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Safety Categories 

Three safety categories were formulated on the basis of answers to two safety questions: 
(1) Is a propagating reaction possible during interim storage? and (2) Is a propagating 
reaction possible under present conditions of waste storage, especially .considering the waste 
moisture content? 

Numerical criteria for the three safety categories (SAFE, CONDITIONALLY SAFE, and 
IJNSAFE) were selected on the basis of experimental and theoretical information. 
Conservative values were chosen to provide a safety margin between safe tank conditions and 
conditions where significant reactions could occur. These criteria were described in Postma 
et al. (1994) and are reiterated in this report. 

The criteria described herein pertain to the hazard posed by sustained, propagating 
exothermic reactions between ferrocyanide and nitratehitrite salts in stored waste. As such, 
these criteria do not replace or eliminate safety criteria that have been formulated to address 
other hazards of tank operations. 

The approved criteria (Sheridan 1994a) are: 

SAFE 

Concentration of fuel I 8 wt% sodium nickel ferrocyanide 
Concentration of water - not limiting 
Concentration of oxidizers - not limiting 
Temperature of waste - not limiting 

CONDITIONALLY SAFE 

Concentration of water 2 0 to 24 wt% 
Concentration of fuel > 8 wt% sodium nickel ferrocyanide 

Concentration of oxidizers - not limiting 
Temperature of waste 5 90 "C 

UNSAFE 

Criteria for SAFE and CONDITIONALLY SAFE are not met. 

For tanks that fall into the SAFE category. assurance of low fuel content is sufficient to 
address the ferrocyanide hazard during interim storage. For CONDITIONALLY SAFE 
tanks, assurance on minimum retained moisture and maximum waste temperature is required. 
For tanks that are assigned to the UNSAFE category, monitoring and controls are required to 
avoid conditions that could lead to reaction initiation. 
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LIST OF DEFINITIONS 

,-. As used in this report, aging means chemical and radiolytic degradation that reduces 
1 he ferrocyanide (fuel) concentration in ferrocyanide-bearing materials. 

13ound water content. Bound water in waste is water remaining in waste after free water is 
removed. Bound water has been calculated to amount to 4.6 molecules of H,O per molecule 
of sodium nickel ferrocyanide INa,NiFe(CN) J on the basis of tests described in Postma et al. 
I 1994). 

]:ree water content. Free water is water in ferrocyanide waste that can be removed from 
samples using standard drying methods by drying at 120 “C for 18 hours or by an equivalent 
laboratory process. As an example, if a 10-gram sample of waste lost 5 grams of water after 
drying at 120 “C for 18 hours, the free water content of the waste would be assigned a value 
of 50 wt%. 

“otal .. water content. Total water content is the sum of free and bound water contents 

I>ry sodium nickel ferrocvanide. Dry sodium nickel ferrocyanide CNa,NiFe(CN),] is the 
ferrocyanide compound alone, with no bound water. 

Ferrocyanide concentration on an energy eauivalent basis. Theoretical analyses described 
berein indicate that the criterion for reaction propagation is closely related to exothermic 
miction energy per unit mass of waste. The energy equivalent concentration of ferrocyanide 
i ;  a value computed from a measured exotherm in a waste sample using a specific reaction 
energy of 6 megajoules per kilogram (MJikg) of sodium nickel ferrocyanide. For example, 
i a waste sample exhibited a reaction exotherm of 0.6 MJ/kg of waste on a zero free water 
basis, the energy equivalent ferrocyanide concentration would be calculated as: 

0 . 6 ~ ~  1 ks  Na,NiFe(CN), 
X x 100=10% Na,NiFe(CN), 

kg waste 6 MJ 

on a zero free water basis. The technical basis for this definition of ferrocyanide 
concentration on an energy equivalent basis is described in Postma et al. (1994). 
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2.2 BACKGROUND OF SAFETY ASSESSMENTS 

In response to the USQ designation and DNFSB Recommendation 90-7 (FR 1990), the 
ferrocyanide hazard has been studied extensively. The chemical and physical nature of 
fmrocyanide and the condition of the waste in the underground storage tanks have been 
investigated extensively through theoretical analysis, laboratory experiments, tank 
monitoring, and waste sampling. Safety documentation concerning the ferrocyanide hazard 
has been updated a number of times to reflect new information, as described below. 

