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Executive Summary 

This report describes the results fi-om application of the Risk-Bused Decision Management 
Approach for Justi&ing Characterization of Hanford Tank Waste (Colson et al. 1997) to the 
organic-nitrate safety issue in Hanford single-shell tanks (SSTs). Existing chemical and physical 
models were used, taking advantage of the most current (mid-1997) sampling and analysis data. 
The purpose of this study is to make specific recommendations for planning characterization to 
help ensure the safety of each SST as it relates to the organic-nitrate safety issue. An additional 
objective is to demonstrate the viability of the Risk-Based Strategy (Colson et al. 1997) for 
addressing Hanford tank waste safety issues. 

Major Findings about the Application to the Organic-Nitrate Safety Issue - 

The application of this risk-based strategy to the organic-nitrate safety issue resulted in 
risk estimates and a risk ranking for the 149 SSTs. Eleven SSTs had such limited data on their 
contents that they were not considered in the analysis. Additional characterization work is 
recommended for these tanks. Twelve tanks were identified as having a high priority for 
additional characterization or potential mitigative controls based on fi-equency of HEPA filter 
breach or tank dome failure greater than 1OE-5 per year. Forty-seven tanks had extremely low 
risk (less than 1E-lo), and no additional characterization or mitigative controls are recommended. 
The remaining 79 tanks had frequencies of HEPA filter breach between 1E-10 and 1OE-5 per 
year. Application of this risk-based strategy focuses additional characterization and potential 
mitigative actions on the higher-risk tanks. The major findings of this study are further described 
in the following paragraphs. 

Quantitative risk predictions allow prioritization of decisions about management of 
risk In order to conduct the most cost-effective safety actions, it is vital to be able to select the 
highest-value actions as determined by a defensible risk analysis. This work demonstrates the 
value of quantitative risk assessments (and the use of progressive risk screening criteria in the 
simplification of risk calculations) to aid in decision making for the organic-nitrate safety issue. It 
requires establishing a risk target that is defensible and acceptable as being essential to guide the 
management of the safety issue. Uncertainty is quantified in the risk estimate and can be managed 
in the ensuing decision making. 

For most tanks, the largest contribution to the estimated risk is uncertainty in 
knowledge about the waste contents and their spatial distribution. This is uncertainty around 
the information or data. It is quantified and represented in the estimated risk. Individual samples 
taken fi-om the tanks do not indicate significant risk. Furthermore, with the exception of a few 
tanks, sampling and analysis results are found to dramatically reduce the estimated risk. Full 
application of the recommended strategy would determine the value of gathering additional 
information by addressing the cost and benefit of additional samples. Tanks with a low estimated 
risk may only need sampling for confirmatory purposes just prior to actions that must be 
performed during the normal course of operations or programmatic actions. 
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Eleven SSTs (Table ES. 1) were not considered in this analysis because their waste is so 
diverse it precludes their being grouped with other tanks that have similar waste characteristics. 
Each of these 11 tanks formed a separate tank group, and thus there was no grouping basis for 
estimating tank contents and the uncertainties surrounding the tank contents estimates. There- 
fore, these tanks are a high priority for waste characterization work. Similarly, 64 of Hanford’s 
SSTs do not have moisture and total organic carbon (TOC) measurements that could be used for 
the risk analysis, and approximately 113 SSTs have two or less TOC measurements. The 
limitations of decision making with such unknowns must be acknowledged. 

Another contribution to information or data uncertainty is the reproducibility of &e data 
set used for quan-g the estimated risk. For example, the tank waste contents data set 
continually changed as it was reviewed over the course of this project analysis. Independent 
review of data quality will provide assurance that the data provide the best possible representation 
of the tank contents and that uncertainties in the data set are well known, based upon sound 
technical evaluations, and represented in the predicted risk. 

An additional contribution to the estimated risk is the uncertainty in relating what 
is known about the tank contents (from historical records and sampling data) risk. This is 
uncertainty around the models and is quantified and represented in the estimated risk. The 
Sormation required by the risk model may not be faithfblly represented by the data available. 
Since the existing model that relates TOC to waste energetics was not evaluated in this work, one 
of the parameters available to assess this safety issue (TOC measurements) may not be a reason- 
able measure of the value represented by the structured logic (in this case, energy). This is not 
just a difJiculty with using a quantitative risk-based approach. The risk must be managed 
regardless of the problem-solving approach, and if one cannot relate what is known about the tank 
contents to the risk of an undesired outcome, actions must be taken. 

Path Forward for the Organic-Nitrate Safety Issue 

The following recommendations are based upon the findings that have resulted fiom 
applying the Bsk-Based Focused Decision Management Approach for Jushfjing Character- 
ization of Hanford Tank Waste (Colsan et al. 1997) to the organionitrate safety issue. 

Table ES.l. Tanks Not Currently Amenable to Grouping 

B-201 
B-202 
B-203 
B-204 

c-101 
c-102 
C- 103 

c-20 1 
c-202 
C-203 
c-204 
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Take initial action to ascertain the risk of the 11 ungrouped SSTs. The 11 tanks in 
Table ES. 1 have the so much uncertainty associated with them that no risk calculations could be 
made during this analysis. These 11 tanks must have characterization work (fiom historical 
records and sampling) performed so that their tank contents can be estimated and the risk for 
organic-nitrate reaction calculated as it was for the other 138 SSTs. It is important to note that 
characterization work can include laboratory experiments designed to increase our understanding 
of the physical and chemical phenomena of concern, tests on wastes or waste simulants, and 
studies of historical records as well as sampling and analysis work. 

Focus near-term characterization work on the tanks that show the highest estimated 
risk Twelve tanks showed an annual event frequency leading to HEPA filter failure in excess of 
1 OE-5 and thus could provide the greatest opportunity for beneficial use of additional, near-term 
characterization work . Further prioritization of these 12 tanks can be determined by observing 
that eight of them also show a predicted dome fdure probability in excess of 1OE-5 and that only 
six of them show a predicted dome failure with potential continued release in excess of 10E-5 per 
year. The progressive application of these risk screening results led to the recommended order of 
near-term characterization work that is shown in Table ES.2. The preparation of this priority 
listing represents the authors’ assumptions about what might be reasonable and acceptable levels 
of risk. 

Table ES.2. Prioritized Order for Near-Term Characterization Work 

11 Priority Order Tank 

1 Ax-102 

2 Ax-101 

3 SX-106 

4 sx-101 

5 Ax- 103 

6 TX-104 

7 C- 1 06 

8 U- 103 

9 TX-118 

10 U-106 

11 11 1 A-102 

1 12 SX- 103 
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The risk calculation shows that the highest contribution to event initiation comes from surface 
ignition; therefore, understanding the ignition capability of the tank surface area will reduce 
'uncertainty in the margin of safety. 

Perform an independent review of the data set to confirm quality in its application 
and use. Two issues will be addressed by this recommendation. First, since the existing model 
that relates TOC to waste energetics was not evaluated in t h i s  analysis, this basic presumption 
must be reviewed. In any case, the TOC measurements are used as an indirect measure of ener- 
getic contents, so at a minimum that uncertainty must be quantified and included in the risk 
evaluation. Ideally, a direct measure of energetics is preferred. However, unless a connection can 
be made to the body of existing data, any different measurements will need to be obtained multiple 
times in multiple tanks to obtain a reasonable approximation of the spatial distribution of the 
waste in the tanks of concern. Secondly, high confidence in the data used to complete an analysis 
must be maintained by a fimlizhg a data set of historical records that is stationary except for the 
addition of new data points fkom incremental characterization actions. 

Declare tanks with extremely low risk to be safe and thus not in need of additional 
Characterization remediation or controls in relation to this safety issue. Organic-nitrate 
reaction risk for the tanks listed in Table ES.3 was predicted to be less than 1E-10. Based upon 
the risk targets used in this analysis and the existing data, these tanks are candidates for no 
additional characterization in relation to this safety issue. As stated earlier, tanks with low 
estimated risk may only need sampling for confirmatory purposes just prior to actions that must 
be performed during the normal course of operations. 

The 79 tanks not explicitly described in this summary have calculated event frequencies 
between 1E- 10 and 1 OE-5 for HEPA filter failure. While using the risk targets presumed for this 
analysis does not show risk for these tanks to be extremely low, the estimated risk is sufficiently 
low to be acceptable while additional information is obtained about the 23 high-priority tanks. 

Table ES.3. Tanks with Extremely Low Calculated Risk for Organic-Nitrate Event 

A-101 BX- 103 
B-103 BX- 104 
B-106 BX- 107 
B-109 BX- 109 
B-110 BX-111 
B-111 BX-112 
B-112 BY-102 

BY- 106 
BY- 107 
BY- 108 
BY-110 
BY-112 

C- 104 
C- 108 
c-109 
c-110 
c-112 
s-101 
s-104 
S-107 
s-109 
s - I l l  
sx-108 
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T- 102 
T- 104 
T-105 
T- 107 
T-111 
TY-101 
TY-102 
TY- 1 03 
TY- 104 
TY-105 ' 

TY- 106 

U-107 
u-108 
u-109 
u-20 1 
U-203 
U-204 



It is quite likely that such additional information will also reduce the uncertainty about (and hence 
the risk associated with) many if not all of the tanks. Some of the 79 tanks with the highest risk 
are candidates for controls to reduce the expected frequency of the most likely event initiators 
while additional information about their risk is obtained and until tolerable and defensible risk 
criteria are determined. 

Main Finding About the Use of the Risk-Based Strategy 

One of the objectives of this work was to demonstrate the viability of the risk-based 
strategy (Colson et al. 1997) for addressing Hanford tank waste safety issues. The following 
finding resulted from use of the Colson et al. (1997) recommended strategy to help ensure 
resolution of the Hanford organic-nitrate safety issue. 

The risk-based strategy (Colson et al. 1997) was successfully applied to Hanford’s 
organic-nitrate safety issue. The results obtained demonstrate the value and effectiveness of a 
risk-based strategy to support decision making. The strategy is tailored to the problem addressed 
such that analyses conducted and models used are as simple as the problem requires. This is 
accomplished by matching problem-solving methods and activities to practical needs. The 
strategy is integrated within a single safety problem (e.g., &om defining desired outcomes to 
taking actions to achieve those outcomes) and, when fully implemented, across multiple waste 
safety and disposal issues. This strategy includes using structured logic techniques to describe the 
safety problem and decision analysis methods (e.g., risk assessment, uncertainty evaluation, 
sensitivity analyses) to assess the cost and risk of following one solution approach rather than 
another. The risk-based strategy helps ident@ critical data and modeling uncertainties whose 
resolution is the foundation for implementing technically defensible waste characterization studies 
or remediation actions. Funding available for this project limited its application to the organic- 
nitrate problem such that cost analyses (i.e., where the value of information for resolution of a 
variety of safety and waste processing needs must be considered) were not performed. 
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1.0 Introduction 

1.1 Safety Issue Background 

Years of production and recovery of nuclear defense materials, facility decontamination 
operations, and management of wastes fiom chemical recovery operations have generated 
organic-bearing, radioactive high-level waste (HLW). These wastes, which contain the inorganic 
oxidants nitrate and nitrite and could contain organic solvents, organic complexants, and organic 
radiolytic alkaline hydrolysis degradation products, are stored in underground tanks at the U.S. 
Department of Energy's (DOE) H d o r d  Site. The potential chemical reaction hazards associated 
with these organic-bearing radioactive wastes have been recognized as priority safety issues, and 
plans have been developed to resolve the safety issues for continued storage of these wastes 
(Wilson and Reep 1991; Wodrich and Deichman 1992; Babad and Turner 1993; Babad et al. 
1993) and to develop safe storage criteria similar to those developed for the ferrocyanide wastes 
(Postma et al. 1994). 

The compositions of the organic-bearing wastes in the Hanford tanks are quite diverse 
(Strachan et al. 1993; Klem 1990). The added organics include 1) the PUREX solvent and 
diluent (30 vol% tributyl phosphate [TBP] in normal paraf%n hydrocarbon [NPH]); 2) TBP 
radiolytic degradation products dibutyl phosphate (DBP), monobutyl phosphate (MBP), butanol, 
and phosphoric acid; and 3) organic complexants such as ethylene-diamine-tetraacetate (EDTA), 
hydroxy-acetate-ethylene-diamine-triacetate (€EDTA), hydroxyacetate, citrate, and tartrate. 
Adding complexity to the nature of the organics is the potential for different aging processes 
(vida infra) because of exposure to high pH; inorganic oxidants such as nitrate; nitrite; and 
radiation. The HLW also includes nonorganic constituents such as hydroxide that was added to 
neutralize the acidic wastes and make them chemically compatible with the carbon steel tanks. 
Fission products are also present in the waste, as are other process additives such as iron and 
nitrate; nitrite, which either resulted fiom radiolysis of nitrate or was added as a corrosion 
inhibitor, is also present. 

Because these organic-bearing wastes are mixtures of organic fuels, strong inorganic 
oxidants, and heat-producing radionuclides, the potential exists for rapid energetic reactions 
similar to the explosion that occurred in Kyshtym in the former Soviet Union in 1957 (Medvedev 
1979). The Kyshtym explosion occurred when the tank cooling system failed and the heat fi-om 
radioactive decay raised the temperature of a sodium acetate-sodium nitrate radioactive waste 
.mixture to the point at which a thermal runaway reaction occurred. Fisher (1 990) assessed 
available data for Hanford wastes with respect to the Kyshtym event and other available 
reactivity data and concluded that the temperatures of wastes stored in Hanford's waste tanks are 
well below those required to initiate reactions between sodium acetate (as a surrogate for the 
mixture of organics in the waste tanks) and sodium nitrate and/or nitrite. Nevertheless, the 
possibility remains of ignition of the fuevoxidant mixtures from sources other than bulk thermal 
heating. This possibility defines the safety issue addressed in this report. 
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Chemical reactivity hazards are controlled by several thermochemical and physical 
factors such as the amount of energy produced by a reaction, the rate at which energy is 
produced, and the rate at which heat is dissipated fiom the system (Sharkey et al. 1992). For the 
organic-bearing waste system, factors that determine the energy produced include fuel concentra- 
tion, the chemical nature of the organic fuel, oxidant concentration, the nature of the oxidant@), 
and the chemical reaction mechanism. The rate at which energy is produced will be controlled 
by the fundamental reaction kinetics ofthe organic reaction with nitrate or nitrite, catalytic 
properties of waste constituents, and catalytic properties of the containment vessel. The heat 
capacities of the waste constituents, the energy required for physical transitions of waste 
constituents, and the thermal conductivity of the waste and its containment will be among the 
factors controlling heat dissipation. 

1.2 Purpose of this Report 

The work leading to this report was initiated at the request of DOE to demonstrate that 
the Pacific Northwest National Laboratory recommended strategy (Colson et al. 1997) could be 
successfully applied to one of the H d o r d  HLW tank safety issues. The organic-nitrate safety 
issue was selected for this purpose. Even though the scope and schedule did not allow 
demonstration of the full breadth of the strategy, the results provide concrete estimates of risk 
(Section 4) and specific recommendations (Section 5 )  for the next appropriate steps leading to 
the resolution of this d e t y  issue. 

