,
x 10"'

159 ± 76

352 ± 388

393 + 413

201 ± 190

c

c

c

c

c

HEPA 1
plus 2 b

x 10-11

3.7

17.2

22.0

19.7

Reported as mean value ±1 o.

Calculated by reviewers from LASL Data.
cData not significant statistically.

Because the revised values by the authors lumped the results obtained
from both Series A and Series B (see Section 7.2), the data reported for
individual runs (see Tables 7.3 and 7.4) were reviewed in this work, and
penetrations for the two series were determined separately. Data identified
as suspect by LASL were not used. The reviewers' reconstructed particle size
distributions from the means and <Jg*s are shown in Tables 7.3 and 7.4 (log
normal distributions were assumed). This information, together with LASL data
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of overall penetration, allowed penetrations to be computed as a function of
particle size. The results together with the currently revised values of LASL
are shown in Table 7.6.*

Considering the first-stage HEPAs only, the LASL data for all runs show
peak penetration—98 x 10~7—in the particle size range of 0.44 to 0.96 um.
Penetrationn fall off rapidly for both larger and smaller sizes. The
reviewers' analysis of data, shown in Table 7.6, indicate peak penetrations—
79 x 10~7—for the next smaller particle size range of 0.22 to 0.44 um. The
peak occurs at the same size range for both Series A and Series B; however,
there is an order of magnitude difference associated with the deliberate
selection of low-efficiency filters for Series B. These differences were
recognized and taken into consideration in developing the source term in
Section 9. It should be noted that the decrease in fractional penetration is
less pronounced for the next larger particle size range (70 x 10~7 for the
range of 0.44 to 0.96 um) than for the next lower one (53 x 10~7 for the range
of 0.12 to 0.22 um). Thus it can be inferred that the peak penetration occurs
close to the 0.44 um particle size.**

Examination of all data for the second-stage filters, LASLs as well as
reviewer's, shows the highest penetrations in the 0.22 to 0.44 urn particle
size range. Penetrations calculated by the reviewers indicate about 60%
greater penetration for Series A than for Series B. Again the decrease in
penetration with larger and smaller particles is evident.

For completeness, combined penetrations for the two stages of HEPAs in
series are also shown in Table 7.5.

The results are generally in conformity with what would be expected from
filtration theory. Penetration varied with particle size, with the peaks
occurring in the ranges indicated; in most LASL runs, the mean size and the
breadth of aerosol distributions decreased from the upstream side of the HEPAs
to the downstream sides. Multiple stages in series enhanced this effect.

Also notable in the Series B runs (see Table 7.4) is that penetration
values for stage 3 HEPAs were no higher than those of the stage 2 HEPAs.
[Comparable data for the Series A runs (Table 7.3) is not considered reliable.]
Based on the Series B runs (and consistent with filtration theory), a fourth
stage of HEPA would be expected to perform similarly to the second and third
stages.

*An example of the procedure used to obtain fractional penetration as a
function of particle size is shown in Appendix A.

**The authors of the LASL reports have reported to us5 that their final report
(to be published) will show maximum penetration in th-a range of 0.4 to 0.7
um. Their results will be more reliable than ours because their calculations
of fractional penetrations will be based on their raw data of particle size
distributions of aerosols, while our analysis was based on a reconstruction
of distributions from the published u's and a 's. The raw data has not been
published.
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TABLE 7.6. HEPA Filter Penetrations vs Aerosol Particle Size
for LASL Series A and B Experiments

Series A: No preselection of filters made for
experiments

Series H: Stage 1 filters selected for low efficiency
but exceeding 99.97%

Unless indicated otherwise, results were calculated by
reviewers from means and a 's given in Tables 7.3
and g

Particle Size
Range, amad,

(urn)

Stage 1 HEPA:

<0.12
0.12-0.22
0.22-0.44
0.44-0.96
0.96-1.54

>1.54

Stage 2 HEPA:

<0.12
0.12-0.22
0.22-0.44
0.44-0.96
0.96-1.54

>1.54

Combined
Stages 1 and 2:

<0.12
0.12-0.22
0.22-0.44
0.44-0.96
0.96-1.54

>1.54

Series A Runs
P4-1 to P4-8

x 10" 7

4.0
18.1
32.8 a

28.1
12.1
2.5

x 10- 7

237
335
395 a

355
254
164

x lO" 1 1

0.99
6.2

12.8 a

9.6
2.8
0.36

Fractional Filter Penetration

Series B Runs
P4-10, 11,
15, 18, 19

x 10-7

154
292
327a

297
219
103

x lO"7

457
580
641a

533
351
192

x lO"11

98
222
272a

209
105
31

Series A Plus
Series B

x 10-7

16
53a
79a

70
37
10

x 10~7

295
402
464
406
283
173

x 10~ n

4.5
20
35a

26
9.4
1.6

Revised LASL
Data

(all runs)5

x 10~7

23
49
56

a98a

27
—

x 10~7

159
352
393a

201
—
—

x 10"11

3.7
17
22a
20
—
—

rlaximum penetration.
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The principal observation to be made from the analysis of these results
is that maximum penetration of P11O2 particles occurred in a diameter range of
0.22 to 0.44 pm for all three stages of HEPA filtration. These maximums were
greater for the second and third stages (̂ <450 x 10~7) than for the first stage
(VJ5 x 10" 7 when filters were not preselected for low efficiency). For ail
other particle sizes (both larger and smaller than the range of 0.22 to 0.44
Vim), fractional penetrations were even lower.

These data are used as major input in developing the source term in
Section 9.
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8. REVIEW OF ANALYSES OF NORMAL AND ACCIDENTAL RELEASES FROM
EX-REACTOR FUEL CYCLES

8.1. Introduction

A general review of safety considerations in radiochemical plants in the
U.S.1 has identified the primarv hazards of fire, explosion, and criticality
in terms of potential uncontrolled releases of the major radioactivity
associated with fission products. Emphasis was placed on Purex solvent
extraction and storage of aqueous waste solutions. The basic safety-related
problem is to ensure confinement. The major concern in normal operation is
equipment reliability. With proper designs, veleases can be controlled to
very low levels. Accidental criticality or explosion has a high potential for
causing releases, and the aim of design i^ to prevent such occurrences, as
well as to limit their consequences.

The review of accidental pluconium releases (Section 4.4) showed that
plant exhaust filter systems were effective in accidents in which normal
in-plant containment was impaired and in-plant dispersion of process material
occurred as a result of equipment failure, explosions, etc. The measured data
on releases was largely presented in terms of exterior air samples; some
additional information was presented on material collected on filters and on
total material involved in an accident. Even where substantial amounts of
material were involved in explosions of plutonium solutions and in burning of
plutonium metal—processes which, in theory, can produce large amounts of very
small-sized aerosols—the overall fractions of aerosols penetrating the
filters or otherwise released from the building were so small that no
appreciable personnel exposures occurred. IL is important for accident
analyses to characterize quantitatively the steps of release Trom the initial
disruption of the process material and to account for the transport of material
by air through openings in the plant system, both normal pathways and through
damaged barriers. Although air cleaning systems are in general involved in
actual cases, the concern here is not with filters, but with generalized
transport of particulates in air, i.e., the release source strengths outside
a particular enclosure due to releases within the enclosure. This "free-
release" source strength is the quantity (or fraction) of material that
becomes airborne and reaches the filter or escapes from the building in the
absence of a filter. For example, the releases in tf.e accident cases reviewed
in Section 4.4, especially in the accidents involving the largest quantities
of plutonium, were believed to be small because of agglomeration, gravitational
settling, and deposition of initially airborne particles on exposed surfaces.?

A calculational model of free-release source strength was developed by
Hunt3 on the basis of a theoretical analysis. Its application was discussed
in terms of a parametric analysis of releases from oxidation of plutonium
metal in an enclosure having an air leak. The principal variables were:

(1) Leakage paths (number, length, size distribution, variation with
overpressure, etc.).

(2) Mass, particle size, surface to mass ratio, and rate of particle
release.
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(3) Mechanisms of particle transport to the walls (gravitational,
diffusional, etc.).

(4) The type of thermal equilibrium in the enclosure and the duration
of the release.

The analysis shows the release source term maxima as a function of
pJutonium quantity and type of thermal equilibrium. At these maxima, the
model showed releases in excess of the MPC level.3

In general, the analysis supports the standard designs for handling
large quantities of plutonium in small enclosures by the continuous exhausting
of air through a series of fire-resistant HEPA filters. The exhaust air flow
must be sufficient to prevent static pressure buildup associated with the
release, but the flow must be low enough to avoid augmenting the release rate
at the source.

8.2. Theoretically Possible Major Accidents of Nuclear Fuel Cycle Plants

8.2.1. Introduction

In 1962, the AEC requested ORNL to prepare a study4 of the
theoretical possibilities and consequences of major accidents in plants which
process and fabricate 2 3 3U, 2 3 9Pu, and radioisotopes. Previously (1959), the
Commission had requested a similar study of enriched uranium by the Corvair
Division, General Dynamics Corporation, and in 1956 the Joint Committee on
Atomic Energy had requested BNL to study nuclear power plants (WASH-740) . A
continuing reason for such studies was that despite the excellent safety
record of nuclear facilities, the possibility of liability claims was believed
to constitute a major deterrent to industrial participation. In all of these
studies, the i"equest was made to evaluate upper-limit, theoretically possible
accident events, sometimes referred to as the "maximum credible accidents."
Identification of such accident events was considered useful in defining
indemnity and insurance requirements but not useful as a safety analysis.
The ORNL study was published in 1964, "* and relevant excerpts are quoted beiow.

8.2.2. Reference Design Features to Minimize the Occurrence and
Consequences of Accidents

The following reference design features were identified by ORNL:

(1) Radioisotopes are processed and handled in batches of limited size;
extraordinary precautions are taken to ensure their confinement in
intended locations.

(2) Most processes are carried out behind heavy shielding, within
sealed cells or glove boxes.

(3) Ventilation systems are so planned that the spread of contamination
is minimized; recirculated air is frequently filtered; all exit
process streams are filtered and monitored and are released only if
concentrations are below preset levels.

(4) Plant design end operations are so arranged that at least three,
and usually more, independent mishaps, malfunctions, or mis-
operations must occur before an accident can occur.
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(5) The containment system is always designed to retain the radioactive
materials resulting from the maximum credible accident.

(6) There must always be at least two independent barriers between the
normal locations of radioactive materials and the environment.

8.2.3. Dispersal and Release Mechanisms

Extensive off-site contamination can result only if radioactive
materials are dispersed and released from the facility to the atmosphere.
Fires and explosions were identified by ORNL as the primary types of accidents
that could furnish sufficient energy for the release and off-site dispersal of
radioactive materials.

Most plants contain adequate supplies of combustible materials
for a sustained fire, but efforts are usually made to deliberately minimize
such quantities. Efficient fire detection and specialized extinguishing
techniques are available and have been shown to be reliable. Similarly, the
dispersive strength of chemical explosions requires that careful control of
fuel be practiced. Attention to the nature of combustion products and
formation of explosive mixtures can be made adequate by design.

Criticality accidents provide relatively modest dispersal
energies for fissile material. Foic example, a criticality excursion in 100
kg of solution liberates only about 3.5% of the instantaneous energy (29.5 MJ)
liberated by a vapor explosion in a 225 m room (844 MJ). The major off-site
hazards from criticality excursions is due to the liberated short-lived •
gaseous fission products.

Once radioactive material is dispersed as a fine smoke or mist
in a cell or glove box, it is theoretically possible for it to be released to
the atmosphere (1) through the ventilation systems or (2) by successive leaks
from the laboratory, room, or cell (primary containment) to the building
(secondary containment) and then through leaks in the building walls.

