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1.0 SUMMARY AND CONCLUSIONS

This report provides the basis for closing the organic solvent safety
issue. Sufficient information is 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. 0A. (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 depends on the use of controls for preventing vehicle fuel
fires and for limiting the use of flame cutting in areas where hot metal can
fall on the waste surface. The required controls are given in the Tank Waste
Remediation System Technical Safety Requirements (Noorani 1997b). This is

a significant change from the conclusions presented in Revision 0 of this
report. Revision 0 of this calcnote concluded that some organic solvent fire
scenarios exceeded risk evaluation guidelines, even with controls imposed.

The conclusions in this report (Revision 1) differ from Revision 0
because the following additional evaluations were performed.

® Revision 0 did not inciude a jet mixing model; Revision 1 does.
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 toxins in the gas stream exiting the tank.
Toxicological consequences are based on the peak concentration of
toxins during the release. Therefore the mixing will effect 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 consequences because
radiological consequences are based on the total mass of material
released from the tank, not the concentration. The jet mixing model
effects the release concentrations but not the total mass.

® Revision 0 did not include an aerosol depletion model: Revision 1
does. The model is applied to the calculation of radiological
consequences. but not to the calculation of toxicological
consequences. Appendix C presents the results of an analysis of
aerosol retention in waste tanks under postulated solvent pool fire
conditions. Aerosol retention within a tank 1s 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 depletion model could also be applied to

1-1



HNF-4240 Rev. 0

calculation of toxicological consequences. However it 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 (Revision 1) contains the technical basis for updating the
Tank Waste Remediation System (TWRS) safety analysis for organic solvent fires
$n$]supports closure of the organic solvent safety issue. It includes the
ollowing:

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

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

e 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 (Revision 1) 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
undergone chemical degradation to form organic species that would not be
present as a separable, 1iquid phase. However, tank 241-C-103 is known to
have an organic solvent layer fioating 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 liquid
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 probability accidents.
Potential ignition sources are few and include low frequency incidents of
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1ightning strikes. vehicle fuel spill/ignition accidehts. 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 radiological 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 analyzed 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 toxicological exposures. The accidents were evaluated assuming
no controls were applied (unmitigated). Controls to prevent the accident were
then evaluated to produce mitigated cases. Finally the bounding consequences
were compared to risk evaluation guidelines by assigning both the unmitigated
and mitigated 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 solivents.

Accident Scenarios

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

e 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 ft?). A pool may exist in DCRTs. DSTs. or SSTs.

e 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.

® 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 provide
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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 across a Targe area and produce a high
pressure in the tank and a puddle whose rate of fuel consumption results in
negligibie 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:

e Maximum tank pressure

e Maximum tank vacuum

e Maximum radiological release
e Maximum toxicological impact.

Each result was calculated for the different combinations of solvent fire
type (pool. puddie, and wick-stabilized), tank type (SST, DST. DCRT), and type
of ventilation system (active or passive). Twenty-two scenarios were
calculated to evaluate different potential combinations and to establish the
worst-case scenarios. Section 9.0 provides calculations for all 22 models.

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 larger
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 is
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 oOpenings 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
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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 filter and prevent a major release
to the atmosphere. Note that consequence calculations conservatively assume
that all material is released via unfiltered vent paths.

Seven scenarios bound the potential worst case consequences and are
1isted below. The letter designator is taken from the spreadsheet used to
calcu]atg 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 radioactive material being exhausted from the
tank even after the fire has extinguished itself. Actively
ventilated SSTs are found in Tank Farms 241-SX and 241-C.

In this and all pool scenarios, a pool is assumed to be 210 m?
(2,260 ft?), which means the flame spread area is not Timited 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 result 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 modeied 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.

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 ¢cm (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 will
produce the largest toxicological consequence.

Case L represents the bounding radiological and toxicological
accident for a DST fire. Case L 1s a large poo] fire. In this
scenario, a pool of solvent (210 m® [2.260 ft2]) 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 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.

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.
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4. Case O represents the bounding radiological 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 ‘
rad101091ca1 consequences for a DCRT fire. A pool of solvent (34 m?

(366 ft<]) burns on top of the waste surface. Thirty-four square
Bgéers (366 ft?) is equal to the maximum waste surface area in the

In this scenario, the DCRT does not structurally fail 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. A]though the vault ventilation
system has a duct to the DCRTs, there is 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
bu;n until the oxygen is depleted comsuming 2.12 kg (4.67 1b) of
solvent.

5. 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 wou1d slowly increase and .
eventually cover approximately 40 m? (431 ft°).

For a solvent 11qu1d level equal to the solids level in the tank,
the flame propagation rate would be approximately 0.1 cm/s. Where
a solvent liquid level occurs above the solids level, a pool or
puddie fire would occur: this is addressed later. If the Tiquid
level was below the solids level, ignition would not occur.

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. 1ittle difference exists between the cases evaluated
for active and passive ventilation systems. The case using a
powered ventilation system (241-SX or 241-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.

lThe 244-U DCRT does have an air inlet on the tank. No radioactive material has been transferred
through this DCRT. The 244-U DCRT will require additional information on ventilation flows to complete
calculations for it. 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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This fire is bounded. in terms of conseguences. by the pool fire.
Because it is more likely to occur. it must meet different
radiological risk guidelines.

6. Case R represents the bounding toxicological accident for SST
wick-stabilized fires. Case R is similar to case Q except the vent
path is modeled as a 9.5 c¢cm (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.

7. Case V represents the bounding radiological and toxicological
accidents for DST wick-stabilized fires. Only one 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
large enough to 1imit 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 1bs) of solvent.

The 1ikelihood of igniting a DST wick-stabilized fire is assumed to
be the same as the likelihood of igniting an SST wick-stabilized
fire.

The DST wick-stabilized fire is bounded by case Q, the SST wick-
stabilized fire for radiological consequences., and by case R, SST
wick-stabilized fire for toxicological consequences. The likelihood
of a wick-stabilized fire occurring in a DST is also bounded by the
likelihood of occurrence in an SST.

Accident Frequencies

The frequencies with which large 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 frequency category so that accident consequences
can be compared to risk evaluation guidelines.

The evaluation concluded that all solvent pools (floating layers. large
pools. small pools, and puddles) require a very robust 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.

1-7



'HNF-4240 Rev. 0

Wick-stabilized fires can be ignited with smalier 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 q

a per-tank basis. where a combustible solvent configuration is contawned in

the tank, the unm1t1gated frequency of ignition for pool fires is “"extremely

unlikely" (1 x 10 to 1 x 107 events per year). and the 1gn1t1on frequency

for wick-stabilized fires is "unlikely” (1 x 1072 to 1 x 10°* events per year).

The number of tanks containing a combustible solvent configuration is
unknown. Only 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 81 SSTs, 28 DSTs. and 6 DCRTs. This is explained in more
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
onf1gurat1on the unm1twgated acc1dent frequency category for pool fires
becomes “"unlikely" (1 x 107% to 1 x 10™* events per year) and the unm1t1gated
frequency category for wick-stabilized fires becomes “"anticipated” (1 x 107"
to 1 x 107 events per year)..

Comparison to Risk Evaluation Guidelines

Tables 1-1 and 1-2 show the radiological and toxicological consequences .
for unmitigated (without controls) and mitigated (with controls) scenarios
respectively. In the unmitigated case, the risk posed by the solvent in tank
241-C-103 is significantly below guidelines. The risk from solvent pools is
within guidelines. but the risk .from wick-stabilized fires exceeds
toxicological guidelines if conservative assumptions are made regarding the
number of tanks that might contain such a combustible configuration.
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Table 1-1. Summary of Consequences and Frequencies of

Organic Solvent Fires Without Controls (Unmitigated).

o . Radiologicat Yoxicologi . fréduenc
Accident S Sy (rem s SOF ‘ui?}:outy
Case l{wrb;r . Onsite o o} ' controls
Calculated ‘| . Risk -}
g : i deses | guidaline f
Pool fire in 1.55 E-02 1.0 E-01 extremely
241-C-103 1.5%) (10) (1.36 E-03) (4.0) unl ikely
G, SST (large pool 1.55 E-02 5.0 E-02 1.36 €-05 5.0 £-03 -- -- -- -- unlikely
fire) (1.55) (5.0) (1.36 E-03) (0.5)
H, SST (large pool -- -- -- -- 0.94 1 0.35 1 unlikely
fire) , (ERPG-2) (ERPG-1)
L, DST 6.34 E-03 5.0E-02 5.46 E-06 5.0€-03 0.99 1 0.38 1 unlikely
(6.34€-01) (5.0) (5.44 E-04) (0.5) (ERPG-2) (ERPG-1)
0, DCRT 2.34 E-04 5.0 E-02 1.97 €-07 5.0 E-03 0.30 1 0.07 1 untikely
(2.34 E-02) 5.0 €1.97 E-05) (0.5) (ERPG-2) (ERPG-1)
Q, Wick-stabilized 1.29 €-02 5.0 £-03 1.13 €-05 1.0 €-03 -- -- -- -- anticipated
(1.29) €0.5) (1.13 E-03) 0.1)
R, Wick-stabilized -- -- -- -- 3.64 1 1 anticipated
(ERPG-1) 0.02 (PEL-TWA)

Notes:
DCRT
DST
ERPG
PEL-TWA
rem
SOF
SST
Sv

double-contained receiver tank

double-shell tank

emergency response planning guideline
permissible exposure lLimits-time weighted average
radiation equivalent man

sum of fractions

single-shell tank

Sieverts

A9y Obey- ANH
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Table 1-2. Summary of Consequences and Frequenciés of

Organic Solvent Fires with Controls (Mitigated).

<~A::~ff§§9§aent.u

| Case Number. . f——

- Ffeqﬁéﬂcy

1 Uith controts

Pool fires in SSTs,

e the frequency, but

unlikely

DSTs and DCRTs the reduction in the lightning initiator frequency is unquantified. The unmitigated and mitigated pool fire
frequency is dominated by the lightning initiator, therefore, the mitigated frequency category is the same as
the unmitigated category. The consequences for mitigated pool fire scenarios are the same as for unmitigated
scenarios. Therefore the results in Table 1-1 are applicable to the mitigated scenarios as wetl.
Q, Wick-stabilized 1.29 €-02 5.0 €-02 1.13 E-05 5.0 E-03 -- 1 -- 1 unlikely
(1.29) (5.0) (1.13 E-03) (0.5) (ERPG-1) (PEL-TWA)
R, Wick-stabilized - -- -- -- 1 8.76 E-3 1 unlikely
0.63 (ERPG-1) (PEL-TWA)

Notes:
DCRT
DST
ERPG
PEL-TWA
rem
SOF
SST
Sv

double-contained receiver tank

double-shell tank

emergency response planning guideline

permissible exposure Limits-time weighted average
radiation equivalent man

sum of fractions

single-shell tank

Sieverts

0 A3y Ovey-INH
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Controls can eliminate all ignition sources except lightning. Although
1ightning-related controls have been identified. are included in TSRs. and do
reduce the frequency of this ignition scenario. their ability to prevent
ignition of organic solvents or otherwise mitigate the scenario is
unquantifiable. Therefore. the freguency of the lightning scenario with
controls is conservatively assumed to be represented by the scenario without
controls. Even with this conservative assumption and a bounding estimate
regarding the number of tanks that could contain a combustible solvent
configuration. both radiological and toxicological risks are calculated to be
below guidelines. This conclusion is very robust in that low risk is
predicted even given very conservative assumptions. Therefore. the actual
risk, which is less than these conservative estimates. is certainly well below
guidelines.

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 Revision 0
to below risk guidelines. The key improvements that support this change in
conclusion are the incorporation of turbulent jet mixing and aerosol depletion
models to predict accident consequences. 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-Tevel nuclear waste due to uncontroliled 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-C-103 is
significantly below guidelines. The configuration of the organic solvent in
tank 241-C-103 is known to a large pool. -

The risk posed by the solvent that is known to exist in tank 241-C-102 1s
also significantly below guidelines. The solvent is present either in the
form of puddles or entrained in the waste. Both of these forms result in low
energy events.

1.3.2 General Conclusions

1. Without controls the risk from solvent pools is within guidelines,
but the risk from wick-stabilized fires may exceed both
toxicological and radiological guidelines if conservative
assumptions are made regarding the number of tanks that might
contain such a combustible configuration (see Section 7.2).
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Controls can eliminate all ignition sources except lightning.
Although lightning-related controls have been identified. are

included in tank safety requirements. and do reduce the frequency of .
this ignition scenario. acceptable conclusions regarding risk (DOE
risk evaluation guideslines) do not require the reduction in
frequency to be quantified (see Section 7.2).

With controls, both radiological and toxicological risks are
calculated to be below guidelines (see Table 1-2 and Section 9.0).
This conclusion is valid even with a bounding estimate regarding the
number of tanks that could contain a combustible solvent
configuration. This conclusion is very robust in that low risk is
predicted even given very conservative assumptions. Therefore the
actual risk, which is less than these conservative est1mates is
certainly well below guidelines.

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 criteria are described in
Appendix A. In Revision 0 of this report. identification of tanks
that posed an organic solvent risk was an important program element.
Consequence calculations in Revision 0 exceeded risk evaluation
guidelines for some cases. Therefore, it was important to identify
solvent tanks to help quantify risk. The revised consequence
calculations explained in this report (Revision 1) show that no risk
evaluation guidelines are exceeded even with a bounding assumption
regarding the number of tanks that may contain combustible solvent
configurations. Identification of specific tanks is now less
important. The screening methodology can be used by operations to
identify tanks that do not have separate phase organic solvents. If
a tank does not contain a separate phase organic solvent. then the
specific controls identified for this hazard are not required. The
screening criteria no longer play a direct role in the safety
analysis presented in this report.

The previous revision of this report 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 the previous revision of this report 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.
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/. The bounding cases for wick-stabilized fires in SSTs (cases Q and R)
. are also bounding for a wick-stabilized fire in a DST. This applies
both to consequences and the 1ikelihood 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). The primary goal of these processes was to extract and/or process
plutonium, Radioactive wastes from these processes are stored in underground
tanks in alkaline slurries (Anderson 1990).

_Each waste-generating process had a variety of waste streams (at least
49 different types have been identified). but the following broad categories
of waste can be established: 1) cladding (or coating) 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 cleanout of the systems (including N Reactor decontamination
waste), and 4) other miscellaneous 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).

2.1 APPROACH TO RESOLUTION OF THE ORGANIC SOLVENT SAFETY ISSUE

The approach 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 solvent 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
solvent pool area would have to be larger 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 adeguate 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. Revision 0
of this report showed radiological consequences within risk evaluation
guidelines because radiological 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.
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Although Revision 0 of this report 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 risk within the evaluation guidelines.

The effects of jet mixing and aerosol depletion (see Section 6.0) are
included in the radiological and toxicological consequence calculations (see
Section 9.0) in this report. The revised consequence calculations show that
the solvent fire hazard falls below risk evaluation guidelines when controls
ar$ applied. This is true even if all tanks were assumed to contain organic
solvent.

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 likely to exist in the waste tanks. A solvent fire hazard is
most likely to exist for tanks containing waste from process waste streams
1) that might have contained significant quantities 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.

Four Hanford Site chemical processes used potentially flammable organic
solvents: 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 (hexone). 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
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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 quantities of waste. The
large waste volume resulted in the implementation of several waste volume
reduction efforts. These efforts included scavenging soluble 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.

Table 2-1.  Boiling Points of Some Organic Compounds
in Tank Wastes.

e :ﬁ;,~'ﬁ§°£§§Name§ﬁf S _j,A:sg;Ank;A:‘wé"BOi}jng;?cintf°C?‘;£ivﬁz“:
Carbon tetrachloride 77
Methyl isobutyl ketone (hexone) 116
Butanol 117
i-Butyric acid® 153
Butyric acid® 165
Decane (n) 174
Dodecane (n) 216
Tridecane (n) 234
Tributyl phosphate 289°

Notes: . . .
‘To convert temperature from ©C to °F, multiply T.. 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 to 81 °C [177 to 178 °F1).
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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: "7Cs 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 complexing agents such as ethylenediaminetetraacetic 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
streamdand 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 sluicing the waste in the
tank and transferring it to tank 241-AY-102. Centrifugation of siudge samples
taken during 1996 resulted in the separation of a hitherto unencountered.
sludge-associated organic 0il that floated on the aqueous layer. All analyses
performed on the samples and the conclusions are documented in Chemical and
Chemically-Related Considerations Associated with Sluicing Tank Waste C-106 to
quk AY-102 (WHC 1996a). This organic material is referred to as "sludge
oil."

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 sodium 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 011" consists primarily of phosphate salts with only trace
amounts of TBP or NPH. The oil 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 react1v1ty within the conditions
found in tank 241-C-106. It is concluded that the "sludge 011 is not
relevant to the solvent fire analysis. ‘

2-4



HNF-4240 Rev. 0

STuicing 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
sluicing. 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 is oxygen
limited) or effect the consequences 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.

Most organic solvent consumed at PUREX can be tracked to six effluent
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
lost 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
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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 kgall). 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).

Miscellaneous organic waste included separable phase organwcs 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
orggnic were thought to cause percolation problems in the HLW condensate
cribs.

During later operations (after 1961), the OWW 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 solvent 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 1s insoluble in
dilute aqueous waste solutions. TBP is soluble. One mL dissolves in
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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 originai diluent was
Shel1? E-2342. Soltrol®-170 replaced Shell™ E-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 Solvents in Single-Shell Tanks. The
transfer records for the OWWs have been studied to determine where these
organics are expected to be located.

Based on a review of waste transfer records documented in Anderson
(1990). the following tanks apparently received OWW:

Table 2-2. Waste Transfers from Aﬁderson (1990) .

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

2Shell is a trademark of the Shell 0il Company, Houston, Texas.

3Soltrol is a trademark of the Phillips Chemical Company, Borger, Texas.
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NPH. (2 sheets)

| shenmE2a2

Table 2-3. Properties of Shell™ E-2342. Soltrol™-170. and

- Soltrol™-170

- Normal Paraffin
~ Hydrocarbon (NPH)

Period df uée

1955 to 9/1961

9/1961 to 2/1966

2/1966 to 1989

Density at 25 °C 10.801 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% Nil 0.2 wt% max as
1,2.3.4
tetrahydronaphthalene

|Naphthene content |About 80 vol% Nil -

Iodine number

<1.1 bromine
number

0.1 wt¥ max. olefins
as wt¥ 1-tetradecene

Solubility in
water

<0.004 g/L at 25 °C
and 50 °C

very slight

<0.005 g/L between
25 °C and 50 °C

Composition

About 80 vol% 5 and
6 carbon

bicyclic saturated
paraffin compounds

Mixture of
highly branched
aliphatic
hydrocarbons

Mixture of C10 to Cl4
straight chain
(normal) aliphatic
hydrocarbons

Notes:
max. = maximum -
min. = minimum

Physical properties for Shell™ E-2342 and Soltrol™-170 are from the Purex Technical Manual (General

Electric Company 1955).
from the Purex Technical Manual.

naphthenes given in Merck Index (1989).

Composition of Soltrot™-170 is from Walser (1966).
Composition for Shell™ E-2342 is based on the definition for

Properties of NPH are

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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from Brevick.

241-A-101 241-BX-110  1241-C-102 241-5-101 241-U-102
241-A-102 241-Bx-111  |241-C-104 241-5-102 241-U-103
241-A-103 241-BY-101  |241-C-107. 241-5-103 241-U-105
241-A-106 241-BY-102 )241-C-109 241-5-105 241-U-106
241-AX-101 241-BY-103 241-5-106 241-U-107
241-AX-102 241-BY-104 241-5-107 241-U-108
241-AX-103 241-BY-105 241-5-108 241-U-109
241-BY-106 241-5-109 241-U-111.
241-BY-108 241-S-110
241-BY-109 241-5-111
241-BY-110 241-5-112
241-BY-111 241-5X-101
241-BY-112 241-5X-102
: 241-5X-103
241-5X-104
241-5X-105
241-5X-106

2.2.4.3 Purex Process Waste Storage in Double-Shell Tanks. Al11 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 level 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 semivolatile organics would have been distilled or
steam stripped from the waste and disposed of with the condensate to cribs.
A portion 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 low volatility with a vapor pressure
of only 0.0006 mm Hg at 4 °C (25 °F). The vapor pressure increases
logarithmically 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 low volatility: the vapor pressure is Tower 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 m/min
(150 scfm] ventilation rate). In Babad (1996) it is also concluded that light
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 low 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). The discussion in this report
focuses on Hanford Site process solvents.

The study of the aging of solvent components began in 1993 and is less
advanced than studies on the aging of complexants. A literature review
(Camioni et al. 1996) was performed to gather information about aging
reactions. Table 2-3 summarizes the information pertinent to the aging of
organic solvents which is discussed in the following paragraphs.
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Hanford Site -

single-§hetl Tanks. "

nterred Fate of Constituent

- Name .| Chemical Formls | . (K9) 1 | em
Tributyt Cy;H,;P0; Sodium dibutyl phosphate |NaCgH,sPO, Partially converted to salt of
phosphate of dibutyl phosphate. monobutyl phosphate. Remaining
Remaining inventory present inventory probably present as
as immiscible phase floating solute because of high
on supernatant. solubility of sodium salt.
Sodium dibutyl phosphate ages |Butyl aleochol C.H,,0 Present as a precipitate if
rapidly under tank conditions calcium, aluminum or iron salts
are stable in caustic, but only
in near neutral conditions.
sodium Phosphate Na3Po, Saponification product of

tributyl phosphate with a very
high vapor pressure.

Normal paraffin [Mixture of Cy, 1.31E+06 |Major fraction of inventory Salts of long chain NaC,;H,,0; I1f formed, the sodium salt would
hydrocarbons through C), probably lost to evaporation. |carboxylic acids (e.g., be present as waxes or oils.
normal Limited conversion to salts sodium dodecanoate)
hydrocarbons of long chain carboxylic
acids.
Methyl isobutyl |CcH;,0 Unknown Essentially all solvent Salts of isobutyric acid |NaC:H.,0; Like acetic acid, isobutyric

ketone
(Hexone)

originally present lost to

evaporation. Limited
conversion to salts of

isobutyric and acetic acids.

[
4

(e.g., sodium
isobutyrate)

Ketones

C.M,00

acid would be present largely in
aqueous phase.

"A9Y OvZY-ANH
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2.3.1 Aging of Tributyl Phosphate

Viable thermal and radiolytic pathways exist for degrading TBP. Although .
TBP is only partly soluble in water. when contacted with alkaline solutions 1t
hydrolyzes to DBP. which is soluble and stable in alkaline solutions (Burger
1955). Rates for alkaline hydrolysis of TBP depend strongly 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 monobutylphosphoric
acid (Wilkinson and Williams 1961, Burger and McClanahan 1958, and Burr 1958).
Hydrogen and Cl1 through C4 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 radiolytic
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 M sodium hydroxide (converting to
sodium salts) by precipitating iron, 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 availabilities of metal ions such as caicium, aluminum, and
iron in the tanks. However, under the moderate to highly alkaline conditions
found in Hanford Site waste tanks, Tittle DBP will 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 0Q,.

NO,. and NO,” may ultimately produce oxidized products (Camaioni et al. f§96.
Meisel et Sﬁ. 1991 and 1993) but combining with other alkyl radicals could
lead to higher molecular weight hydrocarbons. .
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2.3.3 Aging of Hexone

Hexone, with activated C-H bonds located at tertiary and B-carbonyl
positions. will be amenable to air oxidation and attack by radiolysis
radicals. Plausible oxidation products are the salts of 1sobutyric and acetic
acids that would form by oxidative scission of wa-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 driver 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(0)R + H,0
CH, = C(0T)R + CHyCOR = CHyRC(0")CH,COR
2 CHRC(O)CH,COR + Ca*? = [CHRC(0)CH,CORT,Ca.

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

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).%

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 1s 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.

‘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 Northwest National Laboratory. 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.
alkaline 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
Mradl). The results showed hydrogen, nitrous oxide, nitrogen., and ammonia
produced while oxygen levels in the headspace fell to a steady-state level,
evsn t?ough 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
little 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 some 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 Tess 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, 1ike NPH, is not readily degraded by radiolysis. With its moderate
boiling point and chemical and radiolytic stability. kerosene shouid 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 liquid 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 %he‘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
quantities, as a separable phase in the waste tanks.

2.4.4 PUREX Process Solvents

The Targest 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 fiammable gases through three mechanisms:

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

e corrosion of the steel liner which produces hydrogen

® 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 1ittle 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 decribed in Appendix D and consists of the following:

e reviewing key phenomena that determ1ne headspace vapor
concentrations

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

® cevaluating 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 sigm’ﬁca'nce of solvent vapor with .
respect to headspace flammability are summarized as follows.

3.1.1.1 Vapor-Liquid Equilibria. Solvent vapors originate from solvent
1iquid. 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 11qu1d 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 liquid-air
interface into the bulk air volume. The rate of mass transfer depends
primarily on the following factors:

e geometry of transport path
e 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 10ss
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 liquid
in processes where mechanical energy is dissipated in a 1iquid. 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. Ca]cu]atwons were made for a base case
configuration (i.e.. a 1-m® [10.8- ft3]) solvent pool in a passively-ventilated
tank). The ventilation rate is 17 m*/hThe 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 67 °C (153 °F) for fresh
solvent. and approximately 94 °C (201 °F) for tank 241-C-103 solvent. It is
predicted that 100 percent of the LFL will be reached at temperatures of 94 °C
and 122 °C (201 °F and 252 °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 venilation.
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Table 3-1. Effect of Ventilation Rate on the Predicted: Contribution
of Solvent Vapor to Flammability For a 1-m? Pool and a

Headspace A1r Temperature of 30 °C.

1”“5°Vent11at70n: at )

" Predicted Percent of the LFL At.
“Headspace Air Temperature of 30 °C.

Fresh Solvent

Tank 241-C~ 103

g “Sotvent .
0 . 176 0.69
0.43 (atm. fluctuations alone) 3.64 0.52
1.84 (atm. fluctuations + 50 fts/h) 2.04 0.29
17.0 (10 ft>/min) 0.36 0.049
170.0 (100 ft>/min) 0.038 0.0046

Pool Area - The effects of pool area on headspace vapor concentration are

shown in Table 3-2.

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

?red1cted Per%ent of the LFL at

Fresh: Solvent:'.y

: dii'

4.62
20 2.94 0.42
10 2.13 0.30
1 0.36 0.05
0.1 0.04 0.005

. 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 nd).

air is predicted to be within three percent of the saturated.

For the 411-m? pool area. headspace

1.e. upper

1imit, concentration. The saturated concentrations for fresh and tank

241-C-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 hypothetical
leak-tight tank (ventilation rate = 0).

Temperature - The temperature at which 100 percent of the LFL is reached

corresponds to the flashpoint of a ligquid.

case, the methodo]ogy 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 in
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 so]vent pool (e.g.. >1 m?
[1?:3 ft?] area) or an even larger solvent lens deeper in the waste
solids.

2. The solvent air interface temperature is above about 67 °C (153 °F)
for fresh solvent or about 94 °C (200 °F) for evaporated PUREX
solvent like that contained in tank 241-C-103. Note that fresh
solvent is not realistic for tank wastes. and PUREX solvent may be
the most volatile solvent left in the tank farms. '

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 filammability is about 2 percent of the LFL.

Based on this evaluation and available headspace vapor sample data. 1t 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 possible 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 1s as follows.

® Aqueous supernatant is lost from the tank through a leak or pumping
process. and organic 1iquid 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 combustible.

® An energetic ignition source 1s 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 siudge or saltcake release enough thermal energy
to support a propagating reaction (i.e.. adequate fuel and sufficiently Tow
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 limits 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 compliexants
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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e 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 1ike sodium
acetate) turns into a reactive mixture that can support a
propagating reaction given an adequate ignition source

e 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 Soivent 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-like combustion reaction. The solvents and degradation
products tested with nitrates did not exhibit this transition.

Table 3-3 1ists 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 (TOC) 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 °F1).
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Table 3-3. Solvent-Nitrate Combustion Test Results.

S Propagating Reaction
s , - Test/Fuel . - = R -~ (Yes/No)
RSST - 10 wt% TOC TBP/NaNOs No
RSST - 28 wt¥ TOC TBP/NaNO, ' NO
RSST - 5 wt¥ TOC DBP/NaNO, No
RSST - 10 wt% TOC DBP/NaNOg 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 A1DBP/NaNO, No
DTP - 5 wt¥ TOC sodium butyrate/NaNOs No
DTP - 6 wt% TOC sodium butyrate/NaNO; No
DTP - 3 wt¥ TOC citrate. 3 wt% TOC A1DBP/NaNO, No
DTP - 7 wt% TOC citrate. 8.5 wt% TOC A1DBP/NaNO, No
Visual bench test - 11 wt% TOC citr‘ate/NaNO33 Yes - following pool
saturated with dodecane burning of dodecane

Notes: | .
'PUREX simulant - 30% TBP/70%NPH (11.6% dodecane, 23.4% tridecane, 35% tetradecane)

;Tank 241-BY-104 saltcake simulant

8 wt% or greater TOC citrate/NaNO; 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 wt¥ 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-rich 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 complexant/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
2) the solvent pool is burned sufficiently to expose waste solids before the
pool fire is extinguished because of lack of oxygen.

3-10




HNF-4240 Rev. 0

3.3 COMBUSTION OF ORGANIC LIQUID AS A POOL FIRE

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

® Process solvents are transferred to an underground storage tank.

e Conditions in the tank 1imit evaporation and chemical aging. and
solvents persist as a separablie phase liquid. The organic liquid is
%omb$%t1b1e (i.e.. will support a sustainable flame when ignited

ocally). '

e I[gnition sources are not controlled. and the Tiguid is ignited
locally. Flame spreads over a large area of the pool or
wick-saturated waste surface.

e The fire burns until oxygen is 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-developed pressure (about 9 kPa
[1.3 psig]) ruptures HEPA filters, and pressures of about 75 kPa
(11 psig) cause significant dome cracking in SSTs.

e 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 locally) 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 liguid. tank
characterization data for tanks not yet vapor sampled are not adequate to rule
out the possibility of other tanks containing organic 1iquid 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 sludge
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 combustiblie vapors at
the LFL can ignite a gas-phase deflagration that is perceived as a "flash."
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 -
(%84 EF)Q 2r gbout 75 °C (135 °F) below its measured flash point of
118 °C (244 °F). ~

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

}
e 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 1iquid
convection because of changes in the surface tension brought on by a rising
temperature. Strong convective flows at and near the 1iquid 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 1liquid surface. This means that large
pools or puddle 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 enough to cause
flame spreading.
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In small puddies. channels. or in sludges and saltcakes where Tiquid
organic is embedded. ignition by Tocal heating jis 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 1iquid pools or larger puddles such
as residual Tayers on top of sludge or water have been investigated
experimentally and analyticaliy. Igniting a pool requires 1) an energy source
that Tocally 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 quantified 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 source. exposing the underlying waste or
aqueous 1iquid 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
%an spread to the rest of the pool. A 5-mm-deep layer requires at
east 1.700 W.

2. Heating and ignition of a confined reqion. A region of the pool
must be confined to prevent convective heat losses to the remaining
Tiquid. The region must also be bulk heated to the 1iquid 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 Teast 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

;n1t1ator energies would be larger if the puddie were deeper than
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 region. 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 little heat conducting
to lTower 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 w? (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.
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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 narrow channels
filled with tank waste solvent.

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

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

e C(Consequence analysis discussed in Section 6.0 shows that fires in
channels with limited surface area could not threaten tank
integrity.

For additional information on a one-dimensional version of the
thermocapillary convection analysis and on quantitative 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. MWick-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 local heating 1s 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. It 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 conten{ 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.
oo TestId ] 8 17 fe) 245 A
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 (23722 |18/16 |13/11 |8/6 4/2
(max./min.)
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 17/20 21/24 25/28
(min./max.)
wt% TOC (min./max.) |{1/3 4/5 7.5/9.5111/13 13/15 16/18
Nominal % TOC 2 4.5 8.5 12 14 17
Ignitability
Short-duration flame N N Y Y Y Y
Burn duration (s) -- -- 1 3 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
gith.the torch in place there was little. if any. visual evidence of fuel

urning.

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 repeated. 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
sltudge. It is concluded that sludge containing more than 20 percent water
will not ignite and support a sustainable so1vent fire.

4.2.2 Organic Liquid Embedded in Saltcake

Waste saltcakes are expected to retain less 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
quantify 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 ¢m (2.5 in.) in
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 is
concluded that small heated objects and sparks cannot ignite solvent-saturated
saltcake. A larger, more sustained energy source 1s 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 simultaneous 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 proportional to the mass of fuel burned in a fire, it is possibie that
aerosol release (and accident consequences) could be larger for a small
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 c¢fm (170 m3/hr). The methodology used in this analysis is
the same as that used to analyze pool and puddle 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. In order for the small pool
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 puddie 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 one location. Multipoint ignition is possible with
lightning as an ignitor; lighting strikes are typically multi-discharge
events, and 1f 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 Toads 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
occurred at three locations simultaneously. 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 outcome of postulated solvent fires.

Findings of this study are characterized by the following concliusions 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 infiamed 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 SSTs to
pool fires.

4-8




HNF-4240 Rev. 0

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 solvent pool 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. It 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, Tlaboratory 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 Tow 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 solvent 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 parametric analysis of fire pressurization.

Estimating the consequences of a fire event (see Section 6.0), requires
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. Local ignition of a fire by means of an accident

Spread of the fire from the ignition locale

Heating and pressurization of headspace air by the fire

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

Fire termination on low oxygen level

~ (o)} o =~ w ~nNo

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 1n 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 listed 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
Tow-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 a1r reenters. Reignition
was not observed in the six sma11 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 postuiated 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 1iquids 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" is 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 liquid 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 solvent 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
s%ezgy é]aTg4on;y if heated by more than 100 °C from its current temperature

0 O( 0).

Solvent entrained in porous solids that act as wicks may be more easily
ignited than an open pool. The reason is that local heat dissipation in a
porous solid may be less rapid than in open Tiquid 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 Tocally-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 quantity
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 Tiquid phase effects control the propagation rate for Tiguid
temperatures below the flash point and gas phase effects control the
propagation rate for liquid temperatures above the flash point (see
Figure 5-2). As indicated. the spread rate is low and increases with
temperature until the 1iquid is heated to the fiash point. Studies of flame
spreading rates indicate that liquid 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 1iquid 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 Dryer (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, s1m11ar 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 °F) compared to its flash point. This ‘
degree of subcooling is greater than the subcooling in the tests described
above: therefore, relatively low 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 Tiquids from a tank. For
such a case. solvent fire propagation rates would be lower 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 cm (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 1 mm, the spread rate is decreased to
approximately 0.5 cm/s. For a liquid level eqgual to the solids level, the
propagation rate varies according to the properties of the solids. but the
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highest rate measured is approximately 0.1 cm/s. or roughly one-twentieth the
open pool 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 liquids
imbedded in solids can be explained in terms of heat transfer Timitations from
the flame front to adjacent nonburning material (Takeno and Hirano 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
ex?ectid to be small compared to spread rates for an open pool of the same
solven

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 liquid 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 1iquid/solid admixtures.
Burning rates for liquid pools. expressed as kg/m?/min. increase with pool
size to an asymptotic value for large pools. Babrauskas (1988) provides
a correlating equation of the form:

m = mJ(l - e kBD) (5-1)
where
m = burn rate, kg/m*/min.
M, = burn rate for a large 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.

Jordan and Lindner (1983) conclude that burning rates increase with pool
area for smaller pools: little increase in burn rate is noted when burn area
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is increased from 0.8 m® (8.6 ft?) to 2 m® (21.5 ft?). This finding agrees

with Equation 5-1. Jordan and Lindner (1983) also conc]ude that burning rates .
for fires in a pressure-tight steel tank (220 m® [7.769 ft3]) 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 large- sca1e 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 ft2) to 4 m® (43 ft®). The enclosure in these tests is vented to prevent
pressure bu11dup Mean combust1on rates for nine tests ranged from
1.35 kg/m®/min 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 (1996) suggests a simple
linear relation between oxygen concentration and burn rate. Based on
empirical data. the relationship multiplies 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 liquids soaked in inert solids are
comparable to open pool burning rates as long as the solids wick the liquid to
the surface (Wood et al. 1971). The tests in Wood et al. (1971) show that .
when the Tiquid-air interface falls beiow the top of a sand bed, the burning
rate decreases. This behavior is as expected on the basis of additional
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 Tower than burning rates for an open pool.

5.2.4 Extinguishment of Pool Fires at Oxygen Fiammability 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 limit
applies to air-fuel mixtures at one atmosphere pressure and room temperature.

Oxygen extinguishment levels for pool burning 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

17.5 percent. This extinguishment 1imits the mass of solvent that can be
burned. thereby Tlimiting the thermal energy that can be generated by a solvent
fire.
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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 Tiquid fuel and forming gaseous CO, and liquid H,0 for a
reaction temperature of 298 °K (Lewis and Von E]Be 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 more 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 CO,. Combustion efficiencies (i.e.,
fraction of theoretical heat release) based 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 outfiow 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 simpie computer program,
POOLFIRE.4, written for this specific application. 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.4

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
ngde. 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 siab
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 Waste. 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 loss from the back side of
steel sheeting is not addressed.

A

5-10



0

HNF-4240 Rev.

Schematic of POOLFIRE .4 Model.

Figure 5-3.
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- 5.3.1.5 Solvent Pool. A solvent pool of prescribed area and depth is
treated as one node. Heat transfer from heated.gas is accounted for. but heat
loss to underlying waste is not addressed. The inflamed area of the pool 1is
calculated at each time step to account for radial spread of a flame, starting
at time zero with a specified area.

5.3.1.6 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, infiamed area. and specific burning
rate:

= Myo A e, (5-2)
where
Q = combustion energy rate, J/s
Aﬂ:b = specific combust1on energy. J/kg
. = inflamed area, m?
m, =  specified burn rate. kg/m/s.

The combustion energy quantified in Equation 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. It 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)

c

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 441 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 is
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 MJ/kg. (5-4)

c .

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 lower 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 = R +Vt - (5-5)
where

radius of inflamed circle, m
initial inflamed area., m
spread velocity, m/s

time from fire ignition, s.

-

o]
S

t << 0 0

Based on engineering judgement the R, is 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 Tor starting the
fire in a localized area is that ignition of a large pool area is extremely
improbable. ‘

An upper 1imit 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 cmw/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 Towered 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
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approximately 0.1 cm/s or less (Takeno and Hiranc 1986). The burning of

solvent imbedded in inert solids is less important than Tiquid pool fires

because spread velocities of 0.5 cm/s or Tower lead to Tow calculated tank .
pressures.

5.3.2.3 Specific Burn Rate. A base_case specific burn rate was
specified as a constant value of 1.2 kg/m?/min on the basis of fire tests in
a sealed tank (Jordan and Lindner (1983). Sens1t1v1ty ca]cu]at1ons were
performed with constant burn rates of 1.0 kg/m*/min and 1.7 kg/m? /m1n The
h]gher value, 1.7 kg/mé/min, is an average burn rate observed for 4 m°
(43 ft?) pools in the large-scale tests reported by Malet et al. 1983.

As discussed in Section 5.2.3, the burn rate is expected to decrease with .
time as oxygen is consumed by the fire. An additional sensitivity case was
run by making the burn rate proportional to oxygen concentration. The
proport1ona11ty constant was chosen to calculate a specific burn rate equal to
3 kg/mé/min at an oxygen concentratwon of 21 percent. At 12 percent oxygen,
the burn rate was 0.125 times 3 kg/mé/min. This initial rate corresponds to
burning kerosene in a large open pool in atmospheric air. The decrease with
oxygen concentration is based on small-scale test results (Beyler 1996).

' 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 infiamed 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
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 1iquid
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 hold
. constant at approximately 35 kW/mé 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 lower at approximately 30 kW/m?. Wood et al.
(1971) measure fluxes of a similar magnitude for acetone fires. These
measured values compare well with the 24.5 kW/m® kerosene va]ue (Ayer et al. .
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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 arr1ved 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 9art1c1es Ana]yses have also been performed with
heat fluxes of 24.5 kW/m® and 72 kW/m® to illustrate 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:

Qr 4 4
< 0 €, ﬁ; -4;) €, | (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.

S

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 1s the ma1n 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 es%1mated 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 so]vent is burned for an initial headspace air volume of
2,660 m* (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 m*, the concentration of aerosol is 60 x 0.15/2.660 or 3.38 x

10" kg/m®*. The volume fraction of aerosol. calcu]ated for a dens1ty of
870 kg/m® (the solvent density). i1s 3.38 x 10° 3/870. or 3.89 x 10°.  The
volume fraction multiplied by a mean beam length of 8.1 m (estimated value for
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a 2.660 m® headspace volume) is 3.15 x 107°. 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 soot alone is greater than 0.5 for soot
concentration-path length products greater than approximately 1.0 x 10°°
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 «€.) of 0.8
and®1.3 'to illustrate the sensitivity of pred1cted peak pressure fo £his
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:

qQ = h A (Tg - Ts) . (5-7)
where '

heat transfer rate due to convectwon W
convection coeff1c1ent w/m® °K

surface area, m

gas temperature, °K

surface temperature, °K

o o

o

— > 5.0

The convection coefficient (h)) is estimated in McAdams (1954) as:

h.L ,
= 0.13 [Gr Pr}* (5-8)
kf
where
L = length dimension of surface, m
ke = 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.
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The overall heat 1oss rate from the gas to tank surfaces i1s the sum of
that due to radiation and convection: .

q = G +Q. (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 cy11ndr1ca1
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 areg 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 ft2) 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.. loop 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 Tight of 1nformat1on 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
the pit. The outlet terminates in a riser pipe (inside the tank) that has a
large diameter compared to the drain 1ine. 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 Tong sweep
elbow, adding another 0.92 m (3 ft) equivalent length of straight pipe
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(Browh et al._1950). Based on these data. two pipes. each having flow areas
of 2.17 x 10 m?(0.0233 ft?). can be modeled as.pipes 3.05 m (10 ft) in
length. 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 is
1.31 x 103 m? (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 equivalent
Tength equal to approx1mate1y 17 'm (57 ft; The internal cross-section area
of this pipe is 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 p]ate held in p]ace 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 equivalent 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 straight
pipe length of approximately 5.8 m (19 ft) (Brown et al. 1950)., is added to
account for entrance effects. An exit loss. amounting to roughly the entrance
loss 1s also applicable. Frictional resistance for this vent path is
equivalent to that of a straight pipe having an inside diameter of 21 cm

(8.28 in.) and a length of 20+19+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.
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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 Toss 1s 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 result 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)
D
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:

P
PR = 2 (5-11)
P, )
where
PR = pressure ratio
Pom = pressure in outside atmosphere
P, = pressure in tank.
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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
(Julyk 1994). Eva]uat1ng 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.