Preliminary findings fiom this report and the relationship between this work and elements 
of the full recommended strategy were presented at the 1997 American Chemical Society 
workshop on Science and Technology for Disposal of Radioactive Tank Wastes and will be 
published in the proceedings of that workshop (Colson et al. 1998). The relationship between 
this work and the recommended strategy is also provided in Appendix A. 
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2.0 Organic-Nitrate Event Model 

This section of the report presents the organic-nitrate reaction event structure. The main 
technical components are acceptable risk thresholds, the structured logic and its diagram, and the 
reaction risk calculation. Risk is defined by both a probability (or frequency) and an associated 
consequence. This analysis quantitatively presents the probability for the consequences 
described in Section 2.1. Those consequences are quantified in Section 3.2.2. 

2.1 Potential Consequence of Organic-Nitrate Reaction 

A propagating organic-nitrate reaction in a tank could result in a wide range of event 
severities due to the possible variation in fuel concentrations, the spatial extent of fuel with 
concentration sufficient to support propagating reactions, and the moisture concentration in and 
near the reacting region. In addition to these factors, the amount of free headspace volume in the 
tank and the configuration of headspace ventilation are important in determining the pressures 
reached and the severity of consequences. 

To capture the potential range of event severities, four consequences were defined in the 
risk calculation: 1) no event, 2) breach of high efficiency particulate air (HEPA) filter, 3) tank 
dome failure; and 4) tank dome failure with continued release of tank contents. These four 
consequences were used as a framework for estimating reaction frequencies. Event severity 
classes and their corresponding thresholds are the framework within which the risk calculation 
provides the frequency of the organic-nitrate reaction events of interest. 

2.2 Structured Logic Representation of Organic-Nitrate Safety Issue 

The radioactive wastes contained in Hdord’s SSTs are composed of intimate mixtures 
of organic complexants and nitrogen-based oxidants and have the potential to react vigorously 
and breach the integrity of the tank. The probability and consequences of an organic-based 
disruptive reaction event are determined by several interrelated factors, including the chemical 
identity of the organic, the energy released by the reaction (energetics), the concentration of the 
organic and/or oxidant (energy density), the reaction rate (how rapidly heat is produced), the heat 
dissipation rate (how rapidly heat is transferred out of the reactive system), the nature of the other 
waste constituents (diluents, catalysts, alternative oxidants, and other reactive materials), the 
sensitivity of the mixture to initiating events, possible initiating events, the probability of an 
initiating event, the strength of the containment system, and the dispersion pathways. Inter- 
relationships exist among many of these factors; for example, the reaction rate depends on the 
temperature of the system, the temperature of the system depends on the energy produced by the 
organic-oxidant reaction and on the heat dissipation rate. 

Goheen et al. (1997), in support of the effort to develop the recommended strategy, 
developed a structured logic showing the potentially hazardous issue of organic-oxidant reaction 
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by determining the risk of observing an accident associated with that waste. The structured logic 
diagram (SLD) identified the information needs to determine whether a particular organic- 
bearing waste presented a chemical reactivity hazard. The SLD provides the linked pathways to 
identify critical information needed to quantify the risk associated with an organic complexant 
and oxidant reaction disruptive event. An SLD is similar to a Fault Tree diagram in structure 
but, as implemented, focuses on the pathway to success rather than a pathway to system failure. 
Success in this instance is acceptable risk; Le., a risk level determined by decision makers as 
acceptable and the probability of achieving that risk level. One advantage of this approach is that 
it identifies the critical waste, tank, or system properties that must be measured, controlled, or 
adjusted to achieve the acceptable risk level. 

The challenge was to develop a characterization plan that will aid in identifying the 
information needs required to determine whether the risk of a chemical reaction event between 
the organic complexants and the nitrogen-based oxidants present in some of Hdord’s stored 
HLW is acceptable. Given the complexity of the organic complexant issue and the difficulties 
associated with gathering information about radioactive wastes stored in SSTs, the structured 
logic was refined and simplified to focus on the probability of a disruptive event using 
informatian gathered to support the current DOE implemented safety strategy (DOE 1996). 

This section presents both the comprehensive SLD refined from that originally developed 
in Goheen et al. (1997) and the simplified SLD exercised by the resolution team formed at 
Pacific Northwest National Laboratory to study the organic-nitrate issue. The refined, com- 
prehensive SLD is discussed briefly in Section 2.2.1, and the SLD exercised by the team is 
discussed in more detail in Section 2.2.2. 

2.2.1 Comprehensive Structured Logic Diagram 

In general, the refined SLD (Appendix B) developed by the team with the assistance of 
Goheen and Burger of PNNL obtains and uses all of the information mentioned earlier that is 
needed to determine the potential hazard associated with an organic complexant-bearing waste 
and whether an event occurring in that waste will breach the integrity of the tank, causing dam- 
age. The SLD comprises two major branches that identify pathways providing the two elements 
that define risk: the probability of a disruptive event and the potential consequences of that 
event. (For a detailed discussion of the overall SLD the reader is referred to Goheen et al. 1997.) 

2.2.2 Simplified Structured Logic Diagram 

Using the SLD developed by Goheen et al. (1997) as the basis, the resolution team 
developed and used the simplified approach depicted by the SLD in Figure 2.1. Risk, as the SLD 
shows, is the product of the probability and the consequences of an event. To minimize the 
uncertainty in the risk calculation, this iteration concentrates on the probability of a reaction 
event with a given magnitude (consequence) rather than addressing both the complex 
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consequence branch of the SLD and the probability branch. If events are predicted to have 
significant probability, their full consequences can be considered in a future iteration. The 
following discussion progresses downward through the SLD. 

To achieve the state where risk is acceptable, the waste storage system can itself satise 
the acceptable risk criteria or intervention may be required to satisfy the risk criteria. To deter- 
mine whether the risk is acceptable, the probability and consequences of a reaction event are 
addressed. To determine the probability of a reaction event, the characteristics of the initiators 
and the characteristics of the reactive waste are used to determine the reaction disruptive event. 
The initiator characteristics include the frequency of occurrence and the initiator’s sphere of 
influence (e.g., does it affect the whole tank, or the surface, or the subsurface?). 

As the simplified SLD (Figure 2.1) shows, the reactive waste volume and Iocation are 
determined by 1) the joint distribution of energetics and diluent, 2) the heat dissipation rate for 
the system, and 3) the hazard criteria into a hazards assessment model. The hazard assessment 
model employed the contact temperature ignition (CTI) energetics criteria currently used by the 
Hanford Site to identify reactive wastes (Webb et al. 1995). The team made no judgement on the 
validity of the hazards assessment model used for the CTI criterion. Fauske et al. (1 995) 
developed the CTI criteria by studying the effects of organic identity, organic concentration, and 
water concentration in surrogate wastes on the capabiIity of the mixture to support a downward 
propagating reaction initiated by heating the upper portion of a cylinder of the test mixture. The 
surrogate wastes were composed of mixtures of organics and nitrate andor nitrite. The resulting 
criterion on an energetics basis was that wastes containing less than 20 wt% water would not 
support a propagating reaction in the ignition tube test if 

hH<1200 -45[H20] (2.1) 

where AH is enthalpy measured in J/g dry waste and V,O] is water concentration measured in 
weight percent up to 20 wt%. Fauske et al. (1 995) found that the tested organic-bearing mix- 
tures would not support a propagating reaction above 20 wt% water. Figure 2.2 is a near repro- 
duction of the Webb et al. (1995) original figure with the ordinate scale converted to joules fkom 
calories and the defining relationship between ignition temperature and reaction enthalpy 
omitted. 

Fauske et al. (1995) prepared the various tested organic complexant and oxidant mixtures 
at target total organic carbon (TOC) contents and converted to an energetics scale using Burger’s 
(I 995) calculated maximum thermodynamic enthalpies for each complexant and nitrate as the 
oxidant. The team used the implicit assumption of the empirically developed CTI criterion that 
the heat dissipation rate of the tank waste storage system is equivalent to or greater than the heat 
dissipation rate of the ignition tube test device. In addition, because data on the effects of 
diluents were limited to water in the CTI criterion, water was the only diluent considered in this 

il 

2.6 



4200 
NoBurn Burn 

0 0 NaAcetate 
I NaHEDTA 

A A Na Ferrocyanide 
- v  V NaCitrate 

0 
Na Butyrate 
At Dibutyl Phosphate 

0 
3350 

2500 

1680, 
1 3 4 

840. 

0 
0 

A A 
0 

0 
A 

0 

5 10 
wt. YO Free H,O 

15 20 

Figure 2.2. Contact Temperature Ignition Energetics Criteria for 
Organic-Bearing Hanford Wastes 

exercising of the strategy. It should be noted that Kubic (1996) of LANL and the AIChE (1995) 
provide similar criteria based on energy density. The hazards assessment model determines 
whether a waste at a particular location is reactive by comparing the energy density and the water 
content to the hazards criterion. 

An estimate of energetics and diluent is determined using the parameters of energetics 
and diluent concentration and uncertainty in those concentrations for the tank surface and 
subsurface. The energetics parameters are estimated from measured or predicted TOC contents 
and Burger’s calculated enthalpy. The diluent parameters are estimated fiom direct measure- 
ments or statistical prediction. 
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2.3 Reaction Risk Calculation 

The following sections describe the risk calculation used for the organic-nitrate reaction 
fkequencies. Included is a description of the key assumptions made in the analysis, the structure 
of the risk calculation, the state-space descriptions, and the information andor data flow. 

2.3.1 Assumptions Considered in the Reaction Risk Calculation 

The following assumptions were made in using the condensed phase organic-nitrate SLD 
previously described to make a reaction risk calculation. In general, assumptions were made that 
tend to provide conservative assessments of the risks of organic-nitrate reactions. 

i 

The reactive waste volume, fraction of reactive waste at the surface, and fraction of 
reactive waste at the surface that is dry are independent. 

The reactive waste volume, fraction of reactive waste at the surface, and fraction of 
reactive waste at the surface are represented as discrete approximations of their 
continuous distribution. 

The waste surface is 20 cm in depth. 

The probability of ignition by a point source is the ratio of the volume of material that 
could be ignited to the volume of all waste in the appropriate region (surface or entire 
waste volume) of the tank. 

The probability of ignition by a non-point source depends on the footprint of the source 
and reactive waste volume. A torch is assumed to have a footprint of 1 m radius. A 
vehicle fuel fire is assumed to have a footprint of 2 m radius. Lightning, flammable gas, 
solvent fire, and bulk heating are assumed to have a footprint that covers the diameter of 
the tank. 

Ignition sources are treated as independent events. 

The solvent fire initiator was considered redundant to the condensed phase organic-nitrate 
reaction and given a zero probability to avoid double-counting its impact. 

The probability of ignition is calculated as the sum of its component probabilities. 

Each initiator can ignite waste in any tank, except the bulk heatup, which only applies to 
Tank C-106. 

The midpoint of each reactive waste region from the fueVmoisture analysis was assumed 
to be the representative point for estimation of consequences and basis for volume 
ratio/footprint . 
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All reactive waste is located in a single contiguous mass. 

2.3.2 Calculation Concept and Structure 

In the probabilistic risk framework, data on the organic constituents, moisture level, and 
vertical location within a tank becomes a risk-management tool. The basic concept of the reac- 
tion risk calculation is to predict the risk (i.e., frequencies of events with specific severity/ 
consequences) of organic-nitrate reactions as a function of tank contents. 

Tank contents are described in terms of state-space descriptors, which are equivalent to 
the amount of reactive waste (R), the fiaction of reactive waste at surface (S), the fraction of 
reactive waste at surface that is dry (D), and the uncertainty in these estimates. The probabilistic 
risk calculation was implemented using estimates of the fiequencies of reaction initiation events 
and conditional probabilities of reaction propagation (given an initiator was present) expressed as 
functions of R, S, and D. The basic probability structure of the calculation was thus: 

where 
Pr(EijlIJ 

R, 

s m  

Dn 

= probability that a reaction event will proceed from stage i to stage j given that 
initiator I, has occurred in tank p. 

= reactive waste state 1 (one of several discrete states defined by reactive waste 
volume). 

= reactive waste at the surface state m (one of several discrete states of reactive 
waste at the tank surface). 

= reactive waste at the surface that is dry state n (one of several discrete states of 
reactive waste at the tank surface that is dry). 

Since knowledge of the R-S-D status will be subject to some (often considerable) uncer- 
tainty even with respect to fairly large ranges representing the discrete fuel and moisture states, 
four event severity consequences defined over 12 discrete volumes of reactive waste were used to 
define the range of possible organic-nitrate reaction scenarios and the consequences of release 
events. 

The fiequency of an organic-nitrate reaction event was calculated as the product of the 
fiequencies of various initiators and the conditional probabilities that specific tanks contain 
wastes in given R, S ,  and D states. 

2.3.3 Reaction Frequency Estimates 

The next section illustrates how the tank contents estimates are used in conjunction with 
reaction initiator frequencies and the behavior of the initiator relative to the reactive waste 
distributions to calculate the fiequency of an event in each severity/consequence class. 
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2.3.3.1 Structure of the Organic-Nitrate Risk Calculation 

Figure 2.3 is the schematic tree representation of the calculation for describing the risk 
parameter about each tank's organic and moisture contents. This schematic is an interpretation 
of the calculations represented in the SLD and clearly shows how uncertainty in the values of 
measurements are pervasive throughout the risk calculation. The tree follows all of the same 
conventions of any decision tree calculation; namely, uncertain event nodes are shown as circles, 
and a probability distribution represents uncertainty about which branch will occur at event 
nodes, the path leading to any point in the tree is determined, and the paths to the right of any 
point are not yet determined. Reading left to right, the first uncertainty is the volume of reactive 
waste that exists in the tank. This is followed by the uncertainty of the fiaction of reactive waste 
at the surface. Next is the uncertainty of fraction associated with the reactive waste at the surface 
that is dry. The final node is an uncertain event node of outcome severity, which ranges fiom no 
event to dome failure and its potential release of tank contents. 

The tree in Figure 2.3 is schematic; it shows the details of each node but does not show 
the interconnections of nodes and branches that determine the tree. The tree is formed by 
attaching each node to every branch of its preceding node. For example, the node containing all 
of the fractions of reactive waste at the surface is attached to every branch of the node containing 
volume of reactive waste. 

Volume of Fraction of 
Reactive Reactive Waste at 
Waste the Surface 

< HEPA < 5% 

Fraction of Dry 
Surface Reactive 

Waste Event 

< 5% No Release 

Dome Failure 
with Continued 

SP97120007.1 

Figure 2.3. Schematic Representation of Organic-Nitrate Risk Calculation 
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2.3.3.2 Input and Output 

Inputs to the risk calculation, based on the SLD, are 1) tank volume, 2) tank diameter, 
3) total waste volume, 4) thresholds for each event pathway, 5) the probability distribution on 
volume of reactive waste, 6 )  the probability distribution of the fraction of reactive waste at the 
surface, 7) the probability distribution of the fraction of reactive waste at the surface that is dry, 
and 8) ignition frequencies for all reaction initiators. 

