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LEGAL DISCLAIMER
This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United
States Government nor any agency thareot, nor any of their
employees, nor any of their contractors, subcontracters or their
employees, makes any warranty, express ar implied, or assumes
any legal liability or responsibility for the accuracy, completeness,
or any third party's use or the results of such use of any
information, apparatus, preduct, or process disclosed, or
represents that its use would not infringe privately owned rights.
Reference herein to any specific commarcial product, process, or
service by trade name, trademark, manufacturer, or otherwise,
does not necassarily constitute or imply its endorsemant,
recommendation, or favering by the United States Government or
any agency thereof or its contractors or subcontractors, The
views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States
Governmant or any agency thereof.

This report has bean reproduced from the best available copy.
Available in paper copy and microfiche.

Available electronicalty at
hup://www.doe.gov/bridge. Available for a
processing fee fo the U.S. Depariment of Energy and its
conftractors, in paper, from:

U.S. Department of Energy

Office of Scientific and Technical Information

P.O. Box 62

Oak Ridge, TN 37831-0062

phone: 865-576-8401

fax: 865-576-5728

email: reports@adonis.osti.gov(423) 576-8401

Available for sale to the public, in paper, from:
U.S. Department of Commaerce

National Technical information Service

5285 Port Royal Road

Springfield, VA 22161

Phone: B00-553-6847

fax: 703-605-6900

email: orders@ ntis.fedworld.gov

online ordering:
http://www.ntis.gov/ordering.htm

Printed in the United States of America
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Abstract: This report provides the basis for closing the organic solvent
safety issue. Sufficient information is presented to conclude that risk
posed by an unmitigated organic solvent fire is within risk evaluation
guidelines.
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favoring by the United States Government or any agency thereof or its contractors or subcontractors.

Printed In the United States of America. To obtain copies of this document, contact: Document Control Services,
P.O. Box 950, Mailstop H8-08, Richland WA 99352, Phone (508) 372-2420; Fax (509) 376-4985.

DATE: HANFORD
< sta. 4 | RCLEASE
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Approved for Public Release
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kg/mzlmin kilograms per square meter per minute
kg/s kilograms per second

kg kilograms

kgal kilogallons

kJ kilojoules

kL kiloliters

KN kiloNewtons

kPa kilopascals

kw/m2 kilowatts per square meter

kW/mz/s kilowatts per square meter per second
kW/h kilowatts per hour

L liter

1b/1’n2 pounds per square inch
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LFL
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m
m/hr
m/s
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m/hr
max.
MBP
MeV
mg/m3
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MGy
min
min.
MJ/kg
mL

mm
mo]es/m3
moles/s
Mrad
MW
NPH
OWW
PEL-TWA
PFP
PNNL
ppm
PR
psig
PUREX
RAG
REDOX
REG
RF
RSST
s/L
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LIST OF TERMS (Continued)

pound

pounds force

lower flammability Timit
Teak path factor

meter

meters per hour

meters per second

moles per liter

square meters

square meters peyr hour
square meters per second
cubic meters per minute
cubic meters

cubic meters per second-Titer
cubic meters per hour
cubic meters per second
cubic meters per minute
cubic meters per hour

max imum

monobutyl phasphate
mega-electronvolt
milligrams per cubic meter
milligrams per second
milligrams per liter per hour
megagray

minute

minimum

megajoules per kilogram
milliliter

millimeters

moles per cubic meter
moles per second

megarad

megawatts

normal paraffin hydrocarbon
organic wash waste

permissible exposure limits-time weighted average

Plutonium Finishing Plant

Pacific Northwest National Laboratory

parts per million
pressure ratio
pounds per square inch gauge

plutonium uranium reduction and extraction

risk acceptance guideline
reduction and coxidation

risk evaluation guideline
respirable fraction

Reactive Systems Screening Test
seconds per liter

seconds per cubic meter

X
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LIST OF TERMS (Continued)

s seconds

scfm standard cubic feet per minute
sec secand

SpG specific gravity

SST single-shell tank

Sv Sieverts

Sv/kg Sieverts per kilcgram

Sv/L Sieverts per liter

Svm /sl Sievert cubic meters per second liter
TBP tributyl phosphate

TOC total organic carbon

TP tube propagation

TWRS Tank Waste Remediation System
ULD unit Titer dose

vol% volume percent

w/m2 watts per square meter

W/m watts per meter

wt? weight percent

°C degrees Celsius

"F degrees Fahrenheit

"K degrees Kelvin

% percent

Uy micrograms

um micrometers
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1.0 SUMMARY AND CONCLUSIONS

This report provides the basis for closing the organic solvent safety
issue. Sufficient information 1s presented to conclude that risk posed by an
organic solvent fire is within risk evaluation guidelines. This report
updates information contained in Analysis of Consequences of Postulated
Solvent Fires in Hanford Site Waste Tanks, WHC-SD-WM-CN-032, Rev. OA, (Cowley
et al. 1996). However, this document will not replace Cowley et al. (1996) as
the primary reference for the Basis for Interim Operation (BIO) until the
recently submitted BIO amendment (Hanson 1999) is approved by the
U.S. Department of Energy.

This conclusion is valid for all accident scenarios and does not require
use of any controls. This is a significant change from the conclusions
presented in Cowley et al. (1996). That calcnote concluded that some organic
solvent fire scenarios exceeded risk evaluation guidelines, even with controls
imposed.

The conclusions in this report (HNF-4240) differ from Cowley et al.
(1996) because the following additional evaluations were performed.

« Cowley et al. (1996) did not include a jet mixing model; this report
dees. This model applied to the calculation of toxic consequences,
but not to the calculation of radiological consequences. The jet
mixing model, which is explained in Appendix B, accounts for the
effect of turbulent mixing caused by the velocity of the gas stream
exiting the tank during a fire. The turbulent mixing dilutes the
concentration of toxic substances in the gas stream exiting the
tank. Toxicological consequences are based on the peak
concentration of toxic substances during the release. Therefore the
mixing will affect the calculation of toxicological consequences,
because the peak concentration calculated will be different (in this
case lower) than the consequences calculated not using a mixing
model. The model was not applied to the calculation of radiological
conseguences because radiological consequences are based on the
total mass of material released from the tank, not the
concentration. The jet mixing model describes the release
concentrations but not the total mass released.

s Cowley et al. (1996) did not include an aerosol retention model;
this report does. The model is applied to the calculation of
radiological consequences, but not to the calculation of
toxicological consequences. Appendix C, "Source Term Mitigation by
Aerosol Sedimentation in Postulated Solvent Pool Fires," presents
the aerosol retention model and the results of an analysis of
aerosol retention in waste tanks. Aerosol retention within a tank
is important because it is a naturally-occurring mechanism for
mitigating calculated consequences of postulated fire accidents.
The retention of aerosols within the tank reduces the total mass of
radionuclides released and therefore reduces the radiological
consequences of a fire. The aerosol retention model could also be
applied to calculation of toxicological consequences. However it
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was not, because the toxicological consequences calculated using the
jet mixing model were bounding and resulted in toxicological
consequences which were less than risk evaluation guidelines.

+ This report also contains significant changes in the calculation of
both consequences and probability of occurrence for the entrained
fire accident. Data included in DOE handbook DOE-HDBK-3010-94,
Airborne Release Fractions/Rates and Respirable Fractions for
Nonreactor Nuclear Facilities, Volume, I, Analysis of Experimental
Data and ANSI/ANS-5.10-1998, Airborne Release fFractions at Non-
reactor Nuclear Facilities, form a basis for changing the Respirable
Fraction (RF} used in consequence calculations for entrained fires
from 1.0 to 0.5. The consequences for the entrained fire accident
presented in Cowley et al. {1996) used an RF of 1.0. The
probability of occurrence has been adjusted to account for the fact
that the entire surface area of the tanks 1s not saturated with
solvent. and that the TBP/NPH mixture in the tanks is much more
difficult to ignite than the pure dodecane and pure kerosene used in
laboratory ignition tests.

This report contains the technical basis for updating the Tank Waste
Remediation System (TWRS) safety analysis for organic solvent fires and
supports closure of the organic solvent safety issue. It includes the
following:

« descriptions of the calculation methods used to analyze postulated
solvent pool fires in Hanford Site Waste Tanks

e specific scientific and engineering information on the nature of the
separable-phase organic hazards and the phenomena used to evaluate
them

« conservative, deterministic analysis of postulated solvent fire
accidents including bounding cases for radiological release and
toxicological exposures.

1.1 SUMMARY HAZARD DESCRIPTION

The solvents studied in this report were used in the plutonium uranium
reduction and extraction {PUREX) process. The solvents are composed of
a mixture of hydrocarbons, typified by alkanes C,, to C,, and tributyl
phosphate (TBP). Because the flash point of the solvents is appreciably
higher than the waste temperature, solvent vapors contribute only slightly to
headspace flammability. Also, because ignition of a pool fire requires
significant heatup of stored solvent, a high-energy ignitor would be required
to initiate a pool fire. Because high-energy ignitors are not likely to be
introduced into waste tanks, solvent pool fires are low probability accidents.

This report applies to Hanford Site single-shell tanks {SSTs),
double-shell tanks (DSTs), and double-contained receiver tanks (DCRTs).
Section 2.2 describes the sources of solvents. Some tanks received no
solvents, and most solvents that were sent to the tanks have evaporated or
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undergone chemical degradation to form organic species that would not be
present as a separable, liquid phase. However, tank 241-C-103 is known to
have an organic solvent Tayer floating on the waste surface. Tanks 241-C-102
and 241-BY-108 have headspace concentrations of organic solvents higher than
can be explained by any known mechanism other than the presence of liguid
phase solvents somewhere in the waste. Because the organic layer in

tank 241-C-103 has been sampled and analyzed, its properties are used as
reference points and in example calculations throughout this report.
Information on tanks 241-C-102 and 241-BY-108 are also used in example
calculations.

To date, no solvent pool fires have occurred in Hanford Site waste tanks.
The cases analyzed herein are hypothetical, low prebability accidents.
Potential ignition sources are few and include low frequency incidents of
Tightning strikes, vehicle fuel spill/ignition accidents, and possibly torch
cutting accidents.

Section 3.0 outlines the phenomenology of different accidents involving
organic solvents. Section 4.0 describes the ignitability of solvents and the
conditions required to support combustion. Section 5.0 provides a thermal
hydraulic analysis of the different configurations of solvent fires.

Section 6.0 discusses the bases for the toxicological and radiclogical release
calculations used in TWRS accident analysis (Noorani 1997). Section 7.0
describes the development of accident frequencies that are used in the
accident analysis. Section 8.0 lists the key parameters and their values used
in the accident consequence calculations. Section 9.0 describes the
spreadsheet calculations of the radiological and toxicological consequences.

1.2 SUMMARY OF ACCIDENT ANALYSIS

Scenarios have been developed and anaiyzed for a number of postulated
solvent fire accidents. Accident consequences were calculated for many
conditions to evaluate solvent fire impact on the tank structure, radiological
releases and toxicolegical exposures. The accidents were evaluated assuming
no controls were applied (unmitigated). The bounding consequences were
compared to risk evaluation guidelines by assigning the unmitigated cases to
accident frequency categories based on a conservative assessment of available
ignition sources and estimates on the number of tanks that might contain
combustible configurations of solvents. A1l of the bounding cases are within
risk evaluation guidelines without controls (unmitigated).

Accident Scenarios

The organic solvent fire safely analysis evaluates the frequency and
consequences of the following three types of fires resulting from combustion
of organic solvent with headspace air.

+ Pool fires: Pools are either a layer of solvent floating on top of
liquid waste or a layer that is trapped in a depression on top of
solid waste. In either instance, a pool has an area greater than
1 m (10.8 ftz). A pool may exist in DCRTs, DSTs, or SSTs.
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» Puddle fires: Puddles are less than 1 m° (10.8 ft°) and exist in
a depression in a solid waste surface. Puddles should occur mainly
in SSTs because many SSTs have a solid surface that can form
a depression for solvent to collect in. However, a few DSTs have
a floating crust (e.g., tank 241-SY-101} that might form
a depression where solvent could collect. Therefore, the analyses
include puddles for both DSTs and SSTs.

o Wick-Stabilized Fires: A wick-stabilized fire configuration would
consist of a sludge or saltcake that is permeated with solvent. The
height of the solvent layer would be equal to the height of the
solids level. The studge or saltcake would act as a wick, and the
solvent would burn. Wick-stabilized fires may occur in SSTs. A few
DSTs have a floating crust (e.g.., tank 241-SY-101) that provide
a solids surface where solvent might collect and support a wick-
stabilized fire. Therefore, the analyses include wick-stabilized
fires for both DSTs and SSTs.

The criterion of 1 m° being a pool and anything smaller being a puddle
that was developed in Revision 0 is still used. Because of the revised
consequence calculations, the size of a puddle could be revised upwards
(a bigger puddle would still have consequences below risk evaluation
guidelines). However 1 m° is still a useful boundary between a pool area that
allows a rapid flame front to travel acrcss a large area and produce a high
pressure in the tank and a puddle whose rate of fuel consumption results in
negligible pressure buildup.

The important distinctions between pool fires and wick-stabilized fires
on saltcake or sludge are the rate of flame spread and ease of ignition.
A wick-stabilized fire has a much tower flame spread rate and a higher
probability of occurrence than a pool fire. The higher flame spread rate
leads to higher tank pressures and vent rates. This analysis uses bounding
high values for flame spread rate.

Accident Consequences

Because neither the total number of tanks with separable phase organic
layers nor the volumes of organic solvent that may be present in these tanks
is known with any certainty, it is not possible to use a single scenario to
bound this accident. Instead, several scenarios, each of which maximizes a
different result, were analyzed. The four results are:

Maximum tank pressure
Maximum tank vacuum

Maximum radiological release
Maximum toxicological impact.

Each result was calculated for the different combinations of solvent fire
type (pool, puddle, and wick-stabilized), tank type (SST, DST, DCRT), and type
of ventilation system (active or passive). Twenty-three scenarios were
calculated to evaluate different potential combinations and to establish the
worst-case scenarios. Section 9.0 provides calculations for all 23 models.
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Overpressure. An important assumption embodied in the consequence
calculation is that the tank does not suffer dome collapse from the increased
internal tank pressure from the fire. A dome collapse would result in Targer
radiological consequences. The maximum overpressure resulting from a solvent
fire in a DST is calculated to be 207 kPa (30 psig). This pressure will not
result in DST dome collapse and is documented in Topical - Structural
Integrity and Potential Failure Modes of the Hanford High-level Waste Tanks
(WHC 1996b). The maximum overpressure calculated for the SST accident 1is
200 kPa (29 psig), given the SST structure does not fail. The report
WHC 1996b predicts that the concrete in the SST dome would crack at a pressure
of 76 kPa (11 psig). As the dome cracks, more flow openings are created;
hence the pressure is maintained constant until the solvent fire extinguishes
because of lack of oxygen. The concrete would maintain adherence to the rebar
and the dome would not collapse. The predicted cracking would allow the
pressure to vent to the soil above the tank. The approximately 2.4 m (8 ft)
of soil on top of the tank would act as a fiiter and prevent a major release
to the atmosphere. The release calculations presented in this report do not
take credit for any material that would be filtered from the air stream by the
soil. Therefore, the calculated quantity of material released exceeds an
actual release quantity.

Eight scenarios bound the potential worst case consequences and are
listed below. The letter designator is taken from the spreadsheet used to
calculate the consequences; readers may cross reference to the spreadsheet in
Section 9.0.

1. Case G represents the bounding radiological accident for an SST
fire. Case G is a large pool fire. In this scenario, a pool of
solvent burns on the waste surface of an actively ventilated SST.
This results in more radicactive material being exhausted from the
tank even after the fire has extinguished itself. Actively
ventilated SSTs are faound in Tank Farms 241-5X and 241-C.

In this and all pool scenarios, a pool is assumed to be 210 me
(2,260 ft%), which means the flame spread area is not limited before
the fire is extinguished by oxygen depletion. Unlimited flame
spread produces the largest pressure transient.

In this scenario, the tank dome does not collapse as a resuit of the
pressure transient (200 kPa [29 psig]) or the vacuum

transient(-0.7 kPa [-0.1 psig]). The high pressure is the result of
the small vent path through the filter, which is modeled as a 9.5 cm
(3.75 in.)} orifice. Releases could also occur through risers that
do not have covers bolted to the flanges. The fire will burn until
the oxygen is depleted consuming 146 kg (321 1b) of solvent.

2. Case H represents the bounding toxicological accident for an SST
fire. Case H is a large pool fire and similar to case G except the
vent path is modeled as a 9.5 ¢m (3.75 in.) orifice plus a 1.27 m
(50 in.) orifice. The large vent path resuits in the toxic material
in the headspace ejecting from the tank rapidly. Because
toxicological guidelines are based on concentration, this case will
produce the Targest toxicological consequence.
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Case | represents the bounding radio]ogica] and toxicological
accident for a DST fire. Case L 15 a large poo] fire. In this
scenario, a pool of solvent (210 m? [2,260 fte 1)} burns on top of the
waste surface. The tank has a powered ventilation system. The vent
path is modeled as a 1.27 m (50 in.) orifice and a 0.24 m (9.6 in.)
orifice. The Targe vent path results in the toxic material in the
headspace ejecting from the tank rapidly. Because toxicoloegical
guidelines are based on concentration, this case produces the
largest toxicological consequence.

The only release path to the environment is through the ventilation
system and risers that do not have covers bolted to the flanges.
The fire will burn until the oxygen is depleted consuming 92 kg
(202 1b) of solvent.

Case O represents the bounding radiolegical and toxicological
accident for a DCRT fire., Case 0 is a large pool fire. The same
scenario results in the bounding case for both toxicological and
rad1o1og1ca1 consequences for a DCRT fire. A pool of solvent (34 m°
[366 ft°] burns on top of the waste surface. Thirty-four square
meters (366 ft? } is equal to the maximum waste surface area in the
DCRT.

In this scenario, the DCRT does net structurally fajl as a result of
the pressure transient (126 kPa [18.3 psig]), or the vacuum
transient (-8.3 kPa [-1.2 psig]). The vaults surrounding the DCRTs
have powered ventilation systems. Although the vault ventilation
system has a duct to the DCRTs, there i1s no identifiable ventilation
inlet to the DCRTs. Therefore, the DCRT is modeled as having a
passive ventilation system.! The vent path is modeled as a

0.1 m (4 in.) diameter orifice. The pressure transient ruptures the
HEPA filter on the vault ventilation system. The only release path
to the environment is through the vault ventilation system and
risers that do not have covers bolted to the flanges. The fire will
burn until the oxygen is depleted consuming 2.12 kg (4.67 1b) of
solvent.

Case Q represents the bounding radiological accident for SST
wick-stabilized fires. It is possible that solvent could intrude
into the underlying sludge or saltcake in an SST following saltwell
pumping of drainable liquids from a tank. Exposed saltcake,
saturated with solvent, could burn like a candle using the sludge or
saltcake as a wick. The burning surface wou]d slowly increase and
eventually cover approximately 40 m° {431 ft2 .

For a solvent liquid level equal to the solids level in the tank,
the flame propagation rate would be approximately 0.1 cm/s. Where
a solvent Tiquid Tevel occurs above the solids level, a pool or

The 244-U DCRT does have an air inlet on the tank. No radiocactive material has been transferred
through this DCRT. The 244-U DCRT will require additienal infermation on ventilation flows to complete
catculations for 1t. Because any accident involving a DCRT would have smaller consequences than an accident
with an SST or DST, 244-U is bounded.
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puddle fire would occur; this is addressed later. If the liquid
level was below the solids level, ignition would not occcur.

The tank does not structurally fail and create a pathway to the
environment as a result of the pressure (30.3 kPa [4.4 psig]) or the
vacuum (-4.8 kPa [-0.7 psig]) transients. Because of the relatively
low pressure, little difference exists between the cases evaluated
for active and passive ventilation systems. The case using a
powered ventitation system (241-SX or 741-C tank farms)} produced the
highest radiological and toxicological consequences. The vent path
is modeled as a 9.5 cm (3.75 in.) orifice. The only paths to the
environment are through a ruptured HEPA filter and risers that do
not have covers bolted in place. The fire will burn until oxygen is
depleted consuming 130 kg (287 1bs) of solvent.

Case Q1 evaluates the releases from a passively ventilated SST. The
case is not a maximum in terms of consequences. Cases ( and R
produce the bounding consequences. However 133 of the S$STs are
passively ventilated and 16 are actively ventilated. When single
tank consequences are multiplied by the appropriate number of tanks,
the large number of passively ventilated tanks may result in the
passively ventiiated tanks being in a higher frequency category than
the actively ventilated tanks. Therefore separate consequence
calculations are needed for passively ventilated SSTs even though
the single tank consequences are bounded by actively ventilated
tanks.

Case R represents the bounding toxicolegical accident for SST
wick-stabilized fires. Case R is similar to case Q except the vent
path is modeled as a 9.5 c¢m (3.75 in.) orifice plus a 1.27 m

(50 in.} orifice. The large vent path results in the toxic material
in the headspace ejecting from the tank rapidly. Because
toxicological guidelines are based on concentration, this case
produces the largest toxicological consequence.

Case V represents the bounding radiological and toxicological
accidents for DST wick-stabilized fires. Only ane case is necessary
to bound radiological and toxicological consequences because only
one vent path exists for an entrained fire that would result in
material being released from the tank. The vent path for DSTs is
Targe enough to Timit the peak pressure produced by the fire to

0.7 psig, so the flapper valve does not open (assumed opening
pressure = 1 psig). Because all DSTs are actively ventilated, no
separate case exists for actively and passively ventilated tanks.

Case V is similar to case Q, except the vent path is a 0.24 m

(9.6 in.) orifice, and the only path to the environment is through a
ruptured HEPA filter. The fire will burn until oxygen is depleted
consuming 120 kg (265 Tbs) of solvent.
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The Tikelihood of igniting a DST wick-stabilized fire is assumed to
be the same as the Tikelihood of igniting an SST wick-stabilized
fire.

The DST wick-stabilized fire is bounded by case (Q, the SST wick-
stabilized fire for radiological conseguences, and by case R, SS§T
wick-stabilized fire for toxicolcgical consequences. The likelihood
of a wick-stabilized fire occurring in a DST is alse bounded by the
likelihood of occurrence in an SST.

Accident Frequencies

The frequencies with which Targe energy sources come in contact with
waste were estimated by reviewing tank farm equipment, operations, and natural
phenomena. These energy source frequencies are combined with ignition
probabilities (given the energy source is present} to assign ignition
frequencies for solvent fires on a per-tank basis. The number of tanks that
might contain combustible solvent configurations are estimated and used as
a multiplier for per-tank ignition frequencies. Accident scenario frequencies
are assigned to an accident freqguency category so that accident consequences
can be compared to risk evaluation guidelines.

The evaluation concluded that all solvent pools {floating tayers, large
pools, small pools, and puddles) require a very rabust ignition source.
Potential ignition sources for pool fires are few and limited to low frequency
incidents of lightning strikes and vehicle fuel spill/ignition accidents.
Wick-stabilized fires can be ignited with smaller energy sources. Potential
ignition sources for wick-stabilized fires are more numerous and more likely.
They include torch cutting accidents and rotary mode core sampling upsets. On
a per-tank basis, where a combustible solvent configuration is contained in
the tank, the unmitigated frequency of ignition for pocl fires is "extremely
unlikely® (1 x 107 to 1 x 10°® events per year), and the ignition frequency
for wick-stabilized fires is also "extremely unlikely."

The number of tanks containing a combustible solvent configuration is
unknown. Onty tank 241-C-103 is known to contain a combustible configuration
(a floating layer of TBP/normal paraffin hydrocarbon [NPH]). Based on waste
transfer records and vapor sampling results, conservative estimates of the
number of tanks that could contain separable phase solvents are 14 SSTs and
6 DSTs. Based on the assumption that any tank could contain a combustible
solvent unless vapor sampling indicates otherwise, bounding numbers are
estimated to be 66 passively ventilated SSTs, 6 actively ventilated SSTs, 28
DSTs, and 6 DCRTs. This is explained in move detail in Section 7.2.

When per-tank ignition frequencies are combined with the conservative
estimate of the number of tanks that may contain a combustible solvent
configuration, the unmitigated accident frequency category for peool fires
becomes "unlikely" (1 x 107 to 1 x 107 events per year), and the unmitigated
frequency cateqory for wick-stabilized fires aisc becomes "unlikely."
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Comparison to Risk Evaluation Guidelines

Table 1-1 shows the radiological and toxicological consequences for
unmitigated (without controls) scenarios. A1l of the unmitigated accident
scenarios are within risk evaluation guidelines. Therefore no controls or
TSRs are required.

1.3 CONCLUSIONS

Improvements in the evaluation of the risk posed by solvent fires change
the conclusion regarding this hazard from above risk guidelines in Cowley et
al. (1996) to below risk quidelines. The key improvements that support this
change in conclusion are the incorporation of turbulent jet mixing and aerosol
depletion models to predict accident consequences, the change to an RF of 0.5
for entrained fires, and the re-evaluation of probabilities for ignition of
entrained fires. Specific conclusions supported by the analysis contained in
this calculation note include the following.

1.3.1 Removal of Tanks 241-C-102 and 241-C-103 from Watch List

Tanks 241-C-102 and 241-C-103 were placed on the Watch List because they
contain organic solvents (Payne 1994 and Watkins 1991). The analyses in this
report show that these tanks do not have a serious potential for release of
high-level nuclear waste due to uncontrolled increases of temperature or
pressure (Public Law 101-510). Therefore, it is recommended that the U.S.
Department of Energy remove these tanks from the Watch List.

The risk posed by the solvent known to exist in tank 241-€-103 is
significantly below guidelines. The configuration of the organic solvent in
tank 241-C-103 is known to be a Targe pocl.

The risk posed by the solvent that is known to exist in tank 241-C-102 is
also significantly below guidelines. The solvent is present either in the
form of puddies or entrained in the waste. Both of these forms result in Tow
energy events.

1.3.2 General Conclusions

1. Without controls the risk from solvent pools and wick-stabilized
fires is within guidelines, even if conservative assumptions are
made regarding the number of tanks that might contain such a
combustible configuration (see Section 7.2).

2. A screening methodology has been developed for both passively
ventilated and actively ventilated tanks that uses headspace sample
data to estimate the maximum solvent pool area that may be present
in a specific tank. The screening methodology is described in
Appendix A. In Cowley et al. (1996), identification of specific
tanks that posed an organic solvent risk was an important program
element. The screening was used to determine which tanks required

1-10



HNF-4240 Rev.01

8/20/2020 - 1:47 PM

HNF-42403 Rev. 1

organic solvent controls and which did not. This report has
determined that controls are not necessary, therefore identification
of specific tanks is no longer necessary. The screening methodology
is still used as one of the methods for identifying the total number
of tanks that may contain sclvent. The total number of tanks that
contains solvent is used to estimate facility risk. Appendix A
continues to be included with this report because of its use to help
estimate the total number of solvent tanks, and to document work
completed and the changes in technical approach as the solvent fire
analysis evolves.

Cowley et al. (1996) raised a question about small fires that were
hypothesized to continue burning using oxygen that was brought into
the tank by an active ventilation system. This subject has been
addressed in Section 5.0 and Appendix H of this report. It is
concluded that if such a fire occurred, its consequences would be
bounded by the larger fires analyzed in this report.

Review of Cowley et al. (1996) raised a question about the potential
consequences of a fire that was ignited at multiple points.

Multiple ignition points might result in a fire that spreads faster
and therefore, causes higher pressures in the tank. This subject
has been addressed in Section 5 and Appendix J of this report. It
is concluded that a multi-point fire does not significantly change
the results from that of a single point ignition and that the risk
of a single point ignition is greater.

The bounding cases for wick-stabilized fires in SSTs (cases { and R)
are also bounding for a wick-stabilized fire in a DST. This applies
both to consequences and the Tikelihood of occurrence.
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2.0 BACKGROUND

Several waste generating processes were operated at the Hanford Site
including the bismuth phosphate process, the uranium recovery process, the
reduction-oxidation (REDOX) process. the waste fractionization process, the
PUREX process, and the processes conducted at the Plutonium Finishing Plant
(PFP)Y. The primary goal of these processes was to extract and/or process
plutonium. Radicactive wastes from these processes are stored in underground
tanks in alkaline slurries (Anderson 1990).

EFach waste-generating process had a variety of waste streams (at Jeast
49 different types have been identified), but the following broad categories
of waste can be established: 1) cladding (or ccating) waste from the removal
of the fuel element cladding, 2) metal waste from the processing of the fuel
itself to remove the plutonium or other fissile material, 3) decontamination
waste from the cleancut of the systems (including N Reactor decontamination
waste), and 4) other miscellanecus waste such as laboratory waste. Once the
waste was generated and stored in the tanks, other operations were performed
including the removal/recovery of substances (e.g., uranium, strontium, and
cesium), evaporation, solidification, and settling.

The principal organic compounds sent to the waste tanks were divided into
two classes: complexants (for chelating divalent, trivalent, and tetravalent
cations) and extraction solvents. This document focuses on the organic
extraction solvent hazard: the organic complexant hazard is presented in
a separate topical report (Meacham et al. 1997).

The potential risk of burning solvent in the tanks is decreasing with
time. The summary of organic solvent aging presented in Section 2.3, and the
more detailed discussion given in Appendix L, explain the chemical processes.
The key components are NPH and TBP. Aging of the NPH is a key factor in the
decreasing risk of a solvent fire. Both theory and field evidence
{tank 241-C-103) show that the NPH fragments into lower molecular weight
compounds. As the reactions proceed, the reaction products become more
soTuble in aqueous solution and more volatile. The soluble proudcts will not
burn in an aqueous solution. The volatile products are more mobile than the
original hydrocarbons and continuously evolve from the waste into the dome
space and the atmosphere. As the NPH inventory decreases, the remaining
NPH/TBP mixture becomes increasingly difficult to ignite. The increase in
ignition difficulty reduces the probability (a component of risk) of a solvent
fire.

The TBP also ages. As with NPH, an array of proudcts is evolved that are
solubte in aqueous solution or are volatile and escape toc the tank dome space
and atmosphere. The aging of the TBP, as well as the NPH, reduces the amount
of fuel available for a solvent fire. As the quantity of fuel decreases, the
potential for damaging the tank due to pressurization decreases. A decrease
in fuel burned would also reduce the consequences due to combustion products.
As time passes, the risk of a solvent fire decreases because the probability
of a fire decreases, the potential for damaging the tank decreases, and the
consequences due to release of combustion products decreases.
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2.1 APPROACH TO RESOLUTION OF THE ORGANIC SOLVENT SAFETY ISSUE

The apprcach to resolution of the organic solvent safety issue has
matured since the safety analysis on tank 241-C-103 (Postma et al. 1994) was
completed in 1994. The original accident scenario assumed catastrophic
failure of the tank dome during an organic sclvent burn if an SST did not have
adequate vent path. Failure of the dome led to radiological consequences
above risk evaluation guidelines. Preliminary calculations showed that the
sotvent pool area would have to be Targer than 1 m® to create enough pressure
to collapse the tank dome. The original approach required identifying tanks
containing significant quantities (i.e., greater than a 1 m puddle} of
organic solvent (see Appendix A) and ensuring an adequate vent path in those
tanks that contain significant organic solvent.

Tank structural integrity was reexamined in 1996 as part of the
Authorization Basis upgrade {Noorani 1997a). Analyses {Han 1996} showed that
the tank dome would not fail catastrophically under the pressures developed
during an organic solvent fire. Instead. the dome would develop cracks and
fissures to release the internal pressure and stay mostly intact. Using the
information from Han (1998), Cowley et al. (1996) showed radiological
consequences within risk evaluation guidelines because radiclogical
consequences were mostly the result of the splash from catastrophic failure of
the dome. Ensuring adequate vent path was rendered moot by the tank
structural integrity analysis.

Although Cowley et al. (1996) showed that the radiological consequences
fell within guidelines, toxicological consequences still exceeded the risk
evaluation guidelines. Therefore, the earlier approach still relied on
characterization to determine how many solvent tanks existed. If few solvent
tanks existed, then the facility-wide accident frequency might be low enough
to bring the visk within the evaluation guidelines.

The effects of jet mixing and aerosol depletion {see Secticon 6.0) are
included in the radiological and toxicological conseguence calculations (see
Section 9.0) in this report. The revised consequence calculations show that
the solvent fire hazard falls below risk evaluation guidelines.

2.2 SOLVENT STREAMS

This section reviews Hanford Site tank farm operations and the history of
process solvents use and provides insight into the types and amounts of
solvent still Tikely to exist in the waste tanks. A solvent fire hazard is
most Tikely to exist for tanks containing waste from process waste streams
1) that might have contained significant guantities of entrained solvents,

2) that contained solvents because of incomplete phase separations during
processing, and 3) for which tank operating histories may have allowed the
solvents to persist as a separate phase for many years. The effects of
evaporation on the separable phase organics originally sent to the tanks are
also discussed in this section.
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Four Hanford Site chemical processes used potentially flammable organic
sofvents: the REDOX process, the uranium recovery process, the B Plant waste
fractionation process, and the PUREX process. Mixtures of carbon
tetrachloride and cutting oil were used in the PFP. This mixture was
nonflammable.

2.2.1 Reduction and Oxidation Solvents

The REDOX process, which was used between 1952 and 1967, was a solvent
extraction process that used methyl isobutyl ketone (hexaone). Waste from the
REDOX Plant (or S Plant) was directed to the S. SX, and U tank farms in the
West Area. Aqueous waste that resulted from solvent cleanup processes went
through multiple washing and distillations. Solvents were also steam stripped
from the high-level waste (HLW) stream before being discharged to the waste
tanks. Based on this process history, the concentration of hexone in the
waste streams sent to the tank farms is estimated to be less than 0.3 ppm
(Borsheim and Kirch 1991 and Prosser 1986).

Hexone, which may have been transferred to the tank farms, is expected to
have evaporated during the many years of storage. Hexone is relatively
volatile. (Table 2-1 shows the boiling point of hexone and other Hanford Site
process solvents.) In addition, most waste tank supernatants have been
processed through some form of evaporator to reduce the waste volume, and
these evaporation processes would have removed any hexone with the process
condensate.

2.2.2 Uranium Recovery Process Solvents

The first chemical separations process used at the Hanford Site was the
bismuth phosphate process that recovered plutonium but not uranium. In the
1950s, a short supply of high-grade uranium motivated the recovery of uranium
from the bismuth phosphate wastes. This uranium recovery was performed at
U Plant from 1952 to 1957 and used a TBP-kerosene solvent similar to TBP-NPH.

The uranium recovery process generated large guantities of waste. The
large waste volume resulted in the implementation of several waste volume
reduction efforts. These efforts included scavenging saoluble cesium from
waste supernatants with ferrocyanide and subsequent decanting of the
supernatants to cribs. A more widespread waste reduction effort was
accomplished by using various evaporation processes. Uranium recovery
operations ended in 1957. Since that time, most waste tank supernatants have
been processed through some form of evaporative waste reduction process. The
evaporation processes would have removed the separable, semivolatile solvents
to the condensate streams, and they would have been disposed of along with the
condensate (Borsheim and Kirch 1991) to cribs or ponds.
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Table 2-1. Boiling Points of Some Organic Compounds
in Tank Wastes.

. Name - . Boiling Point °C'
Carbon tetrachlaoride | | 77
Methyl isobutyl ketone (hexone) 116
Butanol 117
1-Butyric acid® 153
Butyric acid® 165
Decane (n) 174
Dodecane (n) 216
Tridecane {n) 234
Tributyl phosphate 289°

Notes:
Te convert temperature from “C to "F, mubltiply Tog by 1.8 and add 32.
These compounds will be present in the tanks as sodium salts or acid anions.
Boils with decomposition, boiling point at 37 mm mercury pressure (80 te 81 "C [177 to 178 "F1).

2.2.3 B Plant Waste Fractionation Process Solvents

Although B Plant was used for the bismuth phosphate separation process
from 1945 to 1952, the plant was later reconfigured to remove cesium and
strontium from the wastes: 'Cs was removed using ion exchange techniques,
and “°Sr was separated using a solvent extraction process. This process used
a TBP-NPH-di (2-ethylhexyl} phosphoric acid (D2EHPA) solvent mixture and
various compltexing agents such as ethylenadiaminetetraacetic acid {EDTA),
N-(hydroxyethyl)}-ethylenediaminetriacetic acid (HEDTA), and citrate to prevent
transition metal extraction.

The solvent treatment wastes for this process were concentrated in an
atmospheric evaporator before they were transferred to the tank farms. Any
entrained NPH would have been steam stripped into the concentrator overhead
stream and disposed of with the condensate (Borsheim and Kirch 1991) to cribs
or ponds.

One receiver of this waste was tank 241-C-106. Tank 241-C-106 is being
studied and sampled as part of the preparation for stuicing the waste in the
tank and transferring it to tank 241-AY-102. Centrifugation of sludge samples
taken during 1996 resulted in the separation of a hitherto unencountered,
sludge-associated organic oil that floated on the agueous layer. All analyses
performed on the samples and the conclusions are documented in Chemical and
Chemically-Related Considerations Associated with STuicing Tank Waste C-106 to
Tank AY-102 (WHC 1996a). This organic material is referred to as "sludge
0il."

2-4



HNF-4240 Rev.01 8/20/2020 - 1:47 PM 36 of 680

HNF-4240 Rev. 1

The principal constituent identified by analysis of this organic layer
was bis (2-ethylhexyl) phosphoric acid, existing as the sodium salt in the
waste. (Quoting from WHC (1996a):

"Minor amounts of TBP, normal paraffin hydrocarbon, and the
transesterification products of TBP and 2-ethylhexyl alcohol, or of
di(2-ethylhexyl) phosphate and butyl alcohol. This phosphate ester
salt was used as a complexing agent in B Plant during the Sr
recovery campaigns. The material likely coprecipitated with the
sludge when wastes from B Plant were made alkaline before their
transfer to the tanks. The absence of a strongly alkaline
environment in tank C-106 likely protected this species from
hydrolysis."

Samples of the pure scdium salt of bis (2-ethylhexyl} phosphate were
tested by Fauske and Associates and are documented in WHC (1996a). The tests
showed that the material does not show propagating behavior within the
conditions found in tank 241-C-106.

The "sludge ©0il" consists primarily of phosphate salts with only trace
amounts of TBP or NPH. The 0il is closely associated with sludge in the tank,
which also contains substantial amounts of water. Reactivity tests conducted
by Fauske and Associates do not show any reactivity within the conditions
found in tank 241-C-106. It is concluded that the "sludge oil" is not
relevant to the solvent fire analysis.

Sluicing operations in tank 241-C-106 have released degradation products
of the bis-2-ethylhexyl phosphate into the tank headspace. The vapors are
removed from the tank by the ventilation system used in conjunction with
sTuicing. The vapors have no effect on the solvent fire accident, since they
do not increase flammability because they are present in very low
concentrations, do not increase the length of a fire (length of fire 1s oxygen
limited) or effect the cansequences since the combustion products and soot do
not change.

2.2.4 PUREX Process Solvents

The PUREX Plant began operations in 1955. The PUREX process used
a solvent extraction method based on TBP and diluents. In this report, the
properties of the diluents are assumed to be represented by NPH. PUREX ran
until 1972 when it was shut down for 11 years. PUREX was then run for several
more years until operations ceased in 1990.

Because PUREX operated most recently and used more solvent than the other
processes, it has been studied most extensively for possible transfer of
solvents to the waste tanks. In TBP and Diluent Mass Balances in the PUREX
Plant at Hanford, 1955-1991, Sederburg and Reddick (1994) estimated the amount
of solvent that was transferred to the tank farms by performing a mass balance
between the solvent consumed in the PUREX Plant and six possible effluent
streams. The significant findings are given below.
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Most organic solvent consumed at PUREX can be tracked to six effiuent
streams, two of which went to the tank farms. The six solvent effluent
streams are:

1. soluble organics in HLW (high-fission product heat load) transferred
to the tank farms

2. entrained and soluble solvent {solvent treatment} and degradation
products in organic wash wastes transferred to the tank farms

3. disposal to the organic Crib A-2 in early operations, and later
briefly to Crib A-31

4. entrained and soluble organic in PUREX process condensate disposed
to a crib

5. organic solvents evaporated into the vessel ventilation system and
tost as gaseous effluent

6. water or alkali soluble organics in the uranium product stream.

The results of the material balance indicate that 5,260 kL (1,390 kgal)
of solvent (TBP plus diluent) were consumed at the PUREX Plant. Of this
amount, about 2,480 kL (655 kgal) were estimated to have been discharged in
the organic wash waste (OWW) sent to tank farms, 1,560 kL (412 kgal) were in
process condensate, 620 kL (164 kgal) were in stack gaseous effluent, 220 kL
(59 kgal) were disposed to Crib A-2, 370 kL (98 kgal) were disposed to
Cribs A-2 and A-31, and 7 kL (2 kgal) were HLW. The total sent to the tanks
farms is therefore estimated to be the sum of OWW (2,480 kL [655 kgal]) and
HLW (7 kL [2 kgal]), which equals approximately 2,490 kL (657 kgal).

2.2.4.1 Organic Wash Waste. Normal operations in the PUREX Plant used
a solution of TBP in NPH diluent for solvent extraction, with subsequent
washing of the TBP-diluent mixture with nitric acid or sodium hydroxide to
remove contaminants and degradation products. The washed organic was reused,
and the aqueous wash solution was transferred to the tank farms. The wash
solution, or OWW, contained TBP degradation products that resulted from acid
hydrolysis and radiolysis. Identified degradation products included dibutyl
phosphate (DBP), monobutyl phosphate, butanol, butyric acid and phosphoric
acid. The diluent (NPH) is more resistant to chemical and radiolytic
degradation. In addition to the washed degradation products, the OWW would
have contained small amounts of soluble TBP and NPH and larger amounts of
entrained TBP and NPH.

The OWW, at least early on (e.g., 1955-1961), was discharged in two
components. The bulk of the OWW, also called carbonate waste, was generally
transferred to the HLW (self-boiling) tanks (in A-Farm). At times (e.g., when
no self-boiling tank was available) the wash wastes and miscellaneous
accumulated organic wastes were transferred to nonboiling tanks (apparently,
generally in the C-Farm).
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Miscellaneous organic waste included separable phase organics that
accumulated in PUREX Plant tanks TK-G8 and TK-R8 and perhaps collected in
tank F-18 (which included waste collected from cell sumps including the
organic wash area). Handling this waste involved decanting operations in
which it was necessary to detect the aqueous/organic interface in order to
separate the layers. In early operations, accumulated organic in these tanks
was deliberately transferred to the tank farms. Later operations involved
recovering and reusing the accumulated organic.

During at least a portion of the early PUREX operations, the separable
phase organic wastes were transferred to nonboiling tanks because too much
organic was being distilled from the HLW (boiling) tanks. High levels of
organic were thought to cause percolation problems in the HLW condensate
cribs.

During later operations {after 1961), the 0WW was sent to nonboiling
tanks (Agnew 1994). Later operations also emphasized treatment and reuse of
miscellaneous recovered solvents rather than disposal to cribs or transfers to
the tank farms.