Pump p1t dra1n 3.05 5 25E 2 0.018 1.05
Sluice pit drain 3.05 5.25E-2 0.018 1.05
Heel pit drain 3.96 5.25E-2 0.018 1.36
U-tube seal 5.58 4.09E-2 0.021 2.87
Cascade pipe 17.4 7.37E-2 0.017 4 01
Saltwell riser 17.7 0.21 0.015 1.26
HEPA vent pipe 12.8 0.102 0.016 2.02

Note:
‘For 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 lat¥er may be expressed in terms of
upstream gas parameters (Brown et al. 1950):

M %
6 < p | % (5-12)
cnt o e RTO
where
G =  maximum mass flow velocity under isothermal pipe flow |
P, = upstream pressure
g, = dimensional constant. 32.17 1b mass ft/1b force sec?
M = molecular weight of gas
e = 2.718
R = gas constant
T = 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 = GeA (5-13)
where
m = gas flow rate in p19e kg/s
G = mass ve]ocwtg kg/m*’s
A = flow 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
following assumptions.

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

e 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).

e ~Vent Pipe Descpiption 0 un. b Vent Flow Rate: mi/si:

Pump pit dra1n 0.46
Sluice pit drain - 0.46
Heel pit drain 0.44
U-tube seal 0.22
Cascade pipe 0.65
Saltwell riser 10.17
HEPA vent pipe 1.48

Total 13.88

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
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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
1inearly 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.

Initial inflamed circle diameter 0.305 m

Flame radial spread rate 1 cm/s

Solvent pool area 40.9 mt

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 3.3 kg/min/m® @ 21% oxygen (see
Figure 5-1 in Appendix 1)

Combustion enthalpy 33 MJ/kg

Headspace air volume s 2.663 m
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. Figure 5-4. Tank Pressurization Predicted for Base Case Solvent Fire.

— :

250
Time, seconds

\\

bi1sd ‘aunssaid

5-23



HNF-4240 Rev. 0

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 Fire (m) . | . Pesk Pressure kPa (psig) |
0.15 28.3 (4.1)
Base Case 0.31 28.3 (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 {(cmfs) . - -} - - 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)
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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 overall 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 predicted 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 pool 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 ft?) 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 pool area.

Tab]e 5 6 Effect of Poo] Area on Ca]cu]ated Peak Pressure.

o) 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)"

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

As indicated in Table 5- 62 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 limited 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 (1.e.. spread velocity of 1 cm/s). The higher pressure for .
10 cm/s spread velocity is attributable to the fire covering a much larger

pool area prior to extinguishment resulting in a short burn period with little

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
Calculated Peak Pressure.

oo e oleak Path Description: o 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 to open at a tank pressure of 2.0 psig (13.8 kPa).

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 rund can be made by setting this product equal to
0.8 and 1.0 (see Table 5-8). .

Table 5-8. Effect of Emissivity on Calculated Peak Pressure.

Numerical 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. Shaller
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 Pred1cted Peak Pressure

“1ame . Poo? -Heat Transfer : Peak’ Pressure
G LCRWmA) 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 fiux 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/m?) 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 lists the results.
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Table 5-10. Effect of Oxygen Extinguishment Levels
on Ca]cu]ated Peak Pressure.

T I Peak Pressure
nyQen-EXtihguiShment'M01ewFraction e . kPa (psig)
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 is 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]cu1ated Peak Pressure.

Caicuiate Peak Pressure
S kPapsig) o L
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 senswt1v1ty analys1s of postu]ated
solvent fires in SSTs can be summarized as follows.

e 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 liquid
pools deeper than a few millimeters. Calculated peak pressures are
significantly lower for immobilized solvent than for Tiquid pools.

e The impact of pool area on peak pressure depends largely on fire
spread velocity. For cases where high spread rates may be
applicable. bounding values of pool area should be used to assure
tha% predicted peak pressures are not unduly limited by postulated
pool 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.

5.5.1 Methodology

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

e Fflame spread velocity
e Vent flow capacity
e Pool area.

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.
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Table 5-12. Tank Parameters for Parametric Analysis.
. ‘Parameter Value ‘

Tank d1ameter m (ft) 22.9 (75)

Headspace volume., m® (ft3) 4,816 (170.000)

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

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

Initial temperature. °C (°F) 15.6 (60)

Initial pressure, kPa (psig) 100 (14.5)

5.5.2 Solvent Fire Peak Pressures

Peak pressure was calculated for_small and large pools. 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 f]ame spread before fire extinguishment on low
oxygen. A pool size of 210 m® (2.260 ft?) 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 quantified on the basis of equivaient 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.

Table 5-13. Peak Pressure Predicted for
0 1 cm/s F1re Spread Velocity.

‘Peak Pressure ..
kPa " (psxg) il o
om{iny ~Small Pool. (1 w) o | Large Pool. (218 M) -
9.5 (3.75) 4.5 (2.1) 30.5 (4.4)
15.2 (&) 8.3 (1.2) 14.5 (2.1)
25.4 (10) <6.9 (1) <6.9 ()
50.8 (20) <6.9 (1) <6.9 (1)
76.2 (30) <6.9 (1) <6.9 (1)
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The highest pressure listed 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 lists 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.

limits for even the smallest vent studied.

Table 5-14.

Peak pressures for small pools fall well below tank structural

Peak Pressure Predicted for 1 cm/s Fire
Spread Ve]ocity

Peak Pressure kPa .{psig): D
e Large Pool (210 meyi
9.5 (3.75) 2.3 (15.9) 148 (103) .
15.2 (6) 1.5 (10.3) 12.3 (84.8)
25.4 (10) 1 (<6.9) 7.7 (53.1)
50.8 (20) 1 (<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.

Table 5-15. Peak Pressure Predicted for
10 cm/s F1re Spread Ve10c1ty
fEVEﬂt Grzface Dzameter NG R SRR
B om (i) <1 Small. Poo?‘ (lsnF), 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 large 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.
peak pressures are unaffected by spread velocity.

For small pools.

The reason is that inflamed

area is limited by total pool area (1 m 2y for both spread rates.
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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 loading that could challenge structural tank limits.
Conceptually, a worst case corresponds to the opening of a one-way vent that
offers Tittie resistance to outward flow. but closes when fiow 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, b]ock1ng 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
1ifting 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 equivalent
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.

Table 5-16. Calculated Peak Vacuum for Fire
Spread Velocity of 0.1 cm/s.

" Peak Vacuum, kPa' (psig)

g?gmeter 1& (m). CoedSmall lem?x?ﬁ? “Large ‘Pool (210 mz)
0 (0) 2 76 (O 4) 4.83 (0.70)
6 (0.15) 2.76 (0.4) 11 (1.6)
10 (0.25) 2.76 (0.4) ~ 11 (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 1s only marginally higher than the pressure required to open the
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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.

Section 5.5.1 are cited in Table 5-3.

Table 5-17.

Fire and tank parameters not specified in Table 5-17 or in

Calculated Peak Vacuum’for Fire

For the large pool case. the flappers hold the peak pressure

Spread Ve10c1ty of 1 O cm/s

per Valve Orifice” AR
~diameter in (mboooof g (Zlﬁfm?Yi&x
0 (0) 776 (0.4) .69 (0.
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 (0.76) 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.

For the large pool case,
action lead to higher calculated vacuums.

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.

Section 5.5.1 are cited in Table 5-3.

Fire and tank parameters not specified in Table 5-18 or in
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.
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Table 5-18. Calculated Peak Vacuums for Fire

Spread Velocity of 10 .cm/s. .
. Flapper Valve Orifice | Peak Vacuum kPa (psig) '
©0 drameter in (m}o - o} :Small.pool (1 m?) | Large pool (210 w?)
0 (B 2.76 (0.4) 0.69 (0.1)

6 (0.15) 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 largest 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 smail 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 consequences 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 postulated to
spread at a specified radial velocity until the entire pool area is covered by
flame or until the fire is extinguished on low oxygen level. 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 poo] 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 lower 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 ft2) is used to
quantify the large pool case. For pools this size and larger, the fire was
computed to extinguish on Tow 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 m®). For the smaller SSTs. a puddle fire case (1 m?) 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 i1s based on the results of ‘large-scale
solvent pool fire tests in ventilated cells. It is recognized that the
solvent inventory could 1imit the quantity of solvent burned for puddle fires.
but fire extinguishment attributable to limited 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 large 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. radioactive material releases attributable
to tank structural faijlure 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 fractional 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

S = 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). dimensioniess

RF = respirable fraction of released aerosol, dimensionless

LPF = leak path factor (fraction of aerosol wh1ch escapes to the

environment), dimensionless

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

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 all cases.

1RF has been assigned a bounding value of unity for all cases analyzed, so its use does not have an
impact on calculated consequences. RF is retained in this report because RF could be important in realistic
analyses.
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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,. For CO and NO,, emission factors
were used to quantify the masses formed %y combustion. Emission factors used
for CO and NO, were 0.0425 and 5.5€-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:

CyoHypP0, +18 0, = 12 CO, + 13.5 H,0 + 0.5 P,0, (6-2)

Based on tEquation 6-2, the mass ratio of P,O; to TBP is 0.27. Tributy]
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)
reported by Pool and Bean (1994) for solvent samples retrieved from -
tank 241-C-103. Therefore, an emission factor for P,0, is 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
LEP 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
possibly 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
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of waste caused by to air flow at the surface of the waste is discounted.
Waste aerosolization caused by moisture evaporation 1s 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].
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: .

57k _ 60s . mEmin  lkgHO _ 1.26 kg HO

s me min 1.2 kg fuel 2260 kJ kg fuel

The value of M applicable to aqueous boiloff in Equation 6-1 was computed
{056each case by multiplying the mass of fuel burned (from POOLFIRE.4) by

ARF. the aerosol release fraction. was assigned a value of 0.002 on the
??S;Z of release fractions for boiling liquids as recommended by Mishima
994) .

RF, the respirable fraction, was assigned a conservative value of unity
for all cases.

LPF. the leak 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 aerosol 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) = i%.(s/m3) * R(m3/s) » ULD(Sv/L) (6-3)
Q
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where
D = 50 year dose following inhalation, Sv
Q = Volume of waste dispersed as an aerosol. L
-é% = Integrated atmospheric dispersion factor. s/m’
R = Breathing rate of individual. m*/s
Ub = 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 1ngest10n'
exposures.

D(SV) = Dy(SV) + Dy (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):

Ding(SV) = QL) » 11 (S/m3) » ULD,(Sv m3/sL) (6-5) ‘
Q -
where
g = 50 year dose due to ingestion. Sv
Q= volume of waste dispersed as an aerosol, L
25; = atmospheric dispersion factor, s/m>
ULD, =  unit liter 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:
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Cioom = S * DF100m (6-6A)

toxin concentration at 100m, mg/m

“toxin concentration at tank vent, mg/m

dilution factor at 100m

applicable to solvent fires and their technical

bases are provided in Lppendix B.

Dilution factors for the offsite receptor would be determined primarily

by normal atmospheric turbulence.
is neglected in calculating toxin concentrations at the offsite location.

Mixing in the vicinity of the tank vent(%%
e

following formula, which applies for continuous releases (Van Keuren 1996b).
1s used to calculate toxin concentrations at the offsite location.

where

o

X
01
V1

C (mg/m3) =

X2
1 3 3
Q [m . 5|™ *v‘[”‘_] (6-68)
m3 v s m3 S
1 *
U vl

peak concentration in plume, mg/m’
gaseous toxic material source concentration. mg/m’

continuous release atmospheric dispersion factor, s/m’

volume release rate of gaseous source. m’/s

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

(6-7)

fraction of guideline for i-th toxin, dimmensionless
concentration of i-th toxin at downwind receptor. mg/m®
risk guideline concentration, mg/m
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Individual chemical toxins were grouped into the following categories by
Van Keuren (1996b): 4 .

e Total particulates

e (Corrosives and irritants

e Systemic poisons

e C(Central nervous system toxins.

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

i C.
S. = 2: L (6-8)
i Gi
where
S = sum of fractions for toxin category, dimensiopless
¢, = concentration of i-th toxin in category. mg/
G, = guideline concentration for i-th toxin in category. mg/m®

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

e Waste solids
e 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 10 - 10 yr™', SST solids are characterized
by a sum of fractions of 1.0E3 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 * 1.0E3 = 2.12E-4,
and offsite sum = 2.126-7 * 1. 781 = 3.6E-6.

The onsite sum of fractions calculated above (2.12E-4) is based on
dilution predicted by an atmospheric dispersion 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 ons1te 1ocat1on provided by Van Keuren (1996b) were
multiplied by DF,gen/ x/Q * y) where the quantities are as defined in
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Equations 6-6A and 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).

i
S = Y S A (6-9)
i1
where
S¢ = total sum of fractions. dimensionless
S = sum of fractions for ith category

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 1iquids).
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7.0 FREQUENCY OF SOLVENT FIRES

Risk 1s 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 freguencies 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 Fariley (1994). 1In 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 large. 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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Table 7-1. Energy Source Freguencies.
S © tUnmitigated] Mitigated
T - | Frequency | Frequency |
Lo T (Events perf (Eventsperd o
oo Energy Source 0T | tank-year) | tank-year) - Controt-
Electrostatic sparks between 1 n/a not 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 1ight 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
: vehiclie access
and fuel tank
. protection
Lightning strike arcs to waste 3E-5" reduced but [lightning
surface unquantified|protection
measures
Core drill overheating 1E-2 prevented drill purge

“land interlocks

Note:
‘Frequency is for an SST.
Section 7.1.7).
or DCRTs is lLess than for an SST.
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DSTs and DCRTs are postulated to behave like Faraday cages (see
Therefore the frequency of a lightning strike arcing to the waste surface in DSTs




Table 7-2. So]vent F1re Frequenc1es for Var1ous Organ1c So1vent Conf1gurat1ons (2 sheets)
R R tigate [Mitigated Solvent
Fire Frequency
(Events per. tank

{p obab111t1es  per tank.yeary. | . year)
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So]vent
' Conf1gurat1on

Floating pool Electrostatic sparks

Instrumentation faults

Welding and grinding sparks
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Core drill overheating
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So]vent F1re Frequenc1es for Var1ous Organwc So]vent Conf1gurat1ons.

Tab]e 7—2.

So]ventlh -

v-L

e R e e b Tgmition s | Fregue o ,EVents per tank
Conf1gurat1on : < Energy” Sour per tank year)

Solvent permeated E]ectrostatwc sparks 0 0 0
sludge Instrumentation faults 0 0 0
Welding and grinding sparks 0 0 0
Torch cutting 0 0 0
Camera and light power supply shorts 0 0 0
Vehicle fuel fire 1 3E-6 0

Lightning strikes 1 3E-5 3E-5
Core drill overheating 0 0 0

: : Total 3.3E-5 3E-5
Solvent -permeated |Electrostatic sparks 0 0 0
saltcake Instrumentation faults 0 0 0
Welding and grinding sparks 0 0 0
Torch cutting 0.1 1E-03 0
Camera and Tight power supply shorts 0 0 0

Vehicle fuel fire 1 3E-6 0 -

Lightning strikes 1 3E-5 3E-5
Core drill overheating 0.01 1E-4 0

Total 1.1E-3 3E-5

(2 sheets)

“{Mitigated Solvent
= Fife. Frequency
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7.1.1 Electrostatic Sparks

Unmitigated-In order for a static electricity discharge to ignite a fire
involving combustible liquids, the vapors above the liquid need to be
flammable (i.e.. the 1iquid 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 (0.05 MW) 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 1072 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 less 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
largest 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 large 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.

e The probability of igniting a floating pool is assumed to be zero as
the hot object would fall through the floating organic layer and be
cooled by the aqueous ligquids 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 judged 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/m? 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.

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

e The probability of igniting a solvent-permeated saltcake is judged
to be high because the heat transferred to the soivent 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. - A probability of 0.1 is assigned.

Mitigated-An administrative control on torch cutting is included in the
TSRs. It requires 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. ,

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 fiash 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 controlled
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 light 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 limits the length
the system can intrude into the tank.

. Upset conditions include breaking a light 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.
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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 ’
following.

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

e A top hat (i.e., a shield plug that has a top flange larger in
diameter than the riser inside diameter) is reqguired 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

® 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 Tittle 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 Tow
resistivity of the aqueous brine contained in the waste. ‘

Electrical sparks that might be produced by two wires touching together
are bounded by weiding sparks and slag as discussed above. It is concluded
that shorting of the electrical power supply could not ignite pools. puddies,
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) vehicie
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 foliowing 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).
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Therefore. the probability of having an organic solvent fire. if solvent
1s 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 appurtenance in the 50-year history of the Hanford Site. Records do
indicate a number of lightning 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
(0.16 strikes/yr/mi%). The report discusses a number of factors necessary for
a lightning strike to initiate an accident including the following:

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

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

e 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.

e 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
cons1der1ng the Cross section area of a large underground tank to be bounded
by 500 m® (5.400 ft?). the likelihood of a d1rect strike over-a particular
tank is 3E-5/yr. that is. "extremely unlikely."
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The likelihood of and the amount of 1ightning current that will enter
a waste tank differs significantly between SSTs.and DSTs .because DSTs contain
a closed steel Tiner, and the risers are welded to this steel liner. 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
long length equipment with a crane) opens a riser and inserts a conductor
through the Faraday cage of the tank liner.

The structure of the SSTs. 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.
e}$ctr1cal1y 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 ieader. return stroke, dart leader. etc.). and each stroke
can have multiple ground connections, it is quite possible that Tightning
current and arcing could occur through multiple paths (e.g.. risers). As
a conservative safety analysis assumption, the frequency of lightning
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 lightning current
would cause ignition is evaluated below. The arc-producing scenario would
occur when lightning current travels down equipment suspended above the waste
surface (i.e., risers). and the current arcs from the end of the suspended
object to 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 initial breakdown (which
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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
energy 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 1 cubic
centimeter, perhaps less than a cubic millimeter. However. it is not likely
that all of the lightning charge will flow across a single interior gap in

a SST because of the many parallel paths available to the lightning 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:

10

4
= Jjoules
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
liquids and solids. The resistivity of transformer o011 and capacitor mineral
0i1 is in the range of 1.0 to 100.0 x 10™ ohm-m. with water contamination
causing a reduction of about two orders of magnitude (Fink and Beatty 1976).
The discharge of Tightning current through a high resistivity fiuid 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 puddle 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 1ikely aqueous 1iquids) 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-- givén the tank
contains liquid pools and significant solvent. The probability that a
lightning strike to in-tank equipment would ignite a solvent fire is assigned
a value based on the following.

7-11



HNF-4240 Rev. 0

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
1iquid which would be grounded through the tank bottom). times

e 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

e 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 Tightning 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. In addition, equipment is secured in lowest
position if Tightning is identified within 48-km (30-mi) of the tank farm.
This decreases the 1ikelihood of an organic solvent fire by removing potential
lightning dissipation paths in the tanks. .

In addition, a program has been implemented to improve the lighting
protection provided the tanks by installing the following:

e 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
unquantifiable. 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
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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 1s not considered a credible source for heating wastes and cannot cause
solvent fire ignition. Keller (1991) reports the resuits 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 results 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, i1t 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 while drilling
in surface pools or puddies or within a few centimeters of the waste surface.
Ignition of pools and puddles and solvent-filled channels by rotary drill core
sampling is judged not credible: therefore the probability of a driil
overheating scenario to ignite solvent pools, puddles. or solvent-filled
channels is assigned a value of zero.

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
1.0 x 107 per year as follows. '

e The frequency of drill overheating is assumed to be 0.01 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.
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e 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 likely the vapors in the interstitial pores would
exceed the upper flammability 1imit 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
heagspace air. Ignition would need to occur at or near the waste
surface.

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. Operation outside the envelope would
be prevented by shutdown interlocks that stop drilling operations. For this
analysis. it will be assumed that overheating conditions are credibie 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 deveiopment and testing program. It would seem unlikely 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 driliing 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 some of the Towest AITs of the values reported for hydrocarbons.
The minimum AITs for n-decane are 210 °C and 230 °C for kerosine (Kuchta
1985). Tetradecane has an AIT of 202 °C (Lewis and Von Elbe 1987).
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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
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 configurations. The results are summarized in Table 7-3
for several different assumptions described below.

- Table 7-3. Number of Tanks That May Contain Combustible Solvent.

“Tank Type | Solvent Configuration |~ Basis . = [ Number of Tanks.

SSTs Large pool | Known - 241-C-103 1

SSTs Large pool or solvent Vapor sampling and 14
permeated waste transfer records

SSTs Large pool or solvent- | Bounding 81
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. liquid 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 liquid
phase solvents somewhere in the waste.

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
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. 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.
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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. o

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 1list of receiver tanks and the list 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 sampied. 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 Tist of potential solvent
receivers. However, tanks 241-BY-107 and 241-C-101 are connected by cascade
lines 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 1ist nor is connected
to a tank that is a historical receiver of organic solvent.

Seven of 13 tanks that show a positive vapor sample result are on the
historical 1ist 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 .
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a total of 8.4 tanks. which is rounded 8 tanks. In addition to the 8 tanks
predicted by the extrapolation, 6 tanks (identified above as non-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
low-level 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 likely 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 salt well liquor from
200 West Area tanks that had received organic solvents. Tank 241-AY-101
received liquid from the saltwell pumping of tanks 241-C-102. 241-C-107.
and 241-C-110. A1l 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.

Sixty-eight SSTs have been verified as not containing a significant
solvent pool by vapor sample results (81 samples minus 13 that indicated that
solvent pools may be present). That leaves 81 SSTs that could theoretically
contain solvent pools.
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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 large pools or small puddies 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:

e Pool fires: Pools are a layer of solvent floating on top of liquid
waste or a layer that is trapped in a depress1on on to ? of solid
waste. A pools has an area greater than 1 m® (10.8 ft%). A pool
may exist in SSTs, DSTs or DCRTs.

e 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 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.

® 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.

7.4 SOLVENT FIRE ACCIDENT FREQUENCY CATEGORY

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

number- of tanks that may contain combustible solvent (see Table 7-3) to assign

an accident frequency category. The two solvent scenarios of most interest

are pool fires and wick-stabilized fires. As indicated in Section 7.1. the

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. The solvent-permeated
saltcake is more easily ignited. Accident frequency categories for various .
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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.

Tab]e 7-4. So]vent F1re Accwdent Frequency Categor1es
Pool Fire - 3 3E-5/yr |1 oo AT 103 B3t o
unmitigated (extremely
unlikely)
Pool Fire - 3E-5/yr 1 Known (241-C-103) {3E-5/yr
mitigated ) (extremely
unlikely)
Pool Fire - 3.3E-5/yr |20 (14 SSTs +|Vapor sampling 6.6E-4/yr
unmitigated 6 DSTs) and transfer (unlikely)
' records
Pool Fire - 3E-5/yr 20 (14 SSTs +|Vapor sampling 6E-4/yr
mitigated 6 DSTs) and transfer (unlikely)
_ [records
Pool Fire - 3.3E-5/yr |109 (81 SSTs |Bounding number 3.6E-3/yr
unmitigated + 28 DSTs) (unlikely)
Pool Fire - 3E-5/yr 109 (81 SSTs |Bounding number  |[3.3E-3/yr
Imitigated , + 28 DSTs) (unlikely)
Wick-stabilized 1.1E-3/yr |20 (14 SSTs +|Vapor sampling 2.2E-2/yr
fire - unmitigated 6 DSTs) and transfer (anticipated)
records
Wick-stabilized 3E-5/yr 20 (14 SSTs +|Vapor sampling 6.0E-4/yr
fire - mitigated 6 DSTs) and transfer (unlikely)
records ‘
Wick-stabilized 1.1E-3/yr 109 (81 SSTs |Bounding number 1.2E-1/yr
fire - unmitigated + 28 DSTs) (anticipated)
Wick-stabilized 3E-5/yr 109 (81 SSTs |Bounding number  |3.3E-3/yr
fire - mitigated + 28 DSTs) (unlikely)

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 layer,
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Unmitigated and mitigated frequencies for pool fires are dominated by
1ightning 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. N

The unmitigated frequency category for wick-stabilized fires is dominated
by scenarios involving falling hot debris during torch cutting activities
which conservatively places this unmitigated accident in the "anticipated”
category.

The mitigated frequency category for wick-stabilized fires is that same
as for pool fires, where lightning is the only initiator and is "unlikely."
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. 8.0 KEY INPUT DATA FOR CONSEQUENCE CALCULATIONS

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

8.1 RADIOLOGICAL DATA

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

Tab]e 8-1. Rad1o1og1ca1 Input Data

Atmospher1c d1spers1on factor ons1te s/m  |3.41E-2 Van Keuren
(1996a)
Atmospheric dispersion factor, offsite|s/m |2.83E-5 Van Keuren
(1996a)
Breathing rate, onsite m/s 3.3E-4 Van Keuren
(1996a)
Breathing rate. offsite m/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 liquids Sv/L  |6.1E3 Cowley (1996)
ULD, inhalation, AWF liquids Sv/L . |1.4E3 Cowley (1996)
ULD. inhalation. Solvent liquid Sv/kg (2.83 Cowley (1996)
ULD. ingestion. SST solids SvmsL|4.1 Cowley (1996)
ULD. ingestion. SST Tiquids Svm/sL [0.052 Cowley (1996)
ULD. ingestion, DST liquids Svm’/sL{0.068 . Cowley (1996)
ULD. ingestion. AWF liquids Svir’/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

‘ 1EXCEL is a trademark of Microsoft Corporation, Redmond, Washington.
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Table 8-1. Radiological Input Data.

S SR 1 1 Numerical o
coveio . Parameter .o kUnits | Value . | Reference
SST Tiquids inventory on ventilation |L 2.27t-1 VanVieet (1996)
system. DCRT
Airborne release fraction for None {1E-03 Mishima (1994)
ventilation system releases

Note:
The ULD for DCRT liquids was assumed to be the same as the ULD for SST 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).

Table 8-2. Headspace Gas Data. (2 sheets)

leads
Hody qujafiﬁftiaﬂ e r]z“. s WMRALEGU S L A
Benzene central 1.32
nervous system
Butanol central 164 7.500 1750 75 75
Inervous system
Dodecane central 296 7.330 }1.450 37 37
. nervous system
2-hexanone central 2.68 5,000 {500 50 20
nervous system
Nitrous oxide central 2.340 36,000 {18.000 {270 30
nervous system
Tridecane central 388 7.330 J1.450 |37 37
nervous system
Acetonitrile systemic 21.8 60 20 . |3 3
poison
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Table 8-2. Headspace Gas Data. (2 sheets)

R : . {Headspace| ™ .| - .{ ‘ :
sl oy ot Qone, L EPRG-3 1 EPRG- EPRG—I;‘PEL-TgA
. Analyte - {Toxic Category| mg/m . |mg/m.| mg/m> | mo/m® | mg/m®
Propane nitrile systemic 10.5 60 20 I3 3 ‘
poison

Ammonia , corrosive and |1.300 680 140 17 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 13 2.5
irritant -

The guideline 1imit for onsite workers was taken as ERPG-3, and the
offsite 1imit was taken as ERPG-2. These 1imits are applicable to extremely
unlikely accidents in the frequency range of 10™ to 10 per year (Van Keuren
1996b). 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 1imits for reaction products. taken from
(Van Keuren 1996b). :

Table 8-3. Reaction Product Toxin Limits.

S I L e * ERPG-3 .| ERPG-2 | ERPG-1- {PEL-TgAv
wirocAnalyten Toxic Category | mg/m | mg/m | 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

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 evaluated as 20 percent of solvent burned. The P,05 production
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was computed as.4.3Z percent of solvent burned (see Section 3.3). The ‘
gu1de11ne Timits 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),
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 Multipliers.
. Sum-of Fraction Multiplier (s/L) -

Filter TypelCont. W yed
SST—passiveSST so]1ds 1.083

4 0E4 | 9.4E1

SST-active 15ST soTids | 1.063 1.064 | 9.4E1 .
DST-active [DST 1iquids| 2.1E2. 1 0Ed | 8.4E0
DCRT-active[sST 1iquids| 2.0E2 9663 | 8.0E0
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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.
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A B [ D E F G H 1 J K L ] N 3] P Q R -
Pooifire.4 | Pooifire.d Solvent Sotvent Asrosol 6 ‘
Paak Pezk | Poolifire 4 | Asrosol | Poolfire.4| Asrosol | Atmosphers R AqQ Aq [
Solvent | Pool Pressure | Vacuum | Solvent |Release|Lask Path| Dapletion| Relasse | Agueous|Factor for| Atmospheric| LUnlt Liter -3
Tank Poot Area | Bounding | Ventilation psig psig Bumed | Factor | Factor | Factor Basls Bolloff | Aqueous | Release Dose @
1 |Csse| Type [Description] m* | Paramaeters Flow Vent Description|  (kPa) {kPa) (x9) ARF LPF ADF (&g} (xg) ARF (gl SyiL QO
2 - — - - —_— ]
3| e | SST | pudde | 10 | pressure passive hepa'™ 31214050345 128 01 | 00747 _[100E+00] 956E-01 | 161.28 | 0002 | 241E02 | 110Es04 =
al| o | ST | puoce | 10| vecuum passive "”",, 10689 05345 | 124 01 | 00399 |100E-00| 405E01 | 18624 | 0002 | 12502 |1 10Es04
T M
s| o | 58T [ pusce | 10 | raditogia 100 ‘:I‘,i‘; 047 hepa 3114 |oses| 128 | o4 10 |160E01| 2058000 | 16128 | 0002 | steEw |t10Ee04| =
—1 - 1 ~— —— - - oY,
6| o | 85T | ousse | 10 | toxcongica 100 f‘TI‘.‘)’ 047 hepa 31pie|osaas| 128 | on 10 |160E01| 205E000 | 181.28 | 0002 | 516E02 |110Ee0a| .
71 e | ssT lage | 210 | pressure passhe hepa 29 (200) |0.1(069){ 146 003 | 0146 [88SE01] 566E01 | 18396 | 0002 | 475E02 |1 10E+04 w
81 1 | sst tage | 210 | vacuum passve | heps/  flapper| 1.8 (12.4) | 6.8 (469)| 84 0.03 03 [100E+00] 7.56E01 | 10584 | 0.002 | 635602 | 1.10E+04 &
o o | 55T | tawe | 210 | rescogen 100 ‘;‘Z‘ls 047 heps 2900 [01069)| 145 | 003 | 10 [231E01] 101E00 | 16396 | 0002 | BSOEG |110€ec4| (D
1wl | st targe 210 |toxcological |  passive | hepa/  Mapper] 18(124)[68(469)| 84 003 03 |100e.00] 7s6E01 | 10584 | 0002 | €3se02 |110€e04] <
11 | psT larua— ;10 pf;wn ’ sealed tank ) none 308 (212) 0(0) 162 003 00 “ 1 00E+00| O QOE+00 204.42°| 0.002 0 00E+00 | 6 10E+03 g
) i ) - § B _ . S 3
12| 4 | 87 targe | 210 | vacuum passae fapper 21(145)( 8(552 | 925 003 { OMN h 00E+00] 8.60E01 | 11855 | 0002 | 723E02 | 6.10E+03 e
<
100 cim (0.047 i v
13| « | ST | pucde | 10 | radoiogeal o Is) ventpipe™ [ 0.9(6.21) | 0.1(068)[ 132 01 10 |133€01] 1.76E+00 | 18832 | 0002 | 442E02 |6.10E+03 v
100 cim (0.047 — wn
wal ) oS targe 210 | toxicotogical | [ fappenvent pipe | 2.0 (13.8) (52 (359)] 921 0.03 10 [380E-01{ 1.05E+00 | 118048 | 0.002 | BB2ED2 |6 .10E+03
—_—) 8 0
45! = { OCRY large | 34.1 | pressure | sealedtank nane 305@10)| 0(0) 247 003 | 000 |100E<00] 0.00E*00 | 31122 | 0002 | OOQDE+0C | 1.10E+04 g
16 DCRT large | 341 | vacuum passve | 4" (D.1m)onfice | 18.3(126)[ 12(8.2T)| 212 003 | 031 |100E+00| 197602 | 26712 | 0.002 1 1.66E03 | 1.10E+04 S
<
17 DCRT lage | 341 | isdologreat | passve | 4" (0.1m) orfice | 183 (126) | 1.2(8.27)| 212 003 | 031 |100E+00| 197E02 | 28712 | 0002 | 166E-03 |1 10E+04 -
98] p [OCRT| tame [ 341 [toxcowgical | passive | 4" (0.1m)onfice [18.3(126)[ 12827 [ 212 003 § 031 [100E+00| 197E02 | 26712 | 0.002 | 1.66E03 [1.10E+0A (C/))
1ol @ | 587 | enuaines | 400 | raduiogea 100 :}‘,f)""" hepat® 4apos5) | ol | 13 01 1 |195€01| 254600 | 1638 | 0002 | 639E02 [1.10Ee04]
<
taxicological | 100 cfm (0.047 1)
s0| ' | SST | envaned | 400 O s hepaMagper | 1.0(689) (2.9 (145){ 113 0.1 1 221E01{ 2.50E+00 | 14238 | 0002 | 629E-02 | 1.10E+04 S
2] * sssgm ferge 292 ( pressure | ° passive hepa® 239 (165) | .75(5.2) 654 003 022 (1.00E+Q0] 432E02 | 5.2404 | 0002 3.63ED3 |9 10E-04 -
55 kgal toxicological 1. — 1 .. 1 U Q
21 ! SST large 292 {04 ﬁzum passve hepaMapper” { 2.0(138) | 53(138) 4 003 03 1.00E+00( 3.80E-02 504 0 002 302E03 | 1.10E~04 2
_.j.ssvy T _|advacuum| T M S e
2l v 5;;“;" puddie | 10 | preseure passive hepa* 80(414) | 11(752)] 578 01 0158 |100E+00] 910E02 | 72876 | 0002 | 229€.03 |110E+04 -
1oxcalogica! |40 cm (0 047 : =
v | OST | entained | 40.0 and mos)  |Napeervent pipe| 07(483) {1107 58)| 120 01 1 210E0%| 2526+00 | 1512 | 0002 | 635602 |610E+03 =]
24 . L . 1adlological - — - . e - @D
25 """ HEPA Vert Modeled as 3.75" (9.5 mm) orifice L o 8
26 ‘2 Flapper Is 50 in. (1.27 m) orifice opening at 1 psid (6.89 kPa) wn
D
27 ™ Vent Pipe on DST Modeled as 9 6 in. (0.24 m) orifice wn
28 T HEPA Vent for 55 kgal tanks is 3.42" ( 087m) orifice. Flapper is 17" orifice. :
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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 m/s)". This fiow 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.

CoTumn 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 values 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 Tleak 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
1deal 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 = M1+« 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

Calcﬁ]ates the mass of water evaporated as explained in Section 6.2.3;
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. aqueous mass = fuel burned = 1.26

The EXCEL™ equation. for Cell 03, is:

03 =126 = 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=« 1xARF « LPF.

The EXCEL™ equation for Cell Q3 is:

Q3 = 03 « P3 = L3 « M3.

This equation is reproduéed 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 Titer 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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A B | ¢ 8] E F G H [ J K L
i On Site nslite
| Solvem Solvent | Aqueous | Rupture Total Total
Pool Pool Area | Bounding Ventilation Smoke Bofloff Odose Onsite Offsite
1 Case | Tank Type | Description m* Parameters Flow Vent Description [ Dose Sv | Dose Sv | Onsite Sv | Dose Sv | Dose Sv
2
3 a SST puddie 1.0 pressure passive 'ﬁelgp%“r 3.04E-05] 2.98E-03] 3.14E-05| 3.04E-03] 2.67E-06
4 b SST puddle 1.0 vacuum passive fapper® 1.5BE-05! 1.54E-03] 3.14E-05! 1.59E-03] 1.39E-06
. 100 cfm
5 c $ST | .puddle 1.0 | radiological | (0.047 m¥/s) hepa 6.52E-05| 6.39E-03| 4.95E-03| 1.14E-02| 1.00E-05
00 cfm
6 d SST puddie 1.0 | toxicologlesl | (0.047 m/s) hepa 6.52€-05] 6.39E-03| 4.95E03| 1.14E02| 1.00E-05
7 e SST large 210 _pressure passive hepa 1.80E-05| 5.88E-03| 3.14E-05| 5.93E03| 5.20E-08
8 1| sST | targe | 210 | vacuum Qk%ssmdm hepafflapper | 2.41E-05| 7.86E-03| 3.14E-05| 7.91E-03| 6.94E-06
g ssT targe 210 | radiological | (0.047 m¥/s) hepa 3.226-05| 1.05€-02| 4.95E-03| 1.55E-02| 1.36E-05
10 h ssT large 210 | toxicological | passive hepaflapper | 2.41E-05| 7.86E-03| 3.14E-05| 7.91E-03| 6.94E-06
11 1 DST large 210 pressure | sealed tank none 0.00E+00] 0.00E+00] 0.00E+00] 0.00E +00] 0.00E+00
12] 4 DST large 210 vacuumn passive flapper 2.74E-05| 4.96E-03| 8.72E-07| 4.996-03| 4.28E-06
100 cfm
13 K DST puddie 1.0 | radiclogical | (0.047 m¥s) | vent pipe®™ | 5.59E-05| 3.04E-03| 254E-D4] 3.35£03| 287606
© 100 cfm )
14] | DSsT large 210 | toxicological | (0.047 m#/s) | flapper/ivent pipe | 3.34E-05| 6.05E-03| 2.54E-04| 6.34E-03| 5.44E-06
(5] m DCRT large At pressure | sealed tank none 0.00E+00] 0.00E+00| 0.00E+00|'0.00E +00{ 0.00E+00
16 n DCRY large 34.1 vacuum passive | 4" (0.1m) orifice | 6.2BE-07| 2.05E-04] 2.81E-05] 2.34E-04] 1.97E07
17 o DCRT large 341 | radidlogical | passive | & (0.1m) orifice | 6.28E-07| 2.056-04| 281E-05| 2.34E04| 1.97€-07
18 p DCRY large 341 [toxicological | _pasSive | 4 (0.1m) orifice | 6.28E-07| 2.05E-04| 2.81E-05| 2.346-04] 1.97€-07
100 cfm
19 q SST | entrained | 400 | radiological | (0.047 m¥s) hepa'" 8.07E-05| 7.91E-03| 4.95E-03| 1.28E-02| 1.13E-05
toxicological 100 cfm T
20 r SST entrained 40.0 |and vacuum | (0.047 m¥/s) | hepa/flapper | 7.95E-05| 7.79E-03| 4.95E-03| 1.28E-02| 1.12E-05
55 kgal @
21 s SST large 29.2 pressure passive hepa 1.37E-08] 4.49E-04{ 3.14E-05| 4.81E-04] 4.22E-07
S5 kgal toxicological N '
2 ! ssT | 88 | 22 |,y acuum| PeSSVe | hepaflapper® | | ioe o6) 374E.04| 3.14E05| 4.07E.04] 357607
56 kgal @
23l ssy | Pudde | 10 | pressure | passive hepa 2.90€-06| 284E-04| 3.14€.05| 3.186-04] 2.79E-07
. toxicological 100 cfm flapper/vent
v DST entrained 40.0 and (0.047 m /s o)
24 radiologicat |\ 1| pipe 8.02E-05| 4.36E-03| 2.54E-04| 4.69E-03] 4.11E-06
25 ' HEPA Vent Modeled as 3.75° (9.5 mm) orifice
26 ™ Fiapper Is 50in. (1.27 m) orlfice opening at 1 psid (6.89 kPa)
27 % vent Pipe on DST Modeled as 9.6 In. {0 24 m) crifice
28 " HEPA Vent for S5 kgal tanks is 3.42" (.087m) orifice. Flapper is 17" orifice.
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HNF-4240 Rev. 0

Column H

Calculates from Equation 6-3 the onsite dose attributable to solvent

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

3
X owR = 00341 2 #3340 - 112565,
Q‘I m3 S

The dose is calculated from:

D(Sv) = Q(L) = 1.1255-5 » ULD(Sv/L).

The EXCEL™ equation for Cell H3 is:

H3 = N3 (WS1) « 1.125E-5 « 2.83

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) = 1.125E-5 = ULD(Sv/L).

Q(L) and ULD(Sv/L) are calculated in WS1:; therefore, the EXCEL™ equation
for Cell I3 is:

[3 = Q3 (WS1) = R3 (WS1) » 1.125E-5

Note that Q3 (WSI) is the mass in kilograms of aqueous 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 kg/L has been
used here. Actual waste liquids would have slightly higher densities
caused by dissolved chemicals. Using a higher density would result in
slightly Tower calculated doses.