' Results are calculated using the standard rollback procedure for decision trees. The 
expected value for the tank is the sum of products of the initiator frequencies, state-space (R, S, 
D) conditional probabilities, and the expected consequence given the event frequencies 
(Equation 2.2). 

Output from the risk calculation includes the complementary cumulative distribution of 
the frequencies of each of 1 1 consequence (reacted waste volume) regions described in Section 3. 
The complementary cumulative distribution describes the frequency that the tank will have an 
event that exceeds the given frequency threshold. 
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3.0 Parameter Estimates 

This section presents the collection of data including parameter estimates and their 
development for use in the risk calculation. 

3.1 Initiator Definitions and Probabilities 

Nine initiators have been considered in the condensed phase organic-nitrate reaction risk 
calculation: electrical, torch, cutting, a vehicle fuel fire, rotary mode core drilling upsets, 
lightning, flammable gas, solvent fires, and bulk heating. Bulk heating as an initiator was 
applied only to Tank C-106. A summary of these initiators, their behavior, and the frequency 
assigned is shown in Table 3.1. 

Initiators are categorized as a point source or non-point source. The probability of 
ignition by a point source is the ratio of the volume of material that could be ignited to the 
volume of all waste in the appropriate region of the waste in the tank. The probability of ignition 
by a non-point source depends on the footprint of the source. A torch is assumed to have a 
footprint of 1 m radius. A vehicle fuel fire is assumed to have a footprint of 2 m radius. 

Table 3.1. Summary of Organic-Nitrate Reaction Initiators 

II I Pointsource I I 
Versus Non-Point Waste Frequency 

Affected (per SST-year ) Initiator Type Source 
I 

IIElectrical I pointsource I surface I 1.8E-02 

Bulk Heating non-point source all 2.00 E-01 
(C-106 only) 
(a) The solvent fire initiator was considered, but a frequency was not 
estimated because it was considered an event with redundant initiators to 
the organic-nitrate reaction. 
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Lightning, flammable gas, solvent fire, and bulk heating (bulk heating applies to 
Tank C-106 only) are assumed to have a footprint that covers the diameter of a tank. Each 
ignition source and the waste region that it may ignite are shown in Figure 3.1. Details of the 
derivation of initiator frequency behavior can be found in Appendix C. 

The probability of ignition is calculated as the sum of its component probabilities. This 
treats ignition sources as mutually exclusive. It is a good approximation if component 
probabilities are small. 
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Figure 3.1. Ignition Sources and the Reactive Waste that Could Ignite 
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3.2 Tank Contents 

This section describes how tank contents are defined for this analysis and how the 
contents estimates were made. 

3.2.1 Assumptions Considered in Estimating Tank Contents 

The following simplifying assumptions were made in estimating tank contents for this 
analysis. In general, the assumptions tended to provide more conservative assessments of the 
risks of organic-nitrate reactions. 

. The distribution of TOC and water was assumed to be lognormal. 

Nitrate was the only oxidant considered. 

3.2.2 Tank Contents Definitions 

Tank contents are described in terms of state-space probabilistic distributions, which are 
defined as the amount of reactive waste (R), the fraction of reactive waste at surface (S), the 
fraction of reactive waste at surface that is dry @), and the uncertainty in R, S ,  and D (see 
Section 2.3.2). An illustration of the state-space representation of the waste in a tank is shown in 
Figure 3.2. A detailed description of the development of the state-space estimates is provided in 
the following section. 

, 

The volume of reactive waste (R) in a tank is described in terms of the probability that 
specific volumes of reactive waste exist in the waste. This probability density function 
represents a discrete approximation of the continuous distribution of reactive waste volume 
probabilities. The reactive waste volumes are divided into 12 discrete regions that become 
progressively larger. Region 1 represents the volume of reactive waste less than that amount 
which, if ignited, can burn to create enough pressure (< 1.5 psig) to fail a HEPA filter. Regions 2 
through 5 represent progressively larger volumes of reactive waste which, if ignited, can burn to 
create enough pressure (1.5 to 1 1 psig) to fail a HEPA filter but will not cause tank dome failure. 
Region 6 represents a progressively larger volume of reactive waste, which, if ignited, can bum 
to create just enough pressure (-1 1 psig) to cause tank dome failure. Regions 7-12 represent 
progressively larger volumes of reactive waste, which, if ignited, can burn to create enough 
pressure (>11 psig) to cause tank dome failure; these regions also have enough volume to have 
continuous release or ejection of tank contents to the environment. Table 3.2 shows the discrete 
regions of total reactive waste in a tank and the representative volumes as calculated from event 
threshold volumes. 

Reactive waste at the surface (S) is expressed as the fraction of reactive waste that is in 
the top 20 cm of the tank waste. Reactive waste at the surface that is dry @) is expressed as the 
fraction of reactive waste in the top 20 cm of the tank waste that is dry. The probability 
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Figure 3.2. State-Space Representation of Tank Contents 

distribution that represents these parameters consist of discrete approximations of the continuous 
distributions derived by the fuel/moisture analysis described in the next section. 

3.2.3 Tank Contents Estimates 

This section presents the statistical calculations used to estimate the fraction of reactive 
waste in each of the 13 8 SSTs that were analyzed. A collection of moisture (H20) and TOC 
measurements fiom waste samples is used in this effort. For these calculations, reactive waste is 
defined as having concentrations of H,O and TOC that fall within the Fauske region (Fauske et 
al. 1995) (Section 2.2) given current waste conditions. Reactive waste distributions are esti- 
mated for each tank from the data on TOC and H,O provided by Meacham et al. (1 997) (see 
subsection 3.3.3.1) and statistical preparation (tank grouping, analysis of variance [ANOVA] and 
variable transformation, and Monte Carlo approach) as described in subsection 3.3.3.2. 

The reactive waste distributions describe our estimate of reactive waste as an average or 
mean and the uncertainty about that mean, given current data. The estimates representing the 
tank contents are Bayesian posterior distributions (expected value probability distributions 
derived from current data). The methodology used to calculate the posterior distributions uses a 
random effects ANOVA calculation and a "variable transformation." ANOVA produces a 
Bayesian posterior distribution of moisture and TOC in a tank, while the variable transformation 
converts the posterior distribution of moisture and TOC to a posterior distribution describing 
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Table 3.2. Representative Region and Total Volume of Reactive Waste 

Representative 
Region Tank Response Total Volume of Reactive Waste 

Region 1 no event 
Region 2 
Region 3 
Region 4 HEPA failure 1/4 to !4 dome failure volume 

less than volume necessary for HEPA failure 
HEPA threshold volume to 1/3 dome failure volume HEPA failure 

HEPA failure I 1/8 to 1/4 dome failure volume 

Region 5 HEPA failure 
Region 6 HEPA failure, dome 

failure ____ __ - 
HEPA failure, 
dome failure 

Region 7 continued reiease 
HEPA failure, 

Region 8 dome failure 
continued refease 
HEPA failure, 

Region 9 dome failure 
continued rekase 
HEPA failure, 

Region 10 dome failure 
continued reiease 

Region 11 
HEPA failure, 
dome failure 
continued release 

?4 to just less than dome failure volume 
1 to 3 times dome failure volume 

3 to 6 times dome failure volume 

6 to 12 times dome failure volume 

12 to 24 times dome failure volume 

24 to 48 times dome failure volume 

48 to 96 times dome failure volume 

Region 12 
HEPA failure, I dome fail-ure, 1 greater than 96 times dome failure volume 

reactive waste. The specific posterior distribution produced by the ANOVA describes the 
uncertainty on the tank means and standard deviations and is of the form 

where the mean (p) appearing in equation (3) represents the mean H,O and TOC values in a 
specific tank on the log scale. The standard deviation (a) in equation ( 3 )  represents the within 
tank variability. This posterior is transformed into a distribution on reactive waste by using the 
Fauske criteria (Section 2.2) to relate reactive waste to the tank (1-120, TOC) statistics. This 
variable transformation can be summarized as follows: 

Reactive Waste R W = H ( p H  o , p T o , ~ H z o , ~ T o c )  

3.5 



A Monte Carlo approach is used to construct the posterior distribution fiom the original 
posterior and the variable transformation: 

p(RW I H 2 0  and TOC data) .(3.3) 

A review of the TOC and H,O data is given in subsection 3.3.3.1, including descriptions 
of tank sampling and laboratory analysis methods, issues about the sampling and analysis 
methods, and data sources and data that were excluded. The grouping, ANOVA, and Monte 
Carlo methods are discussed in subsection 3.3.3.2. 

3.2.3.1 Review of the Data 

This section contains a review of and some general information about the data that are 
used for the reactive waste calculations. The data set was prepared for use Meacham et al. 
(1 997) for safety analysis reporting. That approach to review and preparation of the data set is 
described in general terms in this section and in detail in Meacham et al. (1997). An attempt was 
made to gather all relevant TOC and percent H,O sampling data fiom as many waste tanks as 
possible. The majority of the data were taken fiom the Tank Characterization Database (TCD), 
which contains tank waste sample measurements from 1989 through mid-1 997 (as of the writing 
of this report). A small number of pre-1989 sample records used were taken fiom various other 
sources (e.g., process aid reports and selected core composite data) and are also included in the 
TOC/H,O data set when post-1989 data were not available. All reasonable efforts have been 
made to include all TOC and H,O sampling data available as of March 1997 in the data set. 

Tank waste samples are taken in one of several ways: sampling, auger sampling, or grab 
(bottle-on-a-string) sampling. The core sampling method usually provides the most valuable 
information since it provides a complete vertical profile of the tank waste. Auger sampling is 
used to take samples close to the surface of the waste (penetrates approximately 40 cm into the 
waste). Grab sampling is the method used to take supernatant samples fiom tanks. This method 
is primarily used to sample double-shell tanks, which are not included in this study. 

If the amount of drainable liquid fiom the sample was greater than 25 mL. during extru- 
sion, the liquid and solid phases were analyzed separately. If the amount was less than 25 mL, 
the solid and liquid phases were blended together. Drainable liquid sample results existed for 29 
tanks; of these, there was sufficient information for nine tanks to allow weighted averages of the 
solid and liquid phase results to be constructed. Solid and liquid phase results for the other 20 
tanks were not combined but were all used in the ANOVA effort. 

TOC is measured in a prepared sample by first oxidizing the organic species into carbon 
dioxide. The carbon dioxide gas analyzer then detects the amount of CO, that is produced. In 
this process all of the organic species information is lost (Le., the concentration of each organic 
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species is not measured). Since each organic species has a different energy, speciation 
assumptions must be made in the absence of sampling information from that tank. 

Fifteen percent of the collected data records were not used in the statistical calculations. 
The following are reasons that these data records were excluded: 

Laboratory records were reviewed and revealed an incorrect measurement or a quality 
assurance problem. 
Measurement was taken on a supernatant sample. The supernatant samples were not 
deemed to be of interest when calculating the fraction of the waste that is reactive. Note 
that does not include the drainable liquid samples discussed earlier. 
For some tanks, core composite and sub-core (segment or subsegment) measurements are 
available. When both were available, the core composites were excluded because the 
sub-core analyses are thought to provide the best estimates of within-tank variability. 
Sample measurements are available for more than one time period. When this is the case, 
the latest set of measurements is retained. 
Eleven tanks were not included in the data set because of difficulties assigning them to 
tank groups. These tanks are B-201, B-202, B-203, B-204, C-101, C-102, C-103, C-201, 
C-202, C-203 and C-204. 

A primary objective of the data-gathering effort was to obtain a relatively complete and 
representative set of data. There was one possible source of bias that was identified in the TQC 
measurements. During the period from 1992 to 1995, TOC sample analyses were conducted only 
if there was a positive differential scanning calorimetry @SC) measurement. For this reason the 
TOC measurements from this time period may be biased high. There is not much information 
available about the relationship between TOC and DSC measurement; therefore, bias correction 
cannot be made. 

As mentioned earlier, most of the data were taken from the TCD; 4,448 of the 4,741 
measurements. The remaining 293 records were taken from process aid reports, selected core 
composite data, and data measured in 1997 that have not yet been included in the TCD. These 
records were carehlly reviewed to make sure they met current waste conditions in the tanks. If 
they did not, the records were not used. 

Once the data set was assembled, all of the primary, duplicate, and triplicate sample 
results records from unique locations were averaged together. These unique locations include 
such designations as whole-segment, half-segment, or quarter-segment. In most cases, the results 
that were averaged were the primary and duplicate results, which are from separate chemical 
analysis on the same sample aliquot. The averaged results were then assigned to the surface or 
subsurface layers of a tank. Auger and first segments from core samples were assigned to the 
surface layer. Segments 2 and higher from core sampling efforts are assigned to the subsurface 
layer. In the isolated cases where core composites were used, these were assigned to the 
subsurface layer. 
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Table 3.3 contains a brief surmnary of the TOC/H20 data collected and prepared for the 
ANOVA calculation. The maximum TOC concentration in the table was found in Tank AX-1 02, 
in the surface layer. The minimum water concentration value of 1 % was found in Tanks C- 1 1 1 
and BY-1 11. 

Constituent 

TOC (wt!!!) 

H,O (wt%) 

Table 3.4 shows details on the two highest TOC sample results found in the data set. 
These results were not contained within the reactive waste region (Le., they do not represent 
waste that will sustain a propagating reaction). Considering the uncertainty of these estimates, 
there is a measurable probability that the true surface layer value is in the reactive waste region. 
Meacham et al. (1 997) contains a more complete description and presentation of the individual 
data records. 

Observations 

Applicable 
MaXimUm Not 3'* 

Quartile Median Mean 11 
Quartile Minimum 

0.01 0.143 0.348 0.502 0.628 5.73 194 

1 25.9 37.4 38.1 49.4 91.4 36 

Table 3.5 presents the number of tanks that have TOC and H20 data that were used in the 
reactive waste calculations. Sixty-one of the 149 SSTs have both TOC and H20 data; 64 do not. 
The tank grouping information is used in the ANOVA to get estimates of TOC and H20 
parameters for tanks that are missing data for either or both TOC and H20. Therefore, the 64 
tanks missing both TOC and H20 data had their tank contents estimated based upon their 
presence in a particular group. Further investigation of tank data shows that 1 13 tanks have less 
than two TOC samples (taken from fewer than two locations in a tank). Therefore, tanks having 
significant uncertainty in tank contents were nonetheless used to provide estimates for them- 
selves as well as for tanks with no measurements. 