The OWW was comprised primarily of PUREX sclvent degradation products,
soluble TBP and diluent, and entrained TBP and diluent. Of the 2,480 kL
(655 kgal) of organic estimated to have been sent to the tank farms as OWW,
53 kL {14 kgal) was estimated to have been soluble degradation products,
1,135 L (300 gal) was soluble TBP and diluent, 700 kL (187 kgal) was entrained
TBP, and 1,710 kL (453 kgal) was entrained diluent. Therefore, it is
estimated that 2,420 kL (640 kgal) of separable phase organic may have been
sent to the tank farms during PUREX operations. Although NPH is insoluble in
dilute aqueous waste solutions, TBP is soluble. One mL dissolves in
approximately 165 mL of water (Merck Index 1989). This estimate is probably
high because the mass balance analysis probably underpredicts the degradation
products and overpredicts the entrained organics.

The PUREX diluent changed over time. The original diluent was
Shell? E-2342. Soltral®-170 replaced Shell™ F-2342 in 1961, and NPH
replaced Soltrol™-170 in 1966. Table 2-3 shows the properties of these
diluents.

2.2.4.2 Estimated Location of Soivents in Single-Shell Tanks. The
transfer records for the OWWs have been studied to determine where these
organics are expected to be located.

P . .
shell is o trademark of the Shell 01l Company, Houston, Texas.

3 ) A .
Soltrol is a trademark of the Phillips Chemical Company, Borger, Texas.
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Based on a review of waste transfer records documented in Anderson
(1990). the following tanks apparently received OWW:

Table 2-2. Waste Transfers from Anderson {1990).

241-AX-101 241-C-102 241-5-110 241-TX-101
241-AX-102 241-C-103 241-SX-103 241-TX-102
241-B-103 241-C-104 241-5X-106 241-TX-104
241-BX-101 241-C-108 214-TX-105
241-BX-102 241-C-110 241-TX-106
241-BX-103 241-C-111 241-TY-102
241-BX-106 241-C-112 241-TY-103
241-BY-109 241-TY-104.
241-8Y-111

Tanks 241-C-102 and 241-C-104 were the main receiving tanks for OWW from
PUREX (Agnew 1993). Tank 241-C-102 received 6,940 kL (1,833 kgal) of OWW 1in
the period from 1968 to 1970, and tank 241-C-104 received 19,540 kL
(5,163 kgal} from 1970 to 1972. The accumulation of organic layers was first
noted in tank 241-C-102 in 1969 (Anderson 1969). Accumulation in tank
241-C-104 was noted in 1972 (Hall 1972).

A good portion of the organic in tanks 241-C-102 and 241-C-104 was
evidently transferred into tank 241-C-103 around 1975. Although
tank 241-C-103 was used for several years after that time, the floating
organic layer apparently remained in the tank. This assumption would be
consistent with the use of a submerged turbine pump (P-10 pump} in this tank
in the past.

A review of the historical tank content estimates (Brevick et al. 1995,
Brevick 1997a and 1997b) indicated the following SSTs contain DBP resulting
from the receipt and degradation of OWW wastes. (These wastes may also have
contained separable phase organics because of entrainment.)
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Table 2-3. Properties of Shell™ E-2342, Soltrol™ 170, and NPH. (2 sheets)

| Normal Paraffin
Shel1™ E-2342 Soltro1™-170 | Hydrocarbon (NPH)
Period of use 1955 to 9/1961 9/1961 to 2/1966(2/1966 to 1989
Density at 25 C [0.80l 0.773 0.76 (max.)
(g/mL)
Viscosity 1.7 2.3 1.8
{(centipoise at
25 "C)
Boiling range and |-~ 208-239, (225) 174-252
midpoint ("C)
Flash point 166 "F 192 °F 80 "C (176 "F) min.
Aromatic content 0.1 vol% N1l 0.2 wt¥% max as
1,2,3,4
tetrahydronaphthalene
Naphthene content |About 80 vol% Nil -
Iodine number -- <1.1 bromine 0.1 wt% max. olefins
number as wt% I-tetradecene
Solubility in <0.004 g/L at 25 "C|very slight <0.005 g/L between
water and 50 "C 25 °C and 50 °C
Composition About 80 vol% 5 andiMixture of Mixture of €10 to Cl14
6 carbon highly branched |straight chain
bicyctic saturated [aliphatic (normal) aliphatic
paraffin compounds [hydrocarbons hydrocarbons
Notes: )
m«’_nx. = max]mum
min, = minimum

Physical properties for shell™ €-2342 and SoLtroLTM—W?DTﬂre from the Purex Technical Manual
{General Electric Company 1955). Composition of Soltrot "-170 }ﬁ from Walser (1966). Properties of
NPH are from the Purex Technical Manual. Composition for shell E-2342 is based on the definition
for naphthenes given in Merck Index {1989).
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Table 2-4. Waste Transfers from Brevick.
241-A-101 241-BX-110 241-C-102 241-5-101 241-U-102
241-A-102 241-BX-111 241-C-104 241-S-102 241-U-103
241-A-103 241-BY-101 241-C-107 241-5-103 241-U-1056
241-A-106 241-BY-102 241-C-109 241-S-105 241-U-106
241-AX-101 241-BY-103 241-5-106 241-U-107
241-AX-102 241-BY-104 241-S-107 241-U-108
241-AX-103 241-BY-105 241-5-108 241-U-109
Z241-BY-106 241-5-109 241-U-111.
241-BY-108 241-5-110
241-BY-109 241-5-111
241-BY-110 241-S-112
241-BY-111 241-SX-101
241-BY-112 241-5X-102
241-SX-103
241-SX-104
241-SX-105
241-SX-106

2.2.4.3 Purex Process Waste Storage in Double-Shell Tanks. All SSTs
were taken out of service by 1980. Therefore, the wastes generated by PUREX
operations between 1983 and 1990 would have been sent to the DSTs. Tank farm
specifications existing before the PUREX restart in 1983 did not allow for
separable phase organics in the DSTs. The specification for no separable
phase was based on a potential fire or explosion hazard in the
242-A Evaporator. This specification was reevaluated, and a basis was
developed to allow up to 946 L (250 gal) of separable phase organic to
accumulate in the DSTs in the AN or AW Farms (Kirch 1983).

PUREX OWW (solvent treatment waste) was stored in PUREX tanks TK-G8 and
TK-R8 and was batch transferred to the 241-AW Tank Farm during the 1980s.
A separable phase organic layer was normally present in tanks TK-G8 and TK-R8,
but these tanks were equipped with interlocks to automatically terminate
transfers to the AW Tank Farm if a <0.9 SpG was detected during sample
evaluation (WHC 1994). Some separable phase organic existed in the AW farm,
however, as evidenced by the collection of a layer of NPH in the 242-A
Evaporator condensate collection tank (TK-C-100) on at least two occasions.
The DST operating specification requires a minimum 1iquid Tevel of 0.9 m
(3 ft) above the evaporator feed pump in tank 241-AW-102 to prevent separable
phase organics from entering the feed pump.

2.2.4.4 Evaporation of PUREX Process Solvents. As discussed above,
a portion of the PUREX organic wastes was sent to the self-boiling, HLW tanks
in the A and AX farms. The semivoiatile organics would have been distilled or
steam stripped from the waste and disposed of with the condensate to cribs.
A partion of the organic waste, however. was transferred to nonboiling tanks
in C farms and later to DSTs.
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Long-term storage of separable phase organics in the tanks enables
a significant amount of evaporation to occur particularly under active
ventilation conditions.

Tributyl phosphate has a relatively lTow volatility with a vapor pressure
of only 0.0006 mm Hg at 4 'C (25 'F). The vapor pressure increases
Togarithmically with temperature from 15 mm Hg at 173 "C (343 "F) to 760 mm Hg
at 280 "C (536 “F) (Moore 1980). Normal paraffin hydrocarbon also has a
relatively Tow volatility; the vapor pressure is lower than that of water at
the same temperature. The vapor pressure of NPH increases from 1.08 mm Hg at
25 'C (77 "F) to 760 mm Hg at 227 “C (441 "F) (Moore 1980).

Although the mixture of NPH and TBP has a relatively Tow volatility,
evaporation will cause the removal of these organics over time. Kirch (1983)
estimated that 946 L (250 gal) of NPH would be evaporated in less than a month
if stored at 40 °C (104 "F) in an actively ventilated tank (4.25 m3/m1n
[150 scfm] ventilation rate). In Babad (1996) it is also concluded that Tight
end solvents would have been distilled off by this time.

Under passive ventilation conditions. evaporation would be considerably
slower. Over a 6-year period of mostly passive ventilation, 9,369 L
(2,475 gal) (a waste level decrease of 0.9 in.) of solvent in tank 241-C-103
is estimated to have evaporated (Postma et al. 1994).

Because of its Jow volatility but significant chemical reactivity, stored
TBP is more likely to react chemically than to evaporate. Chemical aging of
process solvents is discussed below.

2.3 CHEMICAL AGING OF PROCESS SOLVENTS AND THEIR DEGRADATION PRODUCTS

This section reviews what is known about how organics in tank wastes are
aging, and it identifies major aging products. The information derives from
literature precedents, aging experiments with simulated wastes, and analyses
of actual tank waste samples. The study of the aging of waste organic
chemicals has included both complexants and process solvents. Complexant
aging is discussed in Meacham et al. (1997). A detailed discussion of solvent
aging is included as Appendix L to this report. Information from Appendix L
is summarized in this section.

The study of the aging of solvent components began in 1993 and is less
advanced than studies on the aging of complexants. A Titerature review
(Camioni et al. 1996) was performed to gather information about aging
reactions. Table 2-5 summarizes the information pertinent to the aging of
organic solvents which is discussed in the following paragraphs.
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2.3.1 Aging of Tributyl Phosphate

Viable thermal and radielytic pathways exist for degrading TBP. Although
TBP is only partly soluble in water, when contacted with alkaline solutions it
hydrolyzes to DBP, which is soluble and stable in alkaline solutions (Burger
1955). Rates for alkaline hydrolysis of TBP depend streongly on temperature
and hydroxide concentration. Undiluted TBP hydrolyzes in 1 M sodium hydroxide
with rates of 0.88, 4.4, and 283 mg/L/h at 30 "C, 50 "C, and 90 "C (86 "F,
122 "F. and 194 F), respectively {(Burger 1958 and Kennedy and Grimley 1953).
Direct radiolysis of undiluted TBP either by gamma rays or MeV electrons
produced dibutyl phosphoric acid and lesser amounts of monobulylphosphoric
acid (Wilkinson and Williams 1961, Burger and McClanahan 1958, and Bury 1958).
Hydrogen and Cl1 through €4 hydrocarbon gases are also produced. In addition,
polymers are formed but have not been identified. Irradiation of TBP diluted
in hydrocarbon solvents also produces DBP and monobutyl phosphate products
(Barelko et al. 1966). Hydrogen atoms produced by radiolysis of water and
hydrocarbons offer a radiation-inducted path for cleaving alkyl phosphate
esters (Camaioni et al. 1996). In this path, the H atom adds to the P=0 bond
and an alkyl radical cleaves preferentially because the C-0 bond is weaker
than the H-0 bond.

Burger (1958) reports that hydrolysis of TBP under alkaline conditions
appears to stop after one butyl group is removed. Accordingly, DBP may
accumulate in tank wastes that received PUREX solvent wastes unless radiclytic
degradation or metal-catalyzed hydrolysis reactions occur with significant
reaction rates. Barney {1994) has extended his organic waste solubility
studies to include DBP. Results show that mono- and DBPs have high
solubilities in water. Calcium, aluminum, and iron salts are insoluble in
water. They will be made soluble in 1 ¥ sodium hydroxide (converting to
sodium salts) by precipitating ivon, calcium, and aluminum hydroxides.

Theoretically, at near neutral conditions, DBP would distribute between
the solid and supernatant phases depending on the concentrations of sodium
hydroxide and the availabiiities of metal ions such as calcium, aluminum, and
iron in the tanks. However, under the moderate to highly alkaline conditions
found in Hanford Site waste tanks, 1ittle DBP wili be found in the solid
phase.

2.3.2 Aging of Normal Paraffin Hydrocarbon

Radiolysis pathways for NPH aging are probably more important than
thermal pathways. Lacking activated C-H bonds, even air oxidation requires
elevated temperatures. Direct radiolysis produces saturated hydrocarbons of
higher and lower carbon numbers, olefins, and hydrogen (Bugaenko et al. 1993).
Alkyl radicals and H atoms are transiently produced (Bugaenko et al. 1993).
Hydrogen, HO, and NO; radicals, generated via supernatant radiolysis (Neta and
Huie 1986 and Buxton et al. 1988), also could attack hydrocarbons, generating
alkyl radicals. The fate of radicals and resulting products depends on
concentrations of trapping agents: 0,, NO,, NO,”, etc. Combining with O,,

NO%, and NO,” may ultimately produce oxidized products (Camaioni et al. 1996,
Meisel et al. 1991 and 1993) but combining with other alky) radicals could
lead to higher molecular weight hydrocarbons.
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2.3.3 Aging of Hexone

Hexone, with activated C-H bonds Tocated at tertiary and B-carbonyl
positions, will be amenable to air oxidation and attack by radiolysis
radicals. Plausible oxidation products are the salts of isobutyric and acetic
acids that would form by oxidative scission of a-carbonyl bonds. Aldol
condensation products are not expected to contribute significantly to hexone
aging. In practice, the equilibrium between ketone and the condensation
product must be driven to obtain product in good yield. This can be
accomplished under basic conditions by precipitating the condensation product
with an alkaline earth metal (House 1972).

CH,COR + HO™ = CH, = C(07)R + H,0

CH, = C{0O")R + CH,COR = CH,RC(0)CH,COR
2 CH,RC(07)CH,COR + Ca™ = [CH,RC(07)CH,COR] Ca.

Any hexone that has not evaporated or reacted by the present time will be
distributed between aqueous and hydrocarbon phases. Hexone aging products,
except for oxalic acid, will be soluble in the tank supernatants (Barney
1994).

2.3.4 Evidence from the Organic Layer of Tank 241-C-103

The floating organic layer in tank 241-C-103 has been sampled and
analyzed {(Pool and Bean 1994 and Campbell et al. 1994). The floating layer
consisted of NPH (25 wt% C12 through C15), TBP (47 wt%), and DBP (2 wt%).
Approximately 25 wt% could not be analyzed by gas chromatography. Much of
this material appeared to be inorganic. No polymeric or high-molecular-weight
materials were identified. Alkaline hydrolysis of TBP is sluggish under the
conditions in tank 241-C-103 where the pH is <10 {(Pool and Bean 1994) and the
temperature is <40 "C (<104 °F).4

The ratio of NPH to TBP used in PUREX was 70/30 vol% compared to about
30/70 vol% in tank 241-C-103. The inverted ratio in tank 241-C-103 suggests
that a significant portion of NPH has evaporated. Distillation theory also
predicts that the low-end NPH components are depleted.

The physical properties of the organic layer in tank 241-C-103 are used
for consequence calculations for solvent mixtures in tanks. It is assumed
that no solvent mixtures in any tanks retain volatile fractions more flammable
than the solvent in tank 241-C-103. Calculations performed by Fauske and
Associates (Babad 1996) support this assumption.

4 - - .
Tank 241-C-103's headspace temperature is approximately 38 °C (100 °F) (Grigsby and Postma 1995).
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2.3.5 Chemical and Radiological Aging Studies

Chemical and radiological aging studies of organic solvents were
performed at Pacific Nerthwest National Laboratery. The studies involved
irradiating a simulated waste containing organic solvent components (dodecane,
TBP, DBP, and hexone) and complexants {EDTA and citrate) in an aqueous slurry
of hydroxide, nitrate, nitrite, aluminum hydroxide, and a variety of alkali,
alkatine earth, and transition metal cations. The results are reported in
Camioni et al. (1996). The disappearance of reactants and the appearance of
products in both gas and condensed phases are a function of temperature (50 °C
to 90 "C [122 “F to 194 "F]) and dose (0.07 MGy to 1.2 MGy [7 Mrad to 120
Mrad]). The results showed hydrogen, nitrous oxide, nitrogen, and ammonia
produced while oxygen levels in the headspace fell to a steady-state level,
even though the organic material present was sufficient to consume it
entirely.

The apparent order of aging was TBP> DBP>>hexone and EDTA>>dodecane. Of
these compounds, TBP is most readily degraded in the absence of radiolysis
(Burger 1958). The decomposition of the other compounds requires radiolysis.
Dodecane and stearate degrade slowly under the applied conditions.
Insolubility of dodecane, an NPH compound, and stearic acid, an aging product
of NPH, in the aqueous phase probably contributes to their apparent stability.
The water-soluble organics are much more effective in scavenging radicals
generated by water radiolysis. Dibutyl phosphate recovered from the
irradiated simulant was much less than that initially present and showed
Tittle variation with dose.

2.4 SUMMARY REGARDING SOURCES AND FATE OF HANFORD PROCESS SOLVENTS

Hundreds of thousands of gallons of waste containing organic solvents
have been sent to the underground storage tanks. At first consideration, it
seems surprising that only one tank is known to have a separable organic phase
on the waste surface. However, evaluating the properties of NPH/TBP
components and other solvents such as hexone and looking at the history of
tank farm operations indicates that many solvents would have evaporated. The
remaining solvents have been subjected to chemical and radiolytic processes
that make some soluble in basic solutions and convert scme to solid forms. It
is concluded that the solvent mixture found in tank 241-C-103 is bounding in
terms of flammability, and its properties are used in safety analyses. The
following paragraphs summarize which solvents have been included in this
study.

2.4.1 Hexone (Reduction and Oxidation Solvent)

The concentration of hexone in the waste streams sent to the tank farms
was estimated to be less than 0.3 ppm by Borsheim and Kirch (1991) and Prosser
(1986). The hexone that was sent to the tank farms has been in storage for at
least 30 years. (Hexone was last used in 1967.) With a moderate boiling point
of 116 "C, the remaining hexone should have evaporated. In addition, most
tank supernatants have been processed through some form of evaporator to
reduce the waste volume. Any evaporation process would have removed residual
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hexone in the waste. Hexone should not be a significant waste constituent,
and it is not expected to be found in significant quantities as a separable
phase in the waste tanks. The results of the headspace sampling in 81 tanks
have been reviewed in the TWINS Database (PNNL 1997). No significant
quantities of Hexone (2-Hexanone) have been found.

2.4.2 Uranium Recovery Process Solvents

This process used a TBP-kerosene mixture as a solvent. This process was
last used in 1957, so the waste has been in storage for at least 39 years.
Kerosene, like NPH, is not readily degraded by radiolysis. With its moderate
boiling point and chemical and radiolytic stability, kerosene should be more
susceptible to evaporation than degradation. Because of the large amount of
waste generated by the uranium recovery process, most tank supernatants have
been subjected to some evaporative waste reduction processes. The evaporative
processes would have removed the kerosene by steam distillation and disposed
of it along with the aqueous condensate. Kerosene, or theoretically possible
degradation products, should not be a significant waste constituent in an
organic Tiquid phase and is not included in this analysis.

Tributyl phosphate has a high boiling point and is easily hydrolyzed to
DBP in basic solutions or converted to di-butyl phosphate by radiolysis.
Chemical and radiolytic degradation, rather than evaporation, are expected to
be the primary factors affecting TBP. Therefore, TBP is included in this
analysis.

2.4.3 B Plant Waste Fractionization Process Solvents

The solvent treatment wastes for this process were concentrated in an
atmospheric evaporator before they were transferred to the tank farms. Any
entrained NPH would have been steam stripped into the concentrator overhead
stream and disposed of with the condensate (Borsheim and Kirch 1991).
Therefore, these solvents are not expected to be found, in significant
gquantities, as a separable phase in the waste tanks.

2.4.4 PUREX Process Solvents

The largest quantities of organic-solvent-containing wastes sent to the
tank farms came from the PUREX process. A very conservative estimate
(Sederburg and Reddick 1994) was 2,490 kL (657 kgal) of a TBP-diluent mixture.
Most of this was in the form of OWW. As previously explained, the primary
factor affecting TBP is chemical or radiolytic degradation, and TBP is
included in this analysis. All the diluents have relatively high boiling
points when compared to hexone or butanol (see Table 2-1}. Therefore, it is
expected that the diluents lasted Tong enough that chemical and radiological
degradation products are also a factor; therefore, they are included in this
analysis.
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3.0 HAZARD AND ACCIDENT PHENOMENA

This section describes potential combustion hazards of separable phase
organic liquid waste tank storage and concludes that solvent pool fires are
the only credible combustion hazard posed by these materials.

3.1 DEFLAGRATION IN HEADSPACE AIR
The waste in SSTs generates flammable gases through three mechanisms:

* radiolysis of the waste which produces hydrogen and ammonia caused
by the presence of water, nitrates, and/or nitrites

« corrosion of the steel liner which produces hydrogen

s chemical dissociation or decomposition of organic compounds in the
waste which are facilitated by heat, radiation, and the presence of
certain catalysts (e.g., the aluminate ion): methane, hydrogen,
ammonia, and nitrous oxide are some volatile products of the
breakdown.

The gases generated by the waste are generally expected to be released to
the tank headspace. Organic liquids in the tank contribute vapors to the
headspace through evaporation. These organic liquids are comprised of
solvents used in the various Hanford Site chemical separation processes, most
notably PUREX.

The hazard posed by flammable gases is the subject of separate evaluation
and safety analysis. However, this report evaluates the hazard posed by
solvents, and it concludes that organic solvent vapors 1) are not a
flammability hazard on their own, and 2) contribute little to headspace
flammability. Vapor sampling results from 81 tanks are reported in
Huckaby et al. (1997). The highest solvent vapor concentration is found in
tank 241-C-103. Tank 241-C-103 data is used in this example.

The evaluation is described in Appendix D and consists of the following:

« reviewing key phenomena that determine headspace vapor
concentrations

* calculating vapor contribution to headspace flammability as
a function of temperature for a base case situation

» evaluating vapor concentrations that can be expected for various
pool sizes and tank ventilation rates through parametric analysis
around the base case

e comparing predictions to available measured values

e combining these insights to form a conclusion regarding the tank

farm safety analysis assumption.
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3.1.1 Key Phenomena

Key phenomena that determine the significance of solvent vapor with
respect to headspace flammability are summarized as follows.

3.1.1.1 Vapor-Liquid Equilibria. Solvent vapors originate from solvent
lTiquid. The concentration of vapors at a liquid-air interface represents
a boundary condition that affects the transport rate and steady-state
concentration of vapors in headspace air. Equilibrium concentration in the
vapor phase is determined by the composition of the liquid and the interfacial
temperature.

3.1.1.2 Mass Transport Rate from Liquid to Headspace Air. The
steady-state airborne concentration of solvent vapors in headspace air is
affected by the rate at which vapors are transported from the liguid-air
interface into the bulk air volume. The rate of mass transfer depends
primarily on the following factors:

» geometry of transport path
« mass transfer rate per unit area of transport path

+ concentration gradient between the liquid-air interface and bulk
headspace air

3.1.1.3 Vapor Loss Rate by Ventilation. The steady-state airborne
concentration of solvent vapor in headspace air is affected by the rate at
which vapors are carried out of the tank by ventilation air. The flow rate of
ventilation air and the airborne concentration of vapors govern the vapor loss
rate from headspace air.

3.1.1.4 Aerosol Formation. Condensation of solvent vapors in headspace
air could, under restrictive conditions, cause formation of an aerosol.
Aerosols composed of flammable species would contribute to headspace
flammability in proportion to the airborne concentration; aerosol particles
(diameter <10 um) can be expected to behave similarly to vapors of the same
material with respect to a deflagration (Zabetakis 1965). Aerosol mass
concentration is therefore the key parameter in assessing the importance of
solvent aerosols with respect to headspace flammability.

It should be noted that aerosols can be formed by fragmentation of Tiquid
in processes where mechanical energy is dissipated in a Tiguid. These means
for generating aerosols are discounted for normal interim storage because
mechanical energy sources are not present in the tanks during this mode of
operation. Waste-intrusive operations involved in characterization
activities, equipment installation or removal, or during future waste
retrieval operations should be evaluated for their potential to generate
aerosols.
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3.1.2 Calculation of Vapor Contribution to Headspace Flammability

3.1.2.1 Base Case. The organic vapor contribution to headspace
flammability is evaluated by calculating headspace concentrations and
determining the percent of the lower flammability limit (LFL) these
concentrations represent. Calculations were made for a base case
configuration (i.e., a 1-m® [10.8-ft%]) solvent pool in a passively-ventilated
tank). The ventilation rate is 17 m3/h.  The results are shown as a function
of headspace temperature in Figure 3-1 for two different organic compositions:
fresh PUREX solvent and the evaporated PUREX solvent contained in
tank 241-C-103. fresh solvent composition represents an upper bound on
volatility (and therefore on percent LFL) because solvents in tanks today
would have been stripped of the more volatile component by evaporation into
headspace air. The composition of tank 241-C-103 solvent was chosen as one
that could typify aged solvents currently in the tanks. Less volatile
solvents might also exist in tanks, but their flammability, expressed as
percent LFL, would be even lower than calculated for the tank 241-C-103
composition.

The curves of Figure 3-1 indicate that 25 percent of the LFL would be
reached at headspace air temperatures of about 97 "C (207 "F) for fresh
solvent and approximately 125 “C (257 "F) for tank 241-C-103 solvent. It is
predicted that 100 percent of the LFL will be reached at temperatures of
130 "C and 161 "C (266 "F and 322 "F) for fresh and tank 241-C-103 solvent,
respectively. The computational approach is discussed in Appendix D.

3.1.2.2 Parametric Result. Parametric variations from the base case for
pool area, ventilation rate, and temperature area were analyzed to determine
sensitivities and to determine under what conditions solvent vapors could
present a significant contribution to head space flammability.

Ventilation Rate - Ventilation rates of tank headspaces affect the
predicted percent LFL as discussed in Appendix D.

The impact of ventilation air flow rate on solvent vapor concentration is
illustrated by the data in Table 3-1. Typical passive ventilation flow rates
decrease the headspace vapor concentration by a factor of about 10 below the
case with no ventilation.
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Table 3-1. Effect of VYentilation Rate on the Predicted Contribution
of Solvent Vapor to Flammabitity For a 1- m2 Pool and a
Headspace A1r Temperature of 30 C

Vent1iat1bh'Rate RERERNE Y
e o
o B Fresh So1vent
0 T 4.76
0.43 (atm. fluctuations alone) 3.64
1.84 (atm. fluctuations + 50 ft°/h) 2.04
17.0 (10 ft*/min) 0.36
170.0 (100 ft>/min) 0.038

Pool Area - The effects of pool area on headspace vapor concentrat10n are
shown in Table 3-2. These data apply for a ventilation rate of 10 ft? /min.

Table 3-2. Effect of Pool Area on the Predicted
Contribution of Solvent Vapor to F]ammability
at a Headspace Temperature of 30 °C. -

Pool Area
m2

411
20
10
1
0.1

The data in Table 3-2 indicate that a 1-m? pool is predicted to generate
vapor concentrations that are 8 percent as high as a pool covering the whole
tank cross-section, 411 m? (4,424 m ) For the 411-m2 pool area, headspace
air is predicted to be within three percent of the saturated, i.e. upper
1imit, concentration. The saturated concentrations for fresh and tank
2414C—103 solvents are 4.76 percent LFL and 0.69 percent LFL, respectively, as
displayed in Table 3-1 where percent LFL is shown for a hypothetica]
leak-tight tank (ventilation rate = 0).

Temperature - The temperature at which 100 percent of the LFL is reached
corresponds to the flashpoint of a liquid. For the zero ventilation flow
case, the methodology used to calculate the data displayed in Figure 3-1 and
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Tables 3-1 and 3-2 yields 100 percent of LFL at temperatures of 81 "C and 109
"C (178 'F and 228 'F), respectively, for the fresh and tank 241-C-103
solvents, respectively. These predicted flashpoints agree reasonably with
measured flashpoints of 99 'C and 118 “C (210 "F and 244 "F) {Pool and Bean
1994) for a freshly prepared solvent and for solvent removed from tank 241-
C-103. The predicted flashpoints are Tower than measured, indicating that the
methodology used in Appendix D yields conservative predictions; that is, it
tends to overpredict interfacial solvent vapor concentrations in the
neighborhood of the flashpoint.

For comparison purposes, the highest temperature recorded in the waste 1in
C-103 during the month of September, 1998, was 47 “C (116 "F). The waste
temperatures vary by a few degrees each month depending on the season.

However it can be seen that the waste temperature doesn't approach the
flashpoint.

3.1.3 Conclusion Regarding Solvent Contribution
to Headspace Flammability

Based on the parametric analysis described in Appendix D, solvent vapors
would only be a significant contributor to headspace flammability
(i.e., >25 percent of the LFL) under the following circumstances.

1. The tank_contained a significant solvent pool (e.g., >1 m®
[10.8 ftz] area) or an even larger solvent lens deeper in the waste
solids.

2. The tank ventilation rate is low.

3. The tank headspace temperature is unusually high.

Warmer tanks are less likely to contain significant quantities of solvent
vapors because the warm temperatures would have caused increased evaporation
of the more volatile components over many years of storage. Tanks with higher
heat loads have also been on active ventilation for many years. Cooler tanks
may have enabled solvent to persist over many years of storage and are
sufficiently cool to 1imit vapor concentrations to small values as evidenced
by tanks 241-C-103 and 241-BY-108. Of the 81 tanks vapor sampled, the largest
vapor contribution to headspace flammability is about 2 percent of the LFL.

Based on this evaluation and available headspace vapor sample data, it is

reasonable to assume the solvent contribution to headspace flammability is
small.
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Figure 3-1. Predicted Percent Lower Flammability Limit of Solvent Vapors
in a Passively Ventilated Single-Shell Tank.
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3.2 ORGANIC-NITRATE/NITRITE REACTIONS

Organic nitrate/nitrite, condensed-phase, propagating exothermic
reactions are theoretically possibie in waste sludges and saltcakes.
A hypothetical sequence of events that describes the postulated hazard of
organic nitrate/nitrite reactions in the sludges or saltcakes is as follows.

» Aqueous supernatant is lost from the tank through a leak or pumping
process, and organic liquid has permeated waste sludges or
saltcakes. (An example of this loss of aqueous supernatant is
tank 241-BY-108, which was saltwell pumped.)

« The organic liquid is combustibie.

* An energeltic ignition source is accidently introduced into the tank
at the pool-air interface, igniting a pool fire. The pool fire
spreads over a large area.

e Heatup of the sludge or saltcake by the burning pool to the reaction
onset temperature triggers a propagating organic nitrate reaction in
the sludge leading to the release of heat and gases. Vented gases
carry entrained material causing the release of radioactive
material. Relatively low-developed pressures {about 9 kPa
[1.3 psig]) rupture HEPA filters. Tank structural integrity is
challenged for higher combustion pressures.

The hypothetical sequence of events described above is possible only if
the exothermic reactions in sludge or saltcake release enough thermal energy
to support a propagating reaction (i.e.. adequate fuel and sufficiently low
moisture).

Organic-nitrate propagating exothermic reactions are the subject of
separate evaluation and safety analysis (Meacham et al. 1997). This report
evaluates the effects on combustion Timits and energetics of mixing separable
phase organic liquid wastes with condensed phase organic nitrate compounds.
Tests and experiments, performed to investigate the potential for process
solvents and solvent degradation products to burn with nitrates, have
concluded that these compounds do not support propagating exothermic reactions
with nitrates or nitrites. The bases for this conclusion are described below
and in Appendix E.

The potential for organic compounds to burn with nitrates and/or nitrites
is a hazard that has been studied extensively relative to Hanford Site waste
tanks. The focus of the hazard evaluation has been the organic complexants
such as EDTA, HEDTA, citrate, and their degradation products (e.g., acetate,
formate, oxalate, carbonate). These compounds are nonvolatile and can exist
as solids at high temperatures when nitrate becomes an effective oxidizer.
However, as discussed in Section 2.1, a significant quantity of the organic
compounds sent to the tank farms were semivolatile process solvents and their
degradation products. Tests were performed to investigate the following
potential hazards involving process solvents or their degradation products:
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» potential condensed-phase propagating reactions when mixed with
sodium nitrate and initiated with an adequate ignition source

+ increasing of the fuel value of the waste such that an otherwise
nonpropagating mixture (too little organic complexant Tike sodium
acetate) turns into a reactive mixture that can support a
propagating reaction given an adequate ignition source

+ a surface pool or wicked fire, involving a solvent and headspace
air, transition into a condensed-phase combustion regime given
adequate organic complexant fuel.

Solvents tested included TBP, a mixture of 30 vol% TBP and 70 vol% NPH.
The 70 vol% of NPH is composed of 11.6 percent dodecane, 23.4 percent
tridecane and 35 percent tetradecane on a total volume basis. Degradation
products tested included DBP and the salt aluminum dibutyl phosphate (A1DBP).

3.2.1 Solvent and Solvent Degradation Product
Condensed-Phase Reactions with Nitrate/Nitrite

In contrast to nonvolatile organic complexants, condensed-phase
propagating reactions have not been observed with TBP, DBP, PUREX solvent
simulants (30 percent TBP, 70 percent NPH), or their salts such as AIDBP or
di(2-ethylhexyl)phosphate when mixed with nitrate oxidizer and tested in an
adiabatic calorimeter (i.e., Reactive Systems Screening Test [RSST]) or during
tube propagation (TP) tests.

The RSST, described in Appendix E, is used to measure the ignition
temperature of combustible mixtures. Combustible mixtures of nonvolatile
organic complexants (e.g., acetate or citrate) and nitrate exhibit a sharp
self-heating rate change. This change occurs when the ignition temperature is
reached, and the chemical reaction transitions from a self-heating reaction to
a propagating, wave-1ike combustion reaction. The solvents and degradation
products tested with nitrates did not exhibit this transition.

Table 3-3 lists the tested mixtures. The only two mixtures that showed
a propagating reaction had sufficient organic salt (sodium citrate) mixed with
the oxidizer (sodium nitrate) to support a propagating reaction without
dodecane being present. Eight weight percent total organic carbon (T0C) of
citrate is the threshold for a propagating reaction. Mixtures that contain
less than 8 wt% TOC of citrate will not support a propagating reaction, even
if a solvent (dodecane) is added to bring the TOC content to over 8 wt%. The
lack of propagating reactions is attributed to the decomposition of these
materials in the 150 "C to 200 "C (302 F to 392 "F) range, which is below the
ignition temperature for organic-nitrate mixtures (220 to 300 "C [428 "F to
572 "F]).
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RSST - IO.wt% TOC TBP/NaNG;, No
RSST - 28 wtZ TOC TBP/NaNO; No
RSST - 5 wt#% TOC DBP/NaNO, No
RSST - 10 wt’ TOC DBP/NaNO, No
RSST - 22.6 wt% TOC PUREX simulant'/saltcake® No
DTP?- 8 wt% TOC citrate/NaNO, Yes
DTP - 11.3 wt% TOC PUREX simulant NaNO. No
DTP - 8 wt% TOC ATDBP/NaNOy No
DTP - 5 wt# TOC sodium butyrate/NaNO, No
DTP - 6 wt% TOC sodium butyrate/NaNO, No
DTP - 3 wt% TOC citrate, 3 wt% TOC ATDBP/NaNO; No
DTP - 7 wt¥% TOC citrate, 8.5 wt¥ TOC A1DBP/NaNO, No
Visual bench test - 11 wt¥ TOC citrate/NaN033 Yes - following pool
saturated with dodecane burning of dodecane
rotes: ;punex simulant - 30% TBP/70%NPH (11.6% dodecane, 23.4% tridecane, 35% tetradecane)

Tank 241-BY-104 saltcake simulant
B Wt¥% or greater TOC r;itl"n'ce,n’MaND3 Will support a propagating reaction without dodecane present.

Tube propagation tests have been carried out to measure combustion
temperatures and combustion rates in connection with sustained propagation
through cold material when subjected to a large ignition source. Appendix E
gives test descriptions. When combustible mixtures are tested, the combustion
front travels down the length of the tube as evidenced by rapid temperature
spikes observed by thermocouples located along the tube's length. Mixtures of
solvents and solvent degradation products and nitrates showed no signs of a
propagating reaction during these tube propagation tests. See Meacham et al.
1997, Appendix, C for more discussion of tests.
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3.2.2 Solvent Addition to Waste Organic Fuel Value

Waste surrogates that included nitrate oxidizer and a mixture of organic
complexant fuel (i.e.., sodium citrate) and solvents were prepared. Table 3-3
shows the tested mixtures. Experiments with organic complexant simulants
indicate that propagating reactions can be expected when the complexant/
nitrate mixture's theoretical heat of reaction exceeds about 1,600 J/g (for
dry materials). A complexant/solvent mixture of 3 wti TOC sodium citrate and
3 wt% TOC AIDBP was tested in a TP test. This mixture has a theoretical heat
of reaction of 1,840 J/g but did not show any signs of propagating reactions.
A 7 wt?% TOC sodium citrate/8.5 wt% TOC dodecane mixture also showed no signs
of propagating reactions. Sections 2.0 and 3.0 and Appendix E show the test
methods and results.

The absence of a condensed-phase reaction is consistent with previous
tests that indicated at least 8 wt¥ TOC sodium citrate is necessary to support
propagating condensed-phase reactions. The dodecane does not appear to
contribute to the condensed-phase reaction "fuel value" in any significant
way. The conclusion drawn from these experiments is that waste solvents (or
their degradation products) do not add to the waste fuel value in terms of
supporting propagating reactions.

3.2.3 Solvent Fire Transition to Condensed-Phase Combustion

The test data described above indicate that solvents and their
degradation products do not contribute to the waste fuel value regarding
condensed-phase reactions. Testing also was performed to investigate the
potential for a solvent-air pool fire to transition to a condensed-phase
organic complexant-nitrate propagating reaction. Tests were performed with
complexant-vrich mixtures saturated with dodecane and covered by a shallow pool
of dodecane. Visual bench-top tests (detailed in Appendix F) were performed
where the pool of dodecane was ignited with a torch. Dodecane-air pool
burning occurred in the absence of condensed-phase combustion until the
solvent pool was depleted. As long as the pool was present, the temperature
in the underlying compliexant/nitrate/dodecane mixture remained below
condensed-phase reaction initiation temperatures.

After the pool was depleted, dodecane was vaporized from within the
solids matrix, the air-vapor combustion raised the exposed complexant-nitrate
material to ignition temperature, and the reaction transitioned to
condensed-phase combustion. It is concluded that a solvent surface fire could
only transition to a condensed-phase reaction if 1) the waste solids are
sufficiently fuel rich and dry to support a condensed-phase reaction, and
?) the solvent pool is burned sufficiently to expose waste solids before the
pool fire is extinguished because of lack of oxygen.

3.3 COMBUSTION OF ORGANIC LIQUID AS A POOL FIRE

Separable phase organic liguids can form a combustible situation by
1) being present as a free pool (or puddle) on the waste surface or
2) collecting sufficient concentrations entrained in the waste solids to form
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a combustible area at the waste surface by capillary or wicking behavior. The
subcaoled Tiquid must be heated to flash point, at Teast, to form a flammable
gas phase mixture with the headspace air. A hypothetical sequence of events
describing this postulated hazard is as follows.

e Process solvents are transferred to an underground storage tank.

« Conditions in the tank Timit evaporation and chemical aging, and
solvents persist as a separable phase Tiquid. The organic liquid is
combustible (i.e., will support a sustainable flame when ignited
locally).

« Ignition sources are not controlled, and the lTiquid is ignited
locally. Flame spreads over a large area of the pool or
wick-saturated waste surface.

» The fire burns until oxygen 1s extinguished. The fire causes
pressure and temperature to rise in the headspace gases.
A sufficiently high pressure is reached, and a pressurized release
of combustion gases and entrained material takes place to the
atmosphere. Relatively low-deveioped pressure (about 9 kPa
[1.3 psig]) ruptures HEPA filters, and pressures of about 75 kPa
(11 psig) cause significant dome cracking in SSTs.

* Because the tank pressure is vented and the tank remains intact,
a vacuum develops as the tank cools and the headspace gases
contract.

Initiating a pool fire over a liquid that is below its flash point
requires introducing an ignition source into a flammable air-fuel mixture
above the pool and heating liquid (at least Tocally) to above the flash point.
Tank 241-C-103 contains a combustible layer of organic liquid. Although no
other tank is currently known to contain a pool of organic liquid, tank
characterization data for tanks not yet vapor sampled are not adeguate to rule
out the possibility of other tanks containing organic liquid pools.
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4.0 PHENOMENOLOGY OF SOLVENT FIRE IGNITION

This section describes the circumstances under which separable phase
organic liquids in the Hanford Waste Tanks may be combustible and the
experiments and analyses that have been performed to estimate some of the
requirements for ignition. Separable phase organic liquids may be combustible
if they 1) exist as a free pool, puddle, or channel on the waste surface, or
2) are sufficiently concentrated and entrained in waste solids, such as studge
or saltcake, to ignite at the waste surface by capillary or wicking behavior.

Ignition requires solvents be heated above their flash points and an
energy source to initiate ignition. The flash point of a flammable material
is the temperature at which vapors in equilibrium with the material and its
air space reach the LFL in air. A spark introduced into combustible vapors at
the LFL can ignite a gas-phase deflagration that is perceived as a "ftash."
Currently, solvent temperatures in waste tanks are well below solvent flash
points.

+ The solvent in tank 241-C-103 is at a temperature of about 40 °C
(104 “F), or about 75 "'C (135 "F) below its measured flash point of
118 "C (244 "F).

+ The solvent in tank 241-C-102 is about 90 "C (162 'F) below its
expected flash point of 118 "C (244 "F).

» The waste surface temperature in tank 241-BY-108 is about 30 "C
(54 "F), well below the flash point of evaporated PUREX solvent.

This section also reviews the possibility of solvent fires occurring in
actively ventilated tanks or at multiple locations on a pool.

4.1 IGNITABILITY OF ORGANIC SOLVENT POOLS, PUDDLES, AND CHANNELS

Organic liquid in waste tanks (e.g., that currently present in
tank 241-C-103) can only be made to burn with great difficulty when the
initial liquid temperature is below the flash point. The issue is to
determine what energy source is required to ignite cool organic liquid (i.e.,
many tens of degrees below the flash point.)

In a large pool or puddle, local heating of a liquid layer induces liquid
convection because of changes in the surface tension brought on by a rising
temperature. Strong convective flows at and near the liquid surface carry
heat away from the source (assumed at or above the liquid surface), and lose
heat convectively to the tank headspace or atmosphere above. A cool return
flow runs countercurrent beneath the liquid surface. This means that large
pools or puddie are difficult to ignite. Local heating must be sufficient to
bring the local surface to a temperature above the flash point so that
ignition can occur. The ignited region must also be large encugh to cause
flame spreading.
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In small puddles, channels, or in sludges and saltcakes where liguid
organic is embedded, ignition by local heating is easier. However, ignition
can be hindered or possibly prevented by the presence of water in sludges and
saltcakes.

Key aspects of solvent ignitability are studied through experiments and
theoretical analysis as described in Appendix G and summarized below.

