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SUMMARY OF FLAMMABLE GAS HAZARDS AND POTENTIAL CONSEQUENCES
IN TANK WASTE REMEDIATION SYSTEM FACILITIES
AT THE HANFORD SITE

1.0 PURPOSE AND ARRANGEMENT

The purpose of this document is to provide a concise, yet thorough,
summary of the hazards associated with the generation, retention (or storage),
and release of flammable gases resulting from waste storage operations in the
Tank Waste Remediation System facilities at the U.S. Department of Energy's
Hanford Site and to calculate the possible consequences and estimate the
frequencies of these hazardous conditions. The results of this analysis will
be used to support the results reported in the Tank Waste Remediation System
Final Safety Analysis Report.

The summary presented herein begins with descriptions of the hazards and
the facilities where the waste is stored and progresses through discussions of
analyses, modeling, and testing of possible gas generation, retention, and
release mechanisms; discussions of the compositions of the flammable gases
that appear to be present in the tank wastes, based on analyses of actual gas
samples collected from the tanks and gas generation simulations performed to
date; and studies of potential natural and intrusive activities that may
result in the deflagration of these gases. The summary concludes with
projections of the consequences under both unmitigated and mitigated
conditions if these deflagrations were to occur.

It should be noted, however, that the methodology used in this analysis
is not intended to be a worst-case analysis (in which conservatism on top of
conservatism is applied). Consequence analyses were performed only at the
beginning of structural failure of the tank. Releases from larger
deflagrations or detonations were not modeled because the computer codes are
not robust or stable in this area. However, estimates for the higher
consequences were developed and are presented in Sections 5.8.2 and 5.8.3.
Many of the parameters used for calculations in this document are more "best
estimates"” for "normal" releases (i.e., more average in nature). As discussed
in the text in Sections 4.1.1.2.2, 4.1.1.2.3, 4.1.1.2.4, 4.1.2.2.2, 4.1.2.2.3,
4.2, 4.2.4, 4.3.1, 5.3, and 5.4 and in Appendix D, variations in the key
parameters used in the calculations could lead to large variations in the
postulated consequences (failure of the tank and radiological and
toxicological consequences that could be much higher than those reported in
Section 5.8.1, and the number and type of tanks which could exceed risk
acceptance guidelines could vary greatly).

2.0 HAZARD IDENTIFICATION

The methods used to identify the hazards that are analyzed in this
document are described in this section. These hazards were assessed to
evaluate the potential internal, external, and natural phenomena events that



WHC-SD-WM-TI-753 REV 0

can affect the public, workers, or the environment due to the uncontrolled
release of hazardous materials. Sabotage and terrorism were not included.
Single and multiple failures (equipment and human errors) were considered as
well as common-cause failures.

2.1 DESCRIPTION OF THE METHODOLOGY

A summary of the methodology used to perform the Tank Waste Remediation
System hazard analysis is presented in this section. The hazard analysis is a
systematic and predominantly qualitative evaluation of the spectrum of risks
to the public, workers, and environment. It consists of the following
activities:

e Hazard identification. Hazardous materials, energy sources, natural
phenomena, common cause, and external events associated with
facility design, processes, and operations are identified. The
results of the hazard identification process provide information
used during the hazard evaluation for identifying potential
hazardous conditions.

* Hazard topography. Representative hazard evaluations are performed,
and the results of the evaluations are mapped to the appropriate
Tank Waste Remediation System facility. This activity ensures
comprehensive coverage of hazardous conditions.

e Hazard evaluation. Hazardous conditions are identified, and their
frequency and consequence are qualitatively assessed. The frequency
and consequence estimates provide a basis for selection of the
accidents that require a more detailed, quantitative analysis.

* Accident selection. Hazardous conditions identified by the hazard
evaluation are used to select candidate accidents for more detailed
quantitative analysis. The accidents selected to be analyzed
encompass the range of hazardous conditions identified by the hazard
evaluations.

* Control identification. Safety-class and safety-significant
structures, systems, and components as well as technical
specification requirements and other controls required to protect
the public, workers, and the environment are identified.

More details can be found in WHC-SD-WM-TI-759, Hazard Evaluations for the
Tank Waste Remediation System Final Safety Analysis Report (Niemi 1996a); and
WHC-SD-WM-TI-773, Hazard Analysis Results Report (Niemi 1996b).

2.2 IDENTIFICATION OF THE SPECTRUM OF POTENTIAL ACCIDENTS

The hazard evaluation tables documented in Niemi (1996a) contain
descriptions of causes of hazardous conditions. Each hazardous condition is
assessed to determine a qualitative frequency of occurrence and consequence.
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The 1ikelihood assessments are made in occurrences per year. The general
criteria used for likelihood assessments are as follows.

F3  The hazardous condition based on the cause(s) postulated has
occurred or is likely to occur (anticipated).

F2 The hazardous condition based on the cause(s) postulated is
foreseeable (unlikely).

F1 ~ The hazardous condition based on the cause(s) postulated is perhaps
possible (extremely unlikely).

FO  The hazardous condition based on the cause(s) postulated is
considered too improbable to warrant further consideration (beyond
extremely unlikely).

The consequence category assessments address potential impacts on health
and safety, and the environment. The general criteria for consequence
assessments of impacts on health and safety are as follows.

S3  Based on the material at risk and cause(s) postulated, sufficient
material and release energy exist to impact a receptor at the
Hanford Site boundary.

S2  Based on the material at risk and cause(s) postulated, sufficient
material and energy exist to impact a receptor approximately 100 m
from the source of the material.

S1  Based on the material at risk and cause(s) postulated, the release
is confined to the facility where it occurred.

S0 Based on the material at risk and cause(s) postulated, material
release is insufficient to affect facility workers.

The consequence category assessments also address potential impacts on
the environment. The general criteria for consequence assessments of impacts
on the environment are as follows.

E3 A1l S3 hazardous conditions or significant leaks from large storage
tanks occur.

E2 A1l S2 hazardous conditions or liquid releases or leaks outside
facility boundaries occur.

El  Postulated releases not included in E3 or E2 occur.
EO No release is postulated.

Two standard techniques were used for the Tank Waste Remediation System
hazard evaluation: hazards and operability studies and preliminary hazard
analysis. See Niemi (1996a) for more details. The results of the hazard
evaluation led to selection of the final set of accidents. These accidents,
which represent all S3 and S2 hazardous conditions, are as follows.
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NOTE: Only some of these deal with the fiammable gas hazards, see Section 2.3
for more detail.

e In-tank fuel fire or deflagration

e Mixing of incompatible material, causing tank pressurization

* Flammable gas deflagration in double-shell tanks

* Flammable gas deflagration in single-shell tanks

e Organic solvent fire/organic salt-nitrate reaction

e High wind

¢ Lightning

* Seismic event

e Tank failure due to excessive load

* Tank failure due to vacuum or degradation

* Spray leak from within structure or from overground waste transfer
Tines

* Spray leak from underground waste transfer lines
e Tank bump

e Surface leak resulting in a pool

e Subsurface leak remaining subsurface

e Nuclear criticality

* High-efficiency particulate air filter failure resulting from
exposure to high temperature or pressure

* Fire in contaminated area

* Waste transport vehicle accident

s Caustic spray leak

* Unfiltered release

* Subsurface leak resulting in a pool

e Evaporator dump

¢ Mixing of incompatible material resulting in toxic vapor generation

¢ Leak from rail car or tank trailer
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e Unplanned excavation or drilling in pond/ditch/crib
e Sodium fire
¢ Aboveground structure failure

e Steam intrusion from interfacing systems.

2.3 IDENTIFICATION OF THE UNIQUE AND REPRESENTATIVE
FLAMMABLE GAS ACCIDENTS

Only some of the potential accidents Tisted in Section 2.2 deal with
flammable gas hazards. The analyzed accident and the hazardous conditions
that are encompassed by the analyzed flammable gas accidents are presented in
Table 1. Further details can be found in WHC-SD-WM-TI-773 (Niemi 1996b).

The table contains headings which give a unique identification number, the
material at risk, the hazardous condition, the cause, and an estimate of
frequency, consequence, and potential impact to the environment (if
applicable). The table also indicates the analyzed accident and then
immediately below this lists the represented hazardous conditions that are
covered by the analyzed accident.

3.0 TANK WASTE REMEDIATION SYSTEM
FACILITIES DESCRIPTION

Described in this section are the design features of the underground
storage tanks and transfer lines comprising the Tank Waste Remediation System
facilities that are pertinent to the assessments of the flammable gas hazards
and consequences discussed in Sections 3.0 and 4.0. The waste tank design
features described are for the single-shell, double-shell, double-contained
receiver, and catch tanks used to store the radioactive Tiquid and solid
wastes that were generated during past reactor fuel reprocessing operations at
the Hanford Site. The transfer Tine design features described are for the
concrete-encased, pipe-in-pipe, and direct-buried pipe lines used to transfer
wastes between these tanks.

The underground storage tanks and associated transfer lines are
located in the 200 East and 200 West Areas of the Hanford Site, except for
the cross-site transfer line, which runs between the 200 East and 200 West
Areas through the 600 Area of the Hanford Site. The tanks in each in the
200 East and West Areas are grouped in clusters, designated as "tank farms."
There are 18 tank farms, each of which contains from 2 to 18 tanks of similar
design.

Between 1943 and 1964, 149 single-shell tanks were built. Sixty-six of
the single-shell tanks are grouped into six tank farms in the 200 East Area
(241-A, 241-AX, 241-B, 241-BX, 241-BY, and 241-C). The remaining 83 single-
shell tanks are grouped into 6 tank farms in the 200 West Area (241-S, 241-SX,
241-T, 241-TX, 241-TY, and 241-U).
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Between 1968 and 1986, 28 double-shell tanks were built. Twenty-five
of the double-shell tanks are grouped into five tank farms in the 200 East
Area (241-AN, 241-AP, 241-AW, 241-AY, and 241-AZ). The remaining three
double-shell tanks are grouped into one tank farm in the 200 West Area
(241-SY).

Figures 1 and 2 show the 200 East and 200 West Areas and their respective
tank farms.

3.1 SINGLE-SHELL TANK DESIGN

In single-shell tank designs, waste confinement is achieved by a
reinforced concrete shell with a liner of mild carbon steel covering the
bottom and the sidewalls.

There are two series of single-shell tank designs-100 series ang
200 series. Early 100-series single-shell tanks are 22.86 m (75 ft)' in
diameter and are constructed to hold a liquid volume of 2,006,200 L

(530,000 gal) of waste. Later 100-series single-shell tanks, of the same
diameter, are constructed to hold a 1iquid volume of 2,869,300 L (758,000 gal)
and 3,785,400 L (1,000,000 gal) of waste. There are 16 smaller 200-series
single-shell tanks, called receiver tanks, with a diameter of 6.1 m (20 ft)
and a liquid-holding capacity of 208,200 L (55,000 gal). Figure 3 shows the
general configuration of these different tank designs. Figure 4 shows the
nominal equipment for a single-shell tank.

3.2 DOUBLE-SHELL TANK DESIGN

Each double-shell tank consists of three concentric structures, as shown
in Figure 5. The outmost structure is a reinforced concrete tank, designed to
sustain soil loads, dead loads, live loads, and temperature gradients
generated by the radioactive wastes contained within the tank (Koontz 1986).

The reinforced concrete tank is lined with a carbon-steel Tliner, referred
to as the secondary tank. The inner, free-standing, completely enclosed
carbon-steel tank is referred to as the primary tank. An annular space, or
annulus, separates the two steel tanks. The primary tank is designed to
contain the radioactive waste materials. The secondary steel tank is designed
to contain any liquid leakage from the primary tank until the tank contents
can be transferred to available storage space (Koontz 1986). This design
meets the intent of double containment for hazardous material storage required
by the Resource Conservation and Recovery Act of 1976.

"The tanks were built using English units. Most conversions in this
document take the English measurement and convert it to the corresponding
metric value.
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Figure 1. 200 East Area.
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Figure 2.

200 West Area.
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General Single-Shell Tank Configurations.

Figure 3.
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Nominal Equipment for Single-Shell Tanks.

Figure 4.
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General Double-Shell Tank Configurations.

Figure 5.
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The free-standing primary tanks are 22.86 m (75 ft) in diameter and
14 m (46 ft) high at the dome crown. These tanks are designed to hold a
liquid volume of 4,392,000 L (1,160,000 gal), except for the 241-AY and
241-AZ tanks, which are designed to hold a total liquid volume of 3,785,400 L
(1,000,000 gal). The operating 1iquid volumes (corresponding to waste
volumes) for these tanks are lower than the design volumes.

Both the primary tank and the annulus are actively ventilated by separate
ventilation systems. The annulus ventilation system routes air from the
bottom-center of the secondary tank through slots in the insulating concrete
to the annulus. The primary ventilation system draws air from the tank
through a riser into the exhaust lines. Leakage into the tank (in-leakage)
through the pump-pit and risers provides the make-up air to the primary tank.
Except for the 241-SY, 241-AN and 241-AW tank farms, inlets on the primary
tank are unfiltered.

Figure 6 shows the nominal equipment for a double-shell tank.

3.3 DOUBLE-CONTAINED RECEIVER TANK
AND TRANSFER LINE DESIGN

A double-contained receiver tank is a short-term waste storage facility
that consists of an underground reinforced concrete structure that typically
contains three interconnected compartments: (1) a filter pit, (2) a pump pit,
and (3) a vault in which a catch tank is installed. Typically, an
instrumentation pit is located above the vault, but it is not interconnected
with the vault. There are seven active double-contained receiver tanks
(244-A, 244-BX, 244-CR, 244-S, 244-TX, 244-U, and 241-A-350). Shown in
Figures 7 and 8 are the two most common double-contained receiver tank
configurations. Additional information about the active double-contained
receiver tanks is provided in Table 2.

The double-contained receiver tank is used for interim storage of liquid
waste and as a valve pit for waste transfer operations. Components for mixing
steam and water for backflushing and decontaminating the tanks are located in
a nearby flush pit. At Hanford, the term "1ift station" has been used
synonymously with double-contained receiver tank.

The residence time for storage of wastes in double-contained receiver
tanks may vary from a few days to several years. In recent years the primary
use of double-contained receiver tanks has been to receive single-shell tank
liquid wastes during the process of interim stabilization of the waste by
salt-well jet pumping. (A salt well is a long cylinder with a screen section
at the bottom that is placed in the waste tank through a tank riser and into
which pumping equipment is placed to facilitate pumping of tank waste fluids.)

The facilities designated as double-contained receiver tanks were built
from several designs. In every design, the double-contained receiver tank
contains a catch tank (primary containment) that is enclosed in a concrete
vault (secondary containment), and the vault and tank are served by a common
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Nominal Equipment for Double-Shell Tanks.

Figure 6.
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General Configuration of 244-A and 244-S.
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Figure 8. General Configuration of 244-BX,
244-CR, 244-TX, and 244-U.
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ventilation exhaust system. Each catch tank has instrumentation to monitor
several tank parameters (e.g., tank temperature, weight factor, and specific
gravity) and ports for drawing samples and introducing materials to achieve
chemical balance in the tanks.

At the 244-A and 244-S facilities, the catch tank, the pump and filter
pits, and the tank vault annulus are vented via_one ventilation exhaust
system. Outside air, at a rate of about 2.83 m’/min (100 ft3/min), is
supplied to the vault annulus after passing through an electrical heater, a
pre-filter, and a high-efficiency particulate air filter. Because no
provision was made to provide filtered air to the catch tayk, any fresh air
in-Jeakage is through risers and transfer lines. A 4.67-m/min (165-ft*/min)
capacity fan exhausts air from the facility via an electrical heater and one
of two parallel high-efficiency particulate air filtering systems.

At the 244-BX, 244-TX, and 244-U facilities, the catch tank and the tank
vault annulus are vent;d via one vgpti]ation exhaust system. Outside air, at
a rate of about 3.54 m’/min (125 ft°/min), is supplied to the vault annulus
after passing through an electrical heater, a prefilter, and a high-efficiency
particulate air filter. Because no provision was made to provide filtered air
to the tank, any fresh air in-Teakage is through risers and transfer lines.

A 7.08-m*/min (250-ft3/min) capacity rotary exhauster exhausts air from the
facility via two of three parallel high-efficiency particulate air filtering
systems.

At the 244-CR facility, the pump pits, the four tank vaults, and four
catch tanks are vented via one ventilation exhaust system. Filtered outside
air is supplied to the pump pits and tank vaults via an inlet header and
subheaders. Since no provision was made to provide filtered air to the tanks,
any fgesh air in—]eg}age is through risers and transfer lines. One of two
122-m”/min (4,200-ft>/min) capacity fans exhausts air from the facility via a
single high-efficiency particulate air filtering system.

At the 241-A-350 facility, which is a 1ift station located southeast of
tank 241-A-106 in the 241-A tank farm, the catch tank is located within the
pump pit. The tank has an approximate capacity of 3,030 L (800 gal), and is
passively ventilated.

Transfer lines connect the single-shell tanks to the double-contained
receiver tank and from the double-contained receiver tank to the double-shell
tanks. Shown in Figure 9 are the general configurations of the two
types of encased transfer lines: concrete-encased transfer 1ines and
pipe-within-a-pipe (pipe-in-pipe) transfer lines. Another type of transfer
line, the direct-buried transfer line, is not encased. It is simply a bare
carbon-steel pipe buried in the ground.

The concrete-encased pipe consists of a primary pipe, or pipes, that is
encased in a concrete trough with concrete coverblocks. The trough and blocks
are used for secondary confinement. The width of the trough varies depending
upon the number of primary pipes it contains. Either the coverblocks are
precast and placed on top of the trough, or the trough is covered with a steel
plate and the concrete is poured in place. Test risers are provided at
various Tocations along the encasement. These risers are routinely monitored
for contamination and moisture.
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In the pipe-in-pipe encasement design, the encasement surrounds the
primary pipe with a second pipe or pipe 1ine encasement. This pipe-in-pipe
design provides better leak confinement than concrete, and the encasement may
be pressure tested to ensure its integrity.

3.4 CATCH TANK DESIGN

Catch tanks are underground storage tanks used to collect small
amounts of waste drained from diversion boxes; valve pits; diverter stations;
tank farm stacks, ventilation condensate systems and instrument buildings;
and other double-shell tank equipment. They are also used to collect
precipitation and run-off within the tank farms. Most catch tanks look like
the primary tanks in double-contained receiver tanks (see Figures 7 and 8).
Newly replaced catch tanks are housed in subsurface concrete pits to provide
secondary confinement for the waste. Older catch tanks are simply buried in
the ground.

The waste in frequently used catch tanks is pumped into double-shell
tanks via diversion boxes and underground pump-out Tines. A pump is installed
in the catch tank to pump the 1iquid waste to the associated double-shell
tank. When necessary, overground lines and a tank truck are used when the
waste in less frequently used catch tanks is pumped out. The contents of the
catch tanks are sampled and chemically adjusted, if necessary, before the
waste is transferred out of the tank. In some cases, steam and water jets are
used to assist in the removal of catch tank waste.

Table 3 provides additional information on the active catch tanks. Catch
tank 241-EW-151, listed in Table 3, is part of the cross-site transfer system
and is Tocated in the 600 Area of the Hanford Site. Figure 10 shows the
configuration of this catch tank.

4.0 FLAMMABLE GAS PHENOMENA

4.1 PHENOMENOLOGY OF TANK GAS GENERATION,
RETENTION AND RELEASE

Reviewed in this section are the studies (analyses, tests, modeling,
etc.) performed by Pacific Northwest National Laboratory, Los Alamos National
Laboratory, and others to determine the answers to the following postulated
questions regarding the generation, retention, and release of flammable gases
for the various tank wastes:

¢ Are flammable gases being generated by radiolysis, organic
degradation, and corrosion in the waste tanks?

¢ Are these gases being retained in the single-shell tank and double-

shell tank wastes or are they being steadily released to the
headspace of these tanks?
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Table 3.

Active Catch Tanks.

Area

Catch
tank

Maximum capacity
(L)

Use

200 West

241-S-304

23,850

DB-241-S-151 and
and run-off

Drainage from
precipitation

241-TX-302-B

44,670

DB-241-TX-155 and
and run-off

Drainage from
precipitation

241-TX-302-C

66,930

DB-241-TX-154 and
and run-off

Drainage from
precipitation

241-U-301-8B

133,530

Drainage from
DB-241-U-152,
DB-241-U-252

DB-241-U-151,
DB-241-U-153, and

241-UX-302-A

66,934

Drainage from DB-241-UX-154,
291-U stack, and precipitation
and run-off

200 East

241-A-302-A

31,940

Drainage from DB-241-A-151

241-A-417

167,315

Drainage from 241-AY/241-AZ
ventilation condensate system and
possibly steam condensate from
241-AX-501 valve pit and
241-AZ-154

241-AX-152

41,640

Drainage from 241-AX-152 diverter
station, DB-241-AX-155, AY-501
and 702-A seal pot

241-AZ-151

45,050

Drainage from DB-241-AZ-152, AZ
ventilation loop seals, leak
detection pits, 801-AZ
Instrumentation Building, and
precipitation and run-off

241-AZ-154

3,290

Condensate from TK-241-AZ-101 and
-102 steam coils and
precipitation and run-off

241-ER-311

67,002

Drainage from DB-241-ER-151 and
DB-241-ER-152

600 Area

24]1-EW-151

16,050

Vent station for cross-site
transfers

NOTE:
tank could be

Leaks in pump pits or transfer lines drain back to catch tanks.

tank waste.

DB = diversion box.
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Figure 10.

WHC-SD-WM-TI-753 REV 0

General Configuration of 241-EW-151.
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e If the gases are being retained in the tank waste, what phenomena or
mechanisms might be causing this?

* Also, how might they be released, transported to the surface of the
tank waste, and released into the tank headspace?

The general conclusions reached, as a result of the previously mentioned
studies and the slurry gas compositions studies and calculations discussed in
Section 4.2, are (1) that flammable gases are being generated in the tank
waste as a result of radiolysis, organic degradation, and corrosion (although
corrosion is not considered to be a major contributor to this gas generation)
and (2) that these gases either are being steadily released into the tank
headspace of the tanks or are being retained by various mechanisms in certain
types of tank waste, with the potential for sudden release to the tank
headspace as a result of natural occurrences or intrusive activities.
Specific conclusions reached regarding flammable gas generation, retention,
and releases in single-shell tanks and double-shell tanks are discussed at the
beginning of each of the following sections. The conclusions reached
regarding double-contained receiver tanks and catch tanks are that the gases
generated in these tanks, and those resulting from single-shell tank pumping
or from chemicals introduced into the tanks, are being released steadily into
the headspace of these tanks.

4.1.1 Single-Shell Tanks Gas Generation

The conclusions reached from the studies reviewed in this section are
that all 149 single-shell tanks produce flammable gases (for example,
hydrogen, ammonia, and methane) because of radiolysis, organic degradation,
and corrosion. Similar mechanisms produce nitrous oxide (a good oxidizer) and
nitrogen. Production of these gases does not create a problem when the gases
are constantly released from the waste and are subsequently removed from the
tank through the ventilation systems (either passive or active). However, in
some tanks, properties of the waste cause retention of flammable gas.

4.1.1.1 Steady-State Gas Releases. Heubach (1996) calculated the steady-
state concentrations of hydrogen present in the waste tanks and used this
information to indirectly account for the presence of the other flammable
gases in the tanks. The Tower flammability limit (LFL) for these gases was
then calculated as a function of the various flammable gases and the oxidizers
known to be present in the tanks. Then, a conservative value for this lower
flammability 1imit was chosen on the basis of the results seen to date in
monitoring the tanks. The Tower flammability 1imit for the flammable gas
mixture was 4.5 vol%. The concentration of hydrogen (the only flammable gas
the standard hydrogen-monitoring system detects) in this mixture's lower
flammability 1imit was calculated to be 2.5%. Twenty-five percent of this
value is 0.625% or 6,250 ppm. Heubach (1996) used these two values (0.625%
and 2.5%) to identify waste tanks that have the potential to be >25% of the
lower flammability Timit or >100% of the lower flammability limit.

The hydrogen generation rates were calculated for radiolysis and the
breakdown of organics. Although corrosion of the walls also produces
hydrogen, it is an insignificant portion of the total hydrogen generation rate
(Heubach 1996). A large fraction of the waste tanks are ventilated passively
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by barometric pressure changes (Crippen 1993). The calculated values in
Heubach (1996) do not take credit for other ventilation mechanisms that cannot
be quantified and verified. An example of these mechanisms is flow between
the cascade lines in single-shell tanks. There is no current method for
determining if the cascade 1ine is open, partially open, or plugged. There
also is no current method for determining the flow rate in the cascade line.
In addition, determining if flow in the Tines exists all the time or only
sporadically is difficult. Therefore, it is expected that the values
calculated for steady-state hydrogen concentrations in Heubach (1996) are
conservative and that the actual measured values for these concentrations in
the waste tanks would be lower. In fact, the hydrogen concentrations in the
tanks that have been sampled to date have been lower (sometimes much lower)
than the calculated values. Brown (1996) reports that the average measured
steady-state concentrations in the 22 single-shell tanks that have permanent
gas monitors range from a low of 6 ppm in tank 241-SX-101 to 1042 ppm in
tank 241-A-101.

Heubach (1996) calculated that a total of 117 single-shell tanks sould
exceed 25% of the lower flammability 1imit and that 51 could eventually reach,
or exceed, 100% of the lower flammability 1imit. These 51 tanks are
241-A-101, 241-A-104, 241-AX-101, 241-AX-104, 241-B-203, 241-BY-104,
241-BY-105, 241-BY-106, 241-BY-108, 241-BY-110, 241-BY-111, 241-C-103,
241-C-105, 241-C-106, 241-C-107, 241-C-201, 241-S-101, 241-S-102, 241-S-106,
241-§-107, 241-5-108, 241-5-109, 241-S-110, 241-S-111, 241-S-112, 241-SX-101,
241-SX-102, 241-SX-103, 241-SX-104, 241-SX-105, 241-SX-106, 241-SX-108,
241-SX-109, 241-SX-110, 241-SX-111, 241-SX-114, 241-T-203, 241-T-204,
241-TX-105, 241-TX-110, 241-TX-112, 241-TX-113, 241-TX-115, 241-TX-1186,
241-TX-117, 241-U-103, 241-U-105, 241-U-106, 241-U-108, 241-U-109, and
241-U-204.

4.1.1.2 Single-Shell Tank Gas Release Events. The retention mechanisms for
flammable gases, the release mechanisms for these gases, and other types of
gas release events are discussed in the following subsections. Currently,
there are 42 single-shell tanks that are identified by Hodgson et al. (1996)
as having the potential for gas release events: 241-A-101, 241-A-103,
241-AX-101, 241-AX-103, 241-BX-107, 241-BY-101, 241-BY-102, 241-BY-103,
241-BY-105, 241-BY-106, 241-BY-109, 241-C-104, 241-C-107, 241-S-102,
241-5-103, 241-S-105, 241-5-106, 241-S-107, 241-S-109, 241-S-111, 241-5-112,
241-5X-101, 241-SX-102, 241-SX-103, 241-SX-104, 241-SX-105, 241-SX-106,
241-§X-109, 241-T-110, 241-TX-102, 241-TX-111, 241-TX-112, 241-TX-113,
241-TX-115, 241-U-102, 241-U-103, 241-U-105, 241-U-106, 241-U-107, 241-U-108,
and 241-U-109.

4.1.1.2.1 Single-Shell Tank Gas Retention Mechanisms. Recent studies
(Gauglitz et al. 1994, 1995, 1996) have been conducted by Pacific Northwest
National Laboratory on the mechanisms of gas bubble retention in sludges and
slurries (except for salt-cake studies, which are not yet complete).
Depending on the physical properties of the waste material and the depth at
which the gas is being retained, or trapped, gas bubbles have been observed to
displace the waste material (spherical bubbles) or to branch between the waste
particles (dendritic bubbles). It is believed that spherical bubbles are
retained in the waste because of the yield strength of the waste material
whereas the dendritic bubbles are retained by capillary forces in the waste
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material. Figure 11 is a schematic of these spherical and dendritic bubbles.
Other bubble-retention mechanisms also have been postulated. Figure 12 is a
schematic of other bubble-retention mechanisms.

Bubble retention in noncohesive particles (settled silica) has been
investigated in a laboratory experiment conducted to simulate sludge behavior.
Three distinct regimes of bubble retention were observed. In the upper
regions of the sludge simulant, spherical bubbles were observed to displace
the sludge particles. In the middle region, the sludge fractured, and gas was
observed to collect in large bubbles. In the lower region, dendritic bubbles
were observed to branch between the individual sludge particles. Figure 13 is
a schematic of the bubble retention observed in settled silica.

Bubble retention in cohesive particles (kaolin clay) also has been
investigated in a laboratory experiment. The clay-based simulated sludges
used in the experiment were ductile pastes. In this experiment, bubbles were
essentially spherical and, therefore, were retained by viscous (yield stress)
retention. As the spherical bubbles grew in size, they formed interconnected
tunnels. These tunnels were Targer in size than those formed in the settled
silica. In order to compare the laboratory results with what was occurring in
the tank waste, a few core samples were collected from the tanks. These
samples were x-rayed after they were removed from the waste sampler drill
string used to collect the samples. The x-rays showed structures in some of
the waste samples that were similar to, but in some cases larger in scale
than, those observed in the laboratory studies. However, these structures
were not observed in all waste samples x-rayed.

For bubbles retained in particulate simulated waste, the morphology of
the retained bubble depends on a dimensionless grouping called the Bond number
that is a ratio of gravitational forces to surface tension (Gauglitz et al.
1896). The Bond number defines the transition between bubbles that displace
particles (round bubbles) and bubbles that finger between the particles
(dendritic bubbles) composing the particulate media. Bubble retention is also
observed in sludges where the particle size is sufficiently small that the
bubbles never finger between the particles and the primary mechanism of growth
is bubbles displacing the sludge. When surface tension dominates, the bubble
shape is round. When the sludge strength dominates, the bubbles grow by
displacing the weakest sludge adjacent to the bubble. In this case, if any
small nonuniformity exists in the sludge strength, the bubbles will follow
that path and evolve into some dendritic shape.

In addition to these experiments, recent push-mode sampling campaigns
have been conducted to monitor the concentration of flammable gas in the waste
sampler drill string (only after it has been sitting without a sampler for
some period of time). In three instances, the gas concentrations in the drill
string were found to be well over the lower flammability Timit. This provides
further evidence that gas does exist in the tank wastes. The gas in the drill
string may have been a result of direct release of gas bubbles or simply of
diffusion.

4.1.1.2.2 Single-Shell Tank Natural Release Mechanisms. Plausible

natural mechanisms for the rapid release of large amounts of flammable gas
from the waste in single-shell tanks are the subject of much speculation.
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Figure 11. Schematic of Spherical and Dendritic Bubbles.
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Figure 12.
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Schematic of Other Bubble Retention Mechanisms.
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Figure 13. Schematic of Bubble Retention in Settled Silica.
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Some of the natural mechanisms that might cause a large, rapid release of
retained flammable gas (Allemann et al. 1995) are as follows:

Local bubble releases

Mud pot, fumarole or chimney releases
Fracture of "dry" sludge releases
Dryout of salt cake releases
Rollover.

These mechanisms are explained in more detail in the following
paragraphs. Figure 14 illustrates some of the release mechanisms.

4.1.1.2.2.1 local Bubble Release Mechanism. In sludge that has a yield
strength similar to that of the waste in tank 241-SY-101, the largest gas
bubble that could be retained has an estimated diameter of 1 m (3.28 ft)
(Allemann et al. 1995). Multiple bubbles might be released if a bubble at
some depth in the waste begins to rise. This is because the bubble would
collect other bubbles that are above it. The affected area would be conical
in shape, with its apex at the original location of the initiating bubble.
This could be viewed as a vertical cascade of bubbles. A similar cascade
might occur if a local pressure sink penetrated one bubble. The resulting
collapse would draw in surrounding bubbles which might also collapse.
Additional work by the European Study Group (Oxford 1996) indicates that the
maximum bubble size in the tank waste should only be on the order of 10 cm.
This bubble size is highly dependent upon the yield strength of the waste
material. Above this size, the bubble would be in motion and would eventually
be released from the tank waste.

4.1.1.2.2.2 Chimney Release Mechanism. Gas retained as dendritic
bubbles has been observed to form a finely distributed, connected phase some
distance under the sludge surface. At some point, a crack, channel, or
chimney is opened to the surface, and the pressurized gas is suddenly provided
with a path to the surface. The path may be either naturally occurring or
made by an intrusive activity. This type of release could result in a
relatively large release of gas to the tank headspace. Preliminary
calculations (Allemann et al. 1995) indicate that the opening of a chimney
(also called mudpot or fumarole) to an interconnected dendritic bubble region
could produce a significant flow rate of gas over several hours. As the
release continued, Tateral forces in the waste would tend to close the chimney
and the release would stop. Allemann et al. (1995) postulates that a flow
rate of 28 m3/h (1,000 ft°/h) for 10 hours could occur.

The European Study Group (Oxford 1996) has also investigated dendritic
bubble structures at the request of the Pacific Northwest National Laboratory.
This work on dendritic bubbles, concluded that dendritic bubbles would grow in
the horizontal direction. This is because the stress on the waste is expected
to be anisotropic, i.e., the normal horizontal stress exerted by the bubbles
exceeds the normal vertical stress. The dendritic bubble would, therefore,
continue to grow until it reached the critical height of 10 cm. At the
critical height, the bubble would become mobile and would migrate to the top
of the waste and be released. This means that the dendritic bubbles would not
be interconnected across the diameter of the tank. Thus, the released gas
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Figure 14. Gas Release Mechanisms. (sheet 1 of 2)
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Figure 14. Gas Release Mechanisms. (sheet 2 of 2)
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volume estimate of 283 m’ by Allemann et al. (1995) would not occur. The
release would involve a smaller volume of the tank and would release a smaller
volume of the retained gas.

4.1.1.2.2.3 Fracture of "Dry" Sludge Release Mechanism. In the fracture
of "dry" sludge mechanism theory proposed to account for the large, rapid
release of retained flammable gas, the gas is considered to have migrated to a
pressurized layer between the sludge and a wet salt-cake cap. The sudden
breaking of this cap could release the gas to the tank headspace in a large
quantity. According to Allemann et al. (1995), this mechanism does not appear
Tikely, because the cap must be either impervious or highly resistant to flow
for gas to collect there.

4.1.1.2.2.4 Dryout of Salt Cake Release Mechanism. Another mechanism
proposed for the rapid release of large amounts of retained flammable gas is
the dryout of salt cake. Because of the excess pressure observed to be
required to move gas into wet salt cake in the laboratory, gas could be
retained between the sludge and salt cake layers, forming a layer under the
wet salt cake at a pressure dependent on the weight of the salt cake layers
above the gas. A "gasket" made up of wet salt-cake solids would form a seal
that would prevent the gas from escaping. As the wet seal is eliminated
through salt-cake dryout, gas might transpire through the dry salt cake at a
relatively high rate until the gas pressure is relieved. However, this
mechanism does not appear likely because the cap must be impervious or highly
resistant to flow for gas to collect below it (Allemann et al. 1995).

4.1.1.2.2.5 Rollovers in Single-Shell Tanks. A number of previous
studies have investigated bubble retention in both simulated waste and actual
tank waste (Gauglitz et al. 1994, 1995; Rassat and Gauglitz 1995; Bredt et al.
1995; Bredt and Tingey 1996). All of these studies involved the growth of
bubbles in settled solids submerged beneath a liquid supernatant Tayer. The
presence of the supernatant layer allowed for buoyancy-induced rollovers;
however, the rollovers were on a very small scale. In one experiment reported
by Bredt and Tingey (1996), very little supernatant liquid was present.
During this experiment, the supernatant 1iquid was observed to sink downward
as_the sTudge containing bubbles rose. Although this was a buoyancy-induced
rollover, it was lethargic and the sludge did not appear to release the gas
bubbles. Because the single-shell tanks do not usually contain a supernatant
layer (or at most a very small one), similar behavior would be expected. That
is, there would be no buoyancy-induced roliovers in single-shell tanks, or if
there are, they would be very lethargic ones in which small amounts of gas
would be released.

4.1.1.2.2.6 Summary of Single-Shell Tank Natural Release Mechanisms. As
the previous discussion indicates, the predominant mechanism for natural
release of flammable gases in single-shell tanks is the chimney release
mechanism. This type of release would be expected to release a small fraction
of the retained gas in the single-shell tank. Natural releases of flammable
gas in_single-shell tanks can range from essentially zero up to possibly 47%
for salt cake containing interstitial liquid (Allemann et al. 1994).
Therefore, a parametric analysis of the release fraction is done, see
Appendix D. See Section 4.3.1 for retained gas volume estimates.
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4.1.1.2.3 Single-Shell Tank Intrusive Release Mechanisms. Gas release
events in single-shell tanks could also be induced by waste-intrusive
activities. These include, but are not Timited to the following:

¢ Core sampling (either push- or rotary-mode)

* Installation of equipment (e.g., thermocouple trees, liquid
observation wells, salt well screens)

* Interim stabilization (i.e., pumping the liquids off)
* Sluicing (i.e., removing the solids).

Most of these activities would introduce a "chimney," as discussed
previously. This "chimney" would allow any intersected large gas bubbles and
any intersected interconnected dendritic pockets of gas to be released.
However, as discussed previously, the release would be much smaller than the
total gas volume of the tank. As stated in Section 4.1.1.2.2.6, the maximum
natural release of flammable gases in single-shell tanks is assumed to be
<10%. This is considered an upper bound for natural or activity-induced
releases.

Some tanks could have a gas concentration gradient across the waste.
This phenomenon could occur in tanks that have been partially interim
stabilized or completely stabilized. In these tanks, the volume of liquid, a
prime generator of the hydrogen, would be <189,271 L (50,000 gal) of drainable
liquid or 18,927 L (5,000 gal) of supernatant liquid (Hanlon 1996). In either
case, the flammable gases would still be produced by the liquids and the
highest concentration would be near the liquid-to-solid interface. From the
interface, flammable gases would diffuse through the waste and would be
steadily released into the tank headspace. Thus, portions of the waste could
contain flammable gas concentrations. These tanks would not be capable of
releasing significant quantities of gas. The waste in single-shell tanks can
be considered a porous media. Recent experiments on detonations in porous
media (Makris 1993) show that deflagrations and detonations cam occur in
porous media with porosity ranging from 30 to 40% and pore diameters as small
as fractions of a millimeter. In Taboratory experiments (Gauglitz et al.
1994, 1995, 1996) with simulated waste, the waste developed porosities up to
50% and had pore diameters of fractions of a millimeter up to several
millimeters in diameter.

4.1.1.2.4 Other Types of Single-Shell Tank Gas Release Events.
An earthquake could induce sufficient excitation of the waste in a tank to
release retained gas. During the earthquake, the waste would undergo a
periodic motion that could cause stresses to exceed the yield stress of the
waste and gas to be released. In essence, the waste could become liquefied by
the seismic event, thus freeing the retained gas. Ongoing work at Pacific
Northwest National Laboratory (Reid et al. 1996) indicates that earthquakes
postulated for the Hanford 200 East and 200 West Areas would cause the
retained gases to be released. Reid et al. postulate that the 100-year
earthquake could cause waste with low yield strength to release gas and that
the 1000-year earthquake will cause waste with higher yield strength to
release. The release fractions could range from 50% to nearly all of the
retained gas being released. This gas would be released from the waste over a
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short time frame (minutes to hours). Since most of the single-shell tanks are
passively ventilated, the gas released into the tank headspace would remain at
high gas concentrations (capable of supporting deflagrations and in some cases
detonations) for a long period of time.

Several other mechanisms could cause gas release events to occur.
These mechanisms are an organic pool fire (Cowley and Postma 1996), an organic
solids fire (Meachem et al. 1996), and a diesel or gasoline fire in the tank.
These mechanisms could cause a rapid pressurization of the tank headspace.
Because all these materials (organic pools, organic solids, diesel or
gasoline) require oxygen to burn, the fires will be self-extinguished because
of the Timited oxygen in the tank headspace (Cowley and Postma 1996). Once
the fire is extinguished, the tank will cool and then produce a vacuum
(Cowley and Postma 1996). This rapid pressurization and depressurization is
postulated to cause nearly all of the retained gas in the tank to be released.
The release would take place over a short period of time (minutes to hours).
The released gas would be at concentrations capable of supporting
deflagrations and in some cases detonations. The released gas could be
ignited by the hot tank, movement of equipment due to the gas release event,
electrostatic sparks, etc. Note: the flammable gases typically have an
oxidizer, nitrous oxide, released at the same time.

The potential of burning subsurface gas has also been investigated
(Nakayama and Vogt 1996). According to a European Study Group (Oxford 1996)
report, the gas retention mechanisms described previously could result in
large bubbles of about 10 cm in diameter and dendritic elliptical structures
2 m long by 6 cm in height. The report (Nakayama and Vogt 1996) indicates
that, if one bubble is ignited by a waste-intrusive activity or if Tightning
strikes the tank and the bubble is located next to the tank wall or an
installed piece of equipment, the resulting shock waves could cause
autoignition by pressurization of nearby bubbles, or the shock waves may cause
stresses to exceed the yield stress and the entire inventory of gas could be
released. Nakayama and Vogt (1996) indicate that nearly all of the retained
gas would be released from the waste in a short period of time (minutes to
hours). The released gas would be at concentrations capable of supporting
deflagrations and in some cases detonations. The released gases could be
ignited by movement of equipment due to the gas release event, electrostatic
sparks, etc.

4.1.2 Double-Shell Tank Gas Generation

The conclusions reached from the studies presented in this section are
that all 28 double-shell tanks produce flammable gases (for example, hydrogen,
ammonia, and methane) because of radiolysis, organic degradation, and
corrosion. Similar mechanisms produce nitrous oxide (a good oxidizer) and
nitrogen. Production of these gases does not create a problem when the gases
are constantly released from the waste and are subsequently removed from the
tank through the active ventilation systems. However, in some tanks,
properties of the waste cause retention of flammable gas.

4.1.2.1 Steady-State Gas Releases. Heubach (1996) calculates that, without

active ventilation, the gas concentrations in a total of 24 double-shell tanks
would be >25% of the lower flammability 1imit and that the gas concentrations
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in 20 of these tanks would eventually reach, or exceed, 100% of the lower
flammability 1imit. These 20 double-shell tanks are 241-AN-101, 241-AN-102,
241-AN-103, 241-AN-104, 241-AN-105, 241-AN-107, 241-AP-101, 241-AP-102,
241-AP-106, 241-AP-107, 241-AW-101, 241-AW-104, 241-AW-105, 241-AW-106,
241-AY-101, 241-AY-102, 241-AZ-101, 241-AZ-102, 241-SY-101 and 241-SY-103.
A summary of Heubach (1996) can be found in Section 4.1.1.1.

4.1.2.2 Double-Shell Tank Gas Release Events. The retention mechanisms for
flammable gases, the release mechanisms for these gases, and other types of
gas release events are discussed in the following subsections. Currently,

9 double-shell tanks are identified by Hodgson et al. (1996) as having the
potential for gas release events: 241-AN-103, 241-AN-104, 241-AN-105,
241-AN-107, 241-AW-101, 241-AW-104, 241-AY-101, 241-SY-101 and 241-SY-103.