Segment TOC H20 
ID (WtYO) (WtYO) Layer Riser ID 

Surface 3a = 1 5.73 28.79 

Surface 9 1 5.58 32.21 

Table 3.3. Summary of Data Prepared for ANOVA 

## Obs. # Obs. 
TOC H2O 

2 2 

2 2 

Table 3.4. Tank AX-102 Data Records 
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Table 3.5. SST Data Observations 

Total Tanks with Tanks without 
TOC Data TOC Data 

61 18 79 Tanks with 
H20 data 

Tanks without 
H20 data 6 64 70 

Total 67 82 149 

3.2.3.2 Estimation Methodology 

A general description of the methodology used to calculate the reactive waste estimates is 
given in this section. Meacham et al. (1 997) contains a more complete discussion of the 
methodology. For this part of the study, reactive waste is defined as waste that has weight 
percent TOC and weight percent H20 in the following region as defined by Fauske et al. (1995) 
(Section 2.2): 

TOC>4.5% +0.17*H20, H20<20% (3 -4) 

The objective is to calculate the proportion of each tank waste that meets this criterion. The TOC 
and H,O data discussed in the last section can be used to accomplish this objective. There are 
four steps that are taken to calculate reactive waste distributions: 

1) Perform an ANOVA on the TOC data to determine the TOC distribution for each tank. 

2) Perform an ANOVA on the H20 data to determine the H20 distribution for each tank. 

3) Calculate the correlation between TOC and H,O using the known ordered TOC and H20 
data pairs. This correlation is calculated to completely specifl the bivariate distribution 
of H20 and TOC. 

4) Conduct a Monte Carlo simulation to estimate the proportion of reactive waste in each 
tank using the TOC/H,O distributions and the associated uncertainty estimates from the 
parameters of the distributions. 
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Tank Grouping 

Tanks with similar waste properties are grouped together to allow estimation of TOC and 
H,O concentrations for unmeasured tanks using ANOVA. The tanks were organized into five 
groups based on waste chemistry and process waste stream information in the exact same manner 
as Meacham et al. (1 997). The five groups are "High TOC," "Medium TOC," "Low TOC,", 
"Non-TOC," and "Special" tanks. This classification of tanks is not perfect because of errors in 
the historical record and secondary waste stream information. For example, "Non-TOC7 
categorized tanks may have TOC fiom a secondary waste stream that was not recorded in the 
historical record. 

A different tank grouping was used for moisture concentrations in the tanks. The tanks 
were classified based on the general type of waste and the wetness of the waste surface in the 
same manner as Meacham et al. (1997). This categorization resulted in the following four 
groups: dry saltcake, dry sludge, wet saltcake, and wet sludge. 

Eleven tanks were not able to be assigned to the five TOC groups or the four moisture 
groups, nor could any other group be designed for them. Therefore, these 11 tanks were removed 
from further consideration. 

These tank groupings are principally introduced allow TOC/H20 estimates to be 
extrapolated to tanks without any data. The extrapolation procedure used by ANOVA is quite 
intuitive; the group means (on the log scale) are used to estimate what is in a tank with no data. 
The uncertainty associated with this extrapolation depends upon how homogeneous the group of 
tanks is. If there is little variability among tanks in the group, the group mean will be assigned a 
small uncertainty (as a predictor of an unmeasured tank). If, on the other hand, the tanks in the 
group show a great deal of variability, then the group mean will be assigned a large uncertainty. 

It is obvious that the results associated with an unmeasured tank can be dramatically 
altered by simply moving it from one group to another. For example, an unmeasured tank in a 
"low TOC" group will become a %gh TOC" tank if moved to a "high TOC" group. It is 
therefore important that the group assignments be not arbitrarily made but accomplished 
according to objective characteristics that are available for all tanks. In the case of the present 
grouping scheme, the objective characteristics used to produce the grouping scheme come from 
tank process history as compiled by Agnew (1 997). 

Ideally, the grouping scheme should be constructed before the tanks to be measured are 
sampled. The tanks to be measured should be selected fiom the identified groups according to a 
well-defined experimental protocol that would ensure that a representative set of tanks is selected 
from each group. This is usually accomplished by selecting random subsets of tanks for mea- 
surement. If such an experimental protocol were used to select tanks for measurement, there 
could be little debate about the validity of the grouping used. 
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In this case, the grouping actually was constructed after the tanks were measured. Under 
these circumstances, the critical requirement is still the same: the measured tanks must form a 
representative subsample of all tanks in the group. Although the decision process used to 
identify tanks for sampling is very complex, and many diverse criteria are used to select tanks for 
measurement, one of the major inputs used to identify tanks for sampling is the same process 
history used to construct the groups in this study. Furthermore, the process history was generally 
used in the same way to identify tanks for sampling. The fact that tank sampling was based on 
this idonnation is a strong motivation for constructing the groups in this manner. 

TOC/H20 A N 0  VA Calculation 

TOC and H20 data are fit separately to the following random effects ANOVA 
calculation: 

where 
- yij, - - - CL 

Di = 
Gj = 
DG, = - 
Tjk - 
DTUk = 
E,, = 

TOC or H20 concentration values for sample ijkl 
mean concentration for the site 
deviation of tank layer i (surface or subsurface) 
deviation of tank group j 
deviation of layer i and group j interaction 
deviation of tank k fiom the j" group mean 
deviation of layer i and tank k interaction in group j 
spatial deviations within layer ijk. 

3.5 

A multivariate ANOVA calculation for TOC and H,O is not fit since only 60% of the TOC/H20 
records are paired by sample. 

The ANOVA is used to estimate all of the unknown parameters in the above calculation. 
With the exception of the site mean, the ANOVA also estimates the variance estimates for each 
term in the equation. These parameter estimates can, in turn, be used to obtain mean and 
uncertainty estimates for each tank and layer combination used to specify the joint TOC and H20 
distributions for the reactive waste calculations. Using this ANOVA approach, W l a y e r  mean 
and variance estimates are obtained for tanks without sampling data as well as those with 
sampling data. 

Correlation Between TOC and H,O 

The ANOVA provides estimates for all of the parameters in the joint H20/T0C 
distribution with the exception of the correlation between TOC and H20. The ANOVA did not 
estimate this parameter since the H20 and TOC ANOVAs were done separately. Sixty percent of 
the data could be assigned into TOC/H20 pairs. The residuals fiom the ANOVA fits for these 

3.1 1 



pairs were used to calculate the correlation estimate. The estimated value was 33%. This 
parameter estimate also has uncertainty associated with it as do the TOC and H,O mean 
estimates. The uncertainty is considered negligible because of the large number of observations 
used to calculate it. 

Monte Carlo Simulation 

Once the distribution parameters have been specified using estimates from the ANOVA, 
the reactive waste estimates can be made for each W l a y e r  combination. This is done by 
integrating the H,O/TOC distribution over the reactive waste region specified as by 

where f(&, XTw) represents the distribution of H,O/TOC values in a tank, A is the set corres- 
ponding to the reactive waste region, and R is the estimate of reactive waste fraction for the tank. 

Using the assumption of lognormality, the estimate of reactive waste becomes 

where 

1 

The means and standard deviations (i.e., p's and a's) in the distribution specified above 
were obtained from the ANOVA fits. These means and standard deviations are estimates them- 
selves and therefore have uncertainties associated with them. Since these parameters are not 
known, the reactive waste estimate (R) for each tank has an uncertainty and distribution asso- 
ciated with it also. A Monte Carlo calculation is used to estimate the distribution of R 
empirically. 

A posterior distribution is derived for each TOC/H,O distribution parameter (pmo, pTw, (3 

I120, aTW) from the results of the ANOVA. The mean distributions are conditioned on the 
variance distributions, so there is a dependence between pmo and (5 IIzo distributions and also a 
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dependence between pTW and aTW distributions. However, the H,O parameter distributions are 
assumed independent of the TOC distributions. The validity of this assumption was not checked. 

Each distribution is divided into 1000 equal probability area bins. A center probability 
point is taken from each bin to provide 1000 pairs of TOC parameters (,L+~, aTW) and 1000 pairs 
of H20 parameters (pm0, orno). The TOC parameter pairs and H20 parameter pairs were 
randomly ordered to obtain 1000 sets of four parameters each. Each set of parameter estimates is 
fed into the TOC/H20 distribution, and the fraction of reactive waste is calculated by integrating 
the distribution over the reactive waste region. The 1000 estimates of reactive waste are used to 
specifl the reactive waste fraction distribution for each tank empirically. 
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4.0 Analysis of Results 

This section describes the results of the risk analysis that was performed for each of the 
tanks according to the criteria developed for this purpose. 

. 4.1 Base-Case Results 

This study evaluated the event frequencies associated with each tank for the three event 
severityhonsequence classes that represent an undesired outcome (Le., HEPA failure, dome 
failure, and dome failure with continued release). Ideally, these criteria would be defined and 
agreed upon by DOE-RL, regulators, and others. The results of this analysis were then compared 
to three risk thresholds: 1 0", 1 0", and 1 0-2 events per year. The thresholds are adapted from the 
Nonreactor Facility Safety Manual (WHC 1989,1995). Evaluating the tanks in this manner 
provides a spectrum of the potential event frequencies and consequences for each tank. 

Table 4.1 shows the results of the base-case analysis for each tank by event severity 
consequence. For each event scenario, the frequency of the event is listed along with the results 
of the comparison to each of the frequency thresholds. One-hundred-thirty-eight SSTs were 
evaluated in the analysis (the remaining 1 1 were not considered, as described in Section 3.3.1). 
For the most stringent frequency/consequence threshold, HEPA failure evaluated at the loa 
threshold, 53 of the 138 tanks evaluated were at or below this threshold (passed the criterion). 
The number of tanks meeting the threshold for this event increases dramatically to 126 when 
compared to 10"'. Evaluating the frequency of the dome failure event shows 70 and 130 tanks at 
or below the thresholds of 1 0" and 1 O"', respectively. The dome failure plus continued release 
event severity eonsequence results in 89 and 132 tanks at or below the thresholds of lo4 and lo"', 
respectively. All tanks are below the 
considered. Forty-seven tanks had calculated frequencies of 0 for the most stringent criteria, 
which can be construed as less than approximately 10'" and considered "extremely low risk" for 
the purposes of this analysis. 

threshold for each event severity consequence 

A Watch List of 20 tanks has been established in accordance with Public Law 10 1-5 10, 
Section 3 137, "Safety Measures for Waste Tanks at H d o r d  Nuclear Reservation" (1 990), and is 
documented in the Waste Tank Summary Report (Hanlon 1997). Tank AX-102, which is on the 
Organics Watch List, has the highest calculated frequency for all three event scenarios. Eight of 
the remaining tanks on the Organics Watch List also do not meet the most stringent threshold 
considered in this analysis (S-103, SX-106, TX-105, TX-118, U-103, U-105, U-106, and U-111). 
The tanks on the Organics Watch List are shown in italics in the table; nine of these tanks, 
however, have fiequencies at or below the most stringent threshold of this analysis (A-101, B- 
103, S-102, S-1 11, T-11 1, TY-104, U-107, U-203, and U-204). And eight of the tanks on the 
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Table 4.1. Tank-by-Tank Base-Case Risk Results for Three Event Severity Consequences 

4.2 



Table 4.1 (contd) 
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Table 4.1 (contd) 
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list have extremely low calculated frequencies according to this analysis (all but S-102).'") Note 
that Tanks C-102 and C-103 are on the Organics Watch List but were among the 1 1 SSTs not 
considered in this analysis. 

Figure 4.1 shows the frequency of an event of sufficient energy to burst a HEPA filter for 
each tank as a function of the number of observations of TOC for that tank. The results show 
that, in general, the frequency is greatly reduced by having additional information about the tank 
contents. This emphasizes the fact that one of the greatest contributions to risk is the lack of 
knowledge about the key factors controlling the likelihood and magnitude of a undesired reaction 
in the organic-nitrate mixture. 

The risk, measured as the calculated frequency of the three event severity consequences, 
is plotted in Figure 4.2 for the 24 tanks with the highest frequency of dome failure plus potential 
continued release of tank contents. These results confirm the expectation that using a lower 
threshold screening criterion (frequency of a HEPA filter failure) identifies those tanks with the 
risk as the highest likelihood of more significant events. The group of tanks with HEPA failure 
risks greater than 9E-05 includes the 10 tanks with highest frequencies of dome failure plus 
potential continued release. 

To consider whether waste depth can be used as a controlling parameter, the frequency of 
a dome failure plus potential continued release event is plotted versus depth for tanks with a 
depth of a meter or less (Figure 4.3). There are 46 such tanks for which there are 68 observations 
of moisture levels and 38 observations of TOC in the data set. None of the 10 tanks with less 
than 0.25 m of waste show measurable dome failure plus potential continued release frequency. 
Likewise, all 10 show low risk values for HEPA failure events (less than 3E-05 per year). Of the 
remaining tanks in the set of 46, the three that show the most significant values in the figure are 
all from the tank group characterized as having the potential for high organic salt contents. 
Hence, for tanks in the other groups, one can consider those with one meter or less to be of 
acceptably low risk, especially if there is at least one measurement from the tank, and that 
measurement confirms the expectation of low risk. 

Evaluation of surface moisture as a controlling parameter for organic-nitrate events is 
shown in Figure 4.4. The plot of dome failure plus potential continued release frequency versus 
the mean surface moisture as calculated by the ANOVA methodology shows that tanks with 
greater than 45% moisture show no significant risk. Only tanks with at least one observation of 
moisture are included in this plot. To allow more detail, Tank AX-102, with a frequency of 
8E-04 and 30% moisture, is excluded from this plot. As discussed previously, Tank AX-102 has 
the highest calculated frequencies for all three event severity consequences and therefore is the 
highest-risk tank for this safety issue. 

(a) Tanks A- 10 1, S- 1 1 1, and U- 107 were determined to need controls to ensure safety in Colson 
et al. (1 997), which used a similar analysis approach. 
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4.2 Scenario Analysis 

Scenario analyses were formulated and studied to analyze the robustness and flexibility of 
the result. Several scenarios were considered and are described in the next sections. 

4.2.1 Energy Speciation of TOC 

Because the amount of information concerning the actual chemical species composing the 
TOC is extremely limited, one of the major assumptions employed in the base-case analysis is 
that all of the TOC behaves in a manner similar to acetate. To evaluate the sensitivity of the 
frequency results to different chemical speciation of the TOC, we used available data from three 
double-shell tanks, SY-101, SY-103, and AW-105, and 23 SSTs. 

The hazards associated with an organic-bearing waste are directly related to the energy 
that can be released when the organics and the nitrogen-based oxidants react. Because of the 
difficulties of directly and accurately measuring the energy that will be released by a waste when 
a propagating reaction occurs, Hanford has used TOC, a fairly easily measured quantity; as a 
measure of the potential energetics of a waste. 