It was assumed in the ORNL study1* that filters have removal
efficiencies of 99% for particles smaller than 0.05 ym, 87% for particles
between 0.05 and 0.1 \im, 95% for particles between 0.1 and 0.3 ym, 99.95% for
particles between 0.3 and 5 \im, and 100% for particles larger than 5 ym. It
was also assumed that smokes from fires of metal, solid carbonaceous
materials, or organic liquids (which are predominantly 0.01 to 0.1 ym in
diameter when initially produced, but agglomerate rapidl>) are 99% removed in
filters.

When radioactive liquid aerosols are formed by an explosion in
a tank of radioactive solution in a cell, the concentration of solution in the
air entering the ventilation system is not expected to exceed that in rain or
drizzle, i.e.; 100 to 1000 mg of solution per cubic meter of air.

On the basis of other work, the ORNL study indicates that in the
event of an accident, the activity released from successive leaks through the
primary and secondary containment walls would be insignificant, compared with
the possible release through the ventilation filters. In a contained accident,
the blast effects of an explosion are confined to the region of primary
containment (glove box, laboratory, storage room, or cell). Although a
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radioactive aerosol may leak through cracks or penetrations in the primary
containment wall and become mixed with the air in the secondary containment
zone (building) during the period when the primary containment zone is
pressurized, the quantity of leaked air is ordinarily not sufficient to raise
the secondary containment pressure above atmospheric. In the event that flow
from the secondary containment to the atmosphere is possible (perhaps because
of a lee vacuum induced on the building by a high wind), the leak rates and
ventilation rates in typical plants are still such that the predominant
release of activity would be through the primary and secondary containment
ventilation filters.

The fiber filters that are widely used in radiochemical plants
are the weakest link in the containment of accidents. The susceptibility of
the filters to both physical and chemical degradation necessitates that their
integrity and efficiency be ensured by routine in situ testing or by replace-
ment testing plus careful installation and operation. The filters must be
protected from excessive corrosion and excessive loadings of dust and water,
and they must be located so that they can withstand the blast wave from
credible explosions without rupture. In typical facilities, the tortuous path
and expansions and contractions of the ventilation duct are sufficient so that
the blast wave from a credible explosion is reduced to a tolerable level at
the filters.'*

The assumed plant concept and fissile inventory** for nuclear
fuel fabrication are shown in Table 8.1, along with the calculated
theoretically possible accident releases. It is emphasized that the ORNL
study focused on the maximum possible accident associated with (a) burning of
plutonium metal or carbide and (b) criticality explosion from an aqueous
solution, rather than on a realistic assessment of the probabilities of
accidents in reference fuel cycle facilities.

8.3. Routine and Accidental Releases of Plutrnium in Purex Reprocessing
Plants Estimated in a 1970 Siting Study*-

8.3.1. Introduction

This study was prepared as technical background for siting
considerations for spent-fuel reprocessing plants and waste-management
facilities. It incorporates basic information published previously but
reviewed and revised for the present purpose. Much new information on health
and safety aspects is included.

The basic design concept assumed in the ORNL work0 is that con-
finement of radioactive material is provided by three barriers: the primary
container or equipment, the secondary vault or cell ventilation system, and
the tertiary barrier offered by the building. The design, rating, and
operation of a plant are so accomplished that the secondary and tertiary
barriers will be maintained after exposure to any credible internal forces.
Further, the process and confinement systems are designed and operated so that
credible external events or forces (e.g., loss of power, earthquakes,
tornadoes, floods, hurricanes, impaction by moving vehicles, etc., but not
including acts of war) will not impair the ability to shut down the plant
safely and to maintain safe shutdown conditions. Also, although it is
considered credible that accidents may circumvent preventive administrative
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and instrumental procedures, it is not considered credible that practical
remedial measures for mitigation of the consequences would not be instituted
within a reasonable time (hours) of the occurrence of an accident.

TABLE 8.1. Assumed Fissile Inventory and Calculated Accidental Releases
of Fissile Material in a Nuclear Fuel Fabrication Plant4

Assumed Plant Inventory

Isotope

In Single
In Single Vessel In

Glove Boxes Or Cubicle Facility

Type of
Plant

Fuel
Fabrication
Plant

Fuel
Fabrication
Plant

2 3 9Pu

Isotope

239Fu

239pu

2500 g 100 kg

Accident Releases

Events

Metal or carbide
fire in glove box
system releases A%
of plutonium to
laboratory

Criticality accident
in storage tank in-
volving 10 2 0

fissions total

100 kg

Assumed
Fraction
Release

0.0A% of con-
tents of four
glove boxes

0.2% of
nonvolatile
100% of
volatile

Quantity
Released

k g 2 3 9Pu

100 g Pu
plus
volatile
fission
products

Pertinent key issues addressed in -he 0RNL study were these:

(1) Are routine or accidental releases controlling the siting?

(2) Are there technical and safety factors indicating that a few large-
capacity plants would be preferable to more numerous small-capacity
fuel reprocessing plants?

(3) Are the hazards of economics of shipping spent fuels, solid wastes,
and fissile materials of such magnitude that (a) these shipments
should be limited to specific routes within regional boundaries or
(b) shipping offsite should be precluded?

(4) Is governmental ownership for fuel cycle facilities required? Can
such facilities be decontaminated to the extent that they may be
safely abandoned, -i.e., need no surveillance after they are closed?
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8.3.2. Conclusions

Pertinent principal conclusions of the ORNL study were:

(a) On the basis of current technology of air cleaning, routine
releases tend to control the location of the site boundaries. On-site waste
storage facilities do not materially increase either the rate of routine
release of radioactive material or the likelihood of release of such material
as a result of accidents. These conclusions are based on the design
assumption that containment (and filtration systems) would remain intact after
exposure to internal or external forces.

(b) The study indicated that confinement barriers of fuel processing
plants (including their waste storage facilities) in the size range of
interest can be maintained when credible internal or external accident forces
are exerted. Plants of various sizes cin be made equivalently safe by
applying common design criteria.

(c) Shipping of all radioactive materials except liquid high-level
wastes can be conducted safely and economically.

These conclusions show both greater realism and optimism than the
earlier report1* does, reflecting a different aim and context. Also, the
technology of air cleaning had become better established between reports. It
should be noted, however, that the conclusions are based on. the assumption of
strict regulation and quality assurance for the confinement and air cleaning
systems. Cost considerations are essentially based on an "as low as
practicable" strategy, given the present assessment of radiological hazard.

8.3.3. Routine Plant Releases from Reprocessing Plants

Absolutely leak-tight containment of process streams (with or
without recycle of air and wastes) in reprocessing plants is impractical. The
complete removal of all radioactivity from effluent streams is also
impractical. Releases are controlled to acceptable levels by effluent treat-
ment facilities. For present purposes, only the release of plutonium is of
interest; the estimate from this ORNL study5 is tnat using current technology
of processing, ventilation, and air cleaning, the release in effluent air from
a 1 MT per day plant would be 3 x 10~5 Ci/dp.y, based on a fractional release
of LWR Luel of 1.2 x 10"8.

It was assumed in the ORNL work6 that routine, release of radio-
active particulates to the environment increases in direct proportion to the
process vessel off-gas flow rate in plants having large throughput rates.
The fuel inventory in individual process vessels does not increase in direct
proportion to the production rate because of the necessity for multiple
equipment lines to permit continuity of operation and the use of progressively
more continuous equipment. The ORNL work considers that the routine release
to the off-gas system is roughly proportional to the area of the Interface
between the radioactive solid or solution and the gas. Radioactive aerosols
are entrained in off-gas streams primarily by sparging (at about 1 scfm/ft2,
and also by diffusion and recoil from surfaces. As a first approximation,
the greater surface-to-volume ratio of continuous equipment will offset the
effect of larger process vessels.
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8.3.4. Mechanisms of Particulate Formation

At ORNL, it has been found that the off-gases from process
vessels in aqueous fuel reprocessing operations contain particles of aqueous
solution at a concentration of about 10 mg/m3 (fog), with an equal weighc in
the size ranges of 0.1 to 0.4 pm, 0.4 to 1.3 pm, 1.3 to 5 ym, and 5 pm and
larger. This distribution differs from that observed by LASL (see Section
7.1). Sand bed or HEPA filters remove 100% of the particles larger than 3 pm
and about 99.98% of the particles smallar than 3 pm having the above size
distribution. This data differs from that presented in the earlier ORNL study
(see Section 8.2). From these data, it is estimated that the aerosol
concentration in the filter effluent is on the order of 0.0012 mg/m3 of
process vessel off-gas. If it is assumed that the radioactive solutions
contain 300 g fuel/liter and have a specific gravity of 1.2, the estimated
concentration of fuel in the filter effluent is 0.3 x 10~12 MT of fuel per m3

of air. From this and assuming a combined dissolver and process-vessel off-
gas flow of 1000 cfm, ORNL obtains a fractional release of 1.2 x 10~8 for the
plant.

8.3.5. Plutonium Releases in Plant Accidents

Upper-limit accidental releases of plutonium from fuel
reprocessing plants were estimated by ORNL as a function of capacity. These
are summarized in Table 8.2.

TABLE 8.2. Upper Limit Accidental Releases
of Plutonium fr-.'tn Fuel
Reprocessing Plants in Relation
to Plant Capacity

Capacity

1 MT/d

6 MT/d

36 MT/d

Plutonium

LWR Planta

0.36

2.2

2.2

Released (g)

LMFBR Plantb

2.4

4.8

7.2

aAssumes LWR fuel that contains 8 kg Pu/MT.

Assumes LMFBR fuel that contains 150 kg Pu/
MT.

These estimates are derived from detailed assumptions, given
in reference 6, regarding limiting accident events and particulate behavior.
The details are too complex to be summarized here, but the rationale on
aerosol behavior is consistent with the basic principles discussed in Section
6.
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8.4. Risks of Effluents from Mixed-Oxide Fuel Fabrication Plants: 1973
PNL Study/

Routine and accidental releases-; of plutonium from proposed mixed-oxide
fuel fabrication plants were studied by PNL. The reference plant has the
following features pertinent to this study:

(1) UO2-PUO2 fuel for light-water reactors.

(2) Design capacity of 1 MT/day.

(3) Fuel composition: 2 to 4% (wt) PuO2 in UO2 (no radiological
significance attached to uranium).

(4) Isotopic composition of plutonium equivalent to that of Yankee
spent fuel at 35,000 MWd/MT (see Table 8.3).

(5) Design features consistent with minimum (1973) AEC criteria for
new plutonium facilities.

(6) All glove boxes have HEPA filters and discharge to the final filter
system of the building, which has two stages of HEPA filters.
Aggregate penetrations of the 2- and 3-stage filters used in this
study were 1 x 10~5 and 6 x 10~7, respectively.

TABLE 8.3. Reference Isotopic
Composition of
Plutonium for PNL
Study

Isotope wt%

238Pu 1 # 9

239Pu 63.3
21t0Pu 19.0
2/flP-,- 12.0

3.8

Source terms were developed by PNL for normal operation (continuous
releases) and for five postulated accidents (short-duration releases). Normal
operation of the 1 MT/day facility is expected to result in a plutonium source
term of 5 x 10~e g per year. For accidents analyzed, a maximum of 10~2 g of
respirable plutonium was assumed to be emitted from the two-stage HEPA filter
systems. Emission of both soluble and insoluble plutoniura of this magnitude
was deemed credible.

Probabilities of accidental releases were estimated from historical data
on accident occurrences and equipment failure-rate statistics for fuel
fabrication facilities and related industries. It was recognized that there
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is a difference between (a) the probability of events leading directly to
releases and (b) probability of events which cause a release only if there is
a simultaneous occurrence of other events. (A third consideration, the
propagation of events resulting in common mode failures, is treated implicitly
in the PNL study.)

Accidental releases and their estimated probabilities are summarized in
Table 8.4.