4.1.2.2.1 Double-Shell Tank Gas Retention Mechanisms. The waste in
double-shell tanks has been observed to form two distinct layers—an upper
convective layer and a lower, or bottom, nonconvective layer. The upper
convective layer is assumed to be mobile and to remain mixed as a result of
convective motion. Consequently, gases generated in this layer are assumed to
be released steadily. The lower, or bottom, nonconvective layer is assumed
not to convect (move) and to retain all of the gas that is generated in this
region until a rollover occurs. The characteristics of the convective and
nonconvective layers are inferred from the observed axial temperature profiles
in the tanks. Figure 15 is an illustration of this type of axial temperature
profile. The existence of these two layers has been confirmed by use of the
void fraction instrument, the ball rheometer and core samples. A flat
temperature profile in the convective layer is assumed to indicate convective
mixing whereas an almost parabolic temperature profile in the nonconvective
layer is assumed to represent conductive heat transport. The convective and
nonconvective layers are virtually the same, except that the nonconvective
layer have more solids than the convective layer.

On the basis of preliminary measurements taken with a void fraction
instrument in the double-shell tanks, the convective layer appears to contain
very little of the retained gas. The majority of this gas appears to be
retained in the nonconvective layer. Several mechanisms have been postulated
to explain this observed gas retention phenomenon. These mechanisms are
schematically represented in Figure 12.

4.1.2.2.2 Double-Shell Tank Gas Release Mechanisms. Several mechanisms
have been proposed to explain the generation, retention, and release of gas in
the double-shell tanks (Babad et al. 1991, 1992). Although some uncertainty
exists regarding these proposed mechanisms, the existing data suggests that a
rollover of the nonconvective layer occurs periodically, which releases the
ret;ingd gas in these tanks. Figure 14 shows an illustration of the rollover
mechanism.

The chemical reactions occurring in the double-shell tanks that result
in gas generation have not been fully characterized. However, it is known
that the reactions involve the organics present in the waste and are assisted
by the radiation emanating from the radioactive materials present in the
waste. In the convective layer, the motion of the tank fluid brings the gas
generated in that layer up to the surface, where it can be released; as a
result, the gas does not accumulate in the fluid layer. However, in the
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Figure 15. Axial Temperature Profile of a Double-Shell Tank.

12.0

100 |-

Convective

8.0 |-

6.0 -

4.0 - Nonconvective

20 |-

00.0 I 1 1
35.0 40.0 45.0 50.0 55.0

Temperature (C)

7G96030036.14
SRP-FGSD

41



WHC-SD-WM-TI-753 REV 0

nonconvective layer, the waste does not move; therefore, most of the gas
formed in that layer is retained. As gas accumulates, the nonconvective layer
becomes less dense because of the retained gas. Also, the temperature rises
because radiolytic decay heat is produced faster than it is being conducted
away. The rise in temperature has several possible consequences: the
accumulated gas expands, further decreasing the density; the viscosity of the
material decreases; some of the solid material redissolves at the warmer
temperature; and the chemical reaction rates may increase. As a result of
some, or all, of these consequences, the nonconvective layer reaches a
critical density and becomes buoyant. When this happens, the hydrostatic head
decreases, the pressure on the accumulated gas drops, and the bubbles expand.
This causes instability, and the lower region of the nonconvective layer rolls
over to the top (this is termed a Rayleigh-Taylor instability). When the
nonconvective layer reaches the surface, the gas in it is released. The size
of the cohesive mass of nonconvective waste material that rises to the tank
waste surface is probably dependent on the previous history of various regions
of the nonconvective layer (Babad et al. 1992).

Eventually, enough of the accumulated gas in the nonconvective layer
is released so that the density of solids in this layer increases and the
solids settle out. The solids form a new nonconvective layer on the bottom of
the tank, and the cycle begins again. This phenomenon was clearly exhibited
in tank 241-SY-101 prior to the installation of the mixer pump. Video
photography showed that some rollover events in the tank involved the entire
nonconvective layer whereas other events only involved portions of this layer.
Calculated release fractions (Stewart 1996, Summary of Gas Retention and
Release Behavior in Hanford Single-Shell Waste Tanks) indicate that
approximately 50% of the retained gas was released.

Other double-shell tanks also exhibit rollover behavior, although to a
lesser extent than observed in tank 241-SY-101. In fact, observed phenomena
in these tanks (e.g., small level drops, no changes in temperature profiles,
small or nonexistent pressure increases) indicate that these other double-
shell tanks do not experience rollovers events involving the entire
nonconvective Tayer of the tank and may experience only partial rollover
events.

A proposed theory of partial rollover that can explain many of the
quantitative and qualitative observations to date is called the "gob theory"
(Allemann et al. 1993). This theory proposes that a portion of the
nonconvective layer (or "gob") retains enough of the gas being produced in the
waste so that the gob breaks loose from the nonconvective layer. That is, the
buoyancy force in that portion of the nonconvective layer has achieved a value
that overcomes the cohesive forces and the viscosity of the waste in the
nonconvective layer. The gob then rises rapidly to the top of the tank and
almost instantly releases the gas in it (Allemann et al. 1993). This release
is due either to the large bubbles coalescing or to the gas expanding and
coalescing because the motion (rapid rise) of the gob has reduced the strength
of the nonconvective material. After this initial release, more gas
percolates (fizzes) out of the gob at a slower rate until the amount of gas
Teft in it can no longer hold it afloat. The gob then begins to sink, and the
remaining gas is recompressed by hydrostatic pressure.
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4.1.2.2.3 Other Types of Double-Shell Tank Gas Release Events.
An earthquake could induce sufficient excitation of the waste in a tank to
release retained gas. During the earthquake, the waste would undergo a
periodic motion, which could cause stresses to exceed the yield stress of the
waste and gas to be released. In essence, the waste could become liquefied by
the seismic event, thus, freeing the retained gas. Ongoing work at Pacific
Northwest National Laboratory (Reid et al. 1996) indicates that earthquakes
postulated for the Hanford 200 East and 200 West Areas would cause the
retained gases to be released. They postulate that the 100-year earthquake
could cause waste with low yield strength to release gas and that the
1000-year earthquake will cause waste with higher yield strength to release.
The release fractions could range from 50% to nearly all of the retained gas
being released. This gas would be released over a short time frame (minutes
to hours). Because the double-shell tanks are actively ventilated, the gas
released into the tank headspace would remain at high concentrations (capable
of supporting deflagrations and in some cases detonations) for short periods
of time (a few hours to a few days), assuming the tank ventilation system was
still functioning. If the ventilation system fails and remains off, the high
concentrations could remain in the tanks for a longer period of time.

The potential of burning subsurface gas has also been investigated
(Nakayama and Vogt 1996). According to a European Study Group (Oxford 1996)
report, the gas retention mechanisms described previously could result in
large bubbles of about 10 cm in diameter and dendritic elliptical structures
2 m long by 6 cm in height. The report (Nakayama and Vogt 1996) indicates
that, if one bubble is ignited by a waste-intrusive activity or if lightning
strikes the tank and the bubble is located next to the tank wall or an
installed piece of equipment, the resulting shock waves could cause
autoignition by pressurization of nearby bubbles, or the shock waves may cause
stresses to exceed the yield stress and the entire inventory of gas could be
released. Nakayama and Vogt (1996) indicate that nearly all of the retained
gas would be released from the waste in a short period of time (minutes to
hours). The released gas would be at concentrations capable of supporting
deflagrations and in some cases detonations. The released gases could be
ignited by movement of equipment due to the gas release event, electrostatic
sparks, etc.

4.1.3 Double-Contained Receiver Tanks

4.1.3.1 Steady-State Releases. The wastes stored in the double-contained
receiver tanks contain both radioisotopes and chemical compounds that can be
broken down by radiolysis. The gaseous products of radiolysis in these tanks
are released into the tank headspace. One of the main gases produced is
hydrogen, which is generated by the radiolysis of water and of certain organic
compounds present in the waste.

Other gases that might be generated in the tank waste include methane,
ammonia, nitrous oxide, carbon monoxide, oxygen, and the vapors of volatile
organic species. Hydrogen, methane, ammonia, and the organic vapors can act
as fuels for combustion. Oxidizers (oxygen in the headspace air and
radiolytically-generated oxygen and nitrous oxide) are also present.
Therefore, a combustive reaction (e.g., a deflagration or detonation) in the
primary tank headspace is a potential hazard.
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Heubach (1996) has calculated that the 7 double-contained receiver tanks
would exceed both 25% of the lTower flammability 1imit and 100% of the Tower
flammability 1imit without active ventilation. These double-contained
receiver tanks are 244-A, 244-BX, 244-S, 244-TX, 244-U, and 244-CR.

4.1.3.2 Transferred-In Gas. Waste transferred into the double-contained
receiver tank contains both dissolved gas and small bubbles of gas. The
dissolved gas is mainly ammonia, while the bubbles of gas are composed of
hydrogen, nitrous oxide, and methane. Recent studies (Norton and Pederson
1994) on ammonia indicate that, if the water content of the waste is

40 weight % and if the temperature is 50 °C (122 °F), the concentration of
ammonia in the waste is estimated to be 0.6 weight %. The quantity of gas
retained in bubbles has also been estimated to be <0.01 weight %

(Kidder 1996).

Peurrung and Gauglitz (1996) modeled salt-well pumping as multiphase flow
in porous media. The results of this modeling, which was focused on single-
shell tanks, is included here because the 1iquids pumped out of these tanks
are transferred into the double-contained receiver tanks addressed in this
section. (A laboratory study, still in an early stage, of gas release as a
result of draining 1iquid from porous media, will be used to confirm the model
results.) Both one-dimensional and two-dimensional modeling was conducted by
Peurrung and Gauglitz (1996). The results of this modeling show that,
although most of the soluble gas (ammonia) would be removed with the pumped
fluid and transferred to the double-contained receiver tank , a large quantity
of this gas could be volatilized and released into the headspace of the tank
being pu?ped. Instantgyeous releases of this gas are projected to be as high
as 181 m’/day (6,400 ft*/day). Also, essentially all of the insoluble gas
(hydrogen, methane, and nitrous oxide) is projected to be released in the
single-shell tank, but very little of the gas is projected to be released in
the salt well itself or transferred to the double-contained receiver tank.

Another study (Siciliano 1996) states that the maximum bound for ammonia
concentrations in the double-contained receiver tanks would be 22 vol% and
that the maximum released volume for this gas would be 10.3 m (364 ft3).
Siciliano also states that the presence of insoluble gas in the tanks is
expected to have no effect on ammonia solubility. The main effect of this
insoluble gas would be to produce gas bubbles in the waste. These bubbles
could potentially be released in a short time if the waste were disturbed.
The bubbles could also be the driving force behind a rapid gas release, as is
the case when a convection layer rollover event occurs. The specific
implication of having insoluble gas present when ammonia is released is that,
when the insoluble gas forms bubbles in the waste, a fraction of the gas in
the bubbles will be ammonia. This fraction is determined by the Henry's law
constant for the system. When the bubbles are released, the ammonia inside
them can escape into the primary tank headspace. This mechanism is already
included in the calculations for the maximum bound for ammonia concentrations
(Siciliano 1996).

4.1.3.3 Gas Produced by Chemical Adjustment. Sodium hydroxide and sodium
nitrate are added, as needed, to the double-contained receiver tanks to adjust
the chemistry of the waste. This causes a gas release (i.e., the amino
compounds in the low-pH waste become free ammonia when the pH is raised by
addition of these chemicals).
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Calculations (Heubach and Siemer 1996) indicate that an injection of
19-molar sodium hydroxide at a rate of 1 L/h for 25 hours will produce an
ammonia concentration of 50% in the primary tank headspace of the double-
contained receiver tank. The lower flammability 1imit for ammonia is 15% in
dry air and 15.95% in humid air (see Appendix E of this report). It should be
noted that the injection rate of sodium hydroxide into the receiver tanks is
higher than 1 L/h at the tank farms.

4.1.4 Catch Tanks

4.1.4.1 Steady-State Releases. The wastes stored in the catch tanks may
contain both radioisotopes and chemical compounds that can be broken down by
radiolysis (see Table 3 for the types of waste each catch tank may contain).
The gaseous products of this radiolysis are released into the tank headspace.
One of the main gases produced is hydrogen, which is generated by the
radiolysis of water and of certain organic compounds. A1l catch tanks are
passively ventilated except for two near the aging waste facility tanks.
These two actively ventilated catch tanks will become passively ventilated
with the ventilation upgrade to the aging waste facility tanks.

Other gases that might be generated in the waste include methane,
ammonia, nitrous oxide, carbon monoxide, oxygen, and the vapors of volatile
organic species. Hydrogen, methane, ammonia and the organic vapors can act as
fuels for combustion. Oxidizers (oxygen in the headspace air, and
radiolytically generated oxygen and nitrous oxide) are also present.
Therefore, a combustive reaction (e.g., a deflagration or detonation) in the
tank headspace is a potential hazard.

4.1.4.2 Transferred-In Gas. Waste transferred into the catch tank contains
both dissolved gas and bubbles of gas. The dissolved gas is mainly ammonia
whereas the bubbles of gas are composed of hydrogen, nitrous oxide, and
methane. Recent studies (Norton and Pederson 1994) on ammonia indicate that
if the water content of the waste is 40 weight % and if the temperature is
50 °C (122 °F), the concentration of ammonia in the waste is estimated to be
0.6 weight %. The quantity of gas retained in bubbles has been estimated to
be <0.01 weight % (Kidder 1996).

4.1.4.3 Gas Produced by Chemical Adjustment. Sodium hydroxide and sodium
nitrate are added, as needed, to the catch tanks to adjust the chemistry of
the waste before it is transferred to the double-shell tanks. This causes a
gas release (i.e., the amino compounds in the low-pH waste become free ammonia
when the pH is raised by the addition of these chemicals).

4.2 SLURRY GAS COMPOSITIONS

Identified in this section are the slurry gas compositions calculated
for waste tanks suspected of retaining significant amounts of flammable gas (as
a result of phenomena that may be occurring within these tanks) that could pose
hazards to site personnel and the public if the deflagrations or detonations
discussed later in Section 4.3 were to occur. Slurry gas is defined as the
retained gases that are released from the waste during natural or induced
gas-release events. The composition of the released slurry gas may be different
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than the composition of the retained gases due to differences in solubility and
release mechanisms. The gas compositions are derived from headspace sampling
data (see Sections 4.2.1.2, 4.2.4 and Appendix C). Also identified in this
section are the slurry gas compositions calculated for waste tanks that are
suspected to produce steady-state releases of flammable gas but that are poorly
ventilated, thus posing the same hazards stated previously.

The results of the analysis of actual gas samples collected from the
previously described waste tanks by several methods are discussed in this
section. Historical data from waste tank 241-SY-101 is also provided for
comparison purposes, along with the results of waste simulation studies
performed for waste tanks 241-SY-101 and 241-SY-103. The section concludes
with a presentation of results from the calculations performed; the actual
sampling data (including the data for 241-SY-101) are used to determine the
slurry gas compositions of the waste tanks suspected of retaining significant
amounts of flammable gas and those poorly ventilated tanks suspected of
producing steady-state releases of flammable gas.

These results indicate that slurry gas compositions are unique for
each of the waste tanks analyzed and are significantly different from
tank 241-SY-101 and that some tank gases are richer in certain fuel values
(i.e., percent of methane present), thus requiring smaller amounts of released
gas to produce a similar burn than previously proposed for tank 241-SY-101.
These results also indicate that the 25% and 100% lower flammability 1limit
values established in earlier documentation (Sherwood 1995) for controlling
certain tank farm operations activities are also supported by the data
collected and analyzed for these additional waste tanks.

4.2.1 Actual Sampling Data

4.2.1.1 Headspace Sampling Data. As part of the characterization of the
waste tanks, headspace sampling has been performed on a number of single-shell
tanks. The headspace samples have been collected using SUMMA? canisters.
Analysis of these samples indicates that flammable gases (hydrogen, ammonia,
and methane) are present in most single-shell tanks. The results from all
tanks sampled to date are summarized in Appendix A. These data show the
results for 46 waste tanks and support the gas generation data for single-
shell tanks (see Section 4.1.1) in that they indicate tank waste generates
hydrogen, ammonia, methane and nitrous oxide.

4.2.1.2 Grab Sampling Data from Standard Hydrogen Monitoring Systems. As part
of the strategy for resolution of the flammable-gas unreviewed safety question,
standard hydrogen-monitoring systems were placed in service on 6 double-shell
tanks and on 22 single-shell tanks. Part of the effort to ensure that the
monitoring systems were functioning correctly was to collect grab samples from
the tanks, analyze the samples, and compare the results with what was measured
at the same time by the standard hydrogen-monitoring systems placed on these
tanks. Since this baselining activity was completed, periodic grab samples have
been collected and analyzed on a continuing basis. The analyses to date of the
grab samples collected from the tanks are provided in Appendix B.

25UMMA is a registered trademark of Moletrics, Inc., Cieveland, Ohio.
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The analyses of the grab samples indicate that nitrous oxide is a major
component of the gases found in the headspace of a large number of Hanford
waste tanks. These data were obtained from mass spectrometry analysis of the
grab samples. Some of the tanks gave very high hydrogen-to-nitrous-oxide
ratios, particularly tank 241-AW-101 which has a 3:1 ratio. Because these
samples were highly diluted with air, information on the concentration of
nitrogen, expected to be a major constituent, could not be obtained.
Considerable scatter in the calculated hydrogen-to-nitrous-oxide ratios was at
least partially due to very low measures of absolute concentrations of these
gases in the headspace.

4.2.1.3 Historic Data from Tank 241-SY-101. Sampling data obtained for
tank 241-SY-101 indicate that hydrogen composed less than a third of the
released gases from tank. Nitrous oxide, nitrogen, and ammonia are other
important gas components. Gas composition information for tank 241-SY-101 is
more extensive than for any other waste tank at the Hanford Site. Table 4
presents a best estimate and a conservative estimate of the gas compositions
for the slurry gas released during rollover events in tank 241-SY-101

(LANL 1995). These rollover events consist of the exchange of solids in the
nonconvective layer at the bottom of the tank with the fluids in the
convective layer at the top of the tank (bottom to top). This phenomenon is
postulated to occur (see Section 4.1.2.2.2) because the solids are buoyed up,
or become buoyant, because of the retained gas, rise either to the surface or
to a point below the surface of the waste, and release a portion or all of
their retained gas to the tank headspace.

Table 4. Gas Compositions for the Released Slurry
Gas in Tank 241-SY-101.

Component | BEt BRCIRES: | omate, ot %
Hydrogen 28.77 31.41
Nitrous oxide 24.45 26.69
Ammonia 10.95 14.95
Nitrogen 32.82 23.51
Methane 0.35 0.53
Carbon monoxide 0.25 0.50
Water 2.40 2.40

SOURCE: LANL, 1995, A Safety Assessment for Proposed Pump Mixing

Operations to Mitigate Episodic Gas Releases in Tank 241-SY-101: Hanford
Site, Richland, Washington, LA-UR-92-3196, Rev. 14, Los Alamos National
Laboratory, Los Alamos, New Mexico.

4.2.1.4 Retained-Gas Sampler Data. Analysis of gas samples collected with a
retained-gas sampler from tank 241-AW-101 (Shekarriz et al. 1996) showed
nitrogen to be among the principal components of the gases retained in the
tank waste, with hydrogen composing less than half of the total gases present.
Avoidance of large-scale dilution of the sampled gases with air is among the
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important advantages of using the retained-gas sampler to collect gas samples
from the waste tanks. Observed hydrogen-to-nitrous-oxide ratios in the gas
samples analyzed from tank 242-AW-101 remained quite high, similar teo analyses
of grab samples collected from the headspace in the tank. Table 5 lists the
measured concentrations observed in the gas samples obtained from

tank 241-AW-101 with the retained-gas sampler. However, one must be somewhat
cautious about these results because the presence of oxygen (Shekarriz et al.
1996) in the samples probably indicates contamination of the samples with air.
(An investigation is in progress to determine whether or not this oxygen was
introduced into the gas samples by leakage of the retained-gas sampler or was
due to subsequent handling and analysis of the samples collected.) Even
considering some dilution of these samples with air, at least half of the
nitrogen concentrations Tisted in Table 5 are believed to have been present in
the core samples collected from tank 241-AW-101 with the retained-gas sampler.
It must be noted that the data in Table 5 are "raw data" that have not been
manipulated. The retained-gas sampler results are a direct measurement of the
stored gases in the waste. Thus, the results will be biased high on ammonia
(because of the extraction processes) and perhaps other gases, too. Also,
because the samples were not immediately analyzed and were not maintained at
tank temperature, the entire chemistry of the retained gases could have
changed. The correlation between what is stored in the tank and what gets
released is also not known at this time.

Table 5. Retained-Gas Sampler Results from Tank 241-AW-101.

Sample Hydrogen, Nitrous Nitrogen, | Calculated
designation mole % oxide, mole %¥{ mole % Hy /N0
AW 101-8J1 8.3 0.83 41.0 10.0
AW 101-1701 17.8 2.89 49.0 6.2
AW 101-19J1 33.1 3.87 42.4 8.6
AW 101-21J1 24.2 5.6 50.4 4.3

4.2.2 Simulated Waste Data

In laboratory studies of gas generation with simulated wastes
(Ashby et al. 1992, 1993, 1994; Barefield et al. 1995; Bryan et al. 1992,
1994; Delegard 1980; Meisel et al. 1991, 1993), nitrous oxide and nitrogen
were observed to be the primary components of the gases generated in addition
to hydrogen. Typical nitrous-oxide-to-hydrogen ratios observed in these
studies ranged from 5:1 to 20:1 when hydroxyethylethylenediamine triacetic
acid and ethylenediamine tetraacetic acid were used as the organic components
of the waste simulant. Greater relative amounts of hydrogen were obtained
when sodium citrate and sodium glycolate were present. The relative yields of
hydrogen, nitrogen, and nitrous oxide were observed in these laboratory
studies to be sensitive to many factors, including the identity and
concentration of organic components in the waste simulant; the concentrations
of hydroxide, nitrite, chromium and aluminate ions in the simulant; the
temperatures simulated; and the radiation dose and dose rates simulated.
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Under simulated thermal conditions assumed to be present in the waste
tanks, the primary oxidant observed was the nitrite ion. Therefore, some form
or forms of reduced nitrogen (i.e, either nitrous oxide or molecular nitrogen,
or both of these forms) are expected to always be produced as organics are
oxidized in the tank waste.

Nitrous oxide and molecular nitrogen were observed in the study to be
produced both thermally and radiolytically; however, the mechanism for their
formation is not well understood. Most of the nitrogen observed in these
products is believed to be derived from the nitrite ion. However, neither
nitrous oxide nor nitrogen can be formed in the absence of organic components.

Hydrogen is known to be produced by the direct radiolysis of water and by
abstraction of a hydrogen atom from an organic molecule by a hydrogen radical.
A direct correlation between hydrogen generation rates and the concentration
of carbon-hydrogen and nitrogen-hydrogen bonds was established in the
Meisel et al. (1993) study with simulated wastes. Meisel concluded that
hydrogen generation by radiolysis is inhibited in Hanford wastes by efficient
capture of the hydrated electron by the nitrate jon.

Part of the retained gas will consist of water vapor. The partial
pressure of water over solutions of concentrated electrolytes is lower than
for pure water. The results of laboratory studies using waste simulants
(Norton and Pederson 1994) indicate that the water vapor pressure should be
<0.05 atm. at 50 °C (122 °F), and if the total pressure is ~2 atm., water
vapor should compose ~2.5% of the retained-gas volume.

4.2.3 Real Waste Data

Recent laboratory gas generation studies using actual waste samples
(Person 1996, Bryan et al. 1996) have also yielded data about the gases being
generated in tank wastes. The methodology used in these studies allows
overall waste behavior to be established without first exhaustively
characterizing all of the waste components. The analysis of thermally-induced
gas generation during these studies, using tank 241-SY-103 samples, indicates
that hydrogen, nitrous oxide, and nitrogen are the primary products of this
gas-generation process in tank wastes. Hydrogen was observed to compose less
than half of the product gases (in the tank waste samples studied) over the
temperature range of 60 °C to 120 °C (140 °F to 248 °F). Lower temperatures
were observed to favor the formation of nitrogen whereas higher temperatures
were observed to favor the production of nitrous oxide in these tank wastes.
Similar results were obtained for composite waste samples from tank
241-8Y-101. Further Taboratory studies are needed to establish both the rates
of gas generation for these complex waste mixtures and the stoichiometry of
the product gases.

4.2.4 Final Safety Analysis Report Methodology for
Released Slurry Gas Compositions
A large body of gas composition data has been obtained (see Appendix C)

for many of the waste tanks by using mass spectrometry analysis methodology.
Most of this data corresponds to mass spectrometry analyses of grab samples
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collected from the headspace in the tanks. As such, the samples are highly
diluted with air, which precludes obtaining meaningful data on the nitrogen,
oxygen, or carbon dioxide concentrations present in the waste tank gases.
However, the concentrations of hydrogen, nitrous oxide, methane, and various
minor components were able to be determined from the mass spectrometry
analyses performed. Ammonia concentrations were also determined from these
analyses and included in the Appendix C data. However, because ammonia tends
to adsorb onto the stainless steel walls of the sampling tubes, sampling
container, mass spectrometer, and associated vacuum equipment used in these
analyses, the ammonia concentrations identified in Appendix C are generally
believed to be less reliable.

There are no direct measurements of the released slurry gas compositions
in any of the Hanford waste tanks. Therefore, the released slurry gas
compositions for these tanks must be inferred from tank headspace gas
concentration data. As previously discussed in Section 4.2.1.2, headspace
grab samples were collected and analyzed by using mass spectrometry as a means
of baselining the data collected from the standard hydrogen-monitoring systems
installed on some of the single-shell tanks and double-shell tanks. The grab
sample data collected (see Appendix B) have been used to identify the slurry
gas composition for each of the sampled tanks. Only the noncondensable gas
species present in the slurry gases are identified in the grab sample data
provided in Appendix B because the noncondensable gas species of interest in
the tank wastes are not very soluble in the waste. Consequently, the mass-
transfer effects of the noncondensable gas species are expected to be
negligible. Likewise, provided that all the gas species are generated in
constant proportions independent of the Tocation, the surface diffusion
effects when the gases are released from the waste are expected to be small.

The methodology for deriving the released slurry gas compositions for the
tank wastes was to use the hydrogen data in Appendix B to obtain an average
and standard deviation for these compositions. Then, the ratios between the
nitrous oxide and hydregen and the methane and hydrogen that may be present
in the tank wastes were calculated, along with their averages and standard
deviations. The average hydrogen value, plus two standard deviations, was
then used to calculate the amount of nitrous oxide and methane that may be
present in the waste. Appendix C provides additional details on the
derivation of the released slurry gas compositions for the tank wastes.

Because data was not available on the amount of nitrogen present in the
released slurry gas (except for a very few tanks) and because the amount of
this gas present is highly dependent on waste tank temperature and waste
chemistry, a simplifying assumption was made that 20% nitrogen was present in
the released slurry gas. To determine the effects of this assumption, a
calculation was performed to compare the pressure differences for a released
sTurry gas composition with 20% nitrogen and a released slurry gas composition
with 0% nitrogen (see Appendix C). The calculated gauge pressure for released
slurry gas compositions with 0% nitrogen was only 11 to 21% higher {depending
on the remaining gas constituents) than the pressure for released slurry gas
compositions with 20% nitrogen added. These small variations in gas pressure
of 20% (0.2 times) are not considered significant for the purpose of tank gas
composition analysis because variations in other slurry gas parameters (such
as the volume of the gas and how much material is entrained from the tank) can
result in gas pressure increases of from 200% to 3600% (2 to 36 times).
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Ammonia is known to be soluble in the tank waste. However, the amount of
ammonia present in the released slurry gas or released due to mass transport
phenomena associated with the gas release event is not well characterized.
Therefore, in the data provided in Appendix D, a constant value of 15% was
chosen for the amount of ammonia that could be present in the waste. This
value was chosen because of several factors. One factor was that the same
value was chosen for tank 241-SY-101 (LANL 1995). In recent work at the
Los Alamos National Laboratory (Pasamehmetoglu 1996) on rotary-mode core
sampling of the tank wastes and on interim stabilizing of the tanks, the value
chosen for ammonia has ranged as high as 50%. However, although ammonia is
not routinely monitored in the tank farms, no measured data exist to support
that high a value, and operational experience during the performance of the
types of activities analyzed by Los Alamos National Laboratory does not appear
to support it. Twenty-three vapor exposure events involving 40 workers at the
Hanford Site have occurred between July 1987 and February 1995. During these
events, workers have reported i1l effects including headaches, burning
sensation in nose and throat, nausea, and impaired pulmonary function while
working around waste tanks at the Hanford project. Musty and foul odors,
including the smell of ammonia, have been reported to emanate from several
single-shelled tanks (Meacham et al. 1996). Ten of these occurrences,
involving 18 workers, were linked to C Tank Farm. In particular,
tank 241-C-103 was implicated with six of the reported occurrences. The
occupational Timit for ammonia is 25 ppm while a concentration of 500 ppm is
considered immediately dangerous to 1ife and health.

To determine the effect of ammonia on the calculated final gas pressures
in the tanks after deflagration, ammonia levels in the released slurry gas
were varied (by calculation) from the 15% value chosen (see Appendix C for
details) to a lower value of 10% and to a higher value of 20% of the slurry
gas. The results of these variations were that the final gauge pressure was
lowered by ~2 to 12% for 10% ammonia in the slurry gas and was raised by ~2 to
11% for 20% ammonia in the slurry gas. These small variations in gas pressure
of 10% (0.1 times) are not considered significant for the purpose of tank gas
composition analysis because variations in other released slurry gas
parameters (such as the volume of the gas and how much material is entrained
from the tank) can result in gas pressure increases of from 200% to 3600%

(2 to 36 times).

Table 6 1ists estimated compositions for released slurry gas for the
waste tanks for which monitoring data is available. The table also 1ists the
calculated values of (1) the lower flammability 1imit (see Appendix C for
details) for a total mixture of the gases listed for each tank and (2) the
hydrogen concentration at the mixture lower flammability 1imit for each tank.
The calculated concentration for hydrogen at the mixture lower flammability
limit is useful because the only flammable-gas species being monitored in
these tanks is hydrogen (the standard hydrogen-monitoring systems are
specifically designed to monitor for hydrogen only). It should be noted that
the current flammability 1imit values used in the tank farms is a lower flam-
mability Timit of 4.5% (Sherwood 1995) for a mixture of gases. The hydrogen
concentration at this Tower flammability limit is 2.5% (25,000 ppm), and 25%
of this hydrogen concentration is 0.6250% (6,250 ppm). A comparison of these
limits with the 1imits determined for slurry gas compositions, which are based
upon actual measurements of hydrogen levels in the waste tanks, shows that
these Timits (2.5% and 0.6250%) are still bounding, except for one tank.
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Table 6. Estimated Compositions for Released Slurry Gas and
Lower Flammability Limits. (2 sheets)

H N.O CH NH. N Total mixture cOhH(.:yednrtOYQ:tni on

Tank | 1018 % | moTe % | mole' % | mole % | mole % at LFL
100% 25% 100% 25%

AN-103 60 5 0 15 20 4.69 1.17] 3.75} 0.9373
AN-104 55 10 0 15 20 4.75 1.19] 3.73| 0.9318
AN-105 52 13 0 15 20 4.79 1.201 3.71) 0.9281
AN-107 No monitoring data”
mi-101f a8 | 17 | 1 | 15 | 20 [ 4.8s]  1.21] 3.66]0.9148
AW-104 No monitoring data”
AY-101 No monitoring data”
SY-101 31 27 1 15 26 5.24 1.31] 3.51} 0.8769
SY-103 30 20 2 17 31 5.43 1.36| 3.35} 0.8377
A-101 54 | 10 | 1 15 20 4.76 1.19| 3.68( 0.9199
A-103 No monitoring data”
AX-101 55 7 3 15 20 4.76 1.19] 3.59} 0.8964
AX-103 30 31 4 15 20 5.28 1.32| 3.21{ 0.8030
BX-107 No monitoring data”
BY-101 No monitoring data’
BY-102 No monitoring data”
BY-103| 45 | 18 [ 1 [ 15 | 20 [ a.89] 1.22] 3.60]0.9011
BY-105 No monitoring data” .
BY-106 27 37 1 15 20 5.42 1.35] 3.42] 0.8540
BY-109 46 16 3 15 20 4.89 1.22| 3.51] 0.8770
C-104 No monitoring data”
c-106 | 41 | o | 24 [ 15 [ 20 [ 4.98] 1.25] 2.56] 0.6400
C-107 No monitoring data”
S-101 No monitoring data”
s-102 | 37 | 28 | 1 [ 15 [ 20 Jso8 [ 1.27] 3.56] 0.8912
S-103 No monitoring data”
S-105 No monitoring data”
S-106 No monitoring data”
S-107 57 8 0 15 20 4.72 1.18| 3.73| 0.9336
S-108 65 0 0 15 20 4.64 1.16| 3.77| 0.9420
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Table 6. Estimated Compositions for Released Slurry Gas and
Lower Flammability Limits. (2 sheets)

H N.O CH NH N Total mixture conHéyedn';OY'g:tnion

Tank | 1018 % | moTe % | mole % | mole % | mo15 % at LFL
100% I 25% 100% 25%

S-109 No monitoring data”
S-110 56 9 0 15 20 4.73 1.18] 3.73| 0.9336
§-111 37 10 18 15 20 5.05 1.26| 2.68| 0.6697
S-112 42 17 6 15 20 4.9 1.24| 3.33]{ 0.8314
SX-101 44 0 21 15 20 4.94 1.24] 2.69( 0.6734
SX-102 21 36 15 20 5.61 1.40| 2.63] 0.6578
S$X-103 4] 16 15 20 4.98 1.25] 3.20| 0.7993
SX-104 33 0 32 15 20 5.11 1.28] 2.13] 0.5313
SX-105 44 0 21 15 20 4.94 1.24| 2.70] 0.6747
SX-106 30 29 6 15 20 5.27 1.32] 3.06] 0.7655
SX-109 35 14 16 15 20 5.10 1.28| 2.70( 0.6743
T-104 65 0 0 15 20 4.64 1.16] 3.77] 0.9420
T-110 65 0 0 15 20 4.64 1.16| 3.77{ 0.9420
TX-102 No monitoring data”
TX-111 No monitoring data”
TX-112 No monitoring data”
TX-113 No monitoring data”
TX-115 No monitoring data”
U-102 No monitoring data”
U-103 24 40 1 15 20 5.54 1.391 3.36] 0.8412
U-105 15 49 1 15 20 6.24 1.56| 3.10| 0.7754
U-106 No monitoring data”
u-107 21 43 1 15 20 5.73 1.43| 3.29| 0.8225
U-108 27 36 2 15 20 5.40 1.35| 3.27| 0.8182
U-109 26 38 1 15 20 5.47 1.37] 3.40| 0.8508

*Tanks With no monitoring data are included in this table, because they are addressed in the
flammable-gas unreviewed safety question; however, these tanks do not have monitoring equipment
installed yet.

LFL = lower flammability limit.
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That tank is 241-SX-104, where the calculated mixture lower flammability
limit is 4.96, the hydrogen concentration at this lower flammability limit
is 2.16% (21,600 ppm), and 25% of this hydrogen concentration is 0.5394%
(5,394 ppm).

4.3 LOCAL, GLOBAL, AND SUBSURFACE DEFLAGRATIONS/DETONATIONS

Addressed in this section is the potential for deflagration
(i.e., propagation of a flame at a rate below the speed of sound) or
detonations (i.e., propagation of a flame at a rate above the speed of sound)
to occur in localized regions of the waste tank headspace, in the global
region (total headspace volume) of the waste tanks, or in subsurface regions
(below the surface of the tank waste) if the concentrations of flammable gases
in these regions were ignited by some credible natural occurrence or intrusive
activity. Also addressed in this section is the credibility of these
deflagrations and detonations occurring in other locations of the tank farm
systems (e.g., process pits and transfer lines).

The estimates of the retained-gas volumes in the tanks and the studies
conducted on possible deflagration or detonation of this gas to date are
summarized in this section to support the conclusions to date on these
subjects. These conclusions are that deflagrations appear to be credible
events in single-shell tanks and double-shell tanks, and if enough gas is
released from the tank waste in a short period of time, detonations appear to
be credible events in a few single-shell tanks and double-shell tanks.
Deflagrations of gas under the waste surface are also considered credible
events that could cause release of nearly all of the retained gas in the
tanks. Similarly, earthquakes could also cause anywhere from 50% to nearly
all of the retained gas to be released from the waste and ignited in the tank
headspace, resulting in deflagrations or detonations, depending on the
hydrogen concentrations present in the headspace.

4.3.1 Estimates of Retained-Gas Volumes

The estimates for the volumes of retained gas in the waste tanks
that are used in this section are from Hodgson et al. (1996). These values
were determined by using average, or best estimate, parameters. As such, they
should be considered the average value of the retained gas in the tanks.
A conservative estimate of the retained gas would 1ikely be twice as large as
the reported volume; however, this conservatism is not used herein. Table 7
1ists the estimated retained-gas volumes and the tank headspace volumes from
Hodgson et al. (1996) for various tanks.

4.3.2 Bureau of Mines Flammability Tests

The Pittsburgh Research Center of the U.S. Bureau of Mines has studied
the flammability of various mixtures of hydrogen, nitrous oxide, and air
(Cashdollar et al. 1992). More than 280 tests using electric sparks and
stronger pyrotechnic ignitors were performed in a 120-L spherical chamber.
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Table 7. Best Estimates of Retained-Gas Volumes
and Headspace Volumes.
Tank Retga;sned Heag:sp)ace Tank Retga;sned Heag:s;))ace
(scm) (scm)
AN-103 641 1717 S-106 808 2197
AN-104 320 1321 S-107 — 2543
AN-105 397 1024 S-108 — 2268
AN-107 — 1328 $-109 447 2256
AW-101 299 1065 S-110 - 2510
AW-104 150 1083 S-111 466 1938
Ay-101 34 1759 S-112 — 2005
SY-101 551 1032 SX-101 56 3152
SY-103 119 2514 SX-102 386 2865
| SX-103 673 2393
A-101 130 1224 SX-104 — 2591
A-103 102 3349 SX-105 - 2357
AX-101 — 1886 SX-106 266 2813
AX-103 — — $X-109 — 3896
8X-107 122 1933 T-104 — 1458
BY-101 266 3165 T-110 — 1655
BY-102 — 2933 TX-102 175 3209
8Y-103 — 2529 TX-111 179 2652
BY-105 183 2322 TX-112 511 1594
BY-106 — 1432 TX-113 242 1814
BY-109 — 2746 TX-115 297 1985
C-104 30 2296 U-102 272 1821
C-106 — 2372 U-103 303 1448
c-107 5 2296 U-105 209 1619
$-101 138 2380 U-106 41 2381
S-102 608 1924 U-107 184 1693
S-103 256 2961 U-108 — 1456
S-105 120 2412 U-109 215 1473

SCM = standard cubic meters.
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The results of these tests indicate that, below 20% hydrogen, there is no
significant difference in the flammability data for hydrogen-air mixtures and
for 1:1 or 3:2 ratios of hydrogen-nitrous oxide-air mixtures (Cashdollar
et al. 1992). At higher hydrogen concentrations, the hydrogen-nitrous
oxide-air mixtures are more hazardous, with higher maximum pressures and rates
of pressure rise (Cashdollar et al. 1992). Therefore, small amounts of
nitrous oxide (relative to air) do not appear to have much effect on the
flammability of retained gases. This would be the situation in a tank that
has experienced a gas-release event with the entire tank headspace becoming
well mixed before ignition occurs. However, high concentrations of nitrous
oxide (relative to air) could markedly increase the explosion hazard. This
appears to be substantiated by an experiment by Cashdollar (1992) who states
"a stoichiometric mixture of hydrogen with nitrous oxide appears to have
detonated when initiated with a spark.” This explosion hazard could exist for
subsurface ignition events or for Tocal releases in the waste tanks that have
not become well mixed before ignition occurs.

Some tests conducted by the U.S. Bureau of Mines were made at an elevated
temperature of 54 °C (129.2 °F). These tests also included added water vapor.
The data obtained from these tests were not significantly different from
those obtained at ambient temperature, with no water vapor (dry)

(Cashdollar et al. 1992).

The issue raised concerning the potential for ignition of ammonia gas
in the gas mixtures was also tested (Cashdollar et al 1992). Mixtures of
1:1 ratios of hydrogen to nitrous oxide in air, with small amounts of ammonia
added, were tested in the 120-L spherical chamber with the spark ignition
source. Ammonia is a fuel with its own lean flammability limit of 15% in air
(Coward and Jones 1952, Zabetakis 1965). It is not as flammable as hydrogen,
but the data show that addition of ammonia to the equimolar hydrogen—-nitrous
oxide mixture in air results in the lowering of the downward propagation Timit
for hydrogen by about 0.5% for each 1% of ammonia added. In the equimolar
hydrogen-nitrous oxide mixtures, the downward propagation 1imit occurs at
8% hydrogen (Cashdollar et al. 1992). Thus, for example, adding 4% ammonia
lowers the downward propagation 1imit to 6% hydrogen.

4.3.3 Local Deflagrations/Detonations

Modeling of local deflagrations/detonations has been conducted for
various Jocal release scenarios (Antoniak and Recknagle 1995, 1996a, 1996b;
Recknagle and Michener 1995; Thurgood 1996; Heard 1996; Plys et al. 1996;
Beyler and Thorne 1996). The following paragraphs summarize these modeling
efforts.

4.3.3.1 }ocal Deftagrations. Antoniak and Recknagle (1995) modeled a 28-m°
(1,000-ft”) release of hydrogen in 60 seconds from a localized area in

tank 241-AW-101. They used a fully three-dimensional model that simulates
airflow into and out of the tank, heat transfer by convection (both forced and
natural), conduction, buoyancy, and diffusion. The active ventilation on this
tank was also modeled in this simulation. The modeling showed that the peak
concentration in the dome reached 30% hydrogen, which dissipated to 8% within
2 minutes and to 3% within 2 hours. A video made from the numerical

56



WHC-SD-WM-TI-753 REV 0

simulation showed that the buoyant gases collected in the apex of the tank and
remained flammable for nearly 2 hours.

Recknagle and Michener (1995) modeled different size releases into the
tank headspace of tank 241-AY-101 over an 80-minute release period. This
modeling showed that 6.8 m> (240 ft*) of hydrogeq brought the well-mixed
headspace_concentration to 0.4%, 31 m® (1,090 ft } of hydrogen yielded 1.8%,
and 141 m® (4,980 fts) of hydrogen gave a hydrogen concentration of 8%. This
study did not look at the localized concentrations in the tank headspace.

Antoniak and Recknagle (1996a) modeled a gas release event that occurred
in tank 241-AN-105 on October 21, 1995, The best fit to the measured data
obtained from this modeling was 14.2 m° (500 ftz) of hydrogen released in
10 minutes from a localized area. The measured peak from the standard
hydrogen monitoring system was 1.6% hydrogen whereas the calculated peak
resulting from the modeling was 1.7% hydrogen. Note: The modeling only
attempted to calculate what the standard hydrogen-monitoring system should be
reading and not the highest concentration in the dome.