9-7
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Column J

Lists the onsite radiological dose caused by HEPA filter rupture. The
doses for Column J are calculated separately and entered in Column J. A
spreadsheet titled Calculate Onsite Rad Dose calculates the dose and is

included as Appendix K to this document. The onsite doses are calculated
with the following formula:

D=QxARFxULDx%xBR

here: ,
BR =  breathing rate = 3.3x10™ m’/sec.
X/Q 3.4x107? sec/m®
ULD

unit Titer dose = different vaiues of Sv/L for different
waste.

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 L 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:

K3 = H3 + 13 +J3.

9-8
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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:

. . ULD,
total dose = 1inhalation dose = >

R = ULD,
where
‘total dose = inhalation dose + ingestion dose
ULDg = unit liter ingestjon dose. Sv m/sL
R = breathing rate. m*/s
ULD, = unit Titer inhalation dose. Sv/L

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

X offsite
Q1

;K-ons1te

01

offsite inhalation dose = onsite inhalation dose =

The ratio of atmospheric dispersibn factors is:

offsite/onsite = 2.83E-5/3.41E-2 = 8.30E4.

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:

L3 =K3 = 8.3E-4(1 +0.0565)

9-9



HNF-4240 Rev. 0

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
co??equences 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.

9-10
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"133YS3J0M | B2LB0O|0DLX0|

B C D € F G H 1 J K L ™ N 0
Poolifire 4
Poolfired | Solvent | PaoMfires _ .
 Pool TenkGas | Maximum | Burned In | Reaction Pooifired
Solvent Pool | Area Bounding Ventilation Volume Vont Vent Gas Headspace | Conc- POy | Cone.CO | Conc. NO,
1 Tank Type | Description o Paramaters - Flow Vent Deseription m’ Durations (o) Fraction |GasFraction| mgmm’ mg/m’ moim’
2
3 sST puadie 10 prossure passive hepal” 4826403 | 250E+03 | 873E+01 | 1.1GE00 | 230601 | 3756+02 | 367E-02 | A.T6E<ON
. 381 puddie 10 vacwm passve  |hepal  fapper™| 482E+03 | 170E+03 | 6S51EeD1 | 7.56E02 | 240E01 | 184E+02 | 180E¢02 | 2.34E+00
. ssT puddie 10 | radoiogical | 1% j"_"h‘;"w hepa 4826403 | 2506403 | 873E401 | 110601 | 230E01 | 375E402 | 367€s02 | 4768401
_ _ ; 100 cfm (0.047 £ ® | 8730 3676402 | 476E
6 ss1 puddie 10 | toxcotogical ) hopa 4826403 | 2506+ 73E401 | 110600 | 230601 | 375E+m2 01
7 _ssT large 210 pressure | pessive hepa | 482E+03 | 1.30E+03 | 1.46E+02 | 146E-01 | 1SBEO1 | 121E+03 | 1.49E+03 | 1.54E+02
6 sst targe 210 vacuum passive hepafapper | 4826403 | GT0E«01 | 840E.01 | 300E01 | €00EO1 | 377E«02 | 3e9E.02 | a78E.01
0 ssT large 20 | radiological | '® m;’“’ hepa A82E403 | 1308408 | 148E402 | 146E01 | 158E01 | 121€.03 | 110€.03 | 1548002
10 ss1 targe 210 | toxicological pazsive hepaMapper | 4826403 | G70E+D1 | 840E+01 | 300601 | 800E01 | 377E+02 | 369E-02 | 4.78E+01
11 pst large 210 pressure sealed tank none §30E+03 | 830E+D1 1.62E+02 | 0.00E+00 0.00€+00 NA NA NA
12 DSt large 210 vacum passive fiapper S30E+03 | 700B401 | 95.25E¢01 | 3.10E-01 | 61001 | 383E+02 | 3756402 | 487E«01
. DST puddie 10 radiiogical | '® c:n'?;,(?'w ventpipe’ | SIOE+03 | 120E403 | SOOE+01 | BI0E02 | 250E01 | 132Ee02 | 1206402 | 1.68E+01
. , 100 ¢fm (0 047
. oSt large 210 | toxcological ) fappervent e | 5306403 | 7008401 | 921401 | 310601 | 610E01 | 382802 | 374E002 | 48sEe0N
15 DCRT large 49 pressurg sealed tank none 8 01E+01 1.95E+01 247E+00 | 0.00E+00 0.00E+00 NA NA NA
1 DCRY large 9 vacwum passive 4 (0im)orfice | BOIESD! | 330E+01 | 212E+00 | 390E01 | 410E01 | B64E+02 | 8476402 | 1.10E+02
17 DCRT targe 341 | radological passive 4 (0im)orifics | BOIE-01 | 330E+01 | 2126900 | 310601 | 410E01 | B6AE+02 | 847TE~02 | 1 10E+02
1 DCRT Targe 341 | ‘toxicological passive 4(0Am) orifice | B.OIE<01 | 330E+0\ | 2426400 | 310601 | 4.10EQ1 | BGAE+02 | 847E+02 | 1 10E+02
19 sst enamed | 40.0 | iadiological | ' ‘:'“T,“;"w hepa™ 4826403 | 170E403 | 1306402 | 1.10E-01 | 290E01 | 611E+02 | 599E+02 | 776E400
toxicological | 100 ¢fm (0 047
20 ssT envaneg | 400 | lrcologeal ) hepafapper | 482E+03 | 146E403 | 113002 | 10080t | 3.10E01 | 3276402 | 3206402 | 415E0n
”n 56 kgal SST large 2 prossure passive 3"’;;':‘;7’“’ 2276402 | B20Es0t | 6.54E+00 | 220601 | 270601 | 101€+03 | esues02 | 129E02
' 22 55 kgat SST large 22 :‘:::S'gﬂ passive hopaMapper® | 2276402 | 2326401 | 4o0oEv00 | 30001 | 600E01 | 381E-02 | 373802 | as3Eidn
23 56 kgal SST puddle 10 pressure passive hepa™’ 2 27€+02 157E402 | 4.81E+Q0 1.90E-01 3 50E-01 407E+02 | 487E+02 | 631E-0)
DSt entsined | 4pp |loXcologicaland| 100 cim (0047 1o o) ive™| 530E003 | 1366403 | 1078e02 | 1102801 | 350E01 | 279€+02 | 2748002 | 3s4Ee0n
2 radological m* Is)
25 """ HEPA Vent Modeled as 3.75" (9.5 mm) orffice ) _
26 " Flapper s 50in (1.27 m) orifice opening at 1 psid (6.89 kPa)
27 ¥ Vent Pipe on DST Moceled 85 96 in. (024 myorifice | | B ~ o
28 "' HEPA Vent for 55 kgal tanks is 3.42° {.087m) arifice. Flapper is 7~ orifice
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A P Q R S T U \ w X Y 2 AA AB AC AD
. Vaa's Onsita Sum | OMfaite Sum Onsite
Atmospheric Van's Onsits|  Van's Van's Offsite  |Van's Onsitsl Van's  |of Fractions|ef Fractions Onsie Onsite | Narmalized
Dilution Pactor st] Aqueows Limit | Offsite Limkt [Onstte Lim| Limit Uit Offsits Limit| Aqueoces | Agueows Conc. Onsits Cone. Cone,
100 m Vout Rats | Ex Uniikely | Ex.Uniikely | Unfikely | Unlikely | Anticipated | Anticiputed | Bolioff Solioft |Vemt Rete | PA  ICome. CO| WO, 9 mam’

4 | Cose | Dimensionless | Us s w o a 0 " L | ExUnlimly | ExUniikely (ofQmm's| mghm’ | moim’ mgim' | otsource)
2 ! ;
3] o 2 60E-03 V42605 | 200E+02 | 620601 | 750E+02 | BOOEOD | O6OE+03 | BOOE<00 | 2B4E03 | 880ED6 | 443EDV | 974E01 | 954E01 | 124E0Y | 260E-00

b 8 70603 139E05 | 200E+02 | B20E-01 | 750E+02 | BOOE+00 | 960E-03 | 8.00E-00 | 278603 | 862608 ' 680E01 | 1.606+00 | 1.5TE«00 | 203E0v | 870E03

._L J— o [ S - — _
s ¢ 260603 142605 | 200E+02 | 620E-01 | 7506402 | 600E+00 | 960E+03 | ADOE«DD | 284E-03 | B80EDE | AIELD | SEDY | 9S4 | 124E0! | 260ELD
el ¢ 2.60E-03 142608 | 2006402 | €.20E01 | 7.506402 | B.0OEe00 | 060E«03 | BO0E-00 | 2B84E03 | B80E06 : AGED | OTED | 9sED | 126600 | 26060
7] e 2 60E-08 413605 | 200E¢02 | G20E-01 | 7.50E+02 | BOOE+GD | S60E-03 | B00E-00 | 8.26E03 | 256605 | 585601 | 315600 | 306E+00 | 400E01 | 260E00
8 t 1 30E02 948604 | 200E402 | 620E01 | 750E402 | 800E+00 | 960603 | BOOE00 | 180E01 | SBSE04 | 4I1EOT | 4S0EX00 | 460E+00 [ 62201 1.306-02
o] ° 2 60E-03 413605 | 200Be02 | 620E01 | 7506402 | 8.00£+00 | 960€+03 | BO0CE-00 | 826803 | 256E-05 | SSSEOV | 31SE.00 | IO0BE400 | €00EOT | 260603
10] 1,30602 94BE04 | 200E+02 | BZ0E-O1 | 7506402 | BODE+OD | D60E+03 | BOUE00 | 190E01 | 588E04 | 431E+01 | 490E+00 | 480E+00 | 622601 1.306-02
1 0 00E+00 0.00E+00 G20EQ1 | 7.50E+02 | 840E+00 | 100E+04 | 8.40E+00 | 0.00E+00 | 000E+00 | 000E<00 | #VALUE! | #VALUE! | svALUE' | o0ODEsm
12] | 1.306-02 YOOEG | 210E+02 | E20E01 | 7SOE+02 | 840E+00 | 100E+04 | B40E+00 | 217EDt | G40E-04 | 462E+0V | 498400 | 488E+00 | 633601 1.306-02
e R T —

al 2 00E-03 225E05 | 2106402 | B20E01 | 750E402 | BAOEs0D | 100E+04 | 8406400 | 472605 | 129605 | 1106400 | 264501 | 25901 | 335602 | 200603
| 1.30E-02 N.03E03 | 2106402 | B.20E0t | 7.50E402 | S840E000 | 100Ee04 | 840Es00 | 216EDV | 63ITE04 | 462E«01 | 4.96£.00 | 486E000 | 630€01 1.30€-02
15] m 0 00E+00 0.00E+00 | 200402 | 6.20E01 | 7.50E+02 | 800E+00 | 960E<03 | 800E+00 | 0.006+00 | 000Es00 | O00E+00 | #VALUEI | #vALUE! | svaLue | oooEv00
sl " 200603 SO2605 | 200E+02 | B20E01 | 7506402 | B00E+00 | 960E+03 | BODE«DO | 100E02 | 311E05 | 89SEO1 | 1736400 | 169E400 | 22001 | 200603
17] o _ 2.00E03 502605 | 200E+02 | 620601 | 7.506¢02 | 8.00E+00 | ©.60E+03 | BDOE+00 | 3100E02 | 3VIEDS | 995601 | 173E400 | 169E+00 | 220601 | 200603
18] o 2.00E03 SO2EQS | 200E+02 | 620601 | 7.50E-02 | 8.00E+00 | 960E+03 | 8D0E+D0 | 100E02 | 311E05 | 9BSED1 | 1.736-00 | 1696+ | 220E01 | 200603
sl 2 60603 212605 | 200E+02 | 620601 | 7.50E+02 | 800E+00 | 960E+03 | BOOE«00 | 424E03 | 131605 | 595601 | 1.59€+00 | 156E+00 { 202601 | 260E-03
20| 8 70603 195605 | 2006402 | 620601 | 750€002 | 8.00E400 | 9.00E+03 | 800E«D0 | 380E03 | 121E05 | 1026400 | 2846400 | 278E400 | 381E01 | 870E03
2l 3 2 60€-03 442605 | 2006402 | B20E-01 | 7.50E402 | 8.00E+00 | 960E03 | B00E+00 | 884E0) | 274505 | 747EO1 | 264£400 | 258E400 | 33SEO1 | 26003
2| 8 70603 130504 | 200E¢02 | 620E 01 | 7.50E402 | 8.00E+00 | 9.60€+03 | BOOE+D0 | 261E02 | B0BE0S | S87E+00 | 331E«00 | I25E+00 | 421ED1 | 87003
23] u 2 60603 175605 | 200E+02 | 620E0) | 7506+02 | BOOE+00 | 9GOE+D3 | BOOESD0 | 350E03 | 10SE05 | SOSE-01 | 1.29€+00 | 127€+00 | 164E01 | 260600

v 2 00E03 249505 | 2106402 | 6.20E-01 | 750602 | BAOE-00 | 100E+04 | S40E+D0 | 523E03 | 154605 | 136E400 | SS8EQt | SATEQN | 7o9ED2 | 200603
24 :

=3 [N D } - | |-

26 [ — 1 A A N .
27 7 ;
28 ¢
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P

A AE AF AG AH Al Al AK AL AM AN AO AP AQ AR AS
Particulste | Porticulaste | Particulate | Particulste | gx. Un. Ex Un. Offsits ) .
Soarce | Onsite Total | Offsite Votal timit Limit Limit Limit Onsits Total | OMsite Totat| N d¢ ! 1l A 1} A § A 1
Soot Conc.| Particulate | ParBiculats | ERPG3 ERPO-2 ERPG-1 | PEL.TWA | porticulats | Particulste | Conc. | Hesdspace | ERPGS | EAPG-2 | ERPG.1 | PEL-TWA
1 { Case ngim’ g’ mow’ mgim’ mgim’ mphn’ mgm’ * Fraction | Fraction imgm’ |Conc. mpm®| mgim' mg/m’ mg/im’ mpim®
2
3 a | 1736403 | SABES00 | 264EQ | 500 % 2 10 (10E02 | 529604 | 12508 1300 860 140 7 7
o| © | Esweoz | soee | 1wE02 500 50 2 10 180502 | 398E04 | 19208 1300 680 140 1 ”
g| ¢ | 1mEm| swew | ruex 500 50 » 10 110E02 | 529€04 | 1.25€05 1300 %0 140 " "
o ¢ | 1mEem | swew | 260 500 %0 20 10 110602 [ 529604 | 125605 1300 680 140 ” "
71 e | S60Ee03 | 177€s01 | 113E01 500 %0 £ 10 ASIE07 | 226603 | 16605 1300 680 140 17 17
sl ' 1748003 | 2766001 | 259€e00 500 % 20 10 SSIED? | 517E02 | 12%¢@ 1300 660 140 14 17
ol o [s®0E® | e | 10 500 0 2 10 3sE07 | 220603 | 160605 1200 850 140 ” 7
10] & | 1746003 | 2766401 | 25%Eem 500 50 2 10 35107 | SWEG | 12640 | 130 680 1% 7 7
1] NA SVALUE) | #VALUEI 500 %0 2 10 NA NA 000€+00 1300 680 100 17 7
12| 1776403 | 280E<01 | 282E+00 500 0 » 10 S61E02 | 563E02 | 1MEM 1200 680 140 7 17
sa| | v | reseeww | 232602 500 50 2 10 207603 | «65e04 | 3108 1300 680 140 17 1
el ! 177603 | 279€c01 | 280€000 500 50 3 1 556E02 | SB1EQ2 | 131E03 1300 680 140 17 17
15] m NA WALUEI | #vALUE! 500 %0 % 10 NA NA 000£900 1300 680 140 17 7
16| " | 4es | emEc00 | 137E0M 500 %0 2 10 195€02 | 274e03 | 28205 1300 680 140 17 17
17] o | 400E+03 | 973E+00 | 137E0 500 ) » 10 106602 | 274603 | 28E05 1300 680 140 17 7
18] p | 400Es03 | 9.73€+00 | 137EN 00 0 20 10 V95EQ2 | 274600 | 2808 1300 680 140 17 7
1g| o | 2%E03 | ssuEc0 | s7E02 500 0 » 10 179€02 | 116€m | 168€05 1300 650 140 17 17
200 1516403 | 160E001 | S326£02 500 0 » 10 3VE02 | 10603 | 289605 1300 680 10 17 17
21] ¢ 1 at0ees | raseeor [ 121€00 500 0 30 10 29702 | 246m | 2905 1300 660 140 17 ¥
2 t ] 1766403 | 1868001 | 3%6E 01 500 50 30 10 37302 | 712&m | 1esE08 1300 880 140 17 17
23] v | 2%+ | 727E.00 | 400E02 | s00 % £ 10 145602 | 799E04 | 143605 | 1300 %0 140 17 17
v | 1296403 [ 3MEWw0 | 606EQ2 500 ) 30 10 82E03 | 121€03 | 386E.05 1300 680 140 17 7
24 | o R
35 5 -
26 ] ' L
271 i
28 | |
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"198YSYJOM | D160 0D 1X0)

A AT AU AV AW AX AY AZ BA B8 B8C 8D BE BF BG BH
1380t ' math. chi. e
Meacwpace | 13Buta | 13Buts | 138uta | 13Muts | Meadspace | meth.chi. | meth.chl. | meth.chl. | meth.chl. | Headspaes |  THP e T8P Tep
Cone. ERPG3 | ERPG2 | ERPO | PELTWA |  conc. ERPGS | ERPG2 | ERPO | PEL-TWA | Conc. | ERPOS | ERPG2 | ERPO-1 | PELTWA

1| Case mgim’ mg/m’ mg/m’ myim’ mgim® mgim’ mgm’ mg/m’ myin’ mgi’ mpim? mghn® mgim’ mg/m’ mgim’
2
3| 019 11,000 110 2 2 21.76 17,400 um 700 174 118 50 15 3 25
AL 018 11,000 110 7 -] 27 17400 | 480 700 " 1.8 0 15 3 25

¢ 019 11,000 110 zn 2 276 17,400 us0 00 174 116 50 15 3 25

&1 S . — -1 L -
el ¢ 0.19 11,000 110 ] 2 .78 17,400 u% 700 174 18 0 15 3 28
71 e 019 | o [ 1o | = 2 2178 17.000 3480 700 174 1"e 50 15 31 Tas
sl * 0.19 11,000 110 2 2 2178 17,400 £V ) 700 174 1.8 ) 15 3 25
o] ¢ 0.19 11,000 110 2 2 n7e 17,400 u® 700 174 1.6 ] 15 3 28
o) n | o 11,000 1w | =z 2 276 17.400 40 700 10 118 %0 15 3. as
1] 019 11,000 110 n» 2 278 17.400 V- 700 174 18 %0 15 3 25
2] 019 11.000 110 2 2 .78 17.400 30 700 174 1.8 0 15 3 25
sl 019 11.000 110 ) 2 278 17,400 3480 700 174 18 0 15 3 25
l ! 018 11,000 110 n 2 778 17,400 480 00 174 1.8 0 15 3 25
15[ m 019 11,000 10 n ) 21.7 17,400 3480 700 174 116 0 15 3 25
el " 019 "'om_J 110 n ] 2178 4 17,400 U 700 17 18 0 15 3 25
"# o | Tew T item [T | Tz 2 2176 | 1rd00 3480 “i00 V74 e 50 15 T3 75
18] o 019 11,000 10 n z 2178 17,400 430 _ 700 174 1.6 50 15 T3 T as
el @ 018 11,000 110 n n 2178 17,400 380 700 174 1.6 50 18 s | 2
— —

ol 019 11,000 10 ] 2 |e 276 17.400 80 700 174 "ne %0 15 3 25
| ¢ 019 11,000 110 ] 2 21.78 17,400 4% 700 174 116 0 18 3 25
2| 018 11,000 110 ] b2] 2176 17.400 480 700 174 1"e 0 15 3 25
23] 019 11,000 110 n z 278 17.400 80 | 700 174 16 50 15 3|2

v 019 11,000 110 n b 076 17.600 80 700 174 16 % 15 3 2
24 _ . L )
;2 ) I
27
28

'£-6 d4nbL4

"A9%Y  OP2y- 4NH

0

(5393US 11)
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28

A ] BJ BK BL BM BN B8P BQ BR BS 8T BY BV BW
POy Acetonit '
Headspace POy PR, PO, P10, NO, NO, NC, NO, NO, Headspace | Acetonit | Acetonlt | Acetomit | Acetomit.
Cone. ERPG3 | ERPG-2. | ERPG-1. | PEL-TWA | Meadspace | ERPG3 | ERPG.2 | ERPG-§ | PELTWA |  conc. ERPGI | ERPO2 | ERPO-1 | PEL-TWA

1| case mohn’ mo/'m’ mgim’ mgm’ mgm’ | Conc.mgm’| mom* mg/m® mg/m’ mgim® mg/m’ moim’ mgim® wom' | mgm’ ]
2 L.
3| & | ansee02 100 2 s 1 4.76E401 [N I 38 3s 2181 & 2 3 3
o ® 1.84E+02 100 F) s 1 234E401 eyl a 38 s 2181 ® 20 3 3
s ¢ 1756402 100 2% 5 1 4766401 " ar s Y] 2188 () 2 3 3
ol ¢ 3756402 100 > 5 1 4765401 84 a7 Y s 28 & 2 3 3
7] 1216403 100 P 5 1 1,54E+02 84 a7 38 35 | e 60 20 3 3
ol ! 3TTES02 100 > 5 1 4 7840 84 a7 38 3s 2181 80 2 3 3
ol ° 1 21E+03 100 > ] 1 1 54E+02 [ a as 35 21.81 60 2 3 3
10 » | 3mee02 | 100 % 5 1 4T8E+01 84 a 38 35 2181 60 2 F
1] 0 00E+00 100 > s 1 000E+00 o Y 38 s 2181 60 20 3 3
21 3836402 100 > 5 1 487601 % a 38 as 21.81 60 2 3 3
ol 1326402 100 ) s 1 168E+01 94 a 18 s 21.8% ) K 3 3
] ! 3826402 100 b3 5 1 485401 9 a s s 21.81 ® 2 3 3
15] m | oooes00 100 ™) 5 1 0 00E-00 ™ a 3s 35 2189 0 Py 3 '
el " 864E402 100 25 5 1 1 10E+02 o a e as 2181 80 2 3 3
7] o 8 64E+ 02 100 25 5 1 1 10E+02 9 a7 38 35 21 81 60 o T 3 3
8] » 8 64E+02 100 5 s 1 110E+02 5 — @ as 35 21 81 80 2 3 3
9| @ 8.41E+02 100 2 s 1 7.76E401 94 a7 18 15 2181 60 2 3 3
»| 326+02 100 2% 5 1 415401 o4 a 38 s 2181 © 2 3 3
2 3 101E+03 100 25 5 1 129E+02 9 a7 38 s 2181 50 2 3 3
»nl 381E402 100 25 s 1 4 83E+01 % a7 18 s 2189 5 2 3 3
23] 4.97E+02 100 25 5 1 ~ 63IE+01 u | a K 35 T2 () 2 3 3

v 2796402 100 25 5 1 3548401 % ) 38 s 2181 0 2 3 3
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A B8X BY BZ CA cB CcC CcD CE CF (o] CH [+] CJ CK CL
prop. ni. co benezens
Headspace prop. nit. prop. nlt. | peop.alt | prep.ait | Hesdspac co co co co Headsp b b b b
cone. ERPG.3 | ERPG-2 | ERPO-Y | PEL.TWA cone. ERPG3 | ERPG-2 | ERPG1 | PEL.TWA |  comc. ERPG3 | ERPO2 | ERPG-1 | PEL-TWA
1| Case mgm® mgim® mgim’ mgim® mg/m® mgim® mg/m® mgim® my/m’ mg/m’ myim’ ma/m® moim’ mom' | mom’ 4
2 i ——
3 ) 10 47 0 | 2 3 3 367E+02 1360 @90 70 | 132 3120 1565 10 3
ol ® 1047 € 1 2 3 3 1.80E+02 1380 €90 20 o 132 3130 1585 i) 3
; - o
5| © 1047 0 ! 3 3 367402 1360 80 20 © 13 3130 1585 0} ]
6l 1047 & 2 3 3 3.87E+02 1380 €90 20 © 13 3130 1566 8 3
7 Y 10 47 60 K § 3 119E+03 13680 €90 220 @ 152 3130 1585 78 3
a t 104 ] 2 3 3 369E+02 1380 €90 20 © R 3130 1565 7 3
of @ w047 ) 20 3 3 1 19E+03 1360 690 20 © 132 3130 1565 78 3
0] h Y 60 20 3 | T3 369E+02 1380 €90 %0 0 Kk 3130 1565 78 3
1l 1047 60 2 3 3 0 00E+00 1300 €90 20 © im 31% 1565 b7 3
121 1047 60 2 3 3 L75E402 | 1360 €90 270 © IE") 3130 1505 78 3
sl * 10.47 60 2 3 3 1 296402 1380 €90 70 © 13 31%0 1508 . 3
T —_ - _

el 1047 60 20 3 2 ITE02 | . 130 890 2% © KE. 3130 1565 1) 3
15| m | to4 | e 20 3 3 0.00€+00 1360 690 220 © 132 21320 1565 78 3
sl " 1047 60 20 3 3 BATECWD2 | 1380 €90 230 ) 132 2% 1565 i1 3
7] o | w04 Gl ) 3 | 3 BUEXD2 | 130 | 6w 70 © K] 312 1565 8 3
18] p_ 1047 60 . 3 3 8 4TE+02 1360 690 230 [ Kk 3130 1565 78 3

Q 1047 60 20 3 3 5 99E+02 1360 €90 20 © 132 3130 1565 1) 3
19 - _ i
ol * Y 60 2 3 3 320E+02 1360 €90 2% 40 L 132 313 1565 78 3
21} » 1047 60 2 3 3 994E+02 1360 630 2% © 1 132 3120 1565 78 3
2] t 10.47 ) 20 3 3 1T3E~02 1360 6% - 2% © 132 3130 1565 78 3
23] v 1 Tow 60 2 3 3 4 87E+02 1360 690 230 © 132 3130 1565 78 3

v 10.47 60 2 3 3 274E+02 1360 690 2% ® 12 . 3130 1565 78 3
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'€-6 9JnbLy

A3y OpZv-dANH

"193YSYIOM | eDLBO{0DLX0|
0

A CM cN co CP_] ca CR cs cT cu cv cwW [33 cY cZ DA OB
i
butanol dodecane 2hexane N0
conc. | ERPGI | ERPG2 | ERPO | PELYTWA |  conc. ERPG3 | ERPG2 [ EAPG1 | PELTWA | conc. | ERPO3 | ERPO2 | ERPO-1 | PELTWA |  conc.
1| cas | mgm’ mom’ ngim’ motm’ mp/m’ moim* | mgim’ wom' | mgm’ mgm’ | mg’ mom’ mon’ mgim’ woe’ | wom’
2 ; .
3| 184 13 7500 750 75 78 28 3% 1450 3 ] 268_ 5000 500 50 x 0
o ® 16413 7500 % 4] 1] 296 7% 1450 » 74 268 5000 500 50 2 240
s] ¢ 164 13 7500 %0 7 7 208 1330 1450 » &4 268 5000 500 50 2 20
el ¢ 18413 7300 7% ™ s 298 7330 1450 » 14 268 5000 500 50 ® 240
7] e 16413 7500 750 75 13 296 7330 1450 37 ¥ 268 5000 500 50 » | Do
sl ! 16413 7500 1% 75 15 8 7% 1450 £ 14 268 5000 500 © 2 240
o] ® 16413 7500 750 75 78 208 7330 1450 EH L 268 5000 500 %0 » 240
0] » [ w3 700 | 70 B s 26 7330 1450 7 3 268 5000 500 50 0 2340
1] 16413 7500 7% 7 s 298 7330 1450 ¥ ¥ 268 5000 500 50 2 2M0
121 16413 7500 750 5 75 208 7330 1450 7 2 268 5000 500 50 ) 20
a3l " 16413 7500 7% 1) 15 296 1330 1450 ¥ ” 268 5000 500 50 P 240
] ! 16413 7500 150 15 7 ) 7330 1450 7 ? 268 5000 500 0 0 240
5] m 16413 7500 750 7 7 208 730 1450 £ ) 268 5000 s0 | s | m | a0
.l ° 16413 7500 750 " 15 296 7330 1450 ¥ a7 268 5000 500 50 20 0
7] o 18413 7500 750 75 i) 26 7330 w37 7| 288 5000 | 50 %0 | T® | a0
8] o 16113 750 750 75 75 26 | 730 1450 7 | 268 5000 500 0 » B40__
o] o 16413 7500 150 ” 15 208 3% 1450 3 a7 268 5000 500 50 2 20
»l| ' 16413 7500 %0 15 % 2 3% 150 3 3 268 5000 500 0 20 2340
2l s 10413 7500 750 75 1£] 208 7330 1450 » 3 268 5000 500 50 20 2340
2| ¢ 16413 1500 750 5 75 8 7330 150 3 7 268 5000 500 0 2 240
23] 164.13 7500 0175 75 28 1% 1450 3 3 268 5000 500 L 3 I T T
v 16413 1500 £ B £ 78 208 7330 1450 £V » 268 5000 500 %0 2 2u0
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'€-6 94nbLy

"193USNJOM 010 ([0DLX0]

A DC DD DE DF 0G DH [o]] OJ DK oL OM DN DO oP DQ
ExUnilkaly | Ex.Untikely | UnMkely | Uniikety | Anticipated | Anticipated
tridecane » Onsits Offsnts Onsits offsite Onsite omit
0 "0 »,0 MO | Headsp d o wid e Cormoaives | Comosives | Comostves | ¢ Comosives | Comosives
ERPO3 | ERPO-2 | ERPG1 | PELTWA |  conc. ERPGS | ERPO2 | ERPG-1 | PEL-TWA | and irvitants | and iritants | snd trritants | and ittants | snd ¢ and Irrita
1| cosa | mgm’ mgim’ | mom' mgim’® my/m mgm' | moim' | moim’ | mom' | Fractiom | Fraction | Fraction | Fracion | Fractiom | Fraction
2 ) _ A
3] a 36000 18000 an %0 388 7330 1450 37 £ 186E02 | 327604 | 678E02 | 210603 | 4.36E01 | S8%ED:
o ® 38000 18000 | 27 % | 70 1450 7 7 360602 | 34aseoa | 1seeor | 23 | 1o | smE®
s| © 36000 18000 2 90 388 7330 1450 a 7 168602 | 327604 | 8782 | 21003 | 438601 | 58943
el ¢ 38000 18000 7m0 90 s 7330 1450 £ n 166602 | 32704 | 678E02 | 210E08
- —— J— -
71 e | 36000 18000 210 w0 | s 730 | 1450 a7 | TaBeg2 | 1.RE03 | ISIEQ | 60IEMM
al ! 36000 18000 m % 388 7330 1450 ar ¥ B3EQ2 | 319€02 | 3aE0 | 20500
ol © 36000 18000 70 % 388 1m0 | s 3 3 a1e02 | 10E0 | 160 | soiEm | saeor | 22iem
10} n T " 3000 | Tieoo | a0 % 388 7330 1450 a7 £l 83SE02 | 319602 | 340601 | 206601 | 2156400 | 575601
11 1 36000 18000 an N 388 1330 1450 k1) k14 0 00E+00 0 00£ +00 0 00E +00 G 00E+00 -0 O0E+00 000E+00
12] i 35000 18000 70 % 388 7330 1450 37 37 SMEQ2 | 345602 | JMEDT | 222601 | 2216400 | 624E-01
ol " 36000 18000 m 90 388 w0 | so a ¥ 70603 | 491€0¢ | 3uEm | 2060 | 22601 | 681EM
|
NI S UV S S S E—— -
] 36000 18000 m 90 388 7330 1450 LA BOE02 | JME02 | IEDN | 22600 | 2208400 | 82201
5] m :seooT>_4 18000 ) % 38 7330 1450 3 7 000E+00 | 0OCEX00 | O0ODE*00 | DOOE00 | OOGE-00 | 000E+0q
gl » 35000 16000 mn % 388 7330 1450 y % 1WE02 | 13EM | swEm | 79%Em | SeEoy | 215e@
17] o | 38000 | 18000 | 210 O mw | ww | ¥y | ¥ 239E02_| 132600 | SCE0? | 7USEA3 | SG4EDN | 275E.02
8] p 35000 18000 Mo % a8 nR_| s | % 37 23E02 | 13600 | 940E®m | T | SGED | 27502
9] 9 36000 18000 o % 388 330 1450 3 E14 236E02 | 609E04 | 94Em | 375608 | S580E0Y | 12062
ol 35000 18000 m % 388 7330 1450 7 ¥ 510602 | 63¢E04 | 20901 | 4530 | 136800 | 121€ 02
2] ¢ 36000 18000 o 0 388 7330 1450 £V 7 355602 | 113603 | 13€; | 67E® | 8:ED | 23%€m
2| 36000 18000 210 80 388 1330 1450 7 n 562602 | 437E03 | 2200 | 281€02 | 147E.00 | 750602
23| 3000 | 18000 | 210 | 80 | a8 | 73 | wso | & | " 202602 | 44TEO4 | 813E02 | 281E03 | SUIEDI | 85%E03
v 38000 18000 m 90 388 1330 1450 LY 2 106602 | B49ED04 | 440E02 | 560 | 291E01 | 143602
24 ]
25 D N R . I
26 }_ =
27 —_t 1 -t —— — 1 —
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0
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61-6

A DR DS DT ou v oW OX DY 24 EA £B EC ED EE EF
€x. Uniikely | Ex. Uniibety| Uniikety | Unitkely | Anticipated | Anticipated |Ex Unlikely| Ex. Uniikety| Ustikaly | UnBikaty | Anticipated | Anticipased
Onsite | Offsite | Onsite | Offsite Onstts Offsite Onsite | Offsite | Onsite | Ofsie Owsite Omia  |Ex. Unllkely| Ex. Untitaly |  Uniikety
Sy | Sy k Systaml, Sy Y b 8y Nervous .| Nervous | Nervous Harvous Nervous Nervous Owsite Offsite Onsite
Poisons Polsons Poisons Poisons Polsons Polsons y Y Y System Systam Sysh Particuiat Particat Parth
41 } Casa | Fraction Praction Praction Fraction Praction Praction Fraction Fraction Praction 4 Practl Praction Praxtion Fraction Praction
2 —
3| a | 210603 | 269E05 | S56E03 | 1SSEDA | 321E02 | 250E04 | 471EOGM | 104605 | 215603 | 360€04 | 765€2 S92E04 110602 | 520604 | 1 10E01
o b | swEee | asEes | 1@€02 | 222600 | 100601 | 204E0A | 1S8E0D | (39608 | T.10E00 | SEEEO4 | 236E01 809604 160E02 | 398E04 | 1.80E-01
5| ¢ | 2WE0S | eodEot | sseEGa | 1ssE0s | AEG | 2E | 4TIEGL | 1OMEDS | 215600 | 3604 | 765602 592604 110602 | 529604 | 110E0Y
6| ¢ | 210600 | 0304 | SseEGy | 4SSE04 | 3NEQ | 250604 | ATIEQH | 1OESS | 215603 | JEE04 | T65E02 592604 110E@ | S29E04 | 110E0Y
7] « | 367603 | 844ES | GOTELD | 264604 | 4.14E02 | 68SEOA | «71E04 | 137E0S | 215E03 | asTE04 | 7esE2 783604 354E02 | 226600 | 35401
g| 1 | 1osE02 | 32 | 2mE@ | 151602 | 161E0M T2a4E02 | 238508 | 101E03 | 107E02 | 359E02 | 382601 5 76E.02 551E02 | S17E02 | 5S51E01
o o | 3¢ | seEos | seTEGe | 204p04 | 414507 | BEED | 4TIEQH | 1STEQS | 205603 | 4OTECH | T8SE02 783E04 3se0 | 22803 | 3s4E0
10| n | 105E02 | 321E03 | 279602 | 151E02 | 161€01 | 244E07 | 236E03 | 1OIE03 | 1.07ED2 | 359E02 | 382601 | STEE02 | SSIEQ2 | 5I7E02 | 551E00
11] 1 [ o0oEs00 | 000E+00 | 0.00E«00 | DOOE-0O | OOOE+0O | DOOE<00 | 0.00E+00 | 0.00E+00 | OCOE«00 | OOOE+00 | 0.00E+00 0 00€+00 NA NA 0 00E+00
2| 106602 | 346E03 | 281E02 | 162602 | 161EDY | 263E02 | 235603 | 108E03 | 107602 | J8E@ | 38E0 617602 SGIE02 | SE3E02 | S56IE-0
| ¢ | 17E01 | rosEos | JEOEM | ISEM | 27E07 | AIEQL | 6204 | 256605 | 165603 | 91904 | 588E02 1 43E-09 29703 | 46SE04 | 297E02
Wl ! 106E02 | 349603 | 280602 | 162602 | 161€01 | 262602 | 236603 | 108200 | 107602 | sME02 | 38201 817E-02 ssse02 | seE02 | sseEo
15| m | DO0E<00 | G.OUE+00 | 0.00E+00 | DOOE+00 | DOOE00 | DOOE<00 | OOOE+00 | OOOE+00 | DOOE+O0 | O.0OE+00 | 0O00E+00 | 000E+00 o [ e [ evaer
wg| | 2303 | 113804 | 568E03 | 407EO4 | 289602 | BOOEOA | 3604 | 2TECS | 165603 | BZE04 | 5BEER 1 060 19502 | 274E03 | 195601
17] o | 23603 | 11304 | S6BE03 | 407E04 | 289E02 | SOOED04 | 362608 | 233605 | 165603 | 0828E04 | 586602 | 1 MEDS | 195602 | 274E03 | 195E01
18] p | 232603 | 11304 | 568E03 | 40704 | 289E02 | 9O00ED4 | 362604 | 27E05 | 185€03 | B2aE04 | 588602 1 2ED 196602 | 274603 | 195E01
19| 9 | 2ME03 | 62E04 | 64sEDGY | 225604 | 347602 | 43EL4 | ATIEDA | 13905 | 218603 | assE04 | T65€02 795604 179602 | 116603 | 179E01
so| ¢ | 67303 | e€04 | 181E02 | 3stE04 | 106E0) | skt | 1sse0s | 229605 | 719e03 | s50E04 | 256E0 137603 320602 | 108603 | 320601
o1| ® | 330603 | 9sec0s | 794603 | 319E-04 | 392602 7SI | 4TIEDs | 175E05 | 215E03 | 62E4 | T6SE02 999E-04 207602 | 242603 | 297E00
go| v | TO7EQ3 | 442E04 | 187602 | 206603 | 108E01 | 3MEOI | 156E03 | 13VE04 | 7M9E03 | 489603 | 256601 17,8503 ITE02 712603 | 3MED
23| o [ 23303 | 476E05 | 603E03 | 184604 | 335E02 | 326604 | ATIEDA | 11805 | 215603 | 40E04 | T65E02 6.75E- 145602 . T99E04 | 145E01
. €02 , B0t

v | 148E-03 | 131E04 | 402603 | 461E04 | 239E02 | 679604 | I6EO04 | I1GED5 | 165603 | 114E03 | 58BE02 18260 628E03 | 121€03 | 628E02
24 .
25 o T
26 T N -
27 B B
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A EG EH El EJ EK EL EM EN { EO EP EQ ER ES ET EU
Ex.Un. Unilkety
) Ex.Un. |Offsits Sum| Ualikaly [Offsite Sum| Anticipated | Anticipated
Unlikely | Antictpated | Anticipated [Ex, Uniikely|€x. Uniikely] Unlikaly | Unlikely | Anticipated | Anticipated [Omattesum| of  [Onsmesum|  of Onsits Sum | Ofsre Sum
Offsim Onstta Offsite Onsita | Offsite | Onshe | OMste Ousita i Offse | of Fractions| Practioms |of ¥ ’ orF of Fracth
Particulsts | Pats Part) HEPA HEPA HEPA HEPA HEPA HEPA | Aq A Ad A Agy Aq
1} Cesa Feaction Fraction Praction Praction Fraction Praction Praction Praction Praction Baliaf? Bolloft Bollof? Bolloff Bolloft Solleft
2
3| » B.BIED4 18ED) | 2BAED0 | 212604 | 3.60E06 | 445603 | 699E08 | BA7EG] | 199E05 | 4BOE0A | B8OE08 | 183EQGY | 14ED4 | 234E02 1 14E-08
o ® 864504 3.00€-01 1.99€-03 212604 | 380E06 | 445603 | 690E08 | B4TEDS | 100E08 | 104603 | 862608 | 391E03 | 111E0 | SOIED2 1 11E-04
s| © B6IED4 189€01 28460 SI0E02 | SOTEO4 | 700602 | 110603 | t3E.00 | 313€08 | 4saE04 | socE08 | 1830 | 114E0¢ | 2ME02 1.14E04
el ¢ 881E04 1.83€01 264608 IIBE02 | S67E04 | 7O00EQ2 | 110603 | 1«00 | IISELI | 498E04 | BB0E08 | 1SELD | 114E04 | 2MED2 1 UEDs
71 376603 SQE0T | 11E®M 212E04 | 360E06 | 445603 | GO0ED8 | BATED) | 199E06 | 108600 | 256605 | AOAEDS | 331E04 | SITED 3 NEDL
sl ! 862602 9.19E01 259601 212604 | 360E08 | 445603 | 699E08 | s47E0S | 199205 | 168m00 | sasEos | smeos | 7seem | soED2 7 58E03
ol © 376£-03 5 90E01 113802 | 3.2€02 | 567€0a | ootz | 110600 | 1396000 | 313803 | t08E03 | 256605 | 404E03 | 331EM | S7ED2 331604
0] h | B62€02 | 91901 | 250€00 212E04 | 360ED8 | 445E03 | 699E08 | BATEDI | 1.99E08 | 16000 | 6AAEOA | 628603 | 76E03 | BOEG2 | 7 S8ED3
44| '+ |[-oooes00 | 000E.00 000E+0D | OODOE+00 | GO0OE+00 | 0COE«0D | 000E+00 | -0.00E+0D | -0OOE+00 | GODEs0D | 0OCESD0 | OOGDE+0D | 0DOES00 | 0OOE+OD | 0OVE+0O
12 9 39€.-02 935601 282E01 445E05 | 139607 | 150604 | 178608 | 212603 | 178608 | 1.79€-03 | GA4O0EO4 | 6E0Y | 867EM | 8%2EM 867603
al ¢ 7 T4E04 496E02 23€® 130602 | 302605 | 463E0? | SI1SEO4 | G17ED | SIBED4 | 250B04 | 1.39€-05 | B95EDA | 189E04 | 119602 1 89E-04
al 9 35E-02 2 31E0 280E-01 130602 | 382605 | 4B3E02 | S1GE4 | S1TEO1 | S18E04 | 178E03 | 63TE04 | 636603 | 863EG3 | BasEO? 8 63603
Tm | svauer | svaLue #VALUEI | 0.00E-00 | 0OOE+00 | 0ODE0 | O.0OE+00 | 0ODE-00 | O00CE-G0 | GOVA!I | OOOE<00 | SONAN | 0O00E+00 |  mONMN 0 00€ <00
sl " 487603 I E0) 13762 757608 | 235€-06 | 284E03 | 303E0S | 3602 | 3005 | 592604 | INE0S | 222E | 40EQL | 28462 401E-04
A7) o | astE®3 | 324601 | T137€02 | 757604 | 235E-06 | 284EU3 | J00E08 | 36IE02 | 30E6 | 599604 | INIEDS | 27260 | 40IEDL | 284E02 | 40IE04
8] » 4 STED3 3 24601 137607 | 7STE04 | 23508 | 284ED3 | 303606 | 363E02 | 30305 | 592604 | 311E0S | 272643 | 40E04 | 284E02 4 01EDL
| @ 193603 2.98E-01 5.79E-03 130E02 | S67E-04 | 700E02 | 1.10E03 | 10E«00 | 313E00 | Sa3c04 | 131E05 | 204E03 | 170€04 | 260E02 170E 04
0| ° 177€.03 534E01 53603 | 333c02 | Se7EDa | 700E02 | 11003 | 133Ee00 | 31203 | 973c04 | 121605 | 36503 | 156604 | asrE02 1.56E.04
2| s 403E03 495601 121 02 212E04 | 360E06 | 445E03 | O99EC6 | 6A7EO03 | 195€.05 | 002604 | 274605 | 338E03 | 3s4F04 | a3E02 354604
2l 1 19€-02 6 21E01 356602 | 212604 | 360C06 | 445E03 | 699E06 | B47ED3 | 199€.05 | 113603 | 806E0S | 42503 | 104603 | 544E02 1 460
23| v | 13ED3 | 2401 4.00E03 212E04 | 360E06 | 445603 | 699E06 | BATEU3 | 1.08E05 | 520604 | 109605 | 199€® | 140EO4 | 254E02 140ED4
v 202E-03 106601 6.06E-03 130602 | 382E05 | 4G3ED2 | SIBE0N | B17E01 | SI8E.04 | 225604 | 154E05 | BOEO4 | 209604 | 107E02 209604
24
-1 . N i I N
6] 1 1 ) -
27 N
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A EV EW EX EY EZ FA
Ex. Un. Ex.Un. Unlikely | Unilkety | Anticipated | Anticipated
Onsite Offsite Onsite Offsite | Onsite Total | Offsite Total
Total Sem| Total Sum | Total Sum | Total Sum| Sum Of Sum of
1 Case |of Fractl of Practk of Fractions |of Fractions| Fractions fractions
2
3 [ 3.08E-02 9.05€-04 1.91E-01 36303 7.60E-01 9.50E-03
4 b B.35E-02 | 8.20604 | 3I68EOt | 3IS4E- 1 T9E+00 856E-03
5 ¢ 6.40E02 204E-03 257E-01 472603 2.08E+00 1.26E-02
6 d 6.40E-02 204E03 257E-01 472603 2.08E+00 1 26€-02
7 [] 8.21€-02 J4E- 5.34E-01 1.09€-02 1.T1E+00 3.52€-02
8 1 1 53E-01 8.84E02 | 94MIE-D 3.50€-01 3.74E+00 9. 2301
9 ] 1.15E-01 453603 | 600E-01 1.206-02 3.03E+00 3. 83E-02
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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 limiting
toxic?logiga1 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
puddie fires. For large pools. outflow continues for the whole of the .
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
C0, release fraction, computed from POOLFIRE.4 output. is Tisted 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.
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Column M

The source concentration of P,0;. defined as the mass of P05 vented
divided by the volume of gas vented. is calculated for eaéﬁ case. The
mass of P,0; formed was calculated as 4 .32 percent of solvent mass burned
(see Sectwon 6.2.1). The EXCEL™ formula for Cell M3 is.