Possibly significant process alternatives identified in the report are:
(1) coprecipitation as an alternative to the reference blending of pure UO2
and PuC>2 powders; (2) vibratory compaction for loading fuel elements as an
alternative to the reference pellet-making process; and (3) adaptation of the
plant to LMFBR fuel manufacture. The discussions presented on these
alternatives are reviewed briefly below.

Coprecipitation differs in that the uranium-plutonium mixture is
prepared as an aqueous solution, and the mixed oxides are precipitated as
solids, dried, reduced, and calcined together. Since all subsequent steps
(pelletizing, etc) are similar to those used following powder blending, the
chief difference is in aqueous handling and in the elimination of a pure PuC>2
powder, which is considered the plutonium-bearing material that is the
greatest potential source of releasable plutonium. According to the PNL
analysis, some reduction of routine and accident source terms would be expected
if coprecipitation is adopted.

Vibratory compaction was not analyzed by PNL to give a definitive
comparison with pelletizing, but PNL's preliminary judgment is that the source
terms would not be affected significantly by substituting vibratory compaction.

Higher PuO2 concentrations (8 to 30% wt) for LMFBR fuel, with smaller
pellet sizes, could be handled by the reference plant with minimal changes.
If the plant were converted to process 1/6 MT/day of 75% UO2 - 25% PuO2, the
plant plutonium inventory would be approximately the same, but criticality
restrictions would force reduction in the amount of plutonium handled in one
batch. For this case and assuming the same reference design features, the
routine and accident source terms were judged by PNL to be unchanged from
those of the 1 MT/day LWR-Pu plant.

8.5. Review of Accidental Releases of Truck Shipments of Plutonium; A Risk
Analysis by PNL

8.5.1. Introduction

A study by PNL® on releases from truck shipments of plutonium
has been reviewed to identify source term data for this mode of plutonium
handling. The PNL study was oriented toward risk analysis and hence focused
attention on probabilities of events and their consequences (measured as
deaths).

The PNL study considered plutonium in solution form (nitrate)
and as oxide. The containers assumed for reference designs were those
designated as L-10 for the nitrate solution and 6M for the oxide powder.
Accident frequencies and analyses of container behavior were obtained from a



TABLE 8.4. Annual Risk of an Individual in the Environs of a Plutonium Fuels Fabrication Facility7

Condition

Normal operation

Criticality

Explosion

Fire

Glove box damage

Facility fire

Resin column fire

Sintering furnace
explosion

Source Term (g)

5 x 10~6 (S)c

(I)

3 x lO"5 (S)

10-2 ( s )

1.1 x 10"2 (S)

lO-2 ( I )

lO-2 ( I )

3 X lO"5 (S)

10~5 (I)

Radioactive
Contaminant

Pu Mixd

Pu Mix
direct radiation
Noble gases and

halogens
iodine

Pu Mix

Pu Mix

Pu Mix

Pu Mix

Pu Mix

Pu Mix

Critical
Organ

bone
lung

bone
whole body

whole body
thyroid

bone

lung

lung

lung

bone

lung

Dose at 103

meter (mrem)

A/50 yre

0.06/50 yr

28/50 yr
16

31
200

9400/50 yr

70/2 yr

60/2 yr

60/2 yr

28/50 yr

0.06/yr

Probability of
Release (yr"1)

1
1

8.6 x 10~3

8.6 x 10~3

8.6 x 10"3

8.6 x ]0"3

VLO"3

<10"2

<10"2

2 x 10~"

<1 x 10"1

<5 x 10"2

TOTALS: Bone
Lung
Thyroid
Whole Body

Annual "Dose
Commitment'!
Risk (mrem)

4
0.06

0.24
0.14.

0.27
1.7

9.4

<0.70

<0.60

0.01

<2.8

<0.01

<16 mrem
< 1.5 mrem

1.7 rarem
0.4 mrero

Estimated using the ICRP Pub 2 lung model (ILM).

The probable dose to which an individual is annually committed to receive. This could be instantaneously

received, or it could be delivered over an estimated period as in the case of the bone and lung.

c *

I = insoluble S = soluble

Pu Mix = reference mixture of plutonium and americium.

6 4/50 yr means that the 4 mrem is delivered to the bone over a period of 50 yr.
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Sandia study. On the basis of estimated uncertainties in the PNL report
(p. 11.17), the 95% confidence limit on the occurrence frequency is two orders
of magnitude and that on the release fraction (log scale) is oi\ .-half order of
magnitude; the overall product may be estimated as one order of magnitude.

It should be noted that shipment of plutonium in liquid form
will be prohibited after June 17, 1978, according to current regulations
(10 CFR 71.42).

8.5.2. Basis of Analysis

The shipment that PNL used for its evaluation consisted of the
exclusive use of a "standard" van or trailer having no special provisions for
containment and having adequate capacity for either 6M or L-10 packages to
contain 100 kg of plutonium. For both oxide and nitrate shipments, four
barriers between the plutonium and man's environment were considered. For the
oxide powder, these were: a sample can (i;he primary container for the
plutonium), a heavy-wall closed pipe (referred to as the 2R container), a 6M
drum, and the van itself. For liquid nitrate, the barriers were: a poly-
ethylene bottle, a heavy-wall closed pipe (referred to as the pressure vessel),
an L-10 drum, and the van. A release was considered to have occurred when the
plutonium penetrated all four barriers.8

For shipment of plutonium as oxide, the 2R container consisted of a 5-
in.-dia schedule 80 steel pipe with a threaded plug and a gas-filled 0-ring
seal. Thid meets the specifications of 49 CFR 178.34. The bottom end is
closed with o. 1/2-in. steel cap. The oxide powder is contained in two sealed
number 8 steel cans, which are placed inside the 2R container. Padding is used
to minimize damage. The outer container is a 15-gal DOT (Department of
Transportation) Specification 17C drum. Dunnage (i.e., bracing) is employed
to secure the cargo during normal transport to withstand normal acceleration
and deceleration.8

For shipment of plutonium as the nitrate, the pressure vessel
has a 4.8-in. ID and is sufficiently thick to withstand 3000 psi at 600°F
(315°C). The internal length of 52.2 in. accommodates a 10-liter polyethylene
bottle sealed in a polyvinylchloride bag and cushioned with neoprene pads.
The outer container consists of two 55-gal drums welded end-to-end (DOT
specification 17H) . The annular space is filled with vermiculite for thermal
insulation.8

8.5.3. Estimates of Plutonium Source Term

In the PNL study, analyses of container failures and the
resulting consequences were presented as risk spectra, i.e., curves of expected
fatalities (consequences) vs probability of event sequences associated with
those fatalities. The methodology involved the generation of fault trees,
identification of release sequences, determination of probabilities and
release fractions, dispersion mechanisms of resulting releases, and evaluation
of health effects. The. determination of source terms (release of plutonium)
is inherent in the methodology, but these were not specifically reported. The
basis for the evaluation was a single shipment of 39 containers for oxide or
50 containers for nitrate (100 kg Pu) for a distance of 1500 miles. For
details of the methodology, the reader should consult the published reference.8
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The authors of the PNL report repeated several computer runs
for us in which the program was modified to yield a printout of source term
data.9 The data furnished us is shown in Table 8.5. The data for oxide
shipment is plotted in Fig. 8.1.

TABLE 8.5. Accident Release Fraction of Plutonium
during Shipment vs Cumulative
Probability (per shipment)9

Lower Limit
of Release

Fraction Range (F)a

ID'7

io-6

ID"5

io-4

io-3

—0

io -
lO'1

0.251

0.398

0.631

Estimated Cumulative
Probability13

Fraction (F)
of Release
or Greater0

Form of Plutonium
Oxide

4.3 x 10"7

3.3 x 10"7

3.3 x 10~7

3.3 x 10~7

2.41 x 10~8

2.383 x 10"8

2.383 x 10"8

2.38 x 10"8

8.9 x 10"10

8.9 x 10"10

1,

1,

1,

6.

6.

5.

4.

4.

2.

1.

Nitrate

.892 x 10~6

.888 x 10"6

.876 x 10""6

.305 x 10~7

,276 x 10"7

,115 x 10"8

954 x 10"8

,954 x 10"8

381 x 10"8

913 x 10"8

Upper limit is unity.

The cumulative probability P(F) is defined in terms
of the continuous probability density p(F) by

P(F) = y 1 p(F)dF (See text).

c Data obtained from the authors of BNWL-1846
(Reference 8).

The data is specifically applicable to a single container,
and is valid for all containers to the extent that canister failures are
independent of each other, and that, in effect, not more than one container
releases its contents to the environment in any one accident. The authors
did analyze the prohibility of two canisters failing in a single accident on
the basis that the probability of each canister failure was independent. The
probability of a dual failure was found to be more than two orders of magni-
tude lower than the probability of a single failure and could be neglected.

Two types of accidents were identified in which multiple
canister failures could not be considered independent. One is criticality
and the other is crush. The rationale for concluding that thase events do
not contribute significantly to overall conseq-ances are given below.
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"If criticality occurs, the internal pressures generated within
aach container could rupture the containers. Based on the results presented in
sections 7.0 and 9.0, cviticality would not be an initiating event. However,
events and conditions following a severe accident in which plutonium is released
could result in criticality. Nevertheless, the necessary events and conditions
for criticality to occur are so limited that this stress should not significantly
contribute to the risk levels.

"The crush environment of the L-10 [container] requires tuore
detailed analysis because in accidents involving extreme decelerations, multiple
containers could fail by drum lid removal. Since Sandia estimates that about
1/3 of the cargo could be lost in 6.8% of all accidents, more than one failed
container would likely be removed from the truck in this case. Failed containers
which lose vermiculite when removed from the truck are then susceptible to
releasing plutonium if a fire occurs after the accident.

"The detailed evaluation of the crush environment is presented
in Appendix J. The results of this supplemental evaluation are shown in
Fig. 11.5 [not shown]. The evaluation presented in section 11.2 assumed that
only one container failed in an accident but at an accident frequency multiplied
by the number of containers in the shipment. This assumption is nonconservative
by about a factor of 3 at the high consequence end of the risk spectrum, but
conservative by about the same factor at the low consequence end. Since this
crush-fire sequence is just one sequence out of many that determines the risk
spectrum for a nitrate shipment, the overall effect of assuming individual
container failures is less than the difference shown in Figure . . . Therefore,
it is believed that the inclusion of multiple container failure data would net
seriously distort the risk spectrum obtained from individual container failure
analysis."8

The information desired for this report is the expected release
fraction of plutonium for a shipment. This is obtained by appropriate inte-
gration of the data shown in Fig. 8.1 (for shipment of plutonium oxide).*

r1 r1
= / FdP = /
JO J°

Expected Release Fraction = / FdP = / PdF

where
P = cumulative probability of release fraction F or greater

F = release fraction (lower limit) specific to the correspond-
ing P

The integration was performed using the dashed curve of Fig. 8.1. The expected
release fraction per shipment was found to be 1.04 x 10~8. If the data furnished
by the authors is connected by straight lines and the integration is repeated,
the expected release fraction per shipment is reduced by about 15 percent. Note
that in the release fraction range from 0 to 10""7, a cumulative probability of
4.3 x 10~7 was assumed. The contribution of this low range of release fraction
to the expected total release fraction is very small and hence is insensitive
to the detailed assumptions used.

* Discussion of this integration appears in Appendix B.
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Of possible interest is the expected release fraction per acci-
dent. The authors of the PNL report reviewed accident frequency data for the
shipment of hazardous materials ana determined that the value is about 2.5 x
10"^ truck accidents per mile or 250 per 100,000,000 miles. This translates
into an accident frequency of 3.8 x 10~3 for the reference 1500-mile plutonium
shipment or 1 accident for every 263 shipments. The expected release fraction
per accident for oxide is thus (1.04 x 10~8)/(3.8 x 10~3) = 2.7 x 10~5. This
fraction is to be applied to 100 kg Pu in the reference shipment.