Antoniak and Recknagle (1996b) updated an earlier analyses for single-
shell tank 241-S-108 and double-shell tank 241-SY-101. In the earlier
analyses, the dome was initially modeled as quiescent with no ventilation
flow. This modeling established an initial (thermal buoyancy-driven) flow
field in the tank headspace and looked at various ventilation flow rates. The
presence of an established flow field simulating convective heat flow was
calculated to have a relatively small, short-term effect on hydrogen
concentrations. Ventilation airflow rate was determined to have a similarly
small effect on peak hydrogen concentrations.

Thurgood (1996) investigated the effects of two postulated flammabie-gas
releases (the release of gas from a dendritic structure and the release of
large 1-m bubbles) during salt-well pumping. The analysis focused on the pump
pit concentrations. Note: The European Study Group (1996) indicates that 1-m
bubbles cannot exist; however, 10-cm bubbles can. The results indicated that
the pump pit would approach the lower flammability limit from the release of
flammable gas from a dendritic region. Pump pit concentrations exceeding the
Tower flammability 1imit (but only lasting for a few seconds) can occur as the
result of multiple releases of large bubbles.

Heard (1996) performed analyses on the effects of igniting small volumes
of flammable gas. The thrust of the analysis was to calculate the volume of
flammable gas that, if burned, would result in a pressure that would cause the
failure of the inlet high-efficiency particulate air filter or the exhaust
high-efficiency particulate air filter. It is calculated that burning 2.12 w’
(75 ft3) of flammable gas will cause the inlet filter to fail whereas the
exhaust filter would not fail until 5.38 to 8.5 m’° (190 to 300 ft3) of
flammable gas is burnt. It must be noted that Heard's analysis is specific to
tank 241-SY-101 and the SY farm ventilation system.

4.3.3.2 Local Detonations. Plys et al. (1996) looked at the potential for
gas plumes in the tanks to detonate. They looked at two cases that could
arise in the tanks: (1) Tighter than air buoyant plumes (where the mole
fraction of hydrogen is large) and (2) heavier-than-air nonbuoyant plumes
(where the mole fraction of nitrous oxide is large).
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For the buoyant plume, the release gas rises from the waste and mixes
with the air in the tank headspace. Figure 16 shows a schematic of the
buoyant plume. To calculate the amount of hydrogen in the explosive region of
a buoyant plume release, the Taylor entrainment mixing concept was used. An
equation was developed giving the mass fraction of the released gas as a
function of the distance from the re]ease opening. The modeling results
showed that a small release of 9.6 m” of hydrogen over a_short period of time
(2 minutes) produces a very small volume of gas (0.273 m’) in the detonable
range. The modeling results also showed that the volume of gas in the plume
that is flammable is also small (2.82 m°).

The modeling results also presented a parametric analysis that Tooked at
the effect of plume travel distance, plume composition, and tank headspace
composition. Two plume compositions were considered: pure hydrogen and a
stoichiometric mixture of hydrogen and nitrous oxide. The gas analysis showed
that concentration in the pure hydrogen plume becomes lower than the lower
flammability Timit of 4% hydrogen in air at 5.5 m (18 ft). If the dome is
less than 5.5 m above the waste, the plume will turn and move parallel to the
dome. If the buoyant plume persists for a period of time, the tank will begin
to fill with flammable gases from the top down. For the stoichiometric
hydrogen and nitrous oxide plume, the analysis shows gas concentration becomes
less than the lower explosive limit of 8% hydrogen-nitrous oxide in air at
5.2 m. Plys et al. (1996) argues that, in either case, the plume is a free,
unconfined cloud and that a detonation or deflagration-to-detonation
transition is considered extremely unlikely to beyond extremely unlikely. It
is noted that deflagrations could stil1l occur and could have postcombustion
pressures that are nonnegligible (Plys et al. 1996).

Piys et al. (1996) also looked at nonbuoyant plumes. Modeling of these
plumes indicated that, unless the release momentum is high, the plume will not
rise significantly above the surface of the waste before the upward flow
within the plume stops and the flow reverses direction. Figure 17 shows the
behavior of a heavier-than-air plume. A heavier-than-air plume will result
whenever the mole fraction of nitrous oxide is high (i.e., when the ratio of
the plume density to that of the tank atmosphere is 1.52 or greater)

(Plys et al. 1996). Due to the low Froude number, the plume entrains very
Tittle air from the tank headspace over the maximum height that the plume
rises to. Some entrainment of air will occur as the plume spreads radially
although the rate of entrainment is usually less than that measured for
buoyant plumes because the stable density stratification causes turbulence
damping (Plys et al. 1996).

An example of a nonbuoyant plume was also modeled by Plys et al. (1996).
This modeling showed that, if the release occurs in the center of the tank, if
the flow rate is 0.1 m%/s, if the hydrogen concentration in the released gas
is 20%, and if the upper bound entrainment coefficient is used, thg plume will
reach the side wall in 48.7 seconds (a total gas release of 4.87 m°). If the
plume continues, the hydrogen concentration in the layer will increase and
ultimately exceed the Tower flammability 1imit. (Note: Plys et al. (1996)
states that, if the Tower bound entrainment coefficient were used, the plume
would be flammable at all times.) The long term dilution of the dense gas
layer occurs by molecular diffusion. Again, the amount of gas that is at
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Figure 16. Buoyant Plume Released from the Waste.
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Figure 17. Nonbuoyant Plume Released from the Waste.

tank dome

headspace

7Gi96030036.11
waste surface SRP-FGSD

dR
T = change in radius with time

P = density of slurry gas

poo = density of gases in tank dome head space
R =radius

Uy = velocity of slurry gas as it exits the waste

60



WHC-SD-WM-TI-753 REV 0

concentrations high enough to support detonations is small, and the flammable-
gas layer is too small to support a deflagration-to-detonation transition.
However, the deflagration itself may be capable of damaging the tank dome
(Plys et al. 1996).

Beyler and Roby (1996) also addressed local gas releases. They suggested
that the classic two-layer model should be used to model to the situation. In
this model, the buoyant plume causes a layer of flammable gases to develop in
the top of the tank. As the plume continues, the tank is filled with
flammable gases from the top down. The method used was originally developed
for rectangular geometries, i.e., without dome curvature effects included.
Plume entrainment measurements were surveyed (Beyler and Roby 1996), and an
entrainment constant that is a function of the buoyant release which depends
on the molecular weight and volume of gas that is released. Table 8 is
derived using the two-layer model. Hydrogen concentrations in Table 8 were
calculated for double-shell and single-shell tanks after an assumed local
release of 10% of the retained-gas in a two-minute time frame. The tank
headspace volumes (see Table 7) were used to calculate the equivalent
headsgace heights (assuming rectangular geometry with a surface area of
410 m”) in Table 8. The gas compositions (see Table 6) were used to calculate
the average molecular weight of the released gas in Table 8. An equation was
then used to calculate the predicted buoyant layer interface height, the
buoyant layer depth (difference between the equivalent tank headspace height
and the buoyant layer interface height), and the hydrogen volume fraction in
the layer and in the well-mixed (or well-stirred) tank. For comparison
purposes, the hydrogen concentration at the lower flammability 1imit (from
Table 6) is listed in the last column of Table 8. Similar calculations were
done for release of 50% and 100% of the retained gas. Table 9 presents the
results. Notations are provided to indicate if the layer or the well-mixed
concentrations are flammable or detonable or if a deflagration-to- detonation
transition is possible.

4.3.4 Global Deflagrations/Detonations in
Double- and Single-Shell Tanks

Global deflagrations have been modeled since 1990. These models have
mostly concentrated on tank 241-SY-101 (LANL 1995); however, some of them did
look at other tanks (Fox et al. 1993, Fox and Stepnewski 1994, Spore et al.
1994, Schlosser 1996a, 1996b).

4.3.4.1 Global Deflagrations. In the Los Alamos National Laboratory

(LANL 1995) analysis, proposed accident scenarios concerning the installation,
operation, and removal of the mixer pump were analyzed. Los Alamos National
Laboratory used computer codes HMS and TRAC for the thermal-hydraulic
analysis, which simulated the injection and mixture of the release gases
within the tank dome space, the combustion of the flammable gases, and the
resulting gas transport through the various leak paths of the tank. The
predicted parameters of interest were the tank 241-SY-101 dome pressures and
vapor temperatures and the radioactive waste material and toxic gases released
to the atmosphere. The results of the pressure response of the tank were used
as input for the structural analysis of the tank. The entrainment and
transport of waste material and toxic gases were used for the radiological and
toxicological consequence analysis.
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The two computer codes, HMS and TRAC, were combined numerically at the
physical representation of the boundary to the tank. That is, the HMS code
provided the TRAC code with the pressures, temperatures, and gas composition
at computational cells adjacent to the physical connections for the ventila-
tion system and the inlet filter. The TRAC code used these values to compute
the flow rates throughout the entire system, excluding tank 241-SY-101. The
corresponding TRAC velocities, representing the response of the ventilation
system, were used as inflow or outflow boundary conditions for HMS. The
combination was accomplished in a simultaneously explicit manner that proved
to be extremely stable and robust (LANL 1995).

Los Alamos National Laboratory (LANL 1995) modeled three basic gas-
burning scenarios associated with installation, operation and removg] of the
mixer pump. These gre a release and burning of 113, 245, and 297 m®> (4000,
8640, and 10,480 ft°) of gas. They analyzed these burning scenarios with the
ventilation system on, the ventilation system off, openings in the tank
(corresponding to the multiport riser), no openings, top-down gas burning, and
bottom-up gas burning. The largest gas release (297 m) causes the tank to
fail. It corresponds to the largest naturally occurring gas release in the
tank. The burning of 245 m of gas does not exceed tank structural criteria.
That is, the pressure reaches 414 kPa (60 psi), the tank Tiner tears in the
transition region of the dome, and there is extensive concrete cracking and
rebar yielding throughout the dome of the tank, but the tank has not failed
below the water line. The burning of 113 m’ of gas corresponds to the maximum
burning that could occur during pump replacement, specifically during removal
of the mixer pump. This burning does not cause the pump to be ejected from
the tank; however, large amounts of waste are entrained by the pump and exit
through the annular region in the riser from which the pump is being removed.

Fox et al. (1993) modeled deflagrations in tank 241-SY-103. This
modeling was authored before it was determined that large amounts of ammonia
can be released at the same time as a natural gas release. It was also
thought that the gas releases in this tank occurred over a long period of time
(one to several days). Therefore, the analysts used a volume of gas
corresponding to the maximum one-day drop. They then released it and found
that, if the release was coming off the entire surface, then only a short
distance above the waste was flammable. They also restricted the release to a
smaller area and Tooked at local gas burning.

Fox and Stepnewski (1994) modeled deflagrations in double-shell tanks
241-AW-101, 241-AN-103, 241-AN-104, 241-AN-105, and 241-SY-103. This modeling
added ammonia to the slurry gas. However, the slurry gas used was essentially
the same as the tank 241-SY-101 slurry gas (see Table 6 for current estimates
of slurry gas composition). In addition, because releases occurring over long
periods of time were still postulated in this report, only the maximum one-day
drop (and corresponding release gas volume) was modeled. On the basis of the
modeling results, Fox and Stepnewski concluded that burning of a plume in a
double-shell tank will not cause the tank to fail.

Spore et al. (1994) modeled six double-shell tanks (241-AN-103,
241-AN-104, 241-AN-105, 241-AW-101, 241-SY-101, and 241-SY-103). In order to
get a ranking, the same set of assumptions were used to model the tanks.

A Rayleigh-Taylor instability model was used to determine the amount of gas
released from each tank. Although tank specific depths were defined for the
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nonconvective layers, all waste densities used in the analysis and the gas
void fraction used in the modeling were from tank 241-SY-101. Spore et al.
also calculated the pressure and headspace temperature that resulted from the
gas burns. Two cases were analyzed, one using a derivative of the 241-SY-101
gas composition and the other using 100% hydrogen as the slurry gas. From the
results of this modeling, it was concluded that a gas release and burn in
tanks 241-AN-103 and 241-SY-103 would not exceed their structural limits
(because the volume of gas released was small) but that a release and burn in
the other tanks modeled would exceed their structural limits.

Schlosser (1996a, 1996b) looked at single-shell tanks and double-shell
tanks that fall under the flammable-gas unreviewed safety question. Schlosser
was trying to extend the safety basis for activities that had been done in
tank 241-SY-101 to other flammable gas double-shell tanks and single-shell
tanks. In order to not use a slurry gas composition based on tank 241-SY-101
or to use 100% hydrogen, an effort was made to evaluate a range of
compositions and to set monitoring limits on a 1imiting basis. Schlosser only
covered deflagrations in the tanks. It was concluded from this modeling that
double-shell tanks are bounded by the tank 241-SY-101 analysis but that
single-shell tanks will fail structurally if burning of the gas is supportable
(either a local or global burn).

4.3.4.2 Global Detonations. Los Alamos National Laboratory (LANL 1995)
assessed the potential of a detonation in tank 241-SY-101. The Los Alamos
National Laboratory analysis (see Appendix D of LANL 1995) used a mixture and
geometry classification system developed by Sandia National Laboratory in
conjunction with a series of gas-burning tests (where the gas composition was
38.5% hydrogen, 30.3% nitrous oxide, 31.2% nitrogen) to develop estimates of
the Tikelihood of a deflagration-to-detonation transition. The conclusion
drawn from this modeling was that a deflagration-to-detonation transition was
extremely unlikely to beyond extremely unlikely for the tank headspace, which
is considered an open, unconfined volume with very few obstacles.

A detonation in the ventilation system was also considered unlikely. On the
basis of all the considerations, Los Alamos National Laboratory (LANL 1995)
concluded that a deflagration-to-detonation transition is possible but
unlikely for the integrated waste tank headspace volume and ventilation
system.

Plys et al. (1996) looked at global (tank headspace) detonations. This
work was intended to cover both double-shell tanks (including aging-waste
facility tanks) and single-shell tanks. Plys et al. (1996) reviewed the work
Los Alamos National Laboratory (LANL 1995) had done on detonation in
tank 241-SY-101 and concluded that the results would be applicable to all
other tanks. That is, the tank dome head-space is an open, unconfined volume
with very few obstacles (even when the air Tift circulators are considered in
aging-waste facility tanks); therefore, deflagration-to-detonation transition
is possible but unlikely (Plys et al. 1996).

Beyler and Thorne (1996) also suggested a model to look at the
potential for global detonations for nine double-shell tanks. This model
used the information from Hodgson et al. (1996) for the retained gas volume,
assumed that 50%, 75%, and 100% of the retained gas could be released, coupled
with the gas composition developed in Table 6, to determine whether a global
detonation was possible. Three of the tanks they evaluated do not have gas
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composition data. For these tanks, they assumed a mixture of 85% hydrogen and
15% ammonia. The results of the assessment, which are shown in Table 10,
indicate that two of the tanks listed could have detonable gas concentrations
and one of the tanks listed could have a deflagration-to-detonation transition
(Note: this tank is tank 241-SY-101 which now has a operating mixer pump to
prevent Targe uncontrolled gas release events) with 50% release of retained
gas; 3 could have detonable concentrations and 2 could have deflagration-to-
detonation transition with 75% release of retained gas; and 5 could have
detonable concentrations and 3 could have deflagration-to-detonation
transition with 100% release of retained gas.

4.3.5 Global Deflagrations/Detonations in
Double-Contained Receiver Tanks and
Catch Tanks

Stahl and Coles (1992) studied hydrogen accumulation in double-contained
receiver tanks as part of a larger study on interim stabilization of non-watch
list tanks. Their evaluation concluded that the primary receiver vessel would
be the most 1ikely location for hydrogen to accumulate because this is the
place that the hydrogen is generated and no design provisions were made to
provide filtered airflow through the primary receiver vessel from the
ventilation system. It was also concluded that potential ignition sources
existed within the primary receiver vessel, and that fires (deflagrations) or
explosions (detonations) were credible given this condition. It should be
noted that other flammable gases (principally methane and ammonia) and other
oxidizers (nitrous oxide) were not considered in this study. Also not
considered were gases (bubbles and dissolved) transferred into the primary
receiver tank and gases generated in the primary receiver tank when chemical
adjustments are made to the waste (see Sections 4.1.3.2 and 4.1.3.3).

Double-contained receiver tanks were also evaluated for detonation
potential by Plys et al. (1996). As explained in the description of the
double-contained receiver tanks (see Section 3.3), there is no engineered
flow inlet into the primary vessel; also, as described in Section 4.1.3 of
this report, there are three mechanisms for flammable gases to be produced or
introduced into the double-contained receiver tanks. Plys et al. modeled two
situations, one without active or passive ventilation flow and one with
passive ventilation flow. In both cases, if enough time is allowed to pass
(approximately 1 year) the flammable gas concentration in the double-contained
receiver tank will be at detonable limits. However, according to Plys et al.
(1996), the buildup is slow and the required ignition energy is Tow enough
that it is reasonable to suppose flammable-gas ignition (i.e., a deflagration)
would occur prior to buildup to such high concentrations.

Double-contained receiver tanks have a level-measuring system that
employs dip tubes. Three dip tubes make up the system. One tube is in the
tank headspace, and two tubes are in the waste (one near the bottom of the
primary vessel and the other one located a short distance above the bottom).
The differential pressure between the tubes is converted into a level
measurement. The difference between the backpressure on the lower tube and
the atmospheric (reference) tube is used to calculate the level in the tank.
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This is then corrected for specific gravity by utilizing the backpressure
difference between the two lower tubes, which are a known vertical distance
apart. All three dip ;ubes, operating together, provide on average flow of
3.5 x 10 m*/s (4.5 ft*/h). _The flow through_the three dip tubes can be
adjusted from 0 to 7.9 x 10 m’/s (0 to 10 ft>/h). Calculations show that
flow through the dip tubes is enough to maintain the headspace of the double-
contained receiver tank below 25% of the lower flammability limit for
flammable gases generated by radiolysis and organic decomposition.

Peurrung and Gauglitz (1996) investigated the effects of transferred
gases (insoluble and soluble) during salt well pumping (see Section 4.1.3).
The maximum ammonia concentration due to soluble ammonia coming out of
solution due to mass transfer was estimated by Sicilianc (1996) to result in a
22 vol% of ammonia in the double-contained receiver tank.

Heubach and Siemer (1996) have studied how quickly catch tanks can reach
flammable and detonable concentrations. Bounding calculations show that, if
the catch tank is filled with waste to the operating level at which catch
tanks are pumped (80% of capacity), the catch tank will reach 25% of the lower
flammability limit after ~1 day, the lower flammability limit in ~4 days, and
the detonable limit after ~15 days. NOTE: These times are calculated by upon
a generic single-shell tank 1iquid source term; see Cowley (1996).

4.3.6 Subsurface Deflagrations/Detonations

Due to the gas retention mechanisms in single-shell tanks (see
Section 4.1.1.2.1), there is a potential for the burning of subsurface gas.
The burning of subsurface gas, in itself, would not cause the tank to fail.
However, the shock wave from the burned gas could cause the waste to liquefy
and release all its gas (Nakayama and Vogt 1996). The shock wave from the
burnt gas could also be sufficient to compress surrounding bubbles enough for
the gas to autoignite. This would cause a propagating event through the tank
waste. The result would be that, eventually, all of the retained gas in the
tank would be released and ignited over a short period of time. Nakayama and
Vogt (1996) also postulates that the combustion gases would rise through the
waste and would cause surface waves when released to the tank headspace. The
wave movement is estimated to have a velocity of 6 m/s, which could cause
equipment to bang into other equipment, into the riser the equipment is
installed in, or into the wall of the tank. This would produce the ignition
source for the flammable gases in the tank headspace and could cause a global
deflagration or, in some cases, a detonation.

4.3.7 Other Deflagrations and Detonations

Plys et al. (1996) alse looked at detonations occurring in pump pits.
Tank pits exchange gases with the tank headspace through leakage around riser
covers and pit drains. Two types of releases from the tank waste were
evaluated, global releases and local releases. Plys et al. (1996) state that
"since the pump pit hydrogen concentration would necessarily be below the
headspace value, a detonation in the pit is clearly impossible (beyond
extremely unlikely)." This assumes that the pump pit is in communication with
the tank headspace and the atmosphere. It was also concluded a deflagration-
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to-detonation transition is extremely unlikely to beyond extremely unlikely.
However, deflagrations in tank pits could still occur.

The physical potential for a detonation in a double-shell tank annulus
was also investigated by Plys et al. (1996). In order for a detonation to
happen, waste must have accumulated in the annulus and caused the annulus
ventilation flow to fail. Ventilation for the annulus enters at the bottom
center of the tank and flows through channels in the refractory concrete
through the annulus, then out the annulus exhaust ventilation ducting. Thus,
waste in the annulus would plug the channels in the refractory concrete,
causing a ventilation failure. It has been determined that there are two
scenarios for waste to enter the annulus. One is a breach of the primary
Tiner (through corrosion, defects in the construction techniques, drop of
equipment, etc.). The other is through a mistransfer accident. Plys et al.
(1996) indicate that in this configuration, the gas concentration would
buildup and could eventually (around a year) reach detonable concentrations.
However, Plys et al. conclude that "...given the small energies needed to
ignite gas mixtures, a deflagration would occur before a detonation became a
concern."”

Nakayama and Vogt (1996) evaluated the potential for a deflagration in
the transfer lines. During salt well pumping, very small flow rates ranging
from 0.19 to 19 L/min (0.05 to 5 gal/min) are used. This rate is insufficient
to fill the transfer lines. Salt well pumping a single-shell tank can take
several months to several years, depending on the amount of pumpable liquids
in the tank. Peurrung and Gauglitz (1996) showed that a significant amount of
soluble gas (ammonia) would be transferred to the double-contained receiver
tank and that some insoluble gas (hydrogen, methane, and nitrous oxide) would
also be transferred. The maximum concentration of ammonia in the double-
contained receiver tank is estimated to be 22% (Siciliano 1996). This
percentage is also thought to bound the maximum concentration of ammonia in
the transfer line. Nakayama and Vogt (1996) calculated that a deflagration in
the transfer line would cause an increase in pressure of 1,455 kPa (211 psi).
Because most of the transfer lines are made of Schedule 40 carbon steel pipes,
it was determined that this would not cause a rupture of the transfer line and
that there would be no consequences.

Nakayama and Vogt (1996) also evaluated flammable-gas collection in
installed equipment. This has recently become a concern because flammable
conditions have been measured in the waste sampling drill string and in Tiquid
observation wells. Flammable gases could also collect in instrument trees.
Nakayama and Vogt (1996) calculated that gas ignitions in the drill string
(representative of the other equipment) would cause ejection of the drill
string (a conclusion thought to hold for instrument trees and stainless steel
liquid observation wells). However, some of the 1iquid observation wells are
made of fiberglass or a Teflon’-type material. If a ignition were to occur
in one of these wells, rapid disassembly of the well is likely to happen.

3Teflon is a trademark of E.I. du Pont de Nemours & Company.
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5.0 POTENTIAL CONSEQUENCES AND FREQUENCIES

The results of frequency calculations for flammable gas release events
and subsequent ignition of these gases in the waste tanks are presented in
this section. The resulting potential radiological and toxicological
consequences to onsite and offsite receptors are also presented. Studies
summarized herein predict how the tanks might fail following this event and
release waste material to surrounding areas. Calculations indicate the
potential consequences to onsite and offsite receptors that could result from
these tank failures. Then, these calculated results are compared with the
risk guidelines established for Tank Waste Remediation System facilities
operations. The conclusions are that the risk to site personnel and the
public, to some degree, is outside of the risk guidelines established, even if
the prudent and feasible mitigating actions are taken.

5.1 CALCULATED ANNUAL FREQUENCY OF DEFLAGRATION

One of three basic methods is used to calculate the deflagration rate
(events per year or annual frequency). The method selected depends upon which
of the following three relationships exists between the gas release event and
the ignition source:

e An ignition source exists undetected prior to a gas release event
* An ignition source develops after a gas release event

* A common cause exists between the occurrence of a gas release event
and the existence of an ignition source.

The ignition source contributions to the annual deflagration rate
calculations were based on "order-of-magnitude" estimates obtained from the
best available information and informed engineering judgement. These values
are considered good "order-of-magnitude" estimates with which to identify the
appropriate 1ikelihood categories for deflagrations in the tanks and to
indicate the impacts of basic controls that might be used to mitigate these
deflagrations.

For the Final Safety Analysis Report, unmitigated refers to taking no
credit for active systems and administrative controls. Mitigated accident are
evaluated assuming that active systems and administrative controls (including
the Technical Specification Requirements) are in place. The term mitigated
refers to a mitigation of risk. That is, features that are mitigative (lower
the consequences) and preventative (lower the frequency) contribute toward
mitigation of the risk. In the rest of this document, mitigated and
unmitigated will be used interchangeably with the phrases "with controls" and
"without controls," respectively.

The current information presented herein, based on the work of Powers and
Sawtelle (1996), is for normal storage, instrument maintenance and repair, and
installation activities. Mixer pump operation, rotary-mode core sampling, and
salt-well pumping are addressed in detail in other reports and are not
included herein. Results from Powers and Sawtelle (1996) are summarized in
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Table 11. The information in the table is briefly explained in the following
paragraphs. More details can be found in Powers and Sawtelle (1996).

§.1.1 Deflagration Rate When Ignition Source Exists
Prior to Gas Release Event

For ignition sources that can exist undetected prior to a gas release
event, the deflagration rate is a gas release event rate combined with a
probability that the ignition source exists during the period of time between
failure detection [Deflagration rate = gas release event rate * probability of
ignition from ignition source].

Table 11. Annual Deflagration Rate in Tanks with Flammable Gas.

Category Unmitigated Mitigated
SST DST SST DST
Normally installed equipment u A EU EU
Activity external to tank U U EU EU
Natural phenomena ] ] ] U
Intrusive activities A A U U
COMBINED LIKELIHOOD A A 1} U
A = Anticipated (frequency of_éo'u tc_)'O c deflagrations/year)
g‘u: lEJ;‘::::é{y(::\f?:zi‘;y(::e;genc;oo1°1D'ge:;a%%‘:::{:;:;:ions/year)

The method for calculating gas release event rates is based on gas
retention rates and volumes of flammable gases that, if burned, result in
hazardous consequences. The rate of gas retention can be used to calculate
how often "large" gas releases might occur by noting that the gas has to exist
in the waste before it can be released from the waste. The retention rate of
gas is estimated from level rise (noting that certain assumptions were made
about the pressure at which the gas is held in the waste). The volumes of
flammable gases that, if burned, can result in dome damage have been
calculated.

Calculations of gas release event rates are constructed as a combination
of two gas release rates. The first is an "intrinsic" release rate and the
second is a rate of seismically induced gas release. The seismically induced
releases are hypothetical. For double-shell tanks, the intrinsic releases
modeled are the observed rollovers. For single-shell tanks, the intrinsic
releases are hypothesized releases that have not yet been observed.

The method for calculating the probability of ignition for each
identified ignition source involves understanding how each piece of equipment
could fail and produce an ignition possibility, or what phenomena could occur
that would result in the production of an ignition possibility. Once the
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equipment failures or phenomena that could produce an ignition possibility are
postulated, probabilities that represent these failures or phenomena are
calculated.

Where applicable, three types of calculations are performed relative to
each potential ignition source. First, a calculation is performed or number
assumed that represents the unmitigated possibility of an ignition source.
This means that equipment is off-the-shelf or of a standard design with no
particular consideration for ignition source reduction, and no controls are
implemented to 1imit the number of activities or methods so that the number of
possible ignition sources would be reduced. Second, a calculation is
performed or a number assumed that represents the mitigated possibility of an
ignition source. This means that equipment is designed to industrial
standards for flammable gas (hydrogen) environments according to National Fire
Protection Association requirements for Class 1, Division 1 or 2, group
locations. Also, controls are in place to 1imit the number of activities and
implement other methods (in addition to industry standards for flammable gas
environments) to reduce the number of ignition sources. Third, if applicable,
controls are designed with human factors considerations to maximize
compliance.

5.1.2 Deflagration Rate When Ignition Source
Develops After a Gas Release Event

For ignition sources that develop after a gas release event, the
deflagration rate is an ignition source existence rate per year combined with
the proportion of time that the tank headspace is in the hazardous condition
[deflagration rate = ignition rate * probability that the headspace is
hazardous].

The method for calculating ignition source rates has the same basis as
that described in Section 4.1.1 for calculating the ignition source
probabilities. The ignition sources that develop after a gas release event
must be identified, the mechanisms of failure causing an ignitor to exist must
be understood, and the average rate at which a potential ignition source can
be capable of producing an ignition source is represented on a per year basis.
The same three types of calculations (unmitigated, mitigated, and mitigated
with human factors considerations) are made as appropriate as discussed in
Section 4.1.1.

The method for calculating the proportion of time the tank headspace is
in a hazardous condition is based on gas retention rates and volumes of
flammabie gases that, if burned, result in hazardous consequences. The
proportion of time varies as a function of the volume of an individual
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release. Thus the proportion of time the tank headspace is in a hazardous
condition is represented by the formula

POT = (f,, * 7)) + (fine * Tine)

int

where
POT = proportion of time
f.. = frequency of gas release related to a seismic event
T,, = duration for which the tank headspace contains a hazardous amount
of flammable gas related to a seismic event
fine = frequency of gas release related to an intrinsic release
Tine = duration for which the tank headspace contains a hazardous amount

of flammable gas related to an intrinsic release.

The retention rate of gas is estimated from level rise (noting that
certain assumptions were made about the pressure at which the gas is held in
the waste). The volumes of flammable gases that, if burned, can result in
dome damage have been calculated.

65.1.3 Discussions of the Various Potential
Ignition Sources Related to Controls

The various potential ignition sources will be discussed in the
categories represented in Table 11.

5.1.3.1 Normally Installed Equipment. The equipment normally installed in
the tanks includes temperature, level, pressure, and hydrogen monitoring
equipment that is reasonably well designed and the contribution of which to
the ignition probability, either individually or in combination, is minor.
These pieces of installed equipment contribute to annual deflagration rates
that are in the beyond-extremely-unlikely range. Only a few potential
ignition sources contribute to making the combined unmitigated annual
deflagration rate fall into the anticipated (for double-shell tanks) or
unlikely (for single-shell tanks) categories. These are the high-level
sensing probe in the double-shell tanks, the video camera and 1ights in
tank 241-AN-107, the pump pit leak detectors, and the nonconductive components
(such as fiberglass or Teflon‘-type liquid observation wells and riser
sleeves made of plastic-type materials).

For single-shell tanks, mitigating the ignition source posed by the use
of nonconductive materials reduces the combined annual deflagration rate to at
least the extremely unlikely category.

For double-shell tanks, mitigating the ignition sources posed by the tank
high-level sensing probe, video camera and lights, pump pit leak detectors,
and use of nonconductive components reduces the combined annual deflagration
rate to at least the extremely unlikely category.

“Teflon is a trademark of E.I. du Pont de Nemours & Company.
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5.1.3.2 Activity External to Tank. The potential ignition sources that
originate outside the tank are the use of transfer pumps (for double-shell
tanks only), vehicle fuel fires, hot chips from driiling, hot slag from
welding, sparks from grinding, electrical equipment, greenhouse fires, and
brush fires. The combined annual rate of deflagration falls into the unlikely
range for the unmitigated case for both single-shell tanks and double-shell
tanks.

The combined annual deflagration rate for potential ignition source
activities external to the tank under the mitigated case is at least extremely
unlikely. Hot drilling chips are the largest contributors for single-shell
tanks. Transfer pump operation and electrical equipment are the largest
contributors for double-shell tanks.

5.1.3.3 Adjacent Tank Fire. A tank fire propagating to an adjacent tank has
an annual deflagration rate in the unlikely category for the unmitigated case.
When mitigation is applied to the various potential ignition sources that
contribute to the adjacent tank fire, the annual deflagration rate is at least
extremely unlikely.

5.1.3.4 Natural Phenomena. The combined l1ightning and seismic event
contributions cause the natural phenomena annual deflagration rate to be in
the unlikely category for both unmitigated and mitigated cases. Low pressure
associated with thunderstorms is assumed to trigger a gas release event and
simultaneously produce lightning that ignites the gas. An earthquake is
assumed to cause a gas release event and to cause a spark that ignites the gas
to be generated from moving equipment.

5.1.3.5 Intrusive Activities. In the unmitigated case, the combined annual
deflagration rate is in the anticipated category for intrusive activities. In
the mitigated case for single-shell tanks, the rate can be reduced to the
unlikely category by good grounding/bonding. In the mitigated case for
double-shell tanks, the rate could be reduced to the unlikely category if a
method were available to adequately ground/bond the waste addition piping at
the discharge end.

5.1.3.6 Combination of Ignition Sources. The combined 1ikelihood for the
unmitigated case for all potential ignition sources discussed in

Sections 4.1.3.1 to 4.1.3.5 is in the anticipated category because of the
intrusive activities. The combined 1ikelihood for the mitigated case is in
the unlikely category for single-shell tanks and the anticipated category
because of the intrusive activities (primarily because a method to adequately
ground/bond waste addition piping is lacking).

5.2 INTERNAL STATIC PRESSURE LIMITS

A DELPHI session of national experts was held on April 8-9, 1996 (Han and
Beavers 1996). This group established a condensed description of reference
tank failures and modes. As a result, the failure limiting loads and modes
incorporated information obtained from that meeting.

The static internal pressure 1imits established by Han and Beavers (1996)
for the tanks for onset of failure are 76 kPa (11 psig) for single-shell tanks
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and 312 kPa (45.3 psig) for double-shell tanks. These are essentially the
same limits that were developed earlier (Julyk 1994 and LANL 1995).

5.3 FAILURE MECHANISMS

Han and Beavers (1996) state that, if a single-shell tank experiences an
internal static pressure of 76 kPa (11 psig), concrete cracks would probably
develop in the center region of the dome. Some of the air within the tank
would probably escape through these cracks; therefore, the internal pressure
could not build up to the level that would cause a section of the dome to be
blown outward, thereby causing concrete debris and soil to fall back into the
tank. Pieces of concrete on the inside face of the dome may lose bond with
the rebar and fall into the tank as a result of excessive compressive forces
from the post-event soil load (i.e., soil reimpact would cause spalling of the
concrete). Rebar in the tank wall below the haunch region would be
overstressed but would not cause the dome to collapse.

Han and Beavers (1996) also state that when a double-shell tank
experiences an internal static pressure of 312 kPa (45.3 psig), failure at the
top of the dome would result. This would happen because of a weld failure of
the Tiner at the connection of the 1.27 cm (1/2 in.) riser insert plate to the
0.95 cm (3/8 in.) plate. The thinner plate is in the center of the dome and
extends outward for a radius of 175 cm (5.75 ft). The static internal
pressure would result in a liner tear along the periphery of this weld. The
failure would most Tikely result in the thinner plate being bent upward (like
the top of a soup can), thereby creating a hole 350.5 cm (11.5 ft) in
diameter. Significant portions of concrete and soil would fall back into the
tank.

Because some of the calculated pressures (see Appendix C) for the
deflagrations exceeded these static internal pressure limits (sometimes by
significant amounts), additional information was developed (Han 1996). This
additional information is summarized in the following paragraphs.

A1l 100 Series single-shell tanks are 22.86 m (75 ft) in diameter.
The waste storage capacity of these tanks is determined by the height of the
tank wall. The transient pressures in the various single-shell tanks would
have the same dynamic effect. The pressures would result in the same uplift
force because the projected areas (area of the domes) are the same. The
maximum internal pressure used in the single-shell tank design was 51.7 kPa
(7.5 psig), which is based on the existing structural analysis. Because soil
pressures were the only significant loads accounted for at the time of
construction, the rebar in the dome was provided mainly to resist the soil
overburden on the tank dome and lateral soil pressure on the cylindrical wall.
The rebar quantity in the dome is therefore light. Also, only a minimum
amount of vertical rebar was provided for in the wall.

Two areas in the single-shell tanks are potentially vulnerable to the
high transient pressure load associated with deflagration. These areas are
the upper wall region and the central dome region. Han (1996) performed
calculations showing that the required rebar area for the transient pressure
Toad of 607 kPa (88 psig) was greater than the available rebar by a factor
of 3. He concluded that the rebar will fail in tension in both the dome and
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the upper wall. If dynamic factors are considered, the affected rebar area
would be even larger. The entire dome would 1ikely be blown away (Han 1996).

Han (1996) also looked at double-shell tanks under a more severe pressure
lToading of 973 kPa (141 psig). He analyzed both the overall structural
stability of the tank and the dome failure mode. In terms of the overall
structural stability, Han states that the primary tank could be stretched
under the high-pressure load. Because the secondary concrete tank is not tied
to the concrete foundation, the pressure acting on the dome would become an
uplift force on the concrete tank. Assuming the primary tank dome does not
fail at this pressure, the uplift force would be transmitted through the dome,
haunch, wall, and secondary liner to the base of the concrete wall. Because
there are no dowels in the concrete, the uplift force would be carried by the
secondary Tiner at the base. The calculation demonstrated that the secondary
liner (which is anchored in the concrete wall with studs and structural steel
angles) could fail in tension and cause the concrete tank to uplift.

The dome failure mode for the 973 kPa (141 psig) static internal pressure
loading on double-shell tanks was also investigated (Han 1996). Under the
pressure load, the dome would expand outward in the radial direction. At
locations where expansion is constrained, high strain would be developed in
the steel plate, particularly in the transition seams between liner plates and
insert plates and between penetrations and stiffeners. Concrete would crack
under tension. The most likely section in which a crack or tear would be
initiated is at the transition seam between the 1.27 cm (1/2 in.) riser insert
plate and the 0.95 cm (3/8 in.) plate. As soon as the seam cracked as a
result of the dynamic pressure, the crack would propagate along the seam line
until the entire insert plate was bent up or blown away. Because of ripping
and tearing of the plate along the failed edge, the remaining portion of the
steel plate would be damaged at certain weakened locations. Some radial
cracks would also develop farther out toward the haunch region. Concrete
above the steel liner would be shattered and the rebar would be significantly
deformed. The overburdened soil would be blown away. The dome opening caused
by the event could reach to the region of the dome rebar transition zone at a
radius of 8.23 m (27 ft) from the centerline of the tank (i.e., the remaining
dome would open like a tulip). The portion of the dome beyond the rebar
transition zone and the haunch would remain in place, and rebar would be
exposed in certain areas after the event.

Wagenblast (1996) evaluated the structural response of double-contained
receiver tanks and catch tanks to internal pressurization events. He looked
at a rapid internal pressurization up to 827 kPa (120 psi). The internal
pressurization reached in the double-contained receiver tank should be no
greater than the internal pressure reached in a single-shell tank. This is
because only single-shell tank waste is transferred through double-contained
receiver tanks and the gas generated by the waste, while in the double-
contained receiver tank , should have the same constituents and the same
ratios as when the gas was in the tank. As long as the gas composition stays
the same, the pressure from burning the gas will be the same, regardless of
the tank volume the gas is in. That is, a 30% mixture of hydrogen in air
in a 100-L volume will give the same pressure as a 30% mixture of hydrogen
in air in a 10,000-L volume.
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The conclusion that Wagenblast (1996) reached was that, for the 244-BX,
244-TX, 244-U, and 244-S vaults, the primary vessel would rupture and the
vault would fail at an overpressure of half that analyzed (i.e., at 414 kPa,
or 60 psi). This conclusion would be true for all catch tanks with wall
thicknesses of 0.64 cm (1/4 in.). The 244-CR and 244-A primary vessels and
vaults would withstand the 827 kPa (120 psi) pressurization, but both would
fail at 1,200 kPa (174 psi). This conclusion is also true for catch tanks
with wall thicknesses of 0.95 cm (3/8 in.).

Nakayama and Vogt (1996) looked at the structural response of transfer
lines to sudden internal pressures. They concluded that, because the maximum
pressures they calculated for a burn was 1,455 kPa (211 psi) and because most
transfer lines are Schedule 40 carbon steel pipes, the pipe would withstand
the overpressurization with no damage. This is also true of the Schedule 10S
stainless steel pipes.

5.4 SOURCE TERM

The amount of respirable material that would be ejected from the tank and
available for transport as a resuit of the preceding study results is
documented in this section. The tanks covered are single-shell tanks, double-
shell tanks, double-contained receiver tanks, and catch tanks.

As discussed in Section 3.3.4, the entrainment from the waste has been
modeled. This modeling was originally done for double-shell tanks (LANL
1995), but has also been extended to single-shell tanks (Pasamehmetoglu 1996).
For the single-shell tanks, the total mass loading of the headspace would
consist of the preexisting waste in the headspace (because of that normally
found in the headspace plus an extra amount because of the gas release event),
estimated to be 0.21 L (0.35 kg), and the waste entrained by the flame front
sweeping over the waste surface at 45 m/s, estimated to be 3.30 L (5.45 kg).
However, using the data from Table 8, a flame speed of 45 m/s cannot be
supported. At most the flame speed will be 10 m/s. Adjusting the entrained
amount gives 2.69 kg. This is the mass of waste in the headspace that
consists of small particles (<10um). Only a portion (~75%) of this waste
would be transported from the tank due to the pressure blowdown. The total
waste available for transport to the onsite and offsite receptors is estimated
to be 1.38 L of respirable material.

Los Alamos National Laboratory (LANL 1995) had also estimated the amount
of waste that would be released from the double-shell tanks. The total mass
loading of the headspace would consist of the preexisting waste in the
headspace gases, estimated to be 0.39 L (0.64 kg), and the waste entrained by
the flame front sweeping over the waste surface, estimated to be 3.30 L
(5.45 kg). This is the mass of waste in the headspace that consists of small
particles (<10um). Again, only a portion (~75%) of this waste would be
transported from the tank because of the pressure blowdown. The total waste
available for transport to the onsite and offsite receptors is estimated to be
2.76 L of respirable material.

Los Alamos National Laboratory (LANL 1995) also estimated the amount of

waste that would be released during the pump ejection scenario (see
Section 3.3.4). This event is postulated to occur during removal of the mixer
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pump. Estimates based on modeling are that a total of 7.74 L (12.77 kg) of
respirable-size particles of waste material is entrained by the hot gases
sweeping past the waste-covered pump. This additional material would be in
addition to the 2.94 L of total waste discussed in the preceding paragraph.
Thus, the total waste available for transport to the onsite and offsite
receptors would be 10.68 L of respirable material.

A review of waste entrainment literature (NUREG 1982, Iversen 1984) shows
that one of the important parameters for determining how much material is
entrained from the waste is the speed of the flame front. For some of the
larger burns that result in higher dome pressures than those calculated by
Los Alamos National Laboratory (LANL 1995 and 1996), the flame-front speed can
be estimated (NUREG 1989). This higher flame-front speed is estimated to be
600 m/s. Empirical equations (Iversen 1984), relating the entrainment to the
flame-front velocity, show a functional relationship involving the square of
the velocity. If all the other parameters involved remain the same (such as
the surface area of the tank, the radius of the tank, the density of the waste
material, etc.) then the only parameter that changes is flame-front velocity.
Thus, the amount of material that would be entrained can be larger by a
factor of 36 (if it varies as the square of the velocity). The amount of
material released is directly proportional to the consequences. Thus, if the
material released increases by a factor of 36, the dose consequence would also
increase by a factor of 36.

In an earlier study (WSRC 1993), the amount of material resuspended from
the rupture of the primary vessel of a tank with a liquid surface was
analyzed. The release calculations are based on data on 1iquid entrainment
from small scale breaks in piping containing stratified layers of air and
water. This data fits the geometry of most double-contained receiver tanks
(cylindrical) with a Tayer of liquid waste and a layer of gas above it. The
release would then occur because the flammable gases burn and cause the vessel
to fail. This analysis yields 18.28 L of respirable material (assumed to be
5% single-shell tank solids and 95% single-shell liquids).