M3 = 0.0432 « J3 = K3 » 1E6 (mg/kg)/(H3 » L3)

This formulation yields the average concentration during the release
period. No attempt is made to compute the 1nstantaneous release rate as
a function of time.

Column N

The average source concentration of CO, 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,05 mass. The EXCEL™
formula for Cell N3 is:

N3 = 0.98 » M3

Column O

Calculates the average source concentration of NO, vented divided by the
volume of gas vented for each case. Based on an emwss1on factor of
5.5E-3 kg/kg, (Grigsby et al. 1995). the mass of NO, formed is calculated
Eo]?e0§2 7 percent of the mass of P05 formed. The EXCEL™ formula for

e is:

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 carryover rate of aqueous waste, defined as mass vented d1v1ded by

the time of the vent. is calculated for each case. The EXCEL™ equation
for Cell Q3 is:
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Q3 = 03 (WS1) = 0.002 = K3/1I3

The units of column Q are L/s: therefore. the above equation 1s based on
the assumption of an aqueous- density of 1 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 ass1gned a value of 0.002. In terms of Equation 6-1
nomenc]ature this EXCEL™ equation can be written as:

S/time = M+ ARF = RF/time

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 S

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 10E-6 ‘
events per year which is extremely unlikely.

Column T

Lists sums of fraction mu1t1y11ers for aqueous waste for onsite exposure
for a frequency range of 10° 107 year™ which is unlikely. These
values are obtained from Table 3-8 of Van Keuren (1996b).

Column U

Lists sums of fraction mu1t1P11ers for aqueous waste for offsite exposure
for a frequency range of 10° 10 year™ which is unlikely. These
values are obtained from Table 3-8 of Van Keuren (1996b).

Column V

Lists sum of fraction mu1t1911ers for aqueous waste for onsite exposure
for a frequency range of 10 1072 year™' (anticipated). These values
are obtained from Table 3-8 of Van Keuren (1996b).

Column W

Lists sums of fraction mu1t1plwers for agueous waste for offsite exposure

for a frequency range of 10° - 1072 year™" (anticipated). These values
are obtained from Table 3-8 of Van Keuren (1996b) . ‘
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Column X

Lists computed values of sums of fractions for agueous waste. for an
onsite receptor. for the extremely unlikely (107 - 10°®) frequency
category. Implicit in this ca1bu1a+1on 1S the m1n1ma1 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
1isted 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 unlikely (107 - 10°%) frequency
category. The EXCEL™ equation for Cell Y3 is:

Y3 = 3+S3

Column Z
The vent rate of gas from the tank. m*/s. is calculated as the vb]ume

vented divided by the time of venting. The EXCEL™ equation for Cell Z3
is:

43 = H3 » L3/13

Columns AA, AB, and AC

Compute onsite concentrations for P,0;. CO. and NO, by multiplying
headspace concentrations by the atmospherwc d11ut1on factor. The EXCEL™
equations are:

AA3 = M3 = P3
AB3 = N3 » P3
AC3 = 03 = P3
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Columns M, N, énd 0 are source concentrations of these three
contaminants. and column P 1ists atmospheric diltution factors at 100 m.

Column AD

A normalized onsite concentrat1on 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 + Z3 » 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.

Column AE
Computes soot 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)

Note that column J contains masses of solvent: burned.
Column AF

Computes onsite total particulate concentrat1on 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,0;.

. Column AG

Computes offsite total particulate concentrat1on from Equation 6-6b.
accounting for soot and P,0;. The EXCEL™ equation for Cell AG3 is:

AG3 = 2.83E-5 » (M3 + AE3) » Z3/(1 + Z3 = 2.83E-H)

Columns AH, AI, AJ and AK.

List the onsite and offsite total particulate guideline 11m1ts These
guideline values are from Van Keuren (1996b).
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Column AL

Calculates the ratio of onsite particle concentration to. the extremely
gn}}ke1y guideline limit ERPG-3 for each case. The EXCEL™ equation for
ell AL3 1s: -

AL3 = AF3/AH3

Column AM

Calculates the ratio of offs1te particle concentration to the extremely
unlikely guideline Timit (ERPG-2) for each case. The EXCEL™ equation
for Cell AM3 is:

AM3 = AG3/AI3

Column AN

Computes offsite concentration for a source concentration of 1 mg/m
using Equation 6-6b. The EXCEL™ equation for Cell AN3 is:

AN3 = 2.83E-5 » 1 » 23/(1 + 73 » 2.83t-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 1rr1tants into one section
for easy comparison. Likewise, column BN 1ists the headspace
concentration of NO,. repeating column O. Note that P,Os 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 1ists source
concentrations of CO for each case. The CO. a fire reaction product. 1is
Tisted in this column to bring all systemic poisons together for easy
comparison.
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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).

Column DL

Calculates the sum of fractions for corrosives and irritants onsite using
Equation 6-8. Onsite concentration is calculated by multiplying source
concentration by the onsite normalized concentration (calcuiated 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
fract1ons is appropriate for onsite and a frequency range of 10 - 10°¢
year’'. the extremely unlikely category.

Column DM

Caiculates 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 « (AO3/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 10°% - 10°¢
year'!, the extremely unlikely category.

Column DN
Calculates the sum of fractions for corrosives and irritants onsite.

untikely (1072 - 10°* year™"). frequency category. The EXCEL™ equation
for Cell DN3 is:

DN3 = AD3 = (AG3/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.
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Column DO

Calculates the sum of fractions for corrosives and irritants for the
offsite. unlikely (102 - 10™* year™'), frequency category. The EXCEL™
equation for Cell DO3 is:

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 (107 - 102 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 fréctions for corrosives and irritants for the
offsite. anticipated (10 - 102 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)
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" The denominator in each fraction is the ERPG-3 value. This sum of
fractions is appropriate for onsite and a frequency range of 10 - 10°® .
year™'. the extremely unlikely category. c

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 offs1te normalized concentration(calculated in
column AN). The EXCEL™ equation for Cell DS3 is:

DS3 = AN3 = (BS3/BU3 + BX3/BZ3 + CC3/CEJ)

The denominator in each fraction is the ERPG-2 value. This sum of
fract1ons is appropriate for offsite and a frequency range of 107 - 10°¢
year™!, the extremely unlikely category.

Column DT
Calculates the sum of fract1ons for systemic poisons for the onsite,

unlikely (107 - 10°* year™) frequency category. The EXCEL™ equation for
Cell DT3 is:

DT3 = AD3 + (BS3/BU3 + BX3/BZ3 + CC3/CE3)

The denominator in each fraction is the ERPG-2 value. the appropriate
guideline for the unlikely, onsite category.

Column DU
Calculates the sum of fract1ons for systemic poisons for the offsite,

unlikely (1072 - 10 year™") 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 onsite.

anticipated (107 - 1072 year™) frequency category. The EXCEL™ equation
for Cell DV3 1is:
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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.

Column DW

Calculates the sum of fractions for systemic poisons for the offsite.
anticipated (10° - 1072 year™") frequency category. The EXCEL™ equation
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 colum 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
fractions is appropriate for onsite and a frequency range of 107* - 10°®
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
multiplying source concentration by offsite normalized concentration
(calculated in column AN). The EXCEL™ equation for Cell DY3 is:

DY3 = AN3 = (CH3/CJ3 + CM3/C0O3 + CR3/CT3 +
CW3/CY3 + DB3/DD3 + DG3/DI13)

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. -
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Column DZ

Calculates the sum of fractmns for centra] nervous system toxins for the '
onsite, unlikely (1072 - 10°* year ') frequency category. The EXCEL™
equation for Cell DZ3 is:

DZ3 = AD3 » (CH3/CJ3 + CM3/C0O3 + CR3/CT3
+ CW3/CY3 + DB3/DD3 + DG3/DI13)

The denominator in each fraction is the ERPG-2 value, the appropriate
guideline for the unlikely, onsite category.

Column EA

Calculates the sum of fractwons for central nervous system toxins for the
offsite. unlikely (1072 - 10™* year™') frequency category. The EXCEL™
equation for Cell EA3 is:

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 fract1ons for central nervous system toxins for the
onsite. anticipated (10°® - 10" year™') 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 fractwons for centra] nervous system toxins for the

offsite. anticipated (10 - 1072 year™") frequency category. The EXCEL™
equation for Cell EC3 is:

EC3 = AN3 » (CH3/CL3 + CM3/CQ3 + CR3/CV3
+ CW3/DA3 + DB3/DF3 + DG3/DK3)
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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
summed. This fraction is calculated us1ng ERPG- 3 11m1ts therefore. this
column applies to a frequency range of 107 - 107 year™', the extremely
unlikely category.

Column EE

Repeats of column AM and lists 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 va]ues therefore, this column
applies to a frequency range of 107 - 107® year™' the extreme]y unlikely
category.

Column EF

Calculates the sum of fract1ons for total particulate toxin for the
onsite, unlikely (1072 - 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 Al).
ERPG-2 is the applicable guideline for the onsite, un11ke1y frequency
category.

Column EG
Calculates the sum of fract1ons for total particulate toxin for the

offsite. unlikely (1072 - 107 year™') frequency category. The EXCEL™
equation for Cell EG3 is:

EG3 = AG3/AJ3

This equation calculates the ratio of offsite total particulate
concentration (column AG) to ERPG-1 guideline concentration (column AJ).
ERPG-1 is the applicable guideline for the offsite. unlikely frequency -
category.

9-33



HNF-4240 Rev. 0

Column EH

Calculates the sum of fract1ons for tota] part1cu1ate toxin for the
onsite. anticipated (10°° - 1072 year™") frequency category. The EXCEL™
equation for Cell EH3 is: ,

EH3 = AF3/AJ3

This equation calculates the ratio of onsite total particulate
concentration (column AF) to ERPG-1 guideline concentration (column AJ).
ERPG-1 1is the applicable guideline for the onsite, anticipated frequency
category.

Column EI

Calculates the sum of fract1ons for tota] particulate toxin for the
offsite. anticipated (10 - 1072 year™") frequency category. The EXCEL™
equation for Cell EI3 is:

EI3 = 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 EQ. To change the total SOFs to reflect the new

- ventilation system inventories. change columns EJ through EQ. 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

here:
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.
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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
2.0L and 3.7 L.

Column EJ
Lists the onsite, 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 frequency of 107 - 10 year™': therefore, the
results shown in this column apply to the onsite extreme1y unlikely
category.

Column EK
Lists the offsite. extremely unlikely sum of fractions for HEPA rupture.

The sum of fraction multipliers used to ca]cu1ate the listed fractions
apply to an accident frequency of 107 - 10°® year''; therefore. the
results shown in this column apply to the offsite extreme]y unlikely
category.

Column EL

Lists the sum of fractions for HEPA rupture. onsite, for a frequency
range of 102 - 107 year™'. the unlikely category.

The sum of fraction multipliers used to calculate the listed fractions
apply to the onsite. unlikely category: therefore the resu]ts listed in
column EL apply to the onsite. unlikely (107 - 107 year™") frequency
category.

Column EM

Lists the sum of fract1ons for HEPA rupture, offsite, for a frequency
range of 107 - 10™* year™', the unlikely category.

The sum of fraction multipliers used to calculate the listed 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 Tisted fractions
apply to the onsite, anticipated (107°- 102 year™") frequency category.
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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™") frequency category.

Column EP

Lists the sum of fract1ons for aqueous boil off., onsite. for a frequency
range of 10 - 10°® year™'. The concentration of aerosolized waste at
the 100 m downwind 1ocat1on 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 mu1t1p11es 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 fractmns for aqueous boiloff. offsite. for a frequency .
range of 107 - 10°® year'. The numbers shown are copied from Column Y

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 recalcu1ated 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 1B used in this
column applies to the onsite, unlikely (10 - 10° year'") frequency
category.
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Column ES

Calculates sums of fractions for aqueous boiloff toxins for the offsite.
unlikely category. The EXCEL™ equation for Cell ES3 is:

ES3 = Q3 = U3

Q3 is the vent rate in L/s. and U3 1s the sum of fractions multiplier
(s/L) for the offsite. unlikely (102 - 10°* year™) frequency category.
The turbulent mixing in the vicinity of the tank vent has not been
accounted for in calculating offsite consequences.

Column ET

Calculates sums of fractions for aqueous 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 (107° - 1072 year™') frequency category.

Column EU

Calculates sums of fractions for aqueous 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 fract1ons multiplier
(s/L) for the offsite, anticipated (10° - 1072 year™) 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 tox1ns 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
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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: Aqueous Waste Boiloff

Each column cited above applies to the onsite. extremely unlikely
category.

Column EW

Sums the sums of fractions for the offswte extremely unlikely (10 -
107 year™) frequency category. The EXCEL™ equation for Cell EW3 is:

EW3 = DM3 +DS3 + DY3 + EE3 + EK3 + EQ3

Each column Tisted 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 (102 - 10™* year™)
frequency category. The EXCEL™ equation for Cell EX3 is:

EX3 = DN3 +DT3 +DZ3 « EF3 + EL3 + ER3

Each column listed in the equation for column EX applies to the onsite,
unlikely frequency category. The toxin classes are those identified in
the text that describes column EV.

Column EY

Sums the sums of fractions for the offsite. unlikely (1072 - 10 year™")
frequency category. The EXCEL equation for Cell EY3 is:

EY3 = DO3 +DU3 + EA3 + EG3 + EM3 + ES3

Each column 1isted in the equation for column EY applies to the offsite.
unlikely frequency category. The toxin classes are those identified in
the text that describes column EV.
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Column EZ

Sums the sums of fractions for the onsite. anticipated (107 - 107
year™") frequency category. The EXCEL™ equation for Cell EZ3 is:

EZ3 = DP3 + DV3 + EB3 + EH3 + EN3 + ET3

Each column listed in the equation for column EZ applies to the onsite,
anticipated category. The toxin classes are those identified in the text
that describes column EV.

Column FA

Sums the sums of fractions for_the offsite. anticipated (1070 - 102 yr'")
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 sing]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 implication of this finding is that a
11quid phase is present in the tanks and is the source of a fraction of the
organic compounds in tank headspaces.

The methodology described in this appendix was developed to identify
which tanks pose an acceptably small pool 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 report) which shows consequences
fall below guidelines 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.

A-5



HNF-4240 Rev. 0

Pool fire analyses applicable to SSTs were carried out to quantify a pool
size associated with fire-generated pressures well be1ow those that would
challenge tank structural integrity. A pool area of 1 m? (10.8 ft®) 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 smalier
fall below guidelines for the unlikely frequency category.

3.0 OBJECTIVE AND SCOPE

3.1 OBJECTIVE

The objective of this study is to deve1op 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 samplies yield an estimate of solvent vapor
concentration.

A-6



HNF-4240 Rev. O

4.0 TECHNICAL APPROACH

The technical approach used to develop screening criteria for the solvent
fire hazard is based on the following justifiable postulates.

l.

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 liquid is balanced by ventilation outflow.

An analysis of mass transfer rates quantifieé 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 1imits or lead to consequences
that exceed appliicable 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.

e The fire was initiated on a circle 0.3 m (1 ft) in diameter.

e The fire spread radially at a velocity of 10 cm/s.
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e 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
capabiiity (Julyk 1994) of the 3,785-kL tanks.

This analysis of pressurization. together with an analysis of
consequences (radiolo §1ca1 and toxicological) of postulated fires covering an
area of 1 m® (10.8 ft%) (Section 10 of the ma1n body of this report). indicate
that an SST with a solvent pool area, of 1 m® or less poses an acceptab]y 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-so]?ent configuration analyzed. Key
assumptions of the modeled waste configuration are as follows.

o Headspace air is ventilated by atmospheric air.

e Headspace air is well mixed by natural convection driven by the
transport of decay heat across the headspace.

e A solvent pool or submerged 1iquid lense of an arbitrary plan area
is submerged beneath the waste surface by a distance H.

e Heat and mass transfer rates in waste are adequately modeled by
one-dimensional models.

e Headspace characterization data. including temperature and- the
concentration of solvent vapors. are available.
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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
Ny = —CDpg d_; + X (NA + Na) . (A-1)

where

molar flux of A (moles/s m?)

total gas concentration (moles/m’)
diffusivity of A in B (m?/s)

mole fraction of A in gas (A + B)
distance measured in direction of flux (m)
8 molar flux of B (moles/s m?).

Z OO =

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,. NHy;. NO. 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, + N3)J: by replacing the product of CX, by the species
concentratlon Cf by evaluating the gradient. dC,/dy. as a difference in
concentration d1v1ded by the diffusion path lengt % 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 € (¢ -0 | A7)
A TH '
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where

porosity of saltcake (dimensionless)

tortuosity factor for diffusion (d1mens1onless)
submergence depth (m)

solvent vapor concentration in equilibrium with liquid at
depth H (g/m®)

solvent vapor concentration at waste surface (g/m*).

T~
ononon

Ce
C

S

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
W, =  diffusional transport rate (g/s)
A = area of 1iquid lense (m?).

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; - QA . (A-4)
where
k. = mass transfer coefficient at waste surface (m/s)
C, = bulk concentration of solvent vapor in headspace air (g/m?).

The rate at which solvent vapors leave the tank headspace because of
ventilation air flow is

output rate = QG .

where

Q = ventilation rate (m3/s).
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Under steady-state conditions (equilibrium conditions in headspace air).
input rate equals output rate. ‘

kiCo - CJA = QG . (A-6)

The concentration of solvent vapor at the waste surface. C_. can be
eliminated as a variable in the analysis by solving Equation A-D
Equation A-3, and Equation A-6 simultaneously. The result may be expressed as

G _ kA .

Ce ol . & ' (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 a]wgys 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

6.371 Surface Pool Versus Submerged Liquid Lense

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
lense 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 is
H=0:1i.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.
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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 lense appears to be of much Tower
probability than the ignition of an open pool or a wick-wetted
surface.

e The fire spread rate for liquids submerged in inert porous solids is
significantly slower than for surface pools (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 Sb1vent Vapors

The mass concentration of solvent vapor in equilibrium 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 concentrat1on—temperature
curve is needed. A candidate surrogate is solvent removed from tank 241-C-103
in 1993 (Pool 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 SSTs.

Pool and Bean (1994) measured equilibrium vapor concentrations over tank
241-C-103 liquid 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 ¢, = 10.232 - 315?78 . (A-8)
where
Cc, = equilibrium solvent vapor concentration (g/m?)
T = temperature (°K)
log = base 10 logarithm.
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Equation A-8 can be used to compute C, for any tank for which the
interfacial temperature. T, 1S known.

An alternative, more conservative (because lower vapor concentration 1is
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 liquid.
The following 1iquid composition has been derived from measurements reported
by Pool and Bean (1994) by grouping unidentified alkanes with identified
alkanes having similar chromatographic elution times.

Tabie 6-1. Estimated Composition of NPH
Components in Tank 241-C-103 Solvent.

SRR Component.. oo f o Molecular Fraction .o
Dodecane 0.0564
Tridecane ‘ 0.2231
Tetradecane 0.1225
Pentadecane A - 0.0131
Tributyl phosphate 0.5845
TOTAL 0.9996
Note:
NPH = normal paraffin hydrocarbon

Vapor pressures for each compound listed in Table 6-1 may be computed
from a three parameter fitting equation:

logp = AB/(T +C) . (A-9)
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 Oreisbach (1959)
for the alkanes and from Schulz et al. (1984) for TBP. Table 6-2 1lists the
constants that yield vapor pressures in torr (mm Hg).
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Table 6-2. Constants for Equat1on A-9.

~ Compound | M%iﬁ&g&?r A B 1o
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 concentrations 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 lowest
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 largest 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 Tlinked
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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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 1s small. it may not be negligible.
because vapor pressures are highly sensitive to liquid temperature (see :
Equation A-8). In this study. the 1liquid interface temperature is computed by
subtracting from the bulk gas temperature half of the AT (T -1, )
computed from Equation A-11.

surface dome

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:

g - f% (A-12)
where
f = fraction of total decay heat that is transported through the
headspace, dimensionless
Q = total decay heat load, watts
A, =  cross section area, m.

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. Q. are listed by Kummerer (1994).

Equation A-12 can be used to calculate the heat flux at the surface of a
pool. 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
correlation that applies to large Grashov numbers (large surfaces) and normal
air temperatures and pressures 1S 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/m? °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
Eemperatgrg gifference. AT, evaluated for a specific tank as described in
ection 6.3.3.

The mass transfer coefficient, k.. may be computed from the heat transfer
c8$£f1c1ent. h.. on the basis of the Chilton-Colburn analogy (Sherwood et al.
1975). ‘

(= D (Scp (A-14)
k Pr
where
k. = mass transfer coefficient (m/s)
h, = heat transfer coefficient (W/m? °K)
D, = - diffusivity of solvent vapor (m?/s)
k = thermal conductivity of gas (W/m °K)
Sc¢ = Schmidt number (dimensionless)
Pr = Prandt1 number (dimensionless).

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 Equations A-10 through A-14 allows k_ to be
computed as a function of tank headspace temperature and decay heat 1oad.

Equations 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

Ventilation 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
igvin 9?§§1ve1y ventilated tanks fell within the range of 2 to 11 cfm (3.4 to

m

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
pass;ge]y ventilated SSTs fell in the range of 1.1 to 24.7 c¢fm (1.9 to
4 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).

A-19



HNF-4240 Rev. 0

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:

e 13 tanks have pool areas > 1 m
e 8 tanks have pool areas > 5 m?
e 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 pool fire, if ignited. would neither threaten the structural integrity
of a tank nor emit enough airborne contaminants to exceed 9u1de11nes. For the
13 tanks which are indicated to have pools larger than 1 m add1t1ona1
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 lense.

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 Towered 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 1ittle 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 pool 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 (Cow]ey 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
little 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-1ike openings formed by levitated pit covers.
The minimum dilution factor predicted was for a slot-1ike 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 (>1 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
gnd dj1gtion of vented gas from the point of release to a point 100 m
ownwingd.

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 gquantified 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 leak 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 Tow
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 1i1ft 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 I1lustrating Four Waste Tank vent
Geometries of Interest. (Epstein 1997)
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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 level
(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) is 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 lifted pit covers would expose gaps between adjacent cover blocks and
between cover blocks and pit walls. Gases would 1ikely be discharged in A
several directions through a number of rectangular openings having widths that
are small with respect to their lengths.

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 Other 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 tox1n 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

e (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:

N = 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. Each 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 c. 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. Z
1s the height of the nozzle above ground level. u, is the initial jet '
velocity. T, is the temperature of vented gases. ~ 8, 15 the angle of the jet
with respect to horizontal: n/2 is a vertically oriented jet and 0.0 1s a
horizontally oriented jet. A; 1s 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).

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
%92%. 4Rgsu]ts of the dilution calculations at 100 m are summarized in

able 4-2.

Initial Conditions for the Numerical Cé]cu1at10ns.1

ik f;nvf : 3?&5%?55)::ﬁ": (Qg),~ji;5§fw
1A 3.3 90.0 755.0 m/2 0.13 -

18 3.3 3.7 310.0 ml2 0.13 -

1C 3.3 450 530.0 /2 0.13 -

2A 0.0 90.0 505.0 2 0.894 -

2B 0.0 15.0 505.0 2 0.894 -

2C 0.0 15.0 310.0 /2 0.073 -

3A 0.61 120.0 505.0 0.0 0.465 0.152
3B 0.61 120.0 505.0 ml2 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 /2 8.11 x 10 |-

4B 1.22 90.0 505.0 /2 8.11 X 10 |-

4C 1.22 30.0 310.0 -11/? 8.11 X 10 |-

lEpstein (1997)
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Table 4-2. Predicted Plume Height and Norma11zed Concentration at 100 m
Downw1nd from Source. '

Height of

B B ~Lower Plume | = L

RS msdmwmf“ - Ver -Boundary | Normalized
~v;CaSe;~[Af: Direction:’ | - Geometry ‘”i7‘ Amy | Concentration

1A Upward Circular 32.0 8 x 107
1B Upward Circular 8.4 2 x 107
1C Upward Circular 25.0 107
2A Upward Circular 45.0 2.9 x 107
2B Upward Circular 28.4 1.5 x 1073
2C Upward Circular 6.6 2.4 x 107
3A Horizontal S1it 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

1Epstein (1997)

Key results of the plume dispersion calculation are presented in the two
right-most columns of Table 4-2. The height of the lower 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 earlier analysis of toxicological
consequences (Cowley and Postma 1996). A reanalysis using the normalized
concentrations of Table 4-2 will clearly result in lower calculated
toxicological consequences at the onsite location.

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 previously analyzed cases
(Cowley -and Postma 1996) with the results of dilution predictions Tisted in
Table 4-2. Dilution factors so determined will be used to re-calculate onsite
consequences. This step maps the dilution factors for the different vent

B-12



HNF-4240 Rev. 0

coenfigurations back into the poolfire cases that are based on tank type (SSTs.
DSTs. and DCRTs) and fire type (pool. puddle. or entrained). This will be
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. It is assumed that an
unbolted riser cover in a pump pit is lifted by tank pressure. Pressure in
the pit is postulated to 1ift 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 c. SST Puddle Fire, Actively Ventilated

For this hypothetical case. a passive HEPA vent was assumed to 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 radiological 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 1s 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 closely 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 + Flapper 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. (1.8E-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 c. so the same dilution factor
}sb?ppgopriate. An N value of 2.6E-3 is selected and entered in Cell P9 of

able 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 yileid 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 1s 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 into 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.E-3 1s 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 tover 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
$pg¥opg1ite for this case and this value is entered into Cell P22 of

able 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 GASEQUS 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 limit is computed:

F.o= 2 (1)

where

fraction of guidelines for i-th toxin,
concentration of i-th toxin in air. mg/m’,
risk guideline concentration for i-th toxin, mg/m>.

i
G

1

v ounon

i

The overall toxicological consequence is then computed as the sum of
individual fractions:

imn
S = }: F, (2)
i=
where
S\ = sum of fractions,
n = number of toxins in vented air.

nTox1co1og1ca1 consequences fall within guidelines if S is unity or
smaller

The reanalysis performed herein 1nvo1ves 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, = G, +N (3)
where
C, = concentration of i-th toxin at 100 m. mg/m’,
C,; =  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
¢ = |—3 |« v (4)
1+va« X
Q
where
‘% = atmospheric dispersion factor. s/m’,
V = gas vent rate, m/s.

The atmospheric dispersion factor, x/Q, was assigned a numerical value of
0.0341 s/m® 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 m°/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 1mpact is computed
as a sum of fractions: .

S, = RM (5)
where
S, = sumof 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 1mpacts 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:

G = R 2 (6)
Q
where
C, =  airborne concentration of i-th toxin at 100 m downwind. L/m.
R, = release rate of i-th toxin. L/s,
.% = 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.

By C i RK | B R
1 . =, § i
s, =% 2 - o _ (7)
where
S, = sum of fractions for composite,
G = guideline concentration for i-th toxin, L/m.
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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:

i=n RY. i Y
S, = Ay =1 - g 4 (8)
Qi=1 Gi Q i=
where
R. =  total composite release rate. L/s,
Y, = volume fraction of i1-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 multipiier,
Mﬁ' of E%uation (5). Dividing Equation (5) by (8) and then solving for M_,
the result is: '

i

e

Y;

o (9)
Gi

=
[}
Ol>

LS

i

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 deve]op 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 reca1cu1ated to reflect the
atmospheric dilution factors used herein.

Combining Equations (3), (1), and (2), the composite sum of fractions may
be written as:

3
o

3
(]
*
=

3
—<

DD MR i A (10)

airborne concentration of i-th toxin at source. L/m’.
airborne concentration of composite at-source. L/m,
volume fraction of i-th toxin in composite.
normalized concentration at 100 m.
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[f Equation (10) 1s multiplied and divided by gas volumetric rate. V. an
equation comparable to Equation (9) can be obtained.

w
<|<

2 R, 2 (11)
i=1 i=

<|z

This formulation for the sum of fractions due to composites is based on the
atmospheric dilution 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:

c

i

3

Y;

! (12)
G;

A

i

4
N
<| =

This equation defines a sum of fractions multiplier for composites that
accommodates the new atmospheric dilution analysis. The ratio of new to old
M. values can be found by dividing Equat1on (12) by (9). The resulting ratio
is: | :

N
T ¥ (13)
ci X
Q
where
Mo =  multiplier based on Equation (3) dilution.
‘M = multiplier based on Equation (6) dilution,
N = onsite normalized concentration,
V = gas vent rate, m/s,
.% = atmospheric dispersion factor. s/m.

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
detailed in the following report section.
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5.2.1 Rupture of HEPA Filter on Passively Ventilated Tanks

The application 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 Tine. 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 lower
predicted consequences. Based on an equivalent or1f1ce 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) 1is quantified as:

M _
oo 263 . g e
M,  0.475+ 0.0341

The value of x/Q used above. 0.0341 s/m>, is the value used to evaluate
onsite HEPA rupture consequences in the previous analysis (Cowley and Postma
1996). Toxicological consequences of rupturing HEPA filters installed on
passively ventilated SSTs was quantified by muitiplying the sum of fractions
given in Cowley and Postma (1996) by 0.161. This done in Columns DJ 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 d1ameter
of 9.2 in. (0.23 m) (Cowley and Postma 1996) an air vent rate of 2.86 m’/s was
estimated. The ratio expressed in Equation (13) is quantified as follows.

M B
T2 2E-3 = 0.0205
» 286 » 00341

Toxicological consequences for HEPA filters rupture in actively
ventilated SSTs was quantified by multiplying the sum of fractions in Cowley
and Postma (1996) by 0.0205. This is done in Columns DJ and DL of the
spreadsheet presented as Table 5-1.
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5.2.3 Rupture of HEPA Filters on Actively Ventilated DSTs

Material released from ruptured HEPA filters on actively ventilated DSTs
would be vented to the atmosphere through the ventilation stack. The
applicable value of N for stack discharge is conservatively estimated to be
2.0E-3 as discussed for Case k of Section 4.2.2. 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 or1f1ce diameter of 9.6 in. (0.24 m) (Cowley
and Postma 1996). a vent rate of 2.98 m*/s was est1mated The ratio expressed
in Equation (13) is quantified as:

Mo o 208 g
: |

., 2.98  0.0341

Toxicological consequences for HEPA f11ter rupture in actively ventilated
OSTs were recalculated by multiplying the sum of fractions given in Cowley and
Postma (1996) by 0.0197. This is done in Columns DJ and DL of the spreadsheet
presented as Table 5-1.

5.2;4 Rupture of HEPA Filters Associated with DCRTs

A11 DCRTs are vented to the atmosphere through a HEPA filter system.
Therefore, any material released as a result of filter rupture would be
discharged to the atmosphere through a vertically oriented exhaust stack.

A conservative value of N for stack discharge is 1.0E-3. A gas vent rate
corresponding to a pressure drop of 1 psi (6.9 kPa) was projected as the
minimum that could be associated with HEPA rupture. Based on an equivalent
orifice diameter of 4 in. (0.1 m) (Cowley and Postma 1996) a vent rate of 0.54
m/s was calculated. The ratio expressed in Equation (13) is quantified as:

M _
oo 203 g g9
M, 0540031

Toxicological consequences for the rupture of HEPA filters associated
with DCRTs were recalculated by multiplying sums of fractions given in Cowley
and Postma (1996) by 0.109. This is done in Columns DJ and DL of the
spreadsheet presented as Table 5-1.
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5.2.5 Rupture of HEPA Filters on 55 kgal SSTs

Small (55 kgal) SSTs are equipped with passive breathing HEPA filters.
similar to those used on 75 ft. diameter SSTs. The HEPA filters are assumed
to be the same as those used on passively ventilated SSTs. The applicable
value of N for passive HEPAs is 2.6E-3 as discussed for Case a of
Section 4.2.2. A gas vent rate corresponding to a pressure drop of 1 psi
across the HEPA vent pipe was calculated as the minimum that could be
associated with HEPA rupture. Based on an eguivalent or1f1ce diameter .of 3.42
in. (0.09 m) (Cowley and Postma 1996) a vent rate of 0.395 m*/s was
calculated. The ratio expressed in Equation (13) is quantified as:

M ]
ol 288 g 03
M,  0.395 (0.0341)

Toxicological consequences for the rupture of HEPA filters on passively
ventilated SSTs were recalculated by multiplying sums of fractions given in
Cowley and Postma (1996) by 0.193. This is done in Columns DJ and DL of the
spreadsheet presented as Table 5-1. ‘

5.2.6 Aqueous Waste Carryover

Aerosolization of waste attributable to a solvent pool fire is quantified
by means of an empirical model of entrainment based on measured values for
boiling 1iquids (Cowley and Postma 1996). Aerosols in headspace air would be
vented along with other airborne contaminants. Recalculation of toxicological
consequences was done by evaluating the ratio expressed in Equation (13) for
each fire case analyzed in Table 5-1. The terms of Equation (13) were
evaluated as follows.

o N, the normalized downwind concentration was assigned values
appropriate for the particular vent configuration that applies to a
case. These values were quantified in Section 4.2.2 for each case
and are listed in Column P of Table 5-1.

e V. the gas vent rate, was assigned the value calculated by Cowley
and Postma (1996) for each fire case ana]yzed The vent rate is
listed in Column X of Table 5-1.

e x/Q was assigned the va]ue used in the prev1ous analysis (Cowley and
Postma 1996), 0.0341 s/m.

Toxicological consequences of aqueous waste carryover were computed for
each fire case by multiplying sums of fractions given in Cowley and Postma
(1996) by the ratio expressed in Equation (13). This is done in Columns DN
and DP of Table 5-1.
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5.3 RECALCULATED TOXICOLOGICAL CONSEQUENCES

Toxicological consequences for 21 fire cases were recalculated by
changing the spreadsheet formulas to account for the jet mixing in the
vicinity of the tank vent. The changes required to account for dilution at
the 100 m distance were described in detail in Sections 5.1 and 5.2. Results
gfb%hesca1cu1ations are summarized in the spreadsheet, included here as

able 5-1. '

Key results are shown 1in Columns DR and DT which display total onsite
sums of fractions for the extremely unlikely and unlikely frequency
categories. The largest fractions are "0.95, and apply ‘to the unlikely
frequency category for large pool fires in SSTs and DSTs postulated to be
vented via a large flapper valves. No cases have fractions greater than unity
so consequences fall beneath guidelines. .
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Solvent Pool Fire Cases - Toxicological.