The comparable computation for the shipment of plutonium in
the nitrate form yields an expected release fraction of 3.8 x 10~8 per ship-
ment and 1 x 10~5 per accident; this is about four times higher than that for
oxide.

The expected release fraction per shipment for plutonium in
the oxide form is somewhat greater than the expected release fraction from
fabrication plants for currently applied technology and is equivalent to that
for reprocessing plants. It should be noted, however, that the analysis w-';s
made for a very specific shipping model based on current designs and practices,
and no advancements in technology were considered. No efforts were made for
this report to estimate possible reductions of releases as a result of advan-
cing technology.

It should also be noted that in this estimate of the plutonium
source term for shipping, no effort was made to differentiate types of plutonium
releases relative to potential radiological hazard. Releases that involve
dispersal to the atmosphere as an aerosol are considerably more significant
radiologically than releases in which oxide is simply spilled onto a highway
pavement. The PNL report does take into account dispersal mechanisms in
arriving at risk spectra in which the consequences are measured as fatalities.

8.6. AEC Generic Environmental Statements

8.6.1. Environmental Survey of the Nuclear Fual Cycle*p

This survey assesses the environmental impact of the currently
predominant nuclear fuel cycle for uranium-fueled light water reactors (LWR-U).
The portions of the cycle that contain p.lutonium are shipment of spent fuel,
reprocessing and co, version, shipment, and waste management. The environmental
discharges were normalized for a 1000-MWe model LWR-U having a plant load factor
of 80%. Losses of fuel were assumed to be 1% each for fabrication and proces-
sing.

The summary table shows a release of 4 mCi (presumably a plus B)
of transuranic elements as gases for the entire cycle, and none as liquids.
Since the model LWR-U produces 0.8 GW(e)-yr of electrical energy per year,
this release corresponds to 5 mCi/GW(e)-yr. All releases arise from reproces-
sing operations.

Five significant accidents having potential serious consequences
were identified: criticality, ion-exchange resin fire, leak in the UFg load-
out system, leak in storage pool cooler, and rupture of a fuel assembly.
Release of plutonium was considered only for the ion-exchange fire. A total
plutonium content of 3840 g was assumed to be involved, and the off-gas treat-
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tnent system (not described) was assumed to pass lO"55 of the plutonium. Thus
the plutonium release is given as 38.4 mg or about 26 mCi(a). Since the model
reprocessing plant has the capacity to serve 26 LWR-Us, this corresponds to
1 mCi(ot) per LWR-U. The PuO2 release was considered to be in the insoluble
form.

Transportation ol spent fuel and of high-level waste was con-
sidered; no plutonium releases were identified. Transportation of refined
plutoniura from the reprocessing plant was not considered.

8.6.2. Generic Environmental Statement Mixed Oxide Fuel (GESMO)n

The GESMO statement does Tiot analyze the environmental effects
of LWR-Pus per se but generically treats a reference mixture of LWR-Us and
LWR-Pus that is likely to exist in 1990 on the assumption that plutonium
recycle is introduced in the next few years. Prior to and during the year
1990, the fraction of reactors being fueled with plutonium is assumed to be
gradually increasing. Because fuel is in a reactor for up to four years, the
fraction of reactors that will be discharging mixed-oxide assemblies in the
year 1990 will be less than the fraction of reactors for which mixed-oxide
assemblies are being fabricated.

To enable the reviewers to properly allocate plutonium discharges
to either LWR-Pus or LWR-Us, they have calculated from GESMO data the fraction
of reactors operating in the LWR-Pu mode.

The report states that at equilibrium, the reference LWR-Pu con-
tains 40% of mixed-oxide assemblies. Furthermore, the total weights of fuel
in mixed oxide and in all assemblies charged to the system in 1990 are calcu-
lated to be 1500 MT and 13,800 MT, respectively. Thus, 10.9% of assemblies
fabricated are mixed oxide, which is 27.2% of the 40% reached at equilibrium.
Hence, it is concluded that 27.2% of the then-existing reactors (430 1000-MW(e)
reactors) are being fueled in the recycle mode. The balance continue tc operate
as LWR-Us.

The analysis of spent fuel discharges (K800 MT) indicates that in
1990, 273 reactors will in fact be discharging fuel. Presumably, the difference
between 430 and 273 will represent reactors that will have gone on stream in the
preceding four years but are not yet discharging fuel. Two hundred seventy-three
reactors operating only in the LWR-U mode would discharge 53,000 kg c; fissile
plutonium. Two hundred seventy-three reactors operating solely in the LWR-Pa
mode would discharge 8800 MT x 0.01059 (fraction fissile Pu) = 93,200 kg of
fissile plutonium. The actual stated discharge (in 1990) of 62,000 kg of
fissile plutonium indicates that about 22.4% of the reactors are discharging
fuel characteristic of an equilibrium LWR-Pu. These factors need to be consi-
dered in evaluating the environmental effects associated with LWR-Pus.

The reference mixed-oxide fuel fabrication plant for GESMO has
an annual production rate of 300 MT/yr. Since the fuel for a LWR-Pu (at
equilibrium) consists of 40% of mixed-oxide fuel, the 300 MT produced is ulti-
mately chargM to a reactor with an additional 450 MT of slightly enriched
uranium fuel for a total of 750 MT. The latter quantity fusing a burnup value
of 33,000 MW(t)d/MTand a reactor thermal efficiency of 32%] will ultimately
generate 21.7 GW(e)-yr of electrical energy.



68

The stated normal environmental discharges for the eight M0x

fuel fabrication plants required for the industry in 1990 is 2.2 mCi(a)/yr
as gaseous effluent and 3.3 mCi(a)/yr as liquid [276 uCi(ot)/yr and 414 pCi(a)/yr
respectively, for each plant]. This is equivalent to 12.7 iJCi(a) and 19.0
liCi(a) for gas and liquid discharges respectively for each GW(e)-yr of electrical
energy produced.

The basis for the gaseous discharge value is an extrapolation of
the experience of Westinghouse at its Cheswi.̂ k facility. The release rate was
obtained by multiplying the release rate at Cheswick, 11 iiCi(ot)/yr, by the
ratio of specific activities [0.7 Ci(a)/g at the GESMO relerence facility and
0.09 Ci(a)/g at Cheswick] and by the ratio of exhaust air flows (45,000 cfm
at the GESMO facility, and 14,000 cfm at Cheswick). The assumption is that
the gaseous effluent at the GESMO reference facility will be as clean as that
at Cheswick. On the basis that the 300 MT of production contains 1.82% plutonium,
the fractional release to the stack is 7.2 x 10"11 or a reduction factor of
1.4 x JO10.

The GESMO report describes the reference ventilation sysLcui. All
air supplied to the building passes through one stage of HEPAs, and air supplied
to process enclosures passes through an additional stage. Gases from process
enclosures pass through a total of three stages of HEPAs, one of them at the
enclosure, the other two just upstream of the discharge stack. Building air
exhausts through the latter two stages of HEPAs. This system, as described in
the GESMO report, is comparable to that proposed by Westinghouse for its
Anderson, South Carolina, production facility.12

The plutonium discharge in liquid streams is obtained by estima-
ting the volume of contaminated liquid expected to be produced in the GESMO
reference plant, and assuming that such liquid will be processed in a manner
to obtain a plutonium concentration of 10% of that stated in 10 CFR Part 20.
The volume of contaminated liquids is estimated as 500 gal/day.

GESMO considers three types of serious accidents for the M0x fuel
fabrication facility, all of them stated to be unlikely to occur: criticality,
afire, and an explosion. The number of fissions in a criticality accident is
estimated to be 101®; 500 g plutonium is assumed to become airborne in the
glove box where it occurs. The filters are assumed to remain intact, and a
reduced efficiency of 10" g (penetration fraction) is taken as reasonable. Thus,
0.50 ug or 0.35 uCi(oc) of plutonium would be released.

A major fire is assumed to destroy the HEPA filters located locally
at the glove boxes affected. The remaining two HEPA stages, each assumed to be
operative with an efficiency of 99.9%, are protected from fire by incorporating
a water spray system in the design. One hundred grams reaches the filters
(plutonium loading in air is taken as 100 mg/m3 in a room volume of 1000 m 3 ) ,
and thus 100 ug or 70 iiCi(ct) is discharged to the stack.

The explosion considered could occur at the sintering furnace,
at the clean scrap reduction operation, at the dirty scrap recycle operations,
or at locations where combustible material has accumulated. The effects des-
cribed are comparable to those for a fire; one set of HEPAs damaged, and 100 g
of plutonium reaching the remaining two stages of filtration.
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If each of these major accidents occurred once a year in each
reference plant (this is strictly a supposition and not an estimate), 140 yCi(a)
would be discharged over and above that discharged in normal operations. This
corresponds to 6.4 )jCi(ot)/GW(e)-hr of energy produced.

The reference processing plant will handle 1500 KT/yr of fuel of
which 11% will consist of mixed-oxide fuel in 1990. The plant processes
include solvent extraction processing for the separation and recovety of
uranyl nitrate, plutoriam nitrate, and fission products; conversion of the
uranium stream to uranium hexafluoride; conversion of the plutonium stream to
oxide; and solidification of the high-level fission product stream. GESMO states
that the normal plutoniura content of the gaseous effluent is expected to be 1.53
mCi(a)/yr compared with 1 wCi(a)/yr if the plant were handling only LWR-U fuel.
If the plant were processing only fuel from equilibrium LWR-Pu's, 40% of the
fuel would be mixed oxide. By use of ratios, the discharge would be 2.93
mCi(a) for total operation in the LWR-Pu mode. This corresponds to 27 pCi(ct)/
GW(e)-yr of energy produced.

The fraction of plutonium processed that is released is 1.6 x 10~10

for a reduction factor of 6.4 x 109.

The reference processing plant discharges no radioactive liquids
to the environment.

Three principal major accidents were considered: criticality,
waste concentrator explosion, and plutonium concentrator explosion. For the
firsr two., no reference was made to plutonium releases. For the last, 13.5
mCi(a) of plutonium penetrate the filters for the reference plant. If it is
taken into account that the reference plant handles 11% mixed-oxide fuels
(where 40% is the equilibrium value for an LWR-Pu) and that the same explosion
would release 9.1 mCi(a) for uranium fuels, the release for LWR-Pus would be
25.1 mCi(a). For one such explosion per year, the incremental discharge (above
that for normal operations) would be 231 uCi(a)/GW(e)-yr of energy pr&duced.

The transport of plutonium in the ex-reactor fuel cycle occurs
in the forms of: irradiated spent fuel to the processing plant, oxide to
the mixed-oxide fabrication plant, and fresh fabricated fuel to the reactor.
Because of regulations th^t apply to shipping packages, closures, and quality-
control requirements, the GESMO report regards releases cf plutonium during
shipment as negligible.

8.6.3. AEC Generic Statement for LMFBR Program13

8.6.3.1. Fuel Fabrication

The reference fuel fabrication plant produces a total
of 5 MT/day which includes about 2.54 MT of mixed oxide for the LMFBR core,
1.75 MT of uranium oxide for the axial blanket, and 0.7 MT of uranium oxide
for the radial blanket. The two compositions are fabricated in separate
sections of the plant, but finished fuel elements are brought together for
final assembly as required. This study is only concerned with those portions
of the plant in which plutonium is present. Average burnup in the associated
LT-IFBR is 37,100 Mwd/MT of total discharge (core, axial blanket, and radial
blanket).
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The ventilation system for the mixed-oxide portion
of the plant provides three stages of HEPA filtration for effluents from
process containment (one stage at or near the glove box, plus two stages
upstream of the discharge to the stack) and two stagcis of HEPA filtration
from working and other building areas. Based on supplementary information
provided in the report, 0.1% of the material processed becomes airborne and
reaches the inlet face of the first stage of HEPA filters. Each stage of
HEPA filters is considered conservatively to be 99.9% efficient. Thus the
fraction of plant material that is discharged from the plant through the
process system off-gas is 10~12. Similarly, the fraction of material that
becomes airborne into working areas is estimated as 10~6. Two additional
stages of HEPA filtration reduce this fraction to 10~12.