Hanford processes used a wide variety of organics that eventually became part of the 
waste streams that are stored in the underground tanks. In addition, reactions between the 
organics introduced into the waste and other components in the wastes, including radiolytically 
generated oxidants, have changed the nature of the organics present in the wastes. In general, 
these aging reactions will result in a less energetic organic or inorganic carbon species (Camaioni 
et al. 1994; Barefield et al. 1996). Of the aging products, oxalate is the least energetic (per gram 
of carbon) organic species, and carbonate is the least energetic overall carbon species with 
respect to oxidation. 

Energetics can be directly related to TOC (Burger 1995) if the identities of the organics 
are known and if we assume a reaction mechanism. The Project Hanford Management Contrac- 
tor chose acetate as the representative organic and nitrate as the representative oxidant to 
estimate waste energetics; assuming the most energetic reaction between acetate and nitrate in 
the absence of hydroxide provides a conversion factor of 27.1 kJ per gram of carbon. The 
amount of energy per gram of carbon that is produced by a reaction between an organic and 
nitrate andor nitrite in the absence of hydroxide is directly dependent on the identity of the 
organic assuming the same reaction pathways. If the organic carbon were oxalate the conversion 
factor for the maximum nitrate reaction would be 7 kJ/g TOC, and if the organic carbon were 
HEDTA, one of the complexants used at Hanford, the comparable conversion factor would be 
30.9 kJ/g TOC. Unfortunately, identiQing the organics in Hanford wastes requires elaborate, 
non-routine analytical methods, and some of the analytical procedures are still being developed. 
Fortunately, some organics, particularly oxalate, have been identified for some wastes, though 
not routinely. 
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Because a variety of organics with a wide range of potential maximum energetics exist in 
the Hanford organic-bearing wastes, and because it is difficult to directly measure waste 
energetics, we must rely on measurements that can be directly or indirectly related to energetics. 
The TOC measurement, although fraught with difficulties, provides a direct path for estimating 
the energetics of a waste with a known TOC content. The current approach used to estimate 
energetics for a waste with a known TOC is to use the conversion factor (k) for the maximum 
energetics acetate and nitrate reaction in the absence of hydroxide (27.1 kJ/g C). This may or 
may not provide an accurate estimate of the waste's maximum energetics. 

The estimate of the maximum waste energetics based on TOC can be improved by 
knowing the identity of the organics and their individual contribution to the TOC in the waste. 
From this information, the factor, k, to convert TOC to energetics can be calculated based on the 
energetics for each individual organic component of the TOC and an assumed reaction pathway 
(Burger 1995) (see Equation 4.1). 

where A G d i ] g  Co,stil is the enthalpy change on a carbon (C)  basis for organic@, and g Corgci]g 
TOC is the contribution of organic (i) to TOC; organic (i) could be EDTA,  acetate, or any other 
organic contributing to the organic carbon in the waste. Table 4.2 provides the individual 
conversion factors for each organic species identified by Campbell; the enthalpy changes 
provided are fiom Burger (1995) and supplemented by Burger for missing compounds. 
Information on the identities of organics in wastes is limited. The identities of about 90% of the 
organic species in wastes have only been reported for Tanks SY-101 and SY-103 by Campbell et 
al. (1 994% 1994b, 1994c, 1995,1996), who have been characterizing organic-bearing wastes. 
Additional information about organic speciation will be available in late 1997; partial 
information about organic speciation, oxalate, is available for (26) tanks (Carlson 1997). 

Table 4.2. Energetics Conversion Factors for Organic Species(") 

A H, kT/g C 

Organic Species 

IDA NTA Citrate ED3A EDTA E D T A  Succinate Glycolate Formate Acetate Oxalate 
Yitrate 25.50 24.30 20.30 29.80 27.90 30.90 22.80 20.70 14.20 27.10 6.95 

Oxidant 

Nitrite 132.70131.10/ 26.101 38.001 36.701 40.101 29.601 26.601 18.701 34.801 8.88 
,'a) Identified by Campbell et al. 1994a, 1994b, 1994c, 1995, 1996. 
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To illustrate how improved knowledge of the identity of the organics in wastes can affect 
waste energetics and thus the associated risk that organic-bearing wastes pose, the resolution 
team used the organic speciation data provided by Carlson (1 997) and Campbell et al. (1 994% 
1994b, 1994c, 1995,1996) to estimate TOC to energetics conversion factors using three 
approaches (see Table 4.3 for distribution of non-oxalate organics). In general, the organic 
species distribution used to calculate the conversion factor, k, using Equation 4.1 was based first 
on the oxalate contribution, and any residual non-oxalate organic carbon was distributed based 
on Campbell’s Tank SY-101 and SY-103 data. Carlson provided the team additional oxalate and 
TOC data from the TCD after his report was published. 

Three sets of conversion factors were calculated: 1) for each of the individual tanks 
having oxalate information, 2) based on the average for all 26 tanks with surface and subsurface 
oxalate information, and 3) based on the average oxalate fraction for each HeaslerMeacham tank 
group (Meacham et al. 1997). The first set of conversion factors was applied to only the tanks 
with available oxalate information. The second set of conversion factors for the surface and 
subsurface was applied to all 149 tank wastes using TOC generated by ANOVA. The third set of 
conversion factors composed of the average for each HeaslerMeacham group was applied to 
each ANOVA TOC estimate depending on which group the tank belonged to. Table 4.4 provides 
the calculated conversion factors for nitrate and nitrite oxidants for each tank, each group, and 
the average for all of these tanks. 

Only the nitrate conversion factors were used in this scenario test; however, further 
exercises should partition the oxidant based on tank information and use both the nitrate and 
nitrite conversion factors for tanks showing significant risk, given the roughly 30% higher 
conversion factors for nitrate. 

Comparing the TOC-to-energy conversion factors for nitrate presented in Table 4.4 with 
that for acetate finds a substantially lower conversion factor when organic speciation is used. 
Table 4.5 shows the expected reduction in calculated event frequencies when the smaller 
conversion factors are applied. This indicates that increased knowledge about organic speciation 
can reduce the estimated energetics for a particular waste. Thus an important result of this work 

Table 4.3. Distribution of Non-Oxalate Organics 
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Table 4.5. Number of Tanks with Calculated Frequencies Less Than Threshold 
Criteria by Speciation Case 

Group Average Speciation - 
(controlled initiators) 

Scenario HEPA Failure 

3ase Case 53 126 138 
Site Average Speciation - 87 133 138 
:uncontrolled initiators) 
Site Average Speciation - 137 138 138 
:controlled initiators) 
3roup Average Speciation - 94 133 138 
uncontrolled initiators) 

Dome Failure 
lo4 I lo4 I lo-2 

is to point out the high potential for risk reduction from a more thorough analysis by using, for 
example, speciation data obtained directly for each waste type (tank group) and by including 
both nitrate and nitrite data in the model. We also find that the risk ordering is not substantially 
altered by the consideration of organic speciation. Inclusion of speciation data results in 
insignificant relative ordering of the tanks in Table 4.1. Thus, the risk-based prioritization of 
actions (characterization, remediation, or controls) for risk resolution (if required by risks 
exceeding acceptable thresholds) remains valid. 

4.2.2 Mitigation Scenario Analysis 

Three strategies were proposed as potential methods for reducing the risk associated with 
an organic-nitrate reaction in Hanford’s SSTs. The first strategy would be to control the 
initiators or events that cause a reaction to start; the other two would be to change the 
characteristics of the waste either by adding moisture or by reducing the energy content of the 
waste, thus reducing the reactivity of the waste. Following the discussion of all mitigation 
scenarios, the effect of their application will be discussed (Section 4.2.4). 

4.23.1 Control Ignition Sources 

Risk Assessment for Condensed-Phase Organic-Nitrate Reactions in Hanford Single- 
Shell Tanks paling et al. 1997) identified organic-nitrate initiating events and quantified the 
frequency of these events. The initiating events were determined by evaluating tank farm 
activities and natural phenomena for events that were energetic enough to initiate a reaction and 
would come in contact with the waste. Estimates were developed for both “mitigated” and 
“unmitigated” initiator frequencies. These frequencies are listed in Table 4.6. Mitigation of 
initiators could include such items as limiting access to the tank farms, revised operating 
procedures, and installing equipment to prevent the event. (For further explanation of the 
development of initiator frequencies, see Section 6 of Daling et al. [ 19971.) The current project 
scope did not include or evaluate these frequency estimates. 
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Table 4.6. Organic-Nitrate Initiator Frequencies 

Type of Initiator 
~ ~ ~~~ 

Failed video or still camera lights 

Slag or hot metal fiom welding or 
torch cutting activities 

Vehicle fuel fire 

Rotary core mode drilling 

Lightning strike 

Flammable gas burn 
- Seismic 
- Other sources 
- Total 

Bulk waste heatup 
(Tank C- 106 O ~ V )  

Unmitigated Frequency Mitigated Frequency 
(per SST-yr) (per SST-yr) 

1.80e-02 I 7.20e-05 

2.70e-02 1.1 Oe-04 

~ ~- 

3.30e-03 1 -  3.40e-06 

2.70e-02 I 2.20e-05 

2.50e-06 I 1.30e-06 

1 .Oe-04 
8.3e-04 
9.3 e-04 

5 .Oe-06 
1.2e-04 
1.3e-04 

2.00e-03 I 2.00e-01 

4.2.2.2 Add Moisture to Waste 

Adding moisture has been postulated as a possible mitigation strategy for organic-nitrate 
reactions. Moisture could be added using a number of fairly well-understood methods including 
sprinkler systems and humidifiers. The addition of moisture is assumed to increase the average 
water content of the waste and to decrease the spatial variability of the water content. It is 
assumed to act both on the surface of the waste and in the subsurface; however, it is assumed to 
be more effective on the surface. The effect of moisture addition on the probability of having a 
given amount of reactive waste was estimated by adjusting the input parameters to the reactive 
waste estimate. The method used to adjusted input parameters for the reactive waste estimate, 
described below, assumed that only the surface of the waste would be affected. The surface input 
parameters to the reactive waste estimate were set to 30% for mean moisture, 10% for spatial 
variability, and 10% for uncertainty (RSD). 

4.2.23 Reduce Energy Content of Waste 

Another mitigation strategy is to reduce the energy content of the waste. A potential 
method for performing this action would be to process the waste through the evaporator, causing 
thermal degradation of the TOC as in the past. This is also another way of considering the 
effects of natural waste aging. The method for determining the effect of purposefully reducing 
the energy content of tank waste is to assume that the energy content would be reduced on both 
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the surface and subsurface but that the reduction in the surface waste would be greater than in the 
subsurface waste. To estimate the potential effects of energy reduction on reactive waste 
volumes, the median TOC value was reduced by 50% and the uncertainty for the surface set to 
25% while the uncertainty for the subsurface waste set to 50%. 

Table 4.7 shows the summary results of the comparison of the mitigated tank frequencies 
to the threshold criteria for each event scenario. The base-case summary has been included in 
this table to facilitate comparisons. Reducing the energy associated with the TOC and control- 
ling the initiating events result in a significant increase in the number of tanks with calculated 
frequencies below the frequency thresholds. Adding moisture did not result in a similar 
reduction of frequency and, in fact, resulted in fewer tanks with calculated frequencies lower than 
the fiequency thresholds. This is probably due to the assumed effectiveness of the mitigative 
action and the randomness of the Monte Carlo simulations. 

4.2.3 Sampling Effects 

To assess the impacts of additional sampling on risk fiom uncertainty about tank 
contents, two case studies were performed assuming each tank with less than two observations 
was sampled. In two cases, it was assumed that two core samples were taken; in the other two, 
25 surface samples were presumed taken. The presumed results obtained fiom the additional 
samples were taken as equal to the mean values calculated in the tank contents estimate; there- 
fore; uncertainty is reduced. 

The impact of these assumptions is the reduced estimated uncertainty in the data since the 
values assumed were the predicted mean values. The most straightforward finding of this 
analysis is that the biggest contribution to the risk is the uncertainty in the information about the 
tank contents. Figure 4.1 (Section 4.1) showed that, generally, the calculated frequency . 

Table 4.7. Number of Tanks with Calculated Frequencies Less Than Threshold Criteria 
by Mitigative Action Scenario 

control Ignition mmm] Remediate and 
Control Ignition 138 138 138 138 
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decreases dramatically as the number of measurements of the organic contents increases. As 
uncertainty in the waste contents is reduced, the frequency of unwanted events will also drop for 
those tanks that turn out to have low amounts of reactive waste. Table 4.8 shows the number of 
tanks that have calculated frequencies at or below the specified threshold for each of the 
sampling scenarios evaluated. This table shows how reducing uncertainty reduces risk. 

High uncertainty in the contents of most tanks results from these facts: 1) tank contents 
show high spatial imhomogeneity, 2) few locations are available for sampling in each tank, and 
3) many tanks have not been sampled. 

Statistical grouping methods are relied upon to estimate the contents of each tank within a 
group of similar tanks. As a result, the estimates have high uncertainties, which translate to 
larger risks for tanks with few measurements. In fact, none of the waste samples obtained to date 
represent material that would cause the sampled tank to be considered at risk of an organic- 
nitrate event if one could be assured that the entire tank contents have the same composition as 
the sample. 

4.2.5 Conclusions from Scenario Tests 

The overall finding from these tests is that the base-case estimates are conservative and 
that mitigation actions of the type considered can have a significant effect on risk reduction. 
Also, we see that one result of the application of the recommended strategy (Colson 1997) is a 
priority-ordered basis for selecting which tanks require mitigation actions, if any. 

Table 4.8. Number of Tanks with Calculated Frequencies Less Than Threshold Criteria 
by Sampling Effects Case 
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It is also useful to note the specific tanks that were the least responsive to risk reduction 
through application of the scenario tests (e.g., AX-102 and U-103). This provided yet another 
measure of those tanks that should be the highest priority for safety related actions, be they 
characterization, mitigation, or controls. 

4.3 Make Decisions 

Quantitative risk calculations provide valuable information for making difficult 
decisions under conditions of high uncertainty. Quantitative risk predictions allow 
prioritization of decisions about risk management. The preferred finding of any safety analysis 
would be that there is no significant risk to the health of workers or the public or to any programs 
that might be affected by a particular risk factor. Indeed, this has been determined to be the case 
for some factors (e.g., criticality and ferrocyanide) affecting safety risks associated with the 
Hanford waste tanks. However, it may not be possible to achieve this level of risk contribution 
fiom other risk factors without changing (or removing) the tank contents. Then, it is vital to be 
able to select the highest-value actions to be taken to manage the risk represented by those 
frequency factors that remain a concern. Quantitative evaluations of risk provide that tool. In the 
case studied in this report, the analysis focuses attention on a particular small set of tanks for 
action. 

Having a quantitative risk calculation allows one to evaluate approaches to risk reduction 
through formal value of information analyses, sensitivity or uncertainty analyses, or by con- 
ducting scenario tests by varying the inputs to the calculation. The results of each of these 
approaches were used in this report to develop a characterization plan for reducing the risks 
associated with the organic-nitrate safety issue. 