Table 5-1. Spread Sheet for (10 sheets)
A B c D E F G H 1 J K L M
1 |case| Tank Solvent Pool Bounding Ventilation Vent Tank Gas Poolfire.4 Poollfire.4 Poolfire.4 pPoolfire.4 Source
Type Pool Area| Parameters Flow Description volume m’ Maximum Vent | Solvent Burned | Reaction Gas| Headspace |Conc. P.0-
Description| m? duration s in Vent kg Fraction Gas Fraction mg/m
3| a |SST puddle 1.0 |pressure passive hepa' 4.82E+03 2.50E+03 8.73e+01 1.10€-01 2.30e-01 3.75e+02
4] b ]SSV puddle 1.0 Jvacuum passive hepa/flapper2 4.82E+03 1.70€+03 6.51E+01 7.56€E-02 2.40€E-01 1.84€E+02
5 SST puddle 1.0 jradiological |100 cfm s hepa 4 .82€+03 2.50E+03 8.73e+01 1.10e-01 2.30€E-01 3.75e402
(0.047 m'/s)
6| d |[SST puddle 1.0 Jtoxicological {100 cfm hepa 4.82E+03 2.50E+03 8.73e+01 1.10E-01 2.30€-01 3.75€+02
(0.047 m'/s)
7| e |sst large 210 |pressure passive hepa 4.82E+03 1.30€+03 1.46E+02 1.46E-01 “|1.58€-01 1.21€+03
8| f |SST large 210 [vacuum passive hepa/flapper {4.82£+03 6.70E+01 8.40E+01 3.00E-01 6.00E-01 3.776+02
91 g |SST large 210 |radiological {100 cfm hepa 4 ,82E+03 1.30E+03 1.46€E402 1.46E-01 1.58€-01 1.21E+03
(0.047 m'/s)
10| h |ssT large 210 [toxicological |passive hepa/flapper |4.82E+03 6.70E+01 8.40E+01 3.00E-01 6.00E-01 3.77e+02
11 1 |pST large 210 |pressure sealed tank |none 5.30E+03 8.30E+01 1.62E+02 0.00£+00 0.00E+00 NA
12} j |OST large 210 |vacuum passive flapper 5.30E+03 7.00E+01 9.25E+01 3.10E-01 6.10E-01 3.83e+02
13| k |osT puddle 1.0 Jradiological }100 cfm vent pipe3 5.30E+03 1.20€+03 5.00E+01 8.10E-02 2.50E-01 1.32E+02
(0.047 m’/s)
14| U [pST large 210 [toxicological |100 cfm flapper/vent [5.30E+03 7.00e+01 9.21€+01 3.10E-01 6.10E-01 3.82E+02
€0.047 m/s) |pipe
15 DCRT Large 34.1 |pressure sealed tank {none 8.01E+01 1.95€+01 2.47E+00 0.00E+00 "]0.00E+00 NA
16| n |DCRT large 34.1 |vacuum passive 4" (0.1m) 8.01€+01 3.30E+01 2.12E+00 13.10€-01 4_10E-01 8.65€E+02
orifice
17] o |DCRT large 34.1 |radiological |passive 4% (0.1m) 8.01E+01 3.30E+01 2.12E+00 3.10E-01 4.10E-01 8.65E+02
orifice )
18| p |OCRT large 34.1 Jtoxicological |passive 4" (0.1m) 8.01€+01 3.30e+01 2.12E+00 3.10e-01 4.10E-01 8.65€E+02
orifice
191 q |sst entrained |40.0 |radiological 100 cfm hepa' 4.82E+03 1.70E+03 1.30E+02 1.10E-01 2.10€-01 6.11E+02
(0.047 m'/s)
20| r |sST entrained 40.0 |toxicological 100 cfm hepa/flapper |4.82E+03 1.46E+03 1.13e+02 1.00€E-01 3.10€-01 3.27E+02
and vacuum €0.047 m*/s) ‘
21] s [55 kgal |[large 29.2 |pressure passive 3.42" (.087m) |2.27€+02 8.20E+01 6.54E+00 2.20€-01 2.70E-0% 1.01€+03
SST orifice
22] t |55 kgal |large 29.2 |toxicological |passive hepa/flapper" 2.27e+02 2.32E+01 4 .00E+00 3.00E-01 6.00E-01 3.81E+02
SST - |and vacuum .
23] u |55 kgal |puddle 1.0 |pressure passive hepa* 2.27€+02 1.57e+02 4.81E+00 1.90E-01 3.50€E-01 4 .97E+02
SST
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Table 5-1. Spread Sheet for Solvent Pool Fire Cases - Toxicological. (10 sheets)

A ] N 0 P Q R S T U v L] X Y b4 AA
1]jCase| Tank Source | Source | Atmospheric | Aqueous Van's Van's van's Van's Onsite Offsite Vent Onsite | Onsite | Onsite
Type |Conc. COjConc. NO; Dilution Vent Onsite Offsite Onsite | Offsite Sum of Sum of | Rate of | Conc. [Conc. COJConc. NO:

mg/m’ mg/m Factor at Rate L/s{Limit Ex. |Limit Ex.| Limit Limit |Fractions | Fractions |Gas m’/s P.0, mg/m’ mg/m’

100m Unlikely | Unlikely [unlikely ] Unlikely] Aqueous | Aqueous mg/m’
Dimensionless s/L s/L s/L s/L Boiloff Boiloff

3] a Jsst 3.67E+02 |4.76E+01 |2.60E-03 1.42E-05 |2.00E+02 |6.20E-01 |[7.50E+02 |8.00€E+00 [2.84E-03 [B8.80E-06 [4.43E-01(9.74E-01]|9.54E-01{1.24E-01
4] b |ssT 1.80E+02 |2.34E+01 |8.70E-03 1.396-05 |2.00E+02 ]6.20E-01 |7.S0E+02 |8.00E+00 |2.78E-03 |8.62E-06 |6.80E-01)1.60€+00}1.57€+00|2.03E-01
5] ¢ |sstT 3.67E+02 |4.76E+01 |2.60E-03 1.42E-05 |2.00E+02 [6.20E-01 |7.50E+02 |8.00E+00 |2.B4E-03 |8.80E-06 |4.43E-01|9.74E-01(9.54E-01}1.24E-01
6| d |sst 3.67E+02 |4.76E+01 |2.60E-03 1.42E-05 {2.00E+02 ]6.20E-01 |7.50€+02 |8.00E+00 [2.84E-03 |8.80E-06  [4.43€E-01(9.74€-01{9.54E-01|1.24€-01
7] e |ssT 1.19€+03 [1.54E+02 [2.60E-03 4,13E-05 |2.00E+02 }6.20E-01 }7.50E+02 |8.00E+00 |8.26E-03 J2.56E-05 |5.85E-01]3.156+00|3.08E+00]4.00E-01
8] f |sst1 3.69E+02 |4.78E+01 [1.30E-02 9.48E-04 |2.00E+02 |6.20E-01 |7.50€+02 |8.00E+00 |1.90E-01 {5.88E-04 |4.31E+01[4.90+00(4.80€+00|6.22€-01
9| g |sst 1.19E+03 |1.54E+02 |2.60E-03 4.13e-05 |2.00E+02 |[6.20E-01 |7.50E+02 |B.00E+00 |8.26E-03 |2.56E-05 {5.85E-01[3.15€+00{3.08€+00|4.00€-01
10} h |sst 3.69€+02 |4.78E+01 {1.30E-02 9.48E-04 |2.00E+02 ([6.20E-01 |[7.50E+02 |8.00E+00 |1.90E-01 [5.88E-04 ]4.31E+01}4.90E+00)4.80E+00]6.22€-01
11] 1 |pST NA NA . 0.00E+Q0 0.00E+00 6.20E-01 |7.50E+02 [8.40E+00 |0.00E+00 |0.00E+00 ]0.00E+00]#VALUE! |#VALUE! [#VALUE!
12y j |osT 3.75€+02 [4.87E+01 |1.30E-02 1.03€E-03 |2.10E+02 16.20E-01 |7.50E+02 |8.40E+00 |2.17E-01 ]6.40E-04 |4.62E+01]4.98E+00[4.88E+00]6.33E-01
13| k |ost 1.29€+02 [1.68E+01 |2.00E-03 2.25€-05 [2.10E+02 |6.20E-01 |7.50E+02 {8.40E+00 {4.72E-03 [1.39E-05 |1.10E+00]2.64E-01]2.59E-01)3.35E-02
14 L |DST 3.74E+02 |4.85E+01 |1.30E-02 1.03-03 J2.10E+02 ]6.20E-01 |7.50E+02 |8.40E+00 [2.16E-01 [6.37E-04 ]4.62E+01|4.96E+0014.86E+00]6.30E-01
151 m |DCRY NA NA 0.00E+00 0.00E+00 |2.00E+02 |6.20E-01 |7.50E+02 |8.00E+00 |0.00E+00 |0.0CE+00 |0.00E+00|#VALUE! |#VALUE! [#VALUE!
16] n |DCRT 8.47€+02 |1.10E+02 |2.00E-03 5.02E-05 [2.00E+02 [6.20E-01 {[7.50E+02 [8.00E+00 [1.00E-02 [3.11E-05 (9.95€-01]1.73E+00{1.69E+00|2.20E-01
17{ o |[DCRT 8.47E+02 }1.10E+02 |2.00E-03 5.02€-05 |2.00E+02 ]6.20E-01 |}7.50€+02 |8.00E+00 |1.00E-02 |3.11E-05 |9.95E-01|1.73£+00|1.69€+00|2.20E-01
18| p |[DCRT 8.47€+02 [1.10E+02 {2.00€E-03 5.02E-05 |2.00E+02 {6.20E-01 |7.50E+02 |8.00E+00 {1.00E-02 |[3.11€-05 }9.95€-01|1.73E+00|1.69€+00|2.20€-01
19] q |SST 5.99€+02 |7.76€E+01 |2.60E-03 2.12e-05 |2.00E+02 |[6.20E-01 |7.50E+02 |8.00E+00 [4.24€E-03 [1.31€-05 [5.95€-01(1.59€+00(1.56E+00|2.02E-01
20 r |SST 3.20E+02 [4.15E+01 |8.70E-03 1.95E-05 J2.00E+02 ]6.20E-01 }7.50E+02 |8.00E+00 }3.90E-03 |1.21E-05 |1.02€+00|2.84E+00]2.79E+00|3.61E-01
21| s ZZTkgal 9.94E+02 |1.29€+02 [2.60E-03 4.42E-05 |2.00E+02 [6.20E-01 |7.50E+02 |8.00E+00 |8.84E-03 |2.74E-05 |7.47E-01|2.64E+00|2.58£+00|3.35E-01
22 ¢t 25 kgal |3.73E+02 |4.83€+01 |8.70E-03 1.30E-04 {2.00E+02 |6.20E-01 [7.50E+02 |8.00E+00 |2.61E-02 |[8.08BE-05 |5.87E+00|3.31E+00}3.25E+00|4.21E-01

ST
231 u 25 kgal (4.87E+02 16.31E+01 |2.60E-03 1.75E-05 |2.00E+02 ]6.20E-01 }7.50E+02 }8.00E+00 ]3.50E-03 [1.09E-05 |5.0SE-01|1.29€+00}1.27E+00|1.64E-01
ST
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Table 5-1. Spread Sheet for Solvent Pool Fire Cases —“deico]ogica]. (10 sheets)

A B AB AC AD AE AF AG AH Al AJ AX AL AM
1|Case| Tank Onsite Source Onsite Offsite Particulate | Particulate | Particulate Ex. uUn. Ex. Un. Offsite Ammonia [ Ammonia
Type |Normalized| Soot Total Total Limit s Limit ERSPG-Z Limit ERJPG-1 Onsite Total Offsite |Normalized | Headspace ERPG-3
Conc.] Conc3 Partlcugate Partlcugate ERPG-3 mg/m mg/m mg/m Partlcu.late Tc_>tal (:onc.3 Conc3 mg/m
(1 mg/m’) mg/m mg/m mg/m fraction Partvcu_late {1 mg/m’) mg/m
Fraction
3] a |sst 2.60E-03 1.73E+03 |5.4BE+00 2.64E-02 500 50 30 1.10E-02 5.29€E-04 1.25€-05 1300 680
41 b Jsst 8.70€-03 8.52€+02 |9.01E+00 1.99€E-02 500 50 30 1.80E-02 3.99E-04 1.92€-05 1300 680
S| c |ssT 2.60€-03 1.73€+03 |5.48E+00 2.64E-02 500 50 30 1.10E-02 5.29E-04 1.25€E-05 1300 680
6| d |ssT 2.60€E-03 1.73€+03 [5.48€+00 2.64E-02 500 50 30 1.10€-02 5.29E-04 1.25€-05 1300 680
71 e |ssT 2.60e-03 5.60E+03 |1.77E+01 1.13e-01 500 S0 30 3.54€E-02 2.26E-03 1.66€E-05 1300 680
8] f |[SST 1.30€-02 1.74E+03 {2.76E+01 2.59E+00 500 50 30 5.51E-02 5.17€-02 1.22€-03 1300 680
91 g |SST 2.60E-03 5.60E+03 |1.77E+01 1.13€-01 500 50 30 3.54E-02 . |2.26€-03 1.66E-05 1300 680 -
10 h ]SSt 1.30E-02 1.74E+03 [2.76E+01 2.59E+00 500 _ |50 30 5.51€-02 5.17€-02 1.22€-03 1300 680
1] 1 |osT 0.00E+00 NA #VALUE! #VALUE! 500 50 30 NA NA 0.00E+00 1300 680
12y j Jost 1.30E-02 1.77€+03 |2.80E+01 2.82E+00 500 50 30 5.61E-02 5.63E-02 1.31€-03 1300 680
13| k Jost - |2.00E-03 6.11E+02 [1.49E+00 2.32E-02 500 50 30 2.97€-03 4 ,65E-04 3.12E-05 |1300 680
14| t |ost 1.30€-02 1.77€+03 |2.79E+01 2.80E+00 500 50 30 5.58€E-02 5.61E-02 1.31E-03 1300 680
15{ m |DCRT 0.00€e+00 NA #VALUE! #VALUE! 500 50 30 NA ’ JNA 0.00e+00 1300 680
16} n |[DCRTY 2.00E-03 4,00€E+03 |9.73E+00 1.37E-01 500 50 30 1.95E-02 2.74E-03 2.82€-05 1300 680
17f o |]oCRT 2.00€E-03 4 ,00E+03 |9.73E+00 1.37e-01 500 50 30 1.95€-02 2.74E-03 2.82€-05 1300 680
18] p |OCRY 2.00E-03 4 .00E+03 {9.73E+00 1.37E-01 500 50 30 1.95€-02 2.74E-03 2.82E-05 1300 680
191 q |[SST 2.60E-03 2.83E+03 |8.94E+00 5.79€-02 500 50 30 1.79€-02 1.16E-03 1.68E-05 1300 680
20] r |sST 8.70€-03 1.51E+03 [1.60E+01 5.32€-02 500 50 30 3.20€-02 1.06E-03 2.89€-05 1300 680
21} s ZZ'Tkgal 2.60E-03 4,70E+03 [1.48E+01 1.21E-01 500 S0 30 2.97e-02 2.42E-03 2.12E-05 1300 680
22| ¢t ZZTkgal 8.70E-03 1.76E+03 |1.86E+01 3.56€E-01 500 50 30 3.73e-02 7.12E-03 1.66E-04 1300 680
23] wu Z:Tkgal 2.60E-03 2.30E+03 |7.27E+00 4 .00E-02 500 S0 30 1.45E-02 7.99€-04 1.43E-05 1300 680

A3y ObZ-ANH
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Table 5-1. Spread Sheet for Solvent Pool Fire Cases - Toxicological. (10 sheets)
A B AN ~ AO AP AQ AR AS AT AU AV AW AX AY A2 BA
1{case| Tank |Ammonia|Ammonia| 1,3 Buta |1,3 Buta|1,3 Buta|1,3 Buta|meth. chl.|meth. chl. | meth. chl. |meth. chl. T8P 1BP TBP 8P
Type | ERPG-2 | ERPG-1 | Headspace | ERPG-3 ERPG-2 ERPG-1 | Headspace ERPG-3 ERPG-2 ERPG-1 Headspace | ERPG-3 | ERPG-2 | ERPG-1
mg/m | mg/m’ |conc. mg/m'| ma/m’ mg/m’ ma/m* |conc. mg/m’| mg/m’ mg/m’ mg/m*  |conc. mg/m’] mg/m’ | mg/m’ | mgs/m’
3] a |SST 140 17 0.19 11,000 110 22 21.76 17,400 3480 700 1.6 50 15 3
41 b |[SST 140 17 0.19 11,000 110 22 21.76 17,400 3480 700 1.6 50 15 3
S| ¢ |[SST 140 17 0.19 11,000 110 22 21.76 17,400 3480 700 11.6 50 15 3
61 d |ssT 140 17 0.19 11,000 110 22 21.76 17,400 3480 700 11.6 50 15 3
7] e |]sstT 140 17 0.19 11,000 110 22 21.76 17,400 3480 700 11.6 50 15 3
8| f |{ssT 140 17 0.19 11,000 110 22 21.76 17,400 3480 700 1.6 50 15 3
91 9 |SST 140 17 0.19 11,000 110 22 21.76 17,400 3480 700 11.6 S0 15 3
10] h |ssT 140 17 0.19 11,000 110 22 21.76 17,400 3480 700 11.6 50 15 3
11] 1 |osT 140 17 0.19 11,000 110 22 21.76 17,400 3480 700 11.6 50 15 3
12] j |Jost 140 17 0.19 11,000 110 22 21.76 17,400 3480 700 11.6 50 15 3
13] k |ost 140 17 0.19 11,000 110 22 21.76 17,400 3480 700 11.6 50 15 3
14] U lbst 140 17 0.19 11,000 110 22 21.76 17,400 3480 700 11.6 50 15 3
15| m |DOCRT 140 17 0.19 11,000 110 22 21.76 17,400 3480 700 11.6 50 15 3
16] n |DCRT 140 17 0.19 11,000 110 22 21.76 17,400 3480 700 11.6 50 15 3
17} o |DCRT 140 17 0.19 11,000 110 22 21.76 17,400 3480 700 11.6 50 15 3
18] p [DCRY 140 17 0.19 11,000 110 22 21.76 17,400 3480 700 11.6 50 15 3
19] q |[ssT 140 17 0.19 11,000 110 22 21.76 17,400 3480 700 11.6 50 15 3
201 r |ssT 140 17 0.19 11,000 110 22 21.76 17,400 3480 700 11.6 50 15 3
21] s SSTkgal 140 17 0.19 11,000 110 22 21.76 17,400 3480 700 11.6 50 15 3
SS )
22| ¢t SSTkgal 140 17 0.19 11,000 110 22 21.76 17,400 3480 700 11.6 50 15 3
SS
23] u Snggal 140 17 0.19 11,000 110 22 21.76 17,400 3480 700 11.6 50 15 3
S
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Table 5-1. Spread Sheef for Solvent Pool Fire Cases - Toxicological. (10 sheets)

A B 88 BC BD BE BF BG BH 81 BJ BK 8L BM BN BO BP

1}Case| Tank P.0, P.0, P0; PO; NO; NO; NO; NO, |Acetonit. | Acetonit. | Acetonit. | Acetonit. |prop. nit.| prop. prop.

Type | Headspace ERPG-Z?. ERPG-;. ERPG-!. Headspace ERPG-JS ERPG-JZ ERPG-31 Headspace ERPG-33 ERPG-JZ ERPG-31 Headspace nit. nit.

Conc 3 mg/m mg/m mg/m Conc 4 mg/m mg/m mg/m conc 1 mg/m mg/m mg/m conc, ERPG -13 ERPG- ?

mg/m mg/m mg/m /m mg/m’ mg/m
3] a |SsT 3.75e+02 }100 25 5 4.76E+01 |94 4 3.8 21.81 60 20 3 10.47 60 20
4| b |ssT 1.84€+02 [100 25 5 2.34E+01 |94 47 3.8 21.81 60 20 3 10,47 60 20
5] c |sst 3.75€e+02 |100 25 5 4.76E+01 |94 47 3.8 21.81 60 20 3 10,47 60 20
6] d |sst 3.75e+02 |100 25 5 4.76E+01 |94 47 3.8 21.81 60 20 3 10.47 60 20
71 e |SST 1.21E+03 100 25 5 1.54E+02 |94 47 3.8 21.81 60 20 3 10.47 60 20
8| f |ssv 3.77e+02 " |100 25 5 4.78E+01 |94 47 3.8 21.81 60 20 3 10.47 60 20
9| g |sst 1.21E+03 100 25 5 1.546+02 |94 47 3.8 21.81 60 20 3 10.47 60 20
10} h |ssT 3.77e+02 ]100 25 5 4.78E+01 |94 47 3.8 21.81 60 20 3 10.47 60 20
11] 1 |osT 0.00€+00 |100 ‘|25 S 0.00E+00 |94 47 3.8 21.81 60 -|20 3 10.47 60 20
121 j |ost 3.83e+02 [100 25 5 4.87E+01 |94 47 3.8 21.81 60 20 3 10.47 60 20
13 k JosT 1.32E+02 ]100 25 5 1.68E+01 94 47 3.8 21.81 60 20 3 10,47 60 20
14 L |ost 3.82E+02 |100 25 5 4.856+01 |94 47 3.8 21.81 60 20 3 10.47 60 20
151 m [DCRT 0.00E+00 (100 25 5 0.00£+00 |94 47 3.8 21.81 60 20 3 10.47 60 20
16| n [OCRT 8.65€+02 [100 25 5 1.10E+02 |94 47 3.8 21.81 60 20 3 10.47 60 20
17] o |DCRT 8.65E+02 |100 125 5 1.106+02 |94 47 3.8 21.81 60 20 3 10.47 60 20
18{ p (DCRT 8.65E+02 100 25 5 1.10E+02 |94 47 3.8 21.81 60 20 3 10.47 60 20
191 q |ssT 6.11+02 100 25 5 7.76E+01 |94 47 3.8 21.81 60 20 3 10.47 60 20
20| r |ssT 3.27e+02 100 25 5 4.15E+01 |96 47 3.8 21.81 60 20 3 10.47 60 20
21} s ZSTkgal 1.01€+03 100 5 5 1.29e+02 |94 47 3.8 21.81 60 20 3 10.47 60 20

s .

221 t gnggal 3.81E+02 }100 25 S 4.836+01 194 47 3.8 21.81 60 |20 3 10.47 60 20
23] u |55 kgal |4.97E+02 (100 25 S 6.31E+01 |94 47 3.8 21.81 60 20 3 10.47 60 20

SST
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Table 5-1. Spread Sheet for Solvent Pool Fire Cases - Toxicological. (10 sheets)
A B BQ BR BS BT BU Bv BW BX BY BZ. CA ce cc cb CE
1|Case} Tank | prop. co co co co benezene | benezene | benezene | benezene | butanol | butanol | butanol | butanol | dodecane | dodecane
Type nit. |Headspace ERPG-}3 ERPG-32 ERPG-1 | Headspace ERPG-33 ERPG-JZ ERPG-31 Headspace ERPG-J?» ERPG-32 ERPG-31 Headspace ERPG-;
ERPG-31 conc, mg/m mg/m mg/m conc, mg/m mg/m mg/m conc, mg/m mg/m mg/m conc, mg/m
mg/m mg/m mg/m mg/m mg/m .
3] a |sst 3 3.67€+02 1360 |690 230 1.32 3130 1565 78 164.13 7500 750 75 296 7330
4{ b |55T 3 1.80€+02 1360  [690 230 1.32 3130 1565 78 164.13 7500 750 75 296 7330
5] ¢ |sstT 3 3.67E+02 |1360 690 230 1.32 3130 1565 78 164.13 7500 750 75 296 7330
6] d |sst 3 3.67e402 1360 |690 230 1.32 3130 1565 78 164.13 7500 750 75 296 7330
7] e |sst 3 1.19€+403 1360 |690 230 1.32 3130 1565 78 164.13 7500 750 75 296 7330
8| f |sstT 3 3.696+02 1360 |690 230 1.32 3130 1565 78 164.13 7500 750 75 296 7330
9| g |sst 3 1.19e+03 [1360 1690 230 1.32 3130 1565 78 164.13 7500 750 75 296 7330
10] h |ssT 3 3.69€+402 (1360 690 230 1.32 3130 1565 78 164.13 7500 750 75 296 7330
11] 1 |[osT 3 0.00E+00 [1360 690 230 1.32 3130 1565 78 164.13 7500 750 75 296 7330
12 j |osT 3 3.76E+02 |1360 |690 230 1.32 3130 1565 78 164.13 7500 750 75 296 7330
131 k [ost 3 1.29E+02 [1360 1690 230 1.32 3130 1565 78 164.13 7500 750 75 296 7330
14| L Jost 3 3.74E+02 1360 [690 230 1.32 3130 1565 78 164.13 7500 750 75 296 7330
15| m |DCRT 3 0.00E+00 ]1360 690 230 1.32 3130 1565 78 164.13 7500 750 75 296 7330
16| n |DCRT 3 8.47E+02 1360 {690 230 1.32 3130 1565 78 164.13 7500 750 75 296 7330
17] o |oCRY 3 8.47E+02 ]1360 690 230 1.32 3130 1565 78 164.13 7500 750 75 296 7330
18] p |DCRT . |3 8.47E+02 ]1360  [690 230 1.32 13130 1565 78 164.13 7500 750 75 296 7330
191 q |[sst 3 5.99E+02 {1360 |690 230 1.32 3130 1565 78 164.13 7500 750 75 296 7330
20| r |sST 3 3.20E+02 [1360 (690 230 1.32 3130 1565 78 164.13 7500 750 75 296 7330
21| s ZZTkgal 3 9.94E+02 |1360 690 230 1.32 3130 1565 78 164.13. 7500 750 75 296 7330
22| t Zszgal 3 3.73E+02 [1360 {690 230 1.32 3130 1565 78 1646.13 7500 750 75 296 7330
231 u zszgal 3 4.87e+02 [1360 1690 230 1.32 3130 1565 78 164.13 7500 750 75 296 7330
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Table 5-1. Spread Sheet for Solvent Pool Fire Cases - Toxicological. (10 sheets)
A B CF CG CH [} CJ CK CL CM CN co cP (o] CR Cs
1|case| Tank |dodecane |dodecane| 2-hexano |2-hexano|2-hexano| 2-hexano N20 N20 N20 N20 tridecane | tridecane | tridecane | tridecane
Type ERPG-32 ERPG-31 Headspace ERPG? ERPG-32 ERPG-31 Headspace ERPG-33 ERPG-2 ERPG-31 Headspace ERPG-J?: ERPG-32 ERPG- 1
mg/m mg/m conc. mg/m mg/m mg/m mg/m conc. mg/m’| mg/m mg/m mg/m |conc. mg/m mg/m mg/m mg/m
3| a |sst 1450 37 2.68 5000 500 50 2340 36000 |[18000 |[270 388 7330 1450 37
4] b |ssT 1450 37 2.68 5000 500 50 2340 36000 [18000 |270 388 7330 1450 37
5] c |[SST 1450 37 2.68 5000 500 50 2340 36000 |[18000 |270 388 7330 1450 37
6| d |sst 1450 37 2.68 5000 500 50 2340 36000 [18000 |270 388 7330 1450 37
7] e |ssT 1450 37 2.68 5000 500 50 2340 36000 |[18000 |270 388 7330 1450 37
8] f |ssT 1450 37 2.68 5000 500 50 2340 36000 [18000 270 388 7330 1450 37
91 g |[ssT 1450 37 2.68 5000 500 50 2340 36000 [18000 |270 388 7330 1450 37
10 h ]SSt 1450 37 2.68 5000 500 50 2340 36000 [18000 {270 388 7330 1450 37
11 1 JpST 1450 37 2.68 5000 500 50 2340 ‘136000 |18000 {270 388 7330 . 1450 37
12 j |bST 1450 37 2.68 5000 500 ‘150 2340 36000 |18000 |270 388 - 7330 - 1450 - 37
13] k |bST 1450 37 2.68 5000 500 50 2340 36000 18000 |270 388 7330 1450 37
14] L oSt 1450 37 |2.68 5000 500 50 2340 36000 [18000 {270 388 7330 1450 37
15] m |DCRT 1450 37 2.68 5000 500 50 2340 36000 [18000 {270 388 7330 1450 37
16] n |DCRY 1450 37 2.68 5000 500 50 2340 36000 |18000 [270 388 7330 1450 37
17} o |DCRY 1450 37 2.68 5000 500 50 2340 36000 [18000 |270 388 7330 1450 37
18| p |DCRT 1450 37 2.68 5000 500 50 {2340 36000 18000 |270 388 7330 1450 37
19] q |ssT 1450 37 2.68 5000 500 50 2340 36000 [18000 |270 388 7330 1450 37
20| r |ssT 1450 37 2.68 5000 500 50 2340 36000 [18000 [270 388 7330 1450 37
21| s :nggal 1450 37 2.68 5000 500 50 2340 36000 |18000 270 388 7330 1450 37
22| t Z:Tkgal 1450 37 2.68 5000 500 S0 2340 36000 {18000 270 388 7330 1450 37
23] u 2§Tkgal 1450 37 2.68 5000 500 50 2340 36000 (18000 (270 388 7330 1450 37
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Table 5-1. Spread Sheet for Solvent Pool Fire Cases - Toxicological. (10 sheets)
A -] CT cuU cv (%] cX cy c2 DA D8 DC DD
1]Case] Tank Ex. Unlikely } Ex. Unlikely Unlikely Unlikely Ex. Unlikely|Ex. Unlikely]Unlikely|Unlikely | Ex. Unlikely | Ex. Untikely |Unlikely
Type Onsite Offsite Onsite Offsite Onsite Offsite Onsite | Offsite Onsite Offsite Onsite
Corrosives Corrosives Corrosives [Corrosives and| Systemic Systemic Systemic | Systemic Nervous Nervous Nervous
and Irritants{and Irritants|and [rritants Irritants Poisons Poisons Poisons | Poisons system system system
Fraction Fraction Fraction Fraction Fraction Fraction Fraction | Fraction Fraction Fraction Fraction
3] a |[ssT 1.66€E-02 3.27€-04 6.78€E-02 2.10e-03 2.10E-03 2.69E-05 5.58E-03 |1.55E-04 [4.71E-04 1.04€-05 2.15e-03
41 b |[sST 3.68€-02 3.45E-04 1.56E-01 2.37€-03 5.83E-03 8.07E-05 1.63€-02 |2.22E-04 |1.58E-03 1.59E-05 7.19€-03
5] c |ssT 1.66E-02 3.27€-06 6.78E-02 2.10E-03 2.10E-03 1.78€-03 5.58E-03 [1.55€-04 |4.71€-04 1.04E-05 2.15€-03
6] d jsst1 1.66€E-02 3.27E-04 6.78E-02 2.10E-03 2.10E-03 1.78€-03 5.58E-03 (1.556-04 [4.71E-04 1.04E-05 2.15E-03
7] e |sst 4.13€-02 1.02€-03 1.61E-01 6.01E-03 3.67E-03 1.17€-04 8.67E-03 [2.64E-04 |4.71E-04 1.37e-05 2.15€E-03
8] £ |[sst 8.35€-02 3.19€-02 3.40E-01 2.05E-01 1.05€-02 3.24E-03 2.79E-02 |1.51E-02 [2.36E-03 1.01€E-03 1.07e-02
9{ g {SST 4.13€-02 1.02€-03 1.61E-01 6.01E-03 3.67E-03 1.82E-03 8.67E-03 [2.64E-04 |6.71E-04 1.37€-05 2.15€-03
10} h |sst 8.35€-02 3.19€-02 3.40E-01 2.05€-01 1.05E-02 3.24€-03 2.79€-02 |1.51E-02 |2.36E-03 1.01E-03 1.07€-02
11| I |oST 0.00e+00 0.00€+00 0.00E+00 0.00E+00 0.00E+00 5.81E-05 0.00E+00 }0.0CE+00 |0.00E+00 0.00E+00 0.00€E+00
12 j |bosT 8.44E-02 3.45E-02 3.44E-01 2.22E-01 1.06E-02 3.52E-03 2.81E-02 |1.62E-02 |2.36E-03 1.08€-03 1.07€e-02
131 k |osT. 7.29€-03 4.91€-04 3.14E-02 3.47€-03 1.27€-03 1.28E-04 3.60E-03 |3.54E-04 |3.62E-04 2.58E-D5 1.65E-03
14] U |bST 8.42E-02 3.44E-02 3.43E-01 2.21E-01 1.06E-02 3.51€-03 .|2.80€E-02 |1.62E-02 {2.36E-03 1.08E-03 1.07E-02
151 m |DCRTY 0.00€E+00 0.00€E+00 0.00E+00 0.00E+00 0.00E+00 3.69E-05 0.C0E+00 [0.00E+00 |0.00£+00 0.00€E+00 0.00€+00
16] n ]DCRT 2.39e-02 1.32E-03 9.40E-02 7.95£-03 2.32E-03 1.48E-04 5.68E-03 |4.07E-04 |3.62E-04 2.33E-05 1.65E-03
17] o [DCRT 2.39e-02 1.32€-03 9.40E-02 7.95€-03 .12.32E-03 1.48E-04 5.68E-03 |4.07E-04 |3.62E-04 2.33E-05 1.65E-03
18] p |[DCRT 2.39€-02 1.32E-03 9.460E-02 7.95E-03 2.32E-03 |1.48E-04 5.68E-03 [4.07E-04 |3.62E-04 2.33e-05 1.65E-03
19] q Jsst 2.36E-02 6.09E-04 9.40E-02 3.75€-03 2.54E-03 1.79€-03 6.45€-03 12.25E-04 |4.71E-04 1.39€-05 2.15€-03
20] r |ssT 5.10E-02 6.94E-04 2.09€e-01 4.53E-03 6.73E-03 1.81E-03 1.81€-02 |3.51E-04 ]1.58E-03 2.39E-05 7.19€-03
21| s ZSTkgal 3.55€-02 1.13€-03 1.39e-01 6.71€E-03 3.30e-03 1.28E-04 7.94E-03 |3.19€-04 |4.71E-04 1.75€-05 2.15e-03
S
22| t Zsrkgal 5.62E-02 4.37e-03 2.29€-01 2.81E-02 7.07e-03 4.75E-04 1.87E-02 |2.06E-03 |1.58€-03 1.37E-04 7.19€-03
. S
23] u |55 kgal |2.02E-02 4 .47E-04 8.13E-02 2.81E-03 2.33e-03 8.00E-05 6.03E-03 |1.84E-04 |4.71E-04 1.18E-05 2.15€-03

SST
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Table 5-1. Spread Sheet for Solvent Pool Fire Cases - Toxicological. (10 sheets)
A 8 DE DF DG DH DI DJ DK bt oM

1| Case Tank Unlikely Ex. Unlikely |Ex. Untikely| Untlikely Unlikely |[Ex. Unlikely|Ex. Unlikely|Unlikely| Unlikely
Type Offsite Onsite Offsite Onsite Offsite Onsite HEPA |Offsite HEPA| Onsite offsite

Nervous System| Particulate | Particulate [Particulate|Particulate fraction Fraction HEPA HEPA

Fraction fraction Fraction Fraction Fraction Fraction| Fraction

3 a SST 3.69E-04 1.10E-02 5.29E-04 1.10E-01 8.81E-04 3.41E-04 3.60E-05 7.16E-03 |7.00E-05
4 b SST 5.66E-04 1.80€E-02 3.99€-04 1.80E-01 6.64E-04 3.41€-04 3.60E-05 7.16€E-03 |7.00E-05
5 c SST 3.69€-04 1.10E-02 5.29E-04 1.10E-01 B.B1E-04 0.002091 1.74E-03 4.41E-02 |3.37E-03
6 d SST 3.69€E-04 1.10E-02 5.29E-04 1.10E-01 8.81E-04 0.002091 1.74E-03 4.41E-02 |3.37€-03
7 e SST 4 .87E-04 3.54E-02 - 2.26E-03 3.54E-01 3.76E-03 3.41E-04 3.60E-05 7.16E-03 |7.00E-05
8 f SST 3.59€-02 5.51E-02 5.17€-02 5.51€E-01 8.62E-02 3.41E-04 3.60E-05 7.16E-03 }7.00E-05
9 g SST 4.87E-04 3.54E-02 2.26E-03 3.54E-01 3.76E-03 0.002091 1.74E-03 4.41€-02 |3.37€-03
10 h SST 3.59€-02 5.51€E-02 5.17e-02 5.51E-01 8.62E-02 3.41E-04 3.60E-05 7.16E-03 [7.00E-05
1 1 DST 0.00E+00 NA NA #VALUE! #VALUE! 0 5.81E-05 0.00E+00 |7.87€-04
12 j DST 3_.84E-02 5.61E-02 5.63E-02 5.61E-01 9.39€-02 3.88E-04 5.81E-05 1.38€-03 |7.87E-04
13 k DST . [9.19E-04 2.97E-03 4.65E-04 2.97E-02 7.74E-04 3.88€-04 5.81E-05 1.38E-03 |7.87€-04
14 t DST 3.84E-02 5.58E-02 5.61E-02 5.58E-01 9.35€-02 3.88E-04 15.81E-05 1.38E-03 |7.87E-04
15 m DCRT 0.00E+00 NA NA #VALUE! #VALUE! 0.00E+00 3.69€-05 0.00e+00 [4.76E-04
16 n DCRY 8.28E-04 1.95€-02 2.74E-03 1.95e-01 4.57€-03 1.30E-03 3.69E-05 4 _.B6E-03 |6.76E-04
17 [ DCRT 8.28E-04 1.95€-02 2.74E-03 1.95€-01 4.57E-03 1.30€-03 3.69€-05 4.86E-03 |4.76E-04
18] p DCRT 8.28E-04 1.95E-02 2.7T4E-03 1.95€E-01 4.57€-03 1.30e-03 3.69E-05 4.86E-03 |4.76E-04
19 q SST 4 .95E-04 1.79€-02 1.16€E-03 1.79€-01 1.93e-03 0.002091 1.74€-03 4.41E-02 {3.37€-03
20 r SST' 8.50E-04 3.20€-02 1.06E-03 3.20E-01 1.77e-03 0.002091 1.74E-03 4.461E-02 |3.37€-03
21 s gnggal 6.22€-04 2.97€-02 2.42E-03 2.97€-01 4.03E-03 4 .09€E-04 3.60E-05 8.59€-03 |7.00E-05
22 t 'g";'Tkgal 4 _89€E-03 3.73e-02 7.12E-03 3.73E-01 1.19€-02 4.09E-04 3.60E-05 8.59€-03 |7.00€-05
23 u 55 kgal |4.20E-04 1.45€-02 7.99€-04 1.45E-01 1.33-03 4.,09€E-04 3.60€-05 8.59€-03 {7.00E-05

SST
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Table 5-1. Spread Sheet for Solvent Pool Fire Cases - Toxicological. (10 sheets)
A B DN DO Dp DQ DR DS DT ou
1 Case Tank |Ex. Un. Onsite |Ex. Un. Offsite Unlikely Unlikely |Ex. Un, Onsite|Ex. Un. Offsite |[Unlikely Onsite] Unlikely
Type Sum of Sum of Onsite Sum of | Offsite Sum | Total Sum Of Total Sum Of Total Sum Of offsite
Fractions Fractions Fractions of Fractions Fractions Fractions Fractions Total Sum Of
Agqueous Aqueous Boiloff Aqueous Aqueous Fractions
Boiloff Boiloff Boiloff
3 a SST 4 .BBE-04 8.80E-06 1.83E-03 1.14E-04 3.10E-02 9.38E-04 1.94E-01 3.69E-03
4 b SST 1.04E-03 8.62E-06 3.91E-03 1.11E-04 6.36E-02 8.85E-04 3.71E-01 4.01E-03
5 c SST 4.88E-04 8.80E-06 1.83E-03 1.14E-04 3.27E-02 4.39E-03 2.31€-01 6.99E-03
6 d SST 4 ,88E-064 8.80E-06 1.83E-03 1.14E-04 3.27E-02 4.39E-03 2.31E-01 6.99E-03
7 e SST ' 1.08E-03 2.56E-05 4 .04E-03 3.31E-04 8.23E-02 3.47E-03 5.37e-01 1.09€-02
8 f SST 1.68E-03 5.88E-04 6.28£-03 7.58E-03 1.54E-01 8.85E-02 9.44E-01 3.50€-01
9 ] SST 1.08E-03 2.56E-05 4 .04E-03 3.31E-04 8.40E-02 6.88E-03 5.74E-01 1.426-02
10 h SST 1.68E-03 5.88E-04 6.28E-03 7.58E-03 1.54€E-01 8.85E-02 9.44E-01 3.50E-01
1 1 DST #01v/0! 0.00€+00 #D1v/0! 0.00E+00 0.00E+00 0.00E+00 #VALUE! 0.00E+00
12 j DST 1.79€-03 6.40E-04 6.39€-03 8.67€-03 1.56E-01 9.61E-02 9.51€-01 3.80E-01
13 k DST 2.50€E-04 1.39€-05 8.95E-04 1.89E-04 1.25€-02 1.18£-03 6.876-02 6.50E-03
14 L DST 1.78€-03 6.37€-04 6.36E-03 8.63E-03 1.55E-01 9.58E-02 9.48E-01 3.79€-01
150 -m DCRT #D1IV/0! 0.00E+00 #01v/014 0.00E+00 0.00E+00 0.00€+00 H#VALUE! 0.00E+00
16 n DCRT 5.92E-04 3.11E-05 2.22€-03 4.01E-04 4 .80E-02 4 .30E-03 3.03e-01 1.46E-02
17 o DCRT 5.92E-04 3.11€E-05 2.22€-03 4.01E-04 4 .80E-02 4.30E-03 3.03e-01 1.46E-02
18 P DCRT 5.92E-04 3.11E-05 2.22E-03 4.01E-04 4 .80E-02 4 ,30€-03 3.03e-01 1.46E-02
19 q SST 5.43E-04 1.31E-05 2.04E-03 1.70E-04 4.71€-02 5.33e-03 3.286-01 9.94E-03
20 r SST 9.73E-04 1.21E-05 3.65E-03 1.56€E-04 9.44E-02 5.35€-03 6.02E-01 1.10E-02 -
21 s 55 kgal |9.02E-04 2.74E-05 3.38€E-03 3.54E-04 7.03E-02 3.75€-03 4.58E-01 1.21E-02
SST
22 t 55 kgal [1.13€-03 - 8.08e-05 4. 25E-03 1.04E-03 1.04E-01 1.22€-02 6.41E-01 4 .80E-02
SST
23 u 55 kgal |5.29E-04 1.09€-05 1.99€e-03 1.40E-04 3.85€-02 1.38€-03 2.46€E-01 4.95€-03
SST .
HEPA Vent Modeled as 3.75" (9.5 mm) orifice
Flapper is 50 in. (1.27 m) orifice opening at 1 psid (6.89 kPa)

Vent Pipe on DST Modeled as 9.6 in. (0.24 m) orifice

‘HEPA Vent for 55 kgal tanks is 3.42" (.087m) orifice.

Flapper is 17" orifice.
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6.0 COMPARISON OF RECALCULATED CONSEQUENCES WITH
CONSEQUENCES BASED ON FSAR METHODOLOGY

Toxin concentrations at the onsite (100 m) receptor location are
predicted herein to be significantly lower than those predicted by Cowley and
Postma (1996) using FSAR methodology. The reason is that FSAR methodology
does not realistically account for near-field mixing that is induced by vented
gases. Since toxicological consequences are directly proportional to toxin
concentration at 100 m downwind, the neglect of near-field dilution results in
an overstatement of toxicological consequences.

Pool fires that have the highest calculated toxicological consequences
are those that are assumed to vent gases horizontally from levitated pit cover
blocks. This vent configuration yields the least dilution of the vent paths
considered. In reality, multiple vent paths would likely exist and not all
vented gas would exit as a horizontal slot jet pointed downwind. These
factors would enhance near-field dilution as compared to the dilution assumed
herein. Therefore. the bounding toxicological cases presented herein are
conservative: more realistic analyses would reduce predicted consequences.
The author believes that consequences of postulated pool fires are not as
close to risk acceptance guidelines as indicated by the predicted sum of
fractions of 0.95.