The rationale for arriving at the value of 0.1% of the
plu^onium processed that reaches the filters is as follows: Three particularly
dusty operations have been identified, of which ball milling is judged the
worst. At the time of charging and discharging of the ball mill with an 11.3-kg
batch of PuO?, dust loading of the surrounding air is assumed to reach 100 mg of
PuO2 per cubic meter, a level that is judged the maximum for heavy particlates.
The glove box, which has a volume of 200 ft3, is exhausted at the rate of 13 cfm.
The dusty condition is estimated to last 20 min. The fraction of Puu2 that
becomes airborne from the single glo^e box is thus estimated to bo. 10"1*. The
roughing filter preceding the first HEPA stage removes about 90% of the suspended
particles; as a result, the fraction reaching the HEPA is 10~5. Three similar
dusty operatxons plus miscellaneous sources of dust increase the estimated total
fraction to 4 x 10~5. For conservatism, the fraction1of 10~^ was used in the
computations.

This analysis results in a plutonium discharge of about
149 ug/yr or 104 uCi(a)/yr.

Contaminated liquids are impounded for sampling and
analysis. If results exceed the limits in 10 CFR Part 20 for unrestricted
releases, the liquid is either processed (.e.g. , by evaporation or ion exchange)
or incorporated into a solid matrix (e. g. , concrete). If the concentrations
are below the limits, the liquid is released to the environment. An estimated
1000 gpd thus released will contain a maximum of about 10 pCi(a). If this is
done daily, the accumulated value will be 3570 v;Ci(a)/yr.

Three types of major accidents are identified: hydrogen
explosion iti ncrap recovery operations, criticality, and a general facility fire.
Each j.s assumed to destroy th». integrity of the HEPA filter at the process
enclosure. The remaining two HEPAs are protected from heat and fire debris by
water sprays, and it is assumed that they continue to function. Estimated
release are listed below:

Accident Estimated Release fiXi(a)]

Explosion 29.3
Criticality 176
Facility Fire 3722
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8.6.3.2. Fuel Reprocessing

The reference processing plant for LMFBR fuels handles
5 MT/day of combined core and blanket fuel. The off-gas system is fairly com-
plex and requires absorbers and scrubbers for the removal of N02» I2> and other
constituents. The air-cleaning system for particulate removal from process
off-gases consists of two stages of HEPAs plus a sand filter. The HEPAs are
considared to be 99.9% efficient and the sand filter to be 99% efficient. The
fractional penetration through the filtration system is thus 10~8. The fraction
of plant material estimated to become airborne is 10~k. Thus a total fractional
penetration of 10~12 is estimated. For purposes of the reference plant, this
fraction was increased to 2 x 10"10 for two reasons: (1) the aerosol particle
size is expected to be much smaller than that generated in a fabrication plant,
and (2) some degradation of filter media is possible due to chemical reaction
with residual nitric acid in off-gases. On this basis, a normal annual
Plutonium discharge rate of 30,000 yg or 21,000 vCi(a) is estimated.

Serious accidents involving plutonium were identified
and analyzed. At the time of an accident, it was assumed that the two stages
of HEPAs were degraded to yield a fractional penetration of 3.6 x 10"5 instead
of 10~6. On this basis, estimated releases were as follows:

Accident

Pipe break of line containing
dissolver solution

Facility Fire

Criticality

Waste Evaporator Explosion

Plutonium Evaporator Explosion

Plutonium Released [yCi(cc)]

1008

110

0

0.076

15

8.7. Allied Gulf Nuclear Fuel Processing Plant, Barnwell, S.C.

This processing facility has a nominal capacity of 1500 MT/yr of fuel
containing up to 12,800 kg plutonium. The off-gas treatment for this plant
is relatively complex.14 The principal process off-gases are treated for acid
removal and ultimately are passed through an iodine scrubber (identified as
No. 2), a heater, a prefilter (consisting of a rough filter and a final filter
not identified as a HEPA"*, an iodine absorber, and two stages of HEPAs. The
stated release rate of plutonium to the environment is 1.631 x 10~10 Ci/sec.
[5143 pCi(a)/yr, which corresponds to a release fraction of 5.7 x 10~10 based
on a total plutonium content of 0.86% at discharge and a specific activity of
0.7 Ci/g. No detailed analysis is prasente.d of plutonium penetrations through
various stages of the gas-cleaning equipment. The AEC, in preparing its
independent environmental analysis, arrived at the same level of particulate
discharge.

The applicant considered a series of serious accidents, calculating the
plutonium discharges for each accident, but did not show the bases for the
calculations. These are listed below:

Accident

Solvent Fire:
Plutonium Cycle
Codecontamination Cycle

Plutonium Release [uCi(ot)]

17,813
A41
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Explosion:
HAW Concentrator
LAW Concentrator
Pu Product Concentrator

Criticality

Loss of Decontamination in
Acid Recovery and Waste Treatment

24.4
1.8

12,268

33.8

8.8. Summary of Source Terms Data

Information on plutonium releases from the several environmental reports
presented in the preceding sections is given in Table 8.6.

Table 8.6. Summary of Source Term Data from Environmental Reports

Operation

Fabrication
of MO Fuel

Reprocessing

Source

Fusl
Fabrication

Reprocessing

Reprocessing

Nominal Plant
Size (MT/day) Release Modi;

Source Term Data Inferred

1 Normal Operations:

Gaseous
Liquid

Criticality

Fire

Explosion

5 Normal Operations:

Gaseous

Explosion

Term Data Inferred from the LMFBR

2.54 Normal Operations:
(core only) G a g e o u g

Liquid

Explosion

Criticality

Fire

5 Normal Operations

Accidents

AGNS

5 Normal Operations

Accidents

Fractional Release

from GESMO

7.2 x 10"11

10% of 10CFR20

1.6 x 10"10

Pu Released

0.276 mCi/yr
0.414 mCi/yr

0.35 pCi

70 uCi

70 uCi

29 mCi/yr

25.1 mCi

Environmental Statement

io-12

2 x lO"10

6 x Hf10

104 yCi/yr
3.5 mCi/yr

29.3 uCi

176 uCi

3.7 .mCi

21 mCi/yr

<1 mCi

5.1 mCi 'yr

<18 mCi
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9. CONSTRUCTION OF SOURCE TERM MODELS FOR REFERENCE FUEL CYCLES

9.1. Ventilation Design and General Filter Characteristics

Design criteria for ventilation systems in radiochemical plants include
maintenance of directional ventilation flow (air) from areas of low contamina-
tion to areas of high contamination and flow of air from high contamination
areas through air cleaning systems prior to discharge or recycle. Directional
flow within the plant is required to ensure the safety of operating personnel.
Directional flow through air cleaning systems ensures that the levels of con-
tamination discharged to the environment are acceptable.

Air cleaning systems such as scrubbers or several types of filters are
employed for modest-size glove box facilities, as well as for the ventilation
streams of large plants. The present interest is res Lricted to fiber filters
such as HEPA filters since these are the most commonly employed means for the
efficient cleaning of ventilation streams. Commercially available HEPA filters
are available in several sizes, the largest of which in common use has a nomi-
nal capacity of 1000 cfm (28.3 m3/min) and is 24 in. x 24 in. x 11.5 in. deep
(61 cm x 61 cm x 29 cm). Air flow at 1000 cfm results in a pressure drop acrost-
the clean filter of 1 in. of water (249 N/m2). Greater pressure drop is tolera-
ted in service with the potential for reduction in flow, depending on the
characteristics of the air-moving system.

The efficiency of HEPA filters is relatively insensitive to temperature
and humidity but is related to particle size of the impinging aerosol and, to
some extent, on the filter loading. The fractional penetration of a filter by
aerosol particles (1 - efficiency) is decreased by filter loading. Tests of
HEPA filters indicate a generally achieved maximum penetration of 10"14, and
quality control acceptance standards are set at 3 x 10"1*. The standard test
of penetration uses a nearly monodisperse 0.3-ym-dia liquid aerosol of DOP
(dioctyl phthalate); this size of aerosol is very close to that for which
penetration is a maximum. As indicated in Section 7, penetration of a series
of HEPA filters is approximated by the product of the individual filter pene-
trations. Hence, for three filters, each with p = 3 x 10"1*, the calculated
penetration is 27 x 10~12.

The HEPA filter, although unaffected by the normal variations in ambient
conditions, is subject to destruction by pressure pulses (blast), extreme heat,
and chemicals that attack the filters. These agents will result in destruction
of the filters and dispersion of the contained contamination and will result in
a loss of cleaning capability for air subsequently introduced into the system.

Filtration of ventilation air is the most important factor determining
the attributes of contamination discharged to the environment. Particle size
distributions and concentrations of contaminating aerosols will be determined
largely by the properties of filters as installed in ventilation systems. For
these reasons, estimates of contamination resulting from operation of nuclear
plants; require the identification of properties of HEPA filters as a reference.
These properties are discussed in the next section.
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9.2 Basic Ventilation Design

9.2.1. Introduction

Ventilation design has the general objective of controlling air
flow so that the appropriate air purity is maintained in specific zones. This
is usually accomplished by arranging for a supply of fresh incoming air and by
the treatment and discharge of contaminated air. Our concern is witu three
zones: the zones occupied by operating personnel, the zone with the source
contamination, and the atmosphere zone to which the ventilation exhaust is
discharged. The basic ventilation pattern concerns the direction of air flow
through these zones and the provision of means of controlling the direction,
flow quantity, and purity of air passing from one zone to the next.

9.2.2. Glove Box Configuration

The direction of flow in a glove box is maintained by the
source of differential pressure, the blower.

tn the process zone, which it. the source of most contamination,
a separate atmosphere-cleaning system may be used in a recycle mode, indepen-
dent of the between-zones flow. Such systems are used in "clfcan rooms" where
production processes require a very clean environment, especially free from
contamination by dust. Filters and scrubbers are used in such recycle systems.
Recycle cleaning systems are not in principle different from exhaust cleaning
systems, except that performance is optimized for the processing environment
rathnr than for the external atmosphere (as is the case with exhaust systems).
The recycle system affects, and usually benefits, the exhaust cleaning system
by reducing the direct load of contaminant.

In general, it is very difficult and costly to remove completely
all chemical contamination in a recycle cleaning system. However, in the case
of noxious contamination, the possibilities of external recycle of exhaust air
to the inlet supply and the standard of contamination of the atmosphere environ-
ment may require very stringent exhaust cleanup and may also make internal
recycle cleanup desirable.

9.2.3. Removal of Contaminants from Air in AEC Filters

The removal of contamination in either recycle or exhaust systems
requires separation of the contaminants from the air. Of the two major separ-
ation processes, wet scrubbers and dry filters, we will confine our attention
to filters of the modular fiber type, namely, the HEPA filter. One of the
largest of the standard sizes of HEPA filters has a rating of 1000 scfm and
has overall dimensions of 24 in. x 24 in. x 11 1/2 in. deep. Since there is
no way of cleaning the HEPA filter unit itself, it must be replaced periodically.

The efficiency of HEPA filters is insensitive to air temperature,
humidity, and barometric pressure in the practical range. Die performance of
the filter is measured in terms of its efficiency of collection. Fractional
penetration, p, of the filter is related to efficiency as follows:

p = 1 - Efficiency
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The penetration p may be thought of as the probability of a single particle
penetrating through the filter. Penetration is a function of particle diameter
and velocity through the filter, but is normally independent of particle
concentration. HEPA filters do not function in a water-saturated environment
(i.e., wet) and are not resistant to certain chemicals (e.g., HF) that attack
the glass or asbestos constituents of the filter. For solid airborne particles,
p is not increased by higher filter loadings, although overall filtration is
affected by increases in pressure drop (pressure drop increases with higher
loadings).