H[az.ard Assessment. A report assessing the ferrocyanide waste tank hazards was issued in 
July 1992 (Grigsby et al. 1992). The report reviewed the understanding of the ferrocyanide 
h ; m d  at that time, and presented an integrated evaluation and interpretation of historical 
data and then-available information. 

Safety and Environmental Assessments. Safety Assessments (SAs) were prepared to assess 
tbe safety of proposed activities (e.g., upgrading temperature monitoring and waste sampling) 
and to provide proper controls to maintain safety. The SAs and the accompanying 
environmental assessments (EA) for operations provided the basis for DOE authorization of 
the proposed activities used to manage the waste. while the ferrocyanide hazard was under 
investigation. SAs have been approved for headspace sampling of all ferrocyanide tanks, 
waste surface sampling, push-mode and rotary-mode core sampling, thermocouple 
(1’C)/instrument tree installation in sound and assumed leaker tanks, and removal of 
piimpable liquid (interim stabilization). A generic EA covering all proposed operations in 
the tank farms was approved and a Finding of No Significant Impact issued by DOE (Gerton 
1994). Approval of the generic EA provides adequate National Environmental Policy Act 
coverage for the planned Ferrocyanide Safety Program activities. 

USQ Closure. A strategy for closing the Ferrocyanide Unreviewed Safety Question (USQ 
arld resolving the Safety Issue was developed by DOE and Westinghouse Hanford Company 
ar.d presented to the DNFSB in August 1993 (Grumbly 1993). The strategy uncoupled USQ 
closure from the final resolution of the Safety Issue. The strategy contains two key steps: 
(1) development of criteria for safety categories that rank the hazard for each tank and hence 
al’low closure of the USQ; and (2) confirmation and final placement of each tank into one of 
the  categories based on core sampling and analyses of the tank contents. 

Rased on the knowledge gained from simulant studies, theoretical analyses, and analyses of 
actual waste samples, safety criteria were defined for the ferrocyanide waste (Postma et al. 
1994). These criteria were reviewed and accepted by external oversight panels and the U.S. 
Department of Energy (DOE). The USQ was closed on March 1, 1994 by the DOE 
Assistant Secretary for Environmental Restoration and Waste Management (Sheridan 1994a). 

Resolving the Safety Issue. A ferrocyanide program plan was submitted to the DNFSB in 
Dtxernber 1994 (O’Leary 1994) that outlines planned activities to complete the requirements 
of DNFSB Recommendation 90-7, meet the Wyden Amendment requirements (Public Law 
101-510, 1990) and remove the remaining ferrocyanide tanks from the Watch List. These 
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iictivities include theoretical analysis, laboratory experiments, waste monitoring, and tank 
:ampling. The results are used to categorize. the tank contents and evaluate the risk. 
'fieoretical analyses, laboratory experiments, and tank monitoring have been completed for 
;dl ferrocyanide tanks. As described in Strafegy for (Ferrocyanide] Safety Issue Resolurion 
(Grumbly 1993), resolution of the safety issue is based on knowledge .of waste conditions 
obtained through characterization studies, including representative waste samples. This 
ritrategy is shown in Figure 1. Sample analysis results are available for tanks that originally 
contained the most concentrated ferrocyanide wastes; that is, those stored in four C Farm 
tanks (241-C-108, C-109, C-111, and C-112). This report completes the evaluation of the 
ferrocyanide hazard for these four tanks. 

Samples have been obtained from tanks representative of the other 14 ferrocyanide tanks. 
Following completion of sample analysis and characterization evaluations, these 14 tanks will 
receive final categorization. It is expected that these tanks will also meet SAFE criteria and 
that the safety issue will be resolved on this basis. 

3.0 HAZARD POTENTIAL AND POSTULATED FERROCYANIDE ACCIDENTS 

3.1 THE FERR0CYANIL)E SAFETY ISSUE 

Ferrocyanide is a complex of ferrous and cyanide ions that is considered stable in aqueous 
solutions. However, Sax's Dangerous Propem'es of Industrial Marerials (Lewis 1992) 
indicates that "fusion of mixtures of metal cyanides with metal chlorates, perchlorates, 
nitrates, or nitrites may cause violent explosions.'' Testing of ferrocyanide-bearing waste 
simulants has shown no evidence of explosive waste behavior, but the waste will support 
energetic exothermic reactions under special conditions in the laboratory. Laboratory studies 
of ferrocyanide waste simulants have been used to define the conditions under which 
energetic reactions might occur, and likewise to define conditions under which such reactions 
are not possible. Conditions that are necessary to support rapid, sustained exothermic 
rcactions are: 

sufficient fuel concentration 
sufficient oxidizer concentration 
relatively dry material 
an initiator that can heat a portion of the material above the ignition temperature. 