5.5 RADIOLOGICAL CONSEQUENCES

The radiological consequence calculation methods common to the analyses
of operational accidents, natural phenomena, and external events selected for
further analysis in Section 2.3 are summarized in this section.

Accident consequences are combined with the accident frequency and
compared with the risk evaluation guidelines as shown in Table 12. For
comparison with the risk evaluation guidelines, the radiological and
toxicological consequences of accidents must be calculated at the location of
the maximum onsite and maximum offsite individuals. The maximum onsite and
offsite individuals are defined in WHC-CM-4-46, Nonreactor Facility Safety
Analysis Manual (WHC 1996), as follows.

* Maximum onsite individual. The hypothetical onsite receptor located

at the distance and direction from the point of release at which the
maximum dose occurs. This distance shall be at least 100 m.
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e Maximum offsite individual. The hypothetical receptor at or beyond
the Site boundary, with the maximum factor for atmospheric dilution,
for which offsite consequences are calculated.

Table 12. Radiological Risk Guidelines.

Frequency range Effective dose equivalent
Frequency category by (mSv)
Onsite Offsite
A (anticipated) 10° to 1072 5 1
U (unlikely) 107 to 107 50 5
EU (extremely 107 to 10°¢ 100 40
unlikely)

NOTE: The information in this table is from WHC (1996).

For tank farm facilities, the maximum onsite individual is located at
100 m. The distances from tank farm facilities to the Hanford Site boundary
are shown in Table 13.

For tank farm facilities, the maximum atmospheric dilution factor occurs
at the site boundary at a distance of either 8.7 km to the north-north-west or
8.8 km to the north, depending on the release and the duration.

6.5.1 Radiological Consequence Calculation Methodology

5.5.1.1 Exposure Pathways. Two potential radiological exposure pathways
(internal and external) are associated with releases of radioactive materials.
The total effective dose equivalent calculated for an individual is equal to
the sum of the dose contributions from these two exposure pathways.

5.5.1.2 Internal Exposure Pathway. Internal exposure pathways include
inhalation and ingestion. The inhalation pathway is the major internal
exposure pathway for tank farm accidents. Exposure by means of the inhalation
pathway occurs when an accident results in a release of airborne radicactive
material that is transported downwind and inhaled by the maximum onsite and
offsite individuals or when radioactive materials that have been deposited on
the ground become suspended and are subsequently inhaled. The dose contribu-
tion from inhalation of resuspended materials is orders of magnitude Tess than
that from inhalation of airborne radioactive materials during piume passage.
Because resuspension dose contribution is minor, it is not included in
consequence calculations for the maximum onsite individual. The resuspension
dose is included in consequence calculations for the maximum offsite
individual as an artifact of the ingestion dose calculations, i.e., the GENII
computer program (PNL 1988) used to calculate the ingestion dose automatically
calculates a resuspension dose.

Exposure via the ingestion pathway occurs when radioactive material that
has been deposited offsite is ingested by any of the following methods:
eating crops on which radioactive materials have deposited; eating crops grown
in, or animals raised on, contaminated soil; or drinking contaminated water.
Depending on the type of tank waste involved, the dose contribution from the
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ingestion of contaminated food during a 24-hour period can account for up to
20% of the total effective dose equivalent. Therefore, the dose contribution
from the ingestion of contaminated foods for 24 hours is included in offsite
consequence calculations. The 24-hour duration is based on the premise that
the maximum offsite individual can be notified and appropriate interdiction
taken within 24 hours of the start of the accident.

Table 13. Site Boundary Distances for Tank Farms.

Transport direction Distance (m)

S 15,360
SSW 15,640
SW 13,875
WSW 11,100
W 11,100
WNW 11,100
NW 11,440
NNW 8,690
N 8,760
NNE 10,610
NE 10,680
ENE 10,530
E 12,630
ESE 18,730
SE 22,440
SSE 19,960

NOTES: Site boundary distances are based on the minimum distance from the
nearest tank farm (or associated waste transfer lines) to the Hanford Site
boundary. The site boundary is sssumed to be the near bank of the Columbia River
to the north and the east.

The information in this table is from Van Keuren and Savino (1996).

5.5.1.3 External Exposure Pathway. External exposure pathways include
submersion, ground shine, and direct exposure from a concentrated radioactive
source, such as a pool formed from a spill of liquid radioactive material.

Submersion refers to the external dose received by a person located in
the plume of airborne radicactive material during plume passage. In general,
for the radionuclides present in tank waste, the submersion dose is orders of
magnitude less than the inhalation dose. For example, assuming an airborne
release of 1 L of respirable single-shell tank liquids, the GENII computer
program calculates a submersion dose of 3 x 107 Sv (3 x 1073 rem) versus an
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inhalation dose of 1.2 x 107" Sv (1.2 x 10' rem). Because its contribution is
minor, the submersion dose is not included in consequence calculations.

Ground shine refers to the external dose received by a person standing on
ground contaminated by radioactive materials deposited during plume passage.
The ground shine dose is orders of magnitude less than the inhalation dose
and, therefore, it is not included in consequence calculations for the maximum
onsite individual. The ground shine dose is included in consequence
calculations for the maximum offsite individual as an artifact of the
ingestion dose calculation.

Given an airborne respirable source term, the doses from the inhalation
and ingestion pathways are calculated by the following formulas:

For the offsite and the onsite receptor, inhalation dose consequences are
as follows:

Diw(SV) =Q X B ULD,,
0
(3.4.1-2)

For only the offsite receptor, ingestion dose consequences are as
follows:

o X
Ding (SV) =10 o ULD,

(3.4.1-3)
where
D;,, = dose due to inhalation
D;,, = dose due to ingestion
ﬁ = respirable source term
X/Q' = atmospheric dispersion coefficient (offsite or onsite)
B. = breathing rate (for light activity or 24-hour average)
ULD;;, = inhalation unit liter dose
ULD;,, = ingestion unit Titer dose.

For the inhalation pathway, the dose calculated is the 50-year committed
effective dose equivalent defined as the dose received by the individual
during a 50-year period following the uptake. For the maximum onsite
individual, this dose must be combined with that resulting from external
exposure (if any) to yield the total effective dose equivalent. For the
ingestion pathway, the dose calculated is the committed effective dose
equivalent from ingestion plus the dose due to external exposure (e.g., ground
shine). Combining the ingestion dose with the inhalation dose yields the
total effective dose equivalent for the maximum offsite individual.

The atmospheric dispersion coefficient (X/Q') represents the dilution of
an airborne contaminant caused by atmospheric turbulence resulting from wind
speed and atmospheric stability conditions. X/Q' values applicable to tank
farm accident analyses have been calculated and are documented in
WHC-SD-WM-SARR-016, Tank Waste Compositions and Atmospheric Dispersion
Coefficients for Use in Safety Analysis Consequence Assessments (Van Keuren
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and Savino 1996). The X/Q' values applicable to ground-level releases are
shown in Table 14. The values shown are the 99.5% sector-dependent X/Q's as
defined by Regulatory Guide 1.145, Atmospheric Dispersion Models for Potential
Accident Consequence Assessments at Nuclear Power Plants (NRC 1982), with the

exception of the onsite bounding integrated X/Q', which is a 95% sector-
independent value.

The bounding integrated X/Q' values shown in Table 14 are used for
release durations up to 1 hour. For release durations between 1 and 2 hours,
the integrated X/Q' with plume meander values is used. Plume meander
accounts for enhanced horizontal spreading of the plume as it meanders over a
large area during 1ight wind and relatively stable atmospheric conditions.
Plume meander corrections were made in accordance with the empirical model
given in Regulatory Guide 1.145 (NRC 1982). As recommended in the guide, for
release durations greater than 2 hours a Togarithmic interpolation is made
between the acute bounding X/Q' with plume meander and the chronic annual
average X/Q' values given in Table 15.

Table 14. Centerline Atmospheric Dispersion Coefficients.

Maximum individual Bounding Bounding Maximum puff
integrateg x/Q inte%rated x/Q' X/Q (1/m3)
(s/m”) (s/m’) with PM®
Onsite 3.41 E-02 1.13 E-02 9.85 E-03
sector and distance E 100 m ESE 100 m E 100 m
Offsite 2.83 E-05 2.12 E-05 1.14 E-07
sector and distance N 8,760 m N 8,760 m NNW 8,690 m

NOTE: The information in this table is from Van Keuren and Savino (1996).
Nuclear Regulatory Commission Regulatory Guide 1.145 (NRC 1982) plume meander correction applied.

Table 15. Chronic Annual Average Atmospheric Dispersion
Coefficients for 200 Area Tank Farms.

Integrated
Maximum individual X/Q;
(s/m”)
Onsite 4.03 E-04
sector and distance ESE 100 m
Offsite 1.24 E-07
sector and distance E 12,630 m

NOTE: The information in this table is from Van Keuren and Savino (1996).
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Breathing rate (B.) values used to calculate the radiological
consequences of accidents are taken from Report of the Task Group on Reference
Man (ICRP 1975). For the maximum onsite gndividua1, the light activity
breathing rate is used, i.e., 3.3 x 10%m /s. For the maximum offsite
individual, the 1ight activity breathing rate is used because the offsite
receptor is assumed to be working.

The inhalation unit liter dose (ULD,,) represents the dose associated
with the hypothetical inhalation of 1 L OP waste. The ingestion unit liter
dose (ULD;.) represents the dose associated with the hypothetical ingestion
of fruits and vegetables, inadvertent soil ingestion, ground shine, and the

inhalation of resuspended material for a 1-L release of waste and an X/Q'
value of 1. As described in WHC-SD-WM-SARR-037, Development of Radiological
Concentrations and Unit Liter Doses for TWRS FSAR Radiological Consequence
Calculations (Cowley 1996), unit Titer doses have been developed on the basis
of the concentration of radionuclides present in tank waste as determined from
tank waste characterization data. Although more than 150 radionuclides are
stored in the waste tanks, the unit liter doses are based on the
concentrations of 22 predomingnt radionuc;ides,(l] of whi%hb%onstigute more
than 99% of the inhalation and ipgestjon doses (refer to Ta 3-7}. ese

11 rg&ionuc]ides are 20(20 98Sr 5}% Hé)Cs 1§‘Eu, 3 Np, 2Q“’Pu, %9\2"0Pu, I" Am,
and “*Cm. The unit Titer doses are known to be conservative because (1) when
compared with isotope production data from reactor operations, individual
isotope unit liter doses have a weighted average about 58 times the
production-based values; (2) high points of sample distributions were selected
versus average values; and (3) statistical analysis has shown that the
probability of finding a higher value for a radionuclide in the sample
database is less than 4% with 95% confidence.

The inhalation and ingestion unit 1iter doses for different waste types
are presented in Table 16. The inhalation unit liter doses were calculated by
Cowley (1996) by using dose conversion factors published in EPA-520/1-88-020,
Limiting Values of Radionuclide Intake and Air Concentration and Dose
Conversion Factors for Inhalation, Submersion, and Ingestion (EPA 1988). The
ingestion unit liter doses were calculated by Cowley (1996) by using the GENII
(Napier et al. 1988) computer program.

The consequences reported in Section 5.8 were calculated by using double-
shell tank liquids for the double-shell accidents, aging waste facility
Tiquids for the aging waste accident, single-shell tank solids for the single-
shell tank accident, and 5% single-shell tank solids and 95% single-shell tank
liquids for the double-contained receiver tank accident.

5.6 TOXICOLOGICAL CONSEQUENCES

5.6.1 Toxicological Consequence Calculation Methodology

5.6.1.1 Exposure Pathways. The toxicological source terms resulting from
tank farm accidents consist of liquid and solid particulates and gases.
Evaluation of the effects caused by chemical exposure is based on the airborne
pathway only because the toxicological risk evaluation guidelines are based on
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the chemical concentration at the location of the maximum onsite and offsite
individuals. External exposure to the skin and eyes was considered in the
development of the risk evaluation guidelines for corrosives and irritants.

Table 16. Parameters used to Calculate Dose Consequences.

X/Q' Values
Location Continuous (s/m’) Puff (1/m’)
Onsite” 3.4 x 1072 9.9 x 1073
Offsite” 2.8 x 107 1.1 x 1077
Standard man breathing rate
Breathing rate 3.3 x 107 I m/s
Unit liter doses
Waste type Inhalation (Sv/L) Ingestion (Sv ms)/(s L)
A1l liquids 1.2 x 10° 0.11
AT1 solids 1.9 x 10° 8.20
SST Tiquids 1.1 x 10* 0.05
SST solids 2.2 x 10° 4.10
DST liquids 6.1 x 10° 0.07
DST solids 5.3 x 10° 0.48
AWF Tiquids 1.4 x 10° 0.09
AWF solids 1.7 x 108 8.10

*An onsite continuous release is defined as a ground-level release of a duration longer than 3.5 s
and an offsite continuous release is defined as a release that occurs for more than 420 s (Van Keuren and
Savino 1996). If the release times are shorter, the release is treated as a puff.

AWF = aging waste facility.
DST = double-shell tank.
§ST = single-shell tank.

5.6.1.2 Exposure Calculation Methods. Toxicological consequence calculations
for both the maximum onsite and offsite individuals assume a l-hour exposure
period. The 1-hour exposure period was selected because the toxicological
risk evaluation guidelines are based on Emergency Response Planning Guideline
values, which are defined in terms of up to a l-hour exposure.

The calculation method for chemical exposure is based on the use of
Emergency Response Planning Guides for risk evaluation. For comparison with
the Emergency Response Planning Guide limits, the peak concentration must be
calculated. Equations used in WHC-SD-WM-SARR-011, Toxic Chemical
Considerations for Tank Farm Releases (Van Keuren et al. 1996), to calculate
peak concentrations of individual chemicals are presented in the following
su?sections for solid and Tiquid, gaseous, and total particulate chemical
releases.
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5.6.2 Peak Concentration Calculation Methods for
Solid and Liquid Toxic Chemical Releases

The peak concentration is of concern for chemical releases. For a
continuous release, the integrated X/Q' was used. For instantaneous or
short-duration releases, the maximum puff X/Q' was used. Significant
windward diffusion can occur for release durations for which the plume travel
time is Tong in comparison with the release duration. Hence, the use of the
integrated plume X/Q' values for deriving peak air concentration for an
instantaneous release is overly conservative. (A release is essentially
instantaneous when its duration is much less than the plume travel time to the
maximum onsite/offsite individual). Maximum puff X/Q values were used for
the release durations shown in Table 17. The values in this table are derived
by dividing the puff X/Q into the continuous release X/Q. The results of
the puff and continuous release models are equal at the times specified in
Table 17. Using the puff model for longer times or the continuous release
model for shorter times is overly conservative.

Table 17. Release Durations for Which the Maximum Puff
X/Q Values Were Used.

Release Duration
Onsite receptor ground-level release <3.5 s
Offsite receptor ground-level release <420 s

NOTE: The information in this table is from Van Keuren and Savino (1996).

The integrated plume X/Q' values (without plume meander) are used for
release durations longer than those shown in Table 17. For a continuous
release of solid or liquid toxic materials, the peak concentration was
calculated by using the following equation:

C (mg/m3) =Q’ (mg/s) x % (s/m3)

where
C = peak concentration
Q' = toxic material release rate
X/Q' = continuous release atmospheric dispersion coefficient.
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The puff release X/Q' was used for an instantaneous release of solid or
liquid toxic materials. The following equation was used to calculate the peak
concentration for an instantaneous release of solid or liquid toxic material:

C (mg/m®) =Q (mg) x {g (1/m?)

where
C = peak concentration
Q = toxic material released
X /Q = puff release atmospheric dispersion coefficient.

5.6.2.1 Peak Concentration Calculation Methods for Gaseous Toxic Chemical
Releases. The equations provided here calculate the peak concentration from
gaseous toxic material releases. The equations include corrections for the
fact that the standard Gaussian equations assume a point release with zero
source volume. The correction is necessary because the equations, which are
based on a point release, grossly overestimate peak concentrations as the
volume released or the volumetric release rate increases or as the distance to
the receptor decreases. Because the source concentration is fixed, the peak
concentration approaches the source concentration as the volume released or
the volumetric release rate increases. The peak concentration also approaches
the source concentration as the source to maximum onsite/offsite individual
distance decreases. The equations given here provide the correct peak
concentrations for both small and large gaseous toxic material releases. The
GENII computer code uses this model to correct the X/Q' for nonzero source
volumes (Napier et al. 1988).

The peak concentration for gaseous releases of toxic materials at the

receptor depends on the source concentration, the X/Q' value, and the volume
or volumetric flow rate of the release. For a continuous release of gaseous

toxic materials, the peak concentration was calculated by using the following
equation:

C (mg/m3) =

X
Q' xS [T%] x v/ [Tj]
LY Pa K " ’
S e

where
C = peak concentration
S = gaseous toxic material source concentration
X/Q' = continuous release atmospheric dispersion coefficient
V' = volume release rate of gaseous source.
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For an instantaneous release of gaseous toxic materials, the puff release

X /Q was used to calculate the peak concentration as shown in the following
equation:

3
¢ (mg/m’) = 4 m xS l'"—gs] x V (n?)

3 X |1 m
1 + V() x 2 |—
Q [m3

where
C = peak concentration
S = gaseous toxic material source concentration
X/Q = puff release atmospheric dispersion coefficient

V = volume of gaseous source released.

§.6.2.2 Peak Concentration Methods for Total Particulates. For a puff
release of tank material, the total particulate concentration at the maximum
onsite/offsite individual is given by the following equation:

c=p100Q %
Q
where
C = concentration at the maximum onsite/offsite individual (mg/m3)
Q@ = release amount (L)
X/Q = puff atmospheric dispersion coefficient (1/m’)
p = density of source material (g/cm’

The constant 10° is a unit conversion and results from multiplying by a
factor of 1,000 to convert liters to cubic centimeters and by agother factor
of 1,000 tg convert grams to milligrams. Densities of 1.6 g/cm’ and 1.1 g/cm3
(100 1b/ft> and 69 1b/ft3) are assumed for the tank solids and liquids,
respectively. This calculation is very conservative because it assumes all
material released is in the form of small particles that would be transported
to the exposed individual. 1In practice, a significant fraction of the
released material would be deposited near the release point.
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Following is the formula for the concentration from a continuous release
of particulates.

C=p1060’$

where
C = concentration at the maximum onsite/offsite individual (mg/m’)
Q' = release amount (L/s)
X/Q' = continuous release atmospheric dispersion coefficient (s/n?)
p = density of source material.

In calculating peak concentrations, a unit release of tank waste with
chemical concentrations based on best available tank waste characterization
data was assumed (Van Keuren et al. 1996). These peak concentrations were
then used to calculate sum-of-fraction values (refer to Section 3.4.1.2(3)).

When calculating peak concentration, a distinction must be made between
continuous and instantaneous (or "puff") releases due to differences in
atmospheric dispersion modeling. A release is essentially instantaneous when
its duration is much less than the plume travel time to the maximum onsite and
offsite receptors. Releases are modeled as puffs for the release durations in
Table 17. For release durations greater than those shown in Table 17, the
continuous release model is used. Puff release atmospheric dispersion
coefficients are provided in Table 14. The atmospheric dispersion
coefficients applicable to a continuous release are the bounding integrated
values presented in Table 14.

Radiological risk evaluation guidelines are quantified in terms of the
total effective dose equivalent which can be determined and summed for all
types and energies of radiation. In contrast, toxicological risk evaluation
guidelines are specific to the biological impacts of individual chemicals. To
account. for exposure to all chemicals contained in a release, sum-of-fraction
values were calculated by Van keuren et al. (1996).

The method for comparing toxicological consequences with the risk
evaluation guidelines is as follows.

1. Determine the frequency range of the accident.

2. Determine the type of material being released (i.e., single-shell
tank solids, single-shell tank 1iquids, etc.).

3. Determine whether the release is continuous or instantaneous (i.e.,
a puff).

4. Determine the release quantity or release rate (i.e., the airborne
source term). This determination is performed in the same manner as
for radioactive materials.
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5. Multiply the release quantity or release rate determined in Step 4
by the appropriate value from Table 18.
to 1 indicate that the risk evaluation guidelines have been met.

Products less than or equal

Table 18. Sum-of-Fractions of Risk Guidelines for a Unit Release.

] a Maximum Accident frequency, 1/year

Tank waste type individual o e 1107 10 109 [ 107 to 10°
Single-shell Tliquids (s/L) | Onsite 9.6 x 10° | 7.5 x 10° | 2.0 x 102
Single-shell liquids (s/L) | Offsite | 8.0 x 10° | 8.0 x 10° | 6.2 x 107
Single-shell solids (s/L) Onsite 4.0 x 10* 2.1 x 10 1.0 x 10°
Single-shell solids (s/L) Offsite | 9.4 x 10" | 3.3 x 10 1.7 x 10
Double-shell Tiquids (s/L) | Onsite 1.0x 10 | 7.5 x 10> | 2.1 x 102
Double-shell liquids (s/L) | Offsite | 8.4 x 10° | 8.4 x 10° | 6.2 x 107
Double-shell solids (s/L) Onsite 1.8 x 10 [ 3.3 x10° | 6.3 x 102
Double-shell solids (s/L) Offsite | 1.9 x 102 | 1.5 x 10’ 2.8 x 10°
Gas Release (s/m’) Onsite 7.7x10" | 9.4 x10° | 1.9 x 10°
Gas Release (s/m’) Offsite | 6.6 x 10| 6.6 x 102 | 8.1 x 1073

NOTE:

shell sglids sum-of-fractions of risk guidelines for a unit release.
Units of sum-of-fractions follow the tank waste type.

5.7 ACCIDENT SCENARIOS

Aging waste facility tank information is contained in the double-shell Liquids and double-

The following accident scenarios are developed from those identified in

Section 2.3.

Consequences are reported in Section 5.8.

The word

"deflagration"” is used in the accident scenarios; however, a detonation
potentially could result in the same end state.

5.7.1
5.7.1.1

Deflagration in the Headspace.

Doubte-Shell Tank Accident Scenarios

Flammable gases of concern (e.g.,

hydrogen, ammonia, methane) are produced in the tank waste by three principal

means:

chemical molecules are dissociated due to radiation.

also affects other chemical species in the tank.

radiolysis, organic decomposition, and corrosion.
oxidizer, is also produced by radiolysis.

Nitrous oxide, an

Radiolysis is the process by which
For example, radiolysis
causes water molecules to break apart into hydrogen and oxygen.

produces hydrogen and other flammable gases.

principally by thermal reactions.

Radiolysis

Organic decomposition also
The organic molecules breakdown

Corrosion of the steel primary tank

produces hydrogen only; no other gas products are formed (Strachan 1994).
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Experimental work and computer modeling at Pacific Northwest National
Laboratory indicates that retention mechanisms exist in double-shell tanks.
The current understanding of this phenomena requires the presence of
two Tayers of waste in the tank: one layer principally composed of settled
solids and a supernatant layer. Gases are generated in both layers; however,
the gas in the supernatant layer is continuously released. The gas in the
settled solids layer is retained. The gases buildup until the density of the
settled solids layer becomes equal to the density of the supernatant layer.

A perturbation to the system can cause an inversion of the layers. This type
of event is called a gas release event and causes the sudden release of the
flammable gases into the headspace. Current estimates of the average or best
estimate expected vglume of retained gases in double-shell tanks range from

0 to 641 standard m® (0 to 22,627 scf) (Hodgson et al. 1996).

The release can occur naturally (the tank is in storage mode) or as a
result of intrusive activities in the tank (the tank is in active mode).
Tank 241-SY-101 had large natural releases approximately every 100 days. As
part of the mitigation strategy for this tank, releases were induced by
several mechanisms: water lancing, air lancing, and currently, mixer pump
operation. Other operations in the tank could also induce gas release events.
These include, but are not limited to, equipment installation and removal,
core sampling, use of the void fraction instrument, and use of the ball
rheometer.

The releases could be local or global. A local release occurs when gas
is released over a small portion of the waste surface. The plume can also be
buoyant or nonbuoyant and may also lead to stratified regions in the tank.
That is, a buoyant plume could lead to a layer of flammable gases at the apex
of the dome. A nonbuoyant plume could lead to a pancake layer of flammable
gases on the waste surface. Thus, the local release can cause a portion of
the headspace to be above the Tower flammability 1imit. As determined from
the permanent hydrogen monitoring systems (which have recently been
installed), plume releases seem to be typical of the releases in
tanks 241-5Y-103, 241-AN-103, 241-AN-104, 241-AN-105, and 241-AW-101. 1In a
global release, gas is released from the entire (or nearly entire) surface of
the waste. This is the type of release seen in tank 241-SY-101. Global
releases may also have occurred in tanks 241-SY-103, 241-AN-103, 241-AN-104,
241-AN-105, and 241-AW-101.

The volume of gas introduced by the gas release event may be enough to
make a portion or all of the headspace flammable, i.e., above the lower
flammability limit. If the release occurs over a small area of the waste
surface, i.e., a local release, only a portion of the headspace may be
flammable. This is a transient condition and because of diffusion,
convection, and the ventilation, flammable concentrations will be short 1ived.

Hydrogen, a major constituent of the flammable gases, ignites with a very
small energy source: only 0.017 mJ to 0.1 mJ is required (Fisher 1986,
Dufresne and Karwat 1988). Installed equipment in the tank or ventilation
system, activities being conducted in the tank, human errors, or natural
phenomena (such as earthquakes or lightning) provide ignition sources.

A deflagration occurs. Current analyses (LANL 1995) show that large volumes
of gas must be released and ignited to generate a pressure pulse larger than
the calculated internal static pressure limit of 312 kPa (45 psig). This
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pressure is well above the pressure required to cause failure of the inlet
high-efficiency particulate air filter and the exhaust prefilters and high-
efficiency particulate air filters. The release amounts from the filters will
also contribute toward calculation of the consequences.

Structural analysis of the tank indicates that the riser plate, a 3.7 m
(12 ft) diameter plate in the top center of the dome, would tear along the
weld at this pressure. This plate would 1ift up and provide pressure relief
for the tank. However, the tank remains sound below the water line.

§.7.1.2 Deflagration in the Annulus. Waste may enter the annulus from a leak
of the primary tank or by a mistransfer into the annulus. If enough waste
enters the annulus, the annulus ventilation system will fail because the
annulus ventilation air is supplied from the bottom center of the secondary
tank. The air proceeds through channels in the refractory concrete pad that
separates the primary tank from the secondary tank. The air is then exhausted
from the annulus by the annulus ventilation system. If enough waste enters
the annulus, it will fi1l1 the channels in the refractory concrete and prevent
the annulus from being ventilated. Flammable gases will then build up in the
annulus. Installed equipment in the annulus or annulus ventilation system,
activities being conducted in the annulus, human errors, or natural phenomena
(such as earthquakes or lightning) provide ignition sources. A deflagration
occurs.

5.7.1.3 Deflagration During Pump Removal. The mixer pump in tank 241-SY-101
is used to induce periodic small gas releases in the tank as a means of
preventing larger uncontrolled releases from occurring. Mixer pumps may be
placed in other double-shell tanks and aging waste facility tanks in the
future. Removal of the mixer pump presents a unique flammable gas hazard
because the removal effort could serve as a release mechanism for the residual
retained gas and as an ignition source. Removal of the pump also provides a
direct release path to the environment.

5.7.1.4 Subsurface Deflagration. As discussed above, flammable gases are
retained in double-shell tank wastes. A subsurface deflagration can be
postulated due to the retention mechanisms, i.e., the ignition of a subsurface
bubble by an intrusive activity (1ike core sampling) or natural phenomena, for
example, Tightning. This phenomenon has been analyzed (Nakayama and Vogt
1996). This analysis concludes that the pressure pulse from the bubble that
ignites will be transmitted by the fluid and that oscillations of the bubble
as it expands and contracts will send waves through the waste. Nakayama and
Vogt (1996) state "this may lead to a release of significant volume of the
subsurface gas into the headspace." The subsequent ignition of the gases in
the headspace and its associated consequences are considered to be similar to
the events that could happen during a seismic event because similar release
fractions can be obtained. The consequences from seismic events are discussed
in Sections 5.8.2 and 5.8.3.

5.7.2 Single-Shell Tank Accident Scenarios
5.7.2.1 Single-Shell Tank Headspace Deflagration. Flammable gases of concern

(e.g., hydrogen, ammonia, methane) are produced in the tank waste by three
principal means: radiolysis, organic decomposition, and corresion. Nitrous
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oxide, an oxidizer, is also produced by radiolysis. Organic decomposition
also produces hydrogen and other flammable gases. Corrosion of the steel
primary tank produces hydrogen only; no other gas products are formed
(Strachan 1994).

Experimental work at Pacific Northwest National Laboratory indicates that
retention mechanisms exist in two single-shell simulants (one simulating
sludge and one salt cake). For bubbles retained in particulate simulated
waste, the morphology of the retained bubble depends on a dimensionless
grouping called the Bond number that is a ratio of gravitational forces to
surface tension (Gaugiitz et al. 1996). The Bond number defines the
transition between bubbles that displace particles (round bubbles) and bubbles
that finger between the particles (dendritic bubbles) composing the
particulate media. Bubbles are also retained in sludges where the particle
size is sufficiently small that the bubbles never finger between the particles
and the primary mechanism of growth is bubbles displacing the sludge. When
surface tension dominates, the bubble shape is round. When the sludge
strength dominates, the bubbles grow by displacing the weakest sludge adjacent
to the bubble. In this case, if any small nonuniformity exists in the sludge
strength, the bubbles will follow that path and evolve into some dendritic
shape.

A number of previous studies have investigated bubble retention in both
simulated waste and actual tank waste (Gauglitz et al. 1994, 1995; Rassat and
Gauglitz 1995, Bredt et al. 1995, Bredt and Tingey 1996). All of these
studies involved the growth of bubbles in settled solids submerged beneath a
liquid supernatant layer. The presence of the supernatant Tayer allowed for
buoyancy-induced rollovers; however, the rollovers were on a very small scale.
In one experiment reported by Bredt and Tingey (1996), very little supernatant
liquid was present. During this experiment, the supernatant liquid was
observed to sink downward as the sludge-containing bubbles rose. Although
this was a buoyancy-induced rollover, it was lethargic and the sludge did not
appear to release the gas bubbles. Because the single-shell tanks do not
usually contain a supernatant layer (or at most a very small one), similar
behavior would be expected. That is, no buoyancy-induced rollovers would be
expected to occur in single-shell tanks. Any such rollovers that did occur
would be very lethargic ones that would release small amounts of gas.

Gas retained as dendritic bubbles has been observed to form a finely
distributed, connected phase some distance under the sludge surface. At some
point, a crack, channel, or chimney is opened, and the pressurized gas is
suddenly provided with a path to the surface. The path may be either
naturally occurring or made by an intrusive activity. This type of release
could result in a release of gas to the tank dome headspace.

The release can occur naturally (the tank is in storage mode) or as a
result of waste-intrusive activities in the tank (the tank is in active mode).
The releases could be local or global. A local release occurs when gas is
released over a small portion of the waste surface. The plume can also be
buoyant or nonbuoyant and may also lead to stratified regions in the tank.
That is, a buoyant plume could lead to a layer of flammable gases at the apex
of the dome. A nonbuoyant plume could lead to a pancake layer of flammable
gases on the waste surface. Thus, the local release can cause a portion of
the headspace to be above the Tower flammability Timit. A plume release is
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the type of release that would be anticipated from the single-shell tank
waste. A global release is one in which gas is being released from the entire
(or nearly entire) surface of the waste. This type of release may occur in
single-shell tanks during earthquakes. To date, no releases, plume or global,
in the single-shell tanks have been detected by the recently installed
permanent hydrogen monitors.

Current analyses (LANL 1995) show that small volumes of gas must be
released and ignited to generate a pressure pulse larger than the calculated
internal static pressure 11@1t of 76 kPa (11 psig). Fox and Stepnewski (1994)
show that 1gn1t1on of ~24 m> (850 ft3) of hydrogen for a headspace of 991 m
(35,000 ft> ) to 55 m (1943 ft’) of hydrogen for a headspace of 2,407 m
(85,000 ft3) can generate a pressure pulse larger than the ca1cu1ated internal
static pressure limit. This pressure is well above the pressure required to
cause failure of the inlet high-efficiency particulate air filter and the
exhaust prefilters and high-efficiency particulate air filters. The release
amounts from the filters will also contribute toward calculation of the
consequences.

A very small energy source can ignite hydrogen, a major constituent of
the flammable gases: only 0.017 mJ to 0.1 mJ is required (Fisher 1986,
Dufresne and Karwat 1988). Installed equipment in the tank or ventilation
system, activities being conducted in the tank, human errors, or natural
phenomena (such as earthquakes or lightning) provide ignition sources.
A deflagration occurs.

Han and Beavers (1996) state that when a single-shell tank experiences an
internal static pressure of 76 kPa (11 psig), concrete cracks would probably
develop in the center region of the dome. The air within the tank would
escape through these cracks; therefore, the internal pressure could not build
up to the Tevel that would cause a section of the dome to be blown outward,
which in turn would cause concrete debris and soil to fall back into the tank.
The release would also occur through the opening for the inlet filter, through
open risers in the central pump pit, and through the opening for the exhauster
(if the tank is equipped with an active ventilation). Pieces of concrete on
the inside face of the dome may Tose bond with the rebar and fall into the
tank due to excessive compressive forces from the postevent soil load (i.e.,
soil reimpact would cause spalling of the concrete). Rebar in the tank wall
below the haunch region would be overstressed but would not cause the dome to
collapse.

5.7.2.2 Transfer Line Deflagration. Flammable gases are introduced into the
transfer line during salt well pumping. The flow rate during salt well
pumping is very low, typically 0.19 to 19 L per minute (0.05 to 5 gal per
minute). This leaves a "headspace" in the transfer line, i.e., the transfer
line is not completely full of liquids. Pumping a single-shell tank can take
an extended period of time (months to years). Gases can be introduced into
the headspace of the transfer line by three processes: transfer with 51ng1e—
shell tank waste, production in the transfer line by rad1o]y51s and organic
decomposition, or transfer from the double-contained receiver tank.

The concentration of flammable gases in the transfer lines has never been

measured. The analysis done here assumes that the concentrations reached
allow a deflagration to occur. For mixtures with nearly equal amounts of
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nitrous oxide and hydrogen, this concentration is below 8 vol% hydrogen. For
mixtures with 1ittle nitrous oxide, this 1imit is below 11 vol% hydrogen.

A very small energy source can ignite hydrogen, a major constituent of the
flammable gases: only 0.017 mJ to 0.1 mJ is required. No ignition sources
are known to be present in the transfer lines; however, natural phenomena
(such as earthquakes or Tightning) could provide an ignition source. The
double-contained receiver tank could also provide an ignition source.

A deflagration occurs in the transfer 1ine. The resulting pressure is

1,462 kPa (211 psia). The burst pressure for 5.1 cm (2 in.) Schedule 40 pipe
is 57.9 MPa (8,400 psia) for Schedule 40 pipe and 51.7 MPa (7,500 psia) for
Schedule 10S. A detonation has a hypothetical maximum pressure of 2.83 MPa
(411 psia) (NUREG 1983). Bodurtha (1980) states "Equipment designed to

3.5 MPa (508 psi) ... usually will be adequate to contain a detonation ... for
flammable gases in air at atmospheric pressures." Therefore, the transfer
line remains intact.

5.7.2.3 Subsurface Deflagration. As discussed above, flammable gases are
retained in double-shell tank wastes. A subsurface deflagration can be
postulated due to the retention mechanisms, i.e., the ignition of a subsurface
bubble by an intrusive activity (like core sampling) or natural phenomena, for
example, lightning. This phenomenon has been analyzed (Nakayama and Vogt
1996). This analysis concludes that the pressure pulse from the bubble that
ignites will be transmitted by the fluid and that oscillations of the bubble
as it expands and contracts will send waves through the waste. Nakayama and
Vogt (1996) state "this may lead to a release of significant volume of the
subsurface gas into the headspace.” The subsequent ignition of the gases in
the headspace and its associated consequences are considered to be similar to
the events that could happen during a seismic event because similar release
fractions can be obtained. The consequences from seismic events are discussed
in Sections 5.8.2 and 5.8.3.

5.7.3 Double-Contained Receiver Tank Evaluation
Basis Accident Scenario

Flammable gases can be introduced into the headspace of a double-
contained receiver tank or catch tank by three processes: transfer with
single-shell tank waste, production in the tank during storage by radiolysis
and organic decomposition, or production by chemical adjustment of the single-
shell tank waste before transfer into a double-shell tank.

Peurrung and Gauglitz (1996) modeled salt-well pumping as multiphase flow
in porous media. (The results of this modeling, which was focused on single-
shell tanks, are included here because the liquids pumped out of these tanks
are transferred into the double-contained receiver tanks addressed in this
section.) Peurrung and Gauglitz conducted both one-dimensional and two-
dimensional modeling. The results of this modeling show that most of the
soluble gas (ammonia) would be removed with the pumped fiuid and transferred
to the double-contained receiver tank. Essentially all of the insoluble gas
(hydrogen, methane, and nitrous oxide) is projected to be released in the
single-shell tank, and very little of the insoluble gas is projected to be
released in the salt well itself or transferred to the double-contained
receiver tank.
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Flammable gases of concern (e.g., hydrogen, ammonia, methane) are
produced in the tank waste by three principal means: radiolysis, organic
decomposition, and corrosion. Nitrous oxide, an oxidizer, is also produced by
radiolysis. Organic decomposition also produces hydrogen and other flammable
gases. Corrosion of the steel primary tank produces hydrogen only; no other
gas products are formed (Strachan 1994). These gases are continuously
released because no submerged settled solids are present to retain the gas.

Sodium hydroxide and sodium nitrate are added, as needed, to the double-
contained receiver tanks to adjust the waste chemistry. This adjustment
causes a gas release (i.e., the amino compounds in the low pH waste become
free ammonia when the pH is raised by addition of these chemicals).
Calculations (Heubach and Siemer 1996) indicate that an injection rate of
1 L/h for 25 hours of 19-molar sodium hydroxide will produce an ammonia
concentration of 50% in the primary tank headspace of the double-contained
receiver tank.

Stahl and Coles (1992) studied hydrogen accumulation in double-contained
receiver tanks as part of a larger study on interim stabilization of nonwatch-
list tanks. They concluded that the primary receiver vessel would be the most
likely location for hydrogen to accumulate because this is the place where the
hydrogen is generated, and no design provisions were made to provide airflow
through the primary receiver vessel from the primary ventilation system. Some
airflow is provided by the dip-tube system.

Stahl and Coles (1992) also concluded that potential ignition sources
existed within the primary receiver vessel and that fires (deflagrations) or
explosions (detonations) were credible given this condition. A very small
energy source can ignite hydrogen, a major constituent of the flammable gases:
only 0.017 mJ to 0.1 mJ is required. Installed equipment in the double-
contained receiver tank or ventilation system or natural phenomena (such as
earthquakes or lightning) provide an ignition source and combustion occurs.

Wagenblast (1996) evaluated the structural response of double-contained
receiver tanks and catch tanks to internal pressurization events. He looked
at a rapid internal pressurization up to 827 kPa (120 psi). The internal
pressurization reached in the double-contained receiver tank should be no
greater than the internal pressure reached in a single-shell tank because only
single-shell tank waste is transferred through double-contained receiver tanks
and the gas generated by the waste, while in the double-contained receiver
tank , should have the same constituents and the same ratios as when it was in
the single-shell tank. As long as the gas composition remains the same, the
pressure from burning the gas will be the same, regardless of the tank volume
the gas is in.

The conclusion that Wagenblast (1996) reached was that for the 244-BX,
244-TX, 244-U, and 244-S vaults, the primary vessel would rupture and the
vault would fail at an overpressure of half that analyzed (i.e., at 414 kPa,
or 60 psi). This conclusion would be true for all catch tanks with wall
thicknesses of 0.64 cm (1/4 in.). The 244-CR and 244-A primary vessels and
vaults would withstand the 827 kPa (120 psi) pressurization, but both would
fail at 1,200 kPa (174 psi). This conclusion is also true for catch tanks
with wall thicknesses of 0.95 cm (3/8 in.).
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5.7.4 Analysis Methodology

For double-shell tanks and single-shell tanks, three flammable gas
accident consequence end states, all of which are credible, are presented in
Section 5.8 of this report. The three end states, which are related to the
structural response of the tank dome to pressures generated by the burning of
flammable gas, are:

(1) cracking of the dome
(2) collapse of the dome into the tank
(3) dome loss (i.e., blow out).

The first accident end state was selected as the evaluation basis
accident. Although so designated for dome response, the scenario presented
should not be construed as a representative flammable gas deflagration. The
postulated accident, i.e., a flammable gas deflagration that generates
sufficient pressure to cause the dome to crack (based upon a dynamic analysis
for double-shell tanks and a static analysis for single-shell tanks),
challenges the functional design requirements that were originally established
for the waste tanks and provides an initial basis for the selection of safety
structures, systems, and components and technical safety requirements for the
Tank Waste Remediation System Final Safety Analysis Report. In addition, the
analysis provides an initial basis for the selection of technical safety
requirements and other controls for the prevention of flammable gas accidents.
Final control selection considered the frequency and consequences of all three
end states.

The second accident end state results from a deflagration that generates
sufficient pressure to cause a tank dome collapse that leads to debris falling
into the tank. This represents an intermediate consequence between the two
extremes (i.e., dome cracking and dome loss). Although there are other
potential initiating events, this second accident end state is presented in
light of a discussion of the evaluation basis earthquake since a seismic event
has the potential to release significant quantities of retained gas.

The third accident end state results from a detonation that generates
sufficient pressure to destroy and displace the dome structure. This third,
postulated accident, representing the upper bound of potential consequences,
is presented in the discussion of a beyond evaluation basis event because it
is considered a less likely but more severe event than either the evaluation
basis accident or evaluation basis earthquake analyses.

For double-contained receiver tanks, the calculation is presented in two
end states. The first is an evaluation basis accident of a detonation where
the source term consists of 5% single-shell tank solids and 95% single-shell
liquids. The second is a beyond evaluation basis accident with 33% single-
shell tank solids and 67% single-shell tank liquids.

The uncertainties associated with the quantities of flammable gas
retained in the tanks, the gas release mechanisms, the relative mixtures of
the released gases, and the quantities of flammable gas that might be released
in a gas release event are such that it is not possible to demonstrate that
the frequency of any of these three postulated representative accidents is
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beyond extremely unlikely. The frequency classification of each postulated
accident is discussed in Section 5.8 where the accident consequences are
presented.

5.8 COMPARISON WITH RISK GUIDELINES

5.8.1 Evaluation Basis Accidents

The consequences for the postulated accidents in double-shell tanks are
presented below in Table 19 (without controls) and in Table 20 (with
controls). The consequences for the postulated accidents in single-shell
tanks and double-contained receiver tanks are presented in Table 21 (without
controls) and Table 22 (with controls). The evaluation basis earthquake is
discussed in Section 5.8.2.

65.8.1.1 Comparison with Guidelines for Double-Shell Tanks.

5.8.1.1.1 Comparison with Radiological Guidelines—Scenarios without
Controls. A1l onsite radiological doses from accidents without controls are
well above the onsite evaluation guidelines. A1l offsite radiological doses
from accidents without controls are well below the offsite evaluation
guidelines.

5.8.1.1.2 Comparison with Radiological Guidelines—Scenarios with
Controls. The onsite doses from all accidents with controls are above the
onsite evaluation guidelines. A1l offsite radiological doses from accident
with controls are well below the offsite evaluation guidelines.