Quality assurance uses a penetration of 3 x 10 as an acceptance
point for HEPA filters. These tests are with a standard (nearly) nonodisperse
0.3-um liquid aerosol (dioctyl phthalate).1 It is known that the oarticle
diameters for which p is a maximum are in the approximate range of 0.1 to 0.5 urn.

The loading on the second filter in a series is expected to be
lower by a factor of p, i.e., of the order of 3 x 10"1*, than the loading for
the first filter when both have been in service for the same duration. If the
initial filters have Lo be replaced every month, it is calculated that tVie
second filters will require replacement every 275 yr.

Because of the high cost of filter replacement required as a
result of loading, it is reasonable to take steps to avoid unnecessary loading
due to contaminated inlet air or extraneous dust production within the process
system. Inlet filters and prefilters are commonly employed.

9.2.4. Safety and Other Considerations

The standard HEPA filter can be damaged by pressure pulses,
extreme heat, or corrosive chemicals. Thus, fire and explosion are capable
of destroying the filter system and causing the release of some of the con-
taminants already deposited on the filter. This hazard is mainly controlled
by preventive means. Also, the use of fire or pressure dampers for filter
protection are possible design features.

9.3 Reference Penetration Data for HEPA Filters

The mechanisms by which particles contained in an aerosol are removed
during passage through a fiber filter medium have been described in Section 6.
The effectiveness of the three principal mechanisms—inertial itnpaction, thermal
diffusion, and flow interception—are dependent on particle size, density, and
geometry; the nature of the filter medium (fiber size, spacing, etc.); and the
velocity and temperature of the carrier gas through the filter medium. The
behavior of aerosols within a filter is such that for fixed physical conditions
of the filter and the flow, the fraction of particles penetrating is a function
of particle size; there is a moderately narrow range of particle sizes for
which penetration is maximum. This range of size has been found to be from
about 0.1 pm to 0.5 urn, depending on values of the parameters.

Data on experimental measurements of penetrations of HEPA filters at
LASL by aerosols of 23^Pu02 were presented in Section 7. These results have
be^n used fcr the preparation of reference data for this review.
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The data in Table 7.5 show revised data from LASL that reflects average
penetrations from all runs they've made, including data from a set of runs
in which filters that had lower efficiencies were deliberately selected for
stage 1. The purpose, as stated in Section 7, was to increase the penetration
of the first stage and thereby obtain better counting statistics for the stage
3 HEPAs. Hence, the LASL data for stage 1 shows a bias in the direction of
increased penetration. The reviewers analyzed the data for the biased runs
separately from the data for all other runs. These data are shown in Table
7.6. For this review, data that excluded the results from the biased runs were
used as reference for the first stage. The revised LASL penetration data,
together with that adopted as a reference for the first stage, are shown in
Fig. 9.1. The general shapes of the two curves are comparable, although the
decrease in penetration for very small particles (<0.22 ym) is somewhat greater
for the reference. For large particles, the reference curve passes through the
scatter of points represented by LASL data but does not show an increase at
large diameters.

For the second stage filters, the LASL data was adopted as the reference
in the range covered by their data: <0.12 pm to 0.96 ym. For larger particles,
the curve was extended in such a way that the slope of the extension was
comparable to that obtained by the. reviewers in the extended range. Both
curves are shown in Fig. 9.2.

The revised LASL data did not include penetrations for the stage three
HEPA's as a function of particle size. The small amount of material deposited
at each stage of the impactor did not yield good counting statistics. The
best data for the overall performance of the stage three filters was that series
of runs—P4-J.0, -11, -15, -18, and -19 (See Table 7.4)—in which the counting
statistics were the best. The average penetration for these five runs was
560 x 10~7. Fractional penetrations for the same five runs for the second
stage HEPAs averaged 670 x 10 . Hence, the performances of the two stages
were comparable. The reviewers have assumed that the penetration characteris-
tics of the two stages (as a function of particle size) are comparable, and
have adopted for reference the penetration curve of the second stage for the
third stage as well.

For application in determining source terms, it was assumed chat some
degradation of efficiency would occur as a result of some leaks not eliminated
during installation of the filters, and that degradation would occur because
of chemicals or other factors. Where two stages were required, an overall
degradation factor of 102 was used for the fractional penetration and where
three stages were required, an overall degradation factor of 103 was used.

All reference data is shown in Table 9.1.

9.A. Particle Size Distributions of Effluents

In this section, the reference penetration data is applied to aerosols
generated within processing and fabrication plants to determine the particle
size distributions of effluents. These data can then be used in conjunction
with the total plutonium content of effluents to establish the absolute
quantities of effluent plutonium in any particle size range of interest.
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tig. 9.1. Penetration Data for First-Stage HEPA
Filters Adopted for Reference
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Fig. 9.2. Penetration Data Adopted as Reference For

Second and Third Stages of HEPA Filters

It was shown in Section 7.1 from measurements made at AEC facilities
that particle sizes from operations involving liquids are much smaller than
those generated in operations that are largely mechanical in character. Also,
operations of a production nature, i.e., repetitive, tend to yield narrower
particle size distributions than are obtained in variable operations such as
those performed at research and development facilities. Also, because the
reference penetration data of HEPA filters shows the efficiencies of the HEPAs
to be dependent on particle size, it would be expected that the diatribution
of particle sizes would be altered during passage through an air cleaning
system.

The calculations were performed for two air cleaning systems, one of
them consisting of two HEPA filters in series and the other of three HEPA
filters in series. The former is intended largely for application to existing
systems, the latter to facilities yet to be constructed. To meet the new
requirements for discharge limits proposed by the EPA in 40 CFR 190, facilities



TABLE 9.1. Filter Penetration Data Used for Reference

Particle
Size Range
amad (pm)

<0.12

0.12 to 0.22

0.22 to 0.44

0.44 to 0.96

0.96 to 1.54

>1.54

1

4 :

18

32

28

12

2.

rtEPA 1
(1)

, io-7

.1 x 10"7

.8 x 10~7

.1 x 10~7

.1 x 10"7

5 x 10~7

HEPA 2

159

352

393

201

140

90 :

(2)

x 10~7

x 10~7

x 10~7

x 10~7

x 10~7

x. 10~7

HEPA 3
(3)

159 x

352 x

393 x

201 x

140 x

90 x 1

io-7

lO"7

io-7

io"7

ID'7

o"7

Fractional Penetration

Two Stages

(1) x (2)

0.636 x 10" 1 1

6.37 x 10"11

12.9 x 10""11

5.6 x lO"11

1.7 x 10"11

0.22 x 10" 1 1

in Series

Degraded by 102

0.636 x 10~9

6.37 x 10"9

12.9 x 10"9

5.6 x 1O~9

1.7 x 10~9

0.22 x 10~9

Three Stages in Series

(l)x(2)x(3)

1.01

22.4

50.6

11.3

2.37

0.20

x lO"16

x 10-16

x lO"16

x lO"16

x 10-16

x 10-16

Degraded

1.01 x

22.4 x

50.6 x

11.3 x

2.37 x

0.20 x

i by 103

ID"13

lO'13

lo"13

io-13

10~13

ID'13

CO

o

• 7
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are expected to be designed with a minimum of three HEPAs in series. For some
cases, it is expected that a fourth filter may be added, thus altering further
the particle size distributions of effluents. The four-filter cas1; has not been
calculated.

In all cases, *he particle size distribution was assumed to follow a log-
normal distribution.

For a processing plant, the aerosol challenging the first filter was
assumed to have a mean diameter of 0.5 um and a geometric standard deviation
(on) of 2.2. This is consistent with the. data available fcr liquid operations
having a repetitive character. The particle size range is thus established
as 0.1 pm to 2.4 urn' for +2 standard deviations. Two additional cases were
examined. In one, the distribution was broadened about the mean of 0.5 ym
by assuming a standard deviation of 4.4; in the other, the distribution was
altered by halving the mean and retaining the reference distribution as
characterized by a a of 2.2.

A similar pattern was adopted in the calculations for the fabrication
plants. The reference aerosol was assumed to have a mean particle size of
3.3 ym and a geometric standard deviation of 2.0. This reference aerosol is
also consistent with the data available for solids-handling operations. Again,
two additional cases were examined in which the standard deviation was doubled
and the mean was halved.

The particle size distributions for the effluents were expressed again
as a mean and a geometric standard deviation. As would be expected, the
particle size distributions of the effluents do not follow precisely a log-
normal distribution, but the deviations are not regarded as large.

The results are shown in Tables 9.2 and 9.3 for processing and fabrica-
tion plants, respectively.

For the reference processing case, the aerosol upstream from the first
HEPA has a range (+2 cr ) of particle sizes of 0.1 to 2.4 um, with a mean of
0.5 ym. Passage through two HEPAs reduces the mean to 0.37 ym and the range
of 0.15 to 0.--J2 vim. An additional HEPA yields a slight reduction to a mean
of 0.33 ym and a range of 0.15 to 0.73 um. Doubling the Og in Case II for
the input aerosol increases the range of the effluent but not substantially,
especially when three HEPAs are used. Halving the input mean (Case III)
reduces the means and the ranges of the effluents, but again not substantially.

The results for the processing plant indicate that the mean particle size
cf the effluent will be in l.he range of 0.25 to 0.35 urn, with a total range
(2 ag) extending from about 0.1 ym to 0.8 ym.

Comparable analyses of the data for the fabrication plant indicate that
effluents will have mean particle sizes of 0.5 to 1.2 yin, with a total range
(2 Og) extending from about 0.2 to 4 vim.

Lower limit: 0.5 * (2.2)2.

Upper limit: 0.5 x (2.2)2.
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Table 9.2. Particle Size Distributions of Effluents from
Processing Plants for Air-Cleaning Systems
Containing IVo and Three HEPA Filters in Series

U = mean of particle size distribution based on
total activity

a = geometric standard deviation

*

Upstream from Cleaning System

U, um
CTg
Range (2 a g), um

<0.12
0.12-0.22
0.22-0.44
0.44-0.96
0.96-1.54
>1.54

Downstream from Cleaning System

Two HEPAs in Series

U. um
CTg
Range (2 a g), \tm

<0.12
0.12-0.22
0.22-0.44
0.44-0.9&
0.96-1.54
>1.54

Three HEPAs in Series

U. Vim
ag
Range (2 a g), ym

<0.I2
0.12-0.22
0.22-0.44
0.44-0.96
0.96-1.54
>1.54

Case I
(Reference)

0.5
2.2

0.1-2.'(

3.9%a

11.3
28.6
35.4
12.8
8.0

0.37
1.58

0.15-0.92

0.4%
10.8
55.1
29.8
3.3
0.3

0.33
1.49

0.15-0.73

0.18%
11.8
67./
18.7
1.4
0.08

Case II
(ag Doubled)

0.5
4.4

0.02-9.7

17.5%a

12.0
17.0
20.2
10.3
23.0

0.33
1.77

0.10-1.0

2.5%
17.3
49.5
25.6
3.9
1.2

0.30
1.62

0.11-0.79

1.3%
19.1
61.3
16.2
1.8
0.33

Case III
(u

0

0,

0.