4.1.1 Organic Liquid Pools or Larger Puddles

The conditions for igniting organic liquid pools or larger puddles such
as residual layers on top of sludge or water have been investigated
experimentally and analytically. Igniting a pool requires 1) an energy source
that locally heats the Tiquid to a temperature above its flash point,

2) enough heat to ignite the vapors, and 3) a sufficiently large locally
heated region to sustain combustion {i.e., to prevent flame extinction).
Because flame extinction or flame spreading may occur, depending on the region
size, the latter condition is equivalent to stating that the energy source
must locally heat and ignite a region of sufficient size to allow flame
spreading on the remaining cool pool liquid. The following hypothetical
events exhibit the conditions to ignite a cool pool.

1. Robust heating of a free pool surface. The heated region must be
a sufficient size for a locally-ignited fire to spread to the rest
of the subcooled pool. Based on experiments and analyses, the heat
source must raise at least a 10-cm {4-in.)-diameter region of
solvent above its flash point (see Appendix G). The power applied
needs to be sufficient to overcome convective heat losses. The
power required can be gquantified based on experiments and theory
described in FAI (1994). The required power is a function of the
solvent depth and increases with depth. Layers less than 2 mm
(0.1 in.) in depth have been shown to be non-ignitable. The solvent
pulls away from the heat scurce, exposing the underlying waste or
aqueous liquid rather than heating to the flash point.

Appendix F calculates the energy source power requirements to reach
ignition conditions. Assuming dodecane properties (which is
conservative for the calculation relative to evaporated PUREX
solvent), the power supplied to a layer slightly greater than 2 mm
deep and 10 cm in diameter must exceed 200 W to ignite a fire that
can spread to the rest of the pool. A 5-mm-deep layer requires at
least 1,700 W.

2. Heating and ignition of a confined region. A region of the pool
must be confined to prevent convective heat Tosses to the remaining
liquid. The region must also be bulk heated to the liquid flash
point to be ignited, and the radiant heat from this region must be
sufficient to allow flame spread to the neighboring pool area. The
confined region must be sufficiently large that its radiant heat
loss causes ignition nearby. This is not likely unless the barrier
responsible for fuel layer confinement is removed.
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Confined regions from which flame spreading is possible must be

1) at Jeast 10 cm (4 in.} in diameter and greater than 2 mm

(0.1 in.) in depth, and 2) gradually and uniformly heated to the
flash point. A reasonable bounding minimum energy required to
ignite such a contained region is 2 kJ (see Appendix F). The actual
initiator energies would be larger if the puddle were deeper than

2 mm.

3. Sustained burning of a large object. A burning object that produces
radiant energy equivalent to burning the confined region described
above is also sufficient to ignite the adjacent pool. The burning
object is considered to have the same characteristic dimension as
the burning confined regien. A burning object must be at Teast
10 cm (4 in.) in diameter to cause flame spreading.

4. Spark initiation. Section 3.1.4 of Appendix G evaluates the
potential for igniting an organic solvent fire with an electrical
spark. It looks at the range of energies that could be produced by
a discharge from electrically conductive objects that might be
accidentally or deliberately introduced into a waste tank. Spark
ignition differs from other initiators by timescale. A spark
deposits a large amount of power in a local area for a brief time
period, whereas other initiators are more sustained. The rapid
transfer of energy to the solvent pool surface may raise the pool
surface temperature to the flash point with 1ittle heat conducting
to lower regions of the pool. Theoretically, the amount of energy
needed to create a small flammable vapor cloud above the pool
surface may be much less than that required to slowly heat the
solvent pool to the flash point. Spark energy must exceed 2 J
(0.2 MW spark power) to produce a 10-cm (4-in.)-diameter potentially
flammable zone above the pool surface. This energy is well in
excess of the maximum theoretical spark energies expected from
objects that might enter the tank, considering that a highway tanker
truck could conceivably produce a static discharge of 0.45 J
(Eckhoff 1991).

4.1.2 Small Solvent Puddles

Small puddles are solvent pools with a diameter of 1 m® (10.8 ft°) or
less. As puddle size decreases, the convective flow of solvent away from the
heat source becomes constrained, and the heat rejection capability of the
puddle reduces. The energy source needed to heat the puddle to the flash
point is reduced from the extremely large sources needed to ignite a large
pool. Testing performed in a 0.6-m (2-ft)-diameter pan containing solvent
indicated that solvent under a heater was not raised to flash point
temperatures after absorbing 90 W of radiant heat, the maximum tested (FAI
1994). Ease of ignition for small puddles is, however, bounded by
solvent-filled channels and solvent-permeated saltcakes as described below.

4-3



HNF-4240 Rev.01 8/20/2020 - 1:47 PM 63 of 680

HNF-4240 Rev. 1

4.1.3 Solvent-Filled Channels

Organic solvent in cracks or channels in a sludge surface are confined to
a one-dimensional convective flow for heat rejection: therefore, ignition and
flame spreading occur more easily than in an open pool. Propagating a fire
from a narrow channel into an open pool is subject to the same flame size
constraints as for pools. On the other hand, fuel in a large pool connected
to a burning channel may continuously supply fuel to the channel. These
observations are summarized as follows.

» Relatively small initiators may start fires in narvow channels
filled with tank waste solvent,

¢ These fires may continue as fuel from the pool flows back to the
channels.

e Fires in channels cannot propagate into open pool areas unless the
characteristic channel size exceeds the pool fire spreading
threshold criterion.

» Consequence analysis discussed in Section 6.0 shows that fires in
channels with Timited surface area could not threaten tank
integrity.

For additional information on a one-dimensional version of the
thermocapillary convection analysis and on guantitative and qualitative
experiments on convection and flame spreading, see Appendix G, Section 3.2.

A series of tests have been performed for relatively narrow (1.3 to
1.5-cm [0.5 to 0.6-in.]) channels (see Appendix G, Section 3.2). Such
channels filled with dodecane could not be ignited with a small oxyacetylene
torch. Wick-stabilized flames started at one end of the channel failed to
cause flame propagation farther up the channel. Testing with radiant heaters
determined that a channel filled with solvent could convect significant heat
away from a heat source. A few tens of_centimeters of channel length were
adequate to dissipate more than 30 kW/m° of radiant heating applied to one end
of a 1.3-cm-wide channel. Igniting the channel required the heated solvent be
confined by a barrier to prevent convective cooling. Although small puddles
and channels are easier to ignite than a large puddle or pool, a sizeable,
sustained heat source is still required to cause ignition.

Igniting small puddles by hot particles and pyrotechnic "electrical
matches" has also been attempted (see Appendix E). A test involved 6.3-cm
(2.5-in.)-diameter puddles of dodecane. Applying a 138-J electrical match did
not result in ignition. Dropping heated steel balls of various sizes into the
puddle also did not result in ignition. The steel balls varied in size (1/16,
3/32, and 3/16 in. diameter) and were heated to about 1,300 'C (2,372 "F).
This corresponds to energies of 10, 35, and 270 J, respectively.
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4.2 ORGANIC LIQUIDS ENTRAINED IN WASTE SOLIDS

Because convective heat loss mechanisms are not effective when liquid
organic is embedded in sludge or saltcake, ignition by Tocal heating is easier
than for open pools or large puddles. However, ignition can be hindered or
possibly prevented by the presence of water in the wastes. The various key
aspects of the ignitability of solvents entrained in sludge and saltcake are
studied through experiments and theoretical analysis as described in.

Appendix G and summarized below.

4.2.1 Organic Liquid Entrained in Sludge

The sludge in most tanks, including tank 241-C-103, is expected to retain
significant water following saltwell pumping. [t is most likely that such
a sludge mixture is impossible to ignite because of the preponderance of water
relative to entrained or embedded solvent. Solvent ingression experiments
conducted with tetradecane/TBP organic on top of water-saturated, kaolin
sample materials (FAI 1994). are described below and in Appendix G.

Solvent-permeated sludge simulants were prepared and tested for
ignitability. Samples were prepared by mixing moist sludge (moisture was
varied) with an organic liquid mixture of 70 percent TBP and 30 percent
tetradecane (C,,). Table 4-1 summarizes the estimated bounds on the entrained
organic content in the sludge on a dry mass basis and by percent of TOC. Note
that sludge samples were uniform in color (tan) and appearance {moist), and no
free liquid was present on the sample surface or in channels in the (partially
consolidated) sludge.

Table 4-1. Results of Sludge Burning Tests.
 TestID {3 | 7 .} 6 |
Simulant composition

sample net (g) 94.8 93.6 95.4 92.7 90.5 97.4
wt? kaolin 70 72 72 72 72 71

wt? water 29/27 23/22 18/16 13/11 8/6 4/2
(max./min.}

6§ [z s 7a

Organic content {wet
basis)
wt% organic 1/3 5/6 10/12 15/17 20/22 25/27
(min./max.)
wt% TOC (min./max.) |1/2 3/4 6/8 9/11 13/14 16/17

Organic content (dry
basis)
wt% organic 2/4 6/8 12/15 17720 21/24 25728
(min./max.)
wt% TOC (min./max.) |1/3 4/5 7.5/9.5|11/13 13/15 16/18
Nominal % TOC 2 4.5 8.5 12 14 17

Ignitability
Short-duration flame N N Y
Burn duration {s) -- -- 1

) =<
—
e

5 15
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After characterizing the surrogate sludge samples in terms of embedded
organic content, an attempt was made to ignite the sludge. Ignition was
attempted using a small oxyacetylene torch. Table 4-1 provides these results.

In general, the samples with the most organic {(and the least moisture)
were the easiest to ignite, but even the sample with 17 percent TOC (nominal)
required some effort {prolonged heating) to establish a self-sustained flame.
Even then, the flame extinguished after about 15 seconds, and samples with
nominal TOC contents of 14, 12, and 8.5 percent burned independently only for
about five, three, and one second(s), respectively. With the torch in place,
these samples showed visible signs of fuel burning in the vicinity of the
torch jet, particularly for higher fuel contents. A self-sustained flame
could not be established on the samples with 4.5 and 2 percent TOC, and even
with the torch in place there was Tittle, if any, visual evidence of fuel
burning.

In summary, the samples that sustained burning did so only briefly,
consuming only a fraction of the available fuel before extinguishing. When
the torch was applied again, the process was vepeated. Samples that contained
more than 20 percent water did not ignite at all. The presence of water is
likely the most important factor in preventing sustained burning of organic in
sludge. It is concluded that sludge centaining more than 20 percent water
will not ignite and support a sustainable solvent fire.

4.2.2 Organic Liquid Embedded in Saltcake

Waste saltcakes are expected to retain Tess moisture than sludges and are
assumed to be able to contain more solvents in their interstitial pores than
sludges. Experiments and analyses of waste simulants and waste samples
(Simpson [1994], Jeppson and Wong [1993], Epstein et al. [1994], Toth et al.
[1995], Atherton [1974], Handy [1975], Metz [1975a, 1975b, 1976], and Kirk
[1980]) show that waste saltcakes are more porous and retain less liquid than
waste sludges. Scoping tests with saltcake simulants saturated with kerosene
indicated that when a saltcake-kerosene mixture was heated near an open flame,
the kerosene ignited after reaching its flash point and burned (Beitel 1977).
The saltcake did not participate in the reaction other than to serve as
a wick.

Scoping tests indicated that solvent could be ignited above saltcake
simulants, where the solvent would wick to the surface and burn in air until
the solvent was largely consumed. Ignitability tests were performed to better
gquantify ignition source requirements for saltcake-solvent mixtures. The
results of this testing are described in Appendix E. Section 5.0 and
summarized below.

Tests involved introducing a pyrotechnic "electric match" and heated
steel balls to a dodecane-saturated saltcake simulant 6.35 cm (2.5 in.) 1in
diameter. Neither the 138-J match nor the heated steel balls (energy ranging
from 10 J to 270 J) caused the solvent-saturated saltcake to ignite. It 1s
concluded that small heated objects and sparks cannot ignite solvent-saturated
saltcake. A larger, more sustained energy source is required.
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4.3 SMALL SOLVENT FIRES IN ACTIVELY VENTILATED TANKS
OR AT MULTIPLE LOCATIONS

Questions have been raised about the consequences of small solvent fires
in actively ventilated tanks and the simultanecus ignition of a solvent pool
or large puddle at more than one location (multipoint ignition). Both
scenarios are explored in the subsections below. In both scenarios, results
indicate that consequences fall well below the consequences for the bounding
cases previously analyzed.

4,3.1 Small Solvent Fires in Actively Ventilated Tanks

The analysis in Section 4.1 for pool fires assumes fires extinguish
because of a lack of oxygen. The pressure generated by the fire prevents
fresh air from entering the tank to replenish the oxygen supply. Because of
questions that have been raised and because of a review of solvent fire
methodology (Postma 1996), an analysis has been done for the scenario of
a small fire burning at a rate limited by oxygen (incoming ventilation air)
and continuing to burn until available fuel is consumed. Such a fire could
result in larger masses of solvent being burned (as compared to earlier
assessments) because extinguishment would be Timited by the fuel inventory
rather than the oxygen inventory. Because waste aerosolization is predicted
to be proporticnal to the mass of fuel burned in a fire, it is possible that
aerosol release (and accident consequences) could be lTarger for a smatl
continuing fire than for the larger fires previously analyzed.

This problem can be resolved by quantifying radiological and
toxicological consequences for a small continuing fire scenario and comparing
them with consequences for the bounding fire scenarios described in
Sections 4.1 and 4.2.

The impact of forced ventilation on fire consequences was quantified by
analyzing the largest pool fire that could continue to burn if supplied by
fresh air at 100 cfm (170 m3/hr). The methodology used in this analysis is
the same as that used to analyze pool and puddie fires, extended to account
for air flow into and out of a tank that is actively ventilated. Results of
the analysis, in which toxicological consequences are expressed in sums of
fractions of guidelines and in which radiological consequences are expressed
in radiation doses, can thus be compared to consequences for pool and puddle
fires.

Results of the analysis indicate that consequences of a small pool fire
in an actively ventilated tank would fall well below consequences for the
bounding cases previously analyzed. The HEPA filters in the ventilation
system would not suffer over-pressure failure, but would trap particulate
contaminants until the filters plugged or available fuel was consumed. As a
result of plugging, the ventilation airflow would terminate, and the fire
would be extinguished because of low oxygen concentration.
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Appendix H contains a complete analysis. [n order for the small pocl
fire described here to exist, some form of physical barrier or waste geometry
would have to create a pool that was less than one square meter (and
proportional in size to the ventilation rate) in area where the fire burned
and had a reservoir of solvent to feed the burning pool. If the burning
surface were not constrained, the fire would spread across the available area
and be a pool or puddle .fire of the same type already analyzed. The oxygen
consumption would exceed the supply, and the fire would be extinguished
because of oxygen depletion.

4.3.2 Ignition at Multiple Locations

Multipoint ignition is the simultaneous ignition of a solvent pool (or
large puddle) at more than cne locaticen. Multipoint ignition is possible with
lightning as an ignitor; lighting strikes are typically multi-discharge
events, and if successive discharges followed different paths to a solvent
pool, ignition at more than one point on the pool is possible.

Analyses of pool fire consequences in Section 7.0 are based on ignition
at one site on a pool, with subsequent radial spreading of a fire until the
entire pool is inflamed or until the fire extinguishes on low oxygen.

Ignition at two or more points on the surface of a pool could cause the
inflamed area to grow more rapidly than it would for single point ignition.
The increase in inflamed area would be reflected in an increase in
pressurization rate. Increased pressures in the tank could result in more
rapid venting of toxins and would impose larger structural lToads on a tank.
The degree to which a faster spreading fire, caused by multipoint ignition,
increases predicted consequences is analyzed in Appendix J. The impact of
multipoint ignition of solvent pool fires on predicted consequences was
quantified by analyzing bounding fire cases under the assumption that ignition
occurrved at three locations simuyltaneously. The bounding cases examined peak
pressurization, toxicological consequences, and radiological consequences.
Comparison of consequences for single and multipoint ignitions illustrates how
multipoint ignition affects the cutcome of postulated solvent fires.

Findings of this study are characterized by the following conclusions and
summary statements,

1. Multipoint ignition increases the rate at which the surface of a
solvent pool becomes inflamed. The faster burning increases peak
pressurization for the large pool cases. No significant effect on
puddle fires is expected because even single-point ignition is
predicted to cause the entire surface to become inflamed during the
first seconds of a burn that continues for many minutes,

2. Peak pressures were predicted to increase from 29 psig (200 kPa) to
32.3 psig (222 kPa) when the number of simultaneous ignition areas
was increased from one to three. This increase is too small to
change the current evaluation of the structural response of S5Ts to
pool fires.
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3. Toxicological consequences, gauged by onsite sums of fractions for
the unlikely frequency category, are calculated to increase from
0.95 to 1.10. The relative insensitivity of predicted toxicological
consequences to the number of ignition points indicates that
multipoint ignition is not an important issue in assessing
toxicological consequences of sclvent pocl fires.

4. Radiological consequences for the bounding case were predicted to
increase by less than one percent when the number of ignition points
was increased from one to three. Therefore, multipoint ignition is
not an important issue in assessing radiological consequences of
solvent pool fires.

4.4 CONCLUSIONS

Liquid organic solvent in the Hanford waste tanks is difficult to ignite
in any configuration. [t is even more difficult to achieve the conditions
necessary for a self-sustaining fire. In theory, it is easier to ignite and
sustain an organic solvent fire when the solvent is confined, such as in a
small channel. However, laboratory tests show that robust ignition sources
are required even for confined cases, such as channels.

Solvents entrained in saltcake or sludge can burn using the saltcake or
sludge as a wick. Less energy is required to ignite and sustain a
wick-stabilized fire.

The ignition of a solvent fire is already a low probability event. Small
solvent fires in actively ventilated tanks are even less likely. Constraining
the event further by requiring an unlikely configuration to make the scenario
possible removes this scenario from credibility. Therefore, no further
development or calculation of consequences for this scenario is included in
the main body of this document.

A multipoint ignition is judged to be less probable than a single point
ignition. As shown in Appendix J, Section 5.0, the consequences of a
multipoint ignition are marginally higher than those of a single point
ignition. Risk is a function of consequences and probability. The multipoint
ignition would have slightly higher consequences and would be less probable
than a single point ignition. The single ignition scenario is judged to be
the higher risk scenario. Therefore, no further development or calculation of
consequences for this scenario are included in the main body of this document.
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5.0 SOLVENT FIRE ACCIDENT PHENOMENA

Section 5.0 discusses solvent fire phenomenology and the calculational
methodology for analyzing possible consequences of solvent fires in waste
tanks. It includes information about 1) the salvent fire sequences that were
considered, 2) a summary of solvent fire phenomenology, 3) thermal hydraulic
modeling of confined solvent pool fires, 4) a sensitivity analysis for thermal
hydraulic results, and 5) a pavametric analysis of fire pressurization.

Estimating the consequences of a fire event (see Section 6.0), reguires
a knowledge of contaminant vent rate and total quantity vented during the
course of a fire event. The phenomena discussed in this section are those
that affect the venting of contaminated air from a tank.
5.1 SOLVENT FIRE SEQUENCES CONSIDERED

A scenario for an organic solvent fire in a waste tank as described in
Sections 4.1 and 4.2 could include the following processes.

1. Locai ignition of a fire by means of an accident

2. Spread of the fire from the ignition lccale

3. Heating and pressurization of headspace air by the fire

4. Venting of headspace air (and airborne contaminants) from the tank
5. Challenge of tank structural integrity by internal pressure

6. Fire termination on Tow oxygen level

7. Cooling of headspace air by heat transfer to tank walls and internal
structures causing a vacuum with respect to outside air pressure

8. Challenge of tank structural integrity by internal vacuum

9. Inflow of atmospheric air, increasing the oxygen concentration in
headspace air

10. Reignition of a fire when fresh air is reintroduced.

The cases to be evaluated were selected to maximize radiological dose,
toxicological dose, tank pressure, and tank vacuum.

The maximum pressure and vacuum cases for DSTs and DCRTs have results
well within the structural capability of these tanks to withstand. However,
for SSTs, some maximum pressure cases resulted in pressures equal to the
failure pressure of the SSTs. Based on information provided by the FSAR
structural evaluations (WHC 1996b)}, it was determined that the maximum
pressure would not result in a dome collapse of the SST. This conclusion is
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due in part to the slow rate of burning for an organic solvent fire compared
to a hydrogen deflagration or organic nitrate reaction. Instead of collapse,
cracks would develop in the concrete dome and gases would be vented through
the cracks, thus preventing dome collapse.

Venting through the soil would filter some of the particulates in the gas
stream before it reached the atmosphere. This scenario was not considered
well enough developed to attempt to take credit for the reduction in material
released. The release calculations used in the safety analyses assumed that
all material was released through the vent paths specified in the safety
analyses. The peak pressures and vacuums can serve as inputs to structural
studies to evaluate the severity of the challenge posed by a fire.

The fire phenomena analyzed here included processes 1, 2, 3, 4, 5, 6, 7,
8, and 9 as Tisted above. Temperature, pressure, and venting of headspace
gases are quantified for a number of cases thought to cover a range of
possible outcomes of postulated solvent fires in waste tanks.

Process 10 (reignition) was not included because it appears to be a
low-probability outcome of a pool fire, itself a low-probability accident.
Extensive studies of confined solvent fires (Malet et al. 1983) provide direct
experimental evidence that pool fires extinguish at an oxygen concentration of
about 13 percent by volume and do not reignite when air reenters. Reignition
was not observed in the six small-scale tests (0.3-m> [10-ft®] vessel) or the
nine large-scale tests (400-m’> [14,125-ft®] concrete enclosure) reported by
Malet et al. (1983).

Figure 5-1 shows the configuration analyzed in this section.

5.2 SUMMARY OF SOLVENT FIRE PHENOMENOLOGY

This section reviews the key phenomena expected to govern the rate of
energy production by postulated solvent fires. The objective is to describe
a technical basis for quantifying the energy production rates used to predict
tank pressurization in Section 5.4.

5.2.1 Ignition

The oxidation reaction that occurs when liquids burn takes place in the
gas phase. Ignition requires that combustible material be heated to a
temperature sufficient to produce a flammable fuel-air mixture. The flash
point of a flammable material is the temperature at which vapors in
equilibrium with the material and its air space reach the LFL in air. A spark
introduced into combustible vapors at the LFL can ignite a gas-phase
deflagration that is perceived as a "flash." The flash is typically not
energetic enough to cause additional fuel to vaporize and support a steady
flame. A higher temperature, called the "fire point" 1is required for
sustained combustion. As an example, flash point and fire point for dodecane
are listed as 74 °C and 103 °C (165 "F and 217 “F), respectively (Thorne
1983). For dodecane, an organic 1liquid bearing a chemical similarity to
organic diluents such as the NPH used in the PUREX process or the solvent in
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Figure 5-1. Schematic of Waste Configuration Analyzed.
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tank 241-C-103, the fire point is approximately 30 "C higher than the flash
point. The measured flash point of the tank 241-C-103 scivent is 118 £+ 1 °C
(Pool and Bean 1994) suggesting a fire point of approximately 118 + 30, or 148
"C {298 "F). Tank 241-C-103 solvent would therefore be expected to support a
steady flame only if heated by more than 100 "C from its current ifemperature
of 40 "C (104 "F). )

Solvent entrained in porous solids that act as wicks may be more easily
ignited than an open pocl. The reason is that local heat dissipation in a
porous solid may be less rapid than in open liquid pools where convection is
an effective heat transfer mechanism (see Section 4.2.2).

In summary, the ignition of a solvent fire requires 1) the creation of
a flammable air-fuel mixture, 2) the presence of an ignition source, and 3)
fuel and flame conditions that satisfy the requirement that energy transfer
from the flame be sufficient to vaporize fuel at a rate fast enough to support
a stable flame. The fire analyses described in this report assume that
a stable flame is ignited over a specified area.

5.2.2 Fire Spread Rate

A locally-ignited fire can spread if the energy from the burning zone can
heat adjacent fuel surfaces to temperatures above the flash point. The spread
rate is important in postulated solvent fires because the rate of energy
produced by a fire is proportional to the inflamed surface area. The energy
production rate affects tank pressurization, venting rate, total guantity
vented, and burn time that could result from a solvent pool fire.

No generally-accepted model or correlation currently exists for
predicting flame spreading rates easily. In a review of the topic, Quintiere
(1988) notes that 1iguid phase effects control the propagation rate for liguid
temperatures below the flash point and gas phase effects control the
propagation rate for 1liquid temperatures above the flash point (see
Figure 5-2). As indicated, the spread rate is low and increases with
temperature until the Tiquid is heated to the flash point. Studies of flame
spreading rates indicate that Tiquid properties {e.g., surface tension,
viscosity) are of prime importance in this low-temperature region (Glassman
and Dryer 1980 and Akita 1973). Above the flash point, the spread rate
increases to a maximum that is controlled by flame speeds for premixed vapors.
Glassman and Dryer (1980) state the maximum spread velocity is four to five
times the laminar burn velocity and is attained when the Tiquid temperature is
high enough to generate vapors that form a stoichiometric mixture above the
pool. For tank 241-C-103, solvent temperatures are subcooled by approximately
78 C (140 "F) (118 “C - 40 "C) compared to the flash point; therefore, liquid
properties are expected to control spread rate.

Experimental measurements of spread rates illustrate how spread velocity
varies with solvent physical properties. Glassman and Dryer (1980) state that
spread rates of kerosene floating on water at room temperature vary from 0.5
to 1.3 cm/s depending on viscosity. Viscosity is controlled by mixing
kerosene with a thickening agent (i.e., polyisobutylene). The break point in
viscosity is at approximately five centipoise. For lower viscosities, the
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Figure 5-2. Flame Propagation Rate.
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spread rate is approximately 1.3 cm/s. The closed cup flash point of kerosene
is reported as 49 "C (120 "F) (NFPA 1988) so the kerosene tested was subcooled
by roughly 49-20, or 29 'C {52 "F).

Takeno and Hirano (1986) measure fire spread rates for kerosene/solid
admixtures. The highest spread rate (approximately 2 cm/s) is measured when
the kerosene depth is 2.2 cm (0.87 in.) above the solids and exposes an open
pool to the air atmosphere. The tests are carried out at room temperature so
the degree of subcooling with respect to the flash point is similar to the
value (29 "C [84 "F]) used in Glassman and Dryey (1980).

Malet et al. (1983) carry out large-scale solvent pool fires in a closed
compartment and report fire propagation times. The solvent (a mixture of TBP
and NPH, similar to PUREX solvent) is confined in pans that are 0.4 to 4 m°
(4.3 to 43 ft?) and is ignited in an electrically-heated local region.
Propagation rates estimated from fire propagation times and pan sizes vary
from 1.3 cm/s to 3.3 cm/s depending on mean pool temperature. The lower rate
(1.3 cm/s) applies to a pool with a mean temperature of 25 "C (77 "F). The
flash points of the solvents tested are not reported by Malet et al. (1983),
but measurements reported by Pool and Bean (1994) for a 70/30 NPH/TBP mixture
yield a flash point of 101 "C (214 "F). Using the 101 "C flash point, the
degree of subcooling for the 1.3 cm/s spread rate is estimated to be 101-25,
or 74 °C (133 °F). For the higher spread rate {3.3 cm/s), the degree of
subcooling is calculated to be 101-53, or 48 "C (86 °F).

The degree of subcooling in waste tanks is illustrated by the known
properties of solvents in tank 241-C-103. The solvent pool in tank 241-C-103
is subcooled by 118-40, or 78 "C (140 't} compared to its flash point. This
degree of subcooling is greater than the subcooling in the tests described
above; therefore, relatively Tow spread rates would be projected on the basis
of the results of Malet et al (1983) for tank 241-C-103 solvent.

Fire spread rates measured in large-scale open air tests with jet fuel
(Leonard et al. 1992) were in the range of 8 cm/s to 10 cm/s for initial fuel
temperatures that were 10 “C (18 “F) or more subcooled with respect to the
flash point. While the data for jet fuel may not apply directly to confined
solvent fires, the tests provide an experimental basis for defining an upper
bound of approximately 10 cm/s for spread velocity in waste tanks, because jet
fuel is more flammable than fresh PUREX solvent.

It is possible that solvent could intrude into the underlying sludge or
saltcake following saltwell pumping of drainable liquids from a tank. For
such a case, solvent fire propagation rates would be Tower than for open pools
because convective transport of heat in the solvent would be greatly reduced.
Takeno and Hirano (1986) studies on the propagation rate of flames ignited
over kerosene soaked into porous solids show that spread rate diminishes
significantly when the thickness of kerosene layer above the top of the solids
decreased. For a solids-free depth of 2.2 ¢m (0.86 in.), the propagation
velocity (approximately 2 cm/s) is similar to that of an open pool. When the
solids-free depth is reduced to I mm, the spread rate is decreased to
approximately 0.5 cm/s. For a liquid Tevel equal to the solids level, the
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propagation rate varies according to the properties of the solids, but the
highest rate measured is approximately 0.1 cm/s. or roughly one-twentieth the
open pcol spread rate.

Takeno and Hirano (1986) test results are consistent with results
reported by Hirano et al. (1984) for flame spread over crude oil sludge.
Measured flame-spread rates in Hirano et al. (1984} vary from 0.02 cm/s to
0.4 cm/s, depending on the quantity of n-hexane added to the sludge and on the
temperature of the sludge.

The relatively slow flame propagation rates for flammable tigquids
imbedded in solids can be explained in terms of heat transfer lTimitations from
the flame front to adjacent nonburning material (Takeno and Hiranoc 1986,
Hirano et al. 1984, and Glassman and Dryer 1980). The same limitations are
expected to apply to PUREX solvent embedded in sludge or saltcake; therefore,
flame-front propagation rates in sludge or saltcake/solvent admixtures are
expected to be small compared to spread rates for an open pool of the same
solvent.

5.2.3 Liquid Burn Rate

The rate of thermal energy production by a pool or sludge fire is
proportional to the burning rate per unit area. For this reason, peak
pressures that could be generated by a solvent fire depend on the burning
rate. Studies of burning rates indicate that for Tiquid pools, the burning
rate is governed by gas phase heat and mass transport rates. Heat and mass
transport in the solid can 1limit the burning rate_for liquid/solid admixtures.
Burning rates for liquid pools, expressed as kg/mZ/min, increase with pool
size to an asymptotic value for large pools. Babrauskas (1988) provides
a correlating equation of the form:

mo= (1 — e B0 (5-1)
where
m = burn rate, kg/mz/min.
m., = burn rate for a Targe pool
kB = a constant, m
D = pool diameter, m.

For kerosene the kB product is given by Babrauskas (1988) as 3.5 m’, and
based on Equation 5-1, m reaches 95 percent of the maximum value for a
pool 0.9 m in diameter. This projection, based on experimental data,
indicates that data from pools roughly 1 m in diameter would apply reasonably
to waste tank solvent fires.

Large-scale pool fire tests using kerosene/TBP mixtures have been carried
out in Germany (Jordan and Lindner 1983) and in France (Malet et al. 1983).
German tests evaluate the effects of pool size and confinement. French tests
evaluate burning rate and the release of contaminants.
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Jordan and Lindner (1983) conclude that burning rates increase with pool
area for smaller poo]s; Tittle 1ncrease in hurn rate is noted when burn area
is increased from 0.8 m° (8.6 ft?) to 2 m® (21.5 ft). This finding agrees
wWith Equat10n 5-1. Jordan and Lindner (1983) also conc]ude that burning rates
for fires in a pressure-tight steel tank (220 m3 [7,769 3 ]} are 40 to 50
percent lower than for fires in open air._ Burning rates for large fires in
closed containers are estimated at 1 kg/m /min to 1.2 kg/m /min (Jordan and
Lindner 1983).

The Targe- sca]e tests reported in Malet et al. {1983) are carried out in
a 400- m3 (14, 125 ft? ) concrete enclosure and use pool areas of 0.4 m*
(4.3 ft? ) to 4 m° {43 fte }. The enclosure in these tests is vented to prevent
pressure bulldup Mean combust1on rates for nine tests ranged from
1.35 kg/m fmin to 1.7 kg/m /min.

An instantaneous burn rate is expected to vary with oxygen concentration.
In a confined. air space, a specific burn rate would be maximum at an early
time (21 percent oxygen) and would decrease with time as the oxygen
concentration was lowered by the fire. Burning would cease altogether when
oxygen fell to the extinguishment level. Beyler (1997) suggests a simple
linear relation between oxygen concentration and burn rate. Based on
empirical data, the relationship muitiplies the burning rate in air by a
fraction, whose value is unity at 21 percent oxygen, and decreases linearly to
0.125 at 12 percent oxygen. Based on this relationship, a specific burning
rate would decrease with time by a factor of 8 for a confined fire starting
with atmospheric oxygen and extinguishing at 12 percent oxygen.

Burning rates for combustible 1iquids soaked in inert solids are
comparable to open pool burning rates as long as the solids wick the Tiquid to
the surface {(Wood et al. 1971). The tests in Wood et al. (1971) show that
when the liquid-air interface falls below the top of a sand bed, the burning
rate decreases. This behavior is as expected on the hasis of additiona]
resistance to heat and mass transfer caused by the porous bed. As applied to
saltcake or sludge/solvent admixtures, specific burn rates are expected to be
equal to or lower than burning rates for an open pool.

5.2.4 Extinguishment of Pool Fires at Oxygen Flammability Limit

Pool fires in nonventilated compartments extinguish when the oxygen
concentration falls below the flammability 1imit for oxygen. For
hydrocarbons, flame propagation is impossible in air-fuel mixtures that
contain less than 14.5 vol% oxygen (Lewis and Von Elbe 1987). This Timit
applies to air-fuel mixtures at one atmosphere pressure and room temperature.

Oxygen extinguishment Tevels for pool burn1ng of NPH/TBP solvent in
nonventilated compartments have been measured in large-scale tests. Jordan
and Lindner (1983) report extinguishment levels of 11 to 17.5 percent.

A narrower range {13 to 14.5 percent) is reported in Malet et al. (1983) for
nine large-scale tests. These results indicate that a solvent fire in a waste
tank would extinguish at an oxygen concentration in the range of 11 to
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17.5 percent. This extinguishment 1imits the mass of solvent that can be
burned, thereby limiting the thermal energy that can be generated by a solvent
fire.

5.2.5 Heat of Combustion

The tank 241-C-103 solvent is composed mainly of hydrocarbons and TBP
(Pool and Bean 1994). The combustion energy of the mix can be estimated by
adding the contribution due to each of the two main components. The heats of
combustion of hydrocarbons are of a similar magnitude when expressed on a mass
basis. For example, the heats of combustion of n-decane, n-dodecane, and
n-hexadecane are calculated to be 47.6 MJ/kg, 47.5 MJ/kg, and 47.2 MJ/kg,
respectively. These values are changes in enthalpy for reactions with oxygen,
starting with Yiquid fuel and forming gaseous CO, and liquid H,0 for a
reaction temperature of 298 “K (Lewis and Von E]%e 1987). Therefore, the
combustion energy of hydrocarbons can be estimated on the basis of a
representative component {e.g., dodecane).

Heats of combustion of TBP and NPH are measured in Lee (1974) to be
28.2 MJ/kg and 44.0 MJ/kg, respectively. These values, determined in a bomb
calorimeter. indicate the combustion energy of TBP is approximately 65 percent
of the value for NPH.

The combustion energy of a mixture of NPH and TBP depends on the mass
fraction of each component present in the burning zone. Vapor phase
measurements reported by Pool and Bean (1994) for tank 241-C-103 solvent
indicate that approximately 16 percent of the vapor mass at 100 "C (212 "F) is
attributable to TBP {including di-butyl phosphate with TBP), and the remainder
are hydrocarbons. This vapor composition would apply to the solvent before an
appreciable fraction had been burned. Because NPH is move volatile than TBP,
its concentration would decrease with burn time, and the mix would become
progressively enriched in TBP (Jordan and Lindner 1983). The enrichment in
the solvent with TBP would cause a decrease in the combustion energy of the
mix because TBP has the lower combustion energy of the two components. An
upper bound estimate could be based on the initial value and would be
realistic for fires that extinguish before an appreciable fraction of the
solvent is consumed.

Solvent pool fires result in incomplete combustion (Jordan and
Lindner 1983 and Ballinger et al. 1987). For this reason, the thermal energy
produced by a solvent fire will be lower than theoretical values based on
a complete reaction to form H,0 and C0,. Combustion efficiencies (i.e.,
fraction of theoretical heat release) %ased on experimental results vary from
0.35 for polyvinyl chloride to 1.0 for cellulose (Ayer et al. 1988). Ayer
et al. (1988) cite a kerosene combustion efficiency of 0.91. The TBP/NPH
mixtures are expected to burn less efficiently than kerosene alone on the
basis of the observed heavy smoke production from solvent fires. An upper
bound estimate for combustion efficiency is 0.91.
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5.3 THERMAL HYDRAULIC MODELING OF CONFINED SOLVENT POOL FIRES

Tanks (particularly SSTs) are gas-tight structures except for several
relatively small vent pipes. A combustion of fuels in the confined air volume
would heat the air and cause an increase in internal pressure. The peak
pressure that can develop from a fire depends on how rapidly heat energy is
evolved compared to the rate at which energy can be dissipated through heat
transfer to tank surfaces and by gas outflow through leak paths.

Internal gas pressure and temperature were computed as a function of time
by performing energy and mass balances on the air inventory in the tank for
relatively short (0.1 to 1 second) time steps. Conditions at the end of
a time step are used as initial conditions for the next step. Numerical
evaluations are accomplished by means of a simple computer program,
POOLFIRE.4, written for this specific applicaticn. Appendix A describes the
model and program. Algorithms used to quantify important parameters in the
energy and mass balances are described as follows.

5.3.1 Nodalization of POOLFIRE.Z

Figure 5-3 shows the nodalization used in the thermal hydraulic model of
solvent pool fires.

Key assumptions and node descriptions are as follows.

5.3.1.1 Gas Phase. The gas phase (tank headspace) is treated as one
node. Temperature and pressure are assumed to be uniform throughout the gas
phase.

5.3.1.2 Concrete. Exposed concrete is treated as a one-dimensional slab
of specified surface area, thickness, and initial temperature. Heat transfer
to the side of the slab exposed to the gas phase is calculated at each time
step. Transient conduction in concrete is calculated in nodes of uniform area
and thickness. Typically, 40 nodes are used to model the concrete dome and
exposed cylindrical wall.

5.3.1.3 MWaste. Waste is also treated as a one-dimensional slab of
specified thickness, area, and initial uniform temperature. The number of
nodes for transient conduction calculations in sludge is the same as used for
concrete. Waste area is calculated by deducting from the tank cross-sectional
area, the area of the solvent pool.

5.3.1.4 Steel Wall. The steel sheeting that lines the cylindrical walls
and steel internal structures {risers, thermocouple trees) is treated as a
single node of specified area and mass. Heat transfer from the gas to the
exposed side of the steel is calculated, but heat Toss from the back side of
steel sheeting is not addressed.
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Figure 5-3. Schematic of POOLFIRE.4 Model.
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5.3.1.5 Sclvent Pool. A solvent pool of prescribed area and depth is
treated as one node. Heat transfer from heated gas is accounted for, but heat
lToss to underlying waste is not addressed. The inflamed area of the pool is
calculated at each time step to account for radial spread of a flame, starting
at time zero with a specified area.

65.3.1.6 Gas Vent. Gas venting is quantified by specifying an orifice of
prescribed diameter and flow coefficient between the tank and the outside
atmosphere.

5.3.2 Combustion Energy

The rate of energy production by a solvent fire is computed as the
product of specific combustion energy, inflamed area, and specific burning

rate:
Qcomb = AHC ’ A‘F ) mb (5_2)
where
Qop = combustion energy rate, J/s
Aﬁc = specific combustion energy, J/kg
A = infiamed avea, m
m, = specified burn rate, kg/mz/s.

The combustion energy quantified in Equaticn 5-2 is assumed to be added
to the gas phase as sensible heat energy. The increase in sensible heat
causes an increase in gas temperature and pressure and causes an increase in
the heat transfer rate from the gas to the surfaces in the tank.

5.3.2.1 Specific Combustion Energy. The combustion enthalpy (AH ) is
a constant for a specific case. [t is assigned values on the basis of
theoretical values for a complete reaction, multiplied by an efficiency
factor. The theoretical value is calculated as the weighted sum of combustion
energies for NPH and for TBP:

AH, = 0.84 AH_(NPH) + 0.16 AH_(TBP). (5-3)

[

The combustion enthalpy for NPH is taken to be equal to the value for
n-dodecane. The AH_ for n-dodecane, computed from a combustion enthalpy
value, is 44.1 MJ/kg. The combustion enthalpy for TBP is computed from bomb
calorimetry analyses (Lee 1974) and amounts to 26.5 MJ/kg.

The mass fractions of NPH and TBP listed in Equation 5-3 (0.84 and 0.16)
are based on vapor-phase mass concentrations at 100 "C (212 "F} (Pool and Bean
1994). Increases in the fraction of TBP that would occur as a fire continues
(depletion of volatile species) are not addressed. The increase 1is
conservative because the combustion energy of NPH is higher than that of TBP.
The theoretical value for combustion enthalpy is thus:
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AH = 0.84 (44.1) +0.16 (26.5) = 41.3 MI/kg. (5-4)

A best-estimate combustion efficiency of 80 percent is assigned on the
basis of a range of values cited by Ayer et al. {1988) for fire events in
nuclear fuel cycle facilities. Parametric runs are made using combustion
efficiencies of 70 and 91 percent. The higher efficiency (91 percent) is
applicable to pools of kerosene (Ayer et al. 1988). The base case combustion
energy is 0.8 (41.3) or 33 MJ/kg; higher and Tower values used in the
sensitivity analysis are 37.6 MJ/kg and 28.9 MJ/kg, respectively.

5.3.2.2 Inflamed Area. Inflamed area is computed as a function of time
on the basis of an arbitrarily assigned initial inflamed area and a spread
rate. Circular geometry is assumed, leading to the following expression for
the radius of the inflamed region:

R,o= R, - VL (5-5)
where

radius of inflamed circle, m

radius of initially inflamed area, m

spread velocity, m/s
time from fire ignition, s.

oF < 220 20
K -+

o]
minn

Based on engineering judgement the R 1is assigned a value of 0.15 m
(0.5 ft) for the base case, and parametric runs are made with R  values that
are double and half the base case value. The technical basis for starting the
fire in a Tocalized area is that ignition of a large pool area is extremely
impraobable.

An upper limit to R, is computed for each case analyzed on the basis of
a prescribed solvent/air interfacial area. The solvent/air interfacial area
in a post-pumped tank is evaluated on a parametric basis with a 10 percent
base case value of the tank cross-sectional area. Sensitivity analyses are
performed for a broad range of solvent areas.

Flame spread velocity over liquid pools can be related to the degree to
which the pool is subcooled with respect to the flash point {see
Section 5.2.2). For tank 241-C-103 solvent, a 1.0 cm/s spread velocity was
used for consequence calculations. Sensitivity analysis cases are run using
spread velocities of 0.1 cm/s, 0.5 cm/s, and 2.0 cm/s.