65.8.1.1.3 Comparison with Toxicological Guidel ines—Scenarios without
Controls. A1l onsite toxicological sum-of-fractions are well over 1 for the
accidents without controls at the onsite receptor location. The toxicological
consequences therefore exceed the onsite risk evaluation guidelines. With one
exception, the offsite toxicological sum-of-fractions for the double-shell and
aging waste facility tank headspace deflagration accidents without controls
are all less than 1 and hence meet the risk guidelines. However, the offsite
toxicological sum-of-fractions for the deflagration during pump removal
without controls slightly exceeds the risk guidelines.

5.8.1.1.4 Comparison with Toxicological Guidelines—Scenarios with
Controls. The onsite toxicological sum-of-fractions for the double-shell tank
deflagration accident with controls, the aging waste facility tank
deflagration accident with controls, and the pump removal from a double-shell
tank with controls are over 1 and hence exceed the onsite risk guidelines.
However, the offsite toxicological sum-of-fractions for the deflagration
accidents with controls are all less than 1 and hence meet the risk
guidelines.
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5.8.1.2 Comparison with Guidelines for Single-Shell Tanks.

5.8.1.2.1 Comparison with Radiological Guidelines—Scenarios without
Controls. All radiological doses from accidents without controls are well
above both the offsite and onsite evaluation guidelines.

5.8.1.2.2 Comparison with Radiological Guidelines—Scenarios with
Controls. The onsite radiological dose from single-shell tank deflagration
accident with controls is above both the onsite evaluation guidelines.
However, the offsite radiological dose is below the offsite guidelines.

5.8.1.2.3 Comparison with Toxicological Guidelines—Scenarios without
Controls. A1l toxicological sum-of-fractions are over 1 for accidents without
controls at the onsite and offsite receptor locations.

5.8.1.2.4 Comparison with Toxicological Guidelines—-Scenarios with
Controls. The onsite and offsite sum-of-fractions from single-shell tank
deflagration accidents with controls are above both the offsite and onsite
evaluation guidelines.

5.8.1.3 Comparison with Guidelines for Double-Contained Receiver Tanks.

5.8.1.3.1 Comparison with Radiological Guidelines—Scenarios without
Controls. All radiological doses for accident without controls are well above
both the offsite and onsite evaluation guidelines for anticipated events.

5.8.1.3.2 Comparison with Radiological Guidelines—Scenarios with
Controls. The offsite doses from the deflagration in a double-contained
receiver tank are less than the offsite evaluation guidelines. However, the
onsite doses from the deflagration in a double-contained receiver tank are
above the onsite evaluation guidelines.

5.8.1.3.3 Comparison with Toxicological Guidelines—Scenarios without
Controls. All toxicological sum-of-fractions are over 1 for accidents without
controls at the onsite and offsite receptor locations.

5.8.1.3.4 Comparison with Toxicological Guidelines—Scenarios with
Controls. The offsite sum-of-fractions from the deflagration in a double-
contained receiver tank with controls are less than the offsite evaluation
guidelines. However, the onsite sum-of-fractions from the deflagration in a
double-contained receiver tank with controls are above the onsite evaluation
guidelines.

5.8.2 Evaluation Basis Earthquake

A seismically-induced gas release event and deflagration occurs in a
single-shell tank and in a double-shell tank. The seismic excitation of the
tank sludge is assumed to result in the release of entrained gases to the tank
head space in quantities in excess of the reference cases considered in the
evaluation basis accident. Ignition of the flammable gases is assured from
seismically-initiated mechanical or electrical sparks. Deflagrations occur
and cause tank pressures to exceed the ultimate strength of the tank domes
resulting in a single-shell tank and double-shell tank dome collapse.

104



WHC-SD-WM-TI-753 REV 0

The conditional probability of a deflagration resulting from the seismic
events is not well understood and is conservatively assumed unity. Therefore,
the seismically induced accidents are assigned the same frequency as the
initiating event frequency (i.e., that of the evaluation basis earthquake) and
thus fall in the "unlikely" frequency category.

The source terms without controls for the flammable gas deflagrations are
developed in Section 5.4. The source term for flammable gas deflagrations
depends on the amount of gas released from the waste in the seismic event.

The amount of gas released is not well understood but would depend on
magnitude and duration of the seismic event. For purposes of this assessment,
the seismic event is assumed to have a source term comparable to the cases
summarized in Section 5.4 for double-shell tanks (2.76 L) and a larger source
term for single-shell tanks (2.62 L that corresponds to a flame front speed of
45 m/s}, with an additional source component is added to account for the
collapse of the dome. WHC-SD-WM-CN-051, The Effects of Load Drop, Uniform
Load, and Concentrated Loads of Waste Tanks, analyzes the release from a
collapsed dome in which the tank overburden is credited with reducing the
respirable particles by a factor of 10. Because some of the overburden may be
expelled by the deflagration, this factor was not credited and an additional
3.8 L of respirable waste is released. Note that even a larger source term is
assessed for a beyond evaluation basis flammable gas detonation.

Assessments of the onsite and offsite radiological and toxicological
exposures for deflagrations in a double-shell tank and an single-shell tank
without dome collapse are given in the evaluation basis accident. Adding
consequences from the dome collapse results in consequences as illustrated in
Table 23. A case with greater consequences is assessed for a beyond
evaluation basis flammable gas detonation.

5.8.2.1 Comparison with Guidelines for Double-Shell Tanks.

5.8.2.1.1 Comparison with Radiological Guidelines. The onsite
radiolegical dose is above the onsite evaluation guidelines for unlikely
events. The offsite radiological dose is below the offsite evaluation
guideline for unlikely events.

5.8.2.1.2 Comparison with Toxicological Guidelines. AN toxicological
sum-of-fractions are over 1 at the onsite and offsite receptor locations.

5.8.2.2 Comparison with Guidelines for Single-Shell Tanks.

5.8.2.2.1 Comparison with Radiological Guidelines. The radiological
doses are above both the offsite and onsite evaluation guidelines for unlikely
events.

5.8.2.2.2 Comparison with Toxicological Guidelines. A1l toxicological
sum-of-fractions are over 1 at the onsite and offsite receptor locations.
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5.8.3 Beyond Evaluation Basis Accident

A detonation is possible if the flammable gases, mixed with sufficient
oxidant, exceed a specific concentration. This concentration is 8% hydrogen
in those cases in which the volume fraction of hydrogen and nitrous oxide were
similar and 11% hydrogen for those cases that had 1ittle nitrous oxide.
Scenarios can be postulated with deflagration-to-detonation transitions but
their consequences are less than, or similar to, detonations without
transitions. As summarized below, there are three cases in which tank
detonations might be possible.

In the first case, the gas release occurs over a small area of the
surface via some waste intrusion mechanism. The analysis assumed flammable
gas was released through this small area and rose to the dome without much
entrainment of the surrounding air. There, the gas spread out radially.
Since the initial concentration of flammable gases was large and there was
Tittle entrainment, the hydrogen concentration at the apex of the dome was
also large. It was assumed that gas was ignited prior to diffusing
significantly and a detonation occurred.

The second case involves a global detonation. In this case, it was
assumed that a roll-over or other tank wide disturbance occurred and caused a
gas release event. The release was postulated to occur at a rate much greater
than the ventilation flow rate. Ignition was postulated to occur prior to
significant gas venting due to the resulting pressure differential (about
30 to 50 kPa) between the dome and the atmosphere. Under these assumptions,
and assuming significant nitrous oxide is also released, a detonation may be
possible.

In the third case, the ventilation system is assumed to fail in a double-
contained receiver tank. If the failure persists for about 15 days, the
concentration of flammable gas could exceed the detonatable limit.

The frequency of a deflagration with controls is in the unlikely
frequency category. A detonation is estimated to be no greater than
"extremely unlikely" because of the specific requirements that must be
realized concerning the quantity of gas released, the timing of the ignition
and the lack of entrainment of air during the release.

As a result of a detonation, the assumed tank dome failure mode
corresponds to a large portion of the dome tearing and being expelled by the
internal tank pressure. Other postulated failure modes are less severe.

The consequences of a detonation are obtained by assuming that the
mechanism for radionuclide release is similar to a deflagration. In a
deflagration, radionuclides are resuspended from the surface of the waste by
the high velocity gas flow over it. Using this same model but increasing the
gas flow velocity to that representative of a detonation results in a release.
Material resuspension correlations were studied and it was found that the
quantity resuspended was a function of the square of the velocity. The
frequency of a deflagration with controls is in the unlikely frequency
category. A detonation is estimated to be no greater than “extremely
unlikely" because of the specific requirements that must be realized
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concerning the quantity of gas released, the timing of the ignition, and the
lack of entrainment of air during the release.

Because the gas velocity over the surface increases by a factor of 6 for
a detonation, the consequences of a detonation exceed those of a deflagration
by a factor of 36. The results of the beyond evaluation basis flammable gas
detonation are summarized in Table 24 for the case with the largest
consequences, i.e., a postulated detonation in an single-shell tank. The best
estimate radiological doses for the larger releases are partially offset by
the use of a 50th percentile meteorology. The toxicological consequences are
partially compensated for by the larger acceptable release for the Tower
frequency class. Comparable cases can be postulated for double-shell tank and
aging waste tanks if the detonation releases a liquid-solid mixture rather
than a liquid-only release.

Table 24. Accidents Conditions Beyond the Evaluation Basis.

Accident description i;ﬁi;;ﬁ%{ Best estimate consequences®
Detonation of flammable |Extremely|Radiological onsite (Sv):
gases in a single-shell unlikely 39
tank® Radiological offsite (Sv):

3.4 x 107
Toxicological onsite (SOF):
500
Toxicological offsite (SOF):
8.2
Detonation of flammable |Extremely|Radiological onsite (Sv):
gases in a double- unlikely 2.7
contained receiver tank Radiological offsite (Sv):
2.4 x 10°%
Toxicological onsite (SOF):
42
Toxicological offsite (SOF):
5.5 x 1071

®Based on 36 times the reference deflagration and average meteorology (i.e., a dose reduction factor
of 6 for 50 percent meteorology).
nly singte-shell tank results are presented, because the addition of solids to the source term from
double-shell and aging waste facility tanks is bounded by this case.
SOF = sum of fraction.

The above radiological and toxicological consequences would be reduced if
credit were taken for plume rise due to momentum and buoyancy of the released
material. Fallout of the entrained particulate during travel to the onsite
and offsite receptor would further reduce the consequences.

5.8.3.1 Comparison with Guidelines for Single-Shell Tanks.

5.8.3.1.1 Comparison with Radiological Guidelines. The onsite
radiological dose is above the onsite evaluation guidelines for extremely
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unlikely events. The offsite radiological dose is below the offsite
evaluation guideline for extremely unlikely events.

5.8.3.1.2 Comparison with Toxicological Guidelines. The toxicological
sum-of-fractions are over 1 at the onsite and offsite receptor locations.

5.8.3.2 Comparison with Guidelines for Double-Contained Receiver Tanks.

5.8.3.2.1 Comparison with Radiological Guidelines. The onsite
radiological dose is above the onsite evaluation guidelines for extremely
unlikely events. The offsite radiological dose is below the offsite
evaluation guideline for extremely unlikely events.

5.8.3.2.2 Comparison with Toxicological Guidelines. The toxicological
sum-of-fraction is over 1 at the onsite receptor location. The toxicological
sum-of-fraction at the offsite receptor locations is within the offsite
guideline.

5.9 CONCLUSIONS

This analysis used the best available knowledge and understanding of the
flammable gas tanks to evaluate potential consequences from a release,
ignition, and subsequent burn. As discussed in the text, there is a continuum
of credible accidents, and consequences corresponding to three end states have
been provided. Variations in the key parameters used in the calculations lead
to Targe variations in the postulated consequences (see Section 5.8). The
number of tanks that can reach or exceed the consequences presented here may
change depending on the selected end state (i.e., the evaluation basis
accident, the evaluation basis earthquake, or the beyond evaluation basis
accident). This analysis does not provide a justification for the removal of
controls on tanks with flammable gas hazards.

As discussed earlier, steady-state concentrations can build-up over
periods of time when there is little or no ventilation. To prevent this
hazard from occurring, flammable gas monitoring and ventilation must be
protected by controls. The consequences from an ignition and burn of a
flammable concentration due to steady-state build-up will not be any different
than the consequences due to a gas release event.

Of the nine double-shell tanks evaluated, six are able to achieve layer
concentrations that are flammable (see Table 8). In addition, only three
double-shell tanks have retained gas volumes large enough that a 50% release
and burn could cause dome failure (see Appendix D). Of these three tanks,
tank 241-SY-101 already has a mixer pump to mitigate gas releases and the
other two double-shell tanks are not currently having gas release events that
release 50% of their retained gas. If a 100% release and burn is postulated,
5 double-shell tanks could experience dome failure.

Of the single-shell tanks evaluated, 12 could potentially achieve layer
concentrations that are flammable (see Table 8) if 10% of the retained gas was
released from a local area in a two minute time frame. In terms of a global
release, of the single-shell tanks evaluated, only 3 would achieve pressures
due to an ignition and burn that could cause dome failure if 10% to 15% of the
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retained gas is released; 6 if approximately 30% of the retained gas is
released; 9 if 40% to 45% of the retained gas is released; and 11 if 100% of
the retained gas is released. However, during the time that hydrogen
monitoring equipment has been on the tanks, no gas release events of any size
has been seen on a single-shell tank.

Of the 7 double-contained receiver tanks and 12 catch tanks that were
analyzed, all of them could reach flammable conditions if the generation rate
is high and there is little or no ventilation flow. Prudent controls have
been developed in the Tank Waste Remediation System Final Safety Analysis
Report.

Of the transfer lines analyzed, no consequences were calculated because
the pressures from burns were well within the burst pressures of the transfer
lines. However, valves and/or jumpers were not evaluated. The failure of
these pieces of equipment would cause either a spray leak in a pit or a pool
leak. These accidents are analyzed in the Tank Waste Remediation System Final
Safety Analysis Report.

For several of the postulated accidents, the estimated frequency and
calculated consequences exceed the risk guidelines when evaluated with
identified controls. The identified suite of controls is sufficient to reduce
the consequences of the accidents to less than the 0.25 Sv (25 rem) offsite
dose siting guideline in DOE 6430.1A. Although the short-term risk of Tank
Waste Remediation System operations with the controls identified in the Final
Safety Analysis Report is judged to be acceptable, actions are required to
address the intermediate or long-term risk of Tank Waste Remediation System
operations, especially for postulated accidents that exceed risk guidelines.
The actions include improvements to the accident consequences analysis
methodology, improvements in the characterization of the tank wastes, and
improvements to Tank Waste Remediation System design and operational safety.
Implementation of these actions provides either (1) a better estimate or
understanding of Tank Waste Remediation System risks or (2) additional
preventive or mitigative controls to reduce the risk of postulated accidents.
Because of their potential cost and time to implement and the need for further
study (e.g., technical issues, cost benefit), it is not feasible to either
make commitments to specific improvements or implement these actions before
submittal of the Final Safety Analysis Report.

In conclusion, it is thought that the flammable gas short-term risk
during continued operation of the Tank Waste Remediation System facilities is
small when the controls identified in the Technical Safety Requirements are in
place and followed (the Technical Safety Requirements will be issued with the
final safety analysis report).

5.10 FUTURE WORK

The methodology used in this analysis was not intended to be a worst-case
analysis (in which conservatism on top of conservatism is applied).
Consequence analyses were performed only at the beginning of structural
failure of the tank. Many of the parameters used for calculations in this
document are more "best estimates" for "normal" releases (i.e., more average
in nature). These calculations still result in failure of the tank dome and
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severe consequences. Additional work is needed to provide more definitive
analysis of worst-case accident scenarios.

More definitive conclusions on flammable gas deflagrations/detonations
can be made if additional work is done in several areas. The following is a
general 1ist of the areas where more work should be done:

* Gas compositions can be improved by additional gas monitoring and
retained gas sampling. Additional work on gas generation
experiments can lead to a better understanding of the amount of
nitrogen and ammonia that can occur during steady-state conditions,
gas release events, and during waste intrusive or waste disturbing
activities.

* Retained gas volumes can be improved by employing other techniques
(retained gas sampling, void fraction instrument, etc.) to
independently calculate the volume of stored gas in the tanks.

* Release fractions can be improved by further laberatory studies,
historical research, and continued monitoring. Ammonia releases due
to other mechanisms (such as water additions, chemical adjustments)
in addition to during gas release events need to be studied.

* Dynamic modeling of the response of the tank to larger deflagrations
and detonations should be attempted. If computer modeling is not
feasible, then physical experiments should be considered.

e Laboratory studies and modeling of the compositions and geometries
that can lead to detonations within Tank Waste Remediation System
facilities need to continue.

* Modeling of the entrainment and release of waste material would lead
to better estimates of the radiological and toxicological
consequences. This may entail physical experimentation in scale
models.

Integration between this topical report and the Fire Hazards Analysis
(WHC-SD-WM-FHA-020, Tank Farms Fire Hazards Analysis) has been a prerogative.
However, the schedules for release of the two documents has not coincided.
Therefore, the information used in the documents may be different because of
changes in the knowledge base concerning flammable gas. Efforts have been
ongoing to ensure that both the topical author and the fire hazards analysis
author have the best available information. As the above work is conducted,
integration efforts should continue, and both documents updated accordingly.
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APPENDIX A

HEADSPACE CHARACTERIZATION
PROGRAM DATAFILE

This appendix contains the data to date collected by the tank headspace
sampling program. Samples were taken from the tank in SUMMA canisters using
heated vapor probes (to prevent condensation of vapors on the tube surface).
The SUMMA canisters were then sent to Oregon State University for analyses.
The results of the analyses are shown on the following spreadsheet pages.

Data for 46 tanks is data reported in the following pages. This data is
from single-point-in-time sampling. The data shows that the flammable gases
of interest (hydrogen, methane, ammonia) and nitrous oxide, an oxidizer, are
produced in a large number of the sampled tanks. For example, 46 of the
46 sampled tanks have ammonia.

Column B provides the chemical species name, column C gives the Chemical
Abstract Services number, column D gives the mean concentration calculated
from all the data on that chemical species, column F tells how many tanks the
chemical species has been observed in, and columns G and H give the maximum
and minimum measured concentrations of the chemical species.
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B C D F G H
Mean Number of | M: Minii

TANK CHEMICALS CAS #| (mg/m3) tanks (mg/m3) (mg/m3)

1
2 [Carbon dioxide 124-38-9| 3.85E+02 37 2.80E+03 | 6.61E-01
3 [Nitrogen oxide (N20) 10024-97-2| 4.30E+02 39 1.72E+03 7.33E+00
4 [Ammonia 7664-41-7| 1.51E+02 46 7.93E+02 1.14E-01
5 |1-Butanol 71-36-3| 7.45E+00 45 1.90E+02 2.03E-03
6 [Butanal 123-72-8| 5.37E+00 35 1.57E+02 1.59E-03
7 _|Hydrogen 1333-74-0] 2.08E+01 27 6.82E+01 8.69E-01
8 |Tridecane 629-50-5| 2.80E+00 42 3.28E+01 1.63E-03
9 |2-Propanone 67-64-1| 2.68E+00 46 2.57E+01 2.66E-02
10 |Dodecane 112-40-3| 1.85E+00 42 2.41E+01 3.97E-04
11 |Carbon monoxide 630-08-0| 2.70E+00 14 1.94E+01 1.25E-01
[12 |3-Buten-1-0f - 627-27-0] 9.16E+00 2 1.82E+01 | 7.70E-02
13 |Methane, trichlorofiuoro- 75-69-4| 1.36E+00 46 1.79E+01 3.88E-03
14 |Pentane, 2-methyl- 107-83-5| 1.88E+00 15 1.51E+01 1.25E-03
15 |Tetradecane 629-59-4| 1.51E+00 37 1.47E+01 1.61E-03
16 |Tridecane, 7-methyl- 26730-14-3| 1.90E+00 11 1.18E+01 4.61E-03
17 |Undecane 1120-21-4) 8.60E-01 38 1.13E+01 3.20E-04
18 |Dodecane, 4,6-dimethyl- 61141-72-8| 3.07E+00 7 9.60E+00 2.68E-02
19 |Ethanol 64-17-5| 1.07E+00 30 9.44E+00 2.14E-03
20 |Hexane 110-54-3| 6.34E-01 40 8.66E+00 3.20E-04
21 |Methane 74-82-8| 2.54E+00 12 8.59E+00 4.77E-02
22 |Furan, tetrahydro- 109-99-9| 6.84E-01 30 8.53E+00 1.58E-03
23 |Naphthalene, decahydro-2-methyl- 2958-76-1| 1.05E+00 12 8.31E+00 4.23E-03
24 |Butane, 2-methyl- 78-78-4| 1.46E+00 7 7.89E+00 3.52E-03
725 | Undecane, 2,6-dimethyl- 17301-23-4| 1.22E+00 18 7.53E+00 2.42E-03
26 |Dodecane, 2,6,10-trimethyl- 3891-98-3| 8.61E-01 10 7.34E+00 2.75E-03
27 [Cyclopropane, ethyl- 1191-96-4| 2.57E+00 5 7.32E+00 1.25E-03
28 |Acetonitrile 75-05-8| 5.10E-01 44 5.40E+00 4.27E-03
29 |Dodecane, 2,7,10-trimethyl- 74645-98-0| 1.17E+00 5 5.30E+00 7.10E-03
30 |2-Propanol 67-63-0| 4.57E-01 26 5.25E+00 4.62E-03
31 |Undecane, 4,6-dimethyl- 17312-82-2| 1.91E+00 3 5.20E+00 1.40E-02
32_|3-Buten-2-ol 598-32-3] 1.60E+00 5 4.80E+00 | 9.25E-02
33 |Phosphoric acid tributyl ester 126-73-8| 9.85E-01 18 4.76E+00 5.35E-04
34 [1-Propanol 71-23-8| 4.12E-01 28 4.71E+00 6.62E-03
35 |Undecane, 3-methyl- 1002-43-3) 9.83E-01 11 4.68E+00 | 9.22E-03
36 [Methanol 67-56-1] 1.42E+00 25 4.67E+00 6.40E-02
37 |[1-Hexene 592-41-6| 7.57E-01 10 4.56E+00 8.09E-03
38 [Methane, dichloro- 75-09-2| 2.63E-01 30 4.56E+00 | 3.85E-04
39 |Undecane, 2-methyl- 7045-71-8] 1.26E+00 12 4.55E+00 7.50E-04
40 |Undecane, 3,8-dimethyl- 17301-30-3| 1.62E+00 5 4.17E+00 1.90E-03
41 |1-Propene, 2-methyl- 115-11-7] 3.64E-01 29 4.12E+00 | 2.95E-03
42 [Pentadecane 629-62-9 5.01E-01 24 4.05E+00 2.67E-03
43 |Decane 124-18-5] 2.77E-01 35 4.04E+00 5.67E-04
44 |Heptane 142-82-5| 3.07E-01 38 3.96E+00 2.67E-04
45 |Dodecane, 2,6,11-trimethyl- 31295-56-4| 8.77E-01 7 3.61E+00 1.64E-02
46 |2-Butanone 78-93-3| 5.09E-01 34 3.56E+00 1.65E-02
47 |Undecane, 6-methyl- 17302-33-9] 9.22E-01 10 3.54E+00 1.08E-02
48 |Cyclohexane, 2-butyi-1,1,3-trimethyl- 54676-39-0| 5.17E-01 13 3.41E+00 9.97E-04
49 |3-Undecene, 2-methyl-, (Z)- 74630-48-1) 1.69E+00 2 3.28E+00 | 9.79E-02
50 [Undecane, 2,10-dimethyl- 17301-27-8| 4.85E-01 12 3.28E+00 1.46E-03
51 |Decane, 2,5-dimethyl- 17312-50-4| 1.12E+00 3 3.15E+00 5.09E-02
52 |Tetradecane, 4-methyl- 25117-24-2| 8.13E-01 4 3.13E+00 2.06E-03
53 |Octane, 2,3,7-trimethyl- 62016-34-6| 1.86E+00 3 3.05E+00 1.53E-02
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B C D F G H
Mean Number of | M
TANK CHEMICALS CAS # (mgim3) tanks (mg/m3) (mg/m3}
1
54 |Nonane, 2,6-dimethyl- 17302-28-2 7.09E-01 10 3.02E+00 | 2.02E-03
55 |Dodecane, 2-methyl- 1560-97-0| 1.36E+00 3 2.97E+00 3.58E-02
56 |Dodecane, 2-methyl-8-propyl- 55045-07-3| 1.00E+00 8 2.89E+00 1.35E-02
57 |Undecane, 5-methyl- 1632-70-8, 5.72E-01 10 2.85E+00 2.20E-03
58 [1,1-Biphenyl 92-52-4; 1.22E+00 3 2.76E+00 4.38E-03
59 |Cyclohexane, (4-methylpentyl)- 61142-20-9] 1.06E+00 5 2.69E+00 2.56E-03
60 |Cyclododecane 294-62-2| 6.91E-01 7 2.66E+00 1.89E-03
61 |Octane, 2-cyclohexyl- 2883-05-8] 2.64E+00 1 2.64E+00 | 2.64E+00
62 11-Pentene, 2-methyl- 763-29-1} 6.77E-01 5 2.61E+00 7.30E-02
63 |1-Pentene, 4-methyl- 691-37-2| 5.52E-01 6 2.54E+00 2.86E-03
64 |Dodecane, 2,5-dimethyl- 56292-65-0] 4.30E-01 7 2.54E+00 | 9.85E-03
65 |Pentane, 3-methyl- 96-14-0 5.94E-01 8 2.50E+00 8.20E-03
66 |Oxirane, ethenyl- 930-22-3| 8.46E-01 3 2.50E+00 1.81E-02
67 |Cyclopropane, butyl- 930-57-4; 6.54E-01 4 2.46E+00 6.64E-03
68 [Nonane, 3,7-dimethyl- 17302-32-8] 6.48E-01 5 2.41E+00 8.25E-02
69 |Undecane, 4,7-dimethyl- 17301-32-5{ 1.07E+00 3 2.32E+00 4.54E-02
70 |6-Tridecene, 7-methyl- 24949-42-6] 1.04E+00 5 2.28E+00 1.79E-02
71 |Furan, 2,5-dihydro- 1708-29-8/ 7.78E-01 3 2.25E+00 2.17E-02
72 |Phosphonic acid, butyl-, dibutyl ester 78-46-6] 4.14E-01 14 2.23E+00 5.58E-05
73 |Undecane, 4-methyl- 2980-69-0| 5.86E-01 12 2.23E+00 1.34E-03
74 |Benzene 71-43-2] 1.15E-01 42 2.21E+00 3.95E-04
75 |Decane, 6-ethyl-2-methyl- 62108-21-8| 2.20E+00 1 2.20E+00 2.20E+00
76 |Tridecane, 4,8-dimethyl- 55030-62-1| 5.59E-01 9 2.19E+00 1.10E-02
77 |Methane, tetrachloro- 56-23-5| 3.24E-01 8 2.18E+00 | 6.86E-04
78 |2-Tridecanone 593-08-8| 6.80E-01 4 2.16E+00 8.33E-03
79 _|Tetradecanoic acid 544-63-8) 2.17E-01 17 2.13E+00 7.45E-03
80 |Ethanol, 2-(tetradecyloxy)- 2136-70-1] 2.11E+00 1 2.11E+00 2.11E+00
81 [Undecane, 2 4-dimethyl- 17312-80-0 3.51E-01 8 2.09E+00 1.03E-02
82 |2-Nonanone 821-55-6| 2.13E-01 16 2.07E+00 1.95E-03
83 |Decane, 2-methyl- 6975-98-0| 3.99E-01 11 2.07E+00 5.11E-03
84 |Hexadecanoic acid 57-10-3] 2.09E-01 23 2.07E+00 1.60E-03
85 |Cyclopentane, methyl- 96-37-7| 6.11E-01 4 2.05E+00 9.64E-02
86 [Tridecane, 2-methyl- 1560-96-9| 3.72E-01 17 2.05E+00 2.89E-03
87 [1-Propene 115-07-1| 7.04E-01 20 2.02E+00 5.33E-02
88 [1-Butene 106-98-9] 4.59E-01 16 2.02E+00 1.00E-03
89 |4-Undecene, 4-methyl- 61142-40-3] 1.42E+00 2 1.99E+00 8.64E-01
90 [Nitrogen oxide (NO) 10102-43-9] 4.52E-01 26 1.96E+00 1.00E-01
91 |Heptane, 2,3,5-trimethyi- 20278-85-7| 1.94E+00 1 1.94E+00 1.94E+00
92 [Heptane, 2,3 6-trimethyi- 4032-93-3| 9.50E-01 2 1.90E+00 3.85E-03
93 |Tridecane, 5-propyl- 55045-11-9| 4.95E-01 4 1.87E+00 2.33E-03
94_|2-Pentanone 107-87-9| 2.23E-01 39 1.81E+00 | 2.20E-04
96 |Dodecane, 4-methyl- 6117-97-1] 3.15E-01 14 1.81E+00 8.74E-04
96 |1-Pentene, 3,4-dimethyl- 7385-78-6/ 9.12E-01 2 1.76E+00 | 6.25E-02
87 |1,1-Biphenyl, 2-methyl- 643-58-3| 9.27E-01 2 1.76E+00 9.55E-02
98 |Dodecane, 3-methyl- 17312-57-1] 1.05E+00 5 1.75E+00 2.60E-02
99 |Butane 106-97-8] 6.09E-01 24 1.75E+00 6.23E-02
100 |Hexane, 3-methyl- 589-34-4| 7.02E-01 6 1.69E+00 8.09E-03
101 |Propane, 2-methyl- 75-28-5| 4.12E-01 1 1.68E+00 1.65E-02
102 |5-Undecanone, 2-methyl- 50639-02-6; 3.16E-01 10 1.67E+00 1.70E-03
103 jFuran 110-00-9| 5.89E-01 3 1.66E+00 5.17E-02
104 [Octane 111-65-9| 1.52E-01 41 1.66E+00 1.64E-04
105 |Propane 74-98-6| 4.36E-01 26 1.63E+00 6.23E-02
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1

106 |[Nonanal 124-19-6| 9.34E-02 21 1.62E+00 1.60E-03
107 |Cyclopropane, 1-pentyl-2-propyl- 41977-33-7 1 1.61E+00 1.61E+00
108 |Hexadecane 544-76-3 24 1.60E+00 1.34E-03
109 | 1-Hexene, 5-methyl- 3524-73-0 3 1.68E+00 2.81E-02
110 |Pentane 109-66-0 17 1.57E+00 6.50E-02
111 |Benzene, dimethyl- 1330-20-7| 1 1.57E+00 1.57E+00
112 |Benzenesulfonamide, N-butyl- 3622-84-2 37 1.54E+00 3.51E-03
113 | 1-Undecene, 4-methyl- 74630-39-0 3 1.54E+00 3.50E-03
114 [1-Butene, 3-methyl- 563-45-1 4 1.53E+00 5.33E-02
115 |5-Undecene 4941-53-1 9 1.50E+00 1.05E-03
116 | Tridecane, 4-methyl- 26730-12-1 12 1.50E+00 2.15E-03
117 |1,3-Pentadiene, 2-methyl- 1118-58-7| 4 1.47E+00 4,63E-02
118 |Cyclohexane, butyl- 1678-93-9| 4 1.45E+00 2.72E-02
119 | 1-Propene, 2-fluoro- 1184-60-7 3 1.42E+00 6.88E-02
120 |Undecane, 5,5-dimethyl- 17312-73-1 1 1.42E+00 | 1.42E+00
121 [Naphthalene, decahydro-1,2-dimethyl- 3604-14-6 1 1.41E+00 1.41E+00
122 )3-Dodecanone 1534-27-6] " 1.38E+00 1.20E-02
123 [Cyclobutane, methyl- 598-61-8 1 1.38E+00 1.38E+00
124 |Benzene, pentyl- 538-68-1 1 1.38E+00 1.38E+00
125 }|2-Heptanone, 6-methyl- 928-68-7 21 1.37E+00 2.40E-03
126 |Naphthalene, decahydro-2,6-dimethyl- 1618-22-0 5 1.37E+00 3.13E-02
127 }1-Octadecanaol 112-92-5 3 1.36E+00 5.31E-02
128 [Decane, 2,6,7-trimethyl- 62108-25-2 4 1.35E+00 1.57E-02
129 jUndecane, 5-ethyl- 17453-94-0) 5 1.35E+00 1.23E-02
130 [Hexane, 2-methyl- 591-76-4 6 1.34E+00 4.43E-02
131 |2-Pentene, (2)- 627-20-3] 4 1.32E+00 2.15E-02
132 |3-Heptanone 106-35-4| 29 1.28E+00 5.60E-04
133 [Cyclopropane, octyl- 1472-09-9 2 1.24E+00 3.95E-03
2H-Pyran-2-one, tetrahydro-5,6-dimethyl-, 24405-16-1 4 1.21E+00 1.11E-02

134 |trans-
135 |Cyclotetrasiloxane, octamethyl- 556-67-2| 9.49E-02 33 1.15E+00 1.95E-03
136 | 1-Heptene 592-76-7| 2.71E-01 7 1.13E+00 2.02E-02
137 |Cyclohexane, methyl- 108-87-2| 3.03E-01 7 113E+00 | 4.10E-02
138 |Heptane, 3-ethyl-5-methyi- 52896-90-9| 5.67E-01 2 1.13E+00 | 4.88E-03
139 |Naphthalene, decahydro-, trans- 493-02-7| 2.74E-01 " 1.10E+00 1.43E-03
140 |5-Undecene, (E)- 764-97-6| 5.94E-01 2 1.10E+00 9.30E-02
141 [Decane, 3-methyl- 13151-34-3| 3.49E-01 9 1.08E+00 1.14E-02
142 [Nonane 111-84-2| 9.47E-02 42 1.07E+00 2.29E-04
143 | 1-Hexanol, 2-ethyl- 104-76-7| 7.28E-02 28 1.05E+00 1.94E-03
144 |Hexane, 2,3-dimethyl- 584-94-1 3.67E01 3 1.05E+00 | 1.43E-02
145 | Tridecane, 3-ethyl- 13286-73-2| 4.84E-01 3 1.06E+00 1.35E-01
146 |Benzene, 1,4-dimethyi- 106-42-3| 1.11E-01 13 1.05E+00 6.85E-04
147 |Cyclohexane, 1-propenyl- 5364-83-0] 1.03E+00 1 1.03E+00 | 1.03E+00
148 Cyclohexane, 1-(cyclohexylmethyl)-2-ethyl-, cis| 54934-93-9| 3.49E-01 3 1.01E+00 5.57E-03
149 |Decane, 2,3,7-trimethyl- 62238-13-5] 5.32E-01 2 1.01E+00 5.73E-02
150 |Cyclotrisiloxane, hexamethyl- 541-05-9] 9.95E-02 35 9.93E-01 2.27E-03
151 | Tridecane, 6-methyl- 13287-21-3| 1.22E-01 11 9.74E-01 1.95E-03
152 |Decane, 1,1-oxybis- 2456-28-2] 3.27E-01 3 9.71E-01 1.70E-03
153 |Undecane, 2,3-dimethyl- 17312-77-5| 6.39E-01 3 9.67E-01 1.70E-01
154 |Butanenitrile 109-74-0] 8.84E-02 40 9.62E-01 8.15E-04
155 [Octanal ) 124-13-0] _7.98E-02 19 9.62E-01 | 212E-03
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1

156 |3-Tridecanone 1534-26-5 1.81E-01 14 9.58E-01 1.06E-02
157 | Tridecane, 3-methyl- 6418-41-3| 3.04E-01 7 9.52E-01 8.66E-03
158 [1-Octene 111-66-0| 2.07E-01 6 9.21E-01 4.00E-03
159 |Pentanal 110-62-3| 2.52E-01 9 9.16E-01 1.10E-02
160 |Octadecane, 2-methyl- 1560-88-9) 4.57E-0t 2 9.11E-01 3.01E-03
161 |Benzene, (1-methylpentyl)- 6031-02-3] 8.93E-01 1 8.93E-01 8.93E-01
162 |1-Hexadecene 629-73-2, 2.02E-01 5 8.93E-01 1.29E-02
163 |Decane, 5-methyl- 13151-35-4| 3.94E-01 5 8.88E-01 1.09E-02
164 |Undecane, 6,6-dimethyl- 17312-76-4| 8.85E-01 1 8.85E-01 8.85E-01
165 |6-Tridecanone 22026-12-6| 1.69E-01 8 8.75E-01 4.82E-03
166 |Benzene, 1-methyl-2-propyl- 1074-17-5| 8.68E-01 1 8.68E-01 8.68E-01
167 |Nitrous acid, methyl ester 624-91-9| 4.02E-01 6 8.67E-01 1.46E-02
168 |2-Heptanone 110-43-0] 9.93E-02 42 8.63E-01 3.60E-04
169 [Undecane, 2,8-dimethyl- 17301-25-6| 7.14E-01 2 8.47E-01 5.80E-01
170 |Benzene, methyl- 108-88-3| 1.23E-01 43 8.44E-01 3.17E-04
171 |Cyclohexane, 1,1,3-trimethyl- 3073-66-3] 1.87E-01 9 8.15E-01 4.10E-03
172 |3-Undecanone 2216-87-7| 2.35E-01 5 7.99E-01 1.22E-02
173 |Dodecane, 6-methyl- 6044-71-9| 2.04E-01 4 7.95E-01 1.19E-03
174 |4-Nonanone 4485-09-0; 3.97E-01 2 7.89E-01 4.40E-03
175 |Decane, 4-methyl- 2847-72-5] 1.92E-01 13 7.82E-01 7.00E-04
176 |Benzene, 1,2-dimethyl- 95-47-6| 1.20E-01 12 7.82E-01 4.74E-04
177 | 1-Heptene, 3-methyl- 4810-09-7) 7.81E-01 1 7.81E-01 7.81£-01
178 |Ethene, tetrachloro- 127-18-4| 6.70E-02 23 7.72E-01 7.40E-04
179 |Cyclopentane, 1,3-dimethyl-2-(1-methylethyl)- 32281-85-9) 2.43E-01 5 7.61E-01 7.40E-03
Cyclohexane, 1,1,3-trimethyl-2-(3- 54965-05.8| 2.13E-01 4 744E01 | B.00E-03

180 [methylpentyl)-
181 |5-Undecene, 7-methyl-, (E)- 74630-66-3| 7.43E-01 1 7.43E-01 7.43E-01
182 | 1-Heptene, 6-methyl- 5026-76-6| 4.52E-01 2 7.40E-01 1.63E-01
183 |6-Dodecanone 6064-27-3| 1.38E-01 6 7.38E-01 1.60E-03
184 |2-Hexanone 591-78-6| 8.94E-02 42 7.30E-01 2.23E-04
185 |Hexanal, 3-methyl- 19269-28-4| 4.19E-01 3 7.276-01 1.81E-03

2(3H)-Benzofuranone, 3a,4,5,6-tetrahydro-

186 |3a,6,6-trimethyl- 16778—26—0; 1.79E-01 ] 7.25E-01 5.03E-03
187 |Undecane, 3,7-dimethyl- 17301-28-0. 2.17E-01 5 7.20E-01 2.20E-02
188 |Benzene, (1-methythexyl)- 2132-84-5 7.19E-01 1 7.19E-01 7.18E-01
189 |2-Pentene, (E)- 646-04-8] 7.14E-01 1 7.14E-01 7.14E-01
190 |2(3H)-Furanone, dihydro-3,5-dimethyl- 5145-01-7| 6.12E-01 2 7.11E-01 5.14E-01
191 |Decane, 2,3,6-trimethyl- 62238-12-4) 1.99£-01 5 7.09E-01 7.33E-03
192 |3-Tetradecene, (E)- 41446-68-8| 2.38E-01 3 7.08E-01 9.23E-04
193 [Nonane, 4-methyl- 17301-94-9| 1.82E-01 9 7.05E-01 1.24E-02
194 |Acetic acid 64-19-7| 1.47E-01 14 6.98E-01 1.84E-03
195 |Nitric acid, propy! ester 627-13-4| 1.03E-01 12 6.88E-01 1.31E-03
196 | 1-Pentene 109-67-1| 2.62E-01 12 6.85E-01 1.50E-02
197 [Cyciohexene, 1-ethyl- 145324-3] 6.82E-01 1 6.82E-01 | 6.82E-01
198 [2-Pentanone, 4-methyi- 108-10-11  1.54E-01 12 6.82E-01 8.81E-03
199 |2-Butanol 78-92-2!  1.49E-01 7 6.81E-01 3.79E-03
200 |5-Eicosene, (E)- 74685-30-6| 6.79E-01 1 6.79E-01 6.79E-01
201 |Acetaldehyde 75-07-0| 1.63E-01 16 6.76E-01 2.30E-02
202 |Cyclohexane, hexyl- 4292-75-5| 9.44E-02 11 6.67E-01 1.90E-03
203 |2-Octanone 111-13-7| 4.87E-02 40 6.62E-01 2.58E-04
204 |2-Decene, 4-methyl-, (Z2)- 74630-30-1| 3.95E-01 2 6.62E-01 1.28E-01
205 |Cyclopropane, propyl- 2415-72-7| 3.20E-01 3] 6.53E-01 3.42E-02
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1