Halved)

0.25
2.2

.05-1.2

17.5%a

26.5
32.0
19.2
3.6
l.i

0.29
1.54

.12-0.69

1.6%
23.9
58.4
15.2
0.87
0.03

0.28
1.42
14-0.56

0.7%
24.2
65.9
8.8
0.3
-

Percentages refer to total activities in size ranges.
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Table 9.3. Particle Size Distributions of Effluents from
Fabrication Plants for Air Cleaning Systeirs
Containing Two and Three HEPA Filters in Series

y - mean of particle size distribution based
on total activity

Og= geometric standard deviation

Upstream from Cleaning System

u, urn

°g
Range (2 a g ) , vm

<C12
0.12-0.22
0.22-0.44
0.44-0.96
0.96-1.54
>1.54

Downstream from Cleaning System

Two HEPAs in Series

v, vm
°g
Range (2 Og), ym

<0.12
0.12-0.22
0.22-0.44
0.44-0.96
0.96-1.54
>1.54

Three HEFAs in Series

U« Mm
ag
Range (2 Og), )im

<0.12
0.12-0.22
0.22-0.44
0.44-0.96
0.96-1.54
>1.54

Case I
(Reference)

3.3
2.0

0.8-13
_

0.01%a

0.2
3.79

10.2
85.8

1.23
1.86

0.35-4.2
_

0.11%
4.3

35.3
28.8
31.5

1.0
1.86

0.29-3.4

_
0.24%

10.7
45.2
25.6
18.3

Case II
(op Doubled)

3.3
4.0

O.2--53

0.95%a

1.85
4.9
11.3
10.5
70.5

0.54
1.85

0.16-1.8

0.35%
6.9

36.7
36.7
10.4
9.0

0.46
1.80

0.14-1.5

0.21%
9.1

54.2
27.9
5.5
3.1

Case III
(y Halved)

1.65
2.0

0.4-6.6
._

0.21%a

2.89
18.9
24.5
53.5

0.70
1.62

0.27-1.8
_

0.68%
18.8
53.5
21.0
6..0

0.57
1.58

0.23-1.4

-
1.0%

33.7
49.3
13.4
2.5

Percentages refer to total activies in size ranges.
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9.5. Total Penetration Factors for Processing and Fabrication Plants for
Throe Time Periods

The development and application of technology for the containment o2
plutoniun within fuel cycle facilities has led to and has the prospect of
continuing to lead to improvements of the quality of the effluents discharged
from these facilities. Increasingly stringent criteria promulgated by the
Nuclear ReguJatory Ccmmission (NRC) and the Environmental Protection Agency
(EPA) provide the principal motivation for the application of new technology.
It is expected that the NRC will, in the near future, issue numerical ALARA
(As Low As Reasonably Achievable) guidelines for the fuel cycle similar to
Appendix I of 10 CFR Part 50 which is applicable to reactors. It is expected
that the numerical guidelines will be consistent with the proposed rules
issued by the EPA in 40 CFR Part 190.

In this review, three technology references have been considered in
generating plutonium source terms for the fuel cycle: current practice,
current technology capabilit>, and projected capability.

9.5.1. Plant Retention Based on Current Practice

In the case of reprocessing plants, the historical operating
record of this country's only commercial plant is used as reference. The
record was described in Section 4.2. Annual fractional releases varied
from 0.7 x 10~8 to .15,3 x 10~8. It is judged that the original plant was
capable of operating on a continuing basis at a fractional release level of
1 x 10~8. This value is adopted here as reference.

Fabrication experience in the commercial sector has been on a
small scale, and actual production figures are relatively meager. Commercial
experience was described in Section 4.3. If one assumes that the Cheswick
Plant of Westinghouse and the Kerr-McGee plant were operated at a level of
10 MT/yr and that the average plutonium content of the fuel was about 10 percent,
the known releases translate to a fractional penetration of 2 x 10~10 to 5 x
10~10. The value of 1 x 10~9 will be adopted hare as a reference value for
current plants.

9.5.2. Plant Retention Based on Current Technology Capability

The second reference considered is that for current technology
capability. This is reflected in (1) the plans for plants under construction
or proposed for construction and (2) generic environmental impact statements
prepared for hypothetical facilities.

In the case of reprocessing plants, the generic statements for
the recycle of mixed-oxide fuels2 and for the LMFBR Program7 provided a basis
for judgment, as did the projected releases from the Barnwell fuel processing
plant (construction of which is nearly completed) and the proposed expansion
of the Nuclear Fuel Services plant at West Valley, N.Y.5 Information con-
cerning these were presented in Sections 8.6.2., 8.6.3., and 8.7 of this
report.
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In general, three stages of HEPA filtration (or equivalent) have
been adopted for these plants. A sand bed filter or deep bed filter has been
substituted for the third stage of HEPA in two of tho reprocessing facilities
(i.e., in the hypothetical plant for the environmental evaluation of the
LMFBR Program and in the proposed NFS processing facility), The analyses for
these facilities generally assume an installed filtration efficiency of 99.9%
for*one HEPA stage, which efficiency is very much at the low end of known
capabilities. In the case of processing plants, the fraction of plant material
reaching the filters is about 10~3 to 10"1*; on this basis,- the plant release
fractions would be 10~12 to 10~13. However, experience has also shown that
degradation of performance occurs, principally, by reaction with residual
nitric acid vapors or other chemicals.

The projected release fractions from documentation range from
1.6 x 10~8 for the reprocessing facility described in the GESMO document
to 5.7 x 10"10 for the Barnwall Plant.1* Taking into account the fact that
both analyses used conservative performance figures for HEPA filters (relative
to known capabilities of HEPAs), a reference value of 1 x 10~10 has been
adopted.

The two fabrication plants described in GESMO2 and in the envi-
ronmental statement for the LMFBR program7 also utilize three stages of HEPA
filtration, one located close to the process enclosure, the other two located
just ahead of the discharge stack. The fraction of plant materials reaching
the air-cleaning systems has been estimated as 1 x 10~3 to 5 x 10""1*. Thus,,
a total plant pentration of 1 x 10~12 to 1 x 10~13 seems readily achieveable.
In Sections 8.6.2. and 8.6.3. of this report, projected release rates for
fibrication plants from references 2 and 7 were given as 7.2 x 10 * to
1 x 10~12. Taking into account the fact that chemical degradation of filter
material is not very significant for fabrication operations, a value of
1 x 10~12 has been adopted for fabrication plants.

9.5.3. Plant Retention Based on Future Technology Developments

The third reference considered for plant retention is that for
projected technology development. It is recognized that even current experi-
mental filtration data obtained by LASL indicate lower penetration rates than
are used in most environmental analyses. Values of 0.50 x 10~16 appear to be
achievable for three stages of HEPA filtration under optimum conditions and
the addition of a fourth stage is not technology-limited. However, LASL results
were obtained under laboratory conditions with exceedingly careful installations
to avoid bypass leakages. The filters used were production grade, and no
chemicals that could lead to degradation were involved. To exploit the full
filtration characteristics will require meticulous quality control in the
manufacture of such filters, standardized testing of in-place filters with
very rigid requirements on installation to avoid leakage, periodic retesting,
and (at least for processing plants) improved off-gas treatment systems for
row"'-1 of residual chemicals (especially nitric acid). Foreseen in the
future, for the third time reference, is that fractional releases of
1 x lO"14 will be achieved routinely for processing plants and 1 x 10"15 for
fabrication plants.

Reference fractional releases are summarized in Table 9.4.
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Table 9.4. Summary of Reference Values for Plutonium
Releases in Processing and Fabrication
Plants for Various Time Periods

Reference Fractional Releases

Processing Fabrication

Current Practice 1 x 10~ 1 x 10

Curreat Technology lf1 1 ?

Capability 1 x 10 1 x 10

Projected Technology ,, _. _
Capability 1 x 10 1 x 10

9.6. Normalized Plutonium Flow for Fuel Cycles of Reference Reactors

The reference fuel cycles for three reactors were described in Section 3.
In this section, the plutonium flows for the three cycles will be determined
and normalized for a gigawatt-year of electrical energy production.

Adopted as reference for both the LWR-U and LWR-Pu are the 1000-MW(e)
reactors described in GESMO.2 The information needed for this study consists
only of the operating plant factor and the annual rates of plutonium charge
and discharge. The former is 0.80 for both reactors.

The annual discharge for the LWR-U is 275.8 kg of total plutonium,
which corresponds to 344.7 kg/GW(e)-yr of electrical power generation.

The LWR-Pu described in GESMO is a 1.15 Self-Generating Reactor (SGR).
A 1.00 SG'A, according to this concept, is a reactor that is totally self-
sufficient on its own plutonium. Plutonium is discharged, processed, and
returned to the reactor with no additions or removals, except for processing
and fabrication losses incurred. The 1.15 SGR reactor utilizes an additional
quantity of plutonium supplied by other reactors over and above that of its
own recycle plutonium. The plutonium discharge and charge numbers from GESMO
will thus be somewhat higher than those for an equilibrium 1.00 SGR.

The reference LWR-Pu reactor discharges a total of 573 kg plutonium
annually and is charged with 585 kg plutonium. On a normalized basis, this
corresponds to 716.2 and 731.2 kg plutonium per gigawatt-year of electrical
pt/wer generated.

The IMFBR reactor used as a reference is the Atomic International
reference oxide reactor as described in a report from Oak Ridge National
Laboratory.3 The plant factor is 0.80. The annual discharges from the
core, axial blanket, ard radial blanket are 8.4, 4.88, and 10 MT, respectively,
for a total of 23.3 MT. Averaged over all of the material discharged, the
burnup is equivalent to 32,977 MW(t)d/MT. The staced plutonium content of
spent fuel is 85.9 kg/MT, which converts to 2000 kg for the reactor. If the
plutonium charged has an isotopic composition equivalent to that discharged,
the annual charge rate is 1797 kg total plutonium. The normalized values per
gigawatt-ycar of electrical energy are 2500 and 2246 kg, respectively.

The values are summarized in Table 9.5.
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Table 9.5. Normalized Plutonium Flows in Three Reference Reactors

Reactor Type

LWR-U

LWR-Pu

LMFBR

Stream

Charge
Discharge

Charge
Discharge

Charge
Discharge

Normalized Plutonium
Flow [kg/GW(e)-yrJ

0.0
344.7

731.2
716.2

2246
2500

9.7. Source Term for Normal Operations

In the preceding sections, the penetration factors for processing and
fabrication plants ware developed, and normalized plutoniutn flows for three
ex-reactor cycles were calculated.

In this section, these factors have Ieen combined to yield the plutonium
source terms as expressed in micrograms of plutonium released per gigawatt
year of electrical energy produced. The results are shown in Table 9.6.

Table

Reactor Cycle

LWR-U
Fabrication
Processing

LWR-Pu
Fabrication
Processing

LMFBR
Fabrication
Processing

9.6.

Current

3,

3,

7,

7,

2,
25,

27,

Source Terra
from Three

i for Normal Plutonium Releases
Ex-Reactor Cycles

Plutonium Release (ug/GW(e)-yr)

: Practice

0
447

447

731
162

893

246
000

246

Current Technology
Capability

0
34.5

34.5

0.73
71.62

72.35

2.2
250.0

252.2

Projected Technology
Capability

0
0.003

0.003

0.0007
0.0072

0.0079

0.002
0.025

0.027

If it is desired to determine the quantities of plutonium discharged as
a function of particle size, the source term needs to be considered in con-
junction with the particle size distributions given in Section 9.4.
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9.8. Fractional Release for cite •<>il̂I).lfi.e.Ilc. 9j

In Section 8.5, a plutcnium source term for the shipment ot" plutonium
dioxide by truck was developed from a draft report prepared by ISattelle Northwest
Laboratories, Imperfections in human operations, accidents, and accident severi-
ties were taken into account, and it was estimated that the fractional release
would be 1.0 x X0~H.

It should be recognized that, the analysis was based on a very specific
containment system typical of current uractices. No effort was made to determine
the effect on release (fractions of improvements that could be made to the system.
In this review, the value of 1.0 x 10~® was used only in the current time
period, and no efforts were made to extrapolate improvements for the near
and intermediate future.

Data of a comparable nature wc:s not available for f:lie shipment of spent
fuel to the processing plant or for the shipment of fabricated fuel from the
fabrication plant back to the reactor. Intuitively, it would be expected that
release fractions for these shipments due to accidents and other causes could
be made substantially less than for shipment of plutonium oxide.