Bounding toxicological consequences are predicted for large pools in SSTs
and DSTs that have the postulated flapper vent. Results for two bounding
%ases are compared with previous calculations (Cowley and Postma 1996) in

able 6-1.

Table 6-1. Comparisoh of Bounding Cases with Previous Assessment

“Unlikely. Onsite Sum of Fractions. ’
it Fire Case A Th1s report- ;| Cowley and Postma 1996
h SST Large Poo] Flapper 0.94 43
Vent
£-DST Large Pool, Flapper|0.95 45
Vent

The sums of fractions listed in Table 6-1 illustrate the significant
findings of this study: the more realistic treatment of near-field dilution
of vented gases causes calculated toxicological consequences to fall beneath
risk acceptance guidelines. The previous analysis based on FSAR methodology
had overestimated toxicological consequences by a significant factor.
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Fauske & Associates, Inc.
April 21, 1997

Mr. J. E. Meacham
Duke Engineering & Services Hanford

S7-14

P.O. Box 350

Richland, WA 99352-0350

Dear Joe:

SUBJECT: [FAI/97-45, "Downwi ] i0 Toxic Combustion Products Escapin

rom a Hanford Site Waste Tank, ' by Michael tein

Please find enclosed three copies of the subject report. In this report a model is
described for predicting the atmospheric concentrations of radioactive (toxic) materials arising
from the release of combustion product gases or aerosols from a Hanford Site waste tank within
which a liquid-organic chemical fire is postulated to occur. Substantial dilution of the
combustion product plumes are noted at 100 m downwind of the waste tank.

The submittal of this report completes Task Order No. 9-MAA-SLB-A25777. Please call
Mike Epstein (630) 887-5210 if any questions should arise.

Sincerely yours,

Pregident

Hix;s/é éauske :
d

HKF:lak
Enclosure

cc: M. Epstein, FAl
A. K. Postma, G&P Consultants, Inc.

16¥/070 West 83rd Street = Burr Ridge, lilinois 60521 « (630) 323-8750
Telefax (630) 986-5481 » £E-Mail - lai@fauske.com
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FAI/97-45
DOWNWIND DISPERSION OF TOXIC
COMBUSTION PRODUCTS ESCAPING
FROM A HANFORD SITE WASTE TANK

Submitted To:
Duke Engineering & Services Hanford
Richland, Washington

Prepared By:
Michael Epstein
Fauske & Associates, Inc.
16W070 West 83rd Street
Burr Ridge, Illinois 60521
TEL: (630) 323-8750
FAX: (630) 986-5481

April, 1997
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1.0 INTRODUCTION

A model is presented here for predicting the downwind transport and dispersion of
radioactive (toxic) gases and aerosols released to the atmosphere from a rupture or vent opening
connected to an underground Hanford Site waste tank during a postulated, tank-internal organic-
chemical pool fire. In the model it is assumed that for some rather large distance downwind of

\the release location (in some cases of the order of hundredsof meters), the effects of buoyancy and
atmospheric turbulence on the inflow of atmospheric air into the toxic jet (plume) is negligible in
-comparison with the effects of turbulence generated by the jet. This assumption is what
distinguishes the present model from most of the previous modeling efforts on hazardous species
releases, which are based on the notion that downward transport and dispersion are controlled by
the wind and atmospheric turbulence, respectively, and represented by the Gaussian-plume model,
beginning at or above the release location. It is important to recognize that the velocity of a jet
that emanates from a waste tank pressurized internally by a chemical fire may be of the order of
one hundred meters per second (224 mph) and well above the prevailing wind speed. Generally,
therefore, Gaussian models will overpredict hazardous species concentrations in the near field of

a "high pressure release” because of the dominance of the jet's self-generated turbulence.

Jets that are warm relative to the atmosphere and/or directed upward with high initial
momentum will rise to heights that are much greater than their initial release height. This jet
rise behavior is included in the Gaussian models by using the plume rise equations recommended
by Briggs (1984).* Interestingly enough, his equations are based on plume trajectory
calculations which assume plume mixing with the atmosphere by the plume's self-generated
turbulence. However, the significant dilution of the radioactive species during plume rise is
ignored in the Gaussian model of the plume rise. Various ad hoc approaches have been used

in Gaussian models to terminate the plume rise and begin the Gaussian plume of horizontal

*A jet is usually defined as a plume with no initial buoyancy. Most of the releases of practical
interest have both initial momentum and initial buoyancy and therefore should be referred to as
plumes. However, in this report we do not distinguish between jets and plumes and we use
these terms interchangeably.

Att B-1-9
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trajectory. The difficulty with this approach is that the plume trajectory may not in fact become
horizontal within any distance of practical interest. Moreover. none,of the available plume rise
models appear to be applicable to the situation of a gas at high pressure released to the atmosphere

at a non-vertical angle of inclination.

Here an integral model for the prediction of the spreading and rising of buoyant and/or
high momentum toxic jets in the near and far fields is introduced. The model is based on the
fundamental conservation equations of fluid mechanics. To close the system of equations it is
necessary to adopt empirical models of the rate of entrainment of ambient airby the jet. However,
this empirical input is well identifiable and is based on experimental evidence or physical

reasoning.
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2.0 PHYSICAL MODEL

A schematic representation of a hazardous gas jet being released through a breach or vent
that leads from an underground waste-tank headspace subjected to a chemical fire is shown in
Fig. 1. The underground waste tank is not shown in the figure. The jet may be vertical or
inclined at the vent and is released at or above ground level. The equations are written to take
account of a temporarily steady flow of waste tank combustion product gas (air) and a steady
horizontal wind. The wind direction does not change with horizontal distance x or altitude z.
The jet lies in the x,z plane. In developing the jet dispersion model it is necessary to divide the
jet into two regions: (i) an airborne (unbounded) jet zone in which the trajectory and dilution
of the jet is predicted and (ii) a ground-level jet behavior zone whichalways occurs (far from the
vent)when certain weather conditions are present and is likely to occur in the vicinity of the vent
when the release is directed toward the ground. It is assumed that the release-gas flow is
sufficiently subsonic so that it is fully depressurized to atmospheric pressure just outside the vent

opening.

Over the distance the jet is airborne its cross-section is taken © be circular when the jet is
released from a circular vent (Fig. 1a). The cross-section of an airborne jet released froma
slit-like opening is assumed to be rectangular (Fig. 1b). In both cases the radius R of the jet is
assumed to be small compared with its centerline radius of curvature (slender plume
approximation). The cross-section of the ground-level jet is rectangular. The half-width of the
rectangular jet W at ground contact is calculated by setting the area of the ground-level jet equal
to that of the elevated jet. This ensures that in the post-ground contact region the mass and
momentum fluxes within the jet are conserved and that the continuity and smoothness of toxin
concentration and jet temperature with distance are preserved. A discontinuous change from

radius R to width W occurs when an initially circular plume contacts the ground.

In the present model only two distinct regimes of jet entrainment behaviorare considered:
mixing by the jet's self-generated turbulence in the near field and mixing by environmental
turbulence in the far field. Moreover a fairly sharp transition point at which near-field entrainmert

behavior changes to far-field behavior is assumed. The intermediate regime

Att B-1-11



HNF-4240 Rev. 0

2-2

involving the combined modes of mixing into the jet is regarded as insignificant. We begin the .

description of the jet model with a discussion of the entrainment equations.
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Figure 1 Schematic diagrapm of plume model for circular and rectangular plumes.
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3.0 ENTRAINMENT EQUATIONS

Hirst (1971) performed an analysis on a limited set of experimental data on buoyant jet
flow discharged into a uniform cross stream to determine the jet entrainment velocity due to the
jet's self-generated turbulence. Using the form suggested by Morton et al. (1956) as a basis, he
constructed a correlation for the entrainment velocity v,,. For jets with a two-dimensional

trajectory, his expression becomes

s : .
A (pﬂ]l _(Eolu - u_cos B]+ E, u_|sin 9[) )
where the term |u - u_ cos 0| represents the relative velocity of the jet with respect to the
wind. Actually, Eq. (1) is a combination of the entrainment model proposed by Hirst and the
entrainment model of Ricou and Spalding (1961) for vastly different jet and ambient densities,
p and p., respectively. Equation (1) reduces to the entrainment function of Hirst in the limit
P - p.. The constants of proportionality E, and E, are called the entrainment coefficients.
Ricou and Spalding have verified through measurements that for pure momentum jets injected
into a quiescent ambient (u. = 0) values of E, lie Within the range 0.06 to 0.12.

Morton (1959) found that if a uniform velocity profile is used E, = 0.12 results in
the best agreement between theoi'y and experiment. From data on buoyant water jets discharged

at varying angles into flowing aqueous salt solutions, Hirst (1971) specified the values E, = 0.057

and E, = 0.513. His value of E, is consistent with the lower end of the range recommended"

by Ricou and Spalding for pure momentum jets (u, = 0). Hoult et al. (1969) suggested, also
on the basis of experiments with salt solutions and water, E, = 0.12 and E, = 0.6. Their E,
is in agreement with the upper end of the range 0.06 to 0.12. In the calculations which follow,
we shall adopt Eq. (1) and use values of E; and E, of 0.1 and 0.5, respectively.

In the far field the energy-containing eddies of environmental turbulence dominate
mixing, and the jet growth (expansion) is strictly due to the action of the wind. A number of
different ways have been proposed to relate the entrainment velocity to ambient turbulence.

Most of these rely on knowledge of one or a combination of the following atmospheric
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quantities: the turbulent diffusivity, the root-mean-square-velocity, and the energy dissipation
rate. Unfortunately, measurements of these microphysical properties of atmospheric turbulence
usually are totally lacking. An alternative approach is to use the measured Gaussian dispersion
coefficients to obtain a formula for entrainment due to atmospheric turbulence effects (Epstein
et al., 1990).

In the very far field the released species mass continuity equation and the overall mass

continuity equation for the jet are

% (Yp_u_A) = 0 2

where Y is the mass fraction of the released (hazardous) species (gas or aerosol). The meanings

of all the symbols in this report are given in Section 10. Solving Eq. (2) we have
m = YpuA . 4)

where m_ is the mass rate of release of the hazardous species. Substituting this result into Eq.
(3) gives the following expression for the entrainment velocity as a function of the inverse

concentration gradient d(1/Y)/dx:

m,ood (1)
Ol (5)
p.C dx \ Y
Now far downwind from the source, where the jet (plume) has become very dilute, the
Gaussian plume equation for the centerline concentration is
m

Y = : , (6)
npauaoy(x)oz(x)
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where 0,(x) and o (x) are the Gaussian dispersion coefficients in the y- and z-directions.
respectively. Identifying Y in Eq. (6) with Y in Eq. (5) gives an equation for the entrainment
velocity due to atmospheric turbulence in the far field; namely,

u

vcn S —
C

o

d% [0,000,()] | O

While this expression has been derived for passive (Gaussian) plume behavior in the very far
field we will assume here that the rate of entrainment due to atmospheric turbulence is given by
Eq. (7) regardless of the distance from the source. That is, we are assuming that the manner
in which ambient turbulence contributes to the entrainment velocity is independent of whether
the plume is transported only by the wind or whether plume buoyancy and momentum control
the motion of the plume. It is important to note in this regard that the use of Eq. (7) does not
imply Gaussian plume behavior. Equation (7) provides the'additional closure (entrainment)
assumption that is required to proceed with the predicting of the motion of the plume after
ambient turbulence becomes more important than the plume's self-generated turbulence but well
before passive plume behavior is established. Of course, choosing Eq. (7) as a closure law
guarantees that the jet model will tend towards the desired Gaussian behavior (with respect to

centerline concentration) in the very far field.

Close to the source, the entrainment velocity given by Eq. (1) greatly exceeds that given
by Eq. (7) and vice versa at distances far from the source. One would expect, therefore, a fairly
definite transition point (or perhaps a short transition zone) at which the character of the jet
changes when the near- and far-field entrainment velocities are comparable. Therefore, during
the course of a calculation a switch is made from Eq. (1) to Eq. (7) at the location in which both
equations predict the same entrainment velocity, thereby merging the internally generated
turbulence mixing model with thé ambient turbulence mixing model.

Some remarks with regard to the célculation of the dispersion coefficients are in order.
Values of o, and o, as functions of distance x from the release location are available from the
air pollution literature and are commonly referred to as the Pasquill-Gifford curves. Many of

the analytical fits to these curves can be represented by the power-law expressions
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0 =ax' O =c¢cx ' ’ | . (8)

where 1 denotes the atmospheric stability class A through F. The coefficients and exponents a;,
b;, ¢;, and d, used in the present work are the same as those recommended by Tadmor and Gur
(1969) and employed in the MACCS code system (Jow et al., 1986) and aregiven in Table 1. The

values of x, 6, and o, in Eq. (8) are expressed in meters.

Table 1
Values for Constants for 6, and o, in Eq. (8)
‘_Sﬁ—_ﬁ—fms ‘Constant
P-G i a, b, ¢; d;
A 1 0.3658 0.9031 0.00025 2.125
B 2 0.2751 0.9031 0.0019 1.6021
C 3 0.2089 0.9031 0.2 0.8543
D 4 0.1474 0.9031 0.3 0.6532
E 5 0.1046 0.9031 0.4 0.6021
F 6 0.0722 0.9031 0.2 0.6020

Stability classes A through C represent three unstable states of the atmosphere. Stability
class D refers to a neutral atmosphere, and stability classes E and F refer to two stable atmospherc
conditions. The classification of stability states is based on the reaction of a parcel of air toa
small vertical displacement from some initial height at which it is in thermal equilibrium with the
atmosphere. The rate of change of the ﬁarcel temperature with vertical displacement distance is
known as the adiabatic temperature gradient: -g/c, = -0.01 K m!. If the adiabatic temperature
gradient is greater than the actual atmospheric temperature gradient the density of the parcel upon
upward displacement will be less than that of the atmosphere and the parcel will continue to
accelerate upward. If the parcel is displaced downward its density will be greater than that of the
atmosphere and its downward acceleration will continue. Thusthe parcel is accelerated away from

its original equilibrium position regardless of which direction
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it is displaced and the atmosphere is regarded as unstable. By similar arguments one can
demonstrate that if the adiabatic temperature gradient -g/c, is less than the atmospheric
temperature gradient the displaced air parcel will return to its equilibrium position and the
atmosphere is regarded as stable. In a neutral atmosphere the atmospheric temperature gradient
equals -g/c, and the density of the displaced parcel remains the same as that of the atmosphere.
The stability of the atmosphere is not only important with respect to the values of g, and g,, that
is with respect to plume diffusion in the atmosphere, but is also important in determining the
trajectory of the plume. In general, plume dilution decreases with increasing atmospheric stability.
Therefore, to err on the conservative side only the class F stability coefficients in Table 1 are used

in the present model.
Now that the closure laws (for plume entrainment) have been derived, the jet behavior

can be determined from the (jet) conservation equations for mass, momentum and energy. The

plume (jet) conservation equations are the subject of the next two sections.
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4.0 AIRBORNE JET ZONE

The centerline of the airborne but unbounded jet makes an angle © with the horizontal
(see Fig. 1), s is the distance along the jet, A is the cross-sectional area of the jet, and C is the
perimeter of the cross-section. The location s = 0 for the airborne jet refers to the plane of the
rupture opening. Given the complexity of the problem that we are dealing with it is sufficient
to assume that insidé the- jet the velocity, gas and aerosol concentrations, and temperature are
uniform in the crosswind.plane. That s, each variable is assumed to have "top-hat" form with a
certain value inside the plume and another value outside the plume, and a discontinuity at the
plume boundaries. Top-hat profiles have yielded good results for‘buoyam plumes Morton et al.,
1956 and Hoult et al., 1969).

The equations for the conservation of mass of a representative hazardous gas or aerosol
species escaping from the waste tank headspace and the conservation of total jet mass (headspace

gas plus outside air entrained by the jet) are

d

- (PuAY) =0 . )
d
- (PuA) = pv,C (10)

The momentum equation in the vertical direction is a balance between jet momentum and

mass.
di (pAuZsin 6) = g(p. - P)A (11)
S

The momentum equation in the horizontal direction is a balance between jet momentum and

momentum entrained:
d ) B d
— (pAu‘cos 0) = u_ = (PAu) (12)

ds S

Conservation of heat may be written in the following form
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d _
E (puAah) = pv_Ch_ (13)

where h is the overall enthalpy of the mixture within the jet. In writing Eq. (13) we have
neglected the kinetic and potential energy terms. The former quantity may not be small very
close to the source of a high velocity relatively cold jet, within a few vent opening diameters,

but is negligible at distances from the source of practical interest.

In evaluating the mixture properties within the jet we ignore the presence of the
hazardous species (gas + aerosol) on the basis that these materials are always present in the
headspace gas in trace amounts. Thus we can express the overall density and the overall
enthalpy of the mixture as the sum of the densities and enthalpies of only the air and headspace
reacted gas componeﬁts. Further simplification is possible by making the defensible assumption
that the reacted headspace gas mixture may be treated as air. The energy equation, Eq. (13),
may be readily converted from enthalpy to temperature as the dependent variable by introducing
the thermodynamic relation h(T) for air, assuming the air to be ideal. The pressure within the

jet is equal to the atmospheric pressure P... this requirement together with the ideal gas law gives
P_ = pR,T | | (14)

It is worth mentioning at this point that the thermodynamic properties of the atmosphere, namely

P., p., and T., are not constant but vary with altitude z. We will return to this issue later on.
The height z, of the jet centerline above ground level can be related to the distance s
along the jet and the jet angle O by the differential relation

dzcl
ds

= sin O 15)

and, similarly, the horizontal distance x from the vent opening is given by

dx cos O (16)
ds
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When the cross-section of the elevated jet is taken to be circular, the radius R. circumference C

and cross-sectional area A are related by the expressions
C = 27R = 2(nA)"? , a7n

For a jet of rectangular cross section the circumference C is a function of both the cross-
sectional area A and the half-width W of the jet: that is

C =2 +aw | (18)

A
A\
The "radius” R (see Fig. 1b) of the rectangular plume is related to A and W by

(19)

Now the rectangular plume geometry requires one additional equation to describe the expansion

of the jet's half—width W. This equation is given by the kinematic condition
u— =v_ 20)

which allows the plume to spread by entrainment in the direction normal to the x-z plane in
Fig. 1b.

The above equations €Xpress the mathematical consequences of the airborne jet model
and together with an equation of state for the atmosphere, are sufficient to determine the
coupled unknown quantities, p, Y, u, A, T, z, and 0 as functions of the horizontal coordinate x.
These quantities are subject to the following initial conditions at the release location x = 0:

p=p, . Y=Y, ., W=W, , u=zu 1)

6 =06 (22)

Att B-1-21



HNF-4240 Rev. 0

4-4

where z, , is the height of the vent opéning above ground and 0, is the angle of the release ‘

relative to the horizontal at the vent.

Att B-1-22



HNF-4240 Rev. 0

5-1

5.0 EQUATIONS FOR GROUND-LEVEL JETS

In unstable air (stability classes A through D) with light winds the plume exhibits the
purely airborne behavior described mathematically in the previous section. In fact, plume rise
in this case is unlimited and ndthing prevents the plume from reaching the upper levels of the
atmosphere, much like a thundercloud. The atmosphere, however, is not always unstable
everywhere. Changes in solar radiation from night to day set up a cycle of stable and unstable
situations. During the night air is normally stably stratified and the condition of the atmosphere
- is well-described by stability classes.E or F. In such stable air, often referred to as a ground-
based inversion, plume rise is limited because of the negative buoyancy acquired by entraining
ambient air and transporting it to levels of higher atmospheric temperature (actually potential
temperature; see Section 6). During the day the air may be unstable near the ground but above
some height an inversion layer of stable air is present. The interaction of plumes with elevated
inversions is not easy to prédict. Plumes may penetrate the inversion layer if the layer is thin
or close to the ground. The approach employed in the present model is a conservative one in
that the assumption is made that the atmosphere is glways stable from the ground up and

represented by stability class F. Fortunately, plume behavior for this case can be modeled.

Horizontal or downward-directed releases into moderate-to-strong winds, usually results
in the plume making contact with the ground before significant plume rise occurs. Predicting
plume behavior beyond the point of touchdown is not an easy matter. The plume may retain
enough buoyancy so that at some location it lifts off the ground and once again becomes an
elevated plume. Or, the plume may be prevented from leaving the ground as a consequence of
down drafts. Or ambient turbulence may "withdraw" so much vertical momentum and buoyancy
from the jet that its behavior after ground contact is that of a grounded, near-passive wind-driven
plume. Apparently, no criterion is available to predict which one of these behaviors is favored
in a given situation, but the latter grounded plume scenarios are more easily modeled and will

serve adequately to predict conservative downwind concentrations of radioactive species.

In the present model, the ground-level plume is handled in the same way as the

rectangular elevated jet, except that the momentum equations, Egs. (11) and (12), and the

Att B-1-23



HNF-4240 Rev. 0

5-2

kinematic equations, Eqs. (15) and (16), are modified to account for the presence of the ground.
Specifically, Eq. (11) is omitted from the equation set and 0 in Eq. (12) is set equal to zero if
ground contact is made. Thus the jet is assumed to lose its buoyancy and its vertical momentum
as a result of contact with the ground so that its ground-level motion and dispersion are strictly
controlled by axial momentum and entrainment. Equations can be written that account for gravity-
controlled compaction/expansion and sideways spreading of a ground-level plume (see, e.g.
Epstein et al., 1990). However the present application requires the coupling of these equations
with the equations for the stability of the atmosphere and their derivation and implementation in

a computer routine are beyond the scope of the present effort.

The plume is assumed to feel the presence of the ground when the elevation z, of the
centerline of the plume is equal to its radiusR. Note that beyond ground-contact z, still represents
the vertical distance from the ground to the centerline of the plume (see Fig. 1). The height
- (vertical thickness) and radius (half-width) of the ground-level plume are, respectively, 2z, and
W. Beyond ground contact, Eq. (17) for the perimeter of the circular elevated or Eq. (18) for tie
perimeter of the elevated rectangular jet are replaced by the expression

C = +2W ' (23)

A
w
this relation for the rectangu‘lar ground-level plume is derived by notallowing entrainment to occﬁr
at the jet-ground boundary. The half-width W of the plume at ground contact is calculated by
setting the vertical distance z; and area A of the rectangular plume equal to those of the elevated
plume (circular or rectangular). As mentioned previously, this ensures that in the post contact
region the mass, momentum and energy fluxes within the jet are conserved and that the continuity
and smoothness of concentrations- and temperature-with-distance are preserved. A discontinuity

in W will exist when a circular plume contacts the ground; its value at ground contact is

w = A (24)
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The above equation is valid beyond the location of plume touchdown and is used to calculate the
vertical distance z,, to the grounded plume's centerline. Thus Eq. (24) replaces Eq. (15) for the

airborne plume.

Some additional points with respect to the computation of ground-level plume behavior
are worth noting. If the plume's self-generated turbulence is still causing entrainment after
plume touchdown, the cross-wind component of the entrainment velocity is set equal to zero by
demanding that 6 = 0 in Eq. (1). In other words ground-level plumes are regarded as quasi-
horizontal with boundary-layer-like behavior. After the transition to a ground-lével plume is
made the horizontal distance x is related to the distance s along the plume via the differential

geometric relationship

dx_l_[dzclzav ‘ 25
—E— ds )

This equation replaces Eq. (16) for the free elevated plume.
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6.0 ATMOSPHERIC VELOCITY DISTRIBUTION

AND EQUATION OF STATE

In order to complete the equations of plume behavior described in the foregoing, we need
to specify relations for the wind velocity u., ambient pressure P., ambient density p., and
ambient temperature T., all as a function of plume altitude z, .

It was found by Blasius (see Schlichting, 1968) and others that the mean velocity

distribution in a turbulent boundary layer could well be described by the empirical law

zcl ’
u, =u, | — (26)
! z

ref

where p is an exponent whose value depends on the rbughness of the surface. This law seems
to have found wide acceptance also in meteorological work (Hanna, 1982). In this application
the reference windspeed u. ., is usually evaluated at the reference height z, = 10 m, and the
exponent p depends on stability class as well as surface roughness. The values of p are taken
from Hanna (1982) and are given in Table 2. Recall that here we are only concerned with stability
class F.

Table 2

f the in Eq, (2 r

Stability Class A B C D E F

Urban Surfaces 0.15 0.15 0.20 0.25 0.40 0.60

Rural Surfaces 0.07 0.07 0.10 0.15 0.35 0.55
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As demonstrated by Briggs (1984) and Plate (1971), in order for the equation of state of
the atmosphere to be compatible with the incompressible conservation equations** for atmospheric
boundary layers or plumes, the equation of state must be based on the potential temperature
distribution T.(z) of the atmosphere rather than the actual temperature distribution T, (z) of
the atmosphere. The potential temperature is defined in such a way that its gradient is equal to
the actual atmospheric temperature gradient minus the temperature gradient -g/c, produced by
air in adiabatic vertical motion; namely,

dT,  dT,_

o

dz dz

+ B 27

(Zp )
The atmospheric temperature gradient and, therefore, the potential temperature gradient are
assumed to be constant with altitude. The U.S. Nuclear Regulatory Commission Guide 1.23
(1972) specifies ranges for dT,,,/dz for the six atmospheric stability classes A through F. The
values of dT./dz given below were obtained from Eq. (27), using the midpoint values of the
dT,,/dz ranges and the fact that g/c, = 0.01K m'. These values are listed in Table 3 where
the constant derivative dT./dz is denoted by the symbol 3.

Table 3
| Stability Class | A B | C D E F ||
Ip = dT./az 0.01 | 0,008 | 0.006 | 0.0 | 0.015 | 0.0375 |

Again, here we only use the value of f associated with stability class' F. It can be readily
shown by application of the equation of state for an ideal gas and the hydrostatic equation that
the vertical variations of temperature, pressure and density with plume altitude in a potential

atmosphere are given by the following differential equations

**The conservation equations employed here are based on the Boussinesq approximation that
density differences due to compressibility are unimportant except in the buoyant-force terms.
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dz

cl

ds

B

(B +eR)p, dz,
T ds

o

dz
cl
ds

P8
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7.0 RESULTS

From the system of equations presented in the previous sections we can compute the
released species and entrained air concentrations, jet temperature, jet velocity, jet density and
jet centerline and boundaries as a function of distance from the release location. To utilize
available numerical integration schemes, the equations were converted to an equivalent system
of first-order ordinary differential equations by expanding the derivatives in Egs. (9)-(13).
Numerical integration was perfoi‘med using Euler's elementary method and a forward integration

step size As = 10* m.

Four different Hanford waste-tank-ventgeometries are of interestand are treated here. The
four vent geometries are illustrated schematically in Fig. 2 and for purposes of identification in
this report are assigned numbers (types) ranging frorh 1 to 4. Three cases were considered
for each vent type and are denoted by A, B, or C. The initial conditions for each ofthe twelve
numerical cases, namely 1A, 1B,..... 4B, 4C, are summarized in Table 4. The vent type
recommendations as well as the initial values for each case were provided by Postma (1997).
All the numerical cases are for a windspeed u. ,; = 1.0 m s (2.24 mph) and for the following
atmospheric thermodynamic conditions at the elevation of the vent relative to the ground: T.,
= 285.0K, p., = 1.224 kg m?, and P., = 10° Pa. The stability of the atmosphere is.
regarded as stable so that the potential temperature gradient § = 0.0375 K m'' (see Table 3) and
the exponent in the windspeed velocity distribution function, Eq. (26), is p = 0.55 (see Table 2).
From a toxicological point of view, the normalized hazardous species concentration (Y/Y,)

at 100 m downwind of the vent is of major interest.

The predicted plume profiles and hazardous species concentrations for Cases 1A and 3B
are shown in Figs. 3 to 6. The plume profiles in Figs. 3 and 5 include the upper and lower
plume boundaries and the plume centerline as a function of horizontal dstance. In both cases the
waste tank combustion-product'gas is discharged vertically upward. In Case 1A the gas
vents to the atmosphere through a 0.407-m (16-in) diameter stack. In Case 3B the gas vents
through a 3.04-m (10-ft) long slit of opening "diameter” 0.153 m (6.0”). Over the 100-m

downwind distance of interest the spreading of the plumes is caused by self-generated turbulence
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Table 4
Initi itions for th merical Cal i
Vent Type Zio U Ty B, A, W,
& Case (m) (ms) (K) (radians) (m?) (m)
1A 33 | 9.0 | 755.0 /2 0.13 -
1B 3.3 3.7 310.0 /2 0.13 -
1C 33 45.0 530.0 /2 - 0.13 -
2A 0.0 90.0 505.0 n/2 0.894 -
2B 0.0 15.0 505.0 /2 - 0.894 -
2C 0.0 15.0 310.0 /2 0.073 -
3A 0.61 120.0 505.0 0.0 0.465 1.52
3B 0.61 120.0 505.0 /2 0.465 1.52
3C .0.61 120.0 505.0 0.0 7.74 x 107 1.52
4A 1.22 180.0 755.0 - /2 8.11 x 103 -
4B 1.22 90.0 505.0 - /2 8.11 x 103 -
4C 1.22 30.0 310.0 -T2 8.11x 103 -
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NNNNN B ANNNNN RW\Y\ SW
Type 1. N N\
Exhaust stack on ANNAN BN NN
actively ventilated tank. Type 2.
Riser pipe in

uncovered pit.

NN\
Type 3. Type 4.
Levitated concrete cover Exhaust stack on
block with crack. passively ventilated tank.
MEQ74085.CDR 4-17-97
Figure2 Schematic drawings illustrating four waste tank vent geometries of interest.
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- i.e., entrainment by ambient turbulence does not occur. ‘Also, the plumes do not make contact
with the ground and their lower boundaries remain well above ground level at the 100-m
distance from the source. The plume dilution ratios Y/Y, at this location are 8 x 10* and 2 x 107
for the circular vent (Case 1A) and the slit vent (Case 3B), respectively. Qualitatively similar
results were obtained for all the other numerical cases involving plumes discharged
vertically upward. Such plumes pose no hazard to people on the ground, atleast up to 100 m from
the source. The predicted plume dilution ratios Y/Y, and the predicted heights above the ground

of the plumes' lower boundaries are given in Table 5.

Figures 7 and 8 show, respectively, the profile and dilution as a function of distance for
a jet issuing horizontally from a slit located 0.61 m above the ground (Case 3A). Following
release, plume spreading is rapid and touchdown occurs at about 2.2 m downwind of the slit
vent. From this point on the plume, by assumption, exhibits zero-buoyancy, passive behavior
and expands sufficiently so that at 100 m downwind its vertical thickness exceeds 30.0 m. It
should be kept in mind, however, that buoyancy in a stable atmosphere may limit the vertical
spreading of the plume and decrease plume dilution. In a stably stratified atmosphere denser
ambient air entrained and carried upward by the jet as it expands "absorbs” the horizontal jet
momentum and cause the jet to slow down. This effect is probably not too important over the 100
m downwind distance of interest but it should be checked.

Figure 9 shows the predicted plume profile in the vicinity of a downfacing Type 4 vent (see
.Fig. 2) for Case 4A. Since we are dealing with a very lighf wind, the plume does not bend over
before it feels the presence of the ground (as dictated by the criterionz, = R). Nevertheless, the
present model assumes that after ground contact the plume's momentum is directed downwind so
that the plume behaves as if it were discharged horizontally. Obviously an alternative and,
perhaps, aesthetically more pleasing model could be developed which allows the plume to spread
radially after ground contact in the form of a cylindrically symmetric ground current. It is not
clear as to which model would yield a lower hazardous species concentration at the 100 m
position, although the ground concentrations predicted with the two modéls should not be too
different from one another. The radially spreading plume has a large cross-sectional area which

tends to enhance plume dilution relative to the plume that travels downwind.
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Table §

Pl i

n rmaliz

Species Concentrations at 100 m Downwind

Height of
Case Discharge Vent Lower Plume YIY,
Direction Geometry Boundary
(m)
1A Upward Circular 32.0 8 x 10*
1B Upward Circular 8.4 2x103
1C Upward Circular 25.0 103
2A Upward Circular 45.0 29x 103
2B Upward Circular 28.4 1.5x 10?3
2C Upward Circular 6.6 2.4x10°
3A Horizontal Slit 0.0 1.8 x 102
3B Upward Slit 26.0 2x103
3C Horizontal Slit 0.0 8.7 x 10°
4A Downward Circular 0.0 2.6 x 103
4B Downward Circular 0.0 3.9x10°
4C Downward Circular 0.0 5.2x10°
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However, the local velocity within the radial plume is low which tends to decrease its dilution
rate compared with the downwind plume. The radial spreading ground-level plume is perhaps
another area that is worthy of future modeling work. Figure 10 gives the normalized species
concentration as a function of distance for Case 4A. The discontinuous decrease in plume
concentrationat x = 0 is due to the entrainment of ambient just-below the vent where the plume

is airborne and directed vertically downward.

The predicted normalized species concentrations for all the numerical cases are
summarized in Table 5. It is of interest to note that, over the downwind distance O to 100 m, the
model predicts a transition from the jet-induced turbulence regime to the atmospheric turbulence
regime of jet dilution in only two cases, namely Cases 4B and 4C for a downward facing vent.
The predicted transitions occur 91.5 m and 43.8 m downwind of the vent for these cases,

respectively.
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8.0 DISCUSSION OF VALIDITY OF MODEL

To gain confidence in the present plume dispersion model, it is prudent to explicitly
consider the implications of our approximations and the correctness of the equations and method
of solution.

The reliability of the numerical technique can be established by comparing its predictions
to the small number of analytical solutions to the plume equations. Of course, these exact
solutions pertain to much less general plume/jet problems than those treated in Sections 4.0 and
5.0. Thus we will check the model equations when applied to purely momentum dominated,
elevated jets of circular cross-section and ground-level and elevated jets of rectangular cross
section.

When the effects of gravity and atmospheric turbulence are neglected and the gas is
discharged horizontally into the direction of the wind then Egs. (1), (9)-(12) and (17) simplify to
yield the jet species dilution law for a circular jet (see Appendix A):

= €29

3
u X u
1 + 0 ] ef -

Y
Y0

u uoR0

oo ref

where x is the horizontal distance over which the jet remains elevated. Note from Eq. (31) that
far downwind of the source the concentration of the released species obeys an x*? power-law

dependence on distance. In the absence of a horizontal wind, u.,; = 0 and Eq. (31) reduces to

YY - 172 (32)
0
| + 2 E, [ Pm] X

Thus, according to the theory, in the initial phase of jet behavior, where the jet's self-generated
turbulence is the dominant mixing agency, the presence of wind acts to reduce thedilution rate of
the jet from that predicted in a quiescent atmosphere. Of course in the final phase of jet

behavior, far downwind of the source, the energy containing eddies of environmental turbulence

dominate mixing and the jet growth is strictly due to the action of the wind. It may be of
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interest to point out that Eqs. (31) and (32) for pure momentun jets are valid for arbitrary values
of the environment-to-release density ratio p./p, or, equivalently. for arbitrary values of the

released species mass fraction Y.

Unlike a circular jet, a closed-form solution for the dilution of a rectangular jet can only
be obtained by invoking the assumptions of zero wind speed (u. . = 0) and trace quantities of the
released species (Y, < < 1). Again ignoring gravity, Egs. (1), (9)-(12), (18) or (23), and (20) far
a rectangular airborne or ground-level jet reduce to the dilution law (see Appendix A)

Y . (33)
Y, E x E x 12
1 + . 1 + L
w w

- where b = 4 for an airborne jet and b = 2 for a ground-level jet.

Elevated, pure momentum jets of circular cross section were simulated numerically by
releasing the jet horizontally at elevation z,, = z where the wind speed is . . (see Eq. 26).
The jet release density p, was set equal to the atmospheric density p. to eliminate jet
buoyancy, thereby ensuring that the jet elevation remained horizontal at elevation z, = z;.
Numerical solutions for ground-level, pure momentum jets were also achieved by demanding that
Py = P- and by considering only perfectly calm conditions (u.. . = 0). Ground-level plumes were
initiated at x = O from rectangular vents with ground-level lower boundaries. The numerical
solutions (solid curves) of the governing equations are compared with the appropriate closed fom
solutions (circles) in Figs. 11, 12, and 13. As shown in the figures the numerical solutions for
jet dilution versus horizontal distance faithfully pass through the points generated

by the closed form solutions in the parametric extreme of pure momentum jets. This agreement
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suggests that the equations were programmed correctly for numerical solution and that the simple

numerical scheme exploited here is more than adequate.

Of course, it is of interest to test the present plume dispersion model by comparison with
field observations. Ground concentrationdata for stable and unstableconditions are available (see,
e.g., Moore, 1974), but are not too useful for testing the model since the ground samples were
usually located so far from the source that the atmospheric/plume conditions only approximate
those of the far-field Gaussian-based dispersion models. Near-field test data are available for
pressurized liquids released horizontally in the direction of the wind (Goldwire, et al., 1985;
Goldwire, 1986; and Blewitt et al., 1987). These releases of volatile liquid chemicals result in the
formation of high-momentum flashed jets with liquid phases comprised of extremely fine droplets,
and beyond some not very significant distance from the release point the liquid phase is consumed
by evaporation into the entrained air. The resulting cold, chemical vapor/air jet is heavier than
the surrounding air. Obviously, the present model can not treat such two-phase releases.
However, a model similar in structure to and employing the same entrainment laws as the present
model has been developed to treat pressurized liquid releases (Epstein et al., 1990). Suffice it to
say that the model is capable of reproducing the released chemical, peak concentration
measurements within a factor of three at distances downwind of the source of up to 3000 m. At
100 m from the source the results were especially encouraging, with the model representing the
data to better than 20.0 ‘percem.

An alternative to comparison of the model with ground concentration data is to test
whether the model can correctly predict "plume rise observations". This procedure tests the
mass, momentum and energy conservation equations as well as the entrainment relations, since
plume rise predictions depend on the correctness of all the airborne plume model components.
On the basis of many observations of plume rise in a stably stratified atmosphere, most of them

of power plant plumes, Briggs (1984) recommended the following semi-empirical formula:

TT.(,TT] - T._r,} unAnr (34)
T, B 5,

Az.fs = 1.8

Att B-1-48




HNF-4240 Rev. 0

8-7

where Az, is final rise (vertical height) of the plume centerline above the vertical location z, ,
- of the source vent. The wind speed u_ in this formula is an average value betweenthe heights z, ,

and z,, + Az,.

The predicted plume profiles for a fixed set of release conditions and wind speeds u.
= 1.0, 5.0 m s’ are shown in Figs. 14 and 15. In the F stability atmosphere considered here the
air is stably stratified and an inversion layer exists from the ground up. As can be seen from
Figs. 8-1 and 8-2 plume rise is limited. This is because ambient air at a given level of the
atmosphere is entrained by the plume which rises to levels of higher ambient potential
temperature (or less dense ambient air). The plume loses its buoyancy and asymptotically
approaches a final height. The plume may overshoot its asymptotic height, that is become
temporarily negatively buoyant and behave as a damped oscillator. As can be seen from Fig. 14,
such oscillatory behavior is particularly evident at low wind speeds. We also note from Figs. 14
and 15 that maximum plume rise is achieved beyond the 100-m downwind distance of interest in
the waste tank organic-pool-fire-plume problem.

Some predictions of plume rise obtained from the present model are compared with Eq.
(34) in Fig. 16. Equation (26) was used to evaluate u_ in Eq. (34) in the placement of the
numerical solution data in Fig. 16. We may conclude from this comparison that the model is

consistent with many observations of power-plant plume rise.
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9.0 CONCLUSIONS

In this report a model was described for predicting the atmospheric concentrations of
radioactive (toxic) materials arising from the release of combustion product gases or aerosols
from a Hanford Site waste tank within which a liquid-organic chemical fire is occurring. The
dilution of the combustion product plume (or jet) produced by the release has been modeled by a
direct application of the conservation equations combined with two turbulent entrainment models.
Two regimes of jet behavior are incorporated into the model: an integral model in curvilinear
coordinates for describing a free elevated jet and an integral wall-jet model for describing ground-
level behavior. The ground-level jet model does not include the effects of buoyancy, nor does it
allow for purely radial jet flow in the case of downward directed discharges into very light winds.
It is felt that both of these effects are not likely to influence jet dilution behavior by more than
about a factor of two, but this conclusion may require justification.