Flame spread velocities over solids are slow compared to liquids (see
Section 5.2.2). Spread velocity falls from approximately 2 cm/s to 0.5 cm/s
when the kerosene depth is lowered from 2.2 cm (0.86 in.) to 0.1 cm (0.04 in.)
(Takeno and Hirano 1986). Spread velocity falls further to approximately
0.1 cm/s when the liquid interface is at the solid/air interface. Based on
these numbers, a best estimate spread velocity over solvent/sludge surfaces 1is



HNF-4240 Rev.01 8/20/2020 - 1:47 PM 83 of 680

HNF-4240 Rev. 1

approximately 0.1 cm/s or less (Takeno and Hirano 1986). The burning of
solvent imbedded in inert solids is less important than liquid pool fires
because spread velocities of 0.5 cm/s or lower lead to low calculated tank
pressures.

5.3.2.3 Specific Burn Rate. The POOLFIRE program predicts the
consequences of a solvent fire in a tank. The temporal variation in pressure,
temperature, and gas inventory are computed as a result of a series of burn
events in which the end state for each time step is used as the initial state
for the next time step. Within each time step, mass and energy balances are
made to calculate temperature changes, pressure change, and changes in
inventory. Within each time step (time steps are typically of the order of
1 sec) thermodynamic process steps are analyzed to determine the temperature
and pressure of confined gases.

As discussed in Section 5.2.3, average burn rates are reported in Jordan and
Lindner (1983) and Malet et al. (1983) ranging from 1 kg/m /min to 1.7
kg/mz/min. Section 5.2.4 discusses oxygen extinguishment levels ranging from
11 to 17.5 percent is reported by Jordan and Lindner (1983) and 13 to

14.5 percent as reported by Malet et al. Experiments reported in Beyler
(1997) show that burn rate is a linear function of oxygen concentration. The
burn rate varies from a maximum burn at approximately 21 percent oxygen
(ambient oxygen fraction) to a minimum burn rate of 0 at the oxygen
extinguishment level. Based on the large scale tests reported in Malet

et al., an oxygen extinguishment Tevel of 13 percent was selected as the
oxygen extinguishment level in this report.

A specific burn rate is needed in POOLFIRE at time t = 0. Sectlon 5.2.3
reports exper]ments with average burn rates ranging from 1 kg/m /min to

1.7 kg/m?/min. The experiments reparted in Beyler (1997) (see Figure 5-1,
Appendix I} show that the burn rate varies linearly with oxygen concentration.
For a linear relationship, the average burn rate is the average of the initial
rate and the rate at extinguishment, which is zero. An initial burn rate of
3 kg/m /m1n at t = 0 as selected. The average burn rate is (3 + 0})/2 =

1.5 kg/m /m1n a rate of 1.5 kg/m°/min is in the range of average burn rates
reported in Section 5.2.3.

5.3.3 Heat Transfer Rate from Gas to Surfaces

Sensible heat transfer from the gas to tank surfaces would occur by
radiation and convection. Key simplifying assumptions made to model the heat
transfer rate from the flame to surrounding gas and from gas to surfaces are
as follows.

» The bulk of the gas is assumed to be well-mixed.

e Flame radiation directly to the inflamed solvent is accounted for,
but radiation from the flame in other directions is assumed to be
absorbed by the bulk gas phase.

These assumptions are expected to cause the model to under-predict heat

transfer by radiation because radiation heat transfer rate increases with the

5-14
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fourth power of absolute temperature. Radiation from regions of
higher-than-average temperature would more than offset the reduction in
radiation from regions of lower-than-average temperature.

5.3.3.1 Heat Transfer from Flame to Fuel Surface. Heat transfer from
flame to the unburned fuel surface provides the energy to volatilize Tiquid
and/or solid fuels and maintain an ongoing flame. Results of empirical
studies of flame heat transfer can be used to estimate values for solvent
fires in tank 241-C-103. Shinotake et al. (1985) measure the surface heat
flux for a heptane pool fire in a burn pan 1 m (3 ft) in d1ameter Heat
fluxes at the center of the pan peak at approximately 50 kw/m early and heold
constant at approximately 35 kw/m for the duration of the fire. Similar
behavior is observed at a radial distance 0.4 m (1.3 ft) from the center of
the pan, but the heat flux is Tower at approximately 30 kw/me. Wood et al.
(1971) measure fluxes of a similar magnitude for acetone fires. These
measured values compare well with the 24.5 kii/m° kerosene value (Ayer et al.
1988). For solvent fires, a higher radiation heat transfer rate is expected
as compared to pure kerosene because of the higher smoke yield in solvent
fires (Jordan and Lindner 1983). The value for burning rubber gloves is
72 kW/m® (Ayer et al. 1988), reflecting the much higher soot production from
rubber gloves. Soot particles increase the heat transfer rate because they
serve as radiators (Siegel and Howell 1989).

A reasonable estimate heat transfer flux of 57 kW/m for so?vent fires
can be arrived at by interpolating between values of 24.5 kW/m for kerosene
and 72 kW/m° for rubber gloves on the basis of the fraction of fuel carried
off in the form of soot 9art1c]es Ana1yses have also been performed with
heat fluxes of 24.5 kW/m" and 72 kw/m to 1llustrate the sensitivity of
computed pressure to this parameter.

Radiant heat fluxes to horizontal surfaces outside the inflamed area are
appreciable (Yamaguchi and Wakasa 1986) but are not addressed because
realistic treatment is beyond the scope of this analysis. Not addressing the
radiant heat fluxes is conservative with respect to predicted peak pressure.

5.3.3.2 Radiation Heat Transfer from Bulk Gas to Tank Surfaces. The
rate of thermal radiation loss from the gas phase to enclosing tank surfaces
is computed by means of the following equation:

q. 4 b
AT Ty 1) e, (5-6)
where
q. = heat transfer rate due to radiation
A = surface area
o = Stefan-Boltzman constant
€, = emissivity of gas
I, = absolute temperature of gas
T, = absolute temperature of surface
€, = emissivity of surface.
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The emissivity of the gas is estimated from values of the product of mean
beam length and the concentration of emitting species in the gas. Emitting
species in the gas phase for this problem include H,0. CO,, and soot
particles. Before a fire is ignited, water vapor is the main emitting specie.
Soot particles significantly increase the emissivity of the gas after a fire
is ignited. The emissivity of soot particles and CO, is estimated as follows.
First, the concentration of airborne particles is estimated from the mass of
solvent burned and the fraction emitted as soot. At the point of oxygen
extinguishment (13 vol% 0,) stoichiometric calculations indicate that roughly
60 kg (132 1b) of sglvent is burned for an initial headspace air volume of
2,660 m3 (93,936 ft*). Based on an aerosol production of 15 percent of the
solvent combusted (Jordan and Lindner 1983) and a gas phase volume of
2,660 m3, the concentraticn of aerosol is 60 x 0.15/2,660 or 3.38 x
10 kg/m3. The volume fraction of aerosol, calculated for a density of
870 kg/m? (the solvent density), is 3.38 x 1077870, or 3.89 x 107®. The
volume fraction multiplied by a mean beam length of 8.1 m (estimated value for
a 2,660 m? headspace volume) is 3.15 x 10°°. This concentration-beam length
product is large compared to values needed to attain an emissivity of
approximately unity for a gas-soot suspension at 1,600 "K (Siegel and Howell
1989} .

The emissivity of scot alone is greater than 0.5 for soot
concentration-path length products greater than approximately 1.0 x 10 m,
for temperatures equal to or greater than 750 K. If soot and water
emissivities were added, total emissivity would be larger than approximately
0.84 (0.5 + 30.4) for tank atmospheres containing only 0.3 percent of the
aerosol predicted at the end of the fire. It is therefore concluded that
a realistic estimate for gas emissivity for a solvent fire in a waste tank is
unity.

The emissivities of tank wall, solvent, and exposed sludge surfaces are
expected to be in the range of 0.9 to 1.0 on the basis of typical values
(McAdams 1954). Best-estimate radiation heat transfer rates are based on
a €,¢_product of 0.9. Analyses done with emissivity products (e -e.) of 0.8
and 1.0 to illustrate the sensitivity of predicted peak pressure to this
parameter,

5.3.3.3 Convection Heat Transfer from Bulk Gas to Tank Surfaces.
Convection heat transfer is computed by means of a heat transfer coefficient
and temperature difference:

q. = h. A (Tg - TQ (5-7)
where
q, = heat transfer rate due to convection, w
h. = convection coefficient, w/m2 "K
A = surface area, m°
1, = gas temperature, K
T = surface temperature, "K
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The convection coefficient (h ) is estimated in McAdams (1954) as:

h.L v
= 0.13 [Gr Pr]” {5-8)
where
L = length dimension of surface. m
kg = thermal conductivity of gas evaluated at film temperature,
w/m 'K
Gr = Grashov No. evaluated at film properties
Pr = Prandtl No. evaluated at film properties.

The overall heat loss rate from the gas to tank surfaces is the sum of
that due to radiation and convection:

q, = g +4q.. (5-9)

5.3.3.4 Surface Areas for Heat Transfer. Surface areas for heat
transfer from the bulk gas phase can be estimated from tank geometry. For
example, estimates for tank 241-C-103 (based on tank 241-C-103 data) are
summarized as follows. The tank dome and a small segment of the cylindrical
wall have exposed concrete surfaces. The areas are estimated to be 476 m®
(5,124 ft°). Steel sheeting covers the cylindrical walls from above the
cascade pipe to the waste surface. Internal piping and risers also expose
steel surfaces to the gas phase. The total steel area is estimated as exposed
wall area plus 10 percent to account for internal tank structures. The tota]
is 337 m° (3 627 ft°). The sludge area is computed as the tank area (411 m?
[4.424 ft? y minus solvent pool area.

5.3.4 Gas Venting Rate Under Pressure

The venting of gases during a solvent fire would mitigate pressure
buildup as compared to a leak-tight vessel. Studies identify a number of
known leak paths. These paths include ventilation system pipes and ducts, pit
drains, cascade overflow lines, passive breathers (e.g., Toop seal pipes and
the filter pathways), and saltwell risers that vent through the pump pits.

The number and geometry of the vent paths vary from tank to tank and need to
be evaluated on a tank-by-tank basis if a tank shows indications of containing
significant amounts of solvent. Typical vent paths are discussed as follows
in light of information applicable to tank 241-C-103.

Pit Drains: Tank 241-C-103 has three access pits; each is equipped with

a floor drain (Postma et al. 1994). The drain line is a sloped, 2-in. Sch. 40
steel pipe. The inlet is in the bottom of a cubical cavity in the floor of

5-17
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the pit. The outlet terminates in a riser pipe (inside the tank) that has a
large diameter compared to the drain line. Two of the pits have drain lines
that are approximately 0.61 m (2 ft) in length, and the third has a drain that
is approximately 1.52 m (5 ft} in length.

Gases forced from a pressurized tank would enter the pipes, pressurize
the pits, and then 1ift the cover blocks. The internal pressure required to
1ift a cover block is small--approximately 1.8 kPa (0.26 psig} for a cover
block thickness of 7.62 cm (3 in.) of concrete.

The hydraulic resistance attributable to the entrance effect is estimated

to be equivalent to 1.52 m (5 ft) of straight pipe {Brown et al. 1950).
Resistance at the outlet (the floor drain cavity) is modeled as a long sweep
elbow, adding another 0.92 m (3 ft)} equivalent length of straight pipe

{Brown et al. 1950). Based on these data, two pipes, each having flow areas
of 2.17 x 107° 2(0.0233 £1%), can be modeled as pipes 3.05 m (10 ft) in
Jength. The third pipe, of the same flow area, has an equivalent length of
3.96 m (13 ft).

U-Tube Seal loop: Passively-ventilated SSTs have a loop seal made of
1.5-in. Sch. 40 steel pipe which is connected to a 4-in. breather pipe above
grade. The loop is made from four 90" elbows and short lengths of straight
pipe that are approximately 0.46 m (1.5 ft) total. The hydraulic resistance
of each elbow is equivalent to a straight pipe length of 1.28 m (4.2 ft)
(Brown et al. 1950) so the equivalent length of the U-tube seal is 1.5 +
4(4.2) or 5.58 m (18.3 ft). The internal cross-section area of this pipe 1is
1.31 x 107 mz (0.01414 ft2) (Perry 1963).

Cascade Pipes: A 3-in. Sch. 80 steel pipe connects the headspace of
tank 241-C-103 to the headspace of tank 241-C-102. This pipe is approximately
15.2 m (50 ft) in length. Flow resistance caused by the Borda entrance
(Brown et al. 1950) is an additional 2.19 m (7 ft), making the eguivalent
length equa] to approx1mate1y 17 m (57 ft; The internal cross-section area
of this pipe 1s 4.26 x 107 m (0.04587 ft°) (Perry 1963).

Saltwell Riser: The saltwell riser is a 10-in. Sch. 40 steel pipe that
terminates in a pump pit. For tank 241-C-103, the upper flanged end of this
riser is thought to be covered by a metal plate held in p1ace by grav1ty The
plate, a lead sheet 6.35 mm (0.25 in.) in thickness and 2 ft? (0.61 m ) in
area, would 1ift under an internal pressure of approximately 6.89 kPa (1 psig)
and pressurize the pit. The pit cover would Tift allowing gas to vent.

The flow resistance of this vent pipe is estimated as follows. The
length of the solid pipe is estimated at 6 m (20 ft)}. Below this length, the
pipe is connected to a saltwell screen. Two smaller pipes, 0.5 in. and
0.75 in. in nominal diameter and a 2-in. pump support pipe, are located inside
the 10-in. pipe and occupy a fraction of the flow area. The hydraulic radius
(cross section area/wetted perimeter) is calculated to be 5.26 cm (2.07 in.)
from which the equ1va1ent diameter (Perry 1963) is computed to be 4(2.07) =
19.87 cm (8.28 in.). Although resistance to air flow through the screen
portion of the 10-in pipe would be small because of the large open area,

a pressure drop attributable to a Borda entrance, equivalent to a stra1ght
pipe length of approximately 5.8 m (19 ft) (Brown et al. 1950), is added to
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account for entrance effects. An exit loss, amounting to roughly the entrance
loss is also applicable. Frictional resistance for this vent path 1is
equivalent to that of a straight pipe having an inside diameter of 21 cm

(8.28 in.) and a length of 20+419+19 = 17.7 m (58 ft).

High-Efficiency Particulate Air Filter Vent Line: The HEPA filter is
connected to a 12-in. riser through a 0.31-m {1-ft) length of 4-in. pipe.
A butterfly valve in the section of 4-in. pipe allows the filter to be
isolated from headspace air.

The outlet pipe from the HEPA filter is a 180" semicircular section of
4-in. pipe. The flow resistance of the vent is estimated as follows.
Entrance loss is estimated as equivalent to 3.35 m (11 ft) of straight pipe
(Brown et al. 1950). This loss is applied at the entrance of the 4-in. pipe
connected to the 12-in. riser and at the entrance of the 4-in. pipe that vents
the HEPA filter housing. The semicircular pipe exiting from the HEPA filter
housing is modeled as two long-sweep 90" elbows, adding 2(7) = 4 m (14 ft) of
equivalent pipe length. Because it is assumed the filter will rupture from
overpressure, the resistance caused by the HEPA filter is not addressed. The
flow resistance of the butterfly valve is estimated as equivalent to 1.5 m
(5 ft) of straight pipe (Perry 1963). The overall flow resistance of this
vent path is equivalent to 12.8 m (42 ft) of 4-in. Sch. 40 steel pipe. The
internal diameter of this pipe is 4.026 in. {(Perry 1963).

Vent Path Flow Rates: Air flow velocities in vent pipes approach sonic
velocities under the pressure gradients that could resuit from a pool fire.
Therefore, flow rate estimates must account for compressibility effects.

Flow rate estimates were based on adiabatic flow of gases in ducts
(Lapple 1943 and Brown et al. 1950). First, a resistance factor, N, is
computed for each vent path.

fL
N = — 5-10
5 ( )
where
f = friction factor
L = pipe length
D = pipe diameter.

For fully developed turbulence (high Reynolds number), the friction
factor is a function of the relative roughness of the pipe interior surface
(Brown et al. 1950). Table 5-1 lists the estimated values of N for the
several vent paths considered here.

A second step is the calculation of the ratio of downstream pressure to
upstream pressure:

PR = 0 (5-11)
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where

PR

atm

pressure ratio
pressure in outside atmosphere
pressure in tank.

oo

o

The pressure ratio (PR) is initially unity (i.e., tank at equilibrium
with atmosphere) and has a calculated value of 0.51 at a tank pressure
of 96.5 kPa (14 psig), the maximum pressure the tank can safely withstand
(July 1994). Evaluating flow resistance at the highest pressure of interest
is conservative because compressibility effects 1imit mass flow rate at high
gas velocities.

Table 5-1. Flow Characteristics of Tank 241-C-103 Vent Pipes.

" Vent Pipe | Equivalent | Equivalent | Friction' | o

. Description | ‘Length (m) | Diameter (m) | Facto

Pump pit drain 3.05 5.25E-2

Sluice pit drain 3.05 5.25E-2

Heel pit drain 3.96 5.25E-2

U-tube seal 5.58 4.09E-2

Cascade pipe 17.4 7.37E-2

Saltwell riser 17.7 0.21

HEPA vent pipe 12.8 0.102

Note:
Trar commercial steel roughness see Brown et al. (1950).

Based on PR and pipe resistance factor N (from Equation 5-10), a value of
mass flow rate per unit area of flow path may be determined from the solution
of the equations of adiabatic flow for compressible gas flow in pipes (Lapple
1943). Numerical results, presented in graphical form by Brown et al. (1950),
allow one to determine G/G_; as functions of N and PR. G is the mass flow
velocity for the conditions of interest and G_, is the maximum mass flow
velocity under isothermal conditions. The latter may be expressed in terms of
upstream gas parameters (Brown et al. 1950):

M
G, = P, % (5-12)
e RT,
where
G, = maximum mass flow velocity under isothermal pipe flow
P, = upstream pressure
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dimensional constant, 32.17 1b mass ft/lb force sect

molectlar weight of gas
2.718

gas constant
temperature in gas.
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After G is determined, the mass flow rate can be evaluated by multiplying
by the flow area:

m = G - A {(5-13)
where
m = gas flow rate in pige, kg/s
G = mass ve]ocitg, kg/m /s
A = flaow area, m

Table 5-2 shows the results of the vent flow rate analysis, and flow
rates through each vent path, expressed in volumetric units, computed for a
tank pressure of 96.5 kPa (14 psig) and a temperature of 614 "K. The stated
temperature {614 'K) was computed as that required to increase tank pressure
from its initial value to 96.5 kPa (14 psig) using the ideal gas law.

As indicated in Table 5-2, the saltwell riser is the dominant flow path.
The combined flow rate of the six small vents, 3.71 m3/s, is roughly one-third
of calculated flow rate for the saltwell riser. A best estimate base case,
vent flow rate for use in the following sensitivity analyses, was based on the
follewing assumptions.

« The six small vents (see Table 5-2) are open at all times.

» The saltwell riser opens only when the riser cap and cover blocks
are lifted by a tank pressure exceeding 13.8 kPa (2 psig).

Table 5-2. Vent Flow Rates Calculated for a Tank Pressure
of 96.5 kPa (14 psig).

" Went Pipe Description | Vent Flow Rate m'/s
Pump pit drain 0.46
Sluice pit drain 0.46
Heel pit drain 0.44
U-tube seal 0.22
Cascade pipe 0.65
Salttwell riser 10.17
HEPA vent pipe 1.48
Total 13.88
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A simple method for approximating the flow rate predicted from the
adiabatic flow equation was used in this analysis. The-orifice equation for
gases (Perry 1963) was used along with an upper limit to velocity that limited
orifice velocity to sonic velocity at the upstream temperature. This method
for predicting outflow rates simplified the calculation scheme and yielded
outflow rates that were conservative compared to those based on the adiabatic
flow equations.

The opening of the saltwell vent path was assumed to begin at the
specified 1ift pressure and be completely open at the 1ift pressure plus
(6.89 kPa [1 psig]). Between these pressure limits, the flow area was
linearly related to tank pressure.

5.4 SENSITIVITY ANALYSIS FOR THERMAL HYDRAULIC RESULTS

Peak pressure generated by a pool fire is the major threat to tank
structural integrity. This section provides peak pressures for a number of
cases. Uncertainties in fire parameters are illustrated by comparing peak
pressure for a best-estimate base case with peak pressures computed for
a range of possible values of key fire parameters.

5.4.1 Base Case Solvent Fire Parameters

Table 5-3 summarizes the key parameters for the base case fire.
Figure 5-4 shows the pressure transient calculated for a solvent fire using
base case parameters. Internal tank pressure peaks at (28.3 kPa [4.1 psig]),
162 seconds after fire initiation. Peak pressure is predicted to occur
approximately 80 seconds before the fire is terminated by lack of oxygen.

Table 5-3. Key Parameters for Base Case Solvent Fire.

T bavamster  Value

Initial inflamed circle diameter 0.305 m |

Flame radial spread rate 1 cm/s

Solvent pool area 40.9 m°

Leak path description Six small pipes plus saltwell riser
open at 13.8 kPa (2 psig)
(see Table 5-2)

Emissivity product, €, X €, 0.9

Oxygen extinguishment level 0.13 mole fraction

Specific burning rate 3.0 kg/min me @ 21% oxygen to
0 kg/min/m~ @ 13% oxygen

Combustion enthalpy 33 Md/kg

Headspace air volume 2,663 m’
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Figure 5-4. Tank Pressurization Predicted for Base Case Solvent Fire.
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After fire extinguishment, internal pressure falls rapidly as a result of
gas venting and heat loss from the gas to tank surfaces. As indicated, tank
gauge pressure is calculated to go negative at approximately 260 seconds and
reaches a minimum value of 17.5 kPa (-2.5 psig) at approximately 380 seconds.
After this minimum, pressure gradually returns to ambient atmospheric
pressure. The relatively high vacuum predicted for this case (-2.5 psig) is
attributable to the postulated closure of the saltwell riser (the largest vent
pipe) when tank pressure falls below 13.8 kPa (2 psig).

5.4.2 Effect of Initial Inflamed Area

As noted in Table 5-3, the initial inflamed area in the base case is
0.31 m (1 ft) in diameter. The effect of the initial inflamed area is
evaluated by varying the diameter by a factor of two above and below the base
value. Therefore, the initial inflamed area for the two cases is a factor of
four above and below the base case area. Table 5-4 shows the results of the
analysis, in terms of peak pressure.

Table 5-4. Effect of Initial Inflamed Area on Peak Pressure.

Diameter of Initial Inflamed Area (m) . Peak Pressure kPa: (psig) =
0.15 ?28.3 (4.1)
Base Case 0.31 78.3 (4.1)
0.62 28.3 (4.1)

As indicated in Table 5-4, peak pressure is not sensitive to initial
inflamed area over the range studied.

5.4.3 Effect of Flame Spread Rate

The base case flame spread rate (1 cm/s) was selected as a realistic
estimate for tank 241-C-103 solvent on the basis of available data discussed
in Section 5.2.2. The effect of spread rate on peak pressure is quantified by
running cases for spread rates of 0.1 cm/s, 0.5 cm/s, 2.0 cm/s, and 10 cm/s.
Table 5-5 shows the results of the calculations compared to results for the
base case.

Table 5-5. Effect of Flame Spread Velocity on Calculated Peak Pressure.

Fire Spread Velocity  (cm/s) Peak Pressure kPa (psig) = -
0.1 6.7 (0.98)
0.5 18.6 (2.7)
Base Case 1.0 28.3 (4.1)
2.0 48.3 (7.0)
10 95.1 (13.8)

5-24



HNF-4240 Rev.01 8/20/2020 - 1:47 PM 94 of 680

HNF-4240 Rev. 1

As indicated in Table 5-5, peak pressures are calculated to vary
significantly with fire propagation velocity. The increase in peak pressure
with spread velocity is the result of higher cverall combustion rates due to
the larger inflamed areas computed for higher spread rates.

The high spread rate case, 10 cm/s, results in peak pressures that are
appreciably higher than pred1cted using base case parameters For this case,
the inflamed area is computed to cover 133 m® (1,430 ft2 ) at the time of fire
extinguishment, or roughly one-third of the whole tank cross-section area.
From these results, it is concluded that the impact of peol area on calculated
peak pressure is closely tied to the fire spread velocity because a larger
area can be inflamed by a rapidly spreading fire than can be covered by
a slowly spreading fire. Larger inflamed areas result in a higher overall
burn rate causing headspace gases to heat more rapidly and diminishing the
mitigating effects of heat transfer and gas venting.

5.4.4 Effect of Solvent Pool Area

The base case pool area, 40.9 m° (440 ft° ), represents 10 percent of the
cross-section area of the tank, The 1mpact of pool area is quantified by
varying the pool area from 1 m (10.8 fte ) to the whole tank cross-section
area. An additional case that used 10 cm/s spread velocity and the largest
pool area was also run. This case helps evaluate the effect of high-spread
velocity for a large pool configuration. Table 5-6 shows the calculated
variation of peak pressure with pocl area.

Table 5-6. Effect of Pool Area on Calculated Peak Pressure.

Pool Aream (ft’) Peak Pressure kPa (psig)

1.0 {10.8) 10.3 (1.5)

4.65 (50) 22.1 (3.2)

9.29 (100) 28.3 (4.1)
18.59 (200) 28.3 (4.1)

Base Case 40.9 (440) 28.3 (4.1)
74.4 (800) 28.3 (4.1)

411 (4,418) 28.3 (4.1)

411 (4,418) 115 (16.7)1

Note:
This case uses a spread velocity cof 10 cm/s.

As indicated in Table 5—6é peak pressure increases with pool area up to
an area of approximately 9.3 m® (100 ft%). Larger pool areas do not result in
higher peak pressures because overall combustion rate is Timited by 1) spread
velocity, 2) the reduction in burn rate with oxygen concentration, and 3) fire
termination caused by oxygen extinguishment. The calculated pool area at the
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time of_ fire extinguishment for base case fire parameters is 20.8 m?

(224 ft%). Solvent areas larger than this do not become inflamed before fire
extinguishment (i.e.. spread velocity of 1 cm/s}). The higher pressure for

10 cm/s spread velocity is attributable to the fire covering a much targer
pocl area prior to extinguishment resulting in a short burn period with Tittle
time for gas venting and heat transfer.

5.4.5 Effect of Leak Path Flow Capacity

The sensitivity of calculated peak pressure to leak path flow capacity
can be illustrated by analyzing a case in which the largest path
(i.e., saltwell riser) is assumed unavailable. Table 5-7 shows the peak
pressure for this case.

Table 5-7. Effect of Leak Path Flow Resistance on
Calcutated Peak Pressure.

.. . Leak Path Description = __Peak Pressure kPa (psig)
6 small pipes + saltwell riser'  Base Case 28.3 (4.1)
6 small pipes 60.0 (8.7)

Note:
Saltwell riser assumed toc open at a tank pressure ot 2.0 psig (13.8 kPay.

As indicated in Table 5-7, the opening of the saltwell vent has
a significant effect on Timiting tank pressures. The smaller leak path size
case shows significantly higher pressures.

5.4.6 Effect of Gas Emissivity

As indicated in Equation 5-6, radiation heat transfer rate is
proportional to the product ¢ -¢.. The base case ascribes a value of 0.9 to
this product. Parametric runs can be made by setting this product equal to
0.8 and 1.0 (see Table 5-8).

~ Nuperical Value of ¢ ‘€ - Peak Pressure kPa (psig)
1.0 27.6 (4.0)
Base Case .9 28.3 (4.1)
0.8 29.0 (4.2)
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As indicated in Table 5-8, the value of the emissivity product ¢_-¢. has
a relatively minor effect on peak pressure over the range covered. Smaller
values of emissivity product that cause calculated pressures to be larger do
not appear to be realistic.

5.4.7 Effect of Heat Transfer Flux from Flame to Burning Solvent Surface

Heat transfer from the flame to the burning liquid surface is evaluated
to have a best-estimate value of 57 kW/m? (see Section 5.3.3.1). The
sensitivity of predicted peak pressure to flame-pool surface heat transfer
flux is illustrated by assigning parameter values 24.5 kW/m? and 72 kW/m?
(Ayer et al. 1988). Table 5-9 shows the results of this calculation.

Table 5-9. Effect of Flame-Pool Heat Transfer Rate
on Predicted Peak Pressure.

Flame Pool: Heat Transfer Flux Peak Pressure . = 0
(kW /m?) L kPa (psig)
24.5 - 29.0 (4.2)
Base Case 57 28.3 (4.1)
72 28.3 (4.1)

As indicated in Table 5-9, calculated peak pressures are insensitive to
the flame-pool heat transfer flux over the range studied. This insensitivity
is expected because the flame-pool heat transfer rate is small compared to the
rate of heat generation by combustion. Because the base case flame pool heat
transfer flux (57 kW/m2) amounts to only 8.5 percent of the combustion energy.
changes in this parameter have a relatively small effect on the rate of energy
transfer from headspace air.

5.4.8 Effect of Oxygen Extinguishment Level

The oxygen extinguishment level determines the maximum quantity of fuel
that can be oxidized in the fire. The base case value of 0.13 mole fraction
is selected on the basis of large-scale tests (see Section 5.2.4). The impact
of the oxygen extinguishment level is evaluated by making parametric runs
at 0.11 and 0.175 mole fractions, the range reported in solvent fire tests.
Table 5-10 Tists the results.
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Table 5-10. Effect of Oxygen Extinguishment Levels
on Calculated Peak Pressure.

R - Paak Pressure-
Oxygen Extinguishment:ﬂb]e:Ffaction:p kPa (psig) =~ i
0.11 28.3 (4.1)
Base Case 0.13 28.3 (4.1)
0.175 27.6 (4.0)

As indicated in Table 5-10, calculated peak pressure is lower for the
case where early extinguishment is assumed (0, extinguishment level of
0.175 mole fraction). Peak pressure does not increase significantly when the
fire is assumed to continue until an oxygen mole fraction of 0.11 is reached.

The reason is that peak pressure 1s reached well before fire extinguishment
(see Figure 5-3).

5.4.9 Effect of Combustion Energy of Organic Liquid

As noted in Section 5.3.2.1, the combustion enthalpy for the base case
has been assigned a value of 80 percent of the theoretical value for complete

combustion. Parametric runs for combustion energies are 91 and 70 percent of
the theoretical value {see Table 5-11}.

Table 5-11. Effect of Combustion Energy
on Ca]cu]ated Peak Pressure.

Combustion Energy DR _  Calcu1ate Peak Pressure
Md/kg - BRI _ L kPa (psig)
28.9 23.4 (3.4)

Base Case 33.0 25.5 (3.7)
41.3 26.9 (3.9)

As indicated in Table 5-11, an increase in combustion energy is reflected
in an increase in calculated peak pressure. The increase is relatively small,

indicating that uncertainty in combustion efficiency will not significantly
affect computed peak pressures.
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5.4.10 Conclusions from Thermal Hydraulic Sensitivity Analysis

Findings from the thermal hydraulic sensitivity analysis of postulated
solvent fires in SSTs can be summarized as follows.

» The peak pressure predicted for a postulated fire is significantly
affected by the tank vent capacity.

¢ Fire spread rate has significant impact on calculated peak pressure.
Fire spread rates over immobile fuel surfaces (e.g., solvent-
permeated sludge or saltcake) are much slower than for open Tiquid
pools deeper than a few millimeters. C€alculated peak pressures are
significantly lower for immobilized solvent than for liquid pools.

* The impact of pool area on peak pressure depends Targely on fire
spread velocity. For cases where high spread rates may be
applicable, bounding values of pool area should be used to assure
that predicted peak pressures are not unduly Timited by postulated
pocl area.

5.5 PARAMETRIC ANALYSIS OF FIRE PRESSURIZATION

Peak pressures and post-fire peak vacuums are calculated in this section.
The objective is to illustrate how changes in key parameters affect predicted
peak pressures and vacuums. Whereas the sensitivity analysis presented in
Section 5.4 used tank 241-C-103 parameters, the analyses presented in this
section apply to a tank having a bounding headspace air volume.

Bounding high headspace air volumes maximizes oxygen inventory and thus
the mass of solvent that can be burned. Solvent burning produces the aercsols
and gases that drive the radiological and toxicological hazard. Maximizing
the mass burned should Tead to bounding predicted consequences for pool fires.
Bounding high headspace volumes also yields the minimum in surface to volume
ratio, which minimizes the effectiveness of heat Toss from the gas phase. To
the extent that peak pressure is limited by heat loss during the burn, the
effect would be greatest for small headspace volumes. It is also worth noting
that peak pressure is not a major driver of predicted consequences because
dome cracking relieves pressures in SSTs and predicted peak pressures are well
below failure pressures for DSTs and DCRTs.

5.5.1 Metheodology

The thermal hydraulic model described in Section 5.3 is used to analyze
postulated pool fires in SSTs. Fire parameters studied parametrically are:

Flame spread velocity

e Vent flow capacity
* Pool area.
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These three parameters affect the predicted pressures, and their values are
subject to considerable uncertainty. Most other fire parameters were
quantified by assigning them the base case values specified in Section 5.3.

Tank parameters for this analysis were specified for the bounding high

value of headspace air volume. Table 5-12 summarizes key tank parameters
based on information applicable to tank 241-AX-104.

Table 5-12. Tank Parameters far Parametric Analysis.

T Parameter T e
Tank diameter, m (ft) 22.9 (75) |
Headspace volume, m?® (ft?) 4,816 (170,000)

Concrete area, m?Z (ft2) 454 (4,885)

Steel area, m# (ft?) 844 (9,080)

Initial temperature, “C ("F) 15.6 (60)

Initial pressure, kPa (psiqg) 100 (14.5)

5.5.2 Solvent Fire Peak Pressures

Peak pressure was calculated for_small and large poois. Small pools are
defined as pools smaller than the 1-m* (10.8-ft%) criterion used in the
screening methodology (see Appendix A). A large pool is one for which the
pool size does not 1imit flame spread before fire extinguishment on low
oxygen. A pool size of 210 m® (2,260 th) meets this requirement and was used
as the pool area for the large pool case. Flame spread velocity was assigned
values of 0.1, 1.0, and 10 cm/s to cover a range of possible values.

Vent flow capacity was guantified on the basis of equivalent orifice
diameters ranging from 9.5 cm (3.75 in.) to 0.76 m (30 in.). The smaller
orifice mimics the flow capacity of the HEPA vent pipe, and the larger orifice
simulates openable risers present on some SSTs. Orifice diameters used to
quantify the vent paths applicable to the tank 241-C-103 case {see Tables 5-3
and 5-7) were 0.15 m (5.89 in.) and 0.234 m (9.65 in.), respectively, for the
six small pipes and for the saltwell riser.

Table 5-13 summarizes peak pressures predicted for 0.1 cm/s spread rate.
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Table 5-13. Peak Pressure Predicted for
0.1 em/s Fire Spread Velocity.

0 ot BSGIE .~ Peak Pressure
Vent Orifice Diameter | L kPa (psig) o
em (in.) Small Pool (1 m°) Large Pool (210 m')
9.5 (3.75) 14. 5 (2.1) 30.5 (4.4)
15.2 (6) 8.3 (1.2) 14.5 (2.1)
25.4 (10) <6.9 (1) <6.9 (1)
50.8 (20) <6.9 (1) <6.9 (1)
76.2 (30) <6.9 (1) <6.9 (1)

The highest pressure Tisted in Table 5-13 is 30.5 kPa (4.4 psig). It is
evident that a slowly spreading pool fire could not generate pressures high
enough to challenge tank structural integrity.

Table 5-14 Tists peak pressures predicted for 1 cm/s spread velocity.
The highest pressure listed applies to a large pool and the smallest vent
path. Peak pressure falls significantly when vent size is increased, as
expected. Peak pressures for small pools fall well below tank structural
limits for even the smallest vent studied.

Table 5-14. Peak Pressure Predicted for 1 cm/s Fire
Spread Velocity.

* Vent Orifice Diameter |___  Peak Pressure, kPa (psig) - - =~ = -
“cm (inches) | small Pool (1 m?) | Large Pool (210 m¢)

9.5 (3.75) 2.3 (15.9) 14.8 (103)

15.2 (6) 1.5 (10.3) 12.3 (84.8)

25.4 (10) T (< 6.9) 7.7 (53.1)

50.8 (20) T (< 6.9) 1.7 (11.7)

76.2 (30) 1 (< 6.9) 1 (< 6.9)

Table 5-15 lists peak pressures predicted for 10 cm/s spread velocity.
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Tabie 5-15. Peak Pressure Predicted for
10 cm/s Fire Spread VYelocity.

'Vén‘t‘ Orifice. Diameter L Peak Pressure, kPa. (psig)
C o em (in.) 1 smail Pool (1) | Large Pool (210 m)
9.5 (3.75) 2.3 (15.9) 28.9 (199)
15.2 (6) 1.5 (10.3) 27.4 (189)
25.4 (10) 1 (<6.9) 23.8 (164)
50.8 (20) 1 (<6.9) 13.9 (95.8)
76.2 (30) 1 (<6.9) 7.2 (49.6)

As evident from a comparison of ltarge pool peak pressures in Tables 5-14
and 5-15, an increase in spread velocity from 1 cm/s to 10 cm/s results in
roughly a doubling of peak pressure for the smaller vents. For small pools,
peak pressures are unaffected by spread velocity. The reason is that inflamed
area is timited by total pool area (1 m ) for both spread rates.

5.5.3 Post-Fire Peak Vacuums

Venting of gas during a fire, followed by cooling of gas after fire
extinguishment, causes a vacuum to develop within the tank. The vacuum
imposes a structural leading that could challenge structural tank limits.
Conceptually, a worst case corresponds to the opening of a one-way vent that
offers little resistance to outward flow, but closes when flow reverses. Some
tanks have relatively large risers that are covered with unbolted metal
plates. The covers could 1ift in response to internal tank pressure, then
fall back into position, blocking air inflow.

Peak vacuums are studied here by means of the thermal hydraulic code
described earlier. Fire and tank parameters used in Section 5.5.2 are used
here as well. The fire spread rate and pool area are varied parametrically as
described in Section 5.5.2. The vent path configuration is also explored
parametrically. A vent orifice of 9.5 cm (3.75 in.) is assumed to exist for
two-way flow. This orifice mimics the flow admittance of the HEPA vent pipe.
A parallel flow path covered by a flapper valve is also assumed to exist.

This flow path opens at a specified pressure difference to simulate the
lTifting of a riser cover and pit cover blocks. The opening pressure is
specified as 13.8 kPa (2 psig), and the path is assumed to be fully open at
20.7 kPa (3 psig). The flow resistance of the fully open vent path is treated
parametrically by specifying an equivalent orifice size. The eguivalent
orifice area is assumed to be proportional to pressure for the range of

13.8 to 20.7 kPa (2 to 3 psig).

Table 5-16 shows calculated vacuums for a 0.1 cm/s fire spread velocity.

Fire and tank parameters not specified in Table 5-16 or in Section 5.5.1 are
cited in Table 5-3.
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Table 5-16. Calculated Peak Vacuum for Fire
Spread Ve10c1ty of 0.1 cm/s.

"""" erVaWeOmﬂce N “Peak Vacuum,. kPa (psig)
dlameterujn_(m)__j-a  : Sma}]:Ppoi -(1 m ) ' Langg_qu1 (210 m )
0 (0) 2.76 (0.4) 4.83 (0.70)
& (0.15) 2.76 (0.4) 1T (1.6)
10 (0.25) 2.76 (0.4) 1 (1.6)
20 (0.51) 2.76 (0.4) 11 (1.6)
30 (0.76) 2.76 (0.4) 11 (1.6)

Peak vacuum for small pool fires is listed as 2.76 kPa (0.4 psig) for all
cases. The flapper valve has no effect for small pool fires because the peak
pressure is only marginally higher than the pressure required to open the
flapper valve. For the large pool case, the flappers hold the peak pressure
to just over the opening threshold pressure of 13.8 kPa (2 psig) and vent
roughly the same quantity of gas.

In summary, the peak vacuums calculated for a fire spread velocity
of 0.1 cm/s are small (<1.6 psig) because relatively little of the headspace
gas inventory is vented during the fire.

Table 5-17 shows peak vacuums calculated for a fire spread velocity
of 1 cm/s. Fire and tank parameters not specified in Table 5-17 or in
Section 5.5.1 are cited in Table 5-3.

Table 5-17. Calculated Peak Vacuum for Fire
Spread Ve]oc1ty of 1.0 cm/s

0 (0) 2.75 (0.4) 0.69 (0.1)
6 (0.15) 2.76 (0.4) 7.58 (1.1)
10 (0.25) 2.76 (0.4) 20 (2.9)
20 (0.51) 2.76 (0.4) 29 (4.2)
30 (0.786) 2.76 (0.4) 29 (4.2)

As shown, results for the small pool case are identical to the results
obtained for the lower spread velocity (see Table 5-16). This similarity for
small pools is expected because the size of the fire is limited by pool area
not spread rate.
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For the large pool case, larger openings associated with flapper valve
action lead to higher calculated vacuums. This result is as expected because
more gas is vented from the tank when larger openings are credited in the
calculation.

Table 5-18 shows peak vacuums calculated for a fire spread velocity
of 10 cm/s. Fire and tank parameters not specified in Table 5-18 or in
Section 5.5.1 are cited in Table 5-3. As indicated by the data of Table 5-18,
predicted vacuums for the small pool case are low and identical to values
predicted for lower fire spread velocities. This result is expected because
pool area controls fire size far the small pool case.

Table 5-18. Calculated Peak Vacuums for Fire
Spread Velocity of 10 cm/s.

o b Peak Vacuum, kPa (psig)
| smallpool (Imz) | Large pool (210 m2)
2.76 (0.4) 0.69 (0.1)
2.76 (0.4) 2.76 (1.4)
10 (0.25) 2.76 (0.4) 10.3 (1.5)
20 (0.51) 2.76 (0.4) 29 (4.2)
30 (0.76) 2.76 (0.4) 41.4 (6.0)

For the large pool case, larger openings associated with flapper valve
action lead to higher calculated vacuums. The highest peak vacuum is
calculated for the Targest flapper vent, a 0.76-m {(30-in.) orifice.

A significant fraction of headspace gas inventory is vented through the large
orifice when the tank is pressurized, resulting in a relatively low gas
pressure in the tank after cooldown.

In summary, one-way vent openings could result in appreciable post-fire
vacuums in waste tanks. The vacuums are small in magnitude for small pools
irrespective of fire spread velocity. For large pools, significant vacuums
are calculated only for spread velocities higher than 0.1 cm/s. The highest
vacuum is predicted for the largest vent orifice (0.76 m [30 in.]) and the
highest fire spread velocity (10 cm/s).
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6.0 PHENOMENA AND MODELING OF THE RELEASE OF RADIOACTIVE
AND TOXICOLOGICAL MATERIAL DUE TO SOLVENT FIRES

This section summarizes the phenomena and methodology for calculating
material releases and dose conseguences from underground waste tanks caused by
postulated solvent fires,

6.1 KEY ASSUMPTIONS

Key assumptions supporting the methodology for quantifying the
consequences of solvent pool fires are summarized as follows.

6.1.1 Ignition and Flame Spread

The ignition of a stable flame over a circular area 0.3-m (1-ft)-diameter
is postulated as the initial flame configuration. The flame is postu]ated to
spread at a specified radial velocity until the entire pool area is covered by
flame or until the fire is extinguished on Tow oxygen ltevel. A bounding
spread velocity is 10 cm/s. Lower spread velocities may be used for specific
cases if justified by available information.