Estimated releases based on this information are shown for the threo
reactor cycles in Table- 9.7. It is notable that the overall releases ;iro
about equivalent to releases occurring during normal operations of reprocessing
and fabrication operations (current technology) for all reactor cycles considered.

Table 9.7. Estimated Plutonium Released during
.Shipment of Plutonium Oxide

(based on Risk An.-ilvsis in HNWt.-1.84(>)

Reactor Cycle Plutonium Release

LWK-ti 3,600

I.WR-Pu 1.400

LMFBR 26,000

9.9. Accidents in Fuel Cycle Facilities

9.9.1. General

Accident analyses as presented in various environment;'. 1 state-
ments, both licensee and AEC, were reviewed. The bases .ir analyses vary
considerably, with different factors being used for the total quantities of
plutonium involved, fractions becoming airborne, and filter efficiencies.
In some cases, all stages of HEPA filters wore a. turned to be destroyed; In
other cases, all stages of HKHA filters were assumed to be intact. As a
result, the quantities of plutonium estimated to be present in the gaseous
effluents showed wide variations for common incidents. For examf ?.e. the
plutonium release shown in the applicant's Safety Analysis Report for the
Barnwell fuel processing facility* for a solvent fire is 17,800 ;jCi(a), while
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the comparable document for the NFS plant^ indicates a plutonium release of
437 ;iCl(a) for the same accident.

To eliminate the effect of varying assumptions about HEPA filter
efficiencies, the data was normalized to reflect the quantities of plutonium
upstream from the first stage of HbFA filters. The results obtained were more
uniform.

In general, only accidents in the severe caLegory were included.
It is recognized that the Rasmussen type of risk analysis is needed to give
a comprehensive picture of accident releases, but to date that kind of analysis
has not been performed. Estimates of probabilities of accidents were presented
in a BNVL report,'" and from these, the reviewers developed estimates for repro-
cessing plants.

9.9.2. Fabrication Plants

Data on the plutonium content of effluents upstream from the
first stage of filtration for serious accidents in fabrication plants are
shown in Table 9.8. Also shown arc estimated probabilities of occurrence.
These data have been combined with normalized plutonium flow data (normalized
to «i gigawatt-year of power production) to express plutonium discharges per
jjiRawact-yei'r (Table 9.10). For current filtration practices, 7.3 and 1.3 ug
of plutonium are estimated to be released per fiW(e)-yr for the LWR-Pu and LMFBR
cycles, respectively. This compares with normal operating releases of 731 and
2246 ijR/GW(e)-yr.

9.9.3. Processing Plants

The data for processing plants was treated similarly. Accident
releases and probabilities are shown in Table 9.9. Releases normalized to a
gigawatt-year of energy production are given in Table 9.10. For current
filtration practices, 3.1 and 5.1 ug of plutonium are released per giRawatt-
year for LWKs and LMFliKs, respectively. This compares with normal operating
releases of 7100 and 25,000 ng for the two reactor cycles.

Table 9.8. Estimated Plutonium Content of Effluents
Upstream from Air-Cleaning System for
Serious Accidents in Fabrication Plants

Estimated
Accident Probability (yr"

Explosion

Criticality

Facility Fire

Local Fire

1

8.6

2

1

x ]0~3

x 10~3

x 10

x 10~2

Total Plutonium Challenging
Air Cleaning System (g)

!) LWR-Pu (1 MT/day)?- LMFBR

100

500

a 11.

100

(5 MT/day',7

107

600

,700

a

Accident not analyzed in reference.
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Table 9.9. Estimated Plutonium Content of Effluents
Upstream from Air-Cleaning System for
Serious Accidents in Processing Plants

Accident
Estimated

Probability (yr-1)

Total Plutonium Challenging
Air Cleaning System (g)

LWR-Pu(5 MT/day)z LMFBR(5 MT/day)7

Criticality 10

Explosion
Waste Concentrator 10
Plutonium Concentrator 10

Major Vessel Leak 10

Solvent Fire
Plutonium Cycle 10
Codecontamination Cycle 10

-2 100

-2

i
Zirconium Fire 10

-2 0.0037

200

0.03
13

a

7
0.06

0.007
1.4

93

10
a

Accident not analyzed in reference.

Table 9.10. Normalized Plutonium Releases for Major
Accidents in Fabrication and Processing
Plants

(based on Accident Probabilities shown
in Tables 9.8 and 9.9)

Current
Practice

Assumed Filter Penetrations
—4

Processing 10

Fabrication 10

Disch'-'^as From Processing
Plan , pg/GW(e)-yr

LWR-U 3.1
LWR-Pu 3.1
LMFBR 5.1

Discharges From Fabrication
Plants, ug/GW(e)-yr

LWR-Pu 7.3
LMFBR 1.3

9.10. Conclusions

Current Technology
Capability

10"8

0.031
0.031
0.051

0.0073
0.0013

Projected Technology
Capability

0.00003
0.00003
0.00005

0.00007
0.00001

A summary of releases of plutonium from the ex-reactor fuel cycle (ex-
cept transportation) of LWR-U's, LWR-Pu's, and LMFBRs is shown in Table 9.11.
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Table 9.11. Releases Expected from Noimal and Accident Situations
for Ex-Reactor Fuel Cycle Operations (yg Pu/GW(e)-yr;

Current
Practice

Current
Technology
Capability

Projected
Technology
Capability

LWR-U LWR-Pu LMFBR
FAB Process Total FAB Process Total FAB Process Total

3450 3450 Not Applicable

34.5 34.5 0.7 72 73

Not Applicable

Not Applicable

0.003 0,003 0.0008 0.008 0.009 0.002 0.027 0.03

These data can be combined with estimates of the contribution of each of the
reactor types to the total nuclear capacity to derive values for the total
Plutonium nstiraated to be discharged in any time period. This exercise was
not c .ried out, because the significance of data on the total amount of
Plutonium discharged to the environment by ths ex-reactor fuel cycls is not
clear. It is likely that this amouut, even if calculated, would be dwarfed
by the amounts of plutonium in the biosphere from weapons tests.
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APPENDIX A - EXAMPLE OF METHOD USED TO CALCULATE FILTER
PENETRATION AS A FUNCTION OF PARTICLE SIZE

In Section 7.3, the results of filter penetration tests conducted by LASL
with P11O2 aerosols were presented and analyzed. The data were reported in the
form of (1) overall fractional penetration of a filter as determined by mea-
surements of total activity and (2) particle size distributions upstream and
downstream of a filter, expressed as a geometric mean and a geometric standard
deviation.

Shown belovi is an example of the method used to reconstruct the particle
size distributions and, more importantly, an example of how fractional pene-
trations as a function of particle size were obtained from LASL data.

The data selected for this example is that from the first-stage HEPA of
LASL Run P4-3 (shown in Table 7.3 of the main part of this report). The data
germaine to this exercise is as follows:

Overall fractional penetration of HEPA: 9 x 10" 7

Aerosol characteristics upstream of HEPA:

V =

a =
g

tics

u =

a =
g

0 .

a

0.

1

38

.51

own

37

.76

Vim

O f"
a t

The use of u and Og by LASL for characterizing particle size distributions is
consistent with a log normal probability distribution, for which 95% of the
activity is associated with particles in a size range of v/cTg2 and V'"<Jg

2.

The particle size distributions of the two aerosols were reconstructed on
log normal probability paper (Fig. A.I). If it is assumed that the log normal
probability distribution is valid, 2.5 percent of the total activity of the
aerosol is associated with particles having an araad less than u/a.2, and
2.5 percent of the total activity is associated with particles having an amad
greater than vrcrg

2. Ninety-five percent of the activity is thus included
between these two values.

Percent of activity associated Particle Size,
with particles having an amad amad, vim
less than that shown

2.5 0.38/2.512 = 0.0603

97.5 0.38-2.512 = 2.39

These two points were plotted on log probability paper and were connected with
a straight line. The line passes through y = 0.38 vim at the median probability
of 50%.
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97.5

Downstream
Aerosol
u=.037/xm

.04 .06 .08 .1 .2 .4 .6 .8 I 2
Particle sizt, amad, ̂ m (Logarithmic Scale)

Fig. A.I. Reconstructed Particle Size Distributions for the
First-Stage HEPA of LASL Run P4-3.
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The distribution for the downstream aerosol is constructed in similar
fashion.

The follwing tabulation lists the particle size ranges for which fractional
penetrations are tv be determined as well as the percentage of the activity
associated with each range (see Fig. A.I.).

Read
Directly
from
Fig A.I

Ranges
Calculated
by Differences
of Above
Values

Particle S
Range, u

<0.12
<0.22
<0.44
<0.96
<1.54

<0.12
0.12-0
0.22-0
0.44-0
0.96-1
>1.54

Ize
m

.22

.44

.96

.54

Percent of Activity
Associated with

Upstream
Aerosol

11.1
28.0
56.6
84.0
93.6

11.0
17.0
28.5
27.5
9.6
6.4

Range

Downstream
Aerosol

2.7
18.5
6..0
95.1
99.35

2.7
15.8
43.5
33,1
4.25
0.65

If the total activity of the upstream aerosol is normalized at 1 unit>
the >".otal activity downstream is equivalent to the known fractional penetration
of the filter = 9 x 10~7 units. Hence, the ratio of downstream activity to
upstream activity (i.e., the fractional penetration) for each particle size
range is calculated as follows;

Total
Downstream
Activity

Total
Upstream
Activity

Percent of downstream
activity associated
with range

Percent of upstream
activity associated
with range

Fractional
= Penetration
for Range

As an example, for the range, 0.44-0.96 vm:

Fractional Penetration = (-9 * ]j—Mfy's} = 10.7 x 10~7

Performing this operation on all particle size ranges yields the following

Fractional Penetration
for Range

final result:

Particle Size Range, ym

<0.12
0.12-0.22
0.22-0.44
0.44-0.96
0.96-1.54
>1.54

2.2 x iO~7

8.3 x 10~7

13.6 x 10~7

10.7 x 10~7

3.9 x 10-7

0.9 x 10~7
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APPENDIX B - CALCULATION OF EXPECTED FRACTIONAL RELEASES
FROM CUMULATIVE PROBABILITY DATA

In Section 8.5, a PNL report on accidental releases of plutonium during
truck shipments was reviewed. The authors of the report furni^hid us
supplemental information (shown in Table 8.5) that related cumulative accident
probabilities (P) for stated release fractions of F or greater (upper limit is
unity). la Section 8.5^3, we calculated the estimated release fraction by use
of the following relationship,

Expected Release Fraction =/ FdP =-f:PdF
This relation arises directly from consideration of the probability

density distribution from which the cumulative probability distribution is
derived. Curve (a) below is a generalized probability distribution with the

specific characteristic that pdF = 1. Like

pdF = 1

Release Fraction
(a)

Release Fraction (F)
(b)

the normal distribution, the probability of release fractions occuring within
a range of values., e.g.> Fi and F2, is the area under the curve between those
values.

(a).
Curve (b) is the cumulative probability distribution derived from Curve

•r
J F

pdF (1)

Note that the limits of integration in (1) are consistent with P being expressed
as the cumulative probability of the corresponding release fraction F or greater.
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(We could have selected the limits of integration, in (1) as 0 (zero) to F
which would be consistent with expressing P as the cumulative probability of
the corresponding release fraction F or less.)

Returning to curve (a), consider a range of values of fractional releases
Fi and F2 as a differential element dF. Then the probability of fractional
releases occurring in that range is pdF, and the expected fractional release
(dE) is the product of the probability and the release fraction, thus:

dE = (pdF) (F) (2)

From (1), we note that

dP = pdF (3)

Combining (3) and (2)

dE = FdP (4)

The expected release fraction is obtained by integrating (4) between, the limits
I of 0 and 1.

= 1
0

PdF (5)

It is visually evident from curve (b) that

E = / PdF (6)