Predictions of the normalized hazardous species concentration Y/Y, at 100 m downwind
of the waste tank vent were made for four different vent geometries. Jets released upward from
exhaust stacks on actively ventilated tanks, from riser pipes in uncovered pits or from cracks in
concrete cover blocks persist as elevated plumés out to 100 m and beyond. The normalized
species concentration within these airborne plumes at 100 m is about Y/Y, = 2 x 103. Jets
directed downward from exhaust stacks on passively ventilated tanks are diluted to about Y/Y,
= 4 x 107 at the 100-m position. Finally, jets discharged horizontally from levitated concrete
cover blocks have a ground-level concentration of about Y/Y, = 10 at 100 m.
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10.0 IMENCLAT

coefficient in expression for a,; Eq. (8)
cross-sectional area of plufne

area of release (vent or rupture opening)

exponent in expression for o,; Eq. (8)

coefficient in expression for o,; Eq. (8)

heat capacity of atmosphere

circumference of plume through which entrainment occurs
exponent in expression for o,; Eq. (8)

entrainment constants; Eq. (1)

gravitational acceleration

mean plume enthalpy

mass rate of release of radioactive (hazardous) species
mass rate of flow integration constant; Eq. (A-6)
exponent in wind distribution expression; Eq. (26)
pressure of potential atmosphere

radius of circular plume or rectangular plume; Fig. 1
ideal gas constant for air

radius of circular vent

distance measured from the source along the centerline of the plume

mean temperature inside plume

actual temperature of atmosphere

mean velocity inside plume

wind speed

reference wind velocity; Eq. (26)

average wind speed in-plume rise formula; Eq. (34)
entrainment velocity

half-width of rectangular jet; Fig. 1

distance measured from the source along the ground
mass fraction of released species
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Y, mass fraction of released species at vent
z vertical distance coordinate measured from ground
Z “distance measured from ground to plume centerline

z,;  distance above ground where u. . is measured (usually z; = 10 m); Eq. (26)

Z,, height of release (rupture or vent opening) above ground

Greek Letters

B temperature gradient in potential atmosphere; dT./dz

Az, maximum rise height of plume centerline in stable atmosphere
p mean plume or jet density

P- density of potential atmosphere

0 angle plume centerline makes with the horizontal

0, angle of jet at release location

0,,0, Gaussian dispersion coefficients in the y- and z-directions

Subscripts
0 initial conditions at vent
o pertains to the potential atmosphere or wind speed
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APPENDIX A~

For the case of a circular jet released horizontally in the direction of the windA, and
ignoring the influence of gravity and atmospheric turbulence, the conservation equations (9), (10),

and (12) become (see also Egs. 1 and 17)

™ (puR %) = 0 (A-1)
i (PuR®) = 2p ER(PPI® (u - u ) (A-2)
d 8r d :

K (pu 6) = uwgn(;,a (pURe) (A-3)

We emphasize that the formulation given above holds for the near-field high-momentum regime
only, since the entrainment velocity is given by Eq. (1) (with® = 0). An examinationof Eqgs. (A-
1) to (A-3) reveals four unknown variables, namely, p, u, R, and Y. In order to determine all of
these quantities as functions of horizontal distance x from the source, the equation of energy must
be added to the above equation set. Fortunately, the species concentration Y(x) and the jet
velocity u(x) may be found from Eqgs. (A-1) to (A-3) without invoking the energy equation. This
is because the jet density p and radius R appear in the equations only as the product pR?, or,
equivalently as p'?R, which may be regarded as a single variable, thereby reducing the number

of unknown from four to three.

The solution of Egs. (A-1) and (A-3), subject to the initial conditions p = py, u = u,,
Y =Y, and R = R, [R, = (Aym)'?]atx = 0, is

puR?Y = M, | (A-4)

PuR? (u - u. ) = (Ug - U...o) My , (A-5)
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where M, is an integration constant that is proportional to the mass rate of release of the
hazardous species:

- 8 -
M, = P RAY (A-6)

Dividing Eq. (A-5) by Eq. (A-4) gives
U = U, per + (uo - uw.rcf) Y (A_7)

Eliminating u between Egs. (A-5) and (A-7) and taking the square-root of the result yields

€1

M,

Y[u st (U ~ U enhY]

PR = (A-8)

Combining equations (A-2), (A4), (A-7), and '(A-8) results in the following differential equation

for the inverse of the species mass fraction Y as a function of distance from the source

p u 0
2 E'l [——w] [] _ = a

dx
Uoeng

u
n

Rq

Derivation of 33): re- m R ngul

In addition to the assumption of a nonbuoyant jet, the derivationof a closed form solution
for the pure-momentum rectangular-jet dispersion process requires that; (i) the atmosphere is
stagnant (i.e., u. . = 0) and (ii) the hazardous gas is present in only trace quantities upon
release to the environment (i.e. Y, < < 1), so that p is approximately constant and equal to p..

Subject to these assumptions, the conservation equations (Eqgs. 9, 10, 12, and 20) simplify to

4 wAY)y =0 - (A-10)

dx
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d
= (uA) =E Cu (A-11)
d
—~ Au® =0 (A-12)
u % =By | | (A-13)

where the jet perimeter C is related to the jet cross-sectional area A by

C = + bW (A-14)

A
w

In the above equation b = 4 for an elevakd rectangular jet (see Eq. 18) and b = 2 for a ground-
level rectangular jet (see Eq. 23). |

Equatidns (A-10), (A-12), and (A-3) can be integrated immediately to obtain

uAyY = unAan (A-15)
6 _ &)

Au’ = Anun (A-16)

W = Wq + Ex (A-17)

where W, is the initial half-width of the jet. Dividing Eq. (A-16) by Eq. (A-15):

u.X (A-18)
Uy Yy
From the above equation and Eq. (A-15) we get
e .
Y
AL __'1] (A-19)
A n Y

Dividing Eq. (A-11) by Eq. (A-13) and using Egs. (A-18) and (A-19) to eliminate u and A from

the result in favor of Y yields the following differential equation for Y as a function of W:
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A-4

w (3] 2 o
' AnYyq

Now Eq. (A-14) for the jet perimeter C may be expressed in terms of W and Y via Eq. (A

19), as follows:

A

c =21
w

Y )
_']] + bW (A'ZI)
Y

Eliminating C between Egs. (A-20) and (A-21) results ina differential equation for Y as a function
of W only, namely

I
Ed;{_v _ _;(; _ bWYe , (A22)
AnYn
Let us make in Eq. (A-22) the transformation
from which we obtain
, .
W ddfv . 1 | (A-24)
AnYn
Integrating this result:
Lo, », (i) (a25)
w
£ & Ay, " ,
_Finally, using Eq. (A-23) to replace  with Y, we get
- 1 (A-26)

Y
Y,

w
Wy
Substituting Eq. (A-17) for W into the above equation gives the desired result, namely Eq. (33).
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APPENDIX C

SOURCE TERM MITIGATION BY AEROSOL SEDIMENTATION
IN POSTULATED SOLVENT POOL FIRES
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1.0 INTRODUCTION

This appendix presents the results of an analysis of aerosol retention in

“waste tanks under postulated solvent pool fire conditions. Aerosol retention

within a tank 1s potentially important because it is a naturally-occurring
mechanism for mitigating calculated consequences of postulated fire accidents.
Dose .consequences predicted on the basis of negligible aerosol depletion are
slightly higher than guidelines for accident scenarios which postulate the
operation of a ventilation system which purges airborne contaminants from the
tank (Cowley et al. 1997). Aerosol retention was cited by Cowley et al.
(1997) as a phenomenon that needed to be accounted for to obtain more
realistic estimates of pool fire consequences. The work presented in this
appendix is responsive to the need cited by Cowley et al. 1997.

2.0 OBJECTIVE AND SCOPE

The objective of this study is to quantify the impact of aerosol
depletion on predicted releases of particulate contaminants from solvent pool
fires. This information is to be used to more realistically quantify the
predicted dose consequences of pool fires.

The scope of this work was limited to an evaluation of in-tank
sedimentation losses in 21 pool fire cases described herein.

3.0 SUMMARY AND CONCLUSIONS

3.1 SUMMARY

An aerosol retention factor was estimated for each of 21 solvent pool
fire cases analyzed in this document. The retention factor quantifies the
degree to which aerosol fallout inside a waste tank mitigates the radiological
consequences of analyzed accidents.

The retention factor was estimated on the basis of sedimentation losses
of particulate material to the floor of a waste tank. Particulate matter
which settles out is unavailable for leakage with gases which-escape from the
tank as a result of fire-generated pressures or as a result of fan operation.

Aerosol agglomeration, fallout, and leakage were predicted by means of a
correlation (Epstein and Ellison 1987) which accounts for agglomeration of
particles inside the tank. The correlation has been shown to agree well with -
experimental data and with numerical solutions to the differential equations
that govern aerosol behavior in a confined volume (Epstein and Ellison 1987).
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The correlation was used herein because it greatly simplified the anaiysis of
the many cases analyzed here as compared to an analysis based on the MAERQOSZ .
Code (Gelbard 1996). the numerical code available for analyzing aerosol

behavior.

The applicability of the correlation to the solvent pool fire cases was
demonstrated by comparing the aerosol retention factor predicted by the
correlation with the retention factor based on MAEROS2 Code predictions. The
fire case analyzed by the two methods was representative of the fire cases for
which significant retention was predicted; the two methods yielded very
similar results.

3.2 CONCLUSIONS

Results of this work are characterized by the following conclusions and
summary statements.

1. Sedimentation is predicted to reduce the carry-over of particulate
materials by factors ranging from one to seven.

2. The higher retention factors apply to puddie fires in actively
ventilated tanks; for these cases, predicted dose consequences fall
well below guidelines when aerosol depletion is accounted for.
Doses fall slightly above guidelines for actively ventilated cases
when aerosol deposition is ignored.

3. Aerosol retention was predicted to be negligible for fire cases .
where the fire duration was brief in time and the venting rate was
large. Too little time was available to allow much aerosol fallout
for those cases. Predicted dose consequences for these passively
ventilated cases had previously fallen below guidelines and remain
unchanged as a result of this analysis of aerosol behavior.

4.0 PHENOMENOLOGY OF AEROSOL RETENTION IN TANKS

This section is a brief discussion of phenomena that govern the retention
of particulate contaminants generated by a pool fire in a tank.

4.1 AEROSOL PARTICLE FORMATION

Incomplete combustion of solvent causes the formation of soot particles.
visible as smoke. The combustion of solvent. vapor occurs in the gas phase in
a mixing zone above the surface of the pool. Combustion products that are
non-volatile condense out in the gas phase as small particles, i.e.. as soot.
The small primary particles rapidly coagulate, forming agglomerates.
Agglomerates are larger particles composed of many smaller primary particles.
Experiments on solvent pool fires (Jordan) indicate that primary particles are
a fraction of a micrometer in diameter. Agglomeration processes cause the
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small primary particles to grow in size to an extent that is determined mainly
by particle mass concentration (kg of particles.per cubic meter of gas) and
time. .

In addition to carbonaceous particles. oxides of phosphorous are formed
by the combustion of tributylphosphate (TBP) which is present in solvent.
Phosphorous oxide. typified by P,0;. is of relatively Tow volatility and is
highly deliquescent. It would be expected to be present in smoke as fine
droplets of phosphoric acid, by reacting with water vapor.

Waste material in a tank is subject to aerosoiization by means of
mechanical forces or volatilization. Aerosolized waste materials that are
non-volatile in headspace gases would be present in particulate form and
represent a third source of aerosols generated by a pool fire. This source is
important with respect to dose consegquences because aerosolized waste is the
source of radioactive material that is predicted to be vented from a tank as a
result of a pool fire.

The three aerosol species described above would be present at the same
time in headspace air and would co-agglomerate. It is assumed herein that
co-agglomeration would cause all aerosol species to behave similarly. Thus,
the behavior of radiocactive particles is assumed to be the same as soot
particles which are predicted to constitute the major fraction of aerosol
mass. The co-agglomeration assumption employed herein is commonly used in
accident analyses and is supported by experimental data from large scale
?Sg9§01 tests conducted at Hanford (Hilliard et al. 1987 and McCormack et al.

4.2 PARTICLE GROWTH BY AGGLOMERATION

Agglomeration of small particles into larger ones increases particle
settling velocity and thereby increases the fallout rate by sedimentation.
Key mechanisms for agglomeration are the following.

° Brownian diffusion: This mechanism is most important for submicron
particles. Brownian diffusion would cause primary particles to
agglomerate into micron-sized clumps in the fire plume.

° Gravity agglomeration: This mechanism reflects capture of smaller
particles by larger ones due to differences in settling velocity.
It would occur throughout the headspace volume. and becomes
increasingly effective for large particles and high mass
concentrations.

° Other mechanisms: Fluid turbulence and water vapor uptake are other
mechanisms that can cause particle growth. These mechanisms are
believed to be of secondary importance for solvent pool fire
conditions, and have been neglected in this study.
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4.3 PARTICLE DEPLETION MECHANISMS

A number of different mechanisms can cause the removal of airborne .
particles during fire accidents. These are briefly discussed as follows.

Sedimentation

Sedimentation is the fallout of particles due to gravity onto surfaces
that face upward. This mechanism is typically observed to be the dominant
means of aerosol depletion in large scale tank-type. aerosol tests (Hilliard
et al. 1979, 1983, 1987 and McCormack et al. 1987). Since particle settling
velocity varies as the square of particle diameter, particle size must be
known to predict sedimentation rate. »

Other Mechanisms

Other mechanisms for particle deposition that would contribute to

retention, but which have been neglected in this study are briefly described
as follows.

e Thermophoresis

Thermal gradients in a gas cause particles to migrate down the
gradient. In a poolfire incident. particles would migrate to the ,
tank walls because headspace air, heated by the fire. would be at a ~
higher temperature than the walls. Thermophoretic deposition is ‘
neglected herein on the basis that this mechanism was found to be of
secondary importance in large scale sodium pool fire tests carried
out at Hanford (Hilliard et al. 1979).

e Brownian Diffusion

Brownian diffusion causes particle migration down the particle
concentration gradient that exists near surfaces. This mechanism is
neglected on the basis of large scale aerosol test results (Hilliard
et al. 1979) that showed that plateout on surfaces (due to all
plateout mechanisms. including Brownian diffusion) was of secondary
importance as compared to sedimentation.

e Diffusiophoresis

Diffusiophoresis 1is particle migration driven by molecular
weight gradients in the suspending gas. It could be important under
conditions where water vapor condensed in significant quantity on
tank walls. None of the fire cases analyzed herein involve
significant condensation of water vapor on tank walls. so
diffusiophoresis is judged to be negligible and is neglected herein.
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e Inertial Deposition

Inertial deposition could be important in enhancing wall
plateout from turbulent boundary layer flow and from gases vented
from tortuous leak paths. Plateout due to turbulence in wall
boundary layers has been neglected on the basis that such deposition
was relatively unimportant in sodium pool fire tests (Hilliard
et al. 1979). Inertial impaction in vent paths has been neglected
for two reasons: (1) retention in the leak path would probably
reduce particle carryover by less than a factor of two. and (2) a:
credible analysis of leak path retention is beyond the scope of the
present study.

4.4 INFORMATION REQUIRED TO QUANTIFY IN-TANK
PARTICLE RETENTION IN POOL FIRES

The fractional retention of particles in a tank during a pool fire
sequence is calculable on the basis of a material balance which compares
particle depletion rates attributable to leakage and sedimentation. Leakage
rate at any instant in time can be calculated as follows:

L = C=+Q (1)
where
L = particle leak rate. kg/s,
¢, = aerosol concentration, kg/m,
Q = gas leak rate. m/s.

Sedimentation rate of part1cu1ate material is ca]cu]ab1e from the
following equation:

S = el x A (2)

where

sedimentation rate. kg/s.
aerosol concentration, kg/m’.
mean settling velocity, m/s,
sedimentation surface area, m?.

>C W

U,. the mean sedimentation velocity. depends on particle size. which is
dependent on the extent to which particles agglomerate in the tank headspace.
An aerosol agglomeration model is needed to predict mean sedimentation
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velocity as a function of time. Key parameters needed to quantify aerosol
depletion due to sedimentation are:

gas leakage rate. m/s,
sedimentation surface area, me,
aerosol concentration. g/m’,

aerosol agglomeration model to predict U,.

5.0 METHODOLOGY

This section describes calculational methodology used to estimate the
impact of in-tank aerosol sedimentation on mitigating the release of
rad;oactive particles from a tank under postulated pool fire accident
conditions.

5.1 THERMAL HYDRAULIC CONDITIONS

Thermal hydraulic conditions for the pool fire cases analyzed herein were
obtained by means of the POOLFIRE.4 Code. This code, and key results from it,
are described elsewhere in this report. Key thermal hydraulic parameters used
in the aerosol analysis are the following:

° solvent burn rate vs. time,
® gas venting rate vs. time,
° gas temperature vs. time, .
° physical dimensions of tank.

5.2 AEROSOL BEHAVIOR MODEL

A correlation of aerosol agglomeration, sed1mentat1on and leakage was
used to analyze aerosol behavior in pool fires. The correlation (Epstein and
Ellison 1987) has been shown to yield predictions that agree well with
numerical solutions and Targe scale experimental test results (Epstein and
E1lison 1987). The applicability of the Epstein and Ellison (1987)
correlation to the present situation was checked by analyzing one typical pool
fire case by both the correlation and the MAEROSZ Code (Gelbard 1996). The
two methods gave answers -that agreed well. and this agreement supports the
validity of the correlation for analyzing aerosol behavior in pool fires.

5.2.1 Correlation for Source Period
The aerosol removal rate constant for removal due to sedimentation and leakage

during a time period when an aerosol source is present is given by Epstein and
ElTison (1987) as:
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Mor = (Aggp + 3 A i (3)

combined removal rate constant, 5'1, gy
removal rate constant for sedimentatipn. S,
removal rate constant for leakage. s™'.

The sedimentation removal rate constant, Ag,. is related to airborne
mass concentration by the following correlation.” First. a dimensionless
constant, Ay, is defined:

where

4

o

o

8

VU H7x R M STUX

ZhZ€ J
ey = [VX_“_ 2 v e (4)
oK, g0

dimensionless removal rate constant.

collision shape factor, dimensionless,

particle settling shape factor, dimensionless,

gas viscosity. kg/ms,

effective height of compartment (volume/deposition area). m,
particle capture efficiency. dimensionless,

density correction factor. dimensionless.
normalized Brownian collision coefficient, 4kT./3u.
Boltzmann constant, J/°K

bulk gas temperature, °K,

gravitational constant, m/s?,

density of particle material, kg/m.

The dimensionless removal lambda is correlated to mass concentration as

follows.

where

Ng, = 0.226M%-22 (1 +(0.189M0-8)0-69 (5)

dimensionless mass concentration.
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M 1s related to aerosol mass concentration by:

1/4

5
P A0 (6)
oK 0w
where
m = airborne mass concentration, kg/m’.

A . the removal rate constant due to leakage 1s simply the fraction of
the tank's volume leaked per second:

Q
L o= H (7)
t v

where

Q
v

gas 1eak.rate,~n|3/s3
headspace volume, m”.

Equations (3) through (7) define removal rate constants for sedimentation
and leakage when a source of aerosols is present. For pool fires, the
particle source is the fire. so Equations (3) through (7) are used for the
period when the fire is burning.

5.2.2 Correlation for Decay Period

For times beyond the point where the aerosol source is terminated. A,
is calculated as the sum of Ay, and A (Epstein and Ellison 1987):

Mot = A * AL ' (8)

A, has the same form as defined in Equatibn (7) but Ay, has a different
correlation for the decay period. For decay. Agyp 1S correfated to
dimensionless concentration. M. as follows:

Ny = 0.528M%-335 (1 + (.473M0-754)0-786 (9)

Equations (8) and (9) define sedimentation and leakage decay constants
for times after the fire is extinguished.
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5.2.3 Calculation of Aerosol Leakage

In order to apply the aerosol correlation defined by Equations (3)
through (9). the airborne concentration must be computed as a function of
time. This is done by making a material balance: the change in concentration
is calculated as the difference between input and output rates.

input rate = s (10)
output rate = A GV K (11)
accumulation rate = .g%(vcg) (12)

Equating accumulation rate to the difference between input and output
rates. Equations (10, (11) and (12) may be combined to yield the following
predictive equation for airborne concentration:

dC
Vd_tg = S = Ael V (13)
where
S = particle source rate. kg/s.

Equation (13) was integrated by simply approximating the differentials in
Equation (13) by finite differences. Very small time steps were used to
assure that the change in Cg as small compared to its absolute value. For
each time step. aerosol masS leaked was computed from:

aerosol mass leaked = CQAt (14)
where .
Cg = average concentration over time step. kg/m.
Q° = vent flow rate. m*/s,
At = length of time step. s.

Mass leaked computed for each time step (Equation (14)) was summed to
obtain the total mass leaked over time.
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Equation (13) was also integrated for a non-sedimenting species having
the same mass generation rate and leakage that applied to the aerosol. The
mass leaked for a non-sedimenting specie serves as a baseline to calculate an
aerosol depletion factor: '

mass of aerosol leaked

mass of non-sedimenting specie 1eakéd
’ (15)

ADF = aerosol depletion factor =

The aerosol factor was then used as a multiplier in the spreadsheet used
to quantify radiological consequences. The spread sheet consequences were
earlier based on non-sedimeting species behavior, so multiplying by the
aerosol factor shown in Equation (15) yields an estimate of mass leaked that
accounts for aerosol sedimentation.

The calculation of aerosol leakage was done by means of a simple BASIC'
program. A copy of the program listing is given in Table 5-1.

5.3 COMPARISON OF CORRELATION WITH NUMERICAL SOLUTION

Aerosol behavior predicted by the correlation described in Section 5.2
was compared with predictions based on the MAEROSZ Code to confirm its
applicability to the problem at hand and to verify that the AERQOSOL.GAS
program yielded numerically correct results. Two aerosol cases were analyzed
with each Code. Results are described as follows.

5.3.1 Hypothetical Fog Formation in Tank C-103

A bounding case of organic aerosol formation in the headspace of tank
C-103 was analyzed by means of the MAEROS2 Code (Postma et al. 1994) as part
of the hazards analysis of tank C-103. The MAEROS2 Code was used to predict
the maximum aerosol concentration that could build in the headspace given
specific aerosol generation rates. Key aerosol and tank parameters used in
the MAEROSZ runs are reproduced in Table 5-2.

1Basic is a trade mark of Microsoft Corp, Redmond, Washington.
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Table 5-1. Listing of AEROSOL.GAS Program. (4 sheets)

9.81 ,

G
0.0472
LEAK

10 CLS
20 REM THIS PROGRAM IS CALLED " AEROSOL.GAS"
30 REM THIS PROGRAM CALCULATES AEROSOL DECAY DUE TO:
40 REM AEROSOL SOURCE, SEDIMENTATION AND LEAKAGE
99 REM
100 REM INPUT VARIABLES ARE DEFINED AS FOLLOWS
101 REM
102 REM ALPHA = AEROSOL FACTOR, DIMENSIONLESS
103 REM .
104 REM CHI = AEROSOL FACTOR, DIMENSIONLESS
105 REM ~
106 REM " GAMMA = AEROSOL FACTOR, DIMENSIONLESS
107 REM
188 REM EO = COAGULATION EFFICIENCY, DIMENSIONLESS
109 REM
110 REM MU = VISCOSITY OF GAS IN TANK, KG/M S
111 REM _
112 REM G = ACCELERATION OF GRAVITY, M/S*2
113 REM
114 REM TG= GAS TEMPERATURE, K
115 REM
116 REM BOLTZ = BOLTZMANN'S CONSTANT, JOULE/K
117 REM . .
118 REM RHO = PARTICLE DENSITY, KG/M*3
119 REM
120 Rgﬁ GVOL = GAS VOLUME IN TANK, M*3
121 REM ,
122 REM ASED = HORIZONTAL AREA FOR SEDIMENTATION, MA2
123 REM
124 REM LEAK = LEAK RATE , MA3/S
125 REM o
150 DATA 1.0 , 1.0 , 1.0 , .3333, 2.0E-5,
152 READ ALPHA , CHI , GAMMA , EO , MU
160 DATA  1.39E-23, 1000 , 4820 , 411 , 0.001 ,
162 READ  BOLTZ , RHO , GVOL , ASED , TEST .
163 REM
200 REM VARIABLES ARE DEFINED AS FOLLOWS
201 REM
210 REM H = EFFECTIVE HEIGHT = GYOL/ASED
212 Ha GVOL/ASED
213 REM
214 PRINT "H=";H
220 REM KO = VISCOSITY GROUP = 4*K*T/3* M
222 KO=4* BOLTZ* TG/(MU*3)
223 REM
224  PRINT "KO=":KO
240 REM. B = DIMENSIONAL CONSTANT FOR SUSPENDED MASS . -
241 REM
242 B=( (GAMMAAG*G*HA4*E05) / (ALPHA*3*KO*RHOA3*MU) ) *. 25
REM

243
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253
255

440
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450
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460
462
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472
500
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Taple 5-1. Listing of AEROSOL.GAS Program. (4 sheets)

REM C = DIMENSIONAL CONSTANT FOR AEROSOL DECAY
REM

C=( (GAMMA*CHI*2*MU*H"2*£0) / (ALPHA*KO*G*RHO) )~ .5

REM '

PRINT IIA=";A;IIB=II;B;I|C=II;C

260 LAMLEAK=LEAK/GVOL
300 REM THIS SECTION ENTERS KEYBOARD INPUTS
302 PRINT " "
305 INPUT "INITIAL CONCENTRATION, KG/M*3";MO
307 PRINT " "-
310 INPUT "AEROSOL GENERATION RATE, KG/SEC";MDOT
311 MDOT=MDOT/GVOL
312 PRINT " " '
320 INPUT "TIME DURATION OF AEROSOL SOURCE, SEC";TSOURCE
322 PRINT " "
330 INPUT "LENGTH OF TIME STEP, SEC";DT
332 PRINT " "
340 INPUT "TOTAL TIME FOR PROBLEM, SEC";TIMTOT
342 PRINT " "
350 INPUT "TIME INTERVAL FOR PRINTING, SEC";TIMP
352 PRINT " "
400 REM THIS SECTION PRINTS KEY INPUTS FOR PROBLEM
402 PRINT " "
410 PRINT " THIS PROGRAM IS CALLED --AEROSOL.GAS--"
412 PRINT™ "
420 PRINT “THIS PROGRAM COMPUTES AEROSOL BUILDUP AND DECAY DUE TO A SOURCE,
ACCOUNTING FOR SEDIMENTATION AND LEAKAGE USING EPSTEIN'S CORRELATION®
422 PRINT " "
424 PRINT "INITIAL CONCENTRATION=";MO;" KG/M*3 " .
426 PRINT " " :
427 MOO=MO
428 MOGAS=MO
430 PRINT "CHAMBER VOLUME=";GVOL; " M~3"
432 PRINT " "
438 MTOT= TSOURCE*MDOT*GVOL+MO*GVOL

PRINT "TOTAL AEROSOL MASS INJECTED OVER WHOLE TIME PERIOD=";MTOT;"KG"

PRINT " "

PRINT "TIME DURATION OF SOURCE= ";TSOURCE; "SEC"
PRINT * "

PRINT "LEAK RATE=";LEAK;" M*3/5"

PRINT " "

PRINT "THIS CASE RUN AT ";TIMES; " ON ";DATES
PRINT "

REM THIS SECTION PRINTS HEADING FOR RESULTS

PRINT" TIME,SEC CONC.,KG/M*3  MASS LEAKED,KG  GAS LEAKED,KG

DEPL.FACT."

512
600
605
610
800
810
820
830

PRINT " "

REM THIS SECTION PRINTS INITIAL CONDITIONS

FAIRBORN=1 : -

PRINT USING "  ##.###~~~~ “;TIM;MOO0; SUMLEAK; SUMLEAKGAS; FRACTL
REM THIS SECTION IS EXECUTIVE .
TIM=TIM+DT

GOSUB 1000

GOSuB 2000
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Table 5-1. Listing of AEROSOL.GAS Program. (4 sheets)

840 GOTO 3000

1000
1010
1020
1025
1026
1028
1030
1040
1050
1060
1070
1075
1080
1085
1090
1095
1100
1105
1110
1120
1200
1500
1510
1520
1525
1530
1540
1590
1800
1810
1890
2000
2005
2010
2015
2020
2030
2040
2045
2050
2060
2065
2070
2075
2080
2085
2090
2095
2100
2110
2200
2500
2510

REM THIS SUB APPLIES TO SOURCE PERIOD
IF TIM > TSOURCE THEN RETURN

MAVG=MO+DT* (MDOT-LAMTOT*MO) /2

M1GAS=MOGAS+DT* (MDOT-LAMLEAK*MOGAS)

MAVGGAS=(MOGAS+M1GAS) /2

M1GAS=MOGAS+DT* (MDOT-LAMLEAK*MAVGGAS)

GOSUB 1500

GOSUB 1800

MAVG=(MO+M1) /2

GOSUB 1500

GOSUB 1800

MAVG=(MO+M1) /2

MO=M1

MOGAS=M1GAS

MLEAK =L EAK*MAVG*DT

MLEAKGAS =L EAK*MAVGGAS*DT

SUMLEAK=SUMLEAK+MLEAK
SUMLEAKGAS=SUMLEAKGAS+MLEAKGAS
FRACTL=SUMLEAK/ (MDOT*T IM*GVOL+MOO*GVOL )
FAIRBORN=M1 / (MDOT*TIM+M0O)

RETURN

REM THIS SUB COMPUTES LAMTOT FOR SOURCE PERIOD

M=B*MAVG ~

CAPLAMSED=.226*M* . 282

CAPLAMSED=CAPLAMSED* (1+.189*M~.8)~.695
LAMSED=CAPLAMSED/C .

kAMTOTu(LAMSED+LAMLEAK/3)*(l+(LAMLEAK/(LAMSED+LAMLEAK /3))*4.5)~.222
ETURN

REM THIS SUB COMPUTES M1

M1=MO+DT* (MDOT-LAMTOT*MAVG)

RETURN

REM THIS SECTION APPLIES AFTER SOURCE SHUTOFF
IF TIM=< TSOURCE THEN RETURN

MAVG=MO-DT*LAMTOT*MO/2

M1GAS=MOGAS* (1-DT*LAMLEAK)

GOSUB 2500

GOSUB 2800

MAVG=(MO+M1) /2

MAVGGAS= (MOGAS+M1GAS) /2

GOSUB 2500

GOSUB 2800

MAVG=(MO+M1) /2

MO=M1

MOGAS=M1GAS

MLEAK=L EAK*MAVG*DT

MLEAKGAS=L EAK*MAVGGAS*DT
SUMLEAK=SUMLEAK+MLEAK
SUMLEAKGAS=SUMLEAKGAS +MLEAKGAS
FRACTL=SUMLEAK/ (MDOT*GVOL*TSOURCE-+MOO*GVOL)
FAIRBORN=M1*GVOL / (MDOT*TSOURCE+M00*GVOL)
RETURN

REM THIS SUB COMPUTES LAMTOT

M=B*MAVG
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Tabie 5-1. Listing of AEROSOL.GAS Program. (4 sheets)

2520 CAPLAMDEC=(.528*M~.235)*(1+.473*M".754)~.786
2530 LAMSED=CAPLAMDEC/C

2540 LAMTOT=LAMSED+LAMLEAK

2590 RETURN

2800 REM THIS SUB RETURNS M1

2810 M1=MO-DT*LAMTOT*MAVG

2900 RETURN

3000 REM THIS SUB PRINTS AND STOPS

3005 DEPL=SUMLEAK/SUMLEAKGAS

3010 DELTIM=DELTIM+DT

3020 IF DELTIM+.1>TIMP THEN GOTO 3100

3030 GOTO 800

3100 PRINT USING ™  ##.###~"~~ ";TIM;MI;SUMLEAK; SUMLEAKGAS; DEPL
3110 DELTIM=0 '

3120 IF TIM+.1>TIMTOT THEN END

3130 GOTO 800
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Table 5-2. Input Parameters for MAEROSZ Analysis of
Fog Formation in Tank G-103.°

Parameter . . © Units i Vatue
gas voiume ' m 2560
sedimentation area m? 411
gas temperature °K 317
source rate kg/s 1.21E-6. 1.21E-5, 1.21E-7
y. collision shape factor dimensionless 1
X. settling shape factor dimensionless 1
o, density correction factor dimensionless 1
gas leak rate m/s 0
source mean diameter m 1.3E-7
source geo. std. dev. dimensionless 2
gas pressure pascal 101325
smallest diameter m 1E-7
largest diameter m ' 1E-5
no. of sections dimensionless 16

Note:
‘postma et al. (1994)

This same case was analyzed with the AEROSOL.GAS program that is based on
the correlation of Epstein and Ellison (1987) described in Section 5.2.
AEROSOL .GAS does not reguire size information for the aerosol source.
Parameters needed for AEROSOL.GAS that are not listed in Table 5-2 are capture
efficiency. €,. gas viscosity, y. and gravitationa] constant. g. These three
parameters were assigned values of: ¢ = 0.333: p = 2.0E-5 kg/ms;
g =9.81 m/s?. A capture efficiency va]ue of 1 1s sometimes used. However
discussion with Mr. Epstein resulted in the selection of a more conservative
value of 0.33 for this application. The value for air viscosity is for a gas
temperature of 411° Kelvin. Maximum aerosol concentrations predicted by the
two methods are compared in Table 5-3.

Table 5-3. Equilibrium Fog Concentration
Predicted by MAEROS2 and AERQOSOL .GAS

S ~ Predicted Equilibrium Concentration kg/m’

Pafht'i'c1e.source'Rate.kg/fs s . G MAEROSZ w0 | oo - AEROSQL.GAS
1.21E-6 4.2E-5 4.2E-5
1.2E-7 8E-6 7E-6
1.2E-5 2.2E-4 ' 2.4E-4
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Equilibrium concentrations predicted by the two methods, as quantified 1in
Table 5-3, agree very well. This agreement supports the use of the
correlation as a simple alternative to the numerical solution of agglomeration
equations performed by the MAEROSZ Code.

5.3.2 Aerosol Sedimentation In Hypothetical Pool Fire
Aerosol particle capture by in-tank sedimentation was analyzed by both

the correlation and the MAEROS2 Code for a postulated pool fire in a single
shell tank. Parameters for this case include the following:

° tank type . SST
° puddle area : 1m2
° vent path : hepa
° ventilation flow - 100 cfm.

Parameters that govern predicted aerosol transport for this case are
quantified as follows. Note that thermal hydraulic conditions have been taken
from calculations made with the POOLFIRE.4 Code for Case C of the spreadsheet
(Table 6-2) which summarizes fire consequences.

“Three time periods may be used to model aerosol behavior for this case.
Key parameters for each are quantified as follows.

Period 1, 0 to 2500S

This period covers the pressurized venting of headspace air in response
to the fire. During this period, 87.3 kg of fuel is predicted to burn, and
the average vent rate of gas is 0.443 m*/s. Aerosol generation rate is
estimated as follows:

_ 87.3kg fuel _ 0.265kg aerosol _ 9.25E-3 kg/s
25008 kg fuel

Aerosol formation is calculated as the sum of soot (20% of fuel burned)
P,O; (4.32% of fuel burned) and water (50% of P,0;) sufficient to form HsPQ,.

Source particle size was characterized by a mass mean diameter of 0.4 ym
and a geometric standard deviation of 2. This size distribution is
representative of particle sizes measured in solvent fires (Jordan and
Lindner, 1983).

Average temperature for period 1 is 372°K. chamber volume is 4820 m and
floor area is 411 m?. Particle shape factors (a. y. x) were all assigned
values of unity.

Predicted aerosol concentrations and mass leaked at the end of period 1
are listed in Table 5-4.
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Table 5-4. Pred1cted Aeroso] Parameters for Period 1 at 2500S.

T , Predicted Value
e parameter . . [ MAEROS2 AEROSOL . GAS
Aeroso1 concentrat1on kg/m 4 28E-3 4 25E-3
Leaked mass. for period 1. kg 2.448 2.46
Mean particle diameter, um 1.1 ---
Geometric std. deviation 1.6 ---

The data of Table 5-4 show that values of airborne concentration and
leaked mass predicted by the correlation are essentially identical to the
values predicted by the numerical solution. Particle size parameters
-pred1cted by MAEROSZ are needed as input for period 2 for MAEROSZ2. Particle
size is not an explicit input or output for the correlation.

Period 2 2500S to 5000S

This period covers the burn tp oxygen extinguishment while the headspace
is ventilated at 100 cfm (0.0472 m°/s). During this period. 40.7 kg of fuel
is calculated to burn. The source rate is calculated as follows:

_ 40.7kg fuel ~ 0.265kg aerosol _ 4.31E-3kg/s
2500s kg fuel

Source particle size is the same as for period 1, e.g. mean diameter = 0.4um,
geometric standard deviation = 2.0. Initial mass concentrations for period 2 -
are the values depicted in Table 5- 4 Average gas temperature for this period
is 355°K, and vent rate is 0.0472 m*/s. Particle shape factors were assigned
values of unity for period 2. identical to values used for period 1.

Predicted aerosol concentrations and masses leaked for period 2 are
listed in Table 5-5.

Table 5-5 Pred1cted Aerosol Parameters for Period 2.

, RHRIOURS Predicted Value
LLLn Parameter T MAEROSZ . -} - AERQOSOL. GAS
Aeroso] concentrat1on @ 50008 kg/m 6.31E-3 5.73E-3
Leaked mass for period 2. kg 0.605 : 0.592
Mean particle diameter @ 5000s. um 2.0 --
Geometric std. deviation 1.6 --
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The data of Table 5-5 show that the correlation predicts concentrations
and leaked masses that are close to values predicted by the numerical
solution.

Period 3, 5000s to 200,000s

During this period the aerosol is depleted through sedimentation and
leakage. The fire is out. so there is no aerosol source. Average temperature
for this period is 311°K. Initial particle size parameters are the values
predicted for the end of period 2, and are listed in Table 5-5. The total
time (200,000s) is arbitrarily set at a long enough time so that virtually all
aerosol 1s removed (leaked + settled) from the headspace.

Predicted aerosol concentrations and leaked masses for period 3 are
listed in Table 5-6.

Table 5-6. Pred1cted Aeroso] Parameters for Period 3.
G ninine Dl L TR TR Pred1cted Va}ue
; i Paramece! 5 <,~MAEROSZ '
Aerosol concentration @ 200,000s kg/m 1.5E-6
Leaked mass for period 3. kg 2.647

Total mass leaked over the course of the pool fire event is the sum of
masses leaked for the three periods. For MAEROSZ the total is:

total leaked = 2.448 + 0.605 + 2.647 = 5.70kg

The total mass leaked predicted by AERQSOL.GAS is:

total leaked = 2.46 +0.592 +2.27 = 5.32kg.

The difference in these values, 5.70 - 5.32 = 0.38kg is 6.7% of the value
predicted by MAEROS2. This small difference is believed to be within the
accuracy bounds required for analysis of low probability accidents.
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6.0 RESULTS OF AEROSOL TRANSPORT ANALYSIS

The mass of aerosol leaked from the tank over the course of a pool fire
scenario was computed for each of the 21 cases analyzed in this report. This
aerosol mass was divided by the leaked mass for a non-sedimenting specie. The
ratio forms an aerosol depletion factor (ADF) as illustrated in Equation (15).
Since calculated doses are proportional to leaked aerosol mass. the ADF can be
used as a factor in dose calculations performed in the spreadsheet.

Aeroso] depletion factors calculated for 21 pool fire cases by means of
AEROSOL .GAS are presented in Column M of Table 6-1.

Review of aerosol depletion factors (ADFs) 1isted in Column M of
Table 6-1 shows that aerosol sedimentation is a significant factor only for
actively ventilated cases. Agglomeration and fallout are apparently too slow
to cause much depletion during the burn and pressurized vent phase of most

. fire cases analyzed. However. it is the actively ventilated cases that have

the highest calculated doses. so aerosol depletion is a significant factor in
1imiting consequences for the bounding radiological cases. The ADF

(Table 6-1, Column M) is 0.16. 0.16. 0.23. 0.13, 0.38, 0.20, and 0.22 for
Cases c. d. g. k. 1, gq. and r respectively, all of which are actively"
ventilated at 100 cfm after the pressurized venting portion of the fire cycle.