The greatest contribution to risk is uncertainty in knowledge. By far the largest 
contribution to the risk fiom this factor is uncertainty in knowledge about the waste contents and 
about their spatial distribution. Individual samples taken fiom the tanks do not show significant 
risk. Furthermore, with the exception of a few tanks, sampling and analysis results are found to 
dramatically reduce the estimated risk. 

Another contribution to the risk is the uncertainty in relating what is known about the 
tank contents (fiom historical records, sampling data, etc.) to risk. The inputs required by the 
risk calculation may not faithfully represent the information available. This is not just a 
difficulty with using a quantitative risk-based approach. It is the risk that must be managed, and 
if one cannot relate what is known about the tank contents to the risk of an explosion, for 
example, then actions must be taken, be they characterization work, the institution of operational 
controls, or remediation actions. The work in this report uses quantitative risk estimates to 
prioritize and focus these actions to optimize and accelerate their effects on risk reduction. This 
is a key characteristic of the recommended strategy that calls for an iterative approach to 
obtaining the understanding required to guide risk reduction and waste remediation actions. 
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5.0 Results and Conclusions 

This section summarizes the results of implementing the risk-based, focused decision 
management approach to justify characterization of Hanford tank waste. Conclusions are drawn 
and recommendations are made for further characterization. 

5.1 Analysis Summary Conclusions 

A tolerable set of risk criteria is crucial to classification of tanks. For instance, if a burst 
HEPA filter frequency of once every one hundred years is tolerable to the decision makers, then 
all 138 SSTs that were analyzed can be classified as acceptable. However, if the frequency must 
be reduced to less than once in a million years, then 85 tanks require either remediative action or 
additional characterization (remembering that information uncertainty is a major contribution to 
the frequency) to improve the reliability of that calculation. Choosing different acceptance 
criteria (from Table 4.1) would focus remediation and/or characterization actions on a different 
number of tanks. 

Analysis of the results on a tank-by-tank basis shows that a major contribution to the risk 
for many tanks may be the uncertainty about the estimates of tank contents, (Le., lack of informa- 
tion about tank contents). For example, there are 104 tanks for which there are fewer than two 
observations included in the data set. The contents of these tanks are estimated as being the 
average of the group to which they are assigned. There is a large uncertainty in the group assign- 
ments and therefore a large uncertainty in the tank contents estimates. To test the impact of 
obtaining additional data from these tanks, the analysis was repeated; and the uncertainty in this 
average value was reduced (for this test) to that found in tanks that have two or more measure- 
ments. The results (discussed in Section 4.2.3) indicate there are large effects fiom obtaining 
data from the unsampled tanks. While this is not a completely reliable prediction of the impact 
of additional sampling, since the actual contents of the unsampled tanks may well exceed the 
predicted value, the uncertainty will be significantly reduced by having sample data such that an 
estimate of risk will rely less on uncertainty and more on an estimated tank contents mean. 

The arrangement of tanks into groups that are expected to have similar contents is a vital 
element of the risk calculation. Only in this way can any statistically meaningll analysis be 
conducted given the small number of samples fiom any given tank. Thus we conducted the 
scenario tests using the various approaches to tank grouping (see Section 4.2.4). There are some 
differences among the ANOVA estimates and, by inference, the calculated organic-nitrate safety 
risk. Accounting for the uncertainty in the tank waste groupings and the grouping process will 
reduce uncertainty in tank contents estimates. 
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Another question remaining is the relation between the total amount of organic carbon 
and the energy content of the waste. The acetate representation of TOC is a very rough approx- 
imation. Unfortunately, few data exist on the distribution of chemical species in each tank. To 
consider the value of obtaining that type of information, speciation information was estimated 
according to the method described in Section 4.2.1. Most tanks showed reduced frequency with 
this approach, but a few showed higher fiequency because the surface material was predicted to 
have higher energy content and thus was easier to ignite by a surface source-the most likely 
ignition source. 

Compilter modeling, calculations, and analysis tools must be sound for the frequency 
calculations to be meaningfui. For this reason, a critique of these tools was conducted by Barry 
Wise of Eigenvector Research. The results were basically positive and are summarized in 
Appendix D. 

Both adding water and reducing the organic fuel content (either by waste aging or by 
some intervention) were considered as possible remediation actions. Adding water had a rela- 
tively small effect; only limited amounts of water could be added to SSTs because of possible 
leaks. A decrease in the energy content (as described in subsection 4.2.2.3) was seen to have a 
much larger effect. Thus this result and those of the speciation scenario point to the value of 
knowing more about the amount of energy stored in the organic salts and the potential for 
reducing that energy through chemical or radiochemical means. 

5.2 Plan Characterization 

As a result of this analysis, the following recommendations are made for planning future 
charaacterization activities: 

Take initial action to ascertain the risk of the 11 ungrouped SSTs. The 11 tanks in 
Table 5.1 have the most uncertainty associated with them, such that no risk calculations’ were 
made during this analysis. These 11 tanks must have characterization work performed so that 
their tank contents can be estimated and the risk for organic-nitrate reaction calculated as 
with the other 138 SSTs. It is important to note that characterization work can include 
laboratory experiments designed to increase our understanding of the physical and chemical 
phenomena of concern, tests on wastes or waste simulants, and studies of historical records as 
well as sampling and analysis work. 

Focus near-term characterizatwn work on the 12 tanks that show a predicted HEPAjZter 
failure rate in excess of IOE-Sper year. A large ftaction of the past sampling and analysis 
actions have focused (for reasons that may be fully justified for other events) on tanks 
thought to be at low risk of runaway organic-nitrite events. While that low risk was 
confirmed, what is needed to define the actions (if any) required to remediate this risk factor 
is more data about the higher risk group(s) of tanks. 
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Table 5.1. Tanks Not Currently Amenable to Grouping 

B-201 C-101 C-201 
B-202 C-102 C-202 
B-203 C-103 C-203 
B-204 C-204 

Table 5.2 shows the recommended prioritized order of SSTs for near-term characterization 
work. This list is in addition to the 11 tanks identified in Table 5.1 that were not included in 
this analysis because we lack the data necessary to estimate TOC and moisture amounts. The 
prioritization was performed on the 12 tanks having a calculated HEPA filter failure proba- 
bility of 1OE-05 or greater. Of these 12, the six with the highest probability of dome failure 
with continued release (the most severe event analyzed) greater than 1 OE-05 are listed first. 
The next three tanks have the highest priority of dome failure (second most severe event 
analyzed) greater than 1 OE-05. The last three tanks are listed in the order of their probability 
for HEPA filter failure. The effect of this prioritization method is to work initially on the 
tanks that have the highest calculated risk, considering both the potential consequence and 
the probability of each consequence. In this manner the highest probability and most severe 
event consequence tanks will be resolved first. 

Table 5.2. Prioritized Order for Near-Term Characterization Work 

Order Tank 

1 Ax-102 

2 Ax-101 

3 SX-106 

4 sx-101 

5 AX- 103 

6 TX- 1 04 

9 TX-118 

10 U-106 

11 A-102 

- 12 SX-103 
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Focus on the tank waste surface to accelerate resolution. The risk calculation shows that 
the highest contribution to event initiation comes from surface ignition. Therefore, under- 
standing the ignition capability of the tank waste surface area will reduce uncertainty in the 
margin of safety. In addition, better understanding of the surface ignition sources, their 
ability to ignite organic-nitrate reactive waste, the contents of the tank waste surface will go 
far in reducing the uncertainty component of organic-nitrate risk. 

Obtain data that will more directly demonstrate the energetic contents of the waste. The 
use of TOC measurements as an indirect measure of energetic contents introduces uncer- 
tainty, a major contribution to risk. Thus it would be very valuable to obtain data that not 
only directly measure the energetic contents of the waste but also calibrate the TOC data, 
making it possible to use the extensive TOC data more effectively. Unless a connection can 
be made to the body of existing data, any new measurements will need to be obtained several 
times in several tanks to obtain a reasonable approximation of the spatial distribution of the 
waste in the tanks of concern. 

Declare the following tanks as having extremely low risk and thus having no need of 
additional characterization in relatwn to this safety issue. Should an independent assess- 
ment of data quality (when performed) be confirmatory, the tanks in Table 5.3 can be 
declared to have extremely low risk. No additional characterization is required in relation to 
the organic-nitrate safety issue. Both the data uncertainty and the relation between the data 
and the information required in the risk calculation must be evaluated before making 
conclusive decisions about those tanks that show marginal or greater risk. 

Establish defensible risk criteria that are acceptable for decision making. Work with DOE 
to determine what risk criteria are acceptable for making decisions about characterization 
andor remediation actions. 

Perform an independent review of the data set to confirm quality in its application and use. 
Two issues will be addressed by this recommendation. First, since the existing model that 
relates TOC to waste energetics was not evaluated in this analysis, this basic presumption 
must be reviewed. In any case, the TOC measurements are used as an indirect measure of 
energetic contents, so at a minimum that uncertainty must be quantified and included in the 
risk evaluation. Ideally, a direct measure of energetics is preferred. However, unless a 
connection can be made to the body of existing data, any different measurements will need to 
be obtained multiple times in multiple tanks to obtain a reasonable approximation of the 
spatial distribution of the waste in the tanks of concern. Secondly, high confidence in the 
data used to complete an analysis must be maintained by a finalizing a data set of historical 
records that is stationary except for the addition of new data points fkom incremental 
characterization actions. 
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Table 5.3. Tanks with Extremely Low Estimated Risk for Organic-Nitrate Event 

A-101 B-103 B-106 B-109 B-110 B-1 11 

B-112 BX- 103 BX- 1 04 BX- 107 BX- 109 BX-111 

BX-112 BY-102 BY-106 BY-107 BY-108 BY-1 10 

BY-1 12 C-104 C-108 C-109 c-110 (2-112 

s-101 S-104 S-107 S-109 s-111 SX-108 

T-102 T- 104 T- 105 T- 107 T-1 11 TY-101 

TY- 1 02 TY-103 TY- 104 TY- 1 05 TY-106 U-107 

u- 108 U-109 u-201 U-203 U-204 
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Appendix A 

Implementing the Recommended Strategy 

This project addresses the limited implementation of the strategy recommended by 
Colson et al. (1 997) and shown in Figure A. 1 for the organic-nitrate safety issue in Hanford 
radioactive waste tanks. The recommended strategy calls for using 1) structured logic techniques 
to describe the safety issue and 2) decision analysis methods (e.g., risk assessment, uncertainty 
evaluation, sensitivity analyses) to assess the cost and risk of following one approach rather than 
another. The recommended strategy helps identify critical data and modeling uncertainties 
whose resolution is the foundation for implementing technically defensible waste characteriza- 
tion studies. Scope and schedule prevented the full implementation of the recommended 
strategy. Following are the most significant features of the full strategy that were not employed: 

A value of information analysis requiring information about the value of information for 
other safety and operations issues. Such information was not available. 

A quality assurance committee to validate the quality of the data and to determine that the 
data used faithfully represented the information required by the models used in the 
analysis. To meet scope and schedule constraints, we used the best data and models 
available fi-om the Project Hanford Management Contractor (PHMC) as of June 1997. 

Full participation of a resolution team involving non-contractor experts as needed to 
implement the most defensible solution. Premature termination of project funding led to 
a restricted role for the members of the resolution team who were not stafT of Pacific 
Northwest National Laboratory (PNNL,) in the final disposition of the work. 

Implementing the recommended strategy required organizing a resolution team to 
evaluate the safety issue and to design a characterization plan according to the strategy developed 
in Colson et al. (1 997) for each of the Hanford SSTs. In addition to the resolution team, the 
recommended strategy calls for an independent peer review of the results (which was not 
included in the work scope) and a Data Quality Assurance Team (which was not in the work 
scope) to assure the resolution team that the data being used provided a meaningful measure of 
the parameters in the reaction model as represented by the structured logic diagram of the 
phenomena being evaluated. 

As noted, the scope did not allow the full application of the recommended strategy. 
Given this limited scope, the same input data set being used by Hanford’s Tank Waste Safety 
Project (Meacham et al. 1997) were used so that the safety issue and tank-by-tank recommended 
characterization plan could be compared directly. The work scope was further limited by the 
change in funding fiom direct to overhead. At that juncture, the resolution team was reduced to 
key stafffrom PNNL. 

. 
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Figure A.l. Recommended Strategy 

A.1 Project Objectives 

The objectives of the project are to use existing information about the tank contents to 
classify each tank according to its organicaitrate risk and to prepare a characterization plan using 
the results of this analysis. 

Analyzing the uncertain@ in the information and calculations and their sensitivity to types 
of information about the waste will lead to developing a characterization plan designed to reduce 
the uncertainty in making sound decisions about any actions required to mitigate this safety issue. 
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The role of characterization work is to allow the classification to have sufficient certainty to 
enable action with confidence. Characterization work will be justified by its value compared 
with the costs of mitigation and control options. Full justification of characterization actions 
requires integration across all needs for such information. It may to too costly, relative to a 
mitigation action, to obtain a particular piece of information unless it also addresses other safety 
or operations issues as well. Since this analysis did not address all needs for characterization 
work, the analysis will be limited in that respect. 

A.2 Analysis Process 

A resolution team of specialists was recruited fiorn PNNL, other Hanford contractors, 
universities, and industry to address the perceived technical issues (see Table A. 1). The team 
met on November 16-1 7,1996, to define the current understanding of the organic-nitrate safety 
issue and to plan the initial work. It was decided to apply the strategy to a small set of repre- 
sentative tanks to establish the nature of the technical problems that would need to be addressed 
before evaluating the risks for all tanks. 

The process to be followed, as dictated by the recommended strategy, involved the steps 
shown in Figure A.2 in a phased approach. These steps are described fully in Colson et al. 
(1997) and summarized below. 

Table A.l. Resolution Team for Organic-Nitrate Safety Issue 

External Members 
Name 
Gene Ashby 
David Leggett 
Fftancon Williams 
Barry Wise 

Expertise 
Organic Chemistry 
Thermodynamics 
Radiation Chemistry 
Statistics/Sampling 

Aflliation 
Georgia Institute of Technology 
Hazard Evaluation Labs 
University of Tennessee 
Eigenvector, Inc. 

PNNL Members 
Valeria Hunter, Team Leader 
Gailann Rice 
Tom Ferrymau 
Randy Scheele 
Leon Stock 

RiswDecision Analysis 
Project Assistant 
Statistics/Sampling 
Thermodynamics 
Organic Chemistry 

PNNL Ex Officio Members 
Steve Colson 
Roy Gephart 
(Jiri) Art Janata 
Larry Morgan 

m r .  
Jim Chinnis 
Jake Ulvila 

Decision Science 
Decision Science 

Decision Science Assoc. 
Decision Science Assoc. 
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A.2.1 Define Desired Outcomes 

It is important to keep the complexity of acceptable risk as simple as possible and yet 
capable of providing information of s a c i e n t  quality for decision making. In this case, we 
decided that an event that caused any significant amount of hazardous material to be ejected from 
the tank would be considered unacceptable to DOE, the Hanford workers, and the public whether 
or not it was widely dispersed. Thus it is not necessary to include consequence calculations such 
as dosage to onsite or offsite personnel in the risk analysis, which greatly reduces the uncertainty 
in the results. The focus will be on minimizing the risk of smaller-scale events to provide pro- 
tection from larger-scale versions of the same phenomena. The resolution team also decided to 
develop a model of the organic-nitrate explosion phenomena in an iterative manner, evolving its 
complexity (and information requirements) only to the extent needed to support sound decision 
making. This leads to the identification and quantification of parameters that, if known with 
sufficient accuracy, could be used with assurance to classify a tank as having extremely low risk 
(or not). For example, if most of the waste is water, it cannot be caused to burn and explode by 
oxidation of the organic components. Likewise, if the amount of waste is sufficiently small, it 
cannot contain enough energy to breach the tank containment, because empty tanks cannot 
explode. 