206 }2-Butene 107-01-7|  4.35E-01 3 6.52E-01 1.25E-01
207 |Cyclopentane 287-92-3| 2.14E-01 5 6.51£-01 3.21E-02
208 |Benzene, ethenyl- 100-42-5| 1.49E-01 5 6.46E-01 5.25E-03
209 |Cyclohexane, (3-methylpentyl)- 61142-38-9{ 6.46E-01 1 6.46E-01 6.46E-01
210 |Benzene, 1-propenyl- 637-50-3| 3.59E-01 2 8.32E-01 8.67E-02
211 |5-Tetradecene, (E)- 41446-66-6) 3.34E-01 2 6.31E-01 3.67E-02
212 |Heptane, 2-methyl- 592-27-8| 3.83E-01 4 6.10E-01 7.67E-02
213 |[4-Dodecene, (E)- 7206-15-7 3.07E-01 2 6.06E-01 6.80E-03
214 |4,5-Nonadiene 821-74-9) 6.04E-01 1 6.04E-01 6.04E-01
215 |1-Propyne 74-99-7| 4.09E-01 3 6.04E-01 6.49E-02
216 |Undecane, 2,7-dimethyl- 17301-24-5 3.08E-01 2 6.02E-01 1.36E-02
217 {Heptanal 111-71-7| 6.06E-02 20 5.99E-01 1.14E-03
218 |Benzene, (2-methyl-2-propenyl)- 3290-53-7| 5.92E-01 1 5.92E-01 5.92E-01
219 |Cyclohexane, 1-methyl-3-propyl- 4291-80-9] 2.53E-01 3 5.92E-01 5.75E-03
220 |Methanamine, N-(1-methylbutylidene)- 22431-09-0; 1.40E-01 5 5.83E-01 1.82E-02
221 |Cyclohexane, 1-ethyl-4-methyl-, cis- 4926-78-7| 1.44E-01 6 5.74E-01 4.25E-03
222 |Cyclohexane, pentyl- 4292-92-6| 1.51E-01 16 5.73E-01 1.56E-03
223 |Cyclopentane, 1-methyl-3-(2-methylpropyl)- 29053-04-1| 1.56E-01 5 5.71E-01 9.85E-03
224 |Cyclohexane, 1,5-diethy)-2,3-dimethyl- 74663-66-4) 5.46E-01 2 5.71E-01 5.22E-01
225 |Dodecane, 5-methyl- 17453-93-9| 3.87E-01 2 5.68E-01 2.07E-01
226 |4-Nonene, 2,3,3-trimethyl-, (Z)- 63830-68-2| 2.94E-01 2 5.68E-01 1.95E-02
227 |Cyclobutane, ethyl- 4806-61-5| 5.68E-01 1 5.68E-01 5.68E-01
228 |Heptane, 3-methyl- 589-81-1] 1.15E-01 8 5.62E-01 1.10E-02
229 [Heptane, 2,6-dimethyl- 1072-05-5 1.90E-01 6 5.54E-01 2.24E-02
230 {Benzene, ethyl- 100-41-4; 5.99E-02 19 5.39E-01 4.74E-04
231 jCyclohexane 110-82-7: 1.78E-01 9 5.30E-01 4.17E-02
232 ICyciohexane, 1-methyl-2-pentyl- 54411-01-7] 1.93E-01 3 5.28E-01 1.68E-02
233 |9-Hexadecenoic acid 2091-29-4] 1.39E-01 12 5.20E-01 1.00E-02
234 |3-Decyne 2384-85-2| 2.59E-01 2 5.14E-01 3.67E-03
235 |Hexanal 66-25-1| 8.59E-02 21 5.08E-01 1.48E-03
236 |Cyclopropane, 1,1-dimethyl- 1630-94-0) 1.71E-01 4 5.08E-01 2.64E-02
237 |1,2-Propanediol 57-55-6| 1.44E-01 9 5.086E-01 1.14E-02
238 |3-Hexadecyne 61886-62-2| 5.03E-01 1 5.03E-01 5.03E-01
239 |Heptadecane, 7-methyl- 20959-33-5| 5.02E-01 1 5.02E-01 5.02E-01
240 |Undecane, 4,8-dimethyl- 17301-33-6| 1.17E-01 5 4.97E-01 6.25E-03
241 [2-Heptene 592-77-8| 1.24E-01 5 4.93E-01 4.40E-03
242 |Cyclopentane, 1,2-dimethyl-, trans- 822-50-4| 2.54E-01 2 4.87E-01 2.13E-02
243 | Tridecane, 5-methyl- 25117-31-1] 1.69E-01 3 4.82E-01 6.93E-04
244 |3,4-Nonadiene 37050-03-6] 4.81E-01 1 4.81E-01 | 4.81E-01 |
245 |Cyclohexane, {1-methylpropyl)- 7058-01-7| 2.19E-01 3 4.76E-01 1.35E-02
246 }Acetic acid ethyl ester 141-78-6| 3.76E-01 2 4,73E-01 2.79E-01
247 [Benzene, (1-methylethyl)- 98-82-8] 2.53E-01 2 471E-01 | 3.46E-02 |
248 |Cyclopentanone, 2-methyi-4-(2-methylpropyl)- | 69770-96-3: 4.70E-01 1 4.70E-01 4.70E-01
249 |Cyclopentane, 1-pentyl-2-propyl- 62199-51-3] 2.01E-01 4 469E-01 | 2.50E-03
250 |9H-Fluorene 86-73-7| 4.64E-01 1 4.64E-01 4.64E-01
251 |Cyclohexane, ethyl- 1678-91-7| 1.55E-01 5 4.61E-01 1.14E-02
252 |Cyclohexane, 1,1,3,5-tetramethyi-, cis- 50876-32-9| 1.62E-01 3 4.59E-01 2.30E-03
253 |Cyclobutane 287-230] 2.91E-01 3 451E-01 | 1.656-02
254 |Heptane, 4-(i-methy|ethy|)— 52896-87-4| 2.63E-01 2 4.43E-01 8.32E-02
255 |Propane, 2,2'-oxybis- 108-20-3| 4.40E-01 1 4.40E-01 4.40E-01
256 |Hexadecanoic acid, 1-methylethyl ester 142-91-6] 4,90E-02 27 4.36E-01 1.00E-03
257 |Hexadecane, 3-methyl- 6418-43-5: 2.18E-01 | 2 4.35E-01 2.20E-03
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1
258 |1-Dodecene 112-41-4| 2.23E-01 4 4.32E-01 4.90E-03
259 [Pyridine 110-86-1| 1.30E-01 13 4.32E-01 2.42E-02
260 |2-Decene, (E)- 20063-97-2| 4.27E-01 1 4.27e-01 4.27E-01
261 {Cyclohexane, 1-ethyl-2-propyl- 62238-33-9; 1.93E-01 3 4.26E-01 4.41E-02
262 |5-Heptenal, 2,6-dimethyl- 106-72-9| 4.20E-01 1 4.20E-01 4.20E-01
263 |Octane, 3-methyl- 2216-33-3] 1.25E-01 4 4.19E-01 2.00E-02
264 |1,3-Butadiene 106-99-0{ 1.16E-01 1 4.19E-01 1.05E-03
265 |Ethene, fiuoro- 75-02-5| 4.12E-01 1 4.12E-01 4.12E-01
266 | 2-Octanol 123-96-6) 2.15E-01 4 4.08E-01 2.00E-03
267 |Heptanenitrile 629-08-3| 2.87E-02 34 4.07E-01 1.46E-04
268 |Cyclotetradecane 295-17-0| 2.18E-01 2 3.99E-01 3.79E-02
269 |[4-Nonyne 20184-91-2| 3.99E-01 1 3.99E-01 3.99E-01
270 | Tetradecane, 3-methyl- 18435-22-8| 9.20E-02 5 3.83E-01 2.90E-03
271 |2-Undecene, 8-methyl-, (Z)- 74630-44-7| 2.04E-01 2 3.77E-01 3.13E-02
272 |Octane, 4-methyl- 2216-34-4| 1.57E-01 3 3.76E-01 2.70E-02
273 [Cyclopropane 75-19-4| 1.77E-01 21 3.75E-01 7.88E-03
274 13-Octen-2-0l, 2-methyl-, (Z)- 18521-07-8| 1.89E-01 2 3.74E-01 3.60E-03
275 |Cyclohexane, 1,2-diethyl-1-methyl- 61141-79-5| 1.16E-01 4 3.63E-01 5.02E-03
276 {Cyclopentane, 1,1,3-trimethyl- 4516-69-2| 1.82E-01 2 3.57E-01 6.87E-03
277 J2-Undecanone, 6,10-dimethyl- 1604-34-8| 3.57E-01 1 3.57E-01 3.57E-01
278 |Pentadecanoic acid 1002-84-2| 4.98E-02 H 3.56E-01 3.00E-03
279 |Naphthalene, decahydro-1,6-dimethyl- 1750-51-2] 1.34E-01 5 3.56E-01 4.10E-03
230 |1-Octanol 111-87-5] 6.76E-02 11 3.55E-01 5.40E-04
281 |1-Octanol, 2-butyl- 3913-02-8] 1.90E-01 4 3.53E-01 1.28E-02
282 |Cyclohexane, 1-methyl-4-(1-methylethyl)-, cis- 6069-98-3] 1.22E-01 3 3.50E-01 5.68E-03
283 |Cyclopentane, (2-methylbutyl)- 53366-38-4] 1.74E-01 ! 2 3.45E-01 3.00E-03
284 |Cyclohexane, 1-methyl-3-(1-methylethyl)- 16580-24-8] 3.42E-01 1 3.42E-01 3.42E-01
285 |Cyclohexane, 1,3-dimethyl-, cis- 638-04-0{ 1.08E-01 4 3.42E-01 1.25E-02
286 |1-Hexene, 3,4-dimethyl- 16745-94-1| 8.80E-02 4 3.40E-01 1.88E-03
287 |Furan, 2-propyl- 4229-91-8) 3.40E-01 1 3.40E-01 3.40E-01
288 |1-Hexene, 4,5-dimethyl- 16106-59-5] 1.15€-01 3 3.38E-01 5.90E-04
289 |Nonane, 5-butyl- 17312-63-9| 9.35E-02 4 3.37E-01 4.10E-03
290 |Pentadecane, 2-methyl- 1560-93-6| 1.10E-01 6 3.33E-01 3.23E-03
291 |Undecane, 5,7-dimethyl- 17312-83-3| 1.66E-01 2 3.31E-01 1.19E-03
292 |Cyclooctane, butyl- 16538-93-5| 3.31E-01 1 3.31E-01 3.31E-01
293 |Octane, 2,5-dimethyl- 15869-89-3| 1.71E-01 2 3.29E-01 1.36E-02
294 |Octane, 2,6-dimethyl- 2051-30-1| 9.55E-02 6 3.25E-01 2.19E-02
295 | 1-Pentadec 13360-61-7| 8.36E-02 4 3.25E-01 2.15E-03
296 |Cyclopentane, 1,2-dimethyl-3-(1-methylethyl)- 489-20-3| 3.23E-01 1 3.23E-01 3.23E-01
297 [Naphthalene, 2-butyldecahydro- 6305-52-8| 3.22E-01 1 3.22E-01 3.22E-01
298 |Naphthalene, decahydro- 91-17-8| 3.20E-01 1 3.20E-01 3.20E-01
299 j1-Undecene 821-95-4| 1.42E-01 4 3.19£-01 4.80E-03
300 |Cyclobutane, 1,2-diethyl-, trans- 1 19341-98-1; 2.03E-01 2 3.17E-01 8.82E-02
301 {Hexadecane, 2,6,10,14-tetramethyl- ] 638-36-8) 6.10E-02 8 3.14E-01 2.00E-03
302 |Cyclohexane, (2,2-dimethylcyclopentyl)- 61142-23-2:  1.45E-01 4 3.13E-01 2.90E-02
303 {2-Hexenoic acid, 2-hexenyl ester, (E,E)- 54845-28-2| 3.10E-01 1 3.10E-01 3.10E-01
304 |Dodecanoic acid 143-07-7) 6.84E-02 5 3.07E-01 3.57E-03
305 |2-Hexenal, (E)- 6728-26-3| 1.54E-01 2 3.07E-01 1.29E-03
306 |3-Heptanol 589-82-2| 8.20E-02 10 3.05E-01 3.34E-03
307 |Heptanol 53535-334] 3.05E-01 1 3.05E-01 3.05E-01
308 |3-Hexanone 589-38-8| 7.19E-02 10 2.99e-01 6.90E-04
309 |Nitric acid, éthyl ester 625-58-1| 9.32E-02 12 2.99E-01 5.25E-03
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8 C D F G H
Mean Number of

TANK CHEMICALS CAS # {mgim3) tanks (mg/m3) | (mg/m3)
1
310 [3-Dodecene, (Z)- 7239-23-8] 2.99E-01 1 2.99E-01 | 2.99E-01
311 |Formic acid, 2-methylpropyl ester 542-55-2| 2.98E-01 1 2.98E-01 2.98E-01
312 |Hexacosane 630-01-3| 2.98E-01 1 2.98E-01 2.98E-01
313 |Decane, 3,8-dimethyl- 17312-55-9| 1.10E-01 4 2.96E-01 1.63E-02
314 |Cyclopropane, (1-methylethyl)- 3638-35-5| 1.41E-01 3 2.92E-01 4.96E-02
315 [2-Hexenal 505-57-7] 1.61E-01 2 2.92E-01 | 3.00E-02
316 | 1-Hexadecanol 36653-82-4] 4.98E-02 11 2.92E-01 | 1.20E-03

Cyclohexanone, 5-methyl-2-(1-
317 |methylethytidene). 15932-80-6| 2.90E-01 2.90E-01 | 2.90E-01
318 | Octane, 6-ethyl-2-methyl- 62016-19-7] 1.67E-01 4 2.90E-01 | 4.93E-02
319 |Nitric acid, butyl ester 028-45-0| 8.08E-02 12 2.87E-01 | 2.89E-03
320 |Acetic acid, butyl ester 123-86-4] 6.15E-02 8 2.86E-01 | 6.25E-03
321 |Benzene, 2-propenyi- 300-57-2| 2.85E-01 1 2.85E-01 2.85E-01
322 |Cyclohexane, cyclopropyl- 32669-86-6) 1.47E-01 3 2.83E-01 6.71E-02
323 |Heptane, 2,3-dimethyl- 3074-71-3] 9.20E-02 5 2.81E-01 | 8.25E-03
324 |1-Propanone, 1-phenyl- 93-55-0] 2.81E-01 1 2.81E-01 | 2.81E-01
326 |Cyciohexane, 2 4-diethyl-1-methyl- 61142-70-9] 1.53E-01 4 2.80E-01 | 3.75E-03
326 |3-Hexene, 3-ethyl-2,5-dimethyl- 62338-08-3] 1.47E-01 2 278E-01 | 3.50E-03
327 |Nitrogen oxide (NO2) 10102-44-0 1.29E-01 3 277E-01 | 4.76E-03
328 |Heptadecane, 9-octyl- 7225-64-1] 2.74E-01 1 274E-01 | 2.74E-01
329 |2-Heptanol 543-49-7| 1.36E-01 2 2.69E-01 | 2.13E-03
330 |Cyclopentane, 1-hexyl-3-methyl- 61142-68-5]  9.28E-02 5 2.69E-01 | 2.30E-03
331 |4-Undecene, 5-methyl-, (7)- 74630-69-6] 2.67E-01 1 267E-01 | 2.67E-01 |
332 |Cyclohexane, 1,2-diethyl-3-methyl- 61141-80-8] 1.02E-01 3 267E-01 | 7.17E03 |
333 |Decane, 2,3 ,8-trimethyl- 62238-14-6] 1.08E-01 3 2.64E-01 | 9.00E-03
334 |Hexanenitrile 628-73-9| 2.84E-02 34 261E-01 | 4.04E-05
335 |Cyclohexane, 1,2-dimethyl- 583-57-3] 2.53E-01 1 2.53E-01 | 2.53E-01
336 |2-Butanone, 3-methyi- 563-80-4] 6.83E-02 1 2.50E-01 | 2.16E-03
337 |Cyclohexanone 108-94-1| 1.11E-01 5 2.50E-01 2.55E-02
338 |3-Tetradecene, (2)- 41446-67-7| 2.49E-01 1 2.49E-01 2.49E-01
139 o cionexane, T-(eyclohexymetiy)}2metyt- | 54823048 248801 1 248E-01 | 2.48E-01
340 |1, 2-Propanediol, (S)- 4254-15-3] 1.57E-01 2 248E-01 | 6.54E-02
341 |Methane, dichlorofluoro- 75-434] 4.89E-02 9 2.48E-01 | 1.55E-03
342 [Butane, 1,1-oxybis- 142-96-1] 8.59E-02 4 2.48E-01 | 7.75E-03
343 | 2-Propanol, 2-methyl- 75-65-0; 8.83E-02 7 2.39E-01 1.63E-02
344 |Cyclopentane, (1-methylbutyi)- 4737-43-3 1.22E-01 2 237E-01 | 7.30E-03
345 |Undecane, 2,8-dimethyl- 17301-26-7] 1.19E-01 2 236E-01 | 2.04E-03
346 |Hexane, 3-methoxy- 54658-01-4] 1.22E-01 2 2.35E-01 | B.55E-03
347 |4-Hepten-3-one, 5-ethyl-2,4-dimethyl- 22319-29-5] 2.34E-01 1 2.34E-01 | 2.34E-01
348 |2-Pentaniol, 2-methyl- 590-36-3| 6.15E-02 5 2.33E-01 | 1.55E-03
349 |3-Octanone 106-68-3] 7.95E-02 3 2.32E-01 | 3.07E-03
350 |Hexane, 2,5-dimethyl- 592-13-2] 1.03E-01 3 2.30E-01 | 2.11E-03
351 |Pentanal, 2-methyi- 123-15-9| 1.27E-01 2 2.30E-01 2.33E-02
352 |Benzenamine, N-phenyl- 122-39-4| 4.43E-02 7 2.28E-01 4.58E-03
353 | 1H-Pyrazole, 3-methyl- 1453-58-3] 1.15E-01 2 225E-01 | 415E-03 |
354 [Heptane, 3,5-dimethyl- ] 926-82-9] 2.20E-01 1 220E-01 | 220E-01
355 |Pentanenitriie T 110-59-8] 2.72E-02 38 220E-01 . 2.06E-04
356 | 7-Hexadecene, (Z)- T 35507-09-6] 1.46E-01 3 216E-01 | 1.03E.02
357 |3-Heptene, 2,2,3,5,5,6,6-heptamethyl- 54845-26-0] 1.31E-01 2~ 215E-01 | 4.68E-02
358 |1-Butene, 2-methyl- 563-46-2| 1.25E-01 3 212E-01 | 5.00E-02
359 |Naphthalene, decahydro-2,3-dimethyl- 1008-80-6] 9.26E-02 6 2.10E-01 | 6.48E-03
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B [ D F G A
Mean Number of | M Mini
TANK CHEMICALS CAS # (mgim3) tanks (mgim3) | (mgim3)
1
360 |Propanenitrile 107-12-0] 5.18E-02 40 2.00E-01 | 2.25E-05
361 |Cyclohexanone, 3,3,5-trimethyl- 873-94-9] 1.05E-01 2 208E-01 | 1.62E-03
362 [Methanamine, N-methyl-N-nitroso- 62-75-9| B8.66E-02 9 2.07€-01 4,99E-03
363 |Eicosane 112-95-8] 7.05E-02 5 2.06E-01 | 7.65E-03
364 [Cyclohexane, 1,1,2,3-tetramethyl- 6783-92-2] 1.31E-01 3 2.05E-01 | 8.80E-02
365 |Butane, 1-chloro- 109-69-3] 6.67E-02 5 2.04E-01 | 310E-03
366 |2-Furanacetaldehyde, .alpha-propyl- 31681-26-2] 2.03E-01 1 2.03E-01 | 2.03E-01
367 |Nitric acid, methyl ester 598-58-3] 8.37E-02 8 2.00E-01 | 1.19E-03
368 |Decane, 2,4 6-trimethyl- 62108-27-4] 1.11E-01 2 1.99E-01 | 2.38E-02
1H-indene, octahydro-2,2,4,4,7,7-hexamethyl-, 54832-83.6] 1.97E-01 1 1.97E-01 1.97E-01
369 |trans-
370 |Pyrazine 290-37-9] 7.27E-02 1.95E-01 | 2.48E-03
371 |3-Buten-2-one 78-94-4] 6.28E-02 194E-01 | 244E-03
372 |Methane, nitroso- 865-40-7| 1.93E-01 193E-01 | 1.93E-01
373 | Tetradecane, 2,6,10-trimethyl- 14905-56-7| 6.70E-02 193E-01 | 1.62E-02
374 |4-Decene, 3-methyl-, (E)- 62338-47-0] 1.93E-01 1.93E-01 | 1.93E-01
375 |2-Hexanone, 5-methyl- 110-12-3] 9.44E-02 1.92E-01 | 4.25E-02
376 |2-Hexanone, 4-methyl- 105-42°0] 1.16E-01 190E01 | 442E-02
377 |Hexanal, 2-ethyi- 123-05-7| 1.89E-01 1.89E-01 | 1.89E-01
378 |Pentanal, 3-methyl- 15877-57-3 1.14E-01 188E-01 | 3.91E-02
379 |Ethane, 1,1,2-trichloro-1,2,2-trifluoro- 76-13-1 1.88E-01 8.36E-04
380 [Bicyclo[2.2.1]heptane 279-232 186E-01 | 2.06E-02

14
13
1
4
1
3
2
1
2
13
2
381 |Nitrous acid, butyl ester 544-16-1 4
382 {1-Pentanol 71-41-0 10
383 |Cyclohexanone, 2,2,6-trimethyl- 2408-37-9 2
384 |Benzene, (1-methylheptyl)- 777-22-0 1
385 |2-Undecene, 6-methyl-, (E)- 74630-61-8 1
386 |Benzene, 1,1-oxybis- 101-84-8| 2
387 | Octane, 5-ethyl-2-methyl- 62016-18-6 1
388 |Aziridine, 2-ethyl- 2549-67-9 3
389 |Methane, oxybis- 115-10-6| 7
390 |3-Dodecene, (E)- 7206-14-6 4
391 |1-Propanol, 2,2-dimethyl-, nitrate 926-42-1 i 4
392 |Cyclohexane, 1-ethyl-4-methyl-, trans- 6236-88-0| 4.85E-02 4
393 | 2-Pentanol 6032-29-7] 8.99E-02 2
394 |Carbon disulfide 75-15-0] 1.70E-01 1
395 |Ethane, 1-chloro-1,1-difluoro- 75-68-3] 1.24E-01 2
396 |1-Hexanol 111-27-3] 4.80E-02 7
397 |1-Butanol, 2-methyl- 137-32-6] 9.25E-02 2
398 |Nitric acid, pentyl ester 1002-16-0] 6.48E-02 9
399 |2(3H)-Furanone, dihydro- 96-48-0] 5.38E-02 5
400 |Propane, 1-fluoro- 460-13-9] ~ 1.59E-01 1
401 |2-Pentanone, 3-methyl- 565-61-7| 6.55E-02 6
402 |1,3-Butadiene, 2-methyl- 78-79-5| 6.11E-02 3
403 |Cyclopentane, 1-butyl-2-propyl- 62199-50-2] 1.57E-01 1
404 |2-Butene, 2-methyl- 513-35-0] 8.13E-02 2
405 | 1-Heptanol 111-70-6] 5.76E-02 9
406 |Oxirane, 2-ethyl-3-propyl-, cis- 56052-94-9] 1.55E-01 1
407 |Octane, 3,5-dimethyl- 15869-93-9] 1.55E-01 1
408 |1, 4-Hexadiene 592-45-0| 7.38E-02 3
409 |3-Pentanol, 2-methyl- 565-67-3 7.74E-02 2
410 |3-Tetradecanone 629-23-2| 8.39E-02 2 1.50E-01 | 1.76E-02
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. Mean Number of | M Mini
TANK CHEMICALS CAS # (mg/m3) tanks (mg/m3) (mg/m3)
1
411 |Cyclobutanone 1191-95-3] 1.50E-01 1 1.50E-01 1.50E-01
412 |Pyridine, 3-methyl- 108-99-6; 4.41E-02 4 1.50E-01 2.26E-03
413 {Nitric acid, 1-methylethyl ester 1712-64-7, 9.99E-02 3 1.50E-01 4.58E-03
414 |Cyclohexane, 1,3,5-tfrimethyl-2-octadecyl- 55282-34-3! 7.44E-02 2 1.45E-01 3.97E-03
415 |3-Hepten-2-one, 3-methyl- 39899-08-6] 1.44E-01 1 1.44E-01 1.44E-01
416 |Butane, 2-bromo- 78-76-2| 7.70E-02 2 1.44E-01 1.01E-02
417 |1,4-Butanediol, dinitrate 3457-91-8) 7.51E-02 3 1.44E-01 6.50E-04
418 |4-Nonene, 5-butyl- 7367-38-6] 9.65E-02 3 1.43E-01 1.93E-02
419 |Acetic acid, methyl ester 79-20-9; 8.44E-02 2 1.40E-01 2.83E-02
420 |Hexanedioic acid, diocty| ester 123-79-5; 5.43E-02 3 1.40E-01 6.00E-03
421 |Bicyclo[4.2.0]octa-1,3,5-triene 694-87-11  1.38E-01 1 1.39E-01 1.39E-01
422 {Aziridine, 2-methyl- 75-55-8{ 1.38E-01 1 1.38E-01 1.38E-01
423 {2-Pentanone, 4,4-dimethyl- 590-50-1) 2.20E-02 9 1.35E-01 1.91E-03
424 |Cyanamide, dimethyl- 1467-79-4] 1.30E-01 1 1.30E-01 1.30E-01
425 |3-Octene, (E)- 14919-01-8; 1.30E-01 1 1.30E-01 1.30E-01
426 {1H-1,2,4-Triazole, 1-ethyl- 16778-70-4] 1.29E-01 1 1.29E-01 1.29E-01
427 |Benzene, 1,2,4-trichloro- 120-82-1] 1.29E-01 1 1.29E-01 1.29E-01
428 |4-Heptanone 123-18-3] 4.88E-02 7 1.28E-01 6.70E-04
429 |Cyciohexane, octyl- 1795-15-9| 5.32E-02 5 1.25E-01 1.17E-02
430 |2-Butene, 2,3-dimethy)- 563-79-1| 1.25E-01 1 1.25E-01 1.25E-01
431 |Nonane, 2-methyl- 871-83-0] 8.00E-02 2 1.25E-01 3.53E-02
432 |Propane, 2,2-dimethyl- 463-82-1) 6.86E-02 2 1.24E-01 1.28E-02
433 |2-Buten-1-oi, (Z)- 4088-60-2| 6.36E-02 2 1.22E-01 5.25E-03
434 |3-Pentanone, 2-methyl- 565-69-5| 3.25E-02 4 1.21E-01 7.57E-04
435 |1,5-Hexadiene 592-42-7| 1.20E-01 1 1.20E-01 1.20E-01
436 |1,1'-Bicyclohexyl, 2-methyl-, cis- 50991-08-7| 1.17E-01 1 1.17E-01 1.17E-01
437 |2-Pentene 109-68-2 _9.18E-02 2 1.17E-01 6.70E-02
438 |Heptane, 4-methyl- 589-53-7| 1.15E-01 1 1.15E-01 1.15E-01
439 |6-Tridecene 24949-38-0] 3.99E-02 3 1.14E-01 | 1.16E-03
440 |4-Octanone 589-63-9) 3.52E-02 5 1.14E-01 5.10E-03
441 |Pyridine, 1,2,36-tetrahydro- 694-05-3] 6.60E-02 2 113E-01 | 1.91E-02
. gi_cmhexa"e' T-eyclohexylmethyl)-2-methyl | o105 043 11101 1 111E-01 | 1.11E-01
443 {5-Undecene, 7-methyl-, (Z)- 74630-62-9 1.11E-01 1 1.11E-01 1.11E-01
444 {Cyclopentane, 1-butyl-2-ethyl- 72993-32-9; 6.73E-02 2 1.10E-01 2.51E-02
445 |2-Propenenitrile, 2-methyl- 126-98-7{ 1.09E-01 1 1.09E-01 1.09E-01
446 |Cyclohexane, propyl- 1678-92-8{ 7.42E-02 3 1.08E-01 4.54E-02
447 |Methane, dichlorodifluoro- 75-71-8| 3.25E-02 12 1.08E-01 1.08E-03
448 [Cycloheptane, methoxy- 42604-04-6| 1.07E-01 1 1.07E-01 1.07E-01
4489 [Furan, 2,5-diethyltetrahydro- 41239-48-9] 1.07E-01 1 1.07E-01 1.07E-01
450 |2-Tetradecanone 2345-27-9| 2.99E-02 6 1.06E-01 5.70E-03
451 |Octanenitrile j 124-12-9| 2.08E-02 16 1.04E-01 2.51E-04
452 |3-Pentanone, 2 4-dimethyi- 565-80-0| 1.03E-01 1 1.03E-01 1.03E-01
453 |Undecane, 3,6-dimethyl- 17301-28-9| 5.12E-02 2 1.01E-01 1.63E-03
454 |Cyclohexane, 1-methyl-4-(1-methylbutyl)- 54411-00-6| 5.32E-02 3 1.00E-01 1.00E-02
455 | 2-Heptanone, 4-methyl- 6137-06-0| 7.71E-02 3 9.95E-02 5.00E-02
456 | 1-Tridecene 2437-56-1| 2.49E-02 5 9.95E-02 2.88E-03
457 |Undecane, 2,5-dimethyl- 17301-22-3| 9.88E-02 1 9.88E-02 9.88E-02
458 |Ethanol, 2-butoxy- 111-76-2| 5.39E-02 4 9.79E-02 2.70E-03
459 |Ethene, "i,1'»oxybis— 109-93-3| 9.74E-02 1 9.74E-02 9.74E-02
460 [Cyclopentanone, 3-methyl- 1757-42-2| 6.00E-02 2 9.60E-02 2.40E-02
461 |Cyclooctane, ethenyl- 61142-41-4| 9.60E-02 1 9.60E-02 9.60E-02
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Mean Number of | Maximum | Minimum
TANK CHEMICALS CAS # (mg/m3) tanks (mg/m3) (mg/m3)
1
462 |Butane, 2,2-dimethyl- 75-83-2| 4.00E-02 3 9.30E-02 7.70E-03
463 |2-Undecene, 2,5-dimethyl- 49622-16-4| 9.11E-02 1 9.11E-02 9.11E-02
464 | Tridecanenitrile 629-60-7| 8.94E-02 1 8.94E-02 8.94E-02
465 [2(3H)-Furanone, 5-ethyldihydro- 695-06-7| 1.33E-02 9 8.91E-02 5.20E-04
466 |Pyridine, 2,5-dimethyl- 589-93-5| 8.87E-02 1 8.87E-02 8.87E-02
467 |Undecane, 3,9-dimethyl- 17301-31-4| 8.84E-02 1 8.84E-02 8.84E-02
468 |Benzene, (ethylsulfonyl)- 599-70-2| 8.78E-02 1 8.78E-02 8.78E-02
469 [2-Hexene, (E)- 4050-45-7| 8.75E-02 1 8.75E-02 8.75E-02
470 [Phenol 108-95-2| 3.14E-02 7 8.74E-02 6.18E-03
471 [3-Penten-2-one, 4-methyl- 141-79-7| 8.64E-02 1 8.64E-02 8.64E-02
472 {Nitric acid, hexyl ester 20633-11-8/ 2.90E-02 8 8.60E-02 1.49E-03
|.473 {1,3-Pentadiene, (Z)- 15674-41-0] 8.44E-02 1 8.44E-02 8.44E-02
1-Butanamine, 1,1,2,2,3,3,4,4,4-nonaftuoro-N,N:
474 |bis(nonafiuorabutyl)- 311-89-7] 8.31E-02 1 8.31E-02 8.31E-02
475 J4-Undecanone 14476-37-0| 8.23E-02 1 8.23E-02 8.23E-02
476 {Methane, trichloro- 67-66-3| 2.35E-02 8 8.18E-02 5.33E-04
477 |Furan, 2-methyl- 534-22-5| 8.00E-02 1 8.00E-02 8.00E-02
478 {3-Buten-2-one, 3-methyl- 814-78-8| 4.07E-02 2 8.00E-02 1.39E-03
479 11-Undecene, 7-methyl- 74630-42-5| 7.97E-02 1 7.97E-02 7.97E-02
480 |Benzene, 1,3-dimethyl- 108-38-3| 3.93E-02 7 7.94E-02 1.44E-02
481 |Butanamide 541-35-5| 5.68E-02 2 7.87E-02 3.49E-02
482 |Cyclohexane, 1-methyl-2-propyl- 4291-79-6] 6.03E-02 2 7.84E-02 4.22E-02
483 |Butanal, 3-methyl- 590-86-3, 5.10E-02 2 770E-02 | 2.51E-02
484 |Cyclohexane, 1-methyl-3-pentyl- 54411-02-8] 3.26E-02 3 7.69E-02 9.10E-03
485 |Hexane, 2,4-dimethyl- 589-43-5 4.04E-02 2 7.67E-02 4.10E-03
486 |Dodecane, 5,8-diethyl- 24251-86-3| 5.25E-02 2 7.63E-02 2.87E-02
487 |1-Tetradecene 1120-36-1| 2.82E-02 3 7.49E-02 1.61E-03
488 |Benzonitrile 100-47-0| 2.76E-02 3 7.47E-02 2.06E-03
489 |2-Furanmethanol, tetrahydro- 97-99-4| 7.45E-02 1 7.45E-02 7.45E-02
490 [Octadecane 593-45-3| 2.05E-02 6 7.43E-02
491 [Heptane, 3-ethyl-2-methyl- 14676-29-0| 2.35E-02 <] 7.33E-02
492 [2-Butenal 4170-30-3] 4.34E-02 4 7.22E-02
493 [Cyclohexadecane 295-65-8| 2.75E-02 3 7.10E-02
494 |Ethene, 1,1-dichloro- 75-35-4| 1.22E-02 22 7.06E-02
4385 |5-Hexen-1-ol 821-41-0| 7.06E-02 1 7.06E-02
496 |Butane, 2,2,3,3-tetramethyl- 594-82-1| 7.00E-02 1 7.00E-02
497 |2,3-Pentanedione 600-14-6] 7.00E-02 1 7.00E-02
498 |2-Butanol, 2-methyl- 75-85-4] 7.00E-02 1 7.00E-02
499 |9-Octadecenoic acid (Z)- 112-80-1| 2.48E-02 4 6.92E-02
500 | 2-Oxazolidinone, 5-methyl-3-(2-propenyl)- 55956-20-2| 3.05E-02 3 6.73E-02
501 | 1H-Pyrazole, 4,5-dihydro-5-methyl- 1568-20-3| 6.68E-02 1 6.68E-02
502 |Hexadecane, 2-methyl- 1560-92-5| 3.71E-02 2 6.61E-02
503 |1,3-Pentadiene, (E)- 2004-70-8| 6.60E-02 1 6.60E-02
504 |Pentadecane, 3-methyl- 2882-96-4| 6.42E-02 1 6.42E-02
505 |2-Decanone 693-54-9] 1.73E-02 7 6.40E-02
506 |2-Nonen-4-one 32064-72-5] 6.33E-02 1 6.33E-02
507 |Ethane, 1,1, 1-trichloro- 71-55-6] 9.66E-03 8 6.31E-02
508 |Benzothiazole, 2-phenyi- 883-93-2 2.43E-02 4 6.23E-02
509 |3-Butenenitrile 109-75-1| 3.45E-02 2 6.20E-02
510 |Propane, 2-methyl-2-nitro- 594-70-7] 2.54E-02 14 6.20E-02
| §11 |Oxazole, 4,5-dihydro-2-methyl- 1120-64-5| 2.32E-02 8 6.19E-02
512 |Pyridine, 2-methyl- 109-06-8| 6.11E-02 1 6.11E-02 6.11E-02
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1
513 |Benzothiazole 95-16-9| 1.72E-02 4 6.10E-02 1.15E-03
514 |Docosane, 7-hexyl- 55373-86-9| 6.08E-02 1 6.08E-02 6.08E-02
515 |1,4-Dioxane 123-91-1] 3.41E-02 4 6.04E-02 9.54E-03
516 |Cyclopropane, 1-ethyl-2-heptyl- 74663-86-8| 6.00E-02 1 6.00E-02 6.00E-02
517 |Propanenitrile, 2-methyl- 78-82-0| 6.00E-02 1 6.00E-02 6.00E-02
518 [Ethanone, 1-phenyl- 98-86-2| 1.27E-02 12 6.00E-02 2.40E-03
519 |Bicyclo]2.2.2]octane, 1,2,3 6-tetramethyl- 62338-45-8| 6.00E-02 1 6.00E-02 6.00E-02
520 |Formamide, N-butyl- 871-71-6| 5.80E-02 1 5.80E-02 5.80E-02
521 |Cyclopentanol 96-41-3| 5.80E-02 1 5.80E-02 5.80E-02
522 |Pentadecane, 2,6,10,14-tetramethyl- 1921-70-6| 1.98E-02 5 5.74E-02 3.78E-03
523 [Nonane, 5-(2-methylpropyl)- 62185-53-9| 2.95E-02 2 5.74E-02 1.69E-03
524 |Silane, dimethoxydimethyl- 1112-39-6] 2.78E-02 3 5.64E-02 1.16E-02
525 [Cyclohexene, 1-pentyl- 15232-85-6] 3.01E-02 2 5.44E-02 5.87E-03
526 |Nonane, 3-methyl- 5911-04-6| 5.43E-02 1 5.43E-02 5.43E-02_ |
527 |2,2'-Bioxepane 74793-02-5| 2.22E-02 5 5.36E-02 2.00E-03
528 |1-Hexadecanol, acetate 629-70-9| 2.21E-02 3 5.36E-02 4.50E-03
529 |Benzene, (1,1-dimethylethyl)- 98-06-6| 3.88E-02 2 5.32E-02 2.45E-02
530 {2-Propanone, 1,1,1-trifluoro- 421-50-1| 5.20E-02 1 5.20E-02 5.20E-02
531 |Oxirane 75-21-8] 5.19E-02 1 519E-02 | 5.19E-02
532 {2-Butanone, 3,3-dimethyl- 75-97-8| 1.95E-02 8 5.09E-02 2.00E-03
Cyclohexane, 1,2,4,5-tetraethyl-,
533 |(1.alpha. 2 alpha.,4.alpha. 5.alph a.)- 61142-24-3) 5.078-02 1 507802 | 507E-02
534 |Heptadecane, 3-methyl- 6418-44-6| 5.03E-02 1 5.03E-02 5.03E-02
535 |1-Undecene, 8-methyl- 74630-40-3| 5.02E-02 1 5.02E-02 5.02E-02
536 |Cyclopentane, 1,2-dimethyl- 2452-99-5| 3.00E-02 2 5.00E-02 9.93E-03
537 [Acetamide, N,N-dimethyl- 127-19-5| 4.99E-02 1 4.99E-02 4.99E-02
538 jFuran, 2,3-dihydro- 1191-99-7| 2.61E-02 4 4.92E-02 1.55E-03
539 |Butane, 1-nitro- 627-05-4| 1.94E-02 3 4.90E-02 2.77E-03
[ 540 [3-Hexen-2-one 763-93-9] 4.90E-02 1 4.90E-02_| 4.90E-02
541 |Benzenemethanol 100-51-6| 1.65E-02 9 4.87E-02 1.77E-03
542 |Cyclopropane, 1,2-dimethyl-, trans- 2402-06-4| 4.85E-02 1 4.85E-02 4.85E-02
543 |1,3-Butadiene, 2,3-dimethyi- 513-81-5| 4.84E-02 1 4.84E-02 4.84E-02
544 |Silane, chiorotrimethyl- 75-77-4) 1.74E-02 7 4.80E-02 2.85E-03
545 |2-Propenal, 2-methyl- 78-85-3| 2.73E-02 2 4.75E-02 7.08E-03
546 |Decane 3-cyciohexyl-, 3-cyclohexyl- 13151-74-1| 2.36E-02 3 4.75E-02 7.38E-03
547 |Oxazole, 4,5-dimethyl-2-propyl- 53833-32-2| 3.59E-02 3 4.69E-02 2.78E-02
548 Bicyclo[3.3.1]nonane 280-65-9| 4.68E-02 1 4.68E-02 4.68E-02
549 |1,1'-Bicyclohexyl 92-51-3| 4.62E-02 1 4.62E-02 4.62E-02
[550 [Heptadecane, 2,6,10,14-tetramethyl- 18344-37-1| 4.56E-02 1 456E-02 | 4.56E-02
551 |Heptadecane 629-78-7| 1.29E-02 14 4.53E-02 4.30E-04
552 |2-Butanol, (R)- 14898-79-4| 4.52E-02 1 4.52E-02 4.52E-02
553 |Cyclopropane, pentyl- 2511-91-3| 2.46E-02 2 4.47E-02 4.50E-03
554 |Nonanenitrile 2243-27-8| 1.24E-02 16 4.45E-02 2.55E-04
555 |Propane, 2-isocyanato- 1795-48-8| 4.41E-02 1 4.41E-02 4.41E-02
556 |1-Decene 872-05-9] 1.99E-02 4 4.40E-02 1.33E-03
557 |Benzene, 1-ethyl-2-methyl- 611-14-3| 4.39E-02 1 4.39E-02 4.39E-02
558 |2(3H)-Furanone, dihydro-5-methyl- 10:8-29-2 1.25E-02 4 4.37E-02 1.34E-03
559 |4-Piperidinemethanol, 1-methyl- 20691-89-8| 4.28E-02 1 4.28E-02 4.28E-02
560 |5-Decanone 820-29-1| 2.19E-02 2 4.27E-02 9.77E-04
561 |14-Pentadecenoic acid 17351-34-7| 2.62E-02 2 4.24E-02 1.00E-02
562 |3-Pentanone 96-22-0| 1.87E-02 4 4.22E-02 3.23E-03
563 |Cyclopropane, 1,2-dibutyl- 41977-32-6| 4.21E-02 1 4.21E-02 4.21E-02
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1
564 |5-Undecanone 33083-83-9{ 2.61E-02 2 4.04E-02 1.17E-02
565 |3-Hepten-2-one, 4-methyl- 22319-25-1] 4.01E-02 1 4.01E-02 4.01E-02
566 |Cyclooctane, 1.4-dimethyl-, cis- 13151-99-0( 4.00E-02 1 4.00E-02 4.00E-02
567 |Tetradecane, 4-ethyl- 55045-14-21 4.00E-02 1 4.00E-02 4.00E-02
668 {Furan, 2,5-dimethyl- 625-86-5! 4.00E-02 1 4.00E-02 4.00E-02
568 |Cyclopentane, ethyl- 1640-89-7| 2.49E-02 2 4.00E-02 9.75E-03
570 |3-Hexadecene, (Z)- 34303-81-6{ 2.10E-02 2 4.00E-02 2.00E-03
571 |Dodecane, 2-methyi-6-propyl- 55045-08-4| 2.09E-02 4 4.00E-02 5.10E-03
572 |1-Propanone, 1-[4-[(trimethylsilyl)oxylphenyl]- | 33342-89-1| 3.94E-02 1 3.94E-02 3.94E-02
573 |Heptane, 3-ethyl- 15869-80-4] 3.83E-02 1 3.83E-02 3.83E-02
574 |1,1'-Biphenyl, 2-chloro- 2051-60-7] 1.39E-02 4 3.81E-02 1.67E-03
575 |Butanoic acid, 2-hexeny! ester, (E)- 53398-83-7| 3.80E-02 1 3.80E-02 3.80E-02
576 |2-Hexene, (Z)- 7688-21-3| 3.06E-02 2 3.80E-02 2.32€-02
577 |1,2-Benzenedicarboxylic acid, diethyl ester 84-66-2| 1.78E-02 9 3.80E-02 9.05E-04
578 |Pyridine, 4-methyi- 108-89-4| 2.13E-02 3 3.73E-02 6.62E-03
579 {1H-Indene, octahydro-, cis- 4551-51-3| 3.72E-02 1 3.72E-02 3.72E-02
580 |3-Hexanol 623-37-0] 3.71E-02 1 3.71E-02 3.71E-02
Propanoic acid, 2-methyl-, 1-(1,1-dimethylethyt)
581 |2-methyl-1,3- propanediyl ester 74381-40-1| 1.65E-02 6 3.69E-02 4.50E-04
582 |2-Pentene, 2,4-dimethyi- 625-65-0| 1.88E-02 2 3.66E-02 1.05E-03
583 |1,1'-Biphenyl, 3-chloro- 2051-61-8| 2.15E-02 2 3.59E-02 7.03E-03
584 |1-Pentanol, 4-methyl-2-propyl- 54004-41-0| 3.51E-02 1 3.51E-02 3.51E-02
585 |Pentane, 1-methoxy- 628-80-8} 3.50E-02 1 3.50E-02 3.50E-02
586 |1-Butanamine, N-ethylidene- 6898-74-4/ 1.90E-02 2 3.49E-02 3.03E-03
587 |2-Hexene, 4,4,5-trimethyl- 55702-61-9| 3.40E-02 1 3.40E-02 3.40E-02
588 |1-Octen-3-one 4312-99-6| 3.40E-02 1 3.40E-02 3.40E-02
Benzeneacetic acid, .alpha. 4- ;
589 {vis{(trimethylsilyoxy}-, methyl ester 55334-40-2 1.90E-02 2 1 334B02 | 480E-03
590 {Pentane, 2,3-dimethyl- 565-59-3) 1.86E-02 2 3.28E-02 4.40E-03
591 {Butanoic acid, butyl ester 109-21-7| 1.08E-02 5 3.27E-02 1.20E-03
592 |3-Hexanone, 2,5-dimethyt- 1888-57-8| 3.26E-02 1 3.26E-02 3.26E-02
593 |2-Propanol, 1-(1-methytethoxy)- 3944-36-3| 3.25E-02 1 3.25E-02 3.25E-02
594 |1,3,5,7-Tetraazatricyclo[3.3.1.13,7]decane 100-97-0| 1.44E-02 7 3.19E-02 5.58E-03
595 |Butane, 2,3-dimethyl- 79-29-8| 3.18E-02 1 3.18E-02 3.18E-02
596 |2-Heptene, (E)- 14686-13-6] 1.25E-02 4 3.17E-02 1.38E-03
Benzoic acid, Z{(inmethytsilyljoxyt- 3780.85-3 9.40E-03 14 3.14E-02 | 8.20E-04
597 |trimethylsilyl ester
598 |1-Butene, 3,3-dimethyl- 558-37-2| 3.14E-02 | 1 3.14E-02 3.14E-02
599 [1,2-Pentadiene 591-95-7| 3.13E-02 1 3.13E-02 3.13E-02
600 |4-Dodecene 2030-84-4| 3.10E-02 ! 1 3.10E-02 3.10E-02
601 |Octane, 2,5,6-trimethyl- 62016-14-2| 3.04E-02 | 2 3.08E-02 3.00E-02
602 |5-Tridecanone 30692-16-1 1.68E-02 | 4 3.02E-02 1.86E-03
603 |1,4-Hexadiene, 4-methyl- 1116-90-1| 3.00E-02 [ 1 3.00E-02 3.00E-02
604 |Cyclopentane, 1-methyl-2-(2-propenyl)-, trans- | 50746-53-7] 3.00E-02 | 1 3.00E-02 3.00E-02
Cyclopentane, 1,2,4-trimethyi-,
605 |(1.alpha.,2.alpha. 4 beta )- 4850-28-6| 1.80E-02 2 3.00E-02 6.00E-03
606 |3-Heptanone, 6-methyl- 624-42-0| 1.53E-02 3 3.00E-02 4.96E-03
607 |Hexanedioic acid, mono(2-ethythexyl) ester 4337-65-9] 3.00E-02 1 3.00E-02 3.00E-02
608 |Benzene, 1,2 4-trimethyl- 95-63-61 1.46E-02 4 2.99E-02 1.34E-03
609 |Pentane, 2-cyclopropyl- 5458-16-2 2.91E-02 1 2.91E-02 2.91E-02
610 |Naphthalene, decahydro-1,5-dimethyl- 66552-62-3| 1.54E-02 3 2.91E-02 7.00E-03
611 |2-Pentene, 4-methyl-, (E)- 674-76-01  2.86E-02 1 2.86E-02 2.86E-02
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1