6.1.2 Solvent Pool Area

Two cases of pao] area may be used to bracket possible pool sizes.
First, a pool of 1 m® (10.8 ft°), termed here a puddle, is postulated as

a 1ower 1imit to be considered. One square meter is the pool area criterion
used to screen tanks for the presence of solvent pools (see Appendix A).
Second, a large pool is postulated such that 1nf1amed area 1s not limited by
pool size. For SSTs and DSTs a pool area of 210 m* (2,260 ft?) is used to
quantify the large pool case. For pools this size and larger, the fire was
computed to extinguish on low oxygen level before the entire 210 m® became
inflamed. For DCRTs, the design that could contain the largest pool was
selected (tank 241-244- BX), and the pool was assumed to cover the entire waste
surface (34.1 mz). For the smaller SSTs, a puddie fire case (1 mz) was
analyzed as well as pools that covered the entire tank cross section.

6.1.3 Fire Extinguishment

The fire is assumed to extinguish at an oxygen concentration of
13 percent by volume. This assumption is based on the results of large-scale
solvent pool fire tests in ventilated cells. It is recognized that the
solvent inventory could 1limit the quantity of solvent burned for puddle fires,
but fire extinguishment attributable to Timited solvent inventory is
conservatively disregarded.
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6.1.4 Tank Parameters

A1l cases were based on bounding headspace volumes to maximize the oxygen
inventory and thereby maximize the mass of solvent burned.

Vent paths were postulated at two extremes to cover possible cases.
A minimal vent was postulated to evaluate maximum pressures that could be
generated by a pool fire. For SSTs, this minimal vent was based on the HEPA
vent pipe. For DSTs and DCRTs, the minimal vent was zero, a conservative
default value chosen because a reliable, realistic minimal vent path size was
not known. A Tlarge vent path case was considered to evaluate maximum vacuum
on cooldown. A circular opening, 1.27 m (50 in.) in diameter, covered by a
hinged plate was assumed to open at a pressure difference of 1 psi (6.89 kPa).
This flapper valve was hypothesized to simulate venting through large risers
{(in tank pits) that are covered by caps held in place by gravity.

6.1.5 Tank Structural Integrity

A1l cases considered here are analyzed on the assumption that thermal and
mechanical loads imposed on tank structures by the postulated pool fire do not
cause collapse of the dome. Thus, radiocactive material releases attributable
to tank structural failure are not considered. Structural limits are
documented in WHC (1996b) and WHC (1996c). Two DCRTs (244-A and 244-CRTK-003)
were not analyzed in WHC (1996c). However the other DCRTs were analyzed and
determined to have adequate safety margins. It is probable that all of the
DCRTs are structurally adequate.

6.1.6 Carryover of Contaminants with Vented Gas

Gaseous contaminants made airborne by the fire may be assumed to be
transported as ideal gases. Headspace air is assumed to be perfectly mixed,
and the fracticnal release of gases may be computed on the basis of the
fraction of gas vented from the tank. For passively-ventilated tanks,
atmospheric releases may be assumed to end when the tank internal pressure
falls below the pressure of the outside atmosphere. For actively ventilated
tanks, it is assumed that continued operation of ventilation fans would purge
all airborne contaminants from the tank. Mitigation of accident consequences
by aerosol depletion is computed for all cases. Aerosol depletion by in-tank
sedimentation was predicted by means of an aerosol behavior correlation.
Particle deposition by mechanisms other than sedimentation was neglected.

6.2 RELEASE OF CONTAMINANTS FROM TANK

The atmospheric source term attributable to postulated solvent pool fires
was computed from the following formula.

S = M« C + ARF # RF = LPF (6-1)
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where

5 = source term, kg

M = mass of material at risk, kg

C = concentration of contaminant in material at risk, kg/kg

ARF = aerosol release fraction (fraction of contaminant in material
at risk which is released as an aerosol), dimensionless

RF = respirable fracticn of released aerosol, dimensicnless

LPF = leak path factor (fraction of aerosol which escapes to the

environment), dimensionless

As noted in Section 5.1, some waste material would be released through
cracks in the tank dome. The soil covering the tank would act as a filter to
remove most of the waste material from the air stream. However, there is no
existing model to calculate either the filtering effect of the soil or the
fraction of the vented air that would be released through cracks in the tank
dome. Therefore, the release calculations assume that all of the vented air
is released through tank risers. The release calculations further assume that
the initial pressure pulse ruptures any HEPA filters used in the tank
ventilation systems and none of the wastes entrained in the escaping air
stream are trapped on a filter. Therefore the calculated release quantity
exceeds an actual release quantity.

The respirable aerosol fraction, RF, for pool and puddle fires was taken
directly from Section 3.3.5 of DOE-HDBK-3010-94. Experiments where TBP and
Kerosene mixtures were burned in large surface area pans, with ventilation air
passed through the test cells, appear to be a good approximation of the
burning conditions that would be found in the tanks. The recommended RF is 1.

Selection of the RF for an entrained solvent fire on saltcake is not as
straightforward. Section 3.3.6 of DOE-HDBK reports the result of experiments
in a wind tunnel to "...measure the ARF and RF of uranium from various
surfaces (sandy soil, sandy soil with vegetation cover, stainless steel, and
asphalt) at windspeeds of 1 m/s and 10 m/s." In some experiments with sandy
soil, the Uranium Nitrate Hexahydrate (UNH) was air-dried for several days
before testing. A gallon of gasoline was poured on the soil and ignited and
the ARF and RF were measured. Page 3-49 provides an interpretation of this
data. It concludes that aqueous solutions or air-dried salts on a surface
that absorbs or holds 1iquids, including significantly cracked or pitted
surfaces (saltcake) has a bounding RF of 0.4. UNH is not one of the main
components of the material on the surface of the saltcake in the tanks.
However, air dried salts and pitted, cracked surfaces are a very good
description of the waste surface. Because of the variability of the numbers,
as well as ease in computation, a slightly higher bounding RF of 0.5 is used
in this analysis.

Means for quantifying the terms of Equation 6-1 for the several
categories of contaminants are described as follows.
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6.2.1 Solvent Smoke

The pool fire will cause the airborne release of a fraction of the
radionuclide content of the solvent and will result in the formation of toxic
combustion products. The radionuclide release was based on the following
quantification of terms in Equation 6-1.

M, the mass at risk, was equated to the mass of solvent burned during the
course of the fire. This mass was computed by means of the POOLFIRE.4 code
for each case analyzed (see Appendix I).

C, the concentration of radionuclides in solvent, was based on
measurements performed on a solvent sample retrieved from tank 241-C-103. The
analytical measurements are reported by Pool and Bean (1994).

ARF, the aerosol release fraction, was quantified on the basis of
empirical results summarized by Mishima (1994). For large pools, which are
predicted to burn to oxygen extinction in minutes, a bounding ARF of 0.03 was
used. For small pools (puddles), the burn to oxygen extinction is predicted
to take many minutes, allowing time for heatup of underlying waste. A higher
ARF of 0.1 was selected from (Mishima 1994) for puddle fires.

RF, the respirable aerosol fraction, was conservatively assumed to be
unity for pool and puddle fires, as recommended in DOE HDBK-3010-94. An RF OF
0.5 was used for entrained fires, based on information in HDBK-3010-94..

LPF, the leak path transmission factor, was calculated by POOLFIRE.4 for
each case analyzed. The fractional leak of aerosolized contaminants was
computed to account for incomplete venting of headspace gases during the fire
cycle and for in-tank sedimentation losses. Gas venting fractions were
computed for each case using the POOLFIRE.4 Code, and aerosol sedimentation
was quantified using the correlation published by Epstein and Ellison (1987).
The adaptation of this correlation to solvent fire analysis is explained in
Appendix C.

Toxic gas species formed by combustion of solvent were assumed to be
adequately represented by CO, NO,, and P,0.. Ffor CO and NO,, emission factors
were used to gquantify the masses formed %y combustion. Emission factors used
for €O and NO, were 0.0425 and 5.5F-3, respectively (Grigsby and Postma 1995).
The emission %actor is defined as the mass of pollutant formed per mass of
fuel burned. The P,0; formation was quantified by stoichiometry for the
oxidation of TBP:

CiHoPO, + 18 0, = 12 €O, + 13.5 H,0 + 0.5 P,0; (6-2)

Based on Equation 6-2, the mass ratio of P,0; to TBP is 0.27. Tributyl
phosphate vapors were assumed to comprise 16 percent by mass of fuel burned.
This vapor mass fraction was taken from measurements at 100 "C (212 °F)
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reported by Pool and Bean (1994) for solvent samples retrieved from
tank 241-C-103. Therefore, an emission factor for P,0; 1s 0.27(0.16) =
0.0432 kg P,0;/kg fuel.

The LPF value computed from POOLFIRE.4 was used for toxic gas releases.
The RF was assigned a value of unity.

6.2.2 Headspace Gases

Headspace gases can contain a number of toxic substances. A bounding
(worst case}, steady state composite was assumed in all cases analyzed here.
The composition of headspace gases is quantified by Van Keuren (1996b). The
LFP was calculated by POOLFIRE.4, and RF was conservatively assigned a value
of unity.

The radioactive content of headspace air before a pool fire was
neglected.

6.2.3 Aqueous Boiloff

The pool fire could cause aerosolization of waste by evaporating water or
poss1b1y by entrainment caused by air flow. While the pool fire would result
in a fire plume that would induce air circulation in the headspace, air
velocities near the surface of the waste outside the burning pool are judged
to be too low to cause appreciable waste entrainment. Therefore entrainment
of waste caused by to air flow at the surface of the waste is discounted.
Waste aerosolization caused by moisture evaporation is quantified on the basis
of releases from boiling liquids.

The mass of liquid at risk is computed as the mass of water which could
be evaporated by heat transferred from the f]ame to the inflamed surface.
Using a flame heat transfer rate of 57 kW/m* (an average of values for the
burning of rubber gloves and burning of kerosene [Ayer et al. 1988], an
average specific burning rate of 1.2 kg/m?/min [Jordan and Lindner 1983], and
a latent heat of water of 2.26 MJ/kg), the mass of water evaporated per mass
of fuel burned is:

57 kJ , 60 s me min . 1 kg H,0 1.26 kg H,0
s m?2 min 1.2 kg fuel 2260 kJ kg fuel

The value of M applicable to aqueous boiloff in Equation 6-1 was computed
for each case by multiplying the mass of fuel burned {from POOLFIRE.4) by
1.26.

ARF. the aerosol release fraction, was assigned a value of ©.002 on the

bastis of release fractions for boiling liguids as recommended by Mishima
(1994) .
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RF, the respirable fraction, was assigned a conservative value of unity
for pool and puddle fires. A value of 0.5 was assigned for entrained fires.

LPF, the Teak path admittance factor, was computed to account for the
fraction of reaction products vented from the tank over the course of the fire
and for in-tank aeroscl sedimentation.

The concentrations of nuclides in SST, DST, and DCRT liquids, expressed
in terms of unit liter doses, were based on values recently reported by Cowley
(1996). The concentration of toxic analytes in these liquids was evaluated
from sum of fraction per unit release rate data presented by Van Keuren
(1996b) .

6.3 RADIOLOGICAL DOSE CONSEQUENCES OF RELEASED CONTAMINATES

Onsite dose consequences are calculated on the basis of particle
inhalation. The equation used to compute onsite dose is from Van Keuren

{1996a}:
D(SV) = QL) = X (s/m®) = R(n¥/s) = ULD(SV/L) (6-3)
Q
where
D = 50 year dose following inhalatian, Sv
0 = Volume of waste dispersed as an aevosol, L
é% = Integrated atmospheric dispersion factor, s/m3
R = Breathing rate of individual, m3/s
ULD = Unit Titer dose for released waste, Sv/L.

The total dose was calculated to result from releases attributable to
three separate sources:

1. Solvent smoke
2. Waste made airborne by aqueous evaporation
3. Rupture of HEPA and pre-filters.

The offsite dose was computed as the sum of inhalation and ingestion
exposures.
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D(SV) = Dy (Sv) =+ D (SV) (6-4)

The inhalation dose for offsite receptors was computed with Equation 6-3
using appropriate atmospheric dispersion factors and breathing rates.
Ingestion dose was computed from (Van Keuren 1996a):

D (SV) = QL) » 3% (S/m%) = ULD,(Sv m3/sl) (6-5)
Q
where
Oing = 50 year dose due to ingestion, Sv
= volume of waste dispersed as an aerosol. L
z%; = atmospheric dispersion factor, s/m3
uLn, = unit Titer dose for ingestion, Sv m*/sL.

6.4 TOXICOLOGICAL CONSEQUENCES OF RELEASED CONTAMINANTS

The concentrations of toxins in the downwind plume was computed from
formulas that quantify the degree of dilution that would occur in the
atmosphere between the tank vent and the assumed receptor. Turbulent mixing
induced by the momentum and buoyancy of vented gas (see Appendix B) is
important in determining dilution at the onsite (100m downstream) receptor
location. The following equation is used to compute airborne concentrations
at the onsite location:

Cioon = S * DFypon (6-6A)
where
Caoom = toxin concentration at 100m, mg/m3 .
S = toxin concentration at tank vent, mg/m
DF = dilution factor at 100m

100m

Numerical values of DF,,, applicable to solvent fires and their technical
bases are provided in Appendix B.

Dilution factors for the offsite receptor would be determined primarily
by normal atmospheric turbulence. Mixing in the vicinity of the tank vent(s)
is neglected in calculating toxin concentrations at the offsite location. The
following formula, which applies for continuous releases (Van Keuren 1996b},
is used to calculate toxin concentrations at the offsite location.
where

C = peak concentration in plume, mg/m3
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X S
1 3 3
C (mg/m®) = L * sﬂ% sy m? (6-68)
]_+'\)"‘Im_3 * X 5 "
S Q'l m3

gaseous toxic material source concentration, mg/m3

continuous release atmospheric dispersion factor, s/m3

volume release rate of gaseous source, m3/s

The concentrations computed from Equations 6-6A and 6-6B were divided by
the risk guideline that applies for each toxin:

where

Fs
C;
G

i

F,oo= L (6-7)

fraction of guideline for i-th toxin, dimmensionless
concentration of i-th toxin at downwind receptor, mg/m3
risk guideline concentration, mg/m

Individual chemical toxins were grouped intc the following categories by
Van Keuren (1996b}:

The

where

Gy O W

Total particulates

Corrosives and irritants
Systemic poisons

Central nervous system toxins.

sum of fractions for each category was computed as the sum of
individual fractions:

S, = L (6-8)

sum of fractions for toxin category, dimensiog]ess
concentration of i-th toxin in category, mg/m .
guideline concentration for i-th toxin in category, mg/m

6-8
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The toxin insult caused by composite materials was evaluated from tabular
data presented by Van Keuren {1996b). Composite materials include:

» Waste solids
» Waste liquids.

For these composite materials, the sum of fractions is calculated
directly at onsite and offsite locations as a function of the volumetric
release rate of these materials. This is illustrated below for a release of
1.27E-5 L of SST solids over a 60s time period. The release rate is:

release rate = 1.27E-5 L/60s = 2.12E-7 L/s
For a frequency range of 107 - 10 yr”, SST solids are characterized
by a sum of fractions of 1.0F3 s/L (Van Keuren 1996b) for onsite receptors and
1.7E1 s/L for offsite receptors. The sum of fractions for this specific
release of SST solids is calculated as follows:

onsite sum = 2.12E-7 * 1.083 = 2.12E-4,
and offsite sum = 2.12E-7 * 1.7E1 = 3.6E-6.

The onsite sum of fractions calculated above (2.12E-4) is based on
dilution predicted by an atmospheric d1spers1on factor of 0.0341 s/m This
dispersion factor neglects turbulent mixing in the vicinity of the tank vent;
therefore, it is overly conservative at the 100m mark. To use the sum of
fraction multipliers provided by Van Keuren (1996b), they were adjusted to
account for dilution quantified by Equation 6-6A. The sum of fraction
multipliers for the 0ns1te 10cat10n provided by Van Keuren (1996b) were
multiplied by DF,y.. /(X/Q * ! ) where the quantities are as defined in
Equations 6-6A an "6-6B. See Appendix B for the technical basis for this
adjustment. Note that this adjustment factor was used only for calculating
onsite toxicological consequences.

The overall insult attributable to toxic chemical releases was computed

as the sum of fractions for solvent and for tank waste liquids and solids
{(composite materials).

where

total sum of fractions, dimensionless
sum of fractions for ith category

(Y2 %]

[

ci
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To summarize, the five categories of toxic substances included in
Equation 6-9 are:

Total particulates

Corrosives and irritants

Systemic poisons

Central nervous system toxins

Composite materials (waste solids and Tigquids).
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7.0 FREQUENCY OF SOLVENT FIRES

Risk is a function of consequences and frequency. The previous section
evaluated consequences. This section evaluates frequencies. The following
summarizes an evaluation of tank farm equipment and operations, including
operational upsets and natural phenomena, that might act as initiators for
a solvent fire in a waste tank. The energy source frequencies are combined
with ignition probabilities, given the energy source is present, to assign
ignition frequencies for solvent fires on a per-tank basis. The number of
tanks that might contain combustible solvent configurations are then estimated
and used as a multiplier for the per tank ignition frequencies. Finally,
accident scenario frequencies are assigned to an accident frequency category
so that accident consequences can be compared to risk evaluation guidelines.

Operations that were considered in this evaluation are described in Bajwa
and Farley (1994). In addition, the tank farm operations procedures described
in the computer network-based, online Tank Farms Procedure Information System
were reviewed for additional operations that would involve heating potential.

7.1 SOLVENT FIRE IGNITION FREQUENCIES ON A PER-TANK BASIS
The per-tank ignition frequency evaluation was performed in four steps.

1. The operations (normal and upset conditions) and natural phenomena were
evaluated to determine which operation could introduce significant energy
into the waste tank. Energy must be added to the waste to heat and
vaporize a portion of the organic solvent and to create local high
temperatures to act as an ignitor.

2. The frequency of the energy being deposited into the waste is estimated,
assuming no safety controls are imposed.

3. The probability that the energy source could initiate a sustainable
organic fire is estimated. The energy required to ignite a solvent pool
or large puddle is quite Targe, while the energy required to ignite
a small puddle or solvent-filled crack is somewhat smaller; the energy
required to ignite solvent permeated saltcake is smaller still (see
Section 4.1).

4. Controls to prevent or reduce the ignition scenario are identified and
the ignition frequencies with controls are estimated. The results of the
evaluation are summarized in Tables 7-1 and 7-2 and described in
Sections 7.1.1 through 7.1.8.
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Energy Source Freguencies.

Table 7-1.

 Control

ETectrostatic sparks betweeh 1 ndt needed

equipment and waste

Instrumentation faults cause over 1E-1 n/a not needed

current in waste

Welding and grinding sparks fall to [1E-2 n/a not needed

waste surface

Torch cutting 1E-02 prevented administrative
control on
torch cutting

Camera and light power supply shorts|1E-3 n/a not needed

in waste

Vehicle fuel spill causes a gasoline |3E-6 prevented administrative

fire inside the waste tank control on
vehicle access
and fuel tank
protection

Lightning strike arcs to waste 3E-5' reduced but [lightning

surface unquantified|protection
measures

Core drill overheating lE-2 prevented drill purge

and interlocks

Note: 1
Freguency is for an SST.
Section 7.1.7).
or DCRTs is less than for an SST.

7-2

DSTs and DCRTs are postulated to behave like Faraday cages (see
Therefore the freguency of a lightning strike arcing tc the waste surface in DSTs
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7.1.1 Electrostatic Sparks

Unmitigated — In order for a static electricity discharge to ignite a
fire involving combustible 1iquids, the vapors above the Tigquid need to be
flammable (i.e., the Tiquid needs to be at or above its flash point), and the
spark energy needs to be greater than the minimum ignition energy. Static
sparks cannot ignite liquids that are well below their flash point as is the
case with the solvent in tank 241-C-103. '

Electrostatic charge may build up on an object that is an isolated
insulator. The electrostatic spark energy potential is a strong function of
the capacitance of the object, which increases with the size of the object.

A review of electrostatic spark energies for typical industrial situations
indicated that a high-end spark energy is 0.45 J which is attributed to a very
large object such as a road tanker or truck. This energy is well in excess of
the maximum theoretical spark energies expected from discharge of various
types of objects that may be inserted into a waste tank. A spark source
initiator must be very large, and therefore, spark sources in the waste tanks
other than lightning are not considered to be credible initiators. The
probability that an electrostatic spark could ignite the solvent in the tanks
is assigned a value of zero.

7.1.2 In-tank Instrumentation (Instrument Faults)

Unmitigated — Various in-tank instrumentation monitors tank and waste
conditions, including temperature measurement devices, waste level measurement
devices, and often low-power electrical circuits. In-tank instrumentation and
equipment failures have been evaluated previously for the potential to ignite
flammable gases and vapors (Scaief 1991}).

The voltage/current conditions, which have been evaluated, include normal
operations and fault conditions. The frequency for fault conditions was not
estimated. For this analysis, the frequency is not important but is assigned
a conservatively high value of 1.0 x 107" per year. The voltages and currents
that would be produced, even under fault conditions, is insufficient to ignite
flammable vapors. As the solvent is well below the flash point {(i.e., no
flammable vapors even exist), it is not credible for in-tank instrumentation
to heat the solvent and ignite it. The probability of ignition is, therefore,
assigned a value of zero.

7.1.3 Welding and Grinding

Unmitigated — For the purposes of this safety analysis, it is postulated

that welding and grinding operations could be performed on tank risers. As

a result, sparks and hot slag could fall to the waste surface even though
welding operations are controlled. (If welding is to be performed outside of
a designated welding area, it requires a hot work permit.) It is assumed that
every effort would be made to prevent sparks and hot slag from entering the
tank, but a human error could still occur. A frequency of 1.0 x 10°° per
operation is assigned to sparks or hot slag entering a tank. Welding and
grinding is expected to be performed infrequently, certainly less than once
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per year per tank; therefore, the estimated annual freguency of sparks and
slag reaching the waste surface is Tess than 1.0 x 1072 per tank per year but
the conservatively high frequency will be assumed for this analysis.

The temperature of steel mechanical sparks is approximately 1400 “C
(2,552 "F) (NFPA 321), but the available energy for ignition is small because
the mass of the hot steel flakes is small. Based on the testing described in
Section 4.1.2 and 4.1.4, ignition is not produced by introducing hot steel
particles (1,300 °C [2,372 "F] containing up to 270 J of available energy)
into even small puddles of solvent or onto solvent saturated saltcake. For
this analysis, the probability that welding sparks or hot slag will ignite
a solvent fire in a waste tank is assigned a value of zero.

7.1.4 Torch Cutting

Unmitigated — Torch cutting differs from welding and grinding in that the
use of a torch to cut large bolts, pipes, or other in-tank objects, offers the
potential for a relatively large heated object to fall to the solvent pool or
solvent entrained waste surface. A relatively large hot object may be able to
vaporize solvent and still remain hot enough to ignite the vapors. Smaller
objects tend to be cooled as their heat is used to vaporize the solvent.

The size and temperature of an object required to ignite various sized
solvent pools or puddles has not been analyzed or tested in detail. The
targest hot object tested in solvent ignition tests is a 3/16-in. diameter
steel ball heated to 1,300 "C (2,372 "F) or 270 J of available energy.
Ignition did not occur with this largest hot object tested. Ignition by
significantly larger hot objects than this, however, can not be ruled out.
Therefore, it is assumed that a Targe hot object created during torch cutting
could ignite some solvent situations.

For this analysis, the following best estimate assumptions were made
regarding ignition by torch cutting.

¢ The probability of igniting a floating pool is assumed to be zero as
the hot object would fall through the floating organic layer and he
cooled by the aqueous liquids below.

e The probability of igniting a large pool, a puddle, or a solvent
filled channel is assumed to be zero. A series of tests have been
performed for relatively narrow (1.3 to 1.5 cm) channels (see
Appendix G). Such channels filled with dodecane could not be
ignited with a small oxyacetylene torch. Wick-stabilized flames
started at one end of the channel failed to cause flame propagation
up the channel. If sustained application of a torch flame will not
ignite dodecane, it is Jjudged that a piece of metal heated by
a torch flame will not ignite the degraded solvent in the tank.
Testing with radiant heaters determined that a channel filled with
solvent could convect significant heat away from a heat source.

A few tens of centimeters of channel length were adequate to
dissipate more than 30 kw/m2 of radiant heating applied to one end
of a 1.3-cm-wide channel. Igniting the channel required the heated
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solvent be confined by a barrier to prevent convective cooling.
Even though small puddles and channels are easier to ignite than
a large puddle or pool, a sizeable, sustained heat source is still
required to cause ignition.

« The probability of igniting a solvent-permeated sludge is assumed to
be zero because testing indicated that even the sustained
application of a ftaming torch had difficulty igniting solvent/
sludge mixtures.

» The probability of igniting a solvent-permeated saltcake is judged
to be greater than zero because the heat transferred to the solvent
cannot be dissipated through the waste as easily; therefore, the hot
object is more likely to remain above the ignition temperature as
solvent is vaporized nearby. The probability is developed in the
following paragraphs.

Ignition of solvent-permeated saltcake — This section deals with pieces
of metal that fall onto saltcake in a waste tank after being heated by a
cutting torch. Experiments reported in Section 5.0, Appendix E of this report
show that simple sparks or slag from a welding or grinding process would not
initiate an entrained fire on saltcake. However, no experiments were
performed for larger pieces of metal cut from a riser with a cutting torch.

The first assumption needed to calculate the probability of igniting an
entrained fire on saltcake is how many times torch cutting will be performed
directly on a tank in a location where a piece of hot, cut metal could fall on
the waste surface. In order for a piece of metal to fall on the waste
surface, cutting would have to be performed directly on or over a tank riser
that gives vertical access to the tank. Cutting with torches in such
locations is not a routine activity. Risers have bolted flanges and equipment
is attached to the tanks using the flanges. Some welding and grinding may be
performed after equipment is installed, but work requiring cutting torches is
performed in shops as part of the fabrication process. Much of the equipment
that is installed over tanks consists of pump out Tines, ventilation systems,
and instrumentation. Most of these components do not have direct, vertical
access to the waste surface. A spool piece is bolted to a riser, and a bolted
connection is made between the spool piece and the eqguipment item. However,
using a torch to cut a riser has occurred. Two risers were cut with torches
as part of a project to install a new ventilation system. Because the torch
cutting has occurred in the Tast few years and could happen again, a frequency
category of anticipated is assigned. However, because the use of high
temperature torches is normally a shop fabrication process, and most
attachments to risers use bolt on flanges, a specific frequency of 1E-2 is
believed to be a reasonable number. Since there are 149 SSTs, this would
result in a facility frequency of 149 x 1E-2 = 1.49, or approximately
1.5 occurrences per year.

The second assumption is whether solvent saturated saltcake capable of
being ignited is in the spot where the hot metal falls. The location of the
entrained solvent is independent of the location of the risers. Wastes were
added to the tanks using "distributors" in a pump pit. Distributors were long
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pipes and nozzles that were turned by hand so that waste pumped to the tanks
could be distributed into different areas of the tank so that the tanks would
fi1l evenly. The riser in a pump pit is only one of the many risers on a
tank. And even in the case of the pump pit riser, the distributor deposited
the waste out of line with the pump pit riser. Information about the
potential surface area of solvent saturated saltcake can be taken from Huckaby
and Sklarew (1997). The report gives information about the surface area of
solvent that must be exposed to the atmosphere in the tank to evaporate the
quantity of solvent found in the headspace by sampling. The largest estimated
pool/puddle size, exclusive of tank C-103 which has a top Tayer composed
entirely of solvent, is approximately 11 square meters. The information in
Huckaby and Sklarew (1997) is for a pool/puddie on the surface of the waste,
or for an entrained quantity of solvent that provides total evaporation equal
to the pool/puddle size. Solvent can only burn at the waste surface because
oxygen is needed. An entrained fire assumes that capillary action brings
entrained solvent to the surface where it can burn. The vertical distance
that capillary action can move solvent is limited. It is assumed that solvent
that can be transported by capillary action is near the surface of the waste.
If it is near the surface, then the surface area of the entrained material
will not be significantly larger than the surface area of a puddle whose size
has been calculated by Huckaby and Sklarew (1997). From this it is concluded
that if the largest pool/puddle size measured is 11 square meters, then it is
reasonable to use 20 square meters as an upper Iimit for the size of the area
in a tank that could be ignited by a piece of hot metal falling into the tank.

The surface area of waste in a tank is 400 square meters. If a maximum
of 20 meters is in a combustible configuration, then the probability of hot
metal falling on that 20 square meters is 20/400 = 5E-2.

The third assumption is whether the entrained solvent in the saltcake
actually ignites if a piece of hot metal falls onto it. Test results reported
in Section 5.0, Appendix E of this report show that neither hot steel
particles (1300 C€) nor an electric match which releases 138 J over a three to
five millisecond period resulted in sustained combustion when applied to
dodecane in lab tests. Dodecane is more flammable than the solvent mixture in
the tanks. However the specific configuration of a larger piece of metal
heated by a cutting torch was not tested. It is hypothesized that a piece of
metal is cut from a riser with a cutting torch and has a free vertical fall to
the waste. The metal lands edge on in the saltcake such that part of it
extends into the saltcake and part into the tank atmosphere. Because the
entrained solvent in the saltcake cannot conduct heat away as quickly as a
pool or puddle of solvent, it is assumed that some solvent could be vaporized.
It is further assumed that there is sufficient residual heat left in the piece
of metal exposed to the tank atmosphere that it can ignite the solvent vapor
before the metal cools. For the fire to self-propagate, the energy of the
resulting burning vapor must be sufficient to both vaporize additional solvent
and ignite it. Considering that the very hot particles and electrical match
could not initiate a self-sustaining fire when applied directly to dodecane,
it does not seem reasonable that the edge of a piece of metal could ignite
a self-sustaining fire after it has fallen to the waste surface, cooling as it
falls. The sequence of events hypothesized above is also tenuous. Having a
piece of metal land upright so that it is in saltcake and air, having the
metal not cool during its fall, and being able to ignite a solvent mixture
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that is less flammable (lower vapor pressure} than dodecane is remote.
Because the configuration has not been directly tested, this scenario is not
dismissed. A frequency category of anticipated is assigned to it. However
because of the factors discussed above, a best estimate of one chance in one
hundred, 1E-2, is assigned.

The probability of initiating an entrained fire in saltcake by torch
cutting on a tank is:

chance of hitting entrained

(
solvent) x 1E-2 (probability of ignition 5E-6 per tank.

1E-2 (torch cutting events per year) x 5E-2
) =

Several additional uncertainties are associated with the configuration of
the tanks and solvent that were not included in the above calculation. The
additional uncertainties have not been quantified because the accident can be
shown to be within risk evaluation guidelines using only the information
presented above. [If the following uncertainties were quantified and included
in the above calculations, it would show that a fire is even more unlikely.

s+ A1l of the ignition tests were performed using either dodecane or
kerosene. The mixture in the tanks is TBP and NPH. The TBP/NPH
mixture is significantly more difficult to ignite than either pure
dodecane or kerosene.

e Measurements using neutron detection show that in many SSTs the
1iquid level is well below the saltcake, in some cases by several
feet. Capillary action would not raise solvent several feet to the
surface of the saltcake to burn.

+ With over 8,000 tank-years of history, no solvent fires have
occurred in Hanford Site tanks. ODuring the earlier years, there was
much more solvent in the tanks than there is now. There were also
many more in-tank activities involving different energy sources and
more transfers from tank to tank. The fact that there were no
fires in the past is not an indicator that there will be no fires in
the future. However no previous fires over 8,000 tank-years
certainly lends credence to the estimation that the accident belongs
in the unlikely range (10E-2 to 10E-4 occurrences per year).

Mitigated — An administrative control on torch cutting is included in the
TSRs. It reguires installing a barrier or devices before torch cutting to
prevent hot metal/slag from falling to the waste surface in a tank with
potential organic-solvent hazards (solvent-permeated saltcake). This prevents
the ignition scenario by stopping hot debris (ignition source) from contacting
the solvent-permeated saltcake.
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7.1.5 Still Camera Photography and Video Camera Operations

Unmitigated — The still camera system used is a standard 70-mm still
camera and flash unit mounted in a metal frame. The system is suspended in
the tank by a flexible support hose containing wiring to the camera and flash
unit. Power to the flash unit is supplied by a portable generator on the
ground surface above the tank. The wiring is sealed but not intrinsically
safe. The camera and flash unit are manually lowered into the tank to a level
contralled by an adjustable safety stop ("top hat") at the top of the riser.

The video equipment consists of a standard video camera with pan and tilt
capabilities and a quartz halogen Tight source. The in-tank portion of the
video system operates on 12 volt direct current. An auxiliary light source
can be installed in a second riser to provide more illumination. The
auxiliary light source uses a high-pressure sodium bulb and operates on
120 volts alternating current. The light is enclosed in an impact-resistant
polycarbonate cover. The entire video camera unit is connected to a support
stem. The camera system is supported by a shield plug that 1imits the length
the system can intrude into the tank.

Upset conditions include breaking a 1ight and allowing the hot filament
to fall to the waste surface or lowering the camera and light system to the
waste surface with subsequent shorting of the electrical supply in or near the
solvent. The potential for a hot filament to ignite the subcooled solvent is
negligible because there is insufficient energy to heat solvent and ignite it.

The frequency of shorting power cables in or near the solvent is
estimated to be 0.001 per tank per year. This estimate is based on the
foilowing.

« Only a few in-tank photographic or video operations are anticipated
to be performed in a tank.

» A top hat (i.e., a shield plug that has a top flange larger in
diameter than the riser inside diameter) is required for photography
and video imaging to be performed effectively and is required by
procedure. The top hat acts as a safety stop preventing the unit
from being lowered to the waste surface

o The electrical wiring is not likely to short even if immersed in the
solvent or sludge because it is sealed from the outside environment.

Shorting the power supply in or near the solvent could possibly dissipate
electrical energy in the solvent if the wires remained in a pool or puddle for
a period of time and not trip the over current protector. The energy
dissipation (ohmic heating) in the solvent is expected to be low because the
solvent is not expected to be very electrically conductive and little current,
if any, would flow through the solvent. Conversely, if the wires were to
enter sludge or saltcake, ohmic heating would be small because of the low
resistivity of the aqueous brine contained in the waste.
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Flectrical sparks that might be produced by two wires touching together
are bounded by welding sparks and slag as discussed above. It is concluded
that shorting of the electrical power supply could not ignite pools, puddles,
or solvent permeated sludges or saltcakes.

7.1.6 Vehicle Fuel Fires

Unmitigated — A number of vehicles are used in the tank farms for
construction, surveillance, sampling, and maintenance activities. Two
incidents in the last several years have raised a concern about motor vehicles
that enter the tank farms. An accident could occur that results in 1) vehicle
fuel entering a waste storage tank and igniting or 2) fuel igniting followed
by the burning fuel entering the tank.

In Lindberg (1996), it is assumed one collision per year occurs between
a vehicle and a riser. Therefore, there are 1/177 = 5.6E-3 collisions per
tank per year. Because a collision alone is not sufficient to start a fire,
the following factors are also included: the probability of the riser
breaking (0.5), the probability that the fuel tank ruptures and fuel enters
the tank (0.1), the probability fuel is ignited from the accident as it enters
the waste tank (0.01), and the probability that the burning fuel ignites
organic solvent if present in the tank (1.0).

Therefore, the probability of having an organic solvent fire, if solvent
is present in the tank, is:

P(organic fire) = (5.6E-3) (0.5) (0.1) (0.01) = 2.8E-6 per tank per year

Mitigated — The controls specified in the TSRs prevent the accident by
protecting the vehicle fuel tanks from being punctured. Although a collision
may occur, no fuel would be released and the accident scenario would not occur
unless the fuel tank was punctured.

7.1.7 Lightning Strikes

Thunderstorms can produce lightning strikes that discharge the electrical
potential between the atmosphere and the ground. Although rare, ash fall and
dust storms can also produce lightning.

Operational records do not report any lightning strikes on a tank riser
or appurfenance in the 50-year history of the Hanford Site. Records do
indicate a number of Tightning strikes have hit 200 East and 200 West Area
structures, power poles, and transformers. Recent research on lightning as
a potential accident initiator at the tank farms is reported in Probability,
Consequences, and Mitigation for Lightning Strikes to Hanford Site High-Level
Waste Tanks {Zach 1996). This report establishes that, after conservatively
accounting for detection frequency and uncertainties, the observed lightning
strike frequency at the tank farms is 0.06 str1kes/yr/km
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{0.16 strikes/yr/miz). The report discusses a number of factors necessary for
a lightning strike to initiate an accident including the following:

*» Lightning must strike a tank riser, appurtenance, or the ground in
the immediate vicinity of a tank farm.

« The tank must contain a combustible configuration of organic
solvent.

» The discharge must pass from the riser or appurtenance into the tank
through conduction paths such as instrumentation lines or other
equipment connected to the tank riser or by arcing across
nonconductive segments.

« The discharge must have sufficient energy to create a large arc or
cause ohmic heating to temperatures high enough to ignite the
solvent.

Unmitigated — Using the observed 0.06 strikes/yr/km®
(0.02 strikes/yr/mi%) as an estimate of lightning strike frequency and
considering the cross section area of a large underground tank to be bounded
by 500 m® (5,400 ft°), the 1ikelihood of a direct strike over a particular
tank is 3E-5/yr, that is, "extremely unlikely."

The likelihood of and the amount of lightning current that will enter
a waste tank differs significantly between SSTs and DSTs because DSTs contain
a closed steel liner, and the risers are welded to this steel Tiner. These
factors make the buried DSTs effective Faraday cages (Cowley and Stepnewski
1994). Therefore, electrically noncontinuous paths through the tank that can
result in arcing would only exist when a tank activity (such as installing
Tong length equipment with a crane) opens a riser and inserts a conductor
through the Faraday cage of the tank liner.

The structure of the $8Ts, the rebar in the concrete, and the fact that
the tank is buried, gives SSTs some properties of a Faraday cage. However,
SSTs lack a closed steel liner, and this makes SSTs less effective as a
Faraday cage than DSTs. In addition, construction drawings do not indicate
that any effort was made during construction to make electrical connections
between risers and the rebar in the concrete. There are, therefore,
electrically noncontinuous paths through the tank that can result in arcing at
all times.

Discussions with Dr. Martin Uman indicate that a lighting strike that
"hits" the top of a tank could be expected to create high electrical
potentials (voltages) between the risers and ground. These high voltages
could cause Tightning current to arc from the risers and installed equipment
(or equipment in the process of being installed or removed from the tank,
especially when using a crane) into the waste and to ground (through the tank
side walls or bottom). As lightning strikes are often comprised of multiple
strokes (stepped leader, return stroke, dart leader, etc.), and each stroke
can have muitiple ground connections, it is quite possible that 1lightning
current and arcing could occur through muitiple paths (e.g., risers). As
a conservative safety analysis assumption, the frequency of lightning
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current arcing to the waste surface in SSTs is assumed to be equal to the
frequency that lightning strikes the top of the tank, or 3 x 10-5 per year per
SST. This value is considered appropriate for use as an organic solvent
initiator where a comparatively high energy is required to ignite the solvent.

Solvent Fire Ignition: The probability that arcing Tightning current
would cause ignition is evaluated below. The arc-producing scenario would
occur when Tlightning current travels down equipment suspended above the waste
surface (i.e., risers), and the current arcs from the end of the suspended
object te the waste surface. The arc or lightning current channel (the bright
lighting bolt) is a very hot channel of air (>20,000 °K) that has been turned
into a plasma. The channel is fairly narrow (perhaps a centimeter in
diameter) but causes significant heating of surrounding air. Radiative and
convective heating of the waste surface (e.g., solvent pool) can be expected.
In the arc-gap scenario, the energy deposition at the point of contact with
the waste is concentrated. The energy deposition in the waste where the arc
hits is estimated below according to Cowley and Stepnewski (1994):

First, a very high density energy deposition takes place at the point of
contact. The energy deposition associated with arcing between gas and solid
phases is different from ohmic heating. It is proportional to the time
integral of the current rather than, as in ohmic heating, the integral of the
square of the current. The electrical power generated as a function of time
at a metal arc interface is roughly V_I(t) after the 1n1t1a1 breakdown (which
will provide energy to heat gas to tens of thousands of °K), where V_ is the
contact potential difference between the metal and the arc, typically 5 to
10 volts, and I(t) is the time-varying current flow in the arc. The total
enerqgy generated is roughly V Q, where Q is the total charge traversing the
arc. The energy appears as heated gas and heated and melted electrode
material. A typical lightning transfers 25 coulombs of charge and could
liberate 250 J of energy at the arc spot, in a volume of less than | cubic
centimeter, perhaps less than a cubic millimeter. However, it is not likely
that all of the Tightning charge will flow across a single interior gap in
a SST because of the many parallel paths available to the Tightning current.

Once the current moves somewhat beyond the arc contact point, the energy
may be dissipated by ohmic heating. The energy deposition is described by:

4
F = 19“ joules
sRo

where

S conductivity of the waste
Ro = radius of arc spot, m

The electrical conductivity of the solvent has not been measured. The
resistivity of organic liquids can be much higher than that of waste aqueous
11qu1ds and solids. The resistivity cof transformer 0il and capacitor mineral
0oil is in the range of 1.0 to 100.0 x 10" ohm-m, with water contamination

7-13



HNF-4240 Rev.01 8/20/2020 - 1:47 PM 127 of 680

HNF-4240 Rev. 1

causing a reduction of about two orders of magnitude {Fink and Beatty 1976).
The discharge of lightning current through a high resistivity fluid could
cause significant heating. |[If the arc were to strike an organic pool, the
high resistivity of the solvent could cause significant energy deposition
{many MJs) in the pool. It would be difficult to conclude that such an
arc-gap scenario would not vaporize a significant amount of solvent and form
and ignite a vapor cloud sufficiently large (10-15 cm in diameter) to ignite
a pool fire.

The probability that arcing lightning current will strike a solvent pool
or puddie is not known because the presence, size, and location of solvent
pools has not been determined for many of the tanks. However, a review of
tank waste photographs for interim stabilized tanks indicates that puddles
(either solvent or more likely aqueous liquids) appear likely to form under
risers. This may be due to equipment installation or flushing operations that
cause depressions in the waste under the risers. For this analysis, it is
assumed 1) the equipment arc-gap configurations result from risers or
equipment installed in a riser and 2) the probability of a solvent puddle
being formed in a waste depression under a riser is one-- given the tank
contains liquid poels and significant sclvent. The probability that a
lightning strike to in-tank equipment would ignite a solvent fire is assigned
a value based on the following.

e The probability that the resistance between the struck object and
ground is high (assumed to be 1.0 unless field measurements indicate
otherwise, or the object is verified to be immersed in aqueous
liquid which would be grounded through the tank bottom), times

« The probability that the equipment-to-waste arc path passes through
a solvent pool or combustible solvent permeated saltcake. This is
assumed to be 1.0 if the tank contains significant amounts of
solvent unless other data indicate otherwise, times

*» The probability that the lightning arc has sufficient energy and
duration to ignite a solvent fire. This is assumed to be 1.0 unless
further analysis or testing indicates that solvent ignition by
lightning strike is not likely.