Dose consequences for the 21 fire cases have been recalculated to account
for aerosol depletion. Results are summarized in Table 6-2. The highest
calculated onsite dose listed in Table 6-2. Column L. is 0.0257 Sv and applies
to Case g. This dose falls below guidelines (0.05 Sv) for the unlikely
frequency category. The main contributor to this dose is the HEPA rupture
dose, 0.0152 Sv, as listed in Column J of Table 6-2. The maximum dose
predicted earlier on the basis of zero aerosol depletion is a 0.0609 Sv. also
for Case g (Cowley and Postma 1996). Thus. the quantification of aerosol
depletion reduces calculated onsite dose by a factor of 2.4 (0.0609/0.0257)
from slightly above guidelines to below guidelines.
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Table 6-1. Aerosol Depletion Factors for Solvent Pool Fires. (2 sheets)
A B B D E - F G H 1 J
‘ SRR U & ‘ 1 Poolfire.s |
E .. ] 'Sotvent |Pool| . : - o Peak . | Poolfire.4 |Poolifire.é
i o] Tenk fool | Area| Bounding | ventilation] - Vent: Pressure [Peak Vacuum] Solvent
V|Caset. Type '|Description] m®. | Parameters -Flow-. . }Description | psig (kPa) | psig (kPa)| Burned kg .
fS,:a SST puddle 1.0 |pressure passive hepa’ 3.1 (21.4) |0.5 (3.45) |128
4 1b SST puddle 1.0 [vacuum passive hepa/ 1.0 ¢6.89) 0.5 (3.45) [124
z,g flapper® .
SST puddle 1.0 |radiologica|100 cfm hepa 3.1 (21.4) |0.5 (3.45) |128
t (0.047 m'/s)
SST puddle 1.0 |toxicologic|100 cfm hepa 3.1 (21.4) 0.5 (3.45) |128
al (0.047 m'/s)
g?}e SST large 210 |pressure passive hepa 29 (200) 0.1 (0.69) 146
1:8~ f SST large 210 |vacuum passive hepa/ 1.8 (12.4) |6.8 (46.9) |84
flapper
?ig SST large 210 |radiologica|100 cfm hepa 29 (200) 0.1 (0.69) 1146
(0.047 m'/s) ’
TO h SST large 210 Jtoxicologic|passive hepa/flapper [1.8 (12.4) [6.8 (46.9) |84
i al
1)1 DST large 210 |pressure sealed tank |none 30.8 (212) |0 (0) 162
32] DST large 210  |vacuum passive -| f lapper 2.1 (14.5) [8 (55.2) 92.5
13 K DST puddle 1.0 |radiologica|100 cfm vent pipe’ 0.9 (6.21) |0.1 (0.69) |132
Gl (0.047 m'/s) ’
1441 DST large 210 |toxicologic]100 cfm flapper/vent |2.0 (13.8) [5.2 (35.9) {92.1
; al (0.047 m/s) {pipe
15m DCRT large 34.1 |pressure sealed tank |none 30.5 (210) |0 ¢<O) 2.47
16n - |DCRT large 34.1 |vacuum passive 4" (0.1m) 18.3 (126) |1.2 (8.27) [2.12
o orifice
17lo DCRT large 34.1 |radiologica|passive 4n (0.1m) 18.3 (126) |1.2 (8.27) |2.12
o L orifice
18{p DCRT large 34.1 |toxicologic|passive 4" (0.1m) 18.3 (126) |1.2 (8.27) |2.12
: al orifice
19|g SST entrained 140.0 jradiologica|100 cfm hepa’ 4.4¢30.5) |0.7(¢4.8) 130
L (0.047 m/s)
20|r SST entrained |40.0 |toxicologic|100 cfm 'h,epa/flapper 1.0 (6.89) [2.1 (14.5) |13
b al and (0.047 m/s)
vacuum
2%s 55 kgal |large 29.2 |pressure passive hepa® 23.9 (165) |.75 (5.2) |6.54
: SST
22it 55 kgal |large 29.2 |toxicologicipassive hepa/ 2.0 (13.8) ]5.3 (13.8) |4
SST al and flapper”
{vacuum o
23|u 55 kgal |puddle 1.0 pressure passive hepa’ 6.0 (41.4) 1.3 (7.52) |5.76
‘ SST
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Table 6-1. Aerosol Depletion Factors for Solvent Pool Fires. (2 sheets)

L B - X L M TN ks P Q R
i solvent . © .| sotvemt | - Aerosal ‘
% D Aerosol {Poolfire.4] Aerosol |[Atewosphere{ Aqueous { . Release. . Agueaus | -Agueous
.} Tank } - Release- }{teak Path|Depletion | Retease | Boiloff | Factor for Atmosphericiunit Liter

T {Casei Type | Factor ARF.jFactor (LPF|Ffactor ADF} Basis kg | . kg Aqueous ARF | Relesse kg | Dose Sv/L
3 ]a ssT 0.1 0.0747 1.00E+00 |9.56E-01 [161.28 0.002 2.41E-02 1.10E+04
4 1b SsT 0.1 0.0399 1.00E+00 |{4.95E-01 [156.24 0.002 1.25€e-02 1.10E+04
Bl SST 0.1 1.0 1.60E-01 |2.05E+00 }161.28 0.002 5.16E-02 1.10E+04
t1id SST 0.1 1.0 1.60E-01 |2.05E+00 [161.28 0.002 5.16€-02 1.10E+04
T ie SST 0.03 0.146 8.85E-01 5.66E-01 |183.96 0.002 4.756-02 1.10E+04
-8 f SST 0.03 0.3 1.00E+00 [7.56E-01 |105.84 0.002 6.35e-02 1.10E+04
[ 9ig SST 0.03 1 2.31E-01 |1.01E+00 |183.96 0.002 8.50E-02 1.10E+04
191 h SST 0.03 0.3 1.00E+00 |7.56E-01 [105.84 0.002 6.35€-02 1.10E+04
11]1 DST  |0.03 0. 1.00E+00 |0.00E+00 [204.12 0.002 0.00E+00 6.10E+03
12]j DST 0.03 c.31 1.00E+00 |8.60E-01 [116.55 0.002 7.23e-02 6.10E+03
13k DST 0.1 1.0 1.33e-01 [1.76E+00 [166.32 0.002 4.42E-02 6.10E+03
Wil DST 0.03 1.0 3.80E-01 |1.05e+00 [116.046 [0.002 -18.82E-02 6.10E+03
45{m DCRT 0.03 0.00 1.00E+00 {0.00E+00 |[3.1122 0.002 0.00E+00 1.10E+04
14{n DCRT 0.03 0.31 1.00E+00 |1.97E-02 [2.6712 0.002 1.66E-03 1.10E+04
17]o DCRT 0.03 0.3 1.00E+00 [1.97E-02 ]2.6712 0.002 1.66E-03 1.10E+04
18{p DCRT 0.03 0.31 1.00E+00 |1.97E-02 |2.6712 0.002 1.66E-03 1.10E+04
19{q SST 0.1 1 1.956-01 {2.54E+00 [163.8 0.002 6.39€E-02 1.10E+04
201r SST 0.1 1 2.21E-01 [2.50E+00 [142.38 0.002 6.29€-02 1.10E+04
21 s grkgal 0.03 0.22 1.00E+00 |4.32E-02 |8.2404 0.002 3.63E-03 1.10E+04
224t ggrkgal 0.03 0.3 1.00E+00 |3.60E-02 |5.04 0.002 3.02e-03 1.10E+04
23ju gnggal 0.1 0.158 1.00E+00 {9.10E-02 |7.2576 0.002 2.29€-03 1.10E+04
Notes:

°HEPA Vent modeled as 3.75" (9.5 mm) orifice
fFlapper is 50 in. ¢1.27 m) orifice opening at 1 psid (6.89 kPa)
“Vent Pipe on DST Modeled as 9.6 in. (0.24 m) orifice
‘HEPA Vent for 55 kgal tanks is 3.42" (.087m) orifice.
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HEPA Vent Modeled as 3.75" (9.5 mm) orifice
Flapper is 50 in. (1.27 m) orifice opening at 1 psid (6.89 kPa)
‘Vent Pipe on DST Modeled as 9.6 in. (0.24 m) orifice
YHEPA Vent for 55 kgal tanks is 3.42" (.087m) orifice.

Flapper is 17" orifice.

Table 6-2. Dose Consequences for So1vent Poo] F1res
"B e b [ E PR e L i R oK e
1t - Solvent pool -} -"Bounding |~ . . Dn Stte Sel ent 2 " Total - Total
tasef 'rank Pool '} Area:| Parameters. |Ventilsti smoke Dose, . Sv- | Boitoff DOSe‘ Bd05e Onsite Qns:;e Dose © Offsite
: Yype . Jbescriptionf mt |- o0 7 & ) F seription - . ' - - Sv- " Dose Sv
3 ]a SST puddle 1.0 pressure passive hepa’ 3.04E-05 2 98E - 03 3.14E-04 3.335-03 2.92e-06
4]b SST puddle 1.0 vacuum passive hepa/ 1.58E-05 1.54€-03 3.14E-04 1.87€-03 1.64E-06
. flapper
5 jc SST puddle 1.0 radiologica }100 ¢fm hepa 6.52€-05. 16.39€-03 1.52€-02 2.17€-02 1.90e-05
1 (0.047 m'/s)
6|d SST puddle 1.0 toxicologic [100 cfm hepa . 6.52€-05 6.39E-03 1.52€-02 2.17€-02 1.90€e-05
al (0.047 m'/s) :
7 SST large 210 pressure passive hepa 1.80€E-05 5.88E-03 3.14E-04 6.21€-03 5.45€-06
8 |f SST large 210 vacuum passive hepa/ flapper}2.41E-05 7.86€E-03 3.14€-04 8.20€-03 7.19€-06
[AP] SST large 210 radiologica 100 cfm hepa 3.22€-05 1.05€-02 1.52€-02 2.57€E-02 2.26€E-05
R il (0.047 m'/s)
101h SST large 210 toxicologic |passive hepa/ f lapper |2.41E-05 7.86E-03 3.14E-04 8.20€-03 7.19€-06
al .
1 DST targe 210 pressure sealed tank |none 0.00E+00 0.00€+00 0.00€+00 0.00E+00 0.00€+00
121 DST large 210 vacuum passive f lapper 2.74E-05 4 .96E-03 8.90E-05 5.08E-03 4.35E-06
131k DST puddte 1.0 radiologica [100 cfm vent pipe" [5.59E-05 3.04E-03 8.90E-05 3.18€-03 2.73e-06
A L (0.047 m'/s) .
1411 DST large 210 toxicologic [100 cfm flapper/vent |3.34E-05 6.05E-03 8.90E-05 6.17E-03 5.30€-06
. al (0.047 m/s) |pipe
13 |m DCRT large 34.1 pressure sealed tank |none 0.00E+Q0 0.00E+00 0.00E+00 0.00E+00 0.00E+00
16}n DCRT large 34.1 vacuum passive 4" (0.1m) 6.28€-07 2.05E-04 4.40E-04 6.46E-04 5.43€-07
' orifice
17}o DCRY large 34.1 radiologica |passive 4" (0.1m) 6.28-07 2.05E-04 4.40E-04 6.46E-04 5.43€-07
. L orifice
18|p DCRTY large 341 toxicologic |passive 4" (0.1m) 6.28E-07 2.05E-04 4.40€E-04 6.46E-04 5.43€E-07
. al orifice
191q SST entrained }40.0 radiologica 100 cfm hepa® 8.07€-05 7.91E-03 1.52€-02 2.32€-02 2.03€E-05
L (0.047 m'/s) )
201r SST entrained }40.0 toxicologic J100 cfm hepa/ftapper|7.95E-05 7.79€-03 1.52€-02 2.31E-02 2.02e-05
. al and (0.047 m/s) :
vacuum
21s 55 kgal |large 29.2 pressure passive hepa’ 1.37€-06 4.49E-04 3.14E-04 7.64E-04 6.70€-07
SST
22|t 55 kgal |large 29.2 toxicologic |passive hepa/ 1.15e-06 3.74E-04 3.14E-04 6.89E-04 6.05€-07
SST al and flapper® . -
vacuum
23 {u 55 kgal |puddle 1.0 pressure passive hepa" 2.90£-06 2.84E-04 3.14€E-04 6.01E-04 5.27€-07
SST
Notes:
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As noted in Column F_of Tables 6-1 and 6-2. ventilation flow was set
equal to 100 cfm (0.0472m%/s) for the actively ventilated cases. Recent field
data (HNF-SD-WM-CN-117 Rev. 0) indicate that ventilation rates in actively
ventilated DSTs and SSTs vary with time and may be higher or Tower than 100
cfm. Because Teak rate is an important parameter in determining in-tank
sedimentation losses. aerosol depletion factors were re-evaluated for higher
and lower ventilation flow rates. This was done for Case g of Table 6-2, the
fire case that has the highest calculated dose. and in this sense is bounding.
This case was re-analyzed for assumed ventilation flow rates ranging from 0 to
1000 cfm. Results of this analysis are summarized in Table 6-3.

Table 6-3. Effect of Ventilation Rate on Aerosol
Depletion Factor and Predicted Doses.

. Leak Rate. ferosol Depletion | - Calculated .

B {0 Factor o - | Onsite Dose . .’
0 0.161 2.26(-2)
0.004721 0.169 2.29(-2)
0.009443 0.176 2 32(-2)
0.02361 0.198 2 42(-2)
100 0.04721 0.231 2.57(-2)
200 0.09443 0.287 2.83(-2)
500 0.2361 0.408 3.38(-2)
1000 0.4721 0.532 3.95(-2)

Several aspects of the calculated results shown in Table 6-3 are
noteworthy. First. leak rates in the range of 0 to 10 cfm have little impact
on the predicted aerosol depletion factor and hence have 1little impact on
predicted onsite dose. The reason is that most airborne mass is retained by
in-tank sedimentation. and the quantity which leaks (from a dose standpoint)
is small in comparison with dose attributed to HEPA filter rupture. Second,
doses predicted for ventilation rates of 50 to 200 cfm ( a range that brackets
most SSTs) differ from the dose for the baseline flow rate of 100 cfm by
(.0283-0.0257)=0.0026 or less. This amounts to 10% at most and does not
significantly affect the comparison of predicted dose with the guideline.
Third. while predicted dose increases noticeably with ventilation rates higher
than 200 cfm. the dose calculated for 1000 cfm. 0.0395 Sv. falls below the
guideline of 0.05 Sv applicable to the onsite., unlikely frequency category.

In summary, it is concluded that variations in ventilation flow rate from
the nominal value of 100 cfm used to quantify the aerosol depletion factors
Tisted in Tables 6-3 and 6-2 will not significantly affect the comparison of
predicted doses with guidelines.
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1.0 INTRODUCTION . '

The potential contribution of solvent vapors to headspace flammability in
waste tanks is analyzed in this section. The airborne concentrations of
solvent vapors are predicted from a mass transfer analysis. and the
concentrations are then compared with the lower flammability limit (LFL) in
order to quantify the percent LFL. Headspace temperature. pool area, solvent
composition and ventilation rate are varied parametrically to .illustrate how
variations in these parameters could affect the contribution of solvent vapors
to percent LFL in a given tank.

This Appendix quantifies the potential contribution of PUREX solvent
vapors to the flammability of tank headspace air. Equilibrium vapor
concentrations in the headspace of passively ventilated SSTs are calculated
for solvent compositions, pool areas. and ventilation rates that illustrate
the possible contribution of solvent vapors to combustible gas concentrations.
Except where specified otherwise. physical properties and constants used for
calculations are taken from standard literature and handbooks.

2.0 PHENOMENOLOGY OF HAZARD

2.1 HAZARD DESCRIPTION

The hazard of concern is a deflagration in a fuel-air mixture in the tank
headspace. Following is a hypothetical sequence of events that qualitatively
describes the hazard.

® Solvent vapors, in addition to other flammable species (H,. NH;.
etc.) build to a flammable concentration in headspace air.

e A flammable mixture is ignited by an accident.

e A deflagration in headspace air causes tank pressurization and the
ensuing release of radioactive airborne material to the environs.

The deflagration cited above is impossible if the total concentration of
flammable species falls below the Tower flammability limit (LFL). The focus
of this appendix is to quantify the possible contribution of solvent vapor to
the LFL for a range of tank conditions of interest.

2.2 KEY PHENOMENA

Key phenomena that determine the significance of solvent vapor with
respect to headspace flammability are described as follows.
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2.2.1 Vapor-Liquid Edui]ibria

Solvent vapors originate from solvent liquid. 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.
The concentration of solvent vapors at the interface 15 determined by the
composition of the liquid and the interfacial temperature.

2.2.2 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
liquid-air interface into the bulk air volume. The rate of mass transfer is
primarily dependent on the following factors:

e Geometry of transport path
® Mass transfer rate per unit arealof transport path

e Concentration gradient of vapor between the liquid-air interface and
bulk headspace air.

2.2.3 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.

Condensation of vapor on the tank dome would occur if the dew point of vapors

were higher than the dome temperature. The small pools considered at the

screening level of interest in this appendix yield solvent vapor

concentrations predicted to be well below saturation (at headspace

temperature), so condensation is discounted as an important vapor 10SS

mechanism in this study.

2.2.4 Aerosol Formation

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

Aerosols can also be formed by fragmentation of liquid in processes where

mechanical energy is dissipated within a liquid. This means for generating
aerosols is discounted because no such mechanism is evident in waste tanks

considered herein. .
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3.0 METHODOLOGY

The contribution of solvent vapor and aerosol mass to headspace
flammability was evaluated on the basis of the following work steps and key
assumptions.

Solvent Liquid Composition. Two solvent compositions were selected to
cover a range of possible solvent compositions. The first was a solvent
composition (Beary 1970) that typified fresh solvents in terms of volatility.
The second. tank 241-C-103 solvent. is of lower volatility because the most
volatile components have been stripped by ventilation air during the several
decades of storage time that have elapsed since the solvent entered the tank
farm. The tank 241-C-103 solvent is probably a reasonable surrogate for
solvent currently stored in other tanks because stripping of volatiles will
have occurred in all tanks. The fresh solvent composition was included as a
bounding case with respect to solvent volatility.

Interfacial Vapor Concentration. The concentration of solvent vapors at
the 1iquid-air interface was computed as a function of liquid temperature.
For the fresh solvent, Rauolt's law was used to compute partial pressures.
Partial pressures were expressed as mass concentrations on the basis of the
ideal gas law and the molecular weight of each species.

Temperature at Solvent-Air Interface. Temperature at the waste-air
interface was computed as a function of headspace air temperature. The
temperature difference between air and surface was computed as the value
required to dissipate decay heat.

Liquid-air interface temperature was equated to computed waste surface
temperature. Although liquids submerged beneath the waste surface would be at
higher temperatures (because of the temperature gradient in waste)., a vapor
path to the surface would cool vapors to the surface temperature before they
entered the tank air space. Therefore, the appropriate temperature for
computing solvent evaporation rates into headspace air appears to be the
waste-air interface temperature. Headspace air temperature was assigned
values on a parametric basis to cover a range of possible values for waste
tanks. ‘

Geometry of Solvent-Air Interface. The rate of mass transfer of vapors
from the liquid-air interface into headspace air was modeled on the basis of a
pool of liquid. of prescribed surface area. exposed to headspace air. Pool
area was assigned a range of values to_illustrate its relative importance.
Also. a base case value of 1 m? (10 ft?). taken from tank screening criteria
(Appendix A). was used to illustrate the possible contribution of solvent
vapors to the LFL for tanks that contain a 1-m? solvent pool.

Ventilation Rate of Headspace Air. Headspace air ventilation rate was
assigned a base case value of 17 m°/h (10 cfm). The effect of ventilation
rate on predicted vapor concentration was illustrated by varying the rate over
a range of interest.
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Impact of Solvent Vapor Aerosols. The potential contribution of solvent
aerosols was examined by comparing tank conditions with conditions necessary
to form condensation aerosols. An upper 1imit to aerosol concentration was
projected on the basis of aerosol behavior predicted earlier for
tank 241-C-103.

4.0 ANALYSIS OF SOLVENT VAPOR FLAMMABILITY

The potential contribution of solvent vapors to headspace flammability in
waste tanks is analyzed in this section. The airborne concentrations of
solvent vapors are predicted from a mass transfer analysis. and the
concentrations are then compared with the lower flammability limit (LFL) in
order to quantify the percent LFL. Headspace temperature, pool area, solvent
composition, and ventilation rate are varied parametrically to illustrate how
variations in these parameters could affect the contribution of solvent vapors
to percent LFL in a given tank.

4.1 INTERFACIAL VAPOR CONCENTRATIONS

The interfacial composition of vapors was computed on the basis of
equilibrium between liquid and gas at the interface. For the fresh solvent, a
1iquid composition was computed assuming a typical 30%/70% mix of tributyl
phosphate (TBP) and normal paraffin hydrocarbon (NPH) on a volumetric basis.
The composition of the mix, based on an NPH composition given by Beary (1970)
is listed in Table 4-1. The vapor pressure of each component was then
computed from Raoult's law:

P, = X P 41
where
P, = partial pressure of component 7.
X, = liquid mole fraction of 1.
Pi = vapor pressure of pure component 1.

Vapor pressures of the normal paraffins were computed as a function of
temperature using a three-parameter vapor pressure equation and the vapor
pressure constants presented by Dreisbach (1959). The vapor pressure equation
is:

B

(4-2)
T+C

10g,0P = A -
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where
P = vapor pressure, mm Hg,
T = temperature, °C.
A, B.C = constants.

The vapor pressure of TBP was computed using Equation 4-2 with constants
recommended by Schulz et al. (1984).

Mass concentrations in gas at the interface were computed from partial
pressures assuming ideal gas behavior. Vapor pressure constants and molecular
weights of solvent components are summarized in Table 4-1.

Tab]e 4-1. So]vent Vo1at111ty Parameters.
sl g g i Mo de Fractmn i
Component ‘ -
A RN :;gFf‘eSh‘ ' Agedz Aoy e Rl e

Decane. Cufiy 142.3 | 0.02881 | 0 | 7.33883 | 1719.86 | 213.8
Undecane. C,;H,, 156.3 | 0.2416 0 7.3225 1776.4 206
Dodecane, Cy,Ha, 273.8 | 0.2113 | 0.0564 | 7.3157 1830 198.3
Tridecane. Cy3Hog 184.4 | 0.1618 | 0.2231 7.3147 1881.7 190.9
Tetradecane, C,Hy, | 198.4 | 0.09531 | 0.1225 | 7.3143 | 1930.4 | 183.8
Pentadecane. C,Hy, | 212.4 0 0.0131 | 7.3123 1973.3 176.6
TBP. C,,H,,P0, 266.3 | 0.2613 | 0.5845 8.916 3359 273.16

Note:

! Composition from Beary (1970)
% Composition from Pool and Bean (1994)
Vapor pressure constants for alkanes from Dreisbach (1959), and from Schulz et al. (1984) for TBP

4.2 TEMPERATURE AT SOLVENT-AIR INTERFACE

Temperature of the solvent-air interface was equated to temperature at
the waste-air interface as noted in Section 3.
air-waste interface is higher than bulk headspace air temperature because a
gradient in temperature is linked to the transport of decay heat upward from

the waste to the above-grade atmosphere.

The heat flux in the upward

The average temperature at the

direction can be computed from the mean difference in temperature between tank

headspace air and the outside atmosphere (Crowe et al.

D-11
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9 _ ks(Tvap_Tair) (4-3)
A AZ
where

.% = heat flux. W/m?,

T,ap =  @nnual average bulk vapor temperature. °K.

Toir = annual average atmospheric temperature. °K.

k; = thermal conductivity of soil overburden. W/m °K.

AL = average depth of soil overburden, m.

The formulation expressed in Equation 4-3 neglects the small temperature
drops that would exist from vapor to dome and from soil surface to atmospheric
air. On the basis of information presented by Crowe et al. (1993). T, is
approximately 56.3 °F (286.7 °K). the soil thermal conductivity is
approximately 0.1 W/m °K. and the average depth of soil overburden is
approximately 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 occurs on approximately July 15
and January 15 (Crowe et al. 1993). Between these dates. tank temperatures
experience a sinusoidal 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
approximately 5 °F (2.8 °K) (Crowe et al. 1993).

The temperature difference (waste surface-dome surface) that is required
to drive the heat flux quantified in Equation 4-3 was computed on the basis of
standard textbook heat transfer relationships. The flux is equal to a
coefficient multiplied by a temperature difference:

.2 = (h, +h)AT (4-4)
where
h, =  convection heat transfer coefficient. W/m? °K.
h, = radiation heat transfer coefficient, W/m? °K,
AT = temperature difference between waste surface and tank dome, °K.

Numerical evaluations presented by Crowe et al. (1993) indicate that the
temperature drop across the headspace 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. While this
temperature difference is small, it may not be negligible because vapor
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k. = mass transfer coefficient. m/s.
A = area of liquid-gas interface. me.
Q = flow rate of ventilation air, m3/s.

As indicated by tquation 4-8, C_. the concentration of vapors in
headspace air tends to its maximum va1ue C,. as Q tends toward small values.-
A conservative (upper 1imit) estimate of CS can be made by assigning Q a
minimum value. A minimum value may be estimated on the basis of natural
breathing: based on a pressure variation of 0.45 percent per day (Crippen
1993) and a headspace air volume of 2.266 m> (80.000 ft). atmospheric
pressure f]uctuatwons induce a flow of 0.43 m®/h (0.25 cfm). A base case value
of 10 cfm (17 m’/h) was assigned on the basis of available data on headspace
ventilation rates (see Section 6.3.5 of Appendix A).

4.5 COMPARISON OF SOLVENT VAPOR CONCENTRATIONS
TO LOWER FLAMMABILITY LIMITS

The contribution of solvent vapors to headspace flammability can be
quantified by dividing concentrations by the LFL. The LFL decreases with
temperatures as indicated by Equation 4-9 (Zabetakis 1965):

L, = Ly [1-7.85 E~4 (T - 25)] (4-9)
where
L, = LFL at temperature, T. g/m*,
L,s = LFL at 25 °C., g/m?,
T = temperature, °C.

Values of the LFL., expressed in g/m®, are listed in Table 4-2 for solvent
vapor species.

Table 4-2. LFL Values at 25 °C. (2 sheets)

i oNapor-Specie ULl pi o LFL @025 °CLogimd
n - decane 48"
n - undecane 48’
n - dodecane ‘ 46"
n - tridecane 46"
n - tetradecane 44"
n - pentadecane 44"
TBP 65

Note:
* 2abetakis (1965)
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As noted. LFL values for the paraffin hydrocarbons were taken from
Zabetakis (1965). The LFL for TBP was estimated on the basis of vapor ‘
concentration at an assumed flashpoint of 135 °C. This flashpoint temperature
falls at the lower end of measured values (Appendix A of Postma et al. 1994).
Th? LFL based on this flashpoint is expected to be a conservatively small
value.

The fractional approach to the LFL for a mixture containing a number of

flammable gas species can be estimated by summing the fractions for each
specie (Kuchta 1985):

n=n C

Fraction LFL = .;g; Ift: | (4f10)
where
Fraction LFL = fracfiona1 approach to LFL for mixture,.
C; = concentration of specie i,
LFL; = LFL for specie i,
n = number of flammable species in mixture.

Equation 4-10, a form of LeChatliers law (Kuchta 1985). was used to
calculate the contribution of solvent vapors to the LFL. Steady-state vapor
concentrations in bulk air (Equation 4-8) were divided by L, values computed .
from Equation 4-9. which used Table 4-2 LFL values at 25 oC" adjusted for
' headspace air temperature.

The contribution of solvent vapors to headspace flammability is -
quantified in Figure 4-1 for fresh solvent and for tank 241-C-103 solvent.
Base case assumption of a pool area of 1 m? and a purge air flow of 17.0 m*/h
apply to this figure.

The curves of Figure 4-1 indicate that 25'percent of the LFL would be
reached at headspace air temperatures of 797 °C (207 °F) for fresh solvent and
125 °C (257 °F) for tank 241-C-103 solvent.

The impact of pool surface area and ventilation air flow rate on solvent
vapor concentration was evaluated by repeating the prediction with different
values of these two parameters. The effect of assumed pool area is
illustrated in Table 4-3 where solvent vapor concentration. expressed as a
percent of LFL, is shown as a function of pool area.
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~-..

pressures are highly sensitive to liquid temperature. as illustrated in
Equation 4-2. In this study. the Tiquid interface temperature is computed by
subtracting from the bulk gas temperature. half of the AT (T - T yes)

computed from Equation 4-4. dome

surface

Because the heat flux increases with headspace air temperature
(Equation 4-3), the AT computed from Equation 4-4 will increase with headspace
air temperature. Headspace air temperature was assigned values on a
parametric basis to cover a range applicable to SSTs.

4.3 SOLVENT VAPORIZATION RATE

The rate at which solvent vapors entered bulk headspace air was computed
on the basis of an interfacial area. a mass transfer coefficient, and a
concentration driving force: ’

W=k (G -GA (4-5)
where
W = vaporization rate, g/s, .
k. = mass transfer coefficient, m/s,
C, =  vapor concentration at solvent surface. g/m?,
C, =  vapor concentration in bulk air. g/m?,
A = interfacial area. m?.

The mass transfer coefficient at the waste-air interface (k.
Equation 4-5) may be estimated on the basis of-the Chilton- Co]burn ana1ogy
(Sherwood et al. 1975) 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 Prandt numbers (McAdams 1954). A simplified form of this correlation that
applies for large Grashov numbers (large surfaces) and normal air temperatures
and pressures, is presented as the following dimensional equation.

h. = 1.52 AT* (4-6)
where
h, = convective heat transfer coefficient. W/m? °K.
AT = temperature difference betWeen surface and bulk air. °K.

A numerical value of h_ can be computed from Equation 4-6 using a
temperature difference, AT, évaluated as a function of headspace air
temperature.
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Tne mass transfer coeff1c1ent K.. may be computed from the heat transfer
coefficient. h_. on the basis of “the Chilton-Colburn analogy (Sherwood et al.
1975):

(= N D [E]”’ (4-7)
K Pr
where
k. = mass transfer coefficient. m/s.
h, = heat transfer coefficient. W/m? °K,
Djg =  diffusivity of solvent vapor, m?/s,
k = thermal conductivity of gas. W/m °K,
Sc = Schmidt no.. dimensionless.
Pr. = Prandtl no., dimensionless.

Diffusivity of solvent vapor can be estimated from handbook correlations
(Perry 1950). as can other gas properties needed to evaluate the parameters of
Equation 4-7.

Values of W (Equation 4-5) were computed for each of the component species
listed in Table 4-1.

Interfacial area, A, was assigned a value of 1 m? (10.8 ft2) as a base
case. This area is a value used in the screening analysis (Appendix A) and
corresponds to an open pool area for which postulated solvent fires do not
pose a threat to tank structural integrity. The impact of solvent pool area
on]th$ concentration of solvent vapors was illustrated by means of sensitivity
calculations.

4.4 STEADY-STATE SOLVENT VAPOR CONCENTRATION
IN HEADSPACE AIR

The steady-state concentration of solvent vapors in headspace air was
computed by equating inflow rate (Equation 4-5) to outflow rate. QOutflow rate
was calculated by multiplying bulk vapor concentration by ventilation flow
rate. On this basis. the steady-state concentration of solvent vapors is:

G, = C ke (4-8)
k. A+Q
where
C, = concentration in bulk air phase. g/m*,
C = concentration at liquid-gas interface. g/m®,
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Table 4-3.

Effect of Pool Area on the Predicted

Contribution of Solvent Vapor to Flammability

at a Headspace

Temperature of 30 °C.

' ‘ ‘Predicted Percent of the LFL at
. Poo} frea Headspace Air Temperature of 30 °C

e .. Fresh Solvent . - €-103 Solvent

411 4.62 0.67

20 2.94 0.42

10 2.13 0.30

1 0.36 0.05

0.1 0.04 0.005

The data in Table 4-3 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?) .

1imit. concentration.

For the 411-m? pool area.
air is predicted to be within three percent of the saturated.

headspace
1.e. upper

The saturated concentrations for fresh and tank
241-C-103 solvents are 4.76 percent LFL and 0.69 percent LFL,

respectively, as

displayed in Table 4-4 where percent LFL is shown for a hypothet1ca1
leak-tight tank (ventilation rate = 0).

The impact of ventilation air flow rate on solvent vapor concentration is

illustrated by the data in Table 4-4.

Table 4-4.

Effect of Ventilation Rate on the Predicted Contribution

of Solvent Vapor to Flammability For a 1-m? Pool and a

Headspace Air Temperature of 30 °C.

, R S T “Predicted Percent of the LFL.At
' Venta?atlon Rate A Headspace Air Temperature of 30 °C .~
s ~@?/ﬁ:< ..... | EF?ESh So?ventik ’Tangé?gééi103kéf.
0 4.76 0.69
0.43 (atm. fluctuations alone) 3.64 0.52
1.84 (atm. fluctuations + 50 ft°/h) 2.04 0.29
17.0 (10 ft>/min) 0.36 0.049
170.0 (100 ft>/min) 0.038 0.0046
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Figure 4-1. Predicted Percent Low Flammability Limit of Solvent Vapors
in a Passively-Ventilated Single-Shell Tank. ’
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As indicated by the data in Table 4-4. headspace solvent vapor
concentrations are predicted to decrease with increasing ventilation air flow
rate. The perfectly sealed case (0 m °/h) represents the saturated condition:
saturation is predicted in sea]ed tanks for pools of any size as an
equilibrium level. The 0-m’/h case is an upper bound on solvent vapor
concentration. Ventilation by atmospheric pressure fluctuations alone is
predicted to Tower equilibrium solvent vapor concentration to 76 percent
(3. 64 * 100/4. 76) of the saturated level. When a purge air flow rate of
1.4 m¥/h (50 ft3/h) is added. the equilibrium concentration is predicted to
fall to 43 percent (2.04 * 100/4. 762 of the saturat1on value. The base case
has a ventilation flow rate of 17 m/h (10 ft3/m). As indicated.
ventilation flow of 17 m*/h (10 ft/m) is predicted to lower the equ111br1um
vapor concentration to 7.5 percent (0.36 * 100/4.76) of the saturated level.
This level, 7.5 percent. applies for a tank containing a 1-m? pool; for larger
pools, so]vent vapor concentration would be higher. A sensitivity case at 100
cfm (170 m*/h is also shown in Table 4-4. Predicted LFL varies approximately
1nx$rse1y with ventilation flow rate. for rates higher than a 10 cfm (17
m/h)

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 4-1 and Tables 4-3
and 4-4 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 this appendix yields conservative predictions: that is, it tends to
overpredict interfacial so1vent vapor concentrations in the ne1ghborhood of
the flashpoint.

4.6. POTENTIAL FOR AEROSOL FORMATION

The potential for condensation of solvent vapor to form liquid aerosol
has been evaluated for tank 241-C-103 (Postma et al. 1994). The concern is
that thermal gradients in headspace air could produce condensation aerosols on
a continuing basis. causing aerosol mass concentration to reach a value high
enough to significantly increase fuel concentration as compared to saturated
vapor alone. Based on the tank 241-C-103 study. the contribution of aerosols
to flammability can be discounted for almost all tanks. Reasons for
discounting aerosols as a flammability hazard are explained as follows.

Vapor Saturation Requirement. Aerosols can form and persist only if the
atmosphere is slightly supersaturated with condensable vapor. as compared to a
planar surface at the same temperature. For any atmosphere in which vapors
are subsaturated. aerosol formation is impossible. This condition applies to
most. if not all, waste tanks.

Hypothetical Peak Aerosol Concentration. A theoretical analysis of
aerosol buildup in tank C-103 (Postma et al. 1994) predicted a maximum aerosol
concentration of 0.043 g/m3, or about 0.1 percent of the LFL. This
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concentration is a steady-state level based on a projected generation rate of
1.2 mg/s. Sensitivity calculations based on generation rates of 12 mg/s .and
0.12 mg/s yielded peak aerosol concentrations of 0.22 g/m® and 0.008 g/m?3
respectively. It was concluded that condensation aerosols could not
contribute significantly to the LFL for tank 241-C-103.

In summary, aerosols formed by the condensation of solvent vapors can be
totally discounted for tanks in which headspace air is subsaturated with
vapor. For tank 241-C-103 predicted peak aerosol concentrations (under
hypothetical sealed tank conditions) were shown to be small compared to
1 percent of the LFL. This tank 241-C-103 result is expected to bound the
aerosol concentration for any tank that has a temperature at or below the
temperature of tank 241-C-103. Therefore, the aerosol issue remains open only
for tanks whose headspace is saturated with solvent vapors and whose
temperature is higher than that of tank 241-C-103 (740 °C [104 °F1).
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APPENDIX E

SUMMARY OF LABORATORY SCOPING TESTS RELATED TO.ORGANIC
SOLVENTS COMBUSTION BY NITRATE OXIDATION
AND ORGANIC SOLVENT IGNITABILITY
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. 1.0  INTRODUCTION AND SUMMARY

This report summarizes laboratory scoping tests completed to date with
various organic solvents including dibutyl phosphate (DBP). tributyl phosphate
(TBP), 30% TBP - 70% NPH (11.6% dodecane, 23.4% tridecane and 35% tetradecane)
and the salt AfDBP to address the following questions

® can these materials when mixed together with an oxidizer like
NaNO; support condensed-phase propagating reactions given an
adequate ignition source,

° can these materials make an otherwise non-propagating mixture
(too 1ittle organic complexant fuel 1like NaAcetate, NaHEDTA
etc.) into a reactive propagating mixture given an adequate
ignition source,

° can an initial organic solvent pool surface fire or wicked
surface fire transition into a condensed-regime combustion
phase given adequate organic complexant fuel 1ike NaAcetate.
NaHEDTA etc.. and

° are credible ignition sources available to ignite organic
solvent pools or organic solvent permeated salt cakes etc. -

. The observations made to date can be summarized as follows

° The above organic solvents as well as the A¢DBP salt do not
exhibit condensed-phase combustion when mixed with NaNO;. The
mixtures tested cover theoretical chemical energy re]eases well
in excess of that required for sustained condensed-phase
combustion with non-volatile organic complexants like Na
Acetate and Na HEDTA. [See FAI/94-103.]

° Adding an organic solvent or a salt like AfDBP do not make an
otherwise non-reactive waste (too little non-volatile organic
complexant) into a combustible condition.

) Surface vapor combustion (an initial pool fire or wicked fire)
can only transition into condensed-phase combustion i1f the non-
volatile complexant TOC level for condensed-phase burning is
satisfied. (Note that surface vapor combustion with less than
saturated soaked salt cake condition appears to be the
requirement for transition to condensed-phase combustion, i.e..
if an organic solvent pool still exists following loss of head
space oxygen, further combustion will not occur even if the
organic complexant TOC level for condensed-phase combustion is
satisfied.)

° Subjecting 2.5 inch diameter dodecane puddles or 2.5 inch
. ' dodecane saturated saltcakes to 1/16. 3/32 and 3/16 inch steel
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particles heated to about 1300°C, resulting in energy levels of
10. 35 and 270 J did not result in sustained ignition.

Applying the 138 J match (energy release time of about 3 ms) to
the same conditions also resulted in no sustained ignition.

Therefore in terms of waste tank safety assessment, the organic solvents and
their degradation products represent a potential combustion hazard only with
the head space air. given the presence of a sufficient ignition source. The
above ignition sources would appear to envelope all crediblie sources (in-tank
instrumentation, welding and grinding, hot filament and shorting electrical
wires) with the exception of lightning.
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2.0 THE POTENTIAL FOR ORGANIC SOLVENTS OR THEIR SALTS AS
FUEL FOR CONDENSED PHASE PROPAGATING REACTIONS

In contrast to the non-volatile organic complexants (FAI/94-103)
condensed-phase propagating reactions were not observed with any of the non-
salt volatile organic compounds like tributyl phosphate (TBP). dibutyl
phosphate (DBP), 30% TBP/70% NPH, or their salts like AfDBP when mixed with
nitrate oxidizer and subjected to a large ignition source. This behavior can
be related to early decomposition of these compounds (150-200°C temperature
range) with or without the presence of nitrate oxidizer. Both RSST and
dedicated tube propagation tests have been performed and are summarized below.

2.1 RSST Tests

The Reactive System Screening Tool (RSST) is being used to measure the
ignition temperature. The RSST (Figure 2-1) consists of a spherical glass
reaction vessel, its surrounding jacket heater and insulation., thermocouple
(imbedded in sample) and a pressure transducer. a stainless steel containment
vessel, and, not shown. a magnetic stirrer base., a control box containing the
heater power supply. temperature/pressure amplifiers. and a data acquisition
and control panel. The sample cell volume is 10 m¢ and the containment volume
is 350 mf. A key feature of the apparatus is its low effective heat capacity
re1at1ve to that of the sample whose value, expressed as the capacity rat1o

1.04 (i.e.. quite adiabatic).

Typically, a sample (7 10 gm) is heated at a constant rate of about 1°C
per minute and the sample self-heat rate dT/dt is found as a function of
sample temperature under essentially zero heat loss condition. Figure 2-2 is
an example of reaction kinetics for an initially solid waste surrogate of
sodium acetate and sodium nitrate with a sodium acetate concentration of 24
wt¥ (or 7 wt¥% total organic carbon (TOC) content). Significant exothermic
activity is noted at about 200°C which leads to a runaway reaction exhibiting
an Arrhenius type dependence on temperature up to about 300°C; at this
temperature a dramatic step change in the rate of temperature rise is
observed. This is interpreted as a threshold for rapid wave-like reaction
propagation and the temperature of 300°C is referred to as the ignition
temperature.

The transitions to propagating reactions were not observed when the non-
volatile organic complexants were replaced with various organic solvents. For
the TBP/NaNO; and DBP/NaNO; mixtures significant exothermic activity is noted
about 150°C whwch leads to a runaway reaction exhibiting an Arrhenius type
dependence on temperature (see Figures 2-3 to 2-6). An example of good
repeatability is illustrated in Figure 2-5. The effect of increased
volatility is illustrated by the data in Figure 2-7. The previously noted
exothermic activity at about 150°C is tempered by the increased volatility of
30% TBP - 70% NPH mixture and is effectively delayed until the temperature
reaches about 250°C. The 70% NPH consisted of 11.6% dodecane (B.P. = 216°C).
23.4% tridecane (B.P. = 235.4°C) and 35% tetradecane (B.P. = 253.5°C).
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Figure 2-1 Reactive System Screening Tool (RSST) containment and test cell.
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Figure 2-3 Self-heat rate data with 10 wt.% TOC TBP/NaNG;.
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Figure 2-4 Self-heat rate data with 28 wt.% TOC TBP/NaNG,.
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Figure 2-5 Self-heat rate data with 5 wt.% TOC DBP/N

aNO;

T1lustrating repeatability.
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Figure 2-6 Self-heat rate data with 10 wt.% TOC DBP/NaNO,
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Figure 2-7 Self-heat rate data with 22.6 wt.% TOC 30% TBP -
70% NPH/104-BY salt case simulant.
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2.2 Tube Propagation Tests

Dedicated tube propagation tests are being.carried out that provide
measurements of combustion temperature and rate of combustion in connection
with sustained propagation through cold material when subjected to a large
ignition source. In these tests (see Figure 2-8) a confined low heat capacity
stainless steel cylinder containing simulated waste (50-70 gm) is ignited at
the upper end and the rate of propagation (if any) is measured by noting the
time when the reaction front passes imbedded thermocouples. The ignition
energy is about 20 watts and the igniter is left on until sustained
propagation is observed (™ 15-20 seconds). In case of no propagation, the
igniter is usually left on for at least 1-3 minute. Not shown in Figure 2-8,
a heavy 4-liter steel containment vessel and various instrumentation and data
acquisition equipment. These data also provide the necessary fuel
concentration to sustain propagating reactions. i.e. the lower propagation
1imit (LPL) in absence of free water, as well as the moisture content that
will inhibit propagations including stoichiometric fuel-oxidizer mixtures at
ambient waste temperature.

An example of the relevant temperature data for a successful propagation
test is illustrated in Figure 2-9 with the non-volatile complexant sodium
citrate. The Tower propagation limit (LPL) for this material is about 8 wt.%
TOC and results in a combustion temperature of about 800°C.

Consistent with the RS