612 |Benzene, propyl- 103-65-1| 1.38E-02 4 2.80E-02 3.25E-03
613 |1-Propanat, 2-methyl- 78-83-1] 1.18E-02 4 2.80E-02 1.30E-03
614 |Decane, 5-propyl- 17312-62-8{ 1.74E-02 2 2.77E-02 7.11E-03
615 |1,5-Pentanediol, dinitrate 3457-92-9( 1.42E-02 3 2.76E-02 4.00E-03
616 |2,5-Pyrrolidinedione, 1-methyl- 1121-07-9] 1.51E-02 2 2.76E-02 2.70E-03
617 |1,4-Pentadien-3-ol 922-65-6| 2.73E-02 1 2.73E-02 2.73E-02
618 |Cyclopentene, 5-hexyl-3,3-dimethyi- 61142-66-3] 2.70E-02 1 2.70E-02 2.708-02
619 |1H-1,2,4-Triazole 288-88-0| 2.67E-02 1 2.67E-02 2.67E-02
620 |1,3-Pentadiene 504-60-9 2.67E-02 1 2.67E-02 2.67E-02
621 |1-Butanol, 2-methyi-, (8)- 1565-80-6) 2.66E-02 1 2.66E-02 2.66E-02
622 | Tetradecanoic acid, 1-methylethyt ester 110-27-0[ 1.07E-02 4 2.65E-02 1.29E-03
623 {Cyclododecane, ethyl- 28981-49-9| 2.65E-02 1 2.65E-02 2.65E-02
624 |Naphthalene, 2-methyl- 91-57-6| 2.65E-02 1 2.65E-02 2.65E-02
625 |Formamide, N-(2-methyipropyl)- 6281-96-5 2.61E-02 1 2.61E-02 2.61E-02
626 | Propanoic acid, 2-methyl-, butyl ester 97-87-0] 2.60E-02 1 2.60E-02 2.60E-02
627 |Cyclopentanone, 2,4-dimethyi- 1121-33-1] 2.58E-02 1 2.58E-02 2.58E-02
628 |1-Butene, 2,3-dimethyl- 563-78-01  2.58E-02 1 2.58E-02 2.58E-02
629 |3-Heptene 592-78-91 2.57E-02 1 2.57E-02 2.57E-02
630 |4-Dodecanone, 11-methyl- 29366-35-6] 2.53E-02 1 2.53E-02 2.53£-02
631 |5-Decanol 5205-34-5| 2.50E-02 1 2.50E-02 2.50E-02
632 |Methane, chloro- 74-87-3] 7.30E-03 1 2.46E-02 2.25E-04
633 |Cyclopentane, (2-methylpropyl)- 3788-32-7] 2.46E-02 1 2.46E-02 2.46E-02
634 |Dodecane, 4,9-dipropyl- 3054-63-5| 1.51E-02 2 2.44E-02 5.90E-03
635 {2-Decanone, 5,9-dimethyi- 33933-82-3] 2.43E-02 1 2.43E-02 2.43E-02
636 |Ethane, chioro- 75-00-3] 2.42E-02 2 2.42E-02 2.42E-02
637 12-Pentene, 5-(pentyloxy)-, (E)- 56052-85-8| 1.41E-02 ! 2 2.42E-02 4.00E-03
638 |2-Octadecenal 56554-96-2| 1.27E-02 2 2.42E-02 1.30E-03
639 |1H-Pyrazole, 4,5-dihydro-4,5-dimethyl- 28019-94-5 2.40E-02 1 2.40E-02 2.40E-02
640 |Pentane, 3-ethyl-2-methyl- 609-26-7| 2.39E-02 1 2.39E-02 2.39E-02
641 |Furan, 2-ethyl-5-methyl- 1703-52-2] 2.35E-02 1 2.35E-02 2.35e-02
642 |Undecane, 4,4-dimethyl- 17312-68-4] 2.35E-02 1 i 2.35E-02 2.35E-02
643 |1-Heptadecanol 1454-85-9| 2.34E-02 1 | 2.34E-02 2.34E-02
644 |3-Heptene, (E)- 14686-14-7| 1.43E-02 2 2.33E-02 5.33E-03
645 |3-Undecene, (E)- 1002-68-2| 2.33E-02 1 2.33E-02 2.33E-02
646 |Thiophene, 2-methoxy-5-methyl- 31063-55-1| 2.33E-02 1 2.33E-02 2.33E-02
€47 [5-Decene, (E)- 7433-56-9| 1.20E-02 2 2.28E-02 1.08E-03
648 | 1H-Pyrazole, 4,5-dihydro-5-propyl- 75011-90-4| 2.27E-02 1 2.27E-02 2.27E-02
649 |Decanal 112-31-2| 6.80E-03 13 2.27E-02 1.11E-03
650 |Cyclohexane, 1,1'-(1-methylethylidene)bis- 54934-90-6| 2.25€-02 1 2.25E-02 2.25E-02
651 |Bicyclo[4.1.0]heptane 286-08-8| 2.25E-02 1 2.25E-02 2.28E-02
652 |3-Decene 19398-37-9| 2.21E-02 1 2.21E-02 2.21E-02
653 |Cyclohexane, 1.1,2-trimethyi- 7094-26-0| 2.21E-02 1 2.21E-02 2.21E-02
654 |Heptasiloxane, hexadecamethyl- 541-01-5| 2.20E-02 1 2.20E-02 2.20E-02
655 |1-Octene, 7-methyl- 13151-06-81 2.18E-02 1 2.18E-02 2.18E-02
656 |Cyclobutanone, 2-ethyi- 10374-14-8] 2.16E-02 1 2.16E-02 2.16E-02
657 [2-Dodecene, 4-methyl- 56851-45-7] 2.16E-02 1 2.16E-02 2.16E-02
658 11,1'-Bicyclohexyl, 2-methyl-, trans- 50991-09-8] 2.16E-02 1 2.16E-02 2.16E-02
659 |Cyclopropanecarbonitrile 5500-21-0] 1.45E-02 2 2.15E-02 7.57E-03
3,6-Dioxa-2,4,5,7-tetrasilaoctane, ! 4342250 214E-02 4 214802 | 2 14E-02

660 |2,2,4,4,5,5,7,7-octamethyl- i e
661 |2,7-Octanediol, 2,7-dimethyl- 19781-07-8| 2.13E-02 1 2.13E-02 2.13E-02
662 | 1-Pentadecanot 629-76-5/ 2.13E-02 1 2.13E-02 [ 2.13E-02
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1
663 {Silanol, trimethyl- 1066-40-6] 9.33E-03 3 2.12E-02 2.58E-03
664 {Cyciohexanone, 3-methyl- 591-24-2| 2.10E-02 1 2.10E-02 2.10E-02
665 JCyciohexane, 1,1,3,5-tetramethyl-, trans- 50876-31-8| 1.17E-02 2 2.10E-02 2.40E-03
666 {Nonanol 28473-21-4| 1.20E-02 2 2.07E-02 3.16E-03
667 |Propane, 1-nitro- 108-03-2| 2.07E-02 1 2.07£-02 2.07E-02
668 |3-Hexenal, (Z)- 6789-80-8| 2.07E-02 1 2.07E-02 2.07E-02
669 |Undecane, 3,4-dimethyl- 17312-78-6| 2.04E-02 1 2.04E-02 2.04E-02
670 |4-Heptanone, 3-methyl- 15726-15-5| 2.03E-02 1 2.03E-02 2.03E-02
671 |Benzene, (1-methylpropyl)- 135-98-8| 2.01E-02 1 2.01E-02 2.01E-02
672 |Benzene, 1,3,5-trimethyi- 108-67-8] 8.44E-03 4 2.01E-02 5.36E-04
Cyclohexane, 1,3,5-trimethyl-,
673 |(1.alpha. 3.alpha. 5.alpha.)- 1795-27-3] 2.00E-02 1 2.00E-02 2.00E-02
674 {Cyclopentane, 1,1,3,4-tetramethyl-, cis- 53907-60-1} 2.00E-02 1 2.00E-02 2.00E-02
675 14-Octen-3-one 14129-48-7| 9.65E-03 3 2.00E-02 3.00E-03
676 |Formic acid, butyl ester 592-84-7| 1.90E-02 2 1.99E-02 1.82E-02
677 |Octane, 2-methyl- 3221-61-2| 1.95e-02 1 1.95E-02 1.95E-02
678 |Benzene, (1,1-dimethyipropyl)- 2049-95-8) 1.93E-02 1 1.93E-02 1.93E-02
679 |Cyclopropane, 1,2-dimethyi-3-methylene-, cis- 4866-55-1| 1.92E-02 1 1.92E-02 1.92E-02
680 |Cyclohexane, diethyl- 1331-43-71 1.92E-02 | 1 1.92E-02 1.92E-02
681 |Pyrazine, methyl- 109-08-0! 1.04E-02 ! 6 1.92E-02 2.34E-03
682 j7-Tetradecene 10374-74-01  1.15E-02 2 1.89E-02 4.08E-03
683 {Hexane. 2,2,3-trimethyl- 16747-25-4] 1.89E-02 1 1.89E£-02 1.89E-02
684 [Cyclohexene, 1-methyl-4-(1-methylethenyi)- 138-86-3] 1.88E-02 1 1.88E-02 1.88E-02
685 |3-Hexene, (2)- 7642-09-3| 1.88E-02 1 1.88E-02 1.88E-02
686 |1-Pentene, 2,4 4-trimethyl- 107-39-1] 1.87E-02 1 1.87E-02 1.87E-02
687 |Heptane, 2,5-dimethyl- 2216-30-0| 1.80E-02 2 1.87E-02 1.72E-02
688 |Heptane, 3,3-dimethyi- 4032-86-4' 1.85E-02 1 1.85E-02 1.85E-02
689 |2-Nonenal, (E)- 18829-56-6; 9.51E-03 3 1.84E-02 3.60E-03
690 |Ethane, 1,2-dibromo- 106-93-4| 1.83E-02 1 1.83E-02 1.83E-02
691 |4-Octanone, 3-methyl- 20754-04-5| 1.83E-02 1 1.83E-02 1.83E-02
692 |3-Decanol 1565-81-7| 1.83E-02 1 1.83E-02 1.83E-02
693 |1-Pentyne 627-18-0| 1.83E-02 1 1.83E-02 1.83E-02
694 |1-Hexene, 5,5-dimethyl- 7116-86-11  1.02E-02 2 1.82E-02 2.32E-03
695 |4-Decanone 624-16-81 1.55E-02 2 1.82E-02 1.28E-02
696 [2,4(3H,5H)-Furandione, 3-methyl- 1192-51-41  1.80E-02 1 1.80E-02 1.80E-02
697 {2-Undecanone 112-12-9) 1.27E-02 2 1.78E-02 7.53E-03
698 |Propane, 1-chioro-2,2-dimethyl- 753-89-9| 1.78E-02 1 1.78E-02 1.78E-02
599 Cyclooctanemethanol, .alpha.,.alpha.-dimethyl- | 16624-06-9| 1.76E-02 1 1.76E-02 1.76E-02
700 |2-Hexenal, 2-ethyl- 645-62-5| 1.75E-02 1 1.75E-02 1.75E-02
701 |2-Butenenitrile 4786-20-3| 1.23E-02 2 1.75E-02 7.12E-03
702 j2(3H)-Furanone, dihydro-5-pentyl- 104-61-0] 1.74E-02 | 1 1.74E-02 1.74E-02
703 |Pentanoic acid, hexyl ester 1117-59-5:  1.74E-02 1 1.74E-02 1.74E-02
704 |Propanoic acid 79-09-4! 8.66E-03 4 1.73E-02 1.68E-03
705 |3-Hexen-2-one, 5-methyl- 5166-53-01 1.71E-02 1 1.71E-02 1.71E-02
706 |Cyclopropane, 1,2-dimethyl-, cis- 930-18-7| 1.70E-02 1 1.70E-02 1.70E-02
707 | 1,4-Cyclohexanedione 637-88-7| 1.69E-02 1 1.69E-02 1.69E-02
708 |9H-Fluoren-9-one 486-25-9| 1.69E-02 1 1.69E-02 1.69E-02
709 |Ethanone, 1-(2,4,5-trimethyiphenyi)- 2040-07-5/ 1.66E-02 1 ! 1.66E-02 1.66E-02
710 |Phenol, 2,6-bis(1, 1-dimethylethyi)-4-methyl- 128-37-0| 1.64E-02 1 . 1.64E-02 1.64E-02
711 |Undecane, 2,2-dimethyi- 17312-64-0| 1.61E-02 1 ¢ 1.861E-02 1.61E-02
712 {Cyclopropene, 1-butyl-2-ethyl- 50915-91-8] 1.59E-02 1 I 1.58E-02 1.569€-02
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713 |Cyclohexane, 1-ethyi-2-methyl-, cis- 4923-77-7{ 1.57E-02 1 1.57E-02 1.57E-02
714 |1-Butanone, 4-(dimethylamino)-1-phenyl- 3760-63-2| 1.57E-02 1 1.57E-02 1.57E-02
715 |Furan, 2-pentyl- 3777-69-3| 1.56E-02 1 1.56E-02 1.56E-02
716 |Oxirane, 2-methyl-2-pentyi- 53907-75-8] 1.55E-02 1 1.55E-02 1.55E-02
717 |Benzene, nitro- i 98-95-3i  9.35E-03 2 1.50E-02 3.66E-03
718 |Benzenemethanolt, .alpha.,.alpha.-dimethyl- 617-94-7{ 7.91E-03 4 1.50E-02 2.25E-03
719 |5-Nonanone 502-56-71 9.53E-03 3 1.50E-02 4.80E-03
720 |Ethane, 1,1,2,2-tetrachloro- 79-34-5| 7.86E-03 2 1.50E-02 7.49E-04
721 |Benzaldehyde 100-52-7| 8.08E-03 3 1.48E-02 3.51E-03
‘722 {Cyclohexene, 1-ethyl-6-ethylidene- 61141-57-9] 8.52E-03 2 1.47E-02 2.35E-03
723 |Cyclopropane, 1-heptyl-2-methyl- 74663-91-5 1.46E-02 1 1.46E-02 1.46E-02
724 |Cyclopentanone, 2,2,5-trimethyl- 4573-09-5| 1.46E-02 1 1.46E-02 1.46E-02
725 |Benzene, 1-methyl-3-(1-methylethyl)- 535-77-3| 1.45E-02 1 1.45E-02 1.45E-02
726 |Octane, 3-ethyl-2,7-dimethyl- 62183-55-5| 1.44E-02 1 1.44E-02 1.44E-02
727 |Furan, tetrahydro-2,4-dimethyl-, trans- 39168-02-0| 1.44E-02 1 1.44E-02 1.44E-02
728 |Hexane, 2,2 5-trimethyl- 3522-94-9| 1.43E-02 1 1.43E-02 1.43E-02
729 |Pyridine, 5-ethyl-2-methyi- 104-90-5| 9.77E-03 2 1.43E-02 5.25E-03

Cyclohexane, 1,2,4-trimethyl-,
730 |(1.alpha..2 beta. 4 beta )- 7667-60-91 1.42E-02 1 1.42E-02 1.42E-02
731 |6-Dodecanol 6836-38-01 1.05E-02 2 1.40E-02 7.10E-03
732 J1-Nonanol 143-08-8] 6.76E-03 7 1.39E-02 1.00E-03
733 iDecane, 2,2,3-trimethyl- 62338-09-4| 1.37E-02 1 1.37E-02 1.37E-02

Benzeneacetic acid, .alpha.-hydroxy-, ethyl 774-40-3 1.37E-02 1 1.37E-02 1.37E-02
734 |ester
735 |Butanethioic acid, S-decyl ester 2432-55-5| 8.37E-03 2 1.34E-02 3.32E-03
736 |Butanocic acid 107-92-6| 1.33E-02 1 1.33E-02 1.33E-02
737 |2-Hexenoic acid, 4-methylphenyl ester 69687-91-8| 1.32E-02 1 1.32E-02 1.32E-02
738 |Benzene, 1,1'-(1,4-butanediyl)bis- 1083-56-3{ 1.30E-02 1 1.30E-02 | 1.30E-02
739 |4-Tetradecanone 26496-20-8] 1.29E-02 1 | 1.29E-02 1.29E-02
740 |Heneicosane 620-94-7! 1.29E-02 1 | 1.28E-02 1.29E-02
741 [Cyclohexane, (2-ethyl-1-methyibutylidene)- 74810-41-6/ 1.28E-02 1 1.29E-02 1.29E-02
742 |Benzenesulfonamide, N-ethyl-4-methyi- 80-39-71 1.27E-02 1 1.27E-02 1.27E-02
743 [3-Heptene, 4-propyl- 4485-13-6| 1.26E-02 1 1.26E-02 1.26E-02
744 |Methylamine, N-(1-methylhexylidene)- 22058-71-5 1.25€-02 1 1.25E-02 1.25E-02
745 |Hexadecane, 7,9-dimethyl- 21164-95-4| 5.39E-03 3 1.24E-02 7.03E-04
746 |Pyridine, 2 6-dimethyl- 10848-5| 1.21E-02 1 1.21E-02 1.21E-02
747 | 1H-Pyrrole 109-97-7!  1.20E-02 1 1.20E-02 1.20E-02
748 |Ethane, 1,2-dimethoxy- ! 110-71-4i  1.20E-02 1 1.20E-02 1.20E-02
749 |Nonadecane, 9-methyi- ! 13287-24-6; 6.22E-03 2 1.19E-02 5.50E-04
750 |Pyrazine, ethyl- 13825-00-3] 7.35E-03 2 1.17E-02 3.00E-03
751 |Naphthalene, 2,3-dimethyi- 581-40-8/ 1.16E-02 1 1.16E-02 1.16E-02
752 |Phenol, 3-methyl- 108-39-4| 6.68£-03 2 1.15E-02 1.87E-03
753 |Heptane, 2,2,4,6,6-pentamethyl- 13475-82-6| 8.61E-03 2 1.15E-02 5.77E-03
754 | 1H-Pyrrole, 2,5-dimethyi- 625-84-3] 1.14E-02 1 1.14E-02 1.14E-02
755 {2(3H)-Furanone, dihydro-5-propyl- 105-21-5| 5.44E-03 7 1.14E-02 4.80E-04

Propanedioic acid, [(trimethylsilyl)oxy}-,
786 |bisitrimethylsilyl) ester 38165-93-4| 1.13E-02 1 1.136-02 1.13E-02
757 |Naphthalene, 1,7-dimethyl- 575-37-1| 1.12E-02 1 1.12E-02 1.12E-02
758 |2-Undecene, 4,5-dimethyl-, [R* R*-(E)]- 55170-92-8 1.10E-02 [ 1 1.10E-02 1.10E-02
759 |Decanenitrile 1975-78-6| 9.01E-03 | 2 1.10E-02 7.02E-03
760 |3-Pentanone, 2,2,4-trimethyl- 5857-36-3| 7.45E-03 2 1.09E-02 4.00E-03
761 jCyclopropane, 1-butyl-2-methyi-, trans- | 38851-70-6] 1.09E-02 | 1 1.09E-02 1.09E-02
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762 |{Cyclobutanone, 2,3,3-trimethyl- 28290-01-9¢  1.08E-02 1 1.08E-02 1.08E-02
783 |Pyridine, 2-ethyi- 100-71-0f 5.75E-03 2 1.08E-02 6.70E-04
764 | 1-Pentanol, 5-methoxy- 4799-62-6| 1.08E-02 1 1.08E-02 1.08E-02
766 |Benzene, 1-ethyl-4-methyl- 622-96-8| 5.63E-03 2 1.07E-02 5.36E-04
766 |7-Oxabicyclo{4.1.0lheptane, 1-methyl- 1713-33-3] 1.07E-02 1 1.07E-02 1.07E-02
767 |Hexanoic acid, 2-ethyl-, butyl ester 68443-63-0| 1.07E-02 1 1.07E-02 1.07E-02

1.2-Benzenedicarbaxylic acid, butyl 2- 1785153-5 1.05E-02 1 1066-02 | 1.05E-02
768 Imethylpropyl ester
769 |Pentadecane, 8-hexyl- 13475-76-7| 1.05E-02 1 1.05E-02 1.05E-02
770 {Pentane, 2,4-dimethyl- 108-08-7] 1.03E-02 1 1.03E-02 1.03E-02
771 {Pyrazine, 2,5-dimethyl-3-(3-methylbutyl)- 18433-98-2| 1.01E-02 1 1.01E-02 1.01E-02
772 |3-Pentanol, 2,3,4-trimethyl- 3054-92-0] 1.00E-02 1 1.00E-02 1.00E-02
773 |5-Undecene, (2)- 764-96-5| 9.89E-03 1 9.89E-03 9.89E-03
774 |Tetradecane, 4,11-dimethyi- 55045-12-0| 9.05E-03 3 9.89E-03 8.27E-03
775 |Decane, 5-ethyl-5-methyi- 17312-74-2| 9.88E-03 1 9.88E-03 9.88E-03
776 | Tridecanol 26248-42-0| 9.65E-03 1 9.65E-03 9.65E-03
777 |2-Butenal, (E)- 123-73-9| 9.55E-03 1 9.55E-03 9.55E-03
778 14-Octene, (E)- 14850-23-8/ 9.50E-03 1 9.50E-03 9.50E-03
779 {2-Propen-1-ol 107-18-61 5.17E-03 2 9.46E-03 8.75E-04
780 |3-Piperidinecarboxamide, N-methyl- 5115-98-0] 9.35E-03 1 9.36E-03 9.36E-03
781 |4H-1,2,4-Triazol-3-amine, 4-ethyl- 42786-06-11 9.35E-03 1 9.35E-03 9.35E-03
782 | Tetradecanoic acid, 12-methyl-, (S)- 5746-58-7| 7.90E-03 2 9.35E-03 6.45E-03
783 2-Hexenedioic acid, bis(trimethylsiiyl) ester, (E) 55494-10-51 9.24E-03 1 9.24E-03 9.24E-03
784 12-Octenal, (E)- 2548-87-0l 9.05E-03 1 9.05E-03 9.05E-03
785 | 1-Butanol, 3-methyl- 123-51-3! 8.99E-03 1 8.99E-03 8.99E-03
786 |3-Octanol, 6-ethyl- 19781-27-2°  8.93E-03 1 8.93E-03 8.93E-03
787 |2,3-Butanediol, 2,3-dimethyi- 76-09-5 8.90E-03 1 8.90E-03 8.90E-03
788 |2,5-Furandione, dihydro- 108-30-5; 8.90E-03 1 8.90E-03 8.90E-03
789 |3-Hexanone, 5-methyl- 623-56-3| 8.81E-03 1 8.81E-03 8.81E-03
790 |3-Octanal, 3,7-dimethyl-, (.+-.)- 57706-88-4 8.80E-03 1 8.80E-03 8.80E-03
791 |1,3-Dioxane, 4,4-dimethyi- 766-15-4| 8.80E-03 1 8.80E-03 8.80E-03
792 |1-Nonyne 3452-09-3| 8.75E-03 1 8.75E-03 8.75E-03
793 jNitric acid, decyl ester 2050-78-4! 8.63E-03 1 8.63E-03 8.63E-03
794 {6-Dodecene, (E)- 7206-17-9:  8.50E-03 1 8.50E-03 8.50E-03

Cyclopentane, 1,1,3-trimethyl-3-(2-methyl-2- 74421-00-3] 8.50E-03 1 8.50E-03 8.50E-03
795 |propenyl)- |

1.2-Benzenedicarboxyiic acid, butyl 2- 85-69-8| 8.50E-03 | 1 8.50E-03 8.50E-03
796 |ethylhexy! ester :
797 [3-Dodecanoal 10203-30-2] 8.48E-03 | 1 " 848E-03 | B.48E-03
798 |1-Butanol, 3-methyl-, nitrate 543-87-3i 8.42E-03 ! 1 8.42E-03 8.42E-03
799 {Tridecane, 2,5-dimethyi- 56292-66-11 8.40E-03 | 1 i 8.40E-03 8.40E-03
800 |Formamide 75-12-7!  8.39E-03 1 8.39E-03 8.39E-03
801 |Acetamide 60-35-5| 5.02E-03 2 8.33E-03 1.72E-03
802 |1H-Azepin-1-amine, N-ethylidenehexahydro- 75268-01-8| 8.33E-03 1 8.33E-03 8.33E-03
803 [Cyclobutane, 1,1,2,3,3-pentamethyl- 57905-86-9| 8.30E-03 1 8.30E-03 8.30E-03
804 |Heptane, 2,2 4-trimethyl- 14720-74-2| 8.20E-03 | 1 8.20E-03 8.20E-03
805 {9-Octadecenoic acid, methyl ester, (E)- 1937-62-8| 8.20E-03 1 8.20E-03 8.20E-03
806 {1-Dodecanol 112-53-8] 4.80E-03 3 8.20E-03 2.20E-03
807 {Hydrazine, 1,1-dimethyl- 57-14-7| 5.66E-03 2 8.18E-03 3.14E-03
808 |Benzene, (1-ethylnonyl)- 4536-87-2; 8.10E-03 1 8.10E-03 8.10E-03
809 |Cyclohexene 110-83-8! 8.00E-03 | 1 8.00E-03 8.00E-03
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810 |1-Hexene, 3,5,5-trimethyl- 4316-65-8| 8.00E-03 1 8.00E-03 8.00E-03
811 |2-Heptenal, (E)- 18829-55-5/ 7.97E-03 1 7.97E-03 7.97E-03
812 |1-Propene, 1-nitro-, (Z)- 27675-36-1] 7.95E-03 1 7.95E-03 7.95E-03
813 12(3H)-Furanone, 5-ethyldihydro-5-methyl- 2865-82-9| 7.92E-03 1 7.92E-03 7.92E-03

Benzeneacetic acid, .alpha.-hydroxy-, methyi 20698-91-3| 7.87E-03 " 1 7 87E-03 7 87E-03
814 {ester, (R)-
815 jDodecanamide, N-(2-hydroxyethyl)- 142-78-9/ 7.84E-03 1 7.84E-03 7.84E-03
816 |1-Heptadecene 6765-39-5, 7.81E-03 1 7.81E-03 7.81E-03

Cyclopropane, 1,1,2-trimethyl-3-(2- 41977439 775E-03 1 775603 | 7.75E-03
817 |methylpropyl)-

2,5-Cyclohexadiene-1,4-dione, 2,6-bis(1,1-
818 |dimethylethy()- 719-22-2| 3.29€-03 6 7.70E-03 1.20E-03
819 |Octane, 3 4-dimethyl- 15869-82-8| 7.67E-03 1 7.67E-03 7.67E-03
820 |2,5-Hexanedione 110-13-4{ 7.65E-03 1 7.65E-03 7.65E-03
821 |4-Heptenal, (Z)- 6728-31-0{ 7.30E-03 2 7.60E-03 7.00£-03
822 |1,1'-Biphenyl, 3,3'-dichioro- 2050-87-1| 7.53E-03 1 7.53E-03 7.53E-03
823 |1,4-Pentadiene, 2,3-dimethyl- 758-86-11 7.52E-03 1 7.52E-03 7.52E-03
524 |ocionexane, -(cyclohexyimetiyl-methyl- | g4503.98.2( 7.50E-03 1 750603 | 7.506-03
825 |Heptadecane, 2,6, 10, 15-tetramethyl- 54833-48-6| 7.50E-03 1 7.50E-03 7.50E-03
826 |5-Dodecene, (Z)- 7206-28-2| 7.40E-03 1 7.40E-03 7.40E-03
827 |Pyridine, 3,4-dimethyi- 583-58-4| 7.14E-03 1 7.14E-03 7.14E-03
828 |7-Octen-2-one 3664-60-6/ 7.10E-03 1 7.10E-03 7.10E-03
829 |Benzene, (1-pentyiheptyl)- 2719-62-2| 5.53E-03 2 7.10E-03 3.97E-03

Benzeneacetic acid, .alpha.,4-
830 |bis{(trimethylsilyl)oxy]-, trimethyisilyl ester 37148-64-4) 5.31E-03 2 7.05E-03 j 3.56E-03
831 |1-Tetradecanol 112-72-1] 4.45E-03 2 7.00E-03 1.90E-03
832 |Cyclohexane, 1,3,5-trimethyl- 1839-63-01 6.65E-03 2 7.00E-03 6.30E-03
833 |2-Heptanone, 3-methyl- 2371-19-9] 5.10E-03 2 7.00E-03 3.20E-03
834 |5,9-Undecadien-2-one, 6,10-dimethyl-, (Z)- 3879-26-3| 4.78E-03 3 6.83E-03 3.60E-03
835 {5-Hepten-2-one, 6-methyl- 110-93-0| 6.80E-03 1 6.80E-03 6.80E-03
836 |Furan, tetrahydro-2,5-dipropyl- 4457-62-9| 6.75E-03 1 6.75E-03 6.75E-03
837 |Cyclohexane, (1-methylethyi)- 696-29-7| 6.60E-03 1 6.60E-03 6.60E-03
838 |1H-Pyrazole, 1-methyl- 930-36-9| 6.55E-03 1 6.55E-03 6.55E-03
839 |Octanamide, N-(2-hydroxyethyl)- 7112-02-9]  6.53E-03 1 6.53E-03 6.53E-03
840 |2.4-Hexadiene, 3-methyi- 28823-42-91 6.50E-03 1 | 6.50E-03 6.50E-03
841 |2-Pentanol, 2,3-dimethyl- 4911-70-0f 3.58E-03 2 | 6.30E-03 8.67E-04
842 |1,1'-Biphenyl, 2,2'-dichioro- 13028-08-8| 3.67E-03 2 6.16E-03 1.19E-03
843 {Benzene, (1-methyidecyl)- 4536-88-3| 5.95E-03 2 6.15E-03 5.75E-03
844 j2-Heptanone, 4,6-dimethyl- 19549-80-5| 6.10E-03 1 6.10E-03 6.10E-03
845 [2-Propenenitrile 107-13-1] 6.09E-03 1 6.09E-03 6.09E-03
846 |Cyclooctane, 1,5-dimethyl- 21328-57-4| 6.00E-03 1 6.00E-03 6.00E-03
847 |Cyclopentane, 1,3-dimethyl-, cis- 2532-58-3| 6.00E-03 1 6.00E-03 6.00E-03
848 |2(3H)-Furanone, dihydro-4,4-dimethyl- 13861-97-7| 5.98E-03 1 5.98E-03 5.98E-03
849 |1-Tridecyn-4-ol 74646-37-0/ 5.85E-03 1 5.85E-03 5.85E-03
850 |Benzene, (1-butyloctyl)- 2719-63-3| 5.85E-03 1 5.85E-03 | 5.85E-03
851 |Nonane, 4,5-dimethyl- 17302-23-7] 3.67E-03 2 5.75E-03 : 1.60E-03
852 |2(3H)-Furanone, 5-hexyldihydro- 706-14-91 4.40E-03 2 5.60E-03 3.20E-03
853 [Propanal, 2-methyl- 78-84-2! 5.57E-03 1 5.57E-03 5.57E-03
854 |1H-Indole, 2-phenyi- 948-65-2] 5.56E-03 1 5.56E-03 5.56E-03
855 |1,3-Benzenediol, 2-methyl- 608-25-3| 5.55E-03 | 1 5.55E-03 5.55E-03
856 |Furan, 2,3-dihydro4-(1-methylpropyi)-, (S)- 34379-54-9] 5.52E-03 | 1 5.52E-03 5.52E-03
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1
857 |Decanamide, N-(2-hydroxyethyi)- 7726-08-1! 5.43E-03 1 ; 5.43E-03 : 5.43E-03
868 |2-Tridecanol 1653-31-2]  5.40E-03 1 5.40E-03 | 540E-03
859 |1,12-Tridecadiene 21964-48-7| 5.40E-03 1 5.40E-03 | 5.40E-03
860 |Cyclohexene, 1-methyl-3~(1-methyiethyl)- 13828-31-4| 5.36E-03 1 5.36E-03 5.36E-03
861 |2 4-Nonadienal, (E,E)- 5910-87-2! 5.36E-03 1 5.36E-03 5.36E-03
862 |1-Undecanol 112-42-5] 5.31E-03 1 5.31E-03 5.31E-03
863 {9-Octadecen-1-ol, (2)- 143-28-2] 5.30E-03 1 5.30E-03 5.30E-03
864 |Methane, nitro- 75-52-5| 5.23E-03 1 5.23E-03 5.23E-03
865 |1,3-Benzenediol, 4-hexyl- 136-77-6| 5.20E-03 1 5.20E-03 5.20E-03
866 |1,3-Hexadiene, 3-ethyl-2-methyl-, (Z)- 74752-97-9| 5.20E-03 1 5.20E-03 5.20E-03
867 |Benzene, 1-chioro-4-nitro- 100-00-5{ 5.17E-03 1 5.17E-03 5.17E-03
868 |2-Propen-1-one, 3-(2-furanyi)-1-phenyi- 717-21-5; 5.12E-03 1 5.12E-03 5.12E-03
869 |Benzene, (1-methylethenyl)- 98-83-9 5.10E-03 | 1 5.10E-03 5.10E-03
870 |Dodecanal 112-54-9| 2.77E-03 3 5.05E-03 1.30E-03
& Cyclohexene-1-carboxaldehyde, 1,3,4- 40702-26.9| 5.02E-03 1 5.02E-03 | 502603
871 |trimethyl-
872 |1,4-Hexadiene, 2,3-dimethyi- 18669-52-8] 5.01E-03 1 5.01E-03 5.01E-03
873 |1,1'-Biphenyl, 2,3,3'5'-tetrachioro- 41464-49-7!  3.85E-03 2 4.91E-03 2.79E-03
1,2-Benzenedicarboxylic acid, bis(2-ethylhexyl) 117-81-7|  4.90E-03 4 4.90E-03 4.90E-03
874 |ester
875 {Benzene, (1-propylnonyl)- 2719-64-4) 4.20E-03 2 4.90E-03 3.50E-03
876 {Benzene, (1-butylheptyl)- 4537-15-9] 4.80E-03 2 4.90E-03 4.70E-03
877 |2-Decanol 1120-06-5| 4.81E-03 1 4.81E-03 4.81E-03
878 |2H-Pyran-3(4H)-one, dihydro- 23462-75-1] 4.80E-03 1 4.80E-03 4.80E-03
879 |Nitric acid, heptyl ester 20633-12-9| 3.19E-03 2 4.78E-03 1.59E-03
880 |Cyclopentane, 1,2,3-trimethyl- i 2815-57-8| 4.76E-03 1 4.76E-03 4.76E-03
881 |Octane, 2-chloro- 628-61-5| 4.73E-03 1 4.73E-03 4.73E-03
882 |Cyclobutanone, 3,3-dimethyl- 1192-33-2| 4.72E-03 1 4.72E-03 4.72E-03
Propane, 2-(1,1-dimethylethyl)suifony|}-2- 1886-75-5 3.67E-03 3 4T1E-03 | 228E.03
883 |methyl-
884 |Hexadecanal 629-80-1| 4.69E-03 1 4.69E-03 4.69E-03
885 |Cyclohexane, 1,1-dimethyl- 590-66-91 4.66E-03 1 4.66E-03 4.66E-03
886 |1-Hexadecanol, 2-methyl- 2490-48-4] 4.60E-03 1 4.60E-03 4.60E-03
887 {Propanenitrile, 2,2-dimethyi- 630-18-2| 3.38E-03 2 4.60E-03 2.16E-03
Propanoic acid, 2-methyl-, 3-hydroxy-2,4,4- 74367-34-3)  2.64E-03 3 460E-03 | 1.61E-03
888 |trimethyipentyl ester
889 |3-Cyclopenten-1-one, 2,3 4-trimethyi- 83321-16-8| 4.47E-03 1 ! 4.47E-03 4.47E-03
890 |Phenol, 2-methyl- 95-48-7| 4.40E-03 1 | 4.40E-03 4.40€-03
891 |2-Heptanone, 6-(2-furanyl)-6-methyl- 51595-87-0| 4.35E-03 1 | 4.35E-03 4.35€6-03
892 | 2-Pentadecanone, 6,10, 14-trimethyl- 502-69-2| 4.33E-03 1 | 4.33E-03 4.33E-03
893 |2-Decenal, (E)- 3913-81-3] 4.26E-03 1 4.26E-03 4.26E-03
894 |Cyclopropane, 1-butyl-1-methyl-2-propyl- 41977-34-8] 4.25€-03 1 4.25E-03 4.25E-03
895 |Cyclohexanol, 4-(1,1,3,3-tetramethylbutyl)- 4631-98-5| 4.22E-03 1 4.22E-03 4.22E-03
896 |2(3H)-Furanone, 5-butyidihydro- 104-50-7! 2.88E-03 | 3 4.15E-03 3.90E-04
897 |Octadecanoic acid 57-11-4] 4.10E-03 1 4.10E-03 4.10E-03
898 |1,1'-Biphenyl, 4,4'-dichloro- 2050-68-2! 4.08E-03 1 4.08E-03 4.08E-03
899 |Hexadecanoic acid, 2,3-dihydroxypropyl ester 542-44-91  4.00E-03 1 4.00E-03 4.00E-03
900 [4-Undecene, (E)- 693-62-91 4.00E-03 1 4.00E-03 4.00E-03
801 }1-Hexene, 2-methyi- 6094-02-6/ 3.90E-03 1 3.90E-03 3.90E-03
902 |Hexanoic acid 142-62-11  3.85E-03 1 3.85E-03 3.85E-03
903 |Pyridine, 2,4-dimethyl- 108-47-4| 3.82E-03 1 3.82E-03 3.82E-03
904 |1,1'-Biphenyl, 2,4',5-trichioro- 16606-02-3| 3.80E-03 1 3.80E-03 : 3.80E-03
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1

905 |Cyclohexanone, 2,6-diethyl- 16519-68-9| 3.80E-03 1 3.80E-03 3.80E-03
906 |2-Dodecenal 4826-62-4| 3.70E-03 1 3.70E-03 3.70E-03
907 |Benzene, 1-butoxy-4-methoxy- 20743-95-7| 3.60E-03 1 3.60E-03 3.60E-03
908 |Undecanal 112-44-7| 2.17E-03 3 3.60E-03 1.40E-03
909 |2-Undecanol 1653-30-1] 3.53E-03 1 3.53E-03 3.53E-03
910 |Nonane, 5-propyi- 998-35-6/ 3.50E-03 1 3.50E-03 3.50E-03
911 |4-Nonene, 5-methyl- 15918-07-7] 3.40E-03 1 3.40E-03 3.40E-03
Cyclohexanane, 2,5-dimethyl-2-(1- 6711-26-8 3.40E-03 3.40E-03 | 3.40E-03