The probability of lightning initiated solvent fires, therefore, is
conservatively assumed to be equal to the frequency of lightning strikes on
the tank or 3 x 10-5 per tank per year, assuming the tank contains a
combustible configuration of solvent.

Mitigated — Controls on crane use during thunderstorms are included in
the TSR administrative controls. The administrative controls require stopping
activities in dome intrusive and waste intrusive locations of tanks that have
a potential organic solvent hazard when lightning is identified within a 48-km
(30-mi) radius of the tank farm. 1In addition, equipment is secured in lowest
position if lightning is identified within 48-km (30-mi) of the tank farm.
This decreases the Tikelihood of an organic solvent fire by removing potential
lightning dissipation paths in the tanks.
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In addition, a program has been implemented to improve the Tighting
protection provided the tanks by installing the following:

» grounded air terminals, grounding tank risers, and bonding
permanently installed instrumentation to risers to promote the
dissipation of lightning energy outside waste volume

* grounding grids to promote the dissipation of lightning energy
outside waste volume.

Although Tightning-related controls have been identified, their ability
to prevent ignition of organic solvents or otherwise mitigate the scenario is
unguantifiable. Therefore, the frequency of the scenario with controls is
conservatively represented by the scenario without controls.

7.1.8 Core Sampling

The waste characterization effort obtains waste samples by core sampling.
Core sampling trucks are designed to obtain full-depth samples in one of two
modes: push mode only or push mode or rotary mode. Push mode-sampling works
well for soft waste materials where a core sample is obtained using hydraulic
pressure to push the samplers through the waste. Rotary-mode sampling is
used is used for hard waste materials.

Unmitigated — Because push-mode core sampling generates very little heat,
it is not considered a credible source for heating wastes and cannot cause
solvent fire ignition. Keller {1991} reports the results of testing the
5.7-cm-diameter core drill string to determine the effect of frictional
heating on both the drill face surface and the waste simulant. The testing
was conducted on three simulants: a sludge, a soft saltcake, and a hard
saltcake. The resuits from the test indicated the following: no temperature
increase on the drill face surface from push-mode sampling the sludge
material, a 6 'C increase in the soft saltcake, and a 22 "C increase in the
hard saltcake. These tests are considered enveloping because they were done
at higher insertion rates than can be accomplished in the field (i.e., rather
than stopping every 48.3 cm to retrieve a sample, the testing pushed
continuously as fast as possible). Based on these results, it is concluded
that push-mode core sampling has no potential to ignite organic solvent pools
or solvent permeated waste sludges or saltcakes.

Rotary-mode core sampling can generate significant heat from friction at
the drill bit—waste interface. High temperatures have been experienced during
testing with waste simulants when drill bit progress through the simulant is
slow or stopped. In this situation, the heat generated is deposited in nearby
waste for an extended period of time. When the bit is progressing through the
waste as designed, the bit and waste remain relatively cool because the bit
continually moves down through and contacts cool waste.

High temperatures are produced when a drill bit has difficulty drilling
through hard wastes. High temperatures would not be produced white drilling
in surface pools or puddles or within a few centimeters of the waste surface.
Ignition of pools and puddies and solvent-filled channels by rotary drill core
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sampling is judged not credible; therefore the probability of a dril}
overheating scenario to ignite solvent pools, puddles, or solvent-filled
channels is assigned a value of Zzero.

Ignitability testing of sludges indicated the sludge must contain
a significant amount of solvent to support combustion. Such a sludge,
however, would not contain any interstitial air. Overheating is not likely in
a solvent-saturated sludge because such a material is likely to be soft.
Finally, burning with tank headspace air would not be possible if the ignition
source is tens of centimeters below the waste surface. Ignition and sustained
burning of solvent-permeated sludges by rotary core drill sampling is judged
not credible; therefore, the probability that core drill upsets could cause
a solvent fire in sludges is assigned a value of zero.

The frequency with which core drill overheating could cause a solvent
fire in solvent-permeated saltcake is conservatively estimated to be BE-6 per
year as follows.

« The frequency of drill overheating i1s assumed to be 0.0l per year.
This is a subjective estimate based on the drill encountering hard
waste where the subsequent friction heats the waste above the
solvent flash point because the purge system fails.

« The probability that an overheating drill could cause solvent
ignition is assigned a conservatively high probability of 0.01.
This is based on the judgment that creating a flammable solvent
vapor/air mixture in the waste solids near the drill bit and heating
this mixture to the autoignition temperatures (AIT) is unlikely.

It is judged the heat generated by the drill bit would vaporize the
solvent which would displace air that may be in the waste solids.
It is also judged Tikely the vapors in the interstitial pores would
exceed the upper flammability Timit before the AIT was reached, and
the vaporization of the solvent would cool the bit waste interface.
Finally, high temperatures that are produced tens of centimeters
below the waste surface would not cause a fire that could burn with
headspace air. Ignition would need to occur at or near the waste
surface.

e The final assumption is whether solvent saturated saltcake capable
of being ignited is in the spot where the core drill is used.
Information about the potential surface area of solvent saturated
saltcake can be taken from Huckaby and Sklarew (1997). The report
gives information about the surface area of solvent that must be
exposed to the atmosphere in the tank to evaporate the quantity of
solvent found in the headspace by sampling. The largest estimated
pool/puddle size, exclusive of tank (C-103 which has a top layer
composed entirely of solvent, is approximately 11 square meters.

The information in Huckaby and Sklarew (1997} is for a pool/puddle
on the surface of the waste, or for an entrained quantity of solvent
that provides total evaporation equal to the pool/puddie size.
Solvent can only burn at the waste surface because oxygen is needed.
After the drill bit has penetrated a few centimeters into the waste,
there will not be oxygen available to support combustion at the
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heated surfaces of the drill bit. 1If combustion can only take place
near the surface, then the surface area of the entrained material
will not be significantly larger than the surface area of a puddle
whose size has heen calculated by Huckaby and Sklarew (1997). From
this it is concluded that if the Targest pool/puddle size measured
is 11 square meters, then it is reasonable to use 20 square meters
as an upper limit for the size of the area in a tank that could be
ignited by core drilling. The surface area of waste in a tank is
400 square meters. If a maximum of 20 meters is in a combustible
configuration, then the probability of the core drill contacting 20
square meters solvent permeated saltcake 20/400 = 5E-2.

Mitigated - To eliminate the possibility of heating waste to high
temperatures and initiating waste combustion accidents (e.g., organic
salt-nitrate reactions), the core drill system was modified to provide bit
cooling by nitrogen purge and interlocks to shut down the system if key
drilling parameters (bit down force and rotational speed) are exceeded.

A safety envelope was developed through testing and thermal analyses so
that operation within the envelope (nitrogen purge on, bit down force below
5.2 kN [1,170 1bf], and rotational speed below 55 revolutions per minute)
would maintain cool waste temperatures. Operatien outside the envelope would
be prevented by shutdown interlocks that stop drilling operations. For this
analysis, it will be assumed that overheating conditions are credible if the
interlocks were not in place {see unmitigated above).

The possibility of rotary core drill overheating and igniting waste
organic solvents has not been included in the rotary core sampling safety
envelope development and testing program. It would seem untikely that rotary
core sampling could cause solvent ignition because the solvents would tend to
vaporize when the waste surrounding the drill bit is heated. This
vaporization would tend to cool the waste and remove the solvent as a fuel.
Demonstrating the acceptability of drilling without nitrogen purge or shutdown
interlocks would appear to require rotary drill testing in solvent-permeated
waste simulants. The safety of drilling in solvent-permeated waste is assured
by the safety envelope developed for fuel-nitrate hazards.

The safety envelope parameters ensure the drill bit temperature will not
increase more than 57 "C. This value is based on the drill bit reaching a
maximum temperature of 150 “C in the highest measured temperature tank waste.
This temperature provides a safety margin below the AIT for waste solvents
which is estimated to be over 200 "C based on a review of hydrocarbon AIT.
This review indicated that the straight chain hydrocarbons, such as found in
NPH, have saome of the lowest AITs of the values reported for hydrocarbons.
The minimum AlTs for n-decane are 210 "C and 230 "C for kerosine (Kuchta
19853 . Tetradecane has an AIT of 202 "C {Lewis and Von Elbe 1987).

7.2 NUMBER OF TANKS CONTAINING COMBUSTIBLE SOLVENT
The solvent fire frequencies developed in Section 7.1 are based on a per-

tank basis, assuming that a tank contains organic solvent in a combustible
configuration. To convert to a tank farm accident frequency which can be
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compared to risk evaluation guidelines, the per-tank frequencies are
multiplied by the number of tanks that contain each combustible solvent
configuration (e.g., floating layer, large pool, solvent permeated-saltcake),
then summed over all confiqurations. The results are summarized in Table 7-3
for several different assumptions described bhelow.

© Tank Type | Solvent Configuration | Basis

S5S8Ts Large pool Known - 241-C-103 1

SSTs Large pool or solvent Vapor sampling and 14

passive vent permeated waste transfer records

SSTs Large pool or solvent- | Bounding 66

passive vent permeated waste

SSTs active vent | Large pool or solvent- | Bounding 6
permeated waste

DSTs Large pool or solvent- | Waste process history | 6
permeated crust and transfer records

DCRTs Large pool Bounding 6

The number of waste tanks that may contain separable organic solvent
phases is not known. Not all tanks received solvents, and most solvents that
were sent to the tanks have evaporated or undergone chemical degradation to
form organic species that would not be present as a separable, liguid phase.
However, tank 241-C-103 is known to have an organic solvent layer floating on
the waste surface. Other tanks have vapor space concentrations of organic
solvent vapor higher than can be explained except by the presence of Tiquid
phase solvents somewhere in the waste.

An additional factor that must be taken into account is that SSTs may be
either passively ventilated or actively ventilated. Fifteen SSTs are actively
ventilated, and 134 are passively ventilated. Process Engineering has
determined that there is no solvent in 9 SX farm tanks which are actively
ventilated. Six actively ventilated SSTs may contain solvent.

A screening test has been developed that uses the results of the ongoing
tank vapor space sampling program to predict the presence of significant
quantities of separable phase solvents in tanks. The screening tests identify
specific tanks as having or not having any remaining separable organic solvent
phase. The screening methodology uses vapor characterization data in
conjunction with an evaporation model to estimate the size of solvent pools
that feed vapors into tank headspaces. The screening test predicts that
a pool may be present or not present. If the screen predicts that a pool may
be present, it is assumed a pool is present unless an alternate method of
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confirming or dismissing its presence is used. If the screen predicts that
a pool is not present, it is a positive test that a pool is not present. As
of August 1997, the vapor spaces of 81 tanks have been sampled. None of the
actively ventilated SSTs have not been sampled. When the screening criteria
was applied to the 81 tanks, 13 tanks were identified as potentially having
solvent pools or a large subsurface layer of solvent. The 13 tanks are
241-B-103, 241-BX-103, 241-BX-104, 241-BY-107, 241-BY-108, 241-C-101,
241-C-102, 241-C-103, 241-C-110, 241-C-201, 241-C-204, 241-T-111, and
241-TY-103. The results of the vapor space sampling and the screening are
documented in Huckbay et al. (1997).

As noted above, the actual number of tanks that contain solvent is not
known. However, for the purposes of comparing accident consequences to risk
evaluation guidelines, an approximate number of tanks is needed.

The following estimates predict a specific number of tanks that may
contain a separable organic solvent phase under increasing conservative
assumptions. This number is used as a multiplier to estimate facility-based
accident frequencies.

Known to Contain Combustible Solvent-Tank 241-C-103 is known to have an
organic solvent layer floating on the waste surface. No other tank is known
to contain a combustible solvent. Other SSTs may or may not contain a
combustible configuration.

Based on Transfer Records and Vapor Samples-Before 1980, wastes
containing immiscible organic solvents were transferred to SSTs. Although the
bulk of the solvents were not sent to the tanks, some solvent was entrained
with the aqueous phase which was sent. Using historical records, 67 SSTs were
identified as potential receivers of organic solvent (WHC-MR-0132, A History
of the 200 Area Tank Farms; WHC-SD-WM-ER-349, Historical Tank Content Estimate
for the Northeast Quadrant of the Hanford 200 East Areas; WHC-SD-WM-ER-352,
Historical Tank Content Estimate for the Southwest Quadrant of the Hanford
200 West Areas; and WHC-SD-WM-ER-351, Historical Tank Content Estimate for the
Northwest Quadrant of the Hanford 200 West Areas). The vapor space sampling
program has sampled and screened 81 SSTs. There are 56 tanks in common
between the historical Tist of receiver tanks and the 1ist of tanks that have
been vapor sampled. Eighty-four percent (56/67) of the tanks that potentially
received organic solvent have been vapor sampled.

0f the 81 SSTs that have been sampled, thirteen have shown a positive
result. Six of the 13 tanks (241-BX-104, 241-BY-107, 241-C-101, 241-C-201,
241-C-204, and 241-T-111) are not on the historical list of potential solvent
receivers. However, tanks 241-BY-107 and 241-C-101 are connected by cascade
tines to tanks 241-BY-108 and 241-C-103, respectively. Both tanks 241-BY-108
and 241-C-103 are on the historical list of solvent receivers and show very
strong solvent signatures in the vapor sampling. It is reasonable to expect
that tanks 241-BY-107 and 241-C-101 would also show a positive vapor signature
coming from tanks 241-BY-108 and 241-C-103 respectively, even if they do not
contain a separable phase organic pool. Therefore, tanks 241-BX-104,
241-C-201, 241-C-204, and 241-T-111 are the only tanks that show a positive
vapor sample that is neither on the historical receiver list nor is connected
to a tank that is a historical receiver of organic solvent.
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Seven of 13 tanks that show a positive vapor sample result are on the
historical Tist of solvent receivers. Because 84 percent of the historical
receivers have been sampled, it is reasonable to use a simple linear
extrapolation (7/56 = x/67) to estimate the total number of historical
receivers that might still contain solvent. This extrapolation predicts
a total of 8.4 tanks, which is rounded 8 tanks. In addition toc the 8 tanks
predicted by the extrapolation., & tanks (identified above as ncn-historical
receivers with positive screenings) are added for a total of 14 SSTs that
potentially contain organic solvent. There may be additional tanks in the
group of non-historical receivers that have not been vapor sampled.

Two activities resulted in organic solvents being sent to DSTs: the
transfer of waste streams containing entrained solvents directly from PUREX to
the tanks farms and the pumping of supernate from SSTs to DSTs.

After 1980, the SSTs did not receive waste, and they were isolated.
PUREX wastes, including entrained organic solvents, were sent to DSTs. The
waste stream containing solvents, identified as organic wash waste, indicate
the waste was collected in PUREX tanks G-8 and R-8. These two tanks were
periodically transferred to tanks 241-AW-103, 241-AW-104, and 241-AW-105.
Some supernate from these tanks was pumped to the 242-A Evaporator for volume
reduction. Evaporator feed sampling of the AW tanks did not indicate floating
organics. Any solvent that was evaporated as part of the waste would have
been collected as condensate in tank 241-C-100 and ultimately transferred to
Tow-Tevel disposal facilities. Since restart of the 242-A Evaporator in 1994,
no organic solvents have been detected in tank 241-C-100. Therefore, it is
not Tikely that solvents sent to the AW tanks ended up in other DSTs.
However, tanks 241-AW-103, 241-AW-104, and 241-AW-105 potentially contain some
separable phase organic solvent.

Three DSTs potentially contain a separable organic solvent phase because
they were the receivers for transfers from SSTs that received organic
solvents. Tank 241-AN-101 received saltwell liquor from 241-A, 241-AX, 241-B,
241-BX, and 241-BY tank farms. Tank 241-SY-102, the staging tank for
transfers from 200 West to 200 East Areas, received saltwell liguor from
200 West Area tanks that had received organic solvents. Tank 241-AY-101
received 1iquid from the saltwell pumping of tanks 241-C-102, 241-C-107,
and 241-C-110. A11 three 241-C tank farm tanks were historical receivers of
wastes containing organic solvent.

A total of six DSTs (241-AW-103, 241-AW-104, 241-AW-105, 241-SY-102,
241-AY-101 and 241-AN-101) may contain separable phase organic solvent.

Bounding Estimate—Given that vapor sampling indicated some non-historical
receivers may contain combustible solvents, a bounding value for the number of
tanks that may contain solvents can be determined by assuming all tanks that
have not been verified by vapor sampling as containing solvent, do contain
solvent. This is a "assume guilt unless proven innocent" approach. It does
not mean the tanks do contain solvent, but it provides a bounding approach
which is very robust if the risk is acceptable even given this conservative,
bounding assumption.
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Sixty-eight passively ventilated SSTs have been verified as not
containing a significant solvent pool by vapor sample results (81 total
samples - 13 samples that indicated that soivent pools may be present).
Another 68 SSTs have not been vapor space sampled. Included in the 68 are the
15 actively ventilated SSTs. Therefore there are 53 (68-15) plus 13 (contain
solvent per vapor space screening) or 66 passively ventilated tanks that may
contain solvent. Nine of the 15 actively ventilated tanks have been
determined not to contain solvents. Therefore there are 6 actively ventilated
tanks that may contain solvent.

There are 28 DSTs (including AWF tanks). Because wastes are transferred
between DSTs, the theoretical bounding assumption is that all DSTs could
contain solvent pools (although this is very unlikely).

Six DCRTs are used to support waste transfer operations.

7.3 POSSIBLE SOLVENT CONFIGURATIONS FOR SINGLE-SHELL,
DOUBLE-SHELL, AND DOUBLE-CONTAINED RECEIVER TANKS

Possible solvent configurations depend on the waste surface. Tanks
containing a aqueous supernate could only have a pool of solvent floating on
the aqueous supernate. Tanks with solids at the surface (sludge, saltcake or
crusts) could contain Targe pools or small puddles in depressions in the waste
surface. Tanks that have a porous solids surface (saltcake or crusts) may
contain solvent permeated in the solids which could support a wick-stabilized
fire. Therefore, the applicable solvent configurations and fire scenarios are
as follows:

* Pool fires: Pools are a layer of salvent floating on top of liguid
waste or a layer that is trapped in a depression on top of solid
waste. A pools has an area greater than 1 m° (10.8 ft°). A pool
may exist in SSTs, DSTs or DCRTs.

* Puddle fires: Puddles are less than 1 m® (10.8 ft?) in area and
exist in a depression in a solid waste surface. Puddles should
occur mainly in SSTs because many S$STs have a solid surface that can
form a depression for solvent to collect in. However, a few DSTs
have a floating crust (e.g., tank 241-SY-101) that might form a
depression where solvent could collect. Therefore, the analyses
include puddles for both DSTs and SSTs.

* Wick-Stabilized Fires: A wick-stabilized fire configuration would
consist of a sludge or saltcake that is permeated with solvent. The
height of the solvent layer would be equal to the height of the
solids level. The sludge or saltcake would act as a wick, and the
solvent would burn. Wick-stabilized fires may occur in SSTs. A few
DSTs have a floating crust (e.g., tank 241-SY-101) that provides
a solids surface where solvent might collect and support a wick-
stabilized fire. Therefore, the analyses include wick-stabilized
fires for SSTs and DSTs.
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7.4 SOLVENT FIRE ACCIDENT FREQUENCY CATEGORY

The per-tank ignition frequency (see Table 7-2) is multipiied by the

number of tanks that may contain combustible solvent (see Table 7-3) to assign
The two solvent scenarios of most interest
As indicated in Section 7.1, the

an accident frequency category.
are pool fires and wick-stabilized fires.

ignition frequency for pool fires (floating layer, large puddle, small puddle)
are similar but differ significantly from the ignition frequency of a wick-

stabilized fire involving a solvent-permeated saltcake.
saltcake is more easily ignited.
assumptions are shown in Table 7-4.

The solvent-permeated
Accident frequency categories for various
Although tank 241-C-103 currently

contains a floating layer of organic solvent and cannot support a wick-
stabilized fire, this fact is ignored in the wick-stabilized fire frequencies

estimated here.

This is conservative and supports the future saltwell pumping

of this tank and addresses the condition that might arise if the tank
supernate were to leak from the tank.

_Per Tank |

Table 7-4. Solvent Fire Accident Frequency Categories.

(2 sheets)

Accident

unmitigated

active S§ST vent

L “Ignition | Number of | .
- Scenario Freguency.| - . Tanks _

Pool Fire - 3.3E-5/yr |1 Known (241-C-103) [3.3E-5/yr

unmitigated (extremely
unlikely)

Pool Fire - 3.3E-5/yr |20 (14 SSTs + |Vapor sampling and |6.6E-4/yr

unmitigated 6 DSTs) transfer records {unlikely)

Pool Fire - 3.3E-5/yr 109 (81 SSTs +|Bounding number 3.6E-3/yr

unmitigated 28 DSTs) (unlikely)

Wick-stabilized 20 (14 SSTs + [Vapor sampling and

fire - 4.3E-5/yr 16 DSTs) transfer records 8.6E-4

unmitigated (unlikely)

passive SST vent

Wick-stabilized Bounding number

fire - 4.3E-5/yr |94 (66 S5STs 4 QE-3

unmitigated + 28 DSTs) unlikely

passive SST vent

Wick-stabilized [4.3E-5/yr |34 (6 SSTs + |Bounding number 1.5E-3

fire - 28 DSTs) . {unlikely)
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Conclusions regarding solvent fire frequency categories — The mitigated
and unmitigated solvent fire accident frequency for tank 241-C-103, known to
contain a combustible solvent floating Tayer, is "extremely unlikely."

Unmitigated and mitigated frequencies for pool fires are dominated by
lightning as the initiator which places both scenarios in the category of
"unlikely." The "unlikely" category is applicable over a large variation in
the number of tanks assumed to contain combustible solvent pools.

The unmitigated frequency category for wick-stabilized fires is
"unlikely" (10E-2 to 10E-4 events per year), and is dominated by lightning.
If the accident was mitigated using controls to reduce the frequency of the
initiators, the accident would still be "unlikely". The frequency would still
be dominated by lightning as an initiator, which cannot be controlled.
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8.0 KEY INPUT DATA FOR CONSEQUENCE CALCULATIONS

This section specifies key inputs used to guantify consequences of
postulated fires. These inputs are used in Sect1on 9.0, which describes the
actual consequence calculations using an EXCEL' spreadsheet

8.1 RADIOLOGICAL DATA

Table 8-1 lists key data used to compute radiological doses.

Table 8-1. Rad1o]og1ca1 Input Data (2 sheets)

 parameter  Units| Vale | Refere
Atmospheric dispersion factor, onsite s/m’ 3.41E-2 Van Keuren
(1996a)
Atmospheric dispersion factor, offsite s/m3 2.83E-5 VYan Keuren
(1996a)
Breathing rate, onsite m s 3.3E-4 Van Keuren
(1996a)
Breathing rate, offsite m3/s 3.3E-4 Van Keuren
(1996a)
ULD, inhalation, SST solids Sv/L 2.2E5 Cowley (1996)
ULD, inhalation, SST liquids Sv/L 1.1E4 Cowley (1996)
ULD, inhalation, DST Tiquids Sv/L 6.1E3 Cowley (1996)
ULD, inhalation, AWF Tiquids Sv/L 1.4E3 Cowley (1996)
ULD, inhalation, Solvent liquid Sv/kg [2.83 Cowley (1996)
ULD, ingestion, SST solids Svm’sL 4.1 Cowley (1996)
ULD, ingestion, SST liquids Svm>/sL|0.052 Cowley (1996)
ULD, ingestion, DST liquids Sy’ sL|0.068 Cowley (1996)
ULD, ingestion, AWF liquids Svm*/sL|0.092 Cowley (1996)
SST solids inventory on ventilation L 1.27E-2 VanVleet (1996)
system, passive SST
SST solids inventory on ventilation L Himes (1998)
system, active SST 2.0 (rounded)
AWF 1iquids inventory on ventilation |L 3.7 (rounded) |Himes (1998)
system, DST, and AWF systems

EXCEL is a trademark of Microsoft Corperation, Redmond, Washington.
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Table 8-1. Radiological Input Data. (2 sheets)

- S Numerical - | oo
SR Parameter _ tUnits | Value | Reference
SST Tiquids inventory on ventilation |l 2.27E-1 VanVleet (1996)
system, DCRT
Airborne release fraction for Mone 1E-03 Mishima (1994)
ventilation system releases
Respirable fraction (RF), pool and None 1.0 Mishima (1994)
puddle fires
Respirable fraction {(RF) entrained None 0.5 Mishima (1994)
fires

Note:
The ULD for DCRT liguids was assumed to be the same as the ULD for $ST liquids (Cowley 1996).

8.2 TOXICOLOGICAL DATA

Toxicological consequences were quantified in terms of a sum of
fractions, where the fraction is the downwind concentration of each toxin
divided by the 1imit for that toxin. This section includes the data to
compute the fraction: the calculational method is described in Section 6.4.

8.2.1 Headspace Gases

Table 8-2 summarizes headspace gas concentrations and guideline
concentrations used in this study and taken from (Van Keuren 1996b).

 Amalyte [Toxic Category|

Benzene central
nervous system

Butanol central 164 7,500 (750 75 75
nervous system

Dodecane central 296 7,330 |1,450 |37 37
nervous system

Z2-hexanone central 2.68 5,000 [k00 50 20
nervous system

Nitrous oxide central 2,340 36,000 (18,000 (270 30
pervous system
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Table 8-2. Headspace Gas Data. (2 sheets)

_____ Headspace | | ] o
o | conc, |ERPG-3|ERPG-2 | ERPG-1 |PEL-TWA
Analyte ~{Toxic Categoryl  mg/m mg/m’: | mg/m: [. mg/m" g/m.

Tridecane central 388 7,330 1,450

nervous system

Acetonitrile systemic 21.8 60 20 3 3

poison

Propane nitrile systemic 10.5 60 20 3 3

poison

Ammonia corrosive and |1,300 680 140 i7 17

irritant

1,3 butadiene corrosive and |0.19 11,000 |110 22 22

irritant

Methylene chloride |corrosive and |[21.76 17,400 (3,480 700 174

: irritant

Tributyl phosphate |corrosive and |11.6 50 15 3 2.5

irritant

The guideline Timit for onsite workers was taken as ERPG-3, and the
These 1imits are apg?icab]e to
uniikely accidents in the freguency range of 107* to 107

offsite 1imit was taken as ERPG-2.

1996b) .

extremely
per year (Van Keuren
For the unlikely frequency category, onsite and offsite guidelines

are ERPG-2 and ERPG-1, respectively; and for the anticipated frequency
category, onsite and offsite receptors are ERPG-1 and PEL-TWA, respectively.

8.2.2 Fire Reaction Products

Table 8-3 summarizes guideline limits for reaction products, taken from

(Van Keuren 1996b).

Table 8-3. Reaction Product Toxin Limits.

R e | 'EEPG§§:' 7ERRG§, jfngﬁ}_;_PEL;fyg;_
 mmalyte | Toxiccategory | mg/m | mgm’ | mg/m’ | mg/m
Phosphorus corrosive and 100 25 5 1
pentoxide irritant
Nitrogen dioxide corrosive and 94 47 3.8 3.5

irritant

Carbon monoxide systemic poison 1,360 690 230 40
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8.2.3 Total Particulates

Aerosol mass produced by the postulated solvent fire was computed as the
sum of soot and P,0.. Based on data from Jordan and Linder (1983), soot
production was eva1uated as 20 percent of solvent burned. The P,0, production
was computed as 4.32 percent of solvent burned (see Section 3. 33 The
gu1de11ne 1imits for total particulate mass was taken as 500, 50, 30, and
10 g/m for ERPG-3, ERPG-2, ERPG-1 and PEL-TWA, respectively (Van Keuren
1996b) .

8.2.4 High-Efficiency Particulate Air Filter Rupture Toxins

The toxicological consequences of HEPA filters rupturing were computed on
the basis of waste release volumes and an ARF of 1E-3(see Table 8-1), a :
release duration of 60 seconds, and the sum of fraction multipliers (Van
Keuren 1996b). Table 8-4 summarizes the sum of fraction multipliers
applicable to solvent fires.

For an example calculation of the toxicological impact of HEPA filters
rupturing, see Section 6.4.

Table 8 4. Sum of Fraction Mu]tip]iers
Onsiti fsite 0ns1te___ : __ :
) 107107 10710110410 .1_0.‘?-12 10-*"%1.;0{‘""? 10°-19°*
Filter Type{Contaminant| year year. year year | year | year '
SST-passive|SST solids | 1.0E-3 1.7E-1 2.1E-4 | 3.3E-1 | 4.0E-4 9.4E—1
SST-active [SST solids | 1.0E-3 1.7E-1 2.1E-3 | 3.3E-1 | 4.0E-4 | 9.4E-1
DST-active |DST liquids| 2.1E-2 6.2E-1 7.5E~2 | 8.4E-0 | 1.0t-4 | B.4F-0
DCRT-activelSST Tiquids| 2.0E-2 6.2E-1 7.5E-2 | 8.0E-0 | 9.6E-3 | 8.0t-0
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9.0 SPREADSHEET CALCULATIONS

Twenty-two solvent pool fire cases were evaluated in an effort to
quantify unmitigated bounding consequences for SSTs DSTs, and DCRTs. The
analysis was performed with the aid of the EXCEL™ program. Calculations were
carried out in three work sheets. The worksheets are described below.

9.1 WORKSHEET 1 FINAL SAFETY ANALYSIS REPORT SOLVENT POOL FIRE CASES
Figure 9-1 shows this worksheet (WS1). Each entry is described as follows.

Column A

Assigns case numbers on an alphabetic lettering sequence. Case letters
carry over as the first column on each page of the workbook.

Column B

Identifies the type of waste tank considered for each case.

SST = single-shell tank

DST = double-shell tank

DCRT = double-contained receiver tank

55 kgal SST = 55,000 gallon single-shell tank
Column C

Describes the size of pool analyzed for each case.
Column D

Lists the pool surface area assumed for each case.

Column E

Identifies the parameter (a consequence of a fire} that is maximized for
the stated case. For example, Cell E3 identifies "pressure” as the
parameter. The highest pressure for the puddle fire (case A) results
from assuming the minimal vent path (the HEPA vent) for this case. The
parameter "vacuum" indicates that vent path configuration was selected to
cause the highest possible tank vacuum following fire extinction and the
cooldown of headspace gases.

"Radiological" and "toxicological" descriptors indicate the cases were
designed to yield bounding radiological and toxicological consequences,
respectively.

The descriptor "passive vent" in Cell E20 indicates that this case was

run to evaluate the passive ventilation case, even though it does not
represent a maximum.
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Figure 9-1.
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Column F

Describes the type of ventilation assumed for each case. "Passive"
applies to SSTs and DCRTs where ventilation is caused by atmospheric
breathing and natural convection. The ventilation flow for actively
ventilated tanks is listed as "100 cfm (0.047 m3/3)”. This flow rate
designator was used to remind the analyst that ventilation flow rates in
actively ventilated tanks are in the order of 100 cfm under normal
conditions. This flow rate number is used when estimating aerosol
depletion by in-tank sedimentation.

Column G

Lists the type of vent path assumed for each case. Footnotes 1 through 4
quantify the size of the equivalent orifice used in POOLFIRE.4
calculations.

Cases I and M are specified to have "none." Because available
information is insufficient to characterize the minimal vent opening for
DSTs and DCRTs, a default value of zero was assumed for these cases.
Peak pressures computed for these cases is a conservative upper bound on
pressures which could be generated by pool fires in these tanks.

Column H

Lists the peak pressure computed by POOLFIRE.4 for each case. As noted
in Appendix A, POOLFIRE.4 calculates specific burning rate as a function
of oxygen concentration in headspace air. All cases analyzed here use

a bounding high value of 10 cm/s for fire spread velocity.

Column I

Lists the peak vacuum inside the tank referenced to the outside
atmosphere for each case. Headspace air pressure is computed as a
function of time by POOLFIRE.4, and the numbers in column I are minimum
gauge pressures from runs with POOLFIRE.4.

Column J

Lists the mass of solvent burned from fire initiation to fire
extinguishment at an oxygen level of 13 mole percent for each case.

These numbers come from runs with POOLFIRE.4. Note that cases with small
vents result in the highest mass of solvent burned. The venting of
oxygen from the tank leaves less oxygen in the tank to oxidize fuel;
therefore, less fuel burns when larger vent paths are specified.

Column K
Lists aerosol release fraction (ARF) for each case analyzed. Puddle

fires use ARF = 0.1 and large pool fires use ARF = 0.03. Section 6.2.1
describes the bases for these values.
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Column L

Lists the leak path factor (LPF), defined as the fraction of reaction
products released from the tank during the course of a pool fire, for
each case. For passively ventilated tanks, the numbers in this column
are vatues calculated by POOLFIRE.4. For actively ventilated tanks,

a default value of unity is assumed. This factor is calculated on the
basis of zero depletion, i.e., on ideal gas behavior.

Column M

Lists the aerosol depletion factor (ADF), defined as the ratio of aerosol
mass leaked to the mass of aerosol which would teak if no deletion took
place, for each case. The ADF is a transmission factor for aerosol mass.
An ADF of 1.0 indicates that no depletion by aerosol deposition is
predicted; a value of 0.16 indicates that in-tank sedimentation is
calculated to reduce leaked aerosol mass to 16 percent of the mass leaked
based on ideal gas behavior.

The LPF (see column L), the fractional leakage of contaminants based on
ideal gas behavior times ADF is the fractional leakage of particulate
contaminants predicted for solvent fires. For information on the
methodology used to predict ARF for each fire case, see Appendix C.
Column N

Calculates from Equation 6-1 the solvent release from the tank to the
environs {mass in kg) and assigns C a default value of unity.

S = M» 1« ARF = LPF

The EXCEL™ equation for Cell N3 is:

N3 = J3 + K3 » L3 » M3,

This equation is reproduced in all rows by advancing the row number
appropriately. The release of contaminants in the solvent may be
quantified by multiplying their concentrations by the solvent mass
releases calculated in column N. This mass release is also the
appropriate mass to be used for computing doses using ULD values as
indicated in Equation 6-3.

Column O

Calculates the mass of water evaporated as explained in Section 6.2.3;

aqueous mass = fuel burned + 1.26
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The EXCEL™ equation, for Cell 03, is:

03 = 1.26 + J3

Column P

Assigns a value of 0.002 to the ARF for water evaporation for all cases.
This ARF is cited as a bounding value for boiling liquids by Mishima
(1994).

Column Q

Calculates from Equation 6-1 the atmospheric release of aqueous waste
caused by evaporation and assigns C a default value of unity:

S = M= 1 » ARF = LPF.

The EXCEL™ equation for Cell Q3 is:

Q3 = 03 % P3 » L3 = M3.

This equation is reproduced in all rows by advancing the row number
appropriately. The ADF has been included to account for in-tank
sedimentation of particulate contaminants.
Column R
Lists the unit liter doses for liquid waste, the waste subject to
evaporative release for each case. The values in column R are those
given in Table 8-1.

9.2 WORKSHEET 2 DOSE SUMMARY

Figure 9-2 shows this worksheet (WS2). Each entry is described as
follows.

Columns A Through G

These columns are repeated from WS1 to remind the analyst of case
descriptions.
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Figure 9-2.
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Column H
Calculates from Equation 6-3 the onsite dose attributable to solvent

smoke. The product of 2%; and R is entered as a constant:

3
X 4R = 0.0341 > +3.3k4 ™ - 1.125F-5.
Q1 m3 S

The dose is calculated from:

D(Sv) = Q(L) » 1.125E-5 » ULD(Sv/L).

The EXCEL™ equation for Cell H3 is:

H3 = N3 (WS1) = 1.125E-H » 2.83

A factor of 0.5 is inserted into cells in column H, for rows 19, 20, and
21. This reflects the use of a respirable fraction (RF) of 0.5 for the
entrained fire cases. All of the other cases use an RF of 1.0. The
EXCEL™ equation for the entrained fire case 20 is:

H20 = N20 (WS1) * 1.125E-5 * 2.83 * 0.5

The ULD for solvent is expressed in Sv/kg units (see Table 8-1);
therefore, the Q(L) is also expressed in kg (see column N of WS1).

Column I

Computes doses attributable to aqueous boiloff from:

D(Sv) = Q(L) * 1.125€-5 » ULD(Sv/L).

Q(L) and ULD(Sv/L) are calculated in WS1; therefore, the EXCEL™ equation
for Cell 13 is:

I3 = 03 (WS1) * R3 (WS1) * 1.125€-5

A factor of 0.5 is inserted into cells in column I, for rows 19, 20, and
21. This reflects the use of a respirable fraction (RF) of 0.5 for the
entrained fire cases. All of the other cases use an RF of 1.0. The
EXCEL™ equation for the entrained fire case 20 is:

9-7
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120 = Q20 (WS1) * R20 (WS1) * 1.12E-5 * 0.5

Note that Q3 (WSI) is the mass in kilograms of agueous waste released.
The volume of waste in liters, the quantity needed to match with ULD
values expressed on a per liter basis, is the mass in kilograms divided
by density in kg/L. A conservative default density of 1.4 kg/L has been
used here.

Column J

Lists the onsite radiological dose caused by HEPA filter rupture. The
doses far Column J are calculated separately and entered in Column J. A
spreadsheet titled Calculate Onsite Rad Dose caleulates the dose and 1is
included as Appendix K to this document. The onsite doses are calculated
with the following formula:

D =Q x ARF x ULD x %.x BR

here:
BR = breathing rate = 3.3x10°* m/sec.

X/Q

ULb = unit liter dose = different values of Sv/L for different
waste.

3.4x10°° sec/m3

1}

ARF = aerosol release factor, a dimensionless factor. Taken
from Mishima (1994). Section 5.4 of Mishima (1994) gives
ARFs for HEPA filters. An ARF of 1x10°° is for blast
effects. An ARF of 2x10°® is for shock effects. The
overpressure resulting from a solvent burn is best
characterized as a shock effect. A conservative
extrapolation between the two values is 1x10-3.

Q = Liters of waste loaded on the filters taken from document
HNF-SD-WM-CN-099, Rev. 1A. For these calculations, 1.98 L
was rounded to 2.0 L, and 3.66 | was rounded to 3.7 L.
The HEPA rupture doses calculated in the spreadsheet from Appendix K are
entered in column J of the Dose Summary spreadsheet. Values used in the
above equation are given in Table 8-1.
Column K

Computes total onsite dose by summing doses caused by solvent smoke,
aqueous boiloff, and HEPA rupture. The EXCEL™ equation for Row 3 is:

9-8
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K3 = H3 + I3 + J3.

Column L

Calculates offsite doses as the sum of inhalation and ingestion doses.
Combining Equations 6-3, and 6-4, and 6-5 and performing algebraic
manipulations, offsite dose can be expressed as:

. . l - ULD,
total dose = 1inhalation dose » 1 + —
R + ULD,
total dose = inhalation dose + ingestion dose
ULD, = unit Titer ingestion dose, Sv m3/sL
R = breathing rate, m3/s
ULD, = unit liter inhalation dose, Sv/L

Further, offsite inhalation dose can be expressed in terms of onsite
inhalation dose and a ratio of atmospheric dispersion factors:

JLoffsite
Q'

:i-onsite

01

offsite inhalation dose = onsite inhalation dose «

The ratio of atmospheric dispersion factors is:

offsite/onsite = 2.83E-5/3.41E-2 = 8.30E-4.

For SST solids, the ratio ULD,/R * ULD, is calculated on the basis of
Table 8-1 data as:

4.1/(3.3E-4 « 2.2E5) = 0.0565.

The EXCEL™ equation for Cell L3 is:

9-9
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13 =K3 « 8.3E-4(1 + 0.0565)

The ratio ULD,/R * ULD, is assigned a value of 0.0565 for all SST cases.
For DSTs, the ratio is calculated to be 0.0338 using Table 8-1 data for
DST liquids. The DCRT releases are based on SST liquids, for which the
ULD./R * ULD, ratio is calculated to be 0.0143.

9.3 WORKSHEET 3 TOXICOLOGICAL

Figure 9-3 shows this worksheet (WS3) which quantifies the toxicological
consequences of fires. The calculation steps are explained in detail as
follows.

Columns A through G

These columns repeated from WSl remind the analyst of particulars for
each case being analyzed.

Column H

Lists the headspace air volume assumed for each case. In general,
bounding high values were assumed to maximize the oxygen inventory,
thereby maximizing the quantity of solvent which could be burned.

Column I

Lists the time period for which the pool fire is calculated to cause tank
pressurization and outflow from the tank. The word "maximum” is included
in the label descriptor because vent rate is a factor in quantifying the
concentration of toxins in the downwind plume. The average vent rate
during the fire-induced outflow period was found to be larger than the
active ventilation flow rate (assumed to be 100 cfm) so the Timiting
toxicological consequences are associated with the outflow period listed
in column I.

For puddle fires, outflow is calculated to end well before the fire
extinguishes. For case A, outflow stops at 2,500 seconds, but the fire
burns for 5,018 seconds before extinguishment. Gas heatup, caused by the
relatively high specific burning rate computed for high oxygen
concentrations, is sufficient to pressurize the atmosphere for

2.500 seconds. For a longer time, the reduced burning rate is
insufficient to increase gas temperature, and venting ceases for tanks
not connected to a forced ventilation system.

Column J
Lists the masses of solvent burned during the outflow period. These

numbers are smaller than the total solvent burned (column J of WS1) for
puddle fires. For Targe pools, outflow continues for the whole of the

9-10
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burn period, and masses burned during the vent are equal to the total
mass burned for all but the puddle fire cases. Mass burned is
a calculated output of POOLFIRE.4, as detailed in Appendix I.

Column K

Lists the fraction of reaction products vented during the outflow period
for each case. The CO, is a reaction product tracked in POOLFIRE.4, and
the fractional release from the tank is computed at each time step. The
COi release fraction, computed from POOLFIRE.4 output, is listed in this
column.

Column L

Lists the headspace gas fraction, defined as the fraction of headspace
vented from the tank during the outflow period for each fire case. The
numbers are computed from POOLFIRE.4 output. The fraction of headspace
gases vented is larger than the fraction of reaction products vented.
The difference is that reaction products are formed during the burn,
whereas headspace gases are present at maximum concentration at the
beginning of the vent cycle.

Column M
The source concentration of P,0;, defined as the mass of P,0; vented
divided by the volume of gas vented, is calculated for each case. The

mass of PZOS formed was calculated as 4.32 percent of solvent mass burned
(see Section 6.2.1)}. The EXCEL™ formula for Cell M3 is:

M3 = 0.0432 » J3 » K3 » 1E6 (mg/kq)/(H3 * L3)

This formulation yields the average concentration during the release
period. No attempt is made to compute the instantaneous release rate as
a function of time.

Column N

The average source concentration of C0, defined as the mass of CO vented
divided by the volume of gas vented, is calculated for each case. Based
on an emission factor of 0.0425 kg/kg (Grigsby et al. 1995), the mass of

CO formed is calculated to be 98 percent of the P,0; mass. The ExCEL™
formula for Cell N3 is:

N3 = 0.98 « M3

Column 0

Calculates the average source concentration of NO, vented divided by the
volume of gas vented for each case. Based on an emission factor of
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5.5E-3 kg/kg, (Grigsby et al. 1995), the mass of NO, formed is calculated
to be 12.7 percent of the mass of P,0, formed. The EXCEL™ formula for
Cell 03 1is:

03 = 0.127 = M3

Column P

Lists atmospheric dilution factors at 100 m for each case. This factor
accounts for turbulent mixing in the vicinity of the tank vent. For case
A, the dilution factor is 2.60E-3 indicating that the airborne
concentration at 100 m downwind would be 2.60E-3 times the concentration
in vented gases. The basis for the dilution factors listed in this
column are described in Appendix B.