These conditions are described in more detail below and are used to judge the likelihood and 
severity of postulated ferrocyanide exothermic reaction accidents. 

The potential for a sustained, rapid exothermic reaction involving ferrocyanide in stored 
waste is presented within this discussion. The analysis is based on process knowledge 
otltained from historical records, experiments performed with process waste simulants that 
represent the wastes as originally produced from the scavenging process flowsheets, and 
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;malyses of chemical and physical processes that might affect waste conditions to exacerbate 
1sr ameliorate the ferrocyanide hazard. The hazard posed by the ferrocyanide-bearing wastes 
can differ depending on the waste’s composition. The composition of the ferrocyanide 
:;ludges, as they were originally formed, varied as a result of the different processes that 
‘were used to produce them. 

‘Three treatment processes were conducted in separate facilities to treat three different types 
of waste. The corresponding flowsheets are termed U Plant, T Plant, and In Farm 
ilowsheets (Borsheim and Simpson 1991). In general, the aqueous waste was pumped to 
process tanks where precipitating agents were added. The slurry was then transferred to an 
underground storage tank for settling of the solids and disposal of the supernatant liquid to 
the ground. The precipitated solids formed a sludge that constitutes the ferrocyanide waste. 
The U Plant flowsheet material is named such because the processing was performed at the 
1J Plant facility and then transferred to the tank farms for settling. Likewise, the T Plant 
flowsheet material was originally processed at the T Plant facility. In Farm flowsheet was 
used to treat waste liquids recovered from the underground tanks. These liquid wastes were 
treated in the CR Vault facility, which is adjacent to the C Farm tanks. 

IJ Plant and T Plant flowsheets produced precipitates that contained relatively large 
percentages of inert diluents and thus produced sludge that contained relatively low 
c:oncentrations of ferrocyanide. Some 74 % (by mass) of ferrocyanide consumed at the 
IIanford Site was used by these two flowsheets. 

The In Farm flowsheets contained lower concentrations of inert diluents, and therefore 
resulted in sludge that contained relatively higher concentrations of ferrocyanide. Roughly 
;6% of the total ferrocyanide consumed was used in the In Farm flowsheet. 

The following evaluation assesses the hazard by focusing on these three different types of 
fxrocyanide sludges. 

3.2 ACCIDENT SCENARIO 

The postulated accident of concern arising from the ferrocyanide hazard is the occurrence of 
a sustainable, rapid exothermic ferrocvanide-nitrate reaction in the stored waste. A 
sstainable reaction is one that can spread beyond a local ignition source. A rapid reaction is 
one that generates heat faster than i t  can be removed; it excludes the slow aging 
(degradation) reactions believed to occur over a period of years. Such a sustainable, rapid 
exothermic reaction could produce sufficient heat and evolved gases to pressurize the tank 
headspace, releasing aerosolized waste from tank vents and potentially damaging the tank’s 
slructure. 
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Once initiated, the reaction propagates through surrounding reactive sludge. This 
reaction is not explosive; the measured reaction propagation velocities are quite 
low, on the order of 10 cm/min (Table 2). The hot gases produced can 
pressurize the tank headspace and vaporize volatile radionuclides that condense as 
aerosols when mixed into the cooler headspace gas. These radioactive aerosols 
are released from tank vents, including ruptured high-efficiency particulate air 
filters. If the reaction is sufficiently rapid and consumes sufficient material, the 
tank structure can be damaged by the pressurization. 

The following discussion shows that the wastes stored in Hanford Site waste tanks are 
sufficiently dilute in ferrocyanide (SAFE) or sufficiently wet (CONDITIONALLY SAFE) 
tiat the ferrocyanide is not a hazard and such a postulated accident is not possible. 

3.3 FERROCYANIDE SAFETY CATEGORIES AND SAFETY CRITERIA 

The derivation and bases of the ferrocyanide safety categories and safety criteria are 
described more fully in Postma et al. (1994) but summarized here. A combination of 
theoretical analysis and experimental measurements is used. 