A.2.2 Determine Paths to Success 

Structured logic is to be used to develop a description of phenomena that might lead to an 
explosion caused by reactions of the organic salts (fuels) and the nitrates and nitrites (oxidants) 
stored in the tanks. Structured logic is a technical analysis tool for documenting the options for 
resolution of the problem, the means to calculate the risk of the reaction, and the associated 
information needs. 

. 

A.23 Justify Information Needs 

The risk is the product of the probability of the contents being in a hazardous (explosive) 
state and the frequency of the event initiators (e.g., sparks). The .risk calculation also estimates 
the frequency of any likely initiation sources. Initially, existing information is used for the risk 
calculation. Then, for those tanks having unacceptable risk, obtaining additional information 
will be considered as a means of reducing uncertainty (and thereby reducing risk). 

A.2.4 Integrate Requirements and Plan Characterization 

Having completed the work outlined for the first phase of the project, the resolution team 
met on January 30-31, 1997, to evaluate the Phase 1 results and plan the work for project 
completion. The resolution team considered the overall model as represented in the structured 
logic diagram and found it technically sound. Questions were raised about both data quality and 
the validity of various assumptions or approaches used with the overall representation of the 
phenomena. These questions were to be addressed or defined as uncertainties to be considered in 
the characterization plan. One approach to addressing these questions was to conduct tests of 



scenarios related to 1) the effect of additional data on “unsampled” tanks, 2) the sensitivity of 
the results to tank grouping approaches, 3) the effects of degradation of the organic components 
of the waste, and 4) the effects of remediation by addition of water or reduction of the amount of 
organic material in a tank. Formal decision analysis tools, including uncertainty and value of 
information analyses, were then to be used to prepare a characterization plan for those tanks for 
which reducing the uncertainty in the input information was expected to be more valuable than 
taking remediative actions. 

A.2.5 Collect Data 

The full implementation of the recommended strategy calls for a careful and independent 
evaluation of the information provided by the PHMC-how accurate are the data and how well 
do they represent the information requirements of the reaction mechanism description. Because 
of funding and time limitations, the project leaders were unable to implement this element of the 
strategy. The best approach available to the resolution team was to use the information available 
for the 1997 Organic Complexant Topical Report (Meacham et al. 1997), which should represent 
the best understanding of this organic-nitrate safety issue from the perspective of the PHMC 
team. Using the same information will also provide for a direct comparison of the results of this 
analysis and that reported in Meacham et al. (1 997). Data collection is discussed in Section 3 of 
the main report. 

A.2.6 Process, Manage, Validate, and Model Data 

A complete risk-based analysis was performed for 138 of the 149 SSTs. Eleven SSTs 
were not considered in this analysis because their waste is so diverse that there was no basis for a 
statistical analysis to estimate their contents or determine the uncertainties. Data processing, 
management, validation, and modeling are discussed in Section 3 of the main report. 

A.2.7 Make Decisions and Take Actions 

The results of the analysis are discussed with reference to a “base case” calculation 
wherein all organic carbon is assumed to be sodium acetate. Various scenarios were proposed 
and analyzed to determine the flexibility and robustness of the recommended solution, including 
speciation of the organic carbon, mitigation scenarios, and additional sampling. The base-case 
analysis and the scenario analyses are discussed in Section 4 of the report. 

A.2.8 Plan Characterization 

The results of this Phase 2 work were being analyzed when PNNL was asked to stop 
work by DOE (for reasons given in Figure A.3, Stop Work Order). Because this work was 
providing information about an important safety issue, PNNL management decided to complete 
the project with an effort that was reduced in scope but sufficient to provide a draft report of the 
primary conclusions of the analysis. The resolution team was reduced to key PNNL staff. At 
this time, the information being provided about the tank contents was also under refinement by 
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Department of Energy 
Richland Operations Office 

P.O. Box 550 
Richland, Washington 99352 

97-WSD-083 APR 0 4 lS!3F 

Director  
Paci f i c Northwest Nati onal Laboratory 
Richland, Washington 99352 

Dear S i r :  

CONTRACT NO. DE-AC06-76RL01830 - PNNL DIRECTED CHANGE TO THE FISCAL YEAR 1997 
WORK PLAN 

PNNL i s  directed t o  s t o p  a l l  work on the  Safety Issue Resolut ion and 
Characterization Demonstration Project. The reason for this work stoppage i s  
t h e  recognition t h a t  the  basic approach outlined by PNNL in t h e  "Outcome-Based 
Strategy f o r  Tank Waste Management: A Risk, Technical and Economic Basis f o r  
Characterization o f  Hanford S i t e  Tank Wastes," PNNL-11231, i s  b e i n g  
incorporated in to  the Data Quality Objective o f  o u r  Organic Complexant 
Program. 

R L  recognizes t h a t  t he re  may be some close o u t  charges associated w i t h  t h i s  
work stoppage. 
charges. 

Please submi t  a change request i f  there  a r e  additional 

I f  you have any questions,  please contact Jim Poppiti,  on 376-4550. 

Sincerely , 

A - k  I) 
Theodore N .  Turpin, Jr. 

WSD : JAP Contracting Off icer  

. cc: S. D .  Co l son ,  P N N L  . 
6.  0. Shipp, PNNL 

Figure A.3. Stop Work Order 
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Appendix B 

Structured Logic Diagram for the 
Organic-Nitrate Safety Issue 



NOTICE 

Page(s) size did not permit electronic reproduction. Infor- 
mation may be purchased by the general public from the 
National Technical Information Service, U.S. Department of 
Commerce, Springfield, VA 22161 (Area Code 703-487-4650). 
DOE and DOE contractors may purchase information by con- 
tacting DOE’S Office of Scientific and Technical Information, 
P.O. Box 62, Oak Ridge, TN 37831, Attn: Information Services 
(Area Code 423-576-8401). 
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Appendix C 

Initiator Frequencies for Organic-Nitrate Waste 

This document shows the derivation of ignition probability incorporated in the organics 
risk model. The list is assumed to encompass all of the ignitors for the solid organic-nitrate rapid 
propagation. It was assumed that: 

1. 

2. 

3. 

4. 

5. 

the video camerdlight ignitor is a point source that could ignite only dry surface 
reactive waste 

the torch ignitor is a non-point source that could ignite damp or dry surface 
reactive waste 

the cutting ignitor is a point source that could ignite only dry surface reactive 
waste 

the vehicle fuel fire ignitor is a non-point source that could ignite damp or dry 
surface reactive waste 

the rotary mode core drilling upset ignitor is a point source that could ignite any 
reactive waste (surface or subsurface, damp or dry) 

6. lightning will find and ignite any reactive waste (surface or subsurface, damp or 
dry) 

7. 

8. 

9. 

the flammable gas ignitor will find and ignite dry surface reactive waste 

solvent fires will find and ignite damp or dry surface reactive waste 

bulk heating will find and ignite any reactive waste (surface or subsurface, damp 
or dry), but it applies only to Tank C-106. 

The frequency of ignition by a point source is the ratio of the volume of material that 
could be ignited to the volume of all waste in the appropriate region of the tank then multiplied 
by the appropriate initiator frequency. The frequency of ignition by a non-point source depends 
on the “footprint” of the source. A detailed analysis of this is shown on the last page of this 
appendix. The general formula is shown for each component of the ignition frequency. This is 
first reduced to the terms of the standard inputs to the model and then to the current 
“unmitigated” values of those inputs, where available. The total frequency of ignition is 
calculated as the sum of its component probabilities. This treats ignition sources as mutually 
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exclusive. It is a reasonable approximation if component probabilities are small. A table of 
“unmitigated” and “mitigated” frequencies for the ignitors follows the calculation of ignition 
probabilities. A diagram describing the treatment of non-point sources is on the last page. This 
treatment of ignition is in the risk model. Table C. 1, which contains a list of organic nitnate 
initiator frequencies, follows the figure. 

Let 

the total volume of reactive waste in m3 (input) 
the total volume of waste in the tank in m3 (input) 
the diameter of the tank in m (input) 
the fraction of reactive waste that is at the surface (input) 
the fiaction of surface reactive waste that is dry (-3% wt. moisture)(input) 
the depth of the surface in m (input), currently set at 20 cm = 0.2 m 
the radius of the vehicle fuel fire’s footprint in m (input), currently set at 2.0 m 
the radius of the torch’s footprint in m (input), currently set at 1 .O m 
the volume of reactive waste at the surface in m3 = F,R 
the volume of dry reactive waste at the surface in m3 = F,FsR 
the total volume of surface waste in m3 = nD213/4 
the radius of the tank in m = D/2 
the radius of the surface reactive waste in m 
the radius of the dry surface reactive waste in m. 

Then 

R = nrs:h 
rsr = [Rs/(nh)]” 
rsr = [F,IU(nh)]” 
& = nr&:h 
rdr = W(nh)]’” 
r, = [F,F,R/(.rch)]” 

C.l Ignition Frequency 

The equation used to calculate ignition frequencies is in the following form: 

Fognition) = F(e1ectrical ignites) + F(torch ignites) + F(cutting ignites) + F(vehic1e fuel 
fire ignites) + F(rotary mode core drilling upset ignites) + F(1ightning 
ignite) + F(flammab1e gas ignites) + F(so1vent fire ignites) + F(bulk 
heating ignites) 
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where 

F(e1ectrical ignite) = F(e1ectrical) P(electrical hits dry surface reactive waste) 
= F(e1ectrical) Min {l.O, %/w,> 
= F(e1ectrical) M h  { 1 .O, FdF,w(ltd2h/4)} 
= F(e1ectrical) - Min { 1 .!I, FdF,R/(nd2h/4)} per tank-year 
= F(e1ectrical) Min { 1 .O, FdF,R/(0.2 zd2h/4)> per tank-year 

F(torch ignites) = F(torch) P(torch hits surface reactive waste) 
= F(torch) * Min { 1 .O, x(rX + rton,J2/(nr:)>, if R, > 0; = 0, otherwise 
= F(torch) Min { 1 .O, ((F,R/(zh))” + rtOm,J2/(d2/4)), if F,R > 0; = 0, 

otherwise 
= F(torch) Min { 1 .O, ((F,R/(.nh))’” + rt0,,J2/(d2/4)> per tank-year, if 

F,R > 0; = 0, otherwise 
= F(torch) - Min { 1 .O, ((FSR/0.2z)” + 1 .0)’/(d2/4)} per tank-year, if F,R 

> 0; = 0, otherwise 

F(cutting ignites) = F(cutting) - P(cutting hits dry surface reactive waste) 
= F(cutting) Min { 1.0, %/w,> 
= F(cutting) - Min {l.O, FdFsR/(ltd2h/4)> 
= F(cutting) Min { 1 .O, FdF,R/(zd2h/4)) per tank-year 
= F(cutting) - Min { 1 .O, FdF,R/(0.2zd2/4)} per tank-year 

F(vehic1e fire) = F(vehic1e fuel fire) P(vehic1e fire hits d a c e  reactive waste) 
= F(vehic1e fuel fire) - Min { 1 .O, .n(r,, + rV)*/(.nrf)}, if R, > 0; = 0, 

otherwise 
= F(vehicle fuel fire) - Min { 1 .O, ((F,lU(nh))” + rV)’/(d2/4)>, if F,R > 0; 

= 0, otherwise 
= F(vehic1e fuel fire) Min { 1 .O, ((F,W(zh))” + rv)’/(d2/4)) per tank- 

year, if F,R > 0; = 0, otherwise 
= F(vehic1e fuel fire) - Min { 1 .O, ((FsRI(0.2n;)” + 2.0)2/(d2/4)) per tank- 

year, if F,R > 0; = 0, otherwise 

F(rotary mode core = F(rotary mode core drilling upset) P(rotary mode core drilling 
drilling upset ignites) upset hits reactive waste) 

= F(rotary mode core drilling upset) * Min { 1 .O, WW} 
= F(rotary mode core drilling upset) * Min { 1 .O, WW} per tank-year 

F(1ightning ignites) = F(1ightning) * P(lightning hits reactive waste) 
= F(1ightning) 1.0 
= (2.5E-06) per tank-year 
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F(fiammab1e gas 
ignites) 

= F(flammab1e gas) P(gas burn hits dry surface reactive waste) 
= F(flammab1e gas) 1 .O, if %, > 0; = 0, otherwise 
= F(flammab1e gas) per tank-year, if FdFsR > 0; = 0, otherwise 

F(so1vent fire ignite) = F(so1vent fires) * P(so1vent fires hit surface reactive waste) 
= F(so1vent fires) - 1.0, if& > 0; = 0, otherwise 
= F(so1vent fires) per tank-year, if F,R > 0; = 0, otherwise 

F(buk heating ignites) = F(bulk heating) * P(bulk heating hits reactive waste) 
= F(b& heating) * 1.0, if tank C-106; = 0, otherwise 

C.2 Effective Area of Ignition for Vehicle Fuel Fires 

The diagram of a tank cross-section (see Figure C. l), which shows the waste surface. 
A vehicle fuel fire is a non-point ignition source; it burns over an area shown in the diagram as a 
“gasoline footprint.” If any part of the gasoline’s footprint will ignite any part of the reactive 
waste at the surface, then its effective ignition area has radius re = r, -t r,. 