Column Q

The carryaver rate of agueous waste, defined as mass vented divided by
the time of the vent, is calculated for each case. The EXCEL™ equation
for Cell Q3 is:

Q3 = 03 (WSI) * 0.002 * K3/{(I3 * 1.0)

The units of column Q are L/s; therefore, the above equation is based on
the assumption of an agueous density of 1.0 kg/L. This is conservative
because actual waste liquids will be slightly more dense than water
(dissolved material causes an increase in density).

The ARF has been assigned a value of 0.002. In terms of Equation 6-1
nomenclature, this EXCEL™ equation can be written as:

S/time = M * ARF * RF/(time * 1.0)

A multiplier of 0.5 was inserted into Cells Q19, Q20, and Q21 to reflect
RF = 0.9 for aqueous boiloff.

Column R

Lists sums of fraction multipliers for aqueous waste for onsite exposure.
These values are obtained from Table 3-8 of Van Keuren (1996b)}. These
multipliers apply to a frequency range of 10E-4 to 10E-6 events per year
which is extremely unlikely.

Column $§
Lists sums of fraction multipliers for aqueous waste for offsite
exposure. These values are obtained from Table 3-8 of Van Keuren

(1996b). These multipliers apply to a frequency range of 10E-4 to 10FE-6
events per year which is extremely unlikely.
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Column T

Lists sums of fraction mu1t1911ers for aqueous waste for onsite exposure
for a frequency range of 10 107" year  which is uniikely. These
values are obtained from Table 3-8 of Van Keuren (1996b}.

Column U

Lists sums of fraction mu1t1fl1ers for agueous waste for offsite exposure
for a frequency range of 10°° - year ' which is unlikely. These
values are obtained from Table 3 8 of Van Keuren (1996b).

Column V

Lists sum of fraction mu]tig]lers for agueous waste for onsite exposure
for a frequency range of 107 - 10°¢ year (anticipated). These values
are obtained from Table 3-8 of Van Keuren (1996b).

Column W

Lists sums of fraction mu1t1p11ers for agueous waste for offsite exposure
for a frequency range of 10° - 107 year1 {anticipated). These values
are obtained from Table 3-8 of Van Keuren (1996b).

Column X

Lists computed values of sums of fractions for aqueous waste, for an
onsite receptor, for the extremely un11ke1y (10 - 107 ) frequency
category. Implicit in this ca]cu]at1on is the minimal atmospher1c
dilution factor based on a X/Q value of 0.0341. This X/Q value was
used by Van Keuren (1996b) in quantifying the sum of fraction multipliers
listed in columns R through W. The sums of fractions shown in this
column are baseline values that are adjusted at a later stage in the
calculation to account for turbulent mixing in the vicinity of the tank
vent. The EXCEL™ equation for Cell X3 is:

X3 = Q3 * R3

Column Y

Lists computed values of sums of fractions for agueous waste for an
offsite receptor, for the extremely un11ke1y (10 - 107 ) frequency
category. The EXCEL™ equation for Cell Y3 is:

Y3 = (03 + 53
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Column Z
The vent rate of gas from the tank, m3/s, is calculated as the volume

vented divided by the time of venting. The EXCEL™ equation for Cell Z3
is:

[3 = H3 = L3/I3

Columns AA, AB, and AC

Compute onsite concentrations for P,0., €O, and NO, by multiplying
headspace concentrations by the atmospheric dilution factor. The EXCEL™
equations are:

AA3 = M3 x P3
AB3 = N3 = P3
AC3 = 03 = P3

A factor of 0.5 was inserted in Column AA, rows 19, 20, and 21 to reflect
an RF = 0.5 for entrained fire cases. The EXCEL™ equation 1is:

AA20 = M3 * P3 * 0.5

Columns M, N, and O are source concentrations of these three
contaminants, and column P Tists atmospheric dilution factors at 100 m.

Column AD

A normalized onsite concentration is computed on the basis of a source
concentration of 1 mg/mg>. The EXCEL™ equation for Cell AD3 is:

AD3 = MIN{1 = P3, 0.0341 = 1 = Z3/{(1 + 73 + 0.0341))

This calculation selects the minimum value of downwind concentrations
based on either the atmospheric dilution factors in column P or the
dilution factor based on Equation 6-6B. As evident from comparing
numbers in column P and column AD, atmospheric dilution factors in column
P are selected as the minimum in every case.
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Column AE
Computes socot concentration in vented gas as the mass of soot vented

divided by the volume of gas vented. Soot formation is calculated as 20
percent of mass of solvent burned. The EXCEL™ equation for Cell AE3 is:

AE3 = 0.2 » J3 = K3 » 1E6 (mg/kg)/(H3 * L3)

A factor of 0.5 was inserted in Column AE, rows 19, 20, and 21 to reflect
RF = 0.5 for entrained fire cases. The EXCe1 equat1on is:

AE20 = 0.5 * 0.2 * J20 * K20 * 1E6 (mg/kg)/(H20*J20)
Note that column J contains masses of solvent burned.

Column AF

Computes onsite total particulate concentrat10n as the sum of onsite
concentrations of soot and P,0.. The EXCEL™ equation for Cell AF3 is:

AF3 = AA3 + AD3 = AE3

Note that column AA contains onsite concentrations of P,0q.
Column AG

Computes offsite total particulate concentratlon from Equation 6-6b,
accounting for soot and P,0.. The EXCEL™ equation for Cell AG3 is:

AG3 = 2.83E-5 x (M3 + AE3) » Z3/(1 + I3 » 2.83E-5)

A factor of 0.5 was introduced into the formula for column AG for rows
19, 20, and 21. The factor multipiies column M values which represent
concentrat1ons of P,0.. This change reflects RF = 0.5 for P,0;. The
EXCEL™ equation is:

AG20 = 0.5 * 2.83E-5 * (M20 + AE20)*[20/(1 + 720 * 2.83E-5)
Columns AH, AI, AJ and AK.

List the onsite and offsite total particulate guideline Timits. These
guideline values are from Van Keuren {1996b).

Column AL

Calculates the ratio of onsite particle concentration to the extremely
unlikely guideline 1imit ERPG-3 for each case. The EXCEL™ equation for
Cell AL3 is:
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AL3 = AF3/AH3

Column AM

Calculates the ratio of offsite particle concentration to the extremely
unlikely guideline limit (ERPG-2) for each case. The EXCEL™ equation
for Cell AM3 is:

AM3 = AG3/Al3

Column AN

Computes offsite concentration for a source concentration of 1 mg/m3
using Equation 6-6b. The EXCEL™ equation for Cell AN3 is:

AN3 = 2.83E-5 x 1 » Z3/(1 + 13 + 2.83E-5)

Columns AO Through BR

List assumed headspace concentrations before a solvent fire and ERPG-3,
ERPG-2, ERPG-1, and PEL-TWA guidelines for gases in the corrosives and
irritants category. These data are from Van Keuren (1996b).

Column BI lists the headspace concentration of P,0; and repeats column M.
It is repeated to collect all corrosives and irritants into one section
for easy comparison. Likewise, column BN Tists the headspace
concentration of NO,, repeating column O. Note that P,0; and NO, are
reaction products, Eut other gases in this category are headspace gases
that were present before a fire.

Columns BS through CG

List the headspace concentrations and guideline limits for the identified
analytes in the systemic poison category. These numbers are from Van
Keuren (1996b). Column CC repeats column N and lists source
concentrations of €O for each case. The C0O, a fire reaction product, is
listed in this column to bring all systemic poisons together for easy
comparison.

Columns CH through DK
List headspace concentrations before a fire and guideline limits for

identified analytes in the central nervous system toxin category. These
numbers are from Van Keuren (1996b).
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Column DL

Calculates the sum of fractions for corrosives and irritants onsite using
Fquation 6-8. Onsite concentration is calculated by multiplying source
concentration by the onsite normalized concentration {(calculated in
column AD). The EXCEL™ equation for Cell DL3 is:

DL3 = AD3 * (AO3/AP3 = AT3/AU3 + AY3/AZ3 +
BD3/BE3 + BI3/BJ3 + BN3/B03)

The denominator in each fraction is the ERPG-3 value. This sum of
fractions is appropriate for onsite and a frequency range of 1074 - 10°°
year ', the extremely unlikely category.

Column DM

Calculates the sum of fractions for corrosives and irritants offsite
using Equation 6-8. Offsite concentration is calculated by multiplying
source concentration by the offsite normalized concentration (calculated
in column AN). The EXCEL™ equation for Cell DM3 is:

DM3 = AN3 = (A03/AQ3 + AT3/AV3 ~+ AY3/BA3 =+
BD3/BF3 + BI3/BK3 + BN3/BP3)

The denominator in each fraction is the ERPG-2 value. This sum of
fractions is appropriate for offsite and a frequency range of 107 - 10°¢
year'1, the extremely unlikely category.

Column DN

Calculates the sum gf fractions for corrosives and irritants onsite,
unlikely (107¢ - 10° year*), frequency category. The EXCEL™ equation
for Cell DN3 is:

DN3 = AD3 * (A0D3/AQ3 + AT3/AV3 + AY3/BA3
+ BD3/BF3 + BI3/BK3 + BN3/BP3)

The denominator in each fraction is the ERPG-2 value, which is the
appropriate guideline for the unlikely, onsite category.

Column DO
Calculates the sum of fractions for corrosives and irritants for the

offsite, untikely (1072 - 10™* year '), frequency category. The EXCEL™
equation for Cell DO3 is:
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DO3 = AN3 = (AO3/AR3 ~+ AT3/AW3 + AY3/BB3
+ BD3/BG3 ~ BI3/BL3 + BN3/BQ3)

The denominator in each fraction is the ERPG-1 value, the appropriate
guideline for the unlikely, offsite category.

Column DP

Calculates the sum of fractions for corrosives and irritants for the
onsite, anticipated (10'[J - 107 year*), frequency category. The EXCEL™
equation for Cell DP3 is:

DP3 = AD3 * (AO3/AR3 + AT3/AW3 + AY3/BB3 ~+
BD3/BG3 + BI3/BL3 + BN3/BQ3)

The denominator in each fraction is the ERPG-1 value, the appropriate
guideline for the anticipated, onsite category.

Column DQ

Calculates the sum of frqftions for corrosives and irritants for the
offsite, anticipated (10 - 1072 year*), frequency category. The ExceL™
equation for Cell DQ3 is:

DQ3 = AN3 = (AO3/AS3 - AT3/AX3 + AY3/BC3
+ BD3/BH3 + BI3/BM3 + BN3/BR3)

The denominator in each fraction is the PEL-TWA value, the appropriate
guideline for the anticipated, offsite category.

Column DR

Calculates the sum of fractions for systemic poisons onsite, using
Equation 6-8. Onsite concentration is calculated by multiplying source
concentration by the onsite normalized concentration (calculated in
column AD). The EXCEL™ equation for Cell DR3 is:

DR3 = AD3 # (BS3/BT3 + BX3/BY3 + CC3/CD3)

The denominator in each fraction is the ERPG-3 value. This sum of
fractﬂons is appropriate for onsite and a frequency range of 10°% - 10°°
year , the extremely unlikely category.
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Column DS
Calculates the sum of fractions for systemic poisons offsite, using
Equation 6-8. Offsite concentration is calculated by multiplying source

concentration by the offsite normalized concentrat1on(ca]cu1ated in
column AN). The EXCEL™ equation for Cell DS3 is:

DS3 = AN3 = (BS3/BU3 + BX3/BZ3 + CC3/CE3)

The denominator in each fraction is the ERPG-2 value. This sum of
fractions is appropriate for offsite and a frequency range of 10 - 10°°
year4, the extremely unlikely category.

Column DT

Calculates the sum of fract10ns for systemic poisons for the onsite,

unlikely (10 - 107 year ) frequency category. The EXCEL™ equat1on for
Cell DT3 is:

DT3 = AD3 + (BS3/BU3 + BX3/BZ3 + CC3/CE3)

The denominator in each fraction is the ERPG-? value, the appropriate
guideline for the unlikely, onsite category.

Column DU
Calculates the sum of fractions for systemic poisons for the offsite,

unlikely (10 - 10 year1) frequency category. The EXCEL™ equation for
Cell DU3 is:

DU3 = AN3 + (BS3/BV3 + BX3/CA3 + CC3/CF3)

The denominator in each fraction is the ERGP-1 value, the appropriate
guideline for the unlikely, offsite category.

Column DV

Calculates the sum of Fract1ons for systemic poisons for the 0n51te
anticipated (10 - 107% year’ ) frequency category. The FXCEL™ equat1on
for Cell DV3 1is:

DV3 = AD3 » (BS3/BV3 + BX3/CA3 + CC3/CF3)

The denominator in each fraction is the ERPG-1 value, the appropriate
guideline for the anticipated, onsite category.
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Column DW

Calculates the sum of fract10ns for systemic poisons for the offs1te
anticipated (10 - 1077 year ) frequency category. The EXCEL™ equatlon
for Cell DW3 is:

DW3 = AN3 » (BS3/BW3 + BX3/CB3 + CC3/CG3)

The denominator in each fraction is the PEL-TWA value, the appropriate
guideline for the anticipated, offsite category.

Column DX

Calculates the sum of fractions for central nervous system toxins onsite,
using Equation 6-8. Onsite concentration is calculated by multiplying
source concentration by the onsite normalized concentration (calculated
in column AD). The EXCEL™ equation for Cell DX3 is:

DX3 = AD3 = (CH3/CI3 + CM3/CN3 + CR3/CS3 +
CW3/CX3 + DB3/DC3 + DG3/DH3)

The denominator in each fraction is the ERPG-3 value. This sum of
fract1ons is appropriate for onsite and a freguency range of 10 ho10°
year , the extremely unlikely category.

Column DY

Calculates the sum of fractions for central nervous system toxins
offsite, using Equation 6-8. Offsite concentration is calculated by
mu1t1p1y1ng source concentration by offs1te normalized concentration
{(calculated in column AN). The EXCEL™ equation for Cell DY3 is:

DY3 = AN3 = (CH3/CJ3 + (M3/C03 + CR3/CI3 +
CW3/CY3 + DB3/DD3 + DG3/DI3)

The denominator in each fraction is the ERPG-2 value. This sum of )
fractions is appropriate for offsite and a frequency range of 10 - 10°
year ', the extremely unlikely category.

Column DZ
Calculates the sum of fract1ons for central nervous system toxins for the

onsite, unlikely (102 - 10°% year'') frequency category. The EXCEL™
equation for Cell DZ3 is:
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D73 = AD3 * (CH3/CJ3 + CM3/C03 ~+ CR3/CT3
+ CW3/CY3 + DB3/DD3 + DG3/DI3)

The denominator in each fraction is the ERPG-2 value, the appropriate
guideline for the unlikely, onsite category.

Column EA

Calculates the sum of fractions Fon central nervous system toxins for the
offsite., unlikely (102 - 10°* year ') frequency category. The EXCEL™
equation for Cell EA3 1is:

EA3 = AN3 = (CH3/CK3 + CM3/CP3 + CR3/CU3
+ CW3/CZ3 + DB3/DE3 = DG3/DJ3)

The denominator in each fraction is the ERPG-1 value, the appropriate
guideline for the unlikely, offsite category.

Column EB

Calculates the sum of fractions for central nervous system toxins for _the
onsite, anticipated (100 - 107 yearq) frequency category. The EXCEL™
equation for Cell EB3 is:

EB3 = AD3 = (CH3/CK3 + CM3/CP3 + CR3/CU3
+ CW3/CZ3 + DB3/DE3 + DG3/DJ3)

The denominator in each fraction is the ERPG-1 value, the appropriate
guideline for the anticipated, onsite category.

Column EC

Calculates the sum of fractions for central nervous system toxins for the
offsite, anticipated (10'0 - 10°° year”) frequency category. The EXCEL™
equation for Cell EC3 is:

EC3 = AN3 » (CH3/CL3 + CM3/CQ3 + CR3/CV3
+ CW3/DA3 + DB3/DF3 + DG3/DK3)

The denominator in each fraction is the PEL-TWA value, the appropriate

guideline for the anticipated, offsite category.

Column ED

Repeats column AL and lists onsite, extremely unlikely particulate
fraction for each case. This column is repeated to exhibit the
particulate fraction on the same page where other toxin categories are
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summed. This fraction is calculated using ERPG-3 limits; therefore, this
column applies to a frequency range of 107 - 10° yearq. the extremely
unlikely category.

Column EE

Repeats of column AM and 1ists offsite, extremely unlikely particulate
fraction for each case. This column is repeated to exhibit the
particulate fraction on the same page where other toxin categories are
summed. This fraction was based on ERPG-2 values; therefore, this column
applies to a frequency range of 107% - 10°® year™' the extremely unlikely
category.

Column EF

Calculates the sum of fractions for total particulate toxin for the
onsite, unlikely (107 - 107 year ') frequency category. The EXCEL™
equation for Cell EF3 is:

EF3 = AF3/AI3

This equation calculates the ratio of onsite total particulate
concentration (column AF) to ERPG-2 guideline concentration (column AI}.
ERPG-2 is the applicable guideline for the onsite, unlikely frequency
category.

Column EG
Calculates the sum of fractions for total particulate toxin for the

offsite, unlikely (101 - 107 year4) frequency category. The EXCEL™
equation for Cell EG3 is:

EG3 = AG3/AJ3

This equation calculates the ratio of offsite total particuiate
concentration (column AG) to ERPG-1 guideline concentration (column AJ).
ERPG-1 is the applicable guideline for the offsite, unlikely frequency
category.

Column EH
Calculates the sum of fractions for total particulate toxin for the

onsite, anticipated (107 - 107 year ') frequency category. The EXCEL™
equation for Cell EH3 is:

EH3 = AF3/AJ3
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This equation calculates the ratio of onsite total particulate
concentration (column AF) to ERPG-1 guideline concentration (column AJ).
FRPG-1 is the applicable guideline for the onsite, anticipated frequency
category.

Column EI

Calculates the sum of fractions_for total particulate toxin for the
offsite, anticipated (167° - 10°° year ') frequency category. The EXCEL™
equation for Cell EI3 is:

FI3 = AG3/AK3

This equation calculates the ratio of offsite total particulate
concentration {(column EI) to PEL-TWA guideline concentration (column AK).
PEL-TWA is the applicable guideline for the offsite, anticipated
frequency category.

Columns EJ through EO

The sum of fractions {SOFs) for HEPA filter ruptures are listed in
Columns EJ through EO. To change the total SOFs to reflect the new
ventilation system inventories, change columns EJ through E0. The new
sums of fractions for HEPA filter rupture are calculated on a spreadsheet
titled Calculate New SOFs, which is included in Appendix K of this
document. The new SOFs are entered in columns EJ through EO of the main
spreadsheet in Section 9.0 of this document. The SOFs are calculated
using the following formula:

SOF = SOF multiplier x release rate

where:

SOF = Sum of fractions is a dimensionless number.

SOF Multiplier Has different values in seconds/liter for
different wastes. Values taken from Table 8-4 in

this document.

Release Rate Calculated by dividing volume of waste released
by release time. Units are Liters/seconds. In
all cases a release time of 60 sec is used.
Release volumes are taken from document
HNF-SD-WM-CN-099, Rev. 1A, and are rounded to

2.0 Land 3.7 L.
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Column EJ
Lists the onsite, extremely unlikely sum of fractions for HEPA rupture.

The sum of fraction multipliers used to ca]cu]ate the Tisted fractions
apply to an accident frequency of 10°“ - 10°® year™'; therefore, the
results shown in this column apply to the onsite extremely un]ike]y
category.

Column EK
Lists the offsite, extremely unlikely sum of fractions for HEPA rupture.

The sum of fraction multipliers used to ca]cu]ate the listed fractions
apply to an accident freguency of 1074 - 107 year1; therefore, the
results shown in this column apply to the offsite extremely un]ikely
category.

Column EL

Lists the sum of fract10ns for HEPA rupture, onsite, for a frequency
range of 107 - 107" year , the unlikely category.

The sum of fraction multipliers used to calculate the listed fractions
apply to the onsite, unlikely category; therefore the results Tisted in
column EL apply to the onsite, unlikely (107° - 10 “ year "} frequency
category.

Column EM

Lists the Sum of fractlons for HEPA rupture, offsite, for a frequency
range of 107% - 10 “ year!, the unlikely category.

The sum of fraction multipliers used to calculate the Tisted fractions
apply to the offsite, unlikely category. Thus the results listed in
column EM apply to the offsite, unlikely (10 - 107 year™") frequency
category.

Column EN

Lists the sums of fractions for HEPA rupture, onsite, for the anticipated
category.

The sum of fraction multipliers used to ca]cu]ate the listed fractions
apply to the onsite, anticipated (10 - 10 yearw) frequency category.

Column EO

Lists the sums of fractions for HEPA rupture, offsite, for the
anticipated category. The sum of fraction multipliers used to ca]cu]ate
the 11sted fractions apply to the offsite, anticipated (10 - 10°°

year ) freguency category.
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Column EP

Lists the sum of fract1ons for aqueous boil off, onsite, for a frequency
range of 1074 - 107 ® year''. The concentration of aerosolized waste at
the 100 m downwind tocation has been calculated to account for turbulent
mixing in the atmosphere in the vicinity of the tank vent. The EXCEL™
formula for Cell EP3 is:

EP3 = X3 = P3/(Z3 + 0.0341)

The va]ue of Cell X3 is the sum of fractions for aqueous waste based on
a X/Q atmospheric dispersion factor of 0.031 s/m>, applied to a waste
release rate expressed in L/s. The quantity that mu]tip11es X3,

P3/(Z3 * 0.0341), adjusts the sum of fractions, X3, to account for
dilution based on jet mixing. The technical basis for this adjustment
factor is presented in Appendix B.

Column EQ

Lists the sum of fract1ons for aqueous boiloff, offsite, for a frequency
range of 107 - 10°® year™'. The numbers shown are copied from Column ¥
and are reproduced here to exhibit the aqueous boiloff sum of fractions
on the same page where other toxin category sums are shown.

Offsite sums of fractions were not recalculated to reflect jet mixing in
the vicinity of the tank vent.

Column ER

This column calculates sums of fractions for aqueous boiloff toxins for
the onsite, unlikely category. The EXCEL™ equation for Cell ER3 is:

ER3 = Q3 # T3 * P3/(Z3 * 0.0341)

This formula accounts for jet mixing in the vicinity of the tank vent
(column P factor). The technical basis for this formula is described in
Appendix B. The sum of fractions mu1t1p11er (co]umn T) used in this
column applies to the onsite, unlikely (10 - 10 year1) frequency
category.

Column ES

Calculates sums of fractions for aquecus boiloff toxins for the offsite,
unlikely category. The EXCEL™ equation for Cell FS3 is:

ES3 = (3 = U3
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Q3 is the vent rate in L/s, and U3 15 the sum of fractions multiplier
(s/L) for the offsite, unlikely (10 - 10°¢ yeari) frequency category.
The turbulent mixing 1n the vicinity of the tank vent has not been
accounted for in calculating offsite consequences.

Column ET

Calculates sums of fractions for Jqueous boiloff toxins for the onsite,
anticipated category. The EXCEL™ equation for Cell ET3 is:

ET3 = Q3 % V3 = P3/(Z3 = 0.0341}

This formula accounts for jet mixing in the vicinity of the tank vent
(column P factor). The technical basis for this formula is described in
Appendix B. The sum of Fract1on mu1t1p11er (column V) applies to the
onsite, anticipated (10 - 107° year ) frequency category.

Column EU

Calculates sums of fractions for JAaqueous boiloff toxins for the offsite,
anticipated category. The EXCEL™ equation for Cell EU3 is:

EU = Q3 + W3

Q3 is the vent rate in L/s, and W3 is the sum_ of fractions multipiier
(s/L) for the offsite, anticipated (107° - 10° year1) frequency
category. The turbulent mixing in the vicinity of the tank vent has not
been accounted for in calculating offsite consequences.

Column EV

Sums the sums of fractions for toxins in the several classes for the
onsite, extremely unlikely (10°* - 10°® year™') category. The EXCEL™
equation for Cell EV3 is:

EV3 = DL3 + DR3 + DX3 + ED3 + EJ3 + EP3

The several classes of toxins are:

Column DL: corrosives and irritants

Column DR: systemic poisons

Column DX: central nervous system poisons
Column ED: total particulates

Column EJ: HEPA filter released contaminants
Column EP: Aqgueous Waste Boiloff
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Each column cited above applies to the onsite, extremely unlikely
category.

Column EW

extremely unlikely (10°° -
equation for Cell EW3 is:

Sums the sums of fractions for the offsite

10 year ') frequency category. The E)(CELT’M

EW3 = DM3 + DS3 + DY3 + EE3 + EK3 + EQ3

Each column listed in the equation above applies to the offsite,
extremely unlikely frequency category. The toxin classes are those
identified in the text that describes column EV.

Column EX

Sums the sums of fractions for_ the onsite, unlikely (107% - 107 year™")
frequency category. The EXCEL™ equation for Cell EX3 is:

EX3 = DN3 +DT3 +DZ3 + EF3 + EL3 + ER3

tach column listed in the equation for column EX applies to the onsite,
unlikely frequency category. The toxin classes are those identified 1in
the text that describes column £V,

Column EY

Sums the sums of fractions for the offsite, unlikely (107 - 107 year ')
frequency category. The EXCeEL™ equation for Cell EY3 is:

EY3 = D03 + DU3 + EA3 + £EG3 + EM3 + ES3

Each column Tisted in the equation for column EY applies to the offsite,
uniikely frequency category. The toxin classes are those identified in
the text that describes column EV.

Column EZ

Sums the sums of fractions for the onsite, anticipated (10 - 107°

year'1) frequency category. The EXCEL™ equation for Cell EZ3 is:

EZ3 = DP3 +DV3 + EB3 +~ EH3 + EN3 + ET3
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Fach column listed in the eguation for column EZ applies to the onsite,
anticipated category. The toxin classes are those identified in the text
that describes column EV.

Column FA

-2

Sums the sums of fractions for the offsite, anticipated (107° - 10 yr4)

frequency category. The EXCEL™ equation for Cell FA3 is:

FA3 = DQ3 +DW3 + EC3 + EI3 + EO3 + EU3

Each column listed in the equation for column FA applies to the offsite,
anticipated category. The toxin classes are those identified in the text
that describes column EV.
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APPENDIX A

SCREENING METHODOLOGY FOR SOLVENT FIRE RISK IN
WASTE TANKS AT THE HANFORD SITE
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1.0 INTRODUCTION

This appendix describes a means for identifying 51n9]e—she11 waste tanks
(SSTs) that could contain a solvent pool larger than 1 m°. The methodology
involves using vapor characterization data and an evaporation model to
estimate the size of solvent pools that feed vapors into tank vapor spaces.
For tanks that fall below a derived pool area criterion, postulated pool fires
could not challenge tank structural limits and would have consequences that
fall below risk guidelines for the unlikely frequency category.

The solvents that are fire hazards originated from PUREX processing at
the Hanford Site from 1955 to 1986 (Sederburg and Reddick 1994). The solvents
were mixtures of hydrocarbon liquids (called diluents) and tributyl phosphate
(TBP). Spent solvents ended up in a number of SSTs as waste products.

Recently obtained vapor characterization data (Huckaby and Sklarew 1997a)
have shown that a number of hydrocarbon species initially present in diluents
are present in tank headspaces. An tmplication of this finding is that a
liquid phase is present in the tanks and is the source of a fraction of the
organic compounds in tank headspaces.

The methodolegy described in this appendix was developed to identify
which tanks pose an acceptably small poel fire risk and which tanks require
more study to quantify the pool fire risk. Tanks that meet a screening
criterion can be judged to meet applicable risk evaluation guidelines {REGs)
without additional evaluation. Tanks that fail the screening criterion may
require additional evaluation to quantify the solvent fire risk.

2.0 SUMMARY AND CONCLUSIONS

2.1 SUMMARY

The methodology described in this appendix was developed to screen waste
tanks with respect to solvent pool fire risk. The technical basis for
screening rests on the following key assumptions:

1. The consequences of a postulated pool fire fall below REGs if the
pool area is below a definable criterion.

2. Pool area in a tank can be estimated from tank and solvent
parameters and measured concentrations of organic vapors in
headspace air.

The first of these assumptions is supported by consequence analyses
(Figures 9-2 and 9-3 of the main body of this repcrt) which shows consequences
fall below guide]lines for the unlikely frequency category for pool areas
smaller than 1 m®. The second assumption is validated by the technical
analysis presented in Section 6.0 of this Appendix.
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Pool fire analyses applicable to SSTs were carried out to quantify a pool
size associated with fire-generated pressures well below those that would
challenge tank structural integrity. A pool area of 1 m? (10.8 ftz) was
determined to be a conservative criterion and was used as a basis for the
screening methodology presented here.

To determine pool area size in specific tanks, a simple solvent vapor
transport model was developed by equating vapor outflow rate in ventilation
air to pool evaporation rate. In the resulting equation, pool area is
correlated with the concentration of solvent vapors in headspace air.
Important parameters in the model include headspace ventilation rate,
temperature at the pool surface, mass transfer coefficient for solvent
evaporation, volatility of the solvent at a specified temperature, and the
concentration of solvent vapors in headspace air.

2.2 CONCLUSIONS

The following conclusions characterize the findings of the study
described in this appendix.

1. A simple solvent vapor transport model can be used to estimate the
air-solvent interfacial area from measured headspace organic
concentration and other predictable tank parameters.

2. A pool area of 1 m® is a conservative criterion for screening tanks
for solvent pool fire risk. Pools this size and smaller could not
threaten tank structural integrity if ignited and burned to oxygen
extinguishment. Also, consequences of pools this size and smaller
fall below guidelines for the unlikely frequency category.

3.0 OBJECTIVE AND SCOPE

3.1 OBJECTIVE

The objective of this study is to develop a screening methodology, based
on measured headspace temperature and organic vapor concentration, that can be
used to help assess the solvent fire hazard in Hanford Site waste tanks.

3.2 SCOPE

The hazard of focus in this study is a postulated solvent-air fire that
could cause tank pressurization and the release of airborne contaminants to
the environment. The methodology is applicable to SSTs and double-shell tanks
(DSTs) for which headspace air samples yield an estimate of solvent vapor
concentration.
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4.0 TECHNICAL APPROACH

The technical approach used to develop screening criteria for the solvent
fire hazard is based on the following justifiable postulates.

1.

Solvent liquids exert an equilibrium vapor pressure at the
liquid-air interface. Diffusion and convection cause solvent vapors
to enter headspace air on a continual basis.

The steady-state concentration of solvent vapors in headspace air
results from a dynamic equilibrium in which the evaporation rate
from 1iquid is balanced by ventilation outflow.

An analysis of mass transfer rates quantifies the interfacial liquid
area required to cause a specified concentration of solvent vapor in
headspace air.

The risk posed by solvent air fires is acceptably small if the
solvent pool area is below a size that would generate fire pressures
that would challenge tank structural Timits or lead to consequences
that exceed applicable guidelines.

5.0 SOLVENT POOL FIRE HAZARD PHENOMENOLOGY

Previous studies of pool fire hazard phenomenology (Grigsby 1995) have
identified three significant factors to the present study.

1.

Solvent fires are low-probability accidents because ignition
frequency is very low.

Consequences of solvent fires fall within REGs, provided that the
tank is not structurally damaged and the fire does not trigger
significant condensed-phase reactions. The chief threat to tank
structural integrity is internal gas pressure developed by the fire.

Peak pressures generated by fires depend heavily on pool surface
area, fire spread rate (for large pools), headspace air volume, and
the flow capacity of tank vents. Because the present study
considers small pools only, spread velocity is relatively
unimportant.

A conservative estimate of the pool area required for significant tank
pressurization was obtained for this study by analyzing a postulated fire in a
3,785-kL (1,000,000-gal) tank with minimal vent openings. Constraints used in
the analysis included the following.

The fire was initiated on a circle 0.3 m (1 ft) in diameter.

The fire spread radially at a velocity of 10 cm/s.
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+ Vent paths were limited to the U-tube seal on the high-efficiency
particulate air (HEPA} vent riser.

e The duration of the fire was limited by oxygen extinguishment at
13 percent 0,.

« Peak pressure was limited to 5 psig, or roughly half the 11 psig
capability (Julyk 1994) of the 3,785-klL tanks.

This analysis of pressurization, together with an analysis of
consequences (radiol §1ca1 and toxicological) of postulated fires covering an
area of 1 m® (10.8 ft%) (Section 10 of the main body of this report), indicate
that an SST with a solvent pool area, of 1 m° or less poses an acceptably small
solvent fire risk. Therefore, a 1-m° area can be used as a preliminary screen
to identify tanks that pose a deminimus solvent fire risk. Facility solvent
fire risk can be evaluated by considering fires in tanks that have pools
larger than 1 m°.

6.0 TRANSPORT MODELING OF SOLVENT EVAPORATION INTO HEADSPACE AIR

This section describes the transport models used to estimate solvent
interfacial area on the basis of the temperature and concentration of solvent
vapors in headspace air.

6.1 WASTE CONFIGURATION ANALYZED

Figure 6-1 shows the waste-solvent configuration analyzed. Key
assumptions of the modeled waste configuration are as follows.

*» Headspace air is ventilated by atmospheric air.

+ Headspace air is well mixed by natural convection driven by the
transport of decay heat across the headspace.

* A solvent pool or submerged liquid Tens of an arbitrary plan area is
submerged beneath the waste surface by a distance H.

« Heat and mass transfer rates in waste are adequately modeled by
one-dimensional models.

» Headspace characterization data, including temperature and the
concentration of solvent vapors, are available.
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Figure 6-1. Schematic of Waste Configuration Analyzed.

w
c
Qo
=
PFa =3 -
. -~
o '8 ] o
Ca [ ™3 —
. 2%:
N 2 «
e SE D
N @ o =
AL 0 O
e ’—
2 = . .
22
- - 7:
L2
< 3 22
(@) e
-
T =
o™
] £
% U
e 'y w9,
2 % 3
— e :
e 25 A
LA bd
A
L o
7 g
v j
” &
o o
Vs P
e 5
s 3
H N
8 g
/ 1 ¥
2 ¢ o
’ 5 g
27 o »
- {0 &
¥ - A
oo 3 o
s L
. A
v » o
s 3 — ‘)
o7 = %
e - k]
;;, — L)
/7 3 \\ j
H )
I 5 9
2 >c X
~ > g3 b
= o R
g
2
2 )
LA 4
P
G
Edd
bl

A-9



HNF-4240 Rev.01 8/20/2020 - 1:47 PM 199 of 680

HNF-4240 Rev. 1

6.2 MASS TRANSFER RATE OF VAPORS INTO HEADSPACE AIR

Solvent vapors enter the headspace by diffusion from a liquid-air
interface. Diffusional transport from an interface, through a porous medium,
then into headspace air is quantified as follows.

6.2.1 Vapor Diffusion in Saltcake

The steady-state diffusion flux of organic vapors within a pore of
constant cross section can be expressed:

dX, |
N, = -cD, o X N+ N s (A-1)

where

molar flux of A (moles/s m?)

total gas concentration (mo]es/m3)
diffusivity of A in B (m?/s)

mole fraction of A in gas (A + B)

distance measured in direction of flux {(m)
molar flux of B (moles/s m2).

H

A

AB
A

2w <D0 =

[ | | I |

B

This equation is taken from Bird et al. (1960).

Component A is specified as solvent vapor. Component B is specified as
the remainder of the gas including air, water vapor, and trace levels of
radiolytic gases (H,, NH;, N.O, etc).

The first term on the right side of Equation A-1 is the flux caused by
diffusion. The second term represents the flux caused by bulk flow of the
total gas. The magnitude of the bulk flow term, estimated to be small, is
disregarded in this analysis.

A simplified form of Equation A-1 may be derived by neglecting the bulk
flow term [X, (N, + N;)1; by replacing the product of CX, by the species
concentration, C,; by evaluating the gradient, dC,/dy, as a difference in
concentration divided by the diffusion path length; and by introducing
porosity and tortuosity factors to account for the diffusional resistance of
porous media. The resulting equation may be expressed as follows.

D C. - C,
N, - Deo € (G 76 (A-2)
A 7H '
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where

porosity of saltcake {dimensionless)

tortuosity factor for diffusion (dimensionless)
submergence depth (m)

solvent vapor concentration in equilibrium with liquid at
depth H {g/m3}

C, = solvent vapor concentration at waste surface (g/m3).

T

| TR | S I

C

w

Porosity accounts for the fraction of the solid that is open to gas
diffusion, and tortuosity accounts for diffusional resistance caused by
nonuniformities in the pore spaces (Sherwood et al. 1975).

The total transport rate of vapor by diffusion in saltcake is the flux,
N,, multiplied by the projected horizontal area of the liquid-air interface.

W, = NA, (A-3)

where

ﬁn

diffusional transport rate (g/s)
area of liquid Tens (m2).

o

6.2.2 Mass Transport in Tank Headspace

A mass balance on solvent vapor in headspace air may be used to relate
headspace vapor concentration to the controlling parameters. The rate at
which solvent vapors enter headspace air is

input rate = k(C - ColA (A-4)
where
K. = mass transfer coefficient at waste surface {(m/s)
C,k, = bulk concentration of solvent vapor in headspace air (g/m3).

The rate at which solvent vapors leave the tank headspace because of
ventilation air flow is

output rate = QC, ,

where

Q = ventilation rate (m3/s).
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Under steady-state conditions (egquilibrium conditions in headspace air),
input rate equals output rate.

- CyA = QG {A-0)
The concentration of solvent vapor at the waste surface, C_, can be

eliminated as a variable in the analysis by solving Equation A-2,
Equation A-3, and Equation A-6 simultanecusly. The result may be expressed as

(A-7)

The ratio C_/C_ expressed in Equation A-7 represents the fractional
approach of solvent to saturation. In a perfectly sealed tank (Q = 0), the
righthand side of Equation A-7 goes to unity, and the vapors are calculated to
be saturated. For waste tanks, the ventilation rate is not zero, and C /C_
will always be less than unity. This allows the interfacial area, A, to be
estimated.

Inspection of Equation A-7 reveals that estimating A requires that all
other parameters be estimable by independent means. Means for estimating the
parameters of Equation A-7 are discussed in the following section.

6.3 ESTIMATION OF POOL AREA

6.3.1 Surface Pool Versus Submerged Liquid Lens

As evident from Equation A-7, the interfacial area, A, (computed on the
basis of known or calculable values of C,/C,, k., Q, 7, € and D,;), depends on
submergence depth, H. Therefore, for a given tank, the measured solvent vapor
concentration could be the result of a surface pool (H = 0) or a submerged
lens of larger area. Because it is assumed that information on H is not
available, H must be assigned a default value that is consistent with a
conservative assessment of the solvent fire hazard. The default value 1is
H=20; i.e., it is assumed that the Tiquid solvent exists as an open pool at
the surface of the waste. By setting H = 0, the need to quantify the
parameters 7 and € exhibited in Equation A-7 is eliminated.

A-12
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The assumption that solvent exists as a single surface pool {or surface
wetted by wick action} is conservative for the following reasons.

e The ignition of a submerged lens appears to be of much Tower
probability than the ignition of an open pool or a wick-wetted
surface.

* The fire spread rate for 1iquids submerged in inert porous solids is
significantly slower than for surface peols (Wood et al. 1971 and
Takeno and Hirano 1986}.

e The specific burning rate (kg/m? s) is slower for submerged pools
than for surface pools (Wood et al. 1971).

The conservative assumption of H = 0 allows pool area A to be related to
measured or calculable tank parameters. It is recognized that, even though
high concentrations of organic vapors are present in a tank, a solvent fire
hazard might not exist because the source of the vapors could be submerged
liquid that is incapable of supporting a persistent flame. Additional
evaluation could be used to show the absence or presence of a surface pool
that could sustain a fire.

6.3.2 Interfacial Concentration of Solvent Vapors

The mass concentration of solvent vapor in eguilibrium with liquid, C_,
depends on temperature and the composition of the solvent liquid. Because
experimental data on the present composition of solvents generally are not
available, an indirect means must be used to estimate C_. A suitably
conservative surrogate solvent with a known vapor concentration—temperature
curve is needed. A candidate surrogate is solvent removed from tank 241-C-103
in 1993 (Pocl and Bean 1994). This solvent, a 70:30 mixture (on a mass basis)
of TBP and normal paraffin hydrocarbon (NPH), is stripped of lighter and more
volatile fractions and is expected to represent other solvents that may be
present in S5Ts.

Pool and Bean (1994) measured equilibrium vapor concentrations over tank
241-C-103 1iquid at temperatures of 40 °C, 70 "C, and 100 °C (104 "F, 158 °F,
and 212 °F). These concentration-temperature data were fitted to an
integrated form of the Clausius—Clapeyron equation. The resulting equation
may be expressed as follows.

log C, = 10.232 - EEE$LZ§ , (A-8)
where
C. = equilibrium solvent vapor concentration (g/m?)
T = temperature (°K)
log = base 10 Togarithm.
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Equation A-8 can be used to compute C_ for any tank for which the

interfacial temperature, T, is known.

An alternative, more conservative (because lower vapor concentration is
predicted, resulting in larger predicted pool area) estimate of equilibrium
vapor concentration may be obtained by calculating vapor concentrations from
Rauolt's Law and pure component vapor pressures for tank 241-C-103 Tiquid.
The following liquid composition has been derived from measurements reported
by Pool and Bean (1994) by grouping unidentified alkanes with identified

8/20/2020 - 1:47 PM

1

alkanes having similar chromatographic elution times.

Table 6-1. Estimated Composition of NPH

-103 Solvent

Components in Tank 241-C

o Compoment -

Dodecane 0.0564

Tridecane 0.2231

Tetradecane 0.1225

Pentadecane 0.0131

Tributyl phosphate 0.5845
TOTAL (.9996

Note:

NPH normal paraffin hydrocarbon

il

Vapor pressures for each compound listed in Table 6-1 may be computed

from a three parameter fitting equation:

log p = AB/(T +C) ,

where
p = vapor pressure (torr)
AB,C = fitting constants
T = temperature (°C)
log = base 10 logarithm.

Values of the constants A, B, and C are available from Dreisbach (1959)
for the alkanes and from Schulz et al. (1984) for TBP.

constants that yield vapor pressures in torr (mm Hg).

Table 6-2 lists the
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Table 6-2. Constants for Equation A-9.

 mwee TRER T T T
Dodecane 170.3 7.3157 1830.0 ' 198.3
Tridecane 184.4 7.3147 1881.7 190.9
Tetradecane 198.4 7.3143 1930.4 183.8
Pentadecane 212.4 7.3123 1973.3 176.6
Tributyl phosphate 266.3 8.916 3359 273.16

Equilibrium vapor concentraticns predicted on the basis of compositions
listed in Table 6-1 and the fitting constants listed in Table 6-2 are
approximately 50 percent of the values predicted from Equation A-8. The
difference in predicted and measured vapor concentrations highlights the
uncertainty involved in predicting the equilibrium vapor compositions for
solvents in waste tanks. For a discussion of how solvent composition
{volatility) affects screening criteria, refer to Huckaby and Sklarew (1997).