912 |methylethenyl)-
913 (3-Hexanone, 4-ethyi- 6137-12-8| 3.35E-03 1 3.35E-03 3.35E-03
914 [2-Furanmethanol, tetrahydro-5-methyl-, trans- 54774-28-6| 3.34E-03 1 3.34E-03 3.34E-03
915 |Cyclohexane, 1,2,3-trimethyl- 1678-97-3] 2.94E-03 2 3.29E-03 2.60E-03
916 |Phenol, (1,1-dimethyiethyl)-4-methoxy- 25013-16-5| 3.20E-03 1 3.20E-03 3.20E-03
917 |Hexadecanamide 629-54-9] 3.20E-03 1 3.20E-03 3.20E-03
918 |2-Cyclohexen-1-one, 4-ethyl-3,4-dimethyi- 17622-46-7| 3.15E-03 1 3.15E-03 3.15E-03
919 | 2-Heptanol, 2-methyl- 625-25-2| 3.15E-03 1 3.15E-03 3.15E-03
920 |Phenol, 4-propyi- 645-56-7| 3.11E-03 1 3.11E-03 3.11E-03
921 [Undecane, 6-ethyl- 17312-60-6| 3.10E-03 1 3.10E-03 3.10E-03
922 |Furan, 3-(1,1-dimethylethyl)-2,3-dihydro- 34314-82-4| 3.00E-03 1 3.00E-03 3.00E-03
923 |1-Pentanol, 5-amino- 2508-29-4{ 2.55E-03 2 2.98E-03 2.13E-03
924 |Heptanoic acid, butyl ester 5454-28-4| 2.96E-03 1 2.96E-03 2.96E-03
925 {2-Dodecanone 6175-49-1] 2.95E-03 ;| 1 2.95E-03 2.95E-03
926 {2-Furanmethanol, tetrahydro-, acetate 637-64-9| 2.95E-03 | 1 2.95E-03 2.95E-03
927 |Decane, 2,4-dimethyi- 2801-84-5 2.92E-03 : 1 2.92E-03 2.92E-03
928 | 1H-inden-1-one, 2,3-dihydro-3,3-dimethyl- 26465-81-6] 2.90E-03 | 1 2.90E-03 2.90E-03
928 [Naphthaiene 91-20-3] 2.90E-03 ! 1 2.90E-03 2.90E-03
930 |Nonane, 3-methyl-5-propyl- 31081-18-21 1,90E-03 2 2.90E-03 9.10E-04
931 {Decanoic acid 334-48-5| 2.75E-03 2 2.90E-03 2.60E-03
932 |Acetonitrile, hydroxy- 107-16-4{ 2.86E-03 1 2.86E-03 2.86E-03
933 |2-Hexanol, 5-methyl- 627-59-8| 2.85E-03 1 2.85E-03 2.85E-03
934 |Butyric acid, ester with p-hydroxybenzonitrile 29052-10-6| 2.80E-03 1 2.80E-03 2.80E-03
935 j1,1'-Biphenyl, 4-chloro- 2051-62-9] 2.80E-03 1 2.80E-03 2.80E-03
936 {Hydrazine, methyl- 60-34-4) 2.77E-03 1 2.77€-03 2.77E-03
937 {1-Pentyn-3-ol, 3,4-dimethyl- 1482-15-1| 2.74E-03 1 2.74E-03 2.74E-03
938 |1,1'-Biphenyl, 2,2"-diethyi- 13049-35-9] 2.07E-03 4 2.69E-03 1.60E-03
939 |Cyclohexane, 1-(1,5-dimethylhexyl)-4-methyl- 29799-19-7| 2.36E-03 2 2.68E-03 2.03E-03
940 | 2H-Pyran-2-one, 6-hexyltetrahydro- 710-04-3{ 2.68E-03 1 2.68E-03 2.68E-03
941 |Hexadecanoic acid, butyl ester 111-06-8] 2.64E-03 | 1 2.64E-03 2.64E-03
942 |1,1'-Biphenyl, 2,4,4'"-trichloro- 7012-37-5 2.61E-03 | 1 2.61E-03 2.61E-03
943 | 2H-Pyran-2-one, tetrahydro-6,6-dimethyl- 2610-95-9| 2.60E-03 1 2.60E-03 2.60E-03
944 |Isothiazole 288-16-4| 2.55E-03 2 2.60E-03 2.50E-03
945 {Nonadecane 629-92-5| 2.22E-03 3 2.60E-03 1.50E-03
946 | 1-Pentene, 4,4-dimethyi- 762-62-9| 2.54E-03 1 2.54E-03 2.54E-03
947 |7-Tetradecene, (Z)- i 41446-60-0) 2.52E-03 1 2.52E-03 2.52E-03
948 jDecane, 2,3,5-trimethyl- . 62238-11-3] 2.51E-03 1 2.51E-03 2.51E-03
949 11,1'-Biphenyl, 2,3,4'.6-tetrachloro- i 52663-58-8] 1.54E-03 2 2.48E-03 5.90E-04
950 }2(3H)-Furanone, 5-ethenyldihydro-5-methyl- 1073-11-68/ 2.47E-03 1 2.47E-03 2.47E-03
951 |1,3-Benzodioxol-2-one, hexahydro-, trans- 20192-66-9] 2.43E-03 1 2.43E-03 2.43£-03
952 |Propanenitrile, 3-amino- 151-18-8] 2.43E-03 1 2.43E-03 2.43E-03
953 |4-Undecanol 4272-06-4| 2.41E-03 1 2.41E-03 2.41E-03
954 |2-Pentene, 2-methoxy- 61142-47-0| 2.41E-03 1 2.41E-03 2.41E-03
955 |Cyclohexanone, 4-hydroxy-4-methyl- 17429-02-6{ 2.40E-03 1 2.40E-03 2.40E-03
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1
Cyclohexanecarboxyiic acid, 2-(1,1-
956 |dimethylethyl)-, trans- 27392-16-1| 2.40E-03 1 2.40€E-03 2.40E-03
957 |Undecane, 3-ethyi- 17312-58-2| 2.40E-03 1 2.40E-03 2.40E-03
958 [Oxirane, (1-methylbutyt)- 53229-39-31  2.36E-03 1 2.36E-03 2.36E-03
959 |Benzamide, N-methyl- 613-93-4f 2.30E-03 1 2.30E-03 2.30E-03
960 {3-Hexyne-2,5-diol, 2,5-dimethyl- 142-30-3| 2.28E-03 1 2.28E-03 2.28E-03
961 {Formic acid, methyl ester 107-31-3] 2.24E-03 1 2.24E-03 2.24E-03
962 |Cyclohexane, (2-ethyl-1-methyi-1-butenyl)- 74810-42-7 2.23E-03 1 2.23e-03 2.23E-03
963 |Hexanoic acid, anhydride 2051-49-2| 2.20E-03 1 2.20E-03 2.20E-03
964 |Hexanoic acid, 2-ethyl- 149-57-5| 2.20E-03 1 2.20E-03 2.20E-03
965 |Cyclohexanol 108-93-0| 2.20E-03 1 2.20E-03 2.20E-03
966 |Undecanenitrile 2244-07-7| 2.19€E-03 1 2.19E-03 2.19E-03
967 |Cyclopentane, 2-ethyl-1,1-dimethyl- 54549-80-3| 2.17€-03 1 2.17E-03 2.17E-03
968 |Nitric acid, 2-methylpropyl ester 543-29-3| 2.17E-03 1 2.17E-03 2.17E-03
969 |Nonane, 2-methyl-5-propyl- 31081-17-1| 2.16E-03 1 2.16E-03 2.16E-03
970 |Cycloheptane, 1,3-dimethoxy-, trans- 20887-79-4; 2.10E-03 1 2.10E-03 2.10E-03
971 |Hexane, 2,3,3-tfrimethyl- 16747-28-7| 2.06E-03 1 2.06E-03 2.06E-03
972 |Decane 4-cyclohexyl-, 4-cyclohexyl- 13151-75-2| 2.00E-03 1 2.00E-03 2.00E-03
973 |Heptadecane, 8-methyl- 13287-23-5 2.00E-03 1 2.00E-03 2.00E-03
974 iCycichexane, decyl- 1795-16-0| 2.00E-03 1 2.00E-03 2.00E-03
975 iBenzaldehyde, 3-phenoxy- 395615-51-0| 2.00E-03 1 2.00E-03 2.00E-03
976 |Silane, fluorotrimethyl- 420-56-4] 1.96E-03 1 1.96E-03 1.96E-03
977 | Tridecanal 10486-19-8] 1.90E-03 1 1.90E-03 1.90E-03
978 {1-Decanol 112-30-1} 1.90E-03 1 1.90E-03 1.90E-03
979 | 1-Octadecene 112-88-8! 1.90E-03 1 1.90E-03 1.90E-03
980 |Hexanedioic acid, bis(1-methylpropy!) ester 38447-22-2f 1.90E-03 1 1.90E-03 1.90E-03
981 |1-Decene, 5-methyi- 54244-79-0] 1.88E-03 1 1.88E-03 1.88E-03
982 |Decane, 2,2,6-trimethyl- 62237-97-2| 1.87E-03 1 1.87E-03 1.87E-03
983 |Pyrazine, 2,5-dimethyl- 123-32-0| 1.87E-03 1 1.87E-03 1.87E-03
984 |1-Octadecyne i 629-89-0| 1.86E-03 | 1 1.86E-03 1.86E-03
985 | 1,1'-Biphenyl|, 2,3 4-trichloro- | 55702-46-0) 1.85E-03 | 1 1.85E-03 1.85E-03
986 |1-Pyrrolidinamine, 2-(methoxymethyl)-, (S)- | 59983-39-0| 1.80E-03 1 1.80E-03 1.80E-03
987 |Octadecane, 2,6-dimethyl- 75163-97-2| 1.80E-03 1 1.80E-03 1.80E-03
988 |Ethanone, 1-(3-methylphenyl)- 585-74-0| 1.79E-03 1 1.79E-03 1.79E-03
989 |Tetradecane, 5-methyl- 26117-32-2| 1.72E-03 1 1.72E-03 1.72E-03
990 {3,4-Undecadiene-2,10-dione, 6 6-dimethyl- 52588-78-0| 1.70E-03 1 1.70E-03 1.70E-03
991 j2-Pyrrolidinone 616-45-5| 1.58E-03 1 1.58E-03 1.58E-03
992 [1H-Imidazole, 2-methyl- 693-98-1] 1.57E-03 1 1.57E-03 1.57E-03
993 {Cyclopropane, 1-ethyl-2-pentyl- 62238-08-8| 1.55E-03 1 1.55E-03 1.55E-03
994 |Acetic acid, oxo-, butyl ester 6295-08-3| 1.45E-03 1 1.45E-03 1.45E-03
985 |Decane, 2,6,8-trimethyl- 62108-26-31 1.43E-03 1 1.43E-03 1.43E-03
996 [Nitric acid, nonyi ester 20633-13-0 1.38E-03 1 1.38E-03 1.38E-03
997 |Butanoic acid, 1-methylpropyt ester 819-97-6] 1.37E-03 1 1.37E-03 1.37E-03
998 |Tetradecane, 6,9-dimethyi- 55045-13-11 1.35E-03 1 1.35E-03 1.35E-03
999 |Phenol, 4-(1,1-dimethylethyl)- 98-54-4 1.33E-03 1 1.33E-03 1.33£-03
1000|Octanal, 7-hydroxy-3,7-dimethyl- 107-75-51 1.32E-03 1 1.32E-03 1.32E-03
1001|Undecane, 3,5-dimethyt- 17312-81-1] 1.30E-03 1 1.30E-03 1.30E-03
1002|1-Nonadecene 18435-45-5/ 1.30E-03 1 1.30E-03 1.30E-03
1003|Cyclohexanol, 4-methyl-1-(1-methylethyl)- 470-65-51 1.29E-03 1 1.29E-03 1.29E-03
1004[|Acetamide, N-methyi- 79-16-3] 1.21E-03 1 1.21E-03 1.21E-03
1005|Butancic acid, hexyl ester 2639-63-6| 1.20E-03 1 1.20E-03 1.20E-03
1006{1.4-Butanediamine 110-60-1} 1.19E-03 1 1.19E-03 1.19E-03
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1
1007|Hexadecanoi 29354-98-1) 1.10E-03 1 1.10E-03 1.10E-03
1008)1,1'-Biphenyl, 2,3-dichloro- 16605-91-7, 1.08E-03 1 1.08E-03 1.08E-03
1009|Propane, 2-ethoxy-2-methyl- 637-92-3, 1.07E-03 1 1.07E-03 1.07E-03
1010|Cycloheptanol, 1-methyl- 3761-94-2] 1.01E-03 1 1.01E-03 101E-03
1011]1,12-Dodecanediol 5675-51-4] 1.00E-03 1 1.00E-03 1.00E-03
1012|2-Heptadecanone 2922-51-2] 7.65E-04 2 1.00E-03 5.30E-04
1013|1,1'-Biphenyl, 2,5-dichloro- 34883-39-1| 9.87E-04 1 9.87E-04 9.87E-04
Ethanone, 1-(5,6,7,8-tetrahydro-3,5,5,6,8,8-
1014|examethyi2. naphthalenyl)- 1506-02-1 9.79E-04 1 9.79E-04 | 9.79E-04
1015 1-Decanol, 2-ethyl- 21078-65-9| 9.50E-04 1 9.50E-04 9.50E-04
10165,9-Undecadien-2-one, 6,10-dimethyl-, (E)- 3796-70-1| 7.30E-04 1 7.30E-04 7.30E-04
1017|2-Hexanone, 6-methoxy- 29006-00-8| 6.65E-04 1 6.65E-04 6.65E-04
1018|2-Hexanol, 2,3-dimethyl- 19550-03-9| 6.50E-04 1 6.50E-04 6.50E-04
1019|Pyridine, 2,3,6-trimethyl- 1462-84-6| 6.45E-04 1 645E-04 | 6.45E-04
1020|2-Nonene, (E)- 6434-78-2| 6.35E-04 1 6.35E-04 6.35E-04 |
1021|Cyclopentanone, 3,4-dimethyl-, trans- |..19550-73-3| 6.30E-04 1 6.30E-04 6.30E-04
1022|1-Pyrrolidinecarboxaldehyde 3760-54-1| 6.00E-04 1 6.00E-04 6.00E-04
1023{2-Undecene, (2)- 821-96-5| 5.97E-04 1 5.97E-04 5.97E-04
1024|Cyclopentane, 1-ethyl-3-methyl-, cis- 2613-66-3| 5.80E-04 1 5.80E-04 5.80E-04
1025}Butanamide, N-hexyl- 10264-17-2| 4.30E-04 1 4.30E-04 4.30E-04
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APPENDIX B

STANDARD HYDROGEN MONITORING SYSTEM
GRAB SAMPLE ANALYSIS DATAFILE

This appendix contains the data taken to date using the grab sampling
capabilities of the standard hydrogen monitoring systems installed on selected
single- and double-shell tanks. The sample was collected in the field and
sent to the PNL for analyses. The results of the analyses are shown on the
following spreadsheet pages.

Averages of the hydrogen concentrations were found and standard
deviations were calculated. Ratios of nitrous oxide to hydrogen and methane
to hydrogen were also calculated. Standard deviations were found for these
ratios also. Results that were 0 (zero) or errors (division by zero) were not
used when calculating the standard deviations.
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APPENDIX C
SLURRY GAS COMPOSITIONS

Direct measurements do not exist for all species comprising the released
slurry gas compositions in any of the tanks. The released slurry gas
compositions must be inferred from tank headspace concentration data. The
released slurry gas compositions were developed using the data from
Appendix B. While Appendix A also contains useful information, the Appendix B
data has multiple sets of data for each tank. In addition, the data collected
is on tanks that are declared to be under the flammable gas unreviewed safety
question. Therefore, the data reported in Appendix B is highly pertinent.

The sample analysis provided tank headspace concentrations for hydrogen,
methane, and nitrous oxide. The available data was converted to released
slurry gas compositions, assuming that these three species make up the
non-soluble portion of the slurry gas. The following equation represents the
model used in converting the measured concentrations into a slurry gas
composition.

Xoshp + Xns,cn, * Xnsuo =1

This model is based on the assumption that the species ratio obtained
from the tank headspace measurements are the same for the gas that exists in
the waste and will be released by a gas release event. This is considered a
good assumption if the mass transfer from the waste surface is negligible (the
gases are non-soluble) and the species ratios do not change with time or
Tocation in the waste.

To calculate a released slurry gas composition for each tank, the data
from Appendix B was used to calculate the average, standard deviation, and
average plus two standard deviations for each of the following: hydrogen, the
ratio of nitrous oxide to hydrogen, and the ratio of methane to hydrogen.

The average plus two standard deviations are the values that were used in
deriving the gas compositions.

The gas monitoring performed in the tank farms (see Appendix A) shows
that almost all the tanks produce ammonia. Unfortunately, very limited data
is available on ammonia in the tanks of interest. It should also be noted
that ammonia is soluble in the tank waste. Therefore, ammonia is expected to
be present in the release gas because of two mechanisms: a constituent of the
generated gas and the gas released because of mass transfer (i.e., as waste
from a higher pressure zones moves into a Tower pressure zone, the saturation
value changes and ammonia is off-gassed).
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The ammonia fraction in the release gas is important in determining the
safety envelope. The presence and amount of ammonia affects the safety
analyses in the following major areas:

e Ammonia is a more energetic fuel than hydrogen.

e Ammonia affects the Tower flammability Timit of the mixture. When
expressed in terms of hydrogen concentration only, the Tower
flammability Timit decreases with increasing ammonia content.

e Ammonia is corrosive and toxic.

For this analysis, an ammonia concentration of 15% was chosen. This was
based on the value chosen by LANL (1995) for the mixer pump safety assessment.

Other gases are present in the slurry gas too. One of the gases that
should be present is nitrogen. Laboratory experiments on simulated
Tank 241-SY-101 waste and on real waste from Tank 241-SY-103 show that
nitrogen is produced in the range from 20 to 40% depending on the temperature.
It should also be noted that, the retained gas sampler results from tank
241-AW-101 indicate that there was at Teast 20% nitrogen in the slurry gas for
that tank. No information exists for single-shell tank waste, however, it is
conservative to assume that 20% nitrogen is present.

It is also likely that water vapor will exist in the slurry gas. An
upper bound of 2.5% is expected. However, the water vapor content is also
conservatively set to zero. See Appendix E.

Thus, the final composition is given by the following model.

X"S'HZ +)(ns,CH4 +an,N20 +Xs,NH3 +)(ns,NZ =1

For example, for Tank 241-AN-103, the hydrogen concentration plus two
standard deviations is 0.018 mole percent. The ratio of nitrous oxide to
hydrogen (plus two standard deviations) is 0.086. The ratio of methane to
hydrogen is 0. Thus, hydrogen is 0.018 mole percent, nitrous oxide is 0.0015
mole percent (0.018*%0.086) and methane is 0 mole percent. The total is 0.0195
(0.018 + 0.0015 + 0). Normalizing the composition for these gases gives

1 =an,H2 +an,CH4 +an,N20
1= 0.018 0.0015 0
= + +
0.0195 0.0195 0.0195
1 =0.921 +0.079 + 0
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To complete the released slurry gas composition, ammonia is set at 0.15
and nitrogen at 0.20 and the gas composition is renormalized. That is

1 =an,H2 +an,N20 +an,CM4 +Xs,NH3 +an,u2

1 =0.60 +0.05 +0 +0.15 +0.20

Thus, the released slurry gas composition for Tank 241-AN-103 is 60% hydrogen,
5% nitrous oxide, 0% methane, 15% ammonia and 20% nitrogen.

The data for each tank, where monitoring data exists, is given in the
following spreadsheet pages. Also calculated were the lower flammability
limit for each gas composition (both the total mixture and the hydrogen
concentration at mixture lower flammability limit).

The Tower flammable Timit for the mixture is calculated using
Le Chatlier's rule.

1
LFLyigrare =
mixture XHZ . Xcu‘ . XNH3
LFL,,  LFlg,  LFLy,

For example, to calculate the mixture lower flammability 1imit for tank
241-AN-103, the flammable gases (no inerts) need to be normalized. For
Tank 241-AN-103, the normalized concentrations are 80% [60/(60 + 0 + 15)}
hydrogen, 0% [0/(60 + 0 + 15)] methane, and 20% [15/(60 + O + 15)] ammonia.
Using these in Le Chatlier's rule gives:

1
LFLITI'iXtUI'e s
0.8 0 0.2
0 55 1
=4.69

If the only species being monitored for was hydrogen (i.e., a hydrogen-
specific monitor is being used), the hydrogen concentration at the mixture
Tower flammability limit is useful. This is calculated by taking the total
mixture lower flammability 1imit and multiplying by the volume fraction of
hydrogen in the slurry gas when compared to only the flammable constituents
(X + X + X ia = 1). That is, if the total mixture lower
f1gﬁm%e?1itjmgq??t were 3.5% and the volume fraction of hydrogen in the slurry
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gas when compared to only the flammable constituents were 50%, then the
hydrogen concentration at the mixture lower flammability limit is 1.75%
hydrogen. For Tank 241-AN-103, the hydrogen concentration at mixture lower
flammability 1imit is found by multiply the normalized hydrogen concentration
times the lower flammability limit. This gives 3.75% (0.8*4.69) hydrogen.

Earlier analysis (Sherwood 1995) developed a hydrogen concentration at
the mixture Tower flammability limit of 2.5% hydrogen and 25% of the hydrogen
concentration at the mixture Tower flammability limit as 0.625% (6,250 ppm)
hydrogen. This was based on a generic slurry gas composition and was
developed to provide one monitoring value for all tanks regardless of the
unique composition in the tank. A review of the calculated values in the
spreadsheet pages indicates this value is still bounding, except for
Tank 241-5X-104, where the hydrogen concentration at the mixture lower
flammability 1imit is 2.16% hydrogen and one quarter of the hydrogen
concentration at the mixture Tower flammability timit is 0.5394% (5,394 ppm)
hydrogen.
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APPENDIX D
ADIABATIC BURN DATA

The adiabatic burn pressures were calculated for each of the tanks that
have slurry gas compositions (see Appendix C) and estimates of retained gas
volumes. The following chemical reactions are assumed to take place.

1
H, + _2_02 - H,0(g)

3 1 3
NH; + E02 - EN2 + EH.,_O(g)

CH, + 20, = €O, + 2H,0(g)

Note, it is assumed that nitrous oxide does not participate in the burn.

This is a good assumption for a well-mixed tank. This assumption breaks down
for subsurface burns and localized burns, where the principal oxidizer may be
nitrous oxide. This is a potential non-conservatism.

The release fraction of the retained gas is an important parameter.
As discussed in Section 3.1.1.2 and 3.1.2.2, release fractions range up to
approximately 50% of the stored gas. Studies at PNL (Reid 1996) indicate that
an_earthquake could cause the release of 50% to nearly all of the retained gas
volume in the tank. Nakayama and Vogt (1996) also indicate that the ignition
of a single, large bubble (10 cm) under the waste surface may cause the
release of nearly all of the retained gas volume. Because the parameter is
largely unknown, a parametric analysis was performed with the release fraction
ranging from 5% to 100%.

The first step used in calculating the adiabatic burn pressure in the
spreadsheet is to take the headspace volume (see Appendix C) and calculate the
total number of moles of oxygen and nitrogen (the two principal gases in air)
that exist in the tank headspace. Next, the number of moles of each of the
reactants (hydrogen, methane, and ammonia) are calculated for the entire
volume of retained gas (see Appendix C). The number of moles of oxygen (the
only oxidizer considered) required for complete combustion of varying release
amounts of slurry gas (from 5% to 100%) was calculated. This was done to see
if any of the tanks were oxygen Timited. No tanks were identified as oxygen
limited. Thus, it was shown that complete burns of up to 100% of the released
slurry gas could occur.

The next step in calculating the adiabatic burn pressure was to determine
the number of moles of products formed during combustion. These products are
water, carbon dioxide, and nitrogen. Their reaction products will absorb heat
from the combustion and tend to Tower the final pressure that is reached.
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The total energy released by the burns is calculated. The energy is
based on the unique gas composition for each of the tanks and the following
combustion energies in Table D-1.

Table D-1. Combustion Energies.

Reaction Combustion Energy (kcal/mole)

H, + 0.5 0, > H,0 (g) [-57.8] - [ 0+ 0] = -57.8

[1.5%(-57.8) + 0] -

NHs + 0.75 0, » 0.5 N, + 1.5 H,0 (g) [-11.0 4 0] = -78.7

[-94.1 + 2%(-57.8)] -

CH, + 2 0, » C0, + 2 H0 (g) [17.9 + 0] - i91.8

The temperature that the dome space reaches is calculated using the
following formula.

Energy,, ., = (2:(Mo1es)i(Mo]ecu]arWeight)i(SpecificHeat)iyﬂ

where the sum is over n-components (air, water vapor, carbon dioxide, and
nitrogen). By assuming an initial temperature, T., for the tank headspace,
the final headspace temperature is T, + aT. The assumed temperature is 313 K
(40 °C) which is fairly close to the measured tank headspace temperature in

all tanks. Table D-2 provides the data used for the above equation.
Table D-2. Parameters used to Calculate
the Final Temperature.
Constituent Molecular Weight Specific Heat
(g/mole) (cal/g-K)

Air 28.987 0.2403

Water 18 1
Carbon Dioxide 44 0.2021
Nitrogen 28 0.2490
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The final pressure in the tank was then calculated using the following
formula.

Pe T,

Pi n. T

where n is the number of moles in the tank headspace, T is the temperature in
the headspace and the subscripts f and i represent final and initial,
respectively. The final pressure calculated using this method is the absolute
pressure. To get to gauge pressure, one atmospheric pressure must be
subtracted from this number. The spreadsheets give the final gauge pressure
in kilopascals (kPa). Those entries in bold type are pressures that exceed
the onset of structural failure. The onset of structural failure is at

312 kPa (45.3 psig) for double-shell tanks and 76 kPa (11 psig) for single-
shell tanks.

KEY PARAMETERS AND ASSUMPTIONS-ACCIDENT ANALYSIS WITHOUT CONTROLS.

1. Gas CompositionMonitoring data from the head space is used to
obtain the slurry gas estimate. This is based on the assumption
that the species ratios obtained from the head space measurements
are the same as for the gas bubbles that exist in the waste. That
is, the mass transfer from the waste surface is negligible and the
species ratios do not change with time or bubble location. The
noncondensible species of interest are not very soluble in the
waste. Consequently, the mass transfer effects are expected to be
small. Continuous monitoring data for nitrous oxide and hydrogen
are available for Tank 241-SY-101. This data encompasses both gas
release events and the time periods between events. The data show
that the ratios during steady state releases are close to the same
as those during events. Thus, the assumption made to base the
slurry gas composition on head space measurements is reasonable.

There is one gas that is sotuble in the waste; ammonia. Thus, the
assumption made above is not a good assumption for ammonia.

Instead, ammonia was set at a constant value. In this modeling, the
value chosen was 15% of the slurry gas released. This is consistent
with measurements in Tank 241-SY-101. A sensitivity study on the
effect of ammonia was conducted, i.e., 10% and 20% values were used.
These did not significantly affect the calculated temperature or
pressure from the burn. Since ammonia is a good fuel, the pressure
and temperature would be affected if the value becomes larger

than 20%.

The slurry gas compositions developed do not contain nitrogen.
Since data was not available on the amount of nitrogen present
in the slurry gas except for a very few tanks (241-SY-101 and
241-SY-103) and since it is highly dependent on tank temperature
and tank chemistry, a simplifying assumption was made that there
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and tank chemistry, a simplifying assumption was made that there
was 20% nitrogen in the slurry gas. To determine the effect, a
slurry gas composition with 0% nitrogen was compared to a slurry
gas composition with 20% nitrogen. The final gauge pressure was
11 to 21% (depends on the remaining gas constituents) higher with
0% nitrogen.

Gas Release Volumes—The amount of gas released from single-shell
tanks has not been well quantified. Current estimates for single-
shell tanks indicate that “50% of the stored gas volume may be
released during some events. For most tanks, significant adiabatic
isochoric complete combustion pressures were calculated starting at
releases of 10% of the stored gas.

The amount of gas released from double-shell tanks has not been well
quantified. Calculations for 241-SY-101 indicate that ~50% of the
stored gas volume was released during some events. Data on
historical releases in other double-shell tanks support smaller
quantities of gas are released. For most tanks, significant
adiabatic isochoric complete combustion pressures were calculated
starting at releases of 10% of the stored gas.

Seismic events are also capable of releasing gas from the waste.
Current estimates indicate that 50% to nearly all of the gas could
be released by a seismic event. A range of release volumes ranging
from 5% to 100% were calculated (WHC-SD-WM-TI-753).

Retained Gas Volumes—The gas volumes were calculated using a surface
level variation with atmospheric pressure technique
(WHC-SD-WM-ER-526, Evaluation of Hanford Tanks for Trapped Gas).
These gas volumes are best estimate volumes, i.e., all parameters
chosen for the calculation were average or 50-percentile values.
These volumes are not considered bounding retained gas volumes and
could vary by a factor of two. The effect of releasing and burning
more gas is found in key parameter 5. In addition, the methodology
assumes that gas is retained in the tank by hydrostatic pressure.

It does not account for strength of the material. Thus, tanks that
have strong waste matrices may not exhibit any changes in Tevel with
barometric pressure changes and still have significant volumes of
retained gas. Other tanks may have moderately strong waste matrices
that are weakly affected by barometric pressure. These tanks would
be calculated as having only small amounts of retained gas when in
fact they may also have significant retained gas volumes.

Calculated Pressures—Pressures calculated are adiabatic isochoric
complete combustion pressures. Dynamic effects are not accounted
for. The 241-SY-101 dynamic analysis showed that the burn caused a
dynamic amplification in the pressure. The amplification factor is
in the range of 1.2 to 2. This means that the tank will be
harmonically excited by the burn and will experience damage similar
to what would happen at pressures 1.2 to 2 times larger than those
calculated.
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In addition, the nitrous oxide was not used as an oxidizer in the
calculations. For a well-mixed tank, this is a good assumption
since there is no mechanism to make the fuel burn preferentially
with nitrous oxide rather than oxygen and oxygen is the predominant
oxidizer in the well-mixed tank. However, this assumption is
clearly non-conservative for Tocal burns where the burn would occur
before the slurry gas mixture was mixed with the air in the
headspace. It is also non-conservative for subsurface ignition
events. Ignoring the nitrous oxide reduces the calculated pressures
by 0% to 22% (depending on the tank and how much nitrous oxide is in
the slurry gas).

The effects of higher pressure include different tank response
(i.e., dome failure with collapse into the tank or total destruction
of the dome) and more material being released. These effects are
discussed in key parameter 5.

Released Material—The amount of waste material released to the
environment is a function of the size of the burn. The consequences
reported in Section 5.8.1 are for burns that obtain pressures that
just equal the internal structural pressure limits of the tank. If
all the other parameters involved in how much material is entrained
remain the same (such as the surface area of the tank, the radius of
the tank, the density of the waste material, etc.) then the only
parameter that changes is flame front velocity. For the largest
burns, the flame front velocity could be 6 times larger than what
was used. The empirical entrainment equation used is functionally
dependent on the square of the flame front velocity. Thus, the
amount of material that is entrained from the largest burns can be
larger by a factor of 36. Larger burns are documented in

Sections 5.8.2 and 5.8.3.

For accidents were there is debris impacting the surface, the amount
of released material could also be increased by debris from the dome
impacting the waste surface. Based upon the calculations in
WHC-SD-WM-CN-051 (1996) an additional 3.8 L of respirable material
will exit the tank because of the dome collapse.

The type of material released also plays a major role. This
analysis used double-shell tank liquids or aging waste facility
liquids (WHC-SD-WM-SARR-037 1996), depending upon the accident
scenario. No solids were accounted for. This is because of data
obtained from the tank that had the most vigorous rollover-type gas
release events (Tank 241-SY-101). The core sampling of

Tank 241-SY-101 indicated that the crust, the convective layer, and
the nonconvective layer were chemically the same (WHC-SD-WM-DTR-026
1992). WHC-SD-WM-DTR-026 (1992) indicates that transuranics were
higher in the material from the lower layers of the tank. The very
bottom layer of the tank did not participate in any of the rollovers
(as evidenced by three temperature trees in the waste). However, it
can be postulated that a gas release event (complete rollover or
partial rollover) in a double-shell tank (or aging waste facility
tank) may bring some of these solids (which contain a larger
percentage of the transuranics) to the surface of the tank. Thus,
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it is possible that some fraction of the material suspended could be
solids. Assuming a split of 95% Tiquids with 5% solids would cause
the calculated radiological consequences to increase by a factor of
"5 for double-shell tanks and a factor of “60 for aging waste
facility tanks. This analysis used single-shell tank solids
(WHC-SD-WM-SARR-037 1996) for the single-shell tank deflagration.
Radiological consequences cannot be increased by any other choice of
waste material for the single-shell tank deflagrations. The double-
contained receiver tank uses a 5% single-shell tank solids and 95%
single-shell tank liquids (WHC-SD-WM-SARR-037 1996) source term.
Five percent solids was chosen based upon discussions with
operations and consideration of the low flow rates during salt well
pumping (ranging from 0.19 L/min to 19 L/min [0.05 to 5 gal/min]).

A change in the split of solids and liquids to 67% liquids with 33%
solids would cause the calculated radiological consequences to
increase by a factor of "4 for double-contained receiver tanks.
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APPENDIX E
COMMENTS ON FLAMMABILITY LIMITS AND HUMIDITY
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Received: by ccmail from fepl.ri.gov
From jesheplgalcit.caltech.edu@fep0
X-Envelope-From: jeshep@galcit.caltech.edu@fep0
Received: by fepl.rl.gov (5.51/5.17.r1-1)
id AA09158; Tue, 16 Jan 96 11:14:42 PST
Received: from znd by kelvin.galcit.caltech.edu with SMTP
(8.6.7/DEI:4.45) id LAA14159; Tue, 16 Jan 1996 11:12:52 -0800
Date: Tue, 16 Jan 1996 11:12:52 -0800
Message-Id: <199601161912.LAA14159@kelvin.galcit.caltech.edu>
X-Sender: jeshep@absolute (Unverified)
Mime-Version: 1.0
Content-Type: text/plain; charset="us-ascii"
To: kemal_p@lumbre.ta52.1anl.gov, Gerald D Jerry Johnson@rl.gov,
bob_white@lumbre.ta52.1an1.gov, Norton G McDuffie€rl.gov
From: jeshep@galcit.caltech.edu@fep0 (Joe Shepherd)
Subject: Flammability Limits and Humidity
X-Mailer: <Windows Eudora Version 2.0.2>

Some Comments on Flammability Limits and Humidity 16 January 1996

To:

Jerry Johnson Gerald D Jerry Johnson@rl.gov
Norton McDuffie Norton G McDuffie@rl.gov

Bob White bob white@lumbre.tab2.1anl.gov

Kemal Pasamehmetoglu kemal p@lumbre.ta52.lanl.gov
From: Joe Shepherd, Caltech
Gentlemen:

I have being following the recent e-mail about flammability limits and
humidity that has been forwarded to me by Bob White. After discussing this
with Kemal, he suggested that I should provide my own perspective.

First, I think that it is important to recognize that the significance of the
humidity effect will depend strongly on the initial temperature. At room
temperature (295 - 298 K) there appears to be little effect on the mixtures of
interest to us. The main reason is that at 295 K, 100% humidity corresponds
to a mole fraction of .026 (2.6%). The effect of water vapor on flammability
for the mixtures of interest appears to be mainly thermodynamic, so a very
slight change (increase) in the LFL would be expected since the increased heat
capacity of water over nitrogen or oxygen would result in a lower energy
content and flame temperature. The effect is exceedingly slight and for some
gases like hydrogen, there is no measured effect on the LFL of humidity
(Coward and Jones, p. 16). At 40 C, the maximum fraction of water would be
..08 (8%). This may give a measurable change in the LFL if the mixture was
saturated, however nominal conditions in the tanks are 20% relative humidity
so the effect would comparable in magnitude to that at 295 K, i.e.,
negligible. However, there may be an effect on the flammability of the
release mixture itself before mixing with the air in the tank space. But as I
discuss betow, I think that this will be slight.
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There are some issues of interpretation connected with humidity effects on
flammability. It is important to keep these in mind when considering the
data.

1. Historically, the effect of humidity, small variations in initial
temperature and pressure have been neglected in reporting flammability limits
(see p.3, Coward and Jones). The main reason is that these effects are too
small to be quantified using the classical flammability apparatus (2" diam
tube) and technique. There is substantial intrinsic scatter in the
measurement and it is essentially non-quantitative in nature. That is, the
criterion for determining flame propagation is subjective in nature, and will
vary with the observer and the ignition source.

2. In many cases, such as the detonation experiments of Lucker (and others
discussed below), the results are extremely apparatus dependent and the
so-called "limits' do represent any intrinsic flammability or detonation
limit but simply reflect the Timitations of the experiment.

3. It is difficult to dispense gases and measure concentration with the
necessary precision to quantify this effect using typical instrumentation
found in engineering Taboratories. We can in our laboratory measure partial
pressure changes as small as 2* 10*-4 bar which translates to an accuracy

of .02% in composition for a single component. But as the errors accumulate
when multiple components are introduced into a mixture, the net error on the
composition of mixtures will increase up to 0.05 to 0.1 %.

4. There will be an effect of initial temperature. Experiments over a range
of initial temperatures show that the LFL decreases with increasing
temperature with a fixed gas composition. For example, in hydrogen, the LFL
for downward propagation decreases from 9% to 8.8% as the temperature
increases from 20 to 100 C (Coward and Jones, p. 18). When measuring the
effect of humidity at elevated temperatures (as done in the BoM tests for
WHC), the temperature effect has to be independently considered.

5. The compositions that are reported from older humid experiments are
often corrected to a dry mixture basis! That is, the LFL fuel composition
is computed for a hypothetical mixture which has the same amount air, fuel
and difuent but the water vapor has been removed. This tends to exaggerate
any humidity effect that may be present.

6. The Timit of interest for safety considerations is probably that associated
with turbulent combustion with an ignition source characteristic of the safety
concern, i.e., frictional sparks in the present case. The difference between
those Timits and the usually quiescent electric spark-initiated LFL is much
greater than any difference that might be produced by humidity at room
temperature. Unfortunately, these considerations are seldom reflected in
realistic error bounds on LFL composition. Keeping this in mind, some
measured variations at room temperature are:
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Methane-air LFL  5.24% (humid) or 5.32% (humid, reported on a dry basis),
5.22% (dry) (Coward and Jones)

Ammonia-air LFL  15.95% (humid - not clear how this was computed)
15.15% (dry) (Fenton, et al.)

Hydrogen-air LFL 4.0%  (humid) or 4.1% dry basis
4.0%  (dry) (upward propagation, Coward and Jones )

7. As mentioned by Chuck Stewart of PNL, there has been a very substantial
amount of work on explosion limits (deflagration and detonation) of steam
diluted hydrogen-air mixtures at elevated temperatures. The review paper of
mine that he refers to has over 72 references to experiments with
hydrogen-air-steam mixtures. As Chuck points out, the LFL of
hydrogen-air-steam mixtures appears to be essentially independent of the steam
concentration up to a rather high Tevel of dilution, when the composition is
expressed on a true basis (% of total mixture, including the steam). This
experimental result for hydrogen-air-steam mixtures is expected to carry over
to the more complex mixtures that characterize the GREs as long as there are
no significant chemical interactions between water vapor and the other
components such as NH3 and N20. We do not expect this to be the case based on
our review of the existing data. The BoM experiments show no significant
effect of about 50% humidity at 54 C on the flammability Timits of equimolar
H2-N20 in air (Figs. 35 and 37 of WHC-SD-WM-ES-219).
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APPENDIX F

WASTE TANK VENTILATION SYSTEM WASTE
MATERIAL ACCUMULATIONS
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APPENDIX 6

RADIOLOGICAL AND TOXICOLOGICAL
CONSEQUENCES
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Facilities at the Hanford Site

Scope of Review: Appendix D, adiabatic pressure calculations

[111 qu * Preyious (eviews complete and cover analysis, up to scope of this
review, with no gaps.

BPAILIT11] Problem completely defined.

(1101 P4 Accident scenarios developed in a clear and logical manner.

£A4[(111 Necessary assumptions explicitly stated and supported.

[ | Computer codes and data files documented.

‘T 110[1] Data used in calculations explicitly stated in document.

{:i [111] Data checked for consistency with original source information as
applicabte.

B 1111 Mathematical derivations checked including dimensional consistency
of results.

(111 {<1 Models appropriate and used within range of validity or use outside
range of established validity justified.

B I1101] Hand calculations checked for errors. Spreadsheet results should be
treated exactly the same as hand calculations.

[110] &L Software input correct and consistent with document reviewed.

[1T1164 Software output consistent with input and with results reported in

document reviewed.
E,I [11] Limits/criteria/quidelines applied to analysis results are
appropriate and referenced. Limits/criteria/guidelines checked
. against references.
[1T11 %x%’ Safety margins consistent with good engineering practices.
Conclusions consistent with analytical results and applicable

Timits.

BT L1101 Resuits and conclusions address all points required in the problem
statement.

[1T11 ;<j Format consistent with appropriate NRC Regulatory Guide or other
standards

[1 [;*(* Review calculations, comments, and/or notes are attached.

sz [101 Document approved.

Bob M. Marusich [2/\/\‘/!/\1"\‘*‘“‘12\ 7/30)61 [,

Reviewer (Printed Name and Signature) Date

* Any calculations, comments, or notes generated as part of this review should be
signed, dated and attached to this checklist. Such material should be Tabeled and
recorded in such a manner as to be inteiligible to a technically qualified third
party.
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Document Reviewed: WHC-SD-WM-TI-753, Rev. O, Summary of Flammable Gas Hazards and

Potential Consequences in Tank Waste Remediation System
Facilities at the Hanford Site

Scope of Review: Sections 1-5
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*

Previous reviews complete and cover analysis, up to scope of this
review, with no gaps.

Problem completely defined.

Accident scenarios developed in a clear and logical manner.
Necessary assumptions explicitly stated and supported.

Computer codes and data files documented.

Data used in calculations explicitly stated in document.

Data checked for consistency with original source information as
applicable. :

Mathematical derivations checked including dimensional consistency
of resuits.

Models appropriate and used within range of validity or use outside
range of established validity justified.

Hand calculations checked for errors. Spreadsheet results should be
treated exactly the same as hand calculations.

Software input correct and consistent with document reviewed.
Software output consistent with input and with results reported in
document reviewed.

Limits/criteria/quidelines applied to analysis results are
appropriate and referenced. Limits/criteria/guidelines checked
against references.

Safety margins consistent with good engineering practices.
Conclusions consistent with analytical results and applicable
Timits. For sections reviewed.

Results and conclusions address all points required in the problem
statement. For sections reviewed.

Format consistent with appropriate NRC Regulatory Guide or other
standards

Review calculations, comments, and/or notes are attached.

Document approved. For sections reviewed.

Kent M. Hodgson / é@i kg—_;ggzi!gi 2%&5
Reviewer (Printéd Name and Signatufe) te

* Any calculations, comments, or notes generated as part of this review should be
signed, dated and attached to this checklist. Such material should be labeled and
recorded in such a manner as to be intelligible to a technically qualified third

party.
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CHECKLIST FOR PEER REVIEW

Document Reviewed: WHC-SD-WM-TI-753, Rev. 0, Summary of Flammable Gas Hazards and

Potential Consequences in Tank Waste Remediation System
Facilities at the Hanford Site

Scope of Review: Radiological and toxicological consequences

Yes No NA

[1T11T1]1] Previous reviews complete and cover analysis, up to scope of this
review, with no gaps.

Ix1T11101 Problem completely defined.

xJ[L 111 Accident scenarios developed in a clear and Togical manner.

x1[11]1 Necessary assumptions explicitly stated and supported.

[111IX] Computer codes and data files documented.

XITL111 Data used in calculations explicitly stated in document.

X1 [0111 Data checked for consistency with original source information as
applicable.

[X1[11]1 Mathematical derivations checked including dimensional consistency
of results.

xJ01L01 Medels appropriate and used within range of validity or use outside
range of established validity justified.

X1 T30 Hand calculations checked for errors. Spreadsheet results should be
treated exactly the same as hand calculations.

[x1[T11[]1] Software input correct and consistent with document reviewed.

xXJ L1101 Software output consistent with input and with results reported in
document reviewed.

[¥1 L1111 Limits/criteria/guidelines applied to analysis results are
appropriate and referenced. Limits/criteria/guidelines checked
against references.

[ 111 Ix] Safety margins consistent with good engineering practices.

x1 L1011 Conclusions consistent with analytical results and applicable
Timits.

XIT110]1] Results and conclusions address all points required in the problem
statement.

[1T11IX] Format consistent with appropriate NRC Regulatory Guide or other
standards

[1 [X] Review calculations, comments, and/or notes are attached.

X111 Document approved.

Chin-Hua (Chester) Huang  C. A/ Hrang . 7/30/5¢
Reviewer (Printed Name and Signature) 6/“ Date :

* Any calculations, comments, or notes generated as part of this review should be
signed, dated and attached to this checklist. Such material should be labeled and
recorded in such a manner as to be ‘intelligible to a technically qualified third

party.
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