3.3.1 Reaction Energies and Energy Balance 

The theoretical approach used to identify waste compositions that could or could not support 
a propagating reaction was based on an energy balance. A necessary condition for 
propagation is that the reaction generate enough energy to heat unreacted fuel to its ignition 
ttmperature. The criteria were therefore defined as the condition when the potential reaction 
e'iergy is less than the endotherms that would accompany the heating of a waste from 
ambient temperature to a reaction threshold temperature. By this means, a ferrocyanide 
concentration criterion level was calculated as a function of waste moisture content. 

The oxidation of ferrocyanide by nitrate and/or nitrite can result in a variety of reaction 
products with different reaction energies. The most energetic, for a given amount of fuel, is 
o x  that produces nitrogen and carbon dioxide (or carbonate salt if there is sufficient 
hydroxide available to form it). A representative equation with nitrate is 

Na2NiFe(CN), + 6NaN0, - FeO + NiO + 4 Na,CO, + 6N2 i- 2c0,.  

The calculated energy (AH) for this reaction is approximately -9.52 megajoules (exothermic) 
per kilogram (MT/kg) of ferrocyanide at 25 "C (298 OK). 
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'fie theoretical approach used for this assessment was verified to be conservative through 
testing of ferrocyanide sludge simulants in adiabatic calorimeters and with tube propagation 
tests as described below. 

3.3.2 Adiabatic Calorimetry Tests 

11 number of compositions containing ferrocyanide and NaNOJNaNO, were tested in the 
reactive system screening tool (RSST)(Fauske and h u n g  1985). In these tests, sizeable 
samples (10 grams and 70 grams) were heated under low heat loss conditions. A summary 
of the tests is shown in Table 1. As the sample was heated to above the reaction onset 
t-mperature, the thermal energy produced by the reaction caused the sample to self-heat. 
The rate and extent of this self-heating provides direct evidence of the character of the 
reaction that h a s  taken place. Two distinct types of behavior were seen depending on sample 
reactivity (Le., ferrocyanide concentration): 

A relatively slow heat-up rate that is typical of an Arrhenius or runaway reaction 
(any material that contains chemicals that react exothermically will exhibit this 
behavior) 

A sharp transition to a very high self-heating rate indicating a characteristic 
ignition temperature as the sample is heated. For materials that exhibit this 
behavior, a propagating reaction is possible, given an appropriate initiator. 

Based on adiabatic calorimetry (i.e., RSS'T) tests (Postma et al. 1994), it was found that 
propagating reactions were not observed for sodium nickel ferrocyanide concentrations below 
15 weight percent (wt%) on a zero free water basis. The RSST cannot measure the effect of 
water on reactivity because all samples are hea ted  to dryness before reaching the ignition 
temperature. 

3.3.3 Tube Propagation Rate Tests 

The potential for ferrocyanide waste simuiants to sustain a propagating reaction was also 
evaluated with tube propagation tests. Test compositions, test conditions, and results are 
summarized in Table 2. The test apparatus for measuring the propagation velocity of a 
chemical reaction through the ferrocyanide !Judge consisted of a thin, insulated stainless-steel 
cvlinder, 25 mm in diameter and 100 m m  rail, that was filled with the test material (Fauske 
1iJ92). The reaction was ignited at the top by  a Ba0,-A1 mixture. The progress of the 
reaction, if any, was monitored by four thermocouples spaced 20 to 30 mm apart. These 
show sharp temperature rises as the reaction front passes. Again, one of two distinct 
behaviors was observed. The reaction proceeded to the bottom of the cylinder in samples 
capable of supporting a propagation reaction. If the reaction was not ignited or if it fizzled 
out in a short distance, the sample did not support a propagating reaction. 
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Table 2. Summary of Ferrocyanide Tube Propagation Tests. 

26 14.6 

I 26 I 0 

35 20 

15.5 

I 12 1 0 

26 I Yes i 10 I C  
I i i 

26 Yes 5.3 C 
I i i 

- 26 No C 

- 26 No C 

26 I Yes 1 7.5 I d  

- 25 

- 25 Yes 7.8 
. -25 I No 1 l a  

30 I Yes 1 2 l e  
No 1 - l e  30 I e 

130 Partial - 

Notes: 

'Stoichiometric mixture of pure N+NiFe(CN), with NaNO, (Fauske et al. 1995) 
bMixture of 30% NqNiFHCN), with 70% NaNO,RJaNO, oxidizer (Fauske 1992) 
'Mechanical mixture representing In-Farm-1 flowsheet material (Fauske 1992) 
%-Farm-l (bottom) simulant (Fauske 1992) 
'In-Fann simulant (Fauske et al. 1995) 
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.3.4 WASTE SAFETY CATEGORIES 

:3.4.1 SAFE 

Based on the experiments and theoretical analysis summarized above, the conservative 
criteria that define the SAFE category are as follows (Postma et al. 1994): 

Concentration of fuel 5 8 wt% sodium nickel ferrocyanide' 
Concentration of water - not limiting 
Concentration of oxidiiars - not limiting 
Temperature of waste - not limiting 

The safety category SAFE defines waste that cannot bum or explode because it contains too 
little ferrocyanide as fuel. This conclusion is valid even for waste that contains optimum 
concentrations of oxidizer andlor no free water. A small amount of tightly bound water 
(4.6 molecules of H,O per molecule of sodium nickel ferrocyanide) has been identified 
through testing and is credited as being present in ferrocyanide waste that meets SAFE 
criteria (Postma et al. 1994). A further conservative assumption is that the prevention of 
reaction initiation is not credited for preventing accidents for the SAFE category. 

3.4.2 CONDITIONALLY SAFE 

13ased on experiments and theoretical analysis, the conservative criteria that define the 
CONDITIONALLY SAFE category are as follows: 

Concentration of water 2 0 to 24 wt% 
Concentration of fuel > 8 wt% sodium nickel ferrocyanidc? 

Concentration of oxidizers - not limiting 
Temperature6 of waste 5 90 "C 

The safety category CONDITIONALLY SAFE defines waste that cannot bum or explode 
because, although it may contain sufficient fuel and oxidizer, it contains sufficient water 
(moisture) to quench any reaction that may be initiated, and thus propagating reactions are 
prevented. This safety category is valid even for waste that contains optimum concentrations 
of oxidizer. The prevention of reaction initiation is also not credited for preventing accidents 
for the CONDITIONALLY SAFE category. Waste temperature limits are specified, 
however, to provide assurance that waste moisture, which is credited, is not lost through 

'N+NiFe(CN), on an energy equivalent basis, calculated on a zero free water basis. 

%emperature is not an independent criterion; it is implicit in the moisture criterion. 

- 
15 
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Figure 3. Moisture Criterion for Conditional Safety Category - 
as a Function of Ferrocyanide Concentration. 

30 >.? 

20 - Propagating reaction 
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Propagating reaction I 

I 
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2696010306.1 

TemDerature Limit 

The criterion of 90 "C (194 "F) is specified as the upper temperature limit for ferrocyanide 
waste because the limit provides a margin of approximately 30 "C (86 "F) between peak 
waste temperature and the boiling temperature of interstitial liquid, at which point relatively 
rapid moisture loss could occur. 

3.4.3 UNSAFE 

The safety category UNSAFE defines waste ihat does not meet the criteria for the SAFE or 
CONDITIONALLY SAFE categories. For waste in this category, it is assumed that a 
reaction initiated at a local site could propagate through a significant quantity of waste. 
Accidents would only be prevented by avoiding conditions that could initiate a reaction. 

4.0 WASTE CONDITIONS SUPPORTING SAFETY ASSESSMENTS 

The potential for an exothermic reaction 111 stored waste depends on the relative 
concentrations of the reactants, inert solid diluents, and water. Process knowledge, obtained 
from historical records and from waste simulants produced from the original ferrocyanide 
scavenging process flowsheets, has been used to predict the major constituents and some 
general physical properties of the waste matrix. The ferrocyanide scavenging processes were 
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combination of a howledge of the chemicals used, the process used, and analyses of 
characteristic wastes, a composition is provided for each "defined waste" as described in 
Hanford Defined Wastes: Chemical and Radionuclide Compositiom, (Agnew 1995). Agnew 
predicts compositions for four different "defined" ferrocyanide sludges. Key ferrocyanide 
sludge waste composition estimates are included in Table 4 for these four "defined" sludges. 

0 PFeCNl: Ferrocyanide scavenged uranium recovery (UR) supemates in plant 
using 0.005 molar (M) ferrocyanide (U Plant flowsheet) 

PFeCN2: Ferrocyanide scavenged UR supemates in plant using 0.0025 M 
ferrocyanide (U Plant flowsheet) 

0 

* 1CFeCN: Ferrocyanide scavenged first cycle (1C) supernatants (T Plant 

TFeCN Ferrocyanide scavenged in the CR vault (in Farm flowsheet) 

flowsheet). 

Eiased on waste transfer records as used in the historical tank contents estimates, TFeCN is 
applicable to the sludges in the C Farm flowsheet. The ferrocyanide sludges stored in the 
EiY Farm are comprised of a combination of PFeCNl and PFeCN2 sludges (U-Plant 
flowsheet). Finally, the ferrocyanide sludges in the TY Farm are lCFeCN (T-Plant 
flowsheet). The highest predicted ferrocyanide concentration for the sludges in each tank is 
shown in Table 3. 
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Table 3. Comparison of Tank Contents with Criteria. (2 sheets) 

- 
24 1 -BY - 104 

241-BY-105 

- 
7.41-BY-106 

- 
241-BY-107 

- 
241-BY-108 

211-BY-110 

21-BY-1 11 

24 1 -BY -1 12 

- 
2.41-C-108 

- 
241-C-109 

241-C-111 

241-C-112 
- 

241-T-107 I 

u Plant 6.0 4.0 8.3 No data 

u Plant 7.4 4.0 8.3 No data 

U Plant 5.2 - 5.5 7.0 8 . 3  No data 

U Plant 5.0 - 5.9 7.0 8.3 No data 

UPlant 5.0 - 5 . 8  7.0 8.3 No data 

~~ 

UPlant 5.7 - 6.2 7.0 8 . 3  No data 

u Plant 3.5 4.0 8.3 No data 

20.9 

22.6 

18.8 25.5 4.0 
24.2 

u Plant d 

Conditionally 
safe 

Conditionally 
safe 

Conditionally 
safe 

Conditionally 
safe 

Conditionally 
safe 

Conditionally 
safe 

Conditionally 
safe 

Conditionally 
safe 

Safe 

Safe 

Safe 

Safe 

Conditionally 
safe 

Maintain 
passive 

ventilation 

hlaintain 
passive 

ventilation 

Maintain 
passive 

ventilation 

Maintain 
pusive 

ventilation 

Maintain 
passive 

ventilation 

Maintain 
passive 

vcntilation 

Maintain 
passive 

ventilation 

Maintain 
passive 

ventilation 

none 

nnne 

none 

none 

Maintain 
passive 

ventilation 
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Ferrocyanide sludge type 

PFeCNl 

Table 4. Hanford Defined Waste Ferrocyanide Sludge Compositions (Agnew 1995). 
solids Water content Ferrocyanide 

volume % (wt%) concentration 

3.7 62 7.0 

(wt%, dry basis) 

PFeCN2 

TFeCN 

lCFeCN 

3.2 62 4.0 

1.4 65 18.8 

4.8 78 10.7 

Table 5.  Composition of the More Concentrated Layers 
of Three Simulant Sludges (Jeppson and Wong 1993). 

Sodium nitrite 

Inert solids - 33 

Wt% for stated sludge (dry basis) 

11.4 6.1 

25.5 -8.8 

2.7 0.0 

- 15 - 55 

48 69 

Constituent I 1 In;; 1 I -:Plant j Bound water 

Sodium nitrate 45.2 39.8 27.1 
__ 

Note that the ferrocyanide concentration estimates based on the process models and simulants 
as shown in Tables 3, 4, and 5 do not account for the aging of ferrocyanide over the 
approximately 40 years of storage, nor do they account for dilution by mixing with other 
waste. For these reasons, the models and simulants are expected to overpredict current 
fenocyanide concentrations. 
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4,.3 PROPERTIES OF SLUDGE REMOVED FROM C FARM TANKS 

(:ore samples have recently been removed from four C Farm tanks (241-C-108, C-109, 
(:-Ill, and C-112) that received waste generated using the In Farm flowsheet. The analysis 
c8f the samples provides data representative of the material currently in the tanks. Key 
properties of the retrieved waste are summarized as follows. 

b 

b 

The consistency of the high nickel-bearing sludge samples varied from a thin 
slurry to a moist, pastdike sludge to a thick, chunky, clay-like sludge. 

Free moisture content varied from 16 wt% to 57 wt% on a mass basis. 

Cyanide concentrations varied with vertical position as expected and ranged from 
zero to 1.6 wt% (reported as Na,NiFe(CN), on a zero free water basis). These 
values are much less than values expected on the basis of the simulants (see 
Table 5 for comparison). 

Reaction exotherms were consistently small (less than 120 joules per gram [J/g] 
on a zero free water basis) and correspond reasonably to those calculated on the 
basis of the measured cyanide concentrations. 

The low ferrocyanide concentration and small reaction exotherms are attributable to chemical 
aging of the sludges, which is described below. 

5.0 AGING PROCESSES 

Aging of ferrocyanide waste is broadly defined as the thermal or radiolytic degradation of the 
ferrocyanide molecules. The resulting materials have a lower potential for ferrocyanide 
propagating reactions (Babad et al. 1993). 

Insoluble sodium nickel ferrocyanide, the malor component of the ferrocyanide sludges 
fcrmed during the radioisotope scavenging carnpgn,  will dissolve in a caustic solution 
containing 0.01 M or higher hydroxide. Dissolution of sodium nickel ferrocyanide results in 
scduble sodium ferrocyanide and a nickel hydroxide precipitate as shown by Equation 3. 

Na,NiFe(CN),(s) + 2 NaOH - N;hFe(CN), + Ni(OH)*. (3) 

Under tank waste conditions, the ferrocyanide complex will then hydrolyze to form formate, 
ferric oxide, and ammonia (see Quation 4).  

6 Fe(CN)i4 + 12 OH- + 66 H,O + 0, + 36 HCOO- + 2 FqO, + 36 NH,. (4) 
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It should be noted that this aging process does not need the tank environment to proceed. 
However, the available literature (MacDimid  and Hall 1953, Masn and Haissinsky 1963, 
Hughes and Willis 1962, Ohno and Tsuchihasi 1965, Robuck and Luthy 1989) and recent 
$cxperirnents on ferrocyanide waste simulants (Lilga et al. 1993, 1994, and 1995) indicate that 
three parameters strongly affect the rate of aging: temperature, solution pH, and radiation 
dose rate. 

5.1 DEPENDENCE ON TEMPERATURE 

Isxperiments investigating the aging of In Farm waste simulant were conducted at 50 "C, 
'70 "C, 80 "C, 90 "C, and 100 "C in 2 M NaOH solutions over the last three years 
(Lilga et al. 1993, 1994, and 1995). Waste simulant solutions were exposed to 6oCo gamma 
radiation at a dose rate of about 1 x l@ rad per hour (rad/h). The control solutions were not 
irradiated, but were otherwise prepared and treated identically. The concentrations of 
ammonia, formate ion, and other species produced upon hydrolysis of ferrocyanide ion in the 
dissolved simulant were measured at various times over about a three-week period of 
Ieaction. 

Overall, the generation of ammonia at each temperature was approximately linearly with 
hydrolysis time. The rate of hydrolysis, however, increased with temperature. As an 
approach toward building a mathematical model, the generation of ammonia was assumed to 
tle linear with time, and global rate constants were calculated from the slopes. The Eyring 
plot of these rate data (Figure 4) was linear, and an activation energy of AH = 32.5 
kilocalories per mole was calculated. Rate constants for ammonia production at a given 
temperature (OK) and a gamma dose rate of I x I@ radih may be calculated using 
Equation ( 5 ) .  This equation is conservative in that the calculated rate constants do not 
iilclude the subsequent ammonia radiolysis. Rate constants predicted from this equation are 
gencrally within a factor of about 2 of ihu observed rate constants. 

In(k,/T) := 33.1 - 1.64 x l@ . 1/T. (5 1 
The temperature history of the four C Farm ferrocyanide tanks is shown in  Table 6. Tanks 
C-109, C-111, and C-112 have experienced relati\tly high temperatures during ferrocyanide 
sludge storage, with temperatures recordcd i n  the 1960's in  the mid-70 "C to high-80 "C 
range. Temperature data for C-108 wcrc not found for these earlier periods when these 
tanks were warmer. However, a review of  the operating history and management of waste 
materials indicates that tank C-108 should hare experienced iemperatures similar to tank 
C-109. Tank C-108 materials and wasic levels were almost identical to tank C-109 with 
mar ly  identical contents and times (Brevick 1995a). The temperatures in these tanks were 
sufficient to enhance ferrocyanide aging as discussed above. 
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Figure 4. Eyring Plot for Ammonia Production 
in the Hydrolysis of