6.3.3 Temperature at Solvent/Air Interface

Temperature is key in evaluating the mass transfer coefficient at the
waste surface and in determining vapor pressure of solvent at the solvent-air
interface. The temperature of interest for the preliminary screening is the
surface temperature because the headspace organic concentration is being
modeled in terms of a surface pool. To attempt to estimate the size of a
submerged pool, the temperature at the solvent interface at the submergence
depth would be of interest. Because waste surface temperature is the lTowest
temperature in the waste, and because equilibrium vapor concentrations
increase with temperature, the use of surface temperature to compute pool size
will always result in the Tlargest pool estimate. This can be seen from
Equation A-7 where calculated pool area decreases with increasing C_,. The use
of surface temperature is conservative in the preliminary screening step. To
estimate the area of a submerged pool, the temperature gradient in the waste
would have to be known as well as applicable values of tortuosity and
porosity.

6.3.3.1 Passivately Ventilated Tanks. Temperature at the waste surface is
higher than bulk gas temperature because a gradient in temperature is linked
to the transport of decay heat upward from the waste to the abovegrade
atmosphere. The average heat flux in the upward direction can be computed
from the mean difference in temperature between the tank headspace and the
atmosphere (Crowe et al. 1993).
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q9 . ks (Tvap = Tair ) (A-10)
A Az ’
where
-% heat flux (W/m?)
T = annual average bulk headspace air temperature (°K)
vap .
T... = annual average atmospheric temperature ("K)
K. = thermal conductivity of soil overburden (W/m "K)
Vi = average depth of soil overburden (m).

The formulation expressed in Equation A-10 neglects the small temperature
differences that would exist from headspace to dome and from soil surface to
atmospheric air. On the basis of information in Crowe et al. (1993), T_. s
~56.3 "F (286.7 °K), the soil thermal conductivity is 0.1 W/m “K
(~0.6 Btu/h-ft "F), and the average effective depth of soil overburden is 4.02
m (~13.2 ft}.

The bulk vapor temperature in all SSTs varies with time in response to
the annual weather cycle. The annual average tank temperature occurs on
approximately July 15 and January 15 (Crowe et al. 1993). Between these
dates, tank temperatures experience a sinuscidal variation above and below the
average. The maximum and minimum temperatures occur on approximately
October 15 and April 15 respectively. The peaks and valleys differ from the
yearly average by ~5 °F (2.8 "K) (Crowe et al. 1993). By accounting for the
seasonal variation, a value of T _ applicable to Equation A-10 may be
computed from a value measured at the time of headspace sampling.

The temperature difference (waste surface—<dome surface) that is
associated with the heat flux gquantified in Equation A-10 may be computed on
the basis of standard textbook heat transfer relationships. The flux is equal
to a coefficient multiplied by a temperature difference.

3~ (h, +h)AT , (A-11)
A
where
h. = convection heat transfer coefficient (W/m2 "K)
h = radiation heat transfer coefficient (W/m2 "K)
AT = temperature difference between waste surface and tank dome

{("K).

A-16
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Numerical evaluations in by Crowe et al. (1993) indicate the temperature
drop across the headspace (waste surface to dome surface) is relatively small,
amounting to a few degrees Kelvin or less. Because the gas temperature is
intermediate between dome and waste surface temperatures, the surface of a
solvent pool will be warmer than the gas temperature by a few degrees or less.
Although this temperature difference is small, it may not be negligible,
because vapor pressures are highly sensitive to liquid temperature (see
Equation A-8). In this study, the liguid interface temperature is computed by
subtracting from the bulk gas temperature half of the AT (T
computed from Equation A-11.

surface Tdome)

6.3.3.2 Actively Ventilated Tanks. Air flow removes a substantial fraction
of decay heat load in actively ventilated tanks. Heat flux at the waste
surface may be estimated from the total heat load in the tank:

q Q
— = f—= A-12
where
f = fraction of total decay heat that is transported through the
headspace, dimensionless
Q = total decay heat Joad, watts
A = cross section area, m°.

T

Estimated values of f, the fraction of decay heat transported upward
through the headspace, are provided by Crowe et al. (1993) as a function of
tank size and waste depth. Total decay heat loads for actively ventilated
SSTs and DSTs, 0Q, are listed by Kummerer (1994),

Equation A-12 can be used to calculate the heat flux at the surface of a
peol. Equation A-11 then can be used to estimate the temperature drop across
the solvent-air interface. Surface temperature can be computed by adding the
calculated temperature difference to headspace air temperature,

6.3.4 Mass Transfer Coefficient at Solvent-Air Interface

The mass transfer coefficient at the waste—air interface (k. in
Equation A-7) can be estimated on the basis of the Chilton-Colburn analogy
(Sherwood et al. 1975) by using a correlation of natural convection heat
transfer coefficients. For naturally convected heat transfer from heated
planar surfaces facing upward, the Nusselt number can be correlated with the
Grashov and Prandtl numbers (McAdams 1954). A simplified form of this
carrelation that applies to large Grashov numbers (large surfaces) and normal
air temperatures and pressures is presented as the following dimensional
equation (McAdams 1954).
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h, = 1.52 AT™, (A-13)
where
h = convective heat transfer coefficient {W/m2 °K)
AT = temperature difference between surface and bulk air {"K).

A numerical value of h_ can be computed from Equation A-12 by using a
temperature difference, AT, evaluated for a specific tank as described in
Section 6.3.3.

The mass transfer coefficient, k_, may be computed from the heat transfer
coefficient, h_, on the basis of the Chilton—Lolburn analogy (Sherwood et al.
1975).

h.D

k c~AB

] (A-14)
k

Sc Vs
w)

where

mass transfer coefficient (m/s)
heat transfer coefficient (W/m2z "K)
diffusivity of solvent vapor (m2/s)
thermal conductivity of gas (W/m "K)
Schmidt number {(dimensionless)
Prandtl number {(dimensionless).

o o0

AB

1 | O | R

nnx 3OS X

C
r

Diffusivity of solvent vapor can be estimated from handbook correlations
(Perry 1950} as can other gas properties needed to evaluate the parameters of

Equation A-13. The use of Fquations A-10 through A-14 allows k_ to be
computed as a function of tank headspace temperature and decay heat load.

Fquations A-13 and A-14 apply as long as temperature decreases with
elevation in the headspace. This condition will persist for tanks that have
sufficiently high decay heat loads, but an adverse gradient (temperature
increases with elevation) could develop in low-heat tanks during summer
months. If the adverse gradient existed, then turbulent natural convection
would be suppressed, and neither the assumption of a well-mixed headspace nor
the applicability of Equations A-13 and A-14 would be assured. Crowe (1996)
has performed an analysis of heat cycles in soil covering waste tanks and
identified seasonal dates when an adverse temperature gradient could exist.
His analysis shows that tanks with heat loads below about 1 kW could
experience adverse temperature gradients during summer months. Tank screening
should not be based on samples withdrawn from low heat tanks during the
periods identified by Crowe (1996).
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6.3.5 Ventilation Flow Rate

Yentilation air flow rate is an important parameter in Equation A-7. The
predicted pool area is proportional to ventilation air flow rate.

For actively ventilated tanks, the ventilation rate is obtainable from
pitot tube measurements. Data presented in HNF-SD-WM-CN-117, Rev.0 indicate
that flow rates vary with time and from tank to tank._ Flow rates for most
tanks fall in the range of 50 to 200 cfm (85 to 340 m /h) Two requirements
for screening with respect to solvent pool area are that the flow rate be
known and that the flow rate be reasonably constant for a time period
corresponding to several purge times. A purge time is defined as the
headspace volume divided by the ventilation flow rate. These conditions are
required to validate the steady-state assumption used to derive Equation A-7.

Ventilation flow rates in passively ventilated tanks are not routinely
measured and are subject to considerable uncertainty. Recent measurements of
headspace concentrations of hydrogen and injected tracer gases have provided
information on ventilation rates for a number of passively ventilated tanks.

Wilkins et al. (1996) used the decay rate of hydrogen in headspace air to
compute ventilation rates. Hydrogen is released from waste into headspace air
during so-called gas release events. Hydrogen mixes rapidly in headspace air
and is gradually purged from the headspace by atmospheric air. The rate of
decay of hydrogen is a measure of the purge rate, i.e., the passively-induced
ventilation rate. Ventilation rates calculated from hydrogen decay data in
seven passively ventilated tanks fell within the range of 2 to 11 cfm (3.4 to
18.7 m’/h).

Huckaby et al. (1997b) report results of tests in which the concentration
of injected tracer gases (helium and sulfur hexafluoride) was measured as a
function of time from injection. The rate of decay of the tracers is a
measure of headspace ventilation rate. Calculated ventilation rates for seven
pass1ve1y ventiltated SSTs fell in the range of 1.1 to 24.7 cfm (1.9 to
m/h) .

Most measured ventilation rates are higher than the sum of atmospheric
breathing (70.2 cfm) and instrument purge air (71 cfm), indicating that
natural convection governs ventilation rate in most passively ventilated
tanks. Therefore, estimates of ventilation rates in passively ventilated
tanks for which no rate data are available must account for natural
convection.

An estimated value is required to apply the screening methodology to
tanks that do not have ventilation rate measurements. Because predicted pool
area increases with ventilation flow rate, it is important that the rate not
be substantially underestimated. To this end, a flow rate of 10 cfm (17 m /h)
is suggested for screening purposes in tanks where data are unavailable. This
flow rate is the maximum value used to evaluate hydrogen generation rates in
the flammable gas program (HNF-SD-WM-CN-116, Rev. 0).
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7.0 RESULTS OF SCREENING

To date, 81 passively ventilated tanks have been sampled. and screened
with respect to solvent pool area (Huckaby and Sklarew 1997). Key results
are:

13 tanks have pool areas > 1 e
« 8 tanks have pool areas > 5 m°
» 68 tanks have pool areas of 1 m® or less.

Based on these results, it is concluded that for 68 of 81 tanks, a
solvent poo!l fire, if ignited, would neither threaten the structural integrity
of a tank nor emit enough airborne contaminants to exceed 9uide11nes. For the
13 tanks which are indicated to have pools Targer than 1 m®, additional
evaluations would be required to determine whether a pool >1 m° was actually
present or, alternatively, whether the organic vapors emanated from a
submerged solvent lens.

A discussion of how uncertainties in screening parameters affects
predicted pool area is given by Huckaby and Sklarew (1997).
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APPENDIX B

IMPACT OF TURBULENT MIXING OF
VENTED GASES ON CALCULATED TOXICOLOGICAL
CONSEQUENCES OF SOLVENT POOL FIRES
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1.0 INTRODUCTION

This report summarizes the findings of an analysis of the impact of
turbulent mixing on calculated toxicological consequences of hypothetical
solvent fires in Hanford Site waste tanks. Results of this analysis are
important because predicted onsite consequences are significantly lowered when
turbulent mixing in the vicinity of the tank vent is accounted for.

Postulated solvent pool fires are predicted to generate toxic gases and
particles, and to vent a fraction of these to the environment. A previous
analysis (Cowley and Postma 1996) which neglected atmospheric mixing induced
by vented gases, indicated that an individual at the closest onsite distance
(100 m} could be briefly exposed to toxin concentrations higher than
guidelines. The need to re-analyze fire consequences using a more realistic
atmospheric mixing model was noted by Cowley et al. 1997 as one of the
improvements required to properly assess solvent fire risk. The present
report was prepared to provide a more realistic accounting for near-field
turbulent mixing of gases vented from tanks.

The impact of near-field mixing on toxicological consequences was
quantified by re-calculating onsite toxin concentrations for the 21 pool fire
cases previously analyzed (Cowley and Postma 1996). The only change from
previous methodology was the introduction of jet mixing models that predicted
dilution factors for vented toxins at 100 m downwind. The dilution factors
used here were based on a supporting study carried out by M. Epstein of FAI,
Inc. (Epstein 1997). Epstein (1997) is included as Attachment A of
Appendix B.

This study was focussed on toxicological consequences for an individual
at 100 m downwind. No effort was made to reanalyze toxic consequences at the
offsite location because the previous analyses (Cowley and Postma 1996)
indicated that consequences fell below guidelines for offsite individuals.

A reanalysis that accounted for near-field turbulent mixing could reduce
calculated off-site consequences, but there is lTittle incentive to reduce
calculated consequences that presently fall below guidelines.

2.0 OBJECTIVE AND SCOPE

The objective of this study is to quantify the impact of jet mixing on
predicted toxicological consequences for hypothetical solvent fires in waste
tanks. Pool fire scenarios and accident methodology used herein are based on
the earlier analysis of Cowley and Postma (1996). The earlier analysis is
modified by accounting for near-field turbulent mixing caused by vented gases,
and toxin concentrations at 100 m downwind are re-calculated to account for
turbulent mixing. A1l other aspects of the earlier analysis are used without
change.
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3.0 SUMMARY AND CONCLUSIONS

3.1 SUMMARY

Hypothetical solvent pool fires were re-analyzed to account for turbulent
mixing induced by vented gases. The objective was to obtain a more realistic
estimate of toxin concentrations at the location of the onsite receptor, 100 m
downwind. An earlier analysis (Cowley and Postma 1996) used an extremely
conservative dispersion model that projected onsite toxicological consequences
that were above guidelines. The need for more realistic treatment of
near-field atmospheric mixing was cited to Cowley et al. (1997) as one of the
improvements needed to properly assess solvent fire risk. This report is
responsive to the need cited by Cowley et al. (1997).

The twenty one hypothetical solvent poal fire cases described by Cowley
and Postma (1996) were reanalyzed using atmospheric dilution factors at 100 m
downwind predicted by Epstein (1997). The reanalysis was accomplished by
modifying the spreadsheet used previously. The modifications needed to
account for near-field mixing are described in detail herein. Likewise,
onsite consequences are computed and compared with onsite consequences
projected earlier (Cowley and Postma 1996} .

3.2 CONCLUSIONS

The following conclusions and summary statements characterize the
findings of this study.

1. Toxicological consequences of solvent pool fires are predicted to
fall below risk acceptance guidelines when turbulent mixing induced
by vented gases is accounted for.

2. Turbulent mixing induced by vented gases is predicted to
significantly dilute toxins between the point of release and 100 m
downwind. This dilution is particularly important for fire cases
involving high vent rates because earlier methodology predicted
1ittle dilution for high vent rate cases. High vent rate cases are
bounding with respect to toxicological consequences.

3. Four different vent geometries thought to characterize potential
tank vents were analyzed herein. These include 1. a passive HEPA
vent pipe that is directed downward, 2. a vertical stack employed
on actively ventilated tanks, 3. a vertical discharge from a riser
in a pit, and 4. slot-like openings formed by levitated pit covers.
The minimum dilution factor predicted was for a slot-Tike opening
with a horizontal discharge. For this case, toxin concentrations at
100 m were predicted to be 1.3% of concentrations in vented gases.
This 1.3% compared to 61% predicted in the earlier methodology
(Cowley and Postma 1996). The reduction from 61% to 1.3% reduces
calculated toxicological consequences by a factor of 47.
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4. The dispersion formula used earlier does not account for turbulent
mixing induced by vented gases, and its use results in a significant
overprediction of toxicological consequences at the onsite receptor
location. This overprediction results for all accident scenarios in
which gas is vented under significant (>l psig) pressure.

5. It is recommended that onsite dilution be revisited for all accident
scenarios (hydrogen burns, etc.) which cause tanks to be pressurized
and where predicted toxicological consequences exceed guidelines.

4.0 ANALYSIS OF ATMOSPHERIC DILUTION OF VENTED GASES

This section describes the analysis methodology used to quantify mixing
and dilution of vented gas from the point of release to a point 100 m
downwind.

4.1 DESCRIPTION OF VENT CONFIGURATIONS ANALYZED

The degree of atmospheric mixing induced by vented gases depends on the
shape, size and elevation of the vent and on the angle with respect to grade
surface. Vent paths considered in previous analyses (Cowley and Postma 1996)
are described and quantified in this section.

4.1.1 Exhaust Stack on Actively Ventilated Tanks

DSTs, DCRTs, and a fraction of SSTs are connected to active ventilation
systems. Steel ducting connects tank headspaces to HEPA filter banks, thence
to an exhaust fan, and finally to a vertically oriented exhaust stack. Tank
ventilation exhaust stacks are typically in the neighborhood of 16 in.

{0.41 m) in diameter and 10 to 12 feet (3.1 to 3.7 m} in height. Headspace
gases and debris released from a ruptured HEPA would enter the atmosphere as a
vertically directed circular jet. This vent path configuration is illustrated
as Type 1 in Figure 4-1. Note that while materials released from ruptured
HEPAs would exit through this stack, headspace gases could escape through
other paths as well. Other potential Teak paths are described as follows.

4,1.2 Open Riser in Uncovered Pit

Most SSTs and DSTs have pump pits in which tank riser pipes terminate.
The pits are normally covered by means of concrete cover block or by steel
plates. The risers, which are located beneath the pit covers, may be covered
by unbolted metal plates. Tank internal pressure of a relatively low
magnitude (a few psig or less) could 1ift an unbolted riser cover, and cause
the pit to be pressurized. Internal pressure in the pit could then 1ift the
pit cover, allowing headspace gases to escape to the atmosphere. If both
riser cover and pit cover were dislodged laterally, the riser could vent
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Figure 4-1. Schematic Drawings [1lustrating Four Waste Tank Vent
Geometries of Interest. (Epstein 1997)

\W m \ . v.".
T N \
ype 1.
Exhaust stack on NN AN
actively ventilated tank. Type 2.
Riser pipe in
uncovered pit.

Type 3. Type 4.
Levitated concrete cover Exhaust stack on
block with crack. passively ventilated tank.

MEJT4085 COR 4-17-97
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directly to the atmosphere. For this case, the vented gas would exit as a
vertically directed circular jet. This vent configuration is depicted
schematically as Type 2 in Figure 4-1.

This vent type differs from Type 1 in that the jet starts at grade Tevel
(or slightly below grade in the pit) and riser diameters could be as large as
42 in. (1.1 m) in diameter. The Type 1 vent (exhaust stack) 1s elevated and
smaller in diameter than the Type 2 vent.

4.1.3 Levitated Concrete Coverblocks

If pit covers were not displaced laterally to the extent that a riser was
uncovered, then vented gas would escape through gaps between the pit support
walls and pit covers. This vent configuration is depicted schematically in
Figure 4-1 as Type 3. The angle of the venting jet(s) could vary from
horizontal to vertical depending on how coverblocks 1ifted in response to
pressure in the pits. A single discharge opening is extremely unlikely
because 1ifted pit covers would expose gaps between adjacent cover blocks and
between cover blocks and pit walls. Gases would Tikely be discharged in
several directions through a number of rectangular openings having widths that
are small with respect to their Tengths.

4.1.4 Passive HEPA Vent

The vent pipe from the HEPA filter housing on passively ventilated tanks
is pointed downward to prevent rainwater intrusion. The discharge pipe is
typically 4 in. (0.1 m) in diameter and terminates roughly 4 feet (1.2 m)
above grade. Gases vented from this path would exit as a downwardly directed
circular jet. This vent configuration is illustrated schematically as Type 4
in Figure 4-1. The jet would impact the ground and then spread laterally as
it moved downwind.

4.1.5 0ther Vent Paths

In addition to the four vent paths described above, leakage could occur
from imperfectly sealed riser flanges and caps on equipment hatches. Also,
vented gases could enter the headspaces of tanks connected by cascade pipes or
by ventilation ducting. Neglect of leakage from the other possible paths is
expected to result in conservative estimates of downwind toxin concentrations.
Reasons for this judgment are as follows:

+ Gases vented to other tanks would not be expelled to the atmosphere
during the peak vent period, and

» Gas vented from small cracks (leaking gaskets, etc.) would be

diluted to a greater extent than calculated for the bounding case of
the four vent paths described in Sections 4.1.1 through 4.1.4.
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4.2 PREDICTED DILUTION OF SOURCE GAS AT 100 m

The degree to which vented gases are diluted by the time they reach the
receptor at 100 m downwind is important because it is the concentration of
toxins that is used to compute toxicological consequences. In this report the
degree of dilution is expressed as the onsite normalized concentration:

toxin concentration at 100 m downwind
toxin concentration in headspace air

where
N = normalized onsite concentration.

For N = 0.01, toxin concentrations at 100 m are 1% of the value at the
tank vent. The words "dilution factor" are also used in the following
discussion in place of "normalized onsite concentration”. Both terms refer to
the value of N as defined above.

4,2.1 Dilution Factors for Characterized Vents

Dilution of vented gases by atmospheric air between the vent and 100 m
downwind was quantified for the four vent configurations described in Section
4.1. The analysis is described in detail in Epstein 1997. Three cases of
initial conditions for each vent configuration were analyzed to illustrate how
initial conditions affect calculated dilution factors. Fach of the four vent
configurations shown in Figure 4-1 has a defined direction of discharge,
discharge height above grade, and discharge opening (area). The tanks are
grouped by these parameters rather than by DST, SST, or DCRT, for this
analysis. The poolfire spreadsheet was examined and a representative range of
temperatures and pressures was selected from the tanks that have a given vent
configuration (vent configuration can be determined from column G of the
spreadsheet). The different temperature/pressure combinations are designated
a, b, and ¢. For some configurations there is little or no variation in the
temperatures and pressures. The selected temperatures and pressures are
entered in Table 4-1. The angle of jet discharge for levitated concrete
coverblocks was varied from horizontal to vertical to cover the possible
range. Initial conditions for the twelve vent cases analyzed are listed in
Table 4-1.
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The data of Table 4-1 are described as follows. The left column
identifies the case descriptor. Case number refers back to Figure 4-1. £
is the height of the nozzle above ground Tevel. u, ts the initial jet
velocity. T, is the temperature of vented gases. 6, is the angle of the jet
with respect to horizontal: =/2 is a vertically oriented jet and 0.0 is a
horizontally oriented jet. A, is the cross sectional area of the jet. W, is
the half-length of the slot-type jet. For example for Case 3A, the slot is
6 inches wide by 10 feet long (0.152 m by 3.05 m).

cl,0

Dilution of source gas by atmospheric air was computed as a function of
distance downwind by solving the continuity, momentum, and energy equations
for a gas jet discharged into a 1 m/s crosswind. Entrainment of surrounding
air into the jet was quantified by means of empirical correlations for
entrainment velocity. A description of technical details is given by Epstein
1997. Results of the dilution calculations at 100 m are summarized in
Table 4-2.

Table 4-1. Initial Conditions for the Numerical Catculations.’

Vent*TypE_& - ZELU'53;  Uy Th T -46¢j"j_hh”55ﬁﬂ* e -
o tase | my 4 omshy | (K) | (radians) | () | (m)
1A 3.3 90.0 755.0  |n/2 0.13 -

1B 3.3 3.7 310.0 n/? 0.13 -

1C 3.3 45.0 530.0 /2 0.13 -

2 0.0 90.0 505.0 m/? 0.894 -

2B 0.0 15.0 505.0 /2 0.894 -

2C 0.0 15.0 310.0 n/? 0.073 -

3A 0.61 120.0 505.0 0.0 0.465 0.152
3B 0.61 120.0 505.0 nj? 0.465 0.152
3C 0.61 120.0 505.0 0.0 7.74 X 10°  [0.152
4A 1.22 180.0 755.0 —n/? 8.11 X 10 |-

4B 1.22 90.0 505.0 Y 8.11 X 107 |-

4C 1.22 30.0 310.0 /2 8.11 x 107 |-

1Epsteim (1997)
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Table 4-2. Predicted Plume Height and Norma]i%ed Concentration at 100 m
Downwind from Source.

_ Height of
i PRSI R Lower Plume
o Discharge |~ Vent | - Boundary

©.Case. | Direction .} -Geometry . | - (m)
1A Upward Circular 32.0
1B Upward Circular 8.4
1C Upward Circular 25.0
2A Upward Circular 45.0 .9
2B Upward Circular 28.4 1.5 x 107°
2C Upward Circular 6.6 2.4 x 107
3A Horizontal STit 0.0 1.8 x 10°°
3B Upward S1it 26.0 2 x 107
3C Horizontal S1it 0.0 8.7 x 107
4A Downward Circular 0.0 2.6 x 107
4B Downward Circular 0.0 3.9 x 107
4C Downward Circular 0.0 5.2 x 107°

.
Epstein (1997)

Key results of the plume dispersion calculation are presented in the two
right-most columns of Table 4-2. The height of the Tower boundary of the
plume at 100 m downwind is indicated to be well above breathing height for all
vertically directed jets. Only the horizontal and downward directed jets are
predicted to expose people at the 100 m distance.

Normalized concentrations at 100 m vary from 1.8E-2 for the widest
horizontal slit considered (Case 3A) to 8E-4 for the highest velocity
vertically directed jet considered (Case 1A). The largest normalized
concentration, 1.8E-2, is small compared to the largest normalized
concentration, 0.61, used in the eariier analysis of toxicological
consequences (Cowley and Postma 1996). A reanalysis using the normalized
concentrations of Table 4-2 will clearly result in lTower calculated
toxicological consequences at the onsite Tocation.

4.2.2 Dilution Factors for Analyzed Pool Fire Cases

Onsite normalized concentrations that are applicable to specific pool
fire cases are quantified in this section. This is done by matching
postulated vent configurations for each of the previousiy analyzed cases
(Cowley and Postma 1996) with the results of dilution predictions listed in
Table 4-2. Dilution factors so determined will be used to re-catculate consite
consequences. This step maps the dilution factors for the different vent
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configurations back into the poolifire cases that are based on tank type (SSTs,
DSTs, and DCRTs) and fire type (pool, puddle, or entrained). This will bhe
done by modifying the spreadsheet of Cowley and Postma 1996. Details that
characterize each pool fire case are listed in the revised spreadsheet

{Table 5-1) presented in Section 5.3 of this report.

Case a. SST Puddle Fire, Passive HEPA Vent

For this case the postulated vent path is the passive HEPA vent pipe.
Peak pressure for this case (Cowley and Postma 1996) is 3.1 psig (21.4 kPa),
which is high enough to expel gas from the vent at velocities of hundreds of
feet per second. Case 4A of Table 4-2 has vent characteristics that closely
resemble those for this case, so a normalized concentration of 2.6E-3 is
applicable. This value is shown in cell P3 of Table 5-1.

Case b. SST Puddle Fire, Passive HEPA + Flapper Vent

This case differs from Case a because venting is postulated to occur from
a pump pit as well as from the HEPA filter vent pipe. [t is assumed that an
unbolted riser cover in a pump pit is lifted by tank pressure. Pressure in
the pit is postulated to Tift pit cover blocks, allowing venting from the pit.
Internal tank pressure for this case is just enough to 1ift cover blocks to
expose a small leak path. Dominant leak paths would be the HEPA vent pipe and
cracks between pit cover blocks and between cover block and the pit support
wall. The vent with the highest normalized concentration (the most
conservative) for those potential vent configurations is Case 3C in Table 4-2.
The normalized concentration for this case, 8.7E-3 is selected as a
conservative bound. This value is shown in cell P4 of Table 5-1.

Case €. SST Puddle Fire, Actively Ventilated

For this hypothetical case, a passive HEPA vent was assumed tc be present
on an actively ventilated tank. The passive vent was assumed to control
venting during the pressurized portion of the fire cycle, and the active vent
was assumed to purge tank headspace air after fire extinguishment. This
unlikely arrangement is conservate from a radioclogical standpoint (it
maximizes radiological releases), and is considered here as a hypothetical
case. Since the HEPA vent has a higher normalized concentration than the
exhaust stack associated with an active ventilation system (see Table 4-2),
the HEPA vent is selected as bounding for this case. An onsite normalized
concentration os 2.6E-3 is used to analyze this case, as indicated by the
numerical value in Cell P5 of Table 5-1.

Case d. SST Puddle Fire, Actively Ventilated
Tank vents for this case are identical to those for Case ¢ discussed

above. Therefore the same dilution factor applies. An N value of 2.6E-3 is
entered for this case in Cell P6 of Table 5-1.
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Case e. SST Large Pool Fire, Passive HEPA Vent

This case was postulated to yield bounding tank pressurization and
therefore is based on a large solvent pool combined with a minimal vent. High
velocity gases would be expelled from the HEPA vent pipe. By reference to
Table 4-2, Case 4A claosely resembles this vent configuration. An onsite
normalized concentration of 2.6E-3 is appropriate for this case, and this
value is entered into Cell P7 of Table 5-1.

Case f. SST Large Pool Fire, Passive HEPA + Fiapper Vent

This case was postulated to yield bounding vacuum on cooldown after fire
extinguishment. The assumed flapper valve is a riser with an unbolted cover
plate that 1ifts during pressurization, and then falls back into place over
the riser during cooldown. For this case gases would vent from rectangular
openings associated with levitated pit cover blocks and from the HEPA vent
pipe. Multiple vent paths from levitated cover blocks, with various discharge
angles would be expected for this case. The maximum crack width that could
expel gases horizontally is assumed to be at most a few inches, so a bounding
dilution factor would be intermediate between those for Cases 3A and 3C of
Table 4-2. An average value for these two cases, (1.8t-2 + 8.7E-3)/2 =
1.3E-2. is judged to be appropriately conservative for this case. This value,
1.3e-2, is entered in Cell P8 of Table 5-1.

Case g. SST Large Pool Fire, Actively Ventilated

This case differs from Case ¢ only in the postulated pool area. Vent
configurations are identical to those of Case ¢, so the same dilution factor
is appropriate. An N value of 2.6E-3 is selected and entered in Cell P9 of
Table 5-1.

Case h. SST Large Pool Fire, Passive HEPA + Flapper Vent

This case was designed to yield bounding toxicological consequences for
SST pool fires. Vents are the same as for Case f, so the dilution factor
identified for Case f, 1.3E-2, applies for this case. This value is entered
into Cell P10 of Table 5-1.

Case i. DST Large Pool Fire, Sealed Tank

Parameters for this hypothetical case were selected to yield bounding
estimates of tank pressurization. Since the bounding vent for this case is a
sealed tank, no venting is calculated. Dilution factors are not meaningful
for this case and zero is entered in Cell P11 of Table 5-1.
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Case j. DST Large Pool Fire, Passive HEPA + Flapper Vent

Parameters for this case were selected to yield bounding estimates of
tank vacuum after fire extinguishment. The flapper vent would allow air to
escape from levitated pit cover blocks. Cover block venting is assumed to be
identical to Case f, so the same dilution factor, 1.3E-2, is appropriate.
This value is entered into Cell P12 of Table 5-1.

Case k. DST Puddle Fire, Actively Ventilated

For this case the vent path is assumed to be the active ventilation
system which terminates in a vertical stack. Case 1B of Table 4-2 has the
largest normalized concentration at 100 m and the lowest plume height at
100 m. A bounding dilution factor of 2.0E-3, the value for Case 1B of
Table 4-2, is selected and entered inte Cell P13 of Table 5-1. It is
recognized that a realistic analysis would find no exposure to the onsite
receptor because the plume boundary is well above breathing level for a person
on the ground at 100 m. The value used herein will clearly result in
conservative toxicological predictions for this case.

Case 1. DST Large Pool Fire, Actively Ventilated + Flapper Vent

A large riser in a pit is postulated to open and discharge headspace air
from levitated pit cover blocks. Pit venting for this case is identical to
that for Case f, for which an N value of 1.3E-2 was applicable. This value is
selected and entered into Cell P14 of Table 5-1.

Case m. DCRT Large Pool Fire, Sealed Tank

This hypothetical no-vent case was designed to yield a bounding tank
pressure estimate. Since no venting occurs, a dilution factor is not
meaningful, and a zero is entered into Cell P15 of Table 5-1 for this case.

Cases n, o, p. DCRT Large Pool fire, Vent Pipe

The vent path for DCRTs is via a 4 inch (0.1m) diameter steel pipe into
an active ventilation system. The active ventilation system discharges to the
atmosphere through a vertical stack. For vertically directed, elevated vents,
Case 1B of Table 4-2 yields the highest normalized concentration at 100 m. An
N value of 2.FE-3 is selected for these cases and this value is entered into
cells P16, P17 and P18 of Table 5-1. It is recognized that a realistic
analysis of onsite toxicological consequences would find negligible
consequences because the plume boundary is well above breathing level for a
person on the ground. The N value used herein will clearly result in
conservative toxicological predictions for these cases.
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Case q. SST Entrained Fire, Passive HEPA Vent

The vent for this case is the downwardly directed jet from the passive
HEPA outlet. This vent is identical to that of Case a, for which an N value
of 2.6E-3 was applicable. This same value is entered in Cell P19 of Table 5-1
for this case.

Case r. SST Entrained Fire, Passive HEPA + Flapper Vent

Vent paths for this case are identical to those for Case b, for which an
N value of 8.7E-3 was applicable. This same value is entered into cell P20 of
Table 5-1 for this case.

Case s. 55 kgal SST Large Pool Fire, Passive HEPA Vent

The passive HEPA vent on the 55 kgal SSTs is assumed to be identical to
HEPA vents on the standard 75-ft diameter SSTs. Therefore, this case is
similar to Case a, for which an N value of 2.6E-3 is appropriate. This same
value is entered in Cell P21 of Table 5-1 for this case.

Case t. 55 kgal SST Large Pool Fire, Passive HEPA + Flapper Vent

This case differs from Case s in that riser cover plates and pit cover
blocks are assumed to 1ift when the tank is pressurized. Vent rates are
calculated to be comparatively slow for the 55 kgal SSTs, so only a narrow
slot would provide adequate vent capacity. The postulated vent configuration
is similar to Case 3c of Table 4-2. Therefore an N value of 8.7E-3 is
appropriate for this case and this value is entered into Cell P22 of
Table 5-1.

Case u. 55 kgal SST Puddle Fire, Passive HEPA Vent

The vent for this case is the passive HEPA vent pipe. Vent parameters
for this case are similar to those for Case a, for which an appropriate value
of N is 2.6E-3. This same value is entered into Cell P23 of Table 5-1 for
this case.

5.0 RECALCULATION OF TOXICOLOGICAL CONSEQUENCES

This section describes the technical basis for changes made to
spreadsheet formulae to re-compute onsite toxicological consequences for the
21 solvent fire cases analyzed.
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5.1 GASEOUS RELEASES

Toxicological consequences are gauged by comparing airborne toxin
concentrations at 100 m downwind to guideline concentrations. For each toxin
present, a fraction of the 1imit is computed:

C,
g (1)
where
Fi = fraction of guidelines for i-th toxin,
C, = concentration of i-th toxin in air, mg/m3,
G, = risk guideline concentration for i-th toxin, mg/m3.

The overall toxicological consequence is then computed as the sum of
individual fractions:

S = F. (2)

where

S
n

sum of fractions,
number of toxins in vented air.

Toxicological consequences fall within guidelines if S is unity or
smaller.

The reanalysis performed herein involves the re-computation of toxin
concentrations, C, values, at the 100 m distance downwind. Guideline

concentrations, G. values, remain the same as used by Cowley and Postma 1996.
The onsite toxin concentration was computed from the defining equation for N:

C, = Gy x N (3)
where

C; = concentration of i-th toxin at 100 m, mg/m3,

0i = concentration of i-th toxin at tank vent, mg/m’,

N = normalized concentration at 100 m.

C,; was computed earlier by Cowley and Postma (1996) and the same values
were used herein. N, the normalized concentration for gaseous releases were
quantified in Section 4.2 of this report on the basis of Epstein's jet
diffusion analysis (Epstein 1997}).
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Equation (3) replaces the atmospheric equation used previously by Cowley
and Postma (1996). The equation used previously was one recommended by Van
Keuren (1995) for FSAR evaluations of toxicological consequences for gaseous
releases. The previously used equation, which is now replaced by
Equation (3}, is:

X
C, = d v oCV (4)
1 v« X
Q
where
% = atmospheric dispersion factor, s/mﬂ
v = gas vent rate, m3/s.

The atmospheric dispersion factor, x/Q, was assigned a numerical value of
0.0341 s/m3 in the previous analysis (Cowley and Postma 1996). This
dispersion formula predicts that dilution of vented gases becomes minimal when
vent rate becomes large. For the highest vent rate case (Case j) reported by
Cowley and Postma (1996), V has a value of 46.2 m3/s, and the toxin
concentration at 100 m is predicted to be 61.2% of the concentration at the
source. For the case with the lowest vent flow rate (Case a), V has a value
of 0.443 m°/s, and the toxin concentration at 100 m is predicted to be 1.49%
of the concentration at the source. The latter value (0.0149) is not too far
different than some of the N values based on Epstein's analysis (Epstein 1997)
(Section 4.2.2 values) but the value for the high vent rate case (0.612) is
unrealistically large and causes toxicological consequence to be significantly
overpredicted.

5.2 RELEASE OF COMPOSITE MATERIALS

Stored waste is a complex mixture of chemical species. The toxicological
potency of various wastes have been assessed by assigning sum of fraction
multipliers that treat the wastes as composites (Van Keuren et al. 1995). Sum
of fraction multipliers used by Cowley and Postma (1996) need to be
recalculated to account for realistic dilution of toxins between the tank vent
and the 100 m downwind distance. The following discussion describes how sum
of fraction multipliers of Van Keuren et al. (1995) were adjusted for use
herein.
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For a specific composite material, the toxicological impact is computed
as a sum of fractions:

5. = RM (5)
where

S, = sum of fraction for composite,

R. = release rate of composite, L/s,

M. = multiplier for composite, s/L.

Cowley and Postma (1996) used M. values published by Van Keuren, et al.
(1995) to compute toxicological impacts of waste releases attributable to
solvent pool fires. The release rate multiplier for a single chemical species
was quantified by Van Keuren, et al. (1995) on the basis of the following
atmospheric dispersion formula:

_ X
c, = R 0 (6)
where
C, = airborne concentration of i-th toxin at 100 m downwind, L/m’,
R; = release rate of i-th toxin, L/s,
%A = atmospheric dispersion factor, s/m,

The toxicological sum of fractions for a composite material is calculated
by adding the fractions for each chemical specie. Combining Equations (1),
(2), and (6) the sum may be expressed as follows.

. , R X
i=n i=n i i=n
S S R 7
‘ 1=1 Gi i=1 Gi Q i=1 Gi
where
S. = sum of fractions for composite,
G. = guideline concentration for i-th toxin, L/m3.
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The total release of a composite is the sum of the parts; for a total
composite release rate of R, Equation (7) may be written as:

= RY. i=n Y.
s, = Ay =1 - p A4 i (8)
Qi=1 G{ Q1:1 Gi
where
R. = total composite release rate, L/s,
Y, = volume fraction of i-th toxin in composite.

Equations (5) and (8) both define the sum of fractions for composite
materials, and provide a basis for defining the sum of fractions multiplier,
M_, of Equation (5). Dividing Equation (5) by (8) and then solving for M_,
the result is:

’ (9)

M= _
c Gi

1

o>

i=n Y.
=1

Equation (9) quantifies the sum of fractions multiplier based on the
atmospheric dispersion formula, Equation (6). This is the formula used by Van
Keuren, et al. (1995) to develop the M_ values used by Cowley and Postma
(1996) to calculate toxicological consequences of solvent fires. Since
atmospheric dispersion is a factor in M_, and since the present analysis uses
a different atmospheric dilution model, M_ must be recalculated to reflect the
atmospheric dilution factors used herein.

Combining Equations (3), (1), and (2), the composite sum of fractions may
be written as:

3
]
s
]
*
=
3

. .
s -y O o S NY (10)
[ “ Gi § G. oc G

I}
—

i
where

airborne concentration of i-th toxin at source, L/m3,
airborne concentration of composite at source, L/m",
volume fraction of i-th toxin in composite,
normalized concentration at 100 m.

oi

oc

=2 <5

B-20



HNF-4240 Rev.01 8/20/2020 - 1:47 PM 232 of 680

HNF-4240 Rev. 1

If Equation (10) is multiplied and divided by gas volumetric rate, V, an
equation comparable to Equation {9} can be obtained.

Ny i=n Y.
- = R, L (11)
G, i1 G

v
I
o
=

| =

<| =

[ oc

-

i=

This formulation for the sum of fractions due to composites is based on the
atmospheric diluticn formula used in the reanalysis, Equation (3). The sum of
fractions multiplier implicit in Equation (11} is definable by comparing
Equations (11) and (5-5). M_ is found to be:

Moo= Nyl (12)

This equation defines a sum of fractions multipiier for composites that
accommodates the new atmospheric dilution analysis. The ratio of new tc old
M. values can be found by dividing Equation (12) by (9). The resulting ratio
is:

(13)

where

multiplier based on Equation (3) dilution,
multiplier based on Equation (6) dilution,
onsite normalized concentration,

gas vent rate, m3/s,

atmospheric dispersion factor, s/m’,

c?2
ct

==

O ===

This equation provides a basis for recalculating toxicological
consequences of composite material releases to account for more realistic
atmospheric dilution between the tank and 100 m downwind. Application of this
equation does not change guideline concentrations; the only change is in
predicted airborne toxin concentrations at the 100 m mark. Means for applying
this equation to the composite materials released in postulated pool fires are
detaiied in the following report section.
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5.2.1 Rupture of HEPA Filter on Passively Ventilated Tanks

The appltication of Equation (13) requires that values of N and V be
quantified for each release of composite chemical toxins. The value of N, the
normalized onsite concentration, is 2.6E-3 as discussed for Case a of Section
4.2.2. The applicable gas vent rate, V, was estimated on the basis of a
pressure drop of 1 psi across the HEPA vent line. It is reasoned that this
pressure drop will yield a minimum flow rate associated with HEPA rupture
because smaller pressure drops would not cause HEPA rupture. Use of a lower
bound for V is conservative with respect to consequences because V is a
denominator factor in Equation (13); higher values of V lead to tower
predicted conseguences. Based on an equivalent orifice_diameter of 3.75 in.
(0.1 m) (Cowley and Postma 1996), a flow rate of 0.475 m/s is computed. The
ratio expressed in Equation (13) is quantified as:

Mo _ 2.6E-3 - 0161

0.475 % 0.0341

cl

The value of x/( used above, 0.034] s/m3, is the value used to evaluate
onsite HEPA rupture consequences in the previous analysis (Cowley and Postma
1996). Toxicological conseguences of rupturing HEPA filters installed on
passively ventilated SSTs was quantified by multiplying the sum of fractions
given in Cowley and Postma (1996) by 0.161. This done in Columns BJ and DL of
the spreadsheet (see Table 5-1) of Section 5.3.

5.2.2 Rupture of HEPA Filters on Actively Ventilated SSTs

Materials discharged by the rupture of HEPA filters on actively
ventilated SSTs would exit from the ventilation exhaust stack. The applicable
value of N for stack discharge, as discussed for Case k of Section 4.2.2 is
2.0E-3. A gas vent rate corresponding to a pressure drop of 1 psi (6.9 kPa)
across the ventilation duct was projected as the minimum that could be
associated with HEPA filter rupture. Based on an equivalent orifice diameter
of 9.2 in. (0.23 m)