A similar analysis will apply to the torch footprint. Here, the gasoline footprint is 
replaced by the torch’s footprint. Hence, re = rsr + rmmh. 
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Figure C.1. Illustration of Tank Waste Surface Cross-Section 
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Table C.l. Organic-Nitrate Initiator Frequencies 

Unmitigated Frequency Mitigated Frequency 
(per SST-yr) (per SST-yr) Type of Initiator 

Failed video or still camera lights 11 1.8E-02 I 7.2E-05 

Slag or hot metal fiom welding or 
torch cutting activities 

2.7E-02 1.1E-04 

Vehicle fuel fire 3.3E-03 3.OE-06 

Rotary core mode drilling 2.7E-02 2.2E-05 

Lightning strike 3 .OE-03 1 .OE-06 

Flammable gas burn 
0 Seismic 
0 Other sources 
0 Total 

1 .OE-04 
8.3E-04 
9.3 E-04 

5.OE-06 
1.2E-04 
1.3E-04 

Bulk waste heatup 2.OE-01 2.OE-03 
(Tank 241-C-106 only) 
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Appendix D 

Letter Report from Barry W. Wise: 

Review of Analysis of Variance Model Calculations 



I---- 

I 

L 

Hgenvecfor Research, /ne 
830-Wapato Lake Road Phone: (509)687-2022 
Manson, WA 98831 e-mail: bmw @ eigenvector.com 

July 16, 1997 

Dr. Steven D. Colson 
Battelle, Pacific Northwest Laboratories 

P.O. Box 999 
kchland, WA 99352 

Mail Stop K2-12 

Dear Steve: 

I have reviewed the “Appendix F Calculation Notes for Analysis of Variance (ANOVA) 
Model.” In general, the methodology for estimating the distributions of combustible 
waste are sound given the definition of combustible waste given in the document. The 
calculations also appear to have been carried out correctly. 

My main concern is with some of the assumptions that went into the model. In particular, 
the model appears very sensitive to the parameter p,  the assumed correlation between 
moisture content and TOC. This was taken in the model to be fixed at p = 0.32. If p were 
actually lower (say zero), one would get much larger reactive waste voiumes. I think that 
it would be a useful exercise to determine the overall sensitivity of the results to this 
parameter. 

Other concerns are largely due to possible bias in the model caused by the lack of 
randomness of the sampling procedure. Some of these biases cause the results to more 
conservative, others effect it the opposite way. In the end they probably largely cancel. 

I have attached the running dialog that I had with Pat Heasler of your staff concerning the 
calculations. Pat answered all of my questions quite satisfactorily. In all, I think that this 
is a reasonable approach to determining which tanks are potential safety hazards. Also, it 
makes good use of the available data. 

Please call or write if you have any questions regarding this matter. 

Bany M. Wise, Ph.D. 
President 

Enclosure 
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> I 

> I have a few questions on Appendix F. Some of theseLare going to 
> sound pretty stupid, but I just want to be sure that I know what 
> you mean. Hopefully, your version and mine have the things in the 
> same layout on the pages so I can refer to page number and paragraph 
z in my questions. 

> Pl¶2 "The screening operation compares upper 95% bound bounds on 
> these fractions to a 5% screening threshold". First off, the 5% 
> screening threshold refers to the fact that you don't want the waste 

> is this a typo, or does it refer to a situation where we want to be 
> 9 5 %  certain that 95% of the waste is non-conbustible? 

> 

to be more than 5 %  combustible, right? Also, the "bound bounds" part ... 

Response : 
I must remind you that this 5% threshold for combustible waste is for 
Joe Meacham's project and not Valeria's. Valeria's evaluation uses the 
uncertainty distribution we put on combustible waste while Joe's evaluation 
compares the upper 95% bound on combustible to a 5% threshold. Being 95% 
certain that the fraction of combustible waste is below 5% is equivalent 
to being 95% certain the non-combustible waste is above 95%. In our 
simplified world, combustible waste i non-combustible waste = 100% 
bound bounds is a typo. 

> P1 last %."Also the current strategy is to categorize any tanks 
> without sampling data as 4tinderterminant" even though this screening 
> calculation categorizes all tanks into one of the three categories 
> listed above." This is probably a pretty good idea. I understand how 
> the model will put them in a category based on similarity to other 
> tanks in their group. But still, it would be a hard sell to say 
> they are safe without any data at all on the particular tank. 

The basic objective for this analysis are quite different in Joe's verses 
Valeria's project. In Joe's, he wants to end of with a safety categorization 
using the present data.. Valeria's VOI needs a prababilistic description of 
how much we think we know about combustible waste now for ALL TANKS. The VOI 
analysis will then determine whether this is enough. 

It would be a hard sell to say that the present extrapolations are "good 
enough" because we can't say that we have an unbiased sample of the waste. 

> P233 "Therefore the data used fo r  this study typically represents a 
> measurement on the drained (solid) partion of the sample. However, we have 
> averaged together the solid and liquid TOC measurements to form a best 
> sample estimate for samples with significant portions of drainable liquid." 
> It isn't clear to me how the samples would be averaged together. HOW 
> was this done? I assume some sort of weighted average, but how was 
> the weighting determined? 

> 
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We attempted to average the solid and liquid portions togethe; using their 
mass. That is if the solid was 20% of the sample and liquid-80%, these are th2 
weights that were used. I 

> P2¶5 In the TGA measurements, wouldn't volatile organics (those with 
> a significant vapor pressure at temperatures less than 12OC) get 
> classed as "moisture" with this measurement, since the should come 
> off che sample along with the water? 
> 

Could be. I have been in discussions where objections such as this have come 
up. However, I have not spent much time reviewing the Feasurements in this 
detail. The people who have are Nick Kirch, D a n  Reynolds, and Jim Toth. 

> P3 #2 "...measurements on the liquid portion of the waste are excluded." 
> Shouldn't they be included if they have a significant amount of TOC? 
> What if they were very high in flammable liquid? 
> 

If I could include them I would. This is a big problem when trying to deal 
with a DST,  which will have a lot of liquid. My strategy would be to do a 
separate analysis on liquid and solid andtry to combine the results with the 
solid. 

However, to do this, YOU need to k n o w  how much liquid znd how much solid is in 
the tank and what biases your sampling may have. I don't have good info 
concerning this. 

> P393 " A l l  data collected is presented in-Section 6.0 of this appendix." 
> I didn't get that part. 1 understand the data is available in electronic 
> form. Could I have it? 

I didn't print out the data because it is about 300 pages long. I have it in 
electronic form and will send that to you when the next version is ready. 

> P3¶4 "These groupings are based upon tank process history and should help 
> reduce the biases associated with the current set of sampling data." 
> I agree that it should help,'but it will also introduce some bias of 
> its own, but it does probably help things balance out. 

> 

> 

The grouping can not introduce bias on tanks that have data. I would expect 
the grouping to reduce bias for the extrapolated tanks, as long as we 
construct 
the grouping from historical information and not the TOC/H20 data set. 

=- p34[5 Regarding the bias due to only doing TOC after a positive DSC--it 
> would be interesting to estimate the sensitivity of the analysis to 
> this bias, i.e. suppose that the measurements were biased high and 
> then see what would happen if the bias was "removed". This is probably 
> beyond the scope of aything you'd like to get into, but it is always 
> Useful to see how things like this propagate through an analysis.' 
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It would be useful; I actually have some information concerning this from a 
study Camioni and Clark performed. But this requires kuch mo're work than I 
have money for. A related issue is'why not use the DSC measurements in the 
analys is ? 

We tried to do this at one time, but had severe problems. Some people don't 
believe the DSC measurements are worth much.. 

> 
> P482.Addition of the core composite data would have the effect of lowering 
> the estimate of the variance within the tank. I guess that 93 measurements 
> wouldn't have much effect on the overall, but this should at' least be 
> mentioned. 

You are correct that composite points would lower the variance. I know they 
have hardly any effect because I) there are few additions and 2) the additions 
are usually single data points to a single tank layer; Such a data point won't 
even enter into the variance calculation. 

> 
> P7 *3 IS the correlation between moisture and TOC significant? Just curious. 

Yes it is significant, we have about 300 paired points and they produce a 
value of rho=32%. 

> P7 #4 I'd like to see a complete description of the Monte Carlo simulation 
=- in words, just to make Sure I'm thinking about this the right way. AS I 
> understand it, the ANOVA model estimates deviations in the means due 
> to groups and layers along with the variance. However, these estimates 
> are themselves =certain. Therefore, the Monte Carlo is used to tweak 
> the estimates of the ANOVA model parameters within their estimated 
> distribtions. 
> Each tweak of the ANOVA model gives a different estimated distribution of 
> the waste. These distributions are then "composited" to form the final 
> estimate of the distribution. Let me know.if my thinking is fuzzy on this. 

> 

> 

Your description looks correct to me. If we assumed the ANOVA parameters 
exactly described whats in the tank, we could plug them into an integral 
equation and produce a single number for combustible waste fraction. However 
they are not certain, a d  the ANOVA procedure gives us uncertainties, in the 
form of standard errors on all these parameters. These uncertainties Can be 
propogated to combustible waste using Monte Carlo Simulation. 

> p7 Eq. F-1, where did this come from? I assume there is a reference to 
> this. Is H20 in wt%? 

This comes from Fauski's work, it is discussed in detail in another appendix. 
which he has written. ~120  is in wt%. 
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> P84t4 It is assumed that the distribution for EACH T A W  is-bivariate 
> lognormal, right? With this, however, it would seemtthat you'd have 
> to specify a scale for the distribution (which I think you do later). 
> The scale is about the size of a core, right? 

REPLY: 
Correct, the distribution is describing a unit of waste about the size of a 
core segmer-t. 

> 
> P9¶2 "This uncertainty distribution describes how close the calculated 
> values are to the true . . . . I '  Really, the uncertainty distribution 
> ESTIMATES how close the calculated values are to the true, doesn't it? 

REPLY: 
The uncertainty distributions are Bayesian posteriors. For this exercise 
and in the risk analyses, we are considering the "true fraction of combustible 
waste" to be a random variable. From this perspective, we do not have an 
estimate of the posterior, but the actual distribution and is not an estimate 
of this desired distribution. 

> 
> PI0 Eq. F-5 I guess that the 0.2 meter definition of the surface 
> was some sort of historical reference? Or was it based on observing 
> waste tank samples from the auger? Just curious where the number 
> came from. 

REPLY: 
Why 0.2 Meter? that's how far an auger sampler will typically penetrate. 

> 
> PI1 Eq. F-7 I'm a little curious about the ANOVA model: 

> Y  = m u + D  + G  + D G  + T  + D T  + E  
> ijkl i j ij jk ijk ijkl 

> Seems like there are quite a few terms in here regarding the layers. 
> If I'm not mistaken, if there were no replicates within a layer 
> in each tank, this model would fit perfectly, right? (E = 0). 
> Somehow it see= like this isn't very parsimonious, but .... 
> I guess it makes sense under the circumstances. 

> 

> 

-PLY: 
This model has enough terms, so that when data exists in each layer, the model 
fits perfectly (i.e. the data in each layer is just averaged together to 
determine a layer mean). From a regression point of view, it would be correct 
to say that the model is not parsimonious. In fact, one can make a stronger 
statement: If the above model was interpreted as a regression model (i.e. 
all the terms in the model were considered to be parameters instead of random 
variables), the model would be unsolvable. The reason we can solve this at all 
is because we assume that all these terms are random variables, which changes 
the standard regression normal equations into ridge-regression equations. 
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We need all the terms in the model because we need to accouat-for these 
variations WHEN DATA IS MISSING. 
defendable manner. ~f all the layers had data, one could simply use something 

These models do this sort-of thing in a 

~ like; 

I 
Yijkl = Uijk + Eijkl 

and get a reasonable answer. 

> 
> PllI3 "all terms in the model are considered to be random variables 
> (with the exception of mu)" OK, so I'll show I'm not a statistician 
> by asking, what is the significance of mu not being a random variable? 

REPLY: 
A general rule; If there is a lot of data available to estimate a parameter 
in one of these FNOVA models, it doesn't matter much whether you consider it 
fixed or random. Big differences occur when little data (i-e. DOF) exists. 

Another convention, in ANOVA models, the grand mean, is always considered 
fixed because there is only one of them. 

> 
> P124[2 I'm having some trouble pairing up the elements of sigma 
> with the original terms in the model. Am I missing something? 

> P12 31 I don't see where SIGMA = {inf sigA2-D, sigA2-D, sign2-G, 
> sigA2-G .... I comes from. When 1 compare this to eqn F-7, I don't 
> see the correspondence. why does the beta coefficient for both the 
> 2nd and 3rd terms have variance sign2,D? 

REPLY: 
The model has been re-parameterized into vector form. In this form, beta 
represents all the tern present in F-7,arranged in some order. The order is 

Beta = ( U , D ~ , D ~ , G ~ , G ~ , G ~ , G ~ , D G I ~ , D G ~ ~ ,  .... 1 .  So the second and third terms 
describe the Di, the 4th through 7'th describe the G. One of the biggest tasks 
in the typicall ANOVA program is keeping all these parameters straight. 

> 
> P12 ¶2 OK, so 1 not a statistician. Could you explain why Y is 
> distributed as x sigma X I ? ?  

REPLY: 
Comes from the algebra of random vectors. If Zl and 22 are independent random 
vectors and A is a matrix, then: 

E(AZltZ2) = A*E(Zl) i E(Z2) 

Cov(AZI+Z2) = ACov(Z1)A' f cOV(Z2) 
and 

To get the distribution of Y, use Y=XB+E with Zl=B and E=Z2. 
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> P12 Eqn F-13 It appears that beta is being estimated usirig-a 
> ridge type regression where each coefficient has associatgd ridge 
> parameter sigA2/sig"2_D, etc. This suggests that the terms with 
> small sig*2-D will be forced to zero faster than the other terms, 
> right? Is this because you expect these terms, with small variance, 
> to be closer to zero? Is this some sort of maximum liklihood 
> estimate? I can see, however, that the ridge parameter for the 
> mu term will be 0, which means that this term is not restricted 
> in the estimation. Given that, I don't see how mu is "fixed" the 
> estimation problem. Can you explain? 

REPLY: 
It is a ridge regression, and if sig*D is small, then the D estimates will be 
small. The difference between this and ordinary ridge regression is that the 
data detednes an appropriate magnitude for the ridge parameters. Since the 
ridge parameters are sigma's they are determined by maximum likelihood. 

Notation: the term fixed parameter means nothing more than non-ranodom. ANOVA 
terms are divided into random and fixed (non-random) terms. 

> 
> P12 How do.you get SIGMA - 
> Beta 

(sigma sub beta tilde?) 

REPLY: 
The notation is not the best. As you can see Y and B are portions of a 
multivariate normal distribution. If you want to estimate B and know Y, 
a bayesian argument will tell you that the best estimate for B (Small RMSE) 
is given by the conditional expectation; 

E ( B I Y )  = (XTX. and so on 

and the conditional variance of B about this estimate is; 

Cov(B1Y) = sigma"2( XTX and so on) 

In other words, sigma-tilde-beta is really Cov(B1Y). 

> 
> P12, Last 41 Who determined that a core is about the right size for 
> safety considerations? That was previously, right? 

REPLY: 
This is basically my assessment. When running the risk calcularions we seem 
to be finding that the tank is dangerous when it has one-half to one-quarter 
cubic meter of reactive waste. This results in a dimension of 0.6M and thats 
"close" to the sample size. 

> 
=- P13 ¶2  Actual estimates are produced with F-12? "The procedure produces 
> the best estimates . . . . ' I  by what criteria? 

REPLY: Best in terms of root mean square error. 

> P13 414 
> would this add any bias? Or are the paired samples totally at random? 

> 
Do any particular samples tend to have paired TOC/H20 numbers? 

. . .. - .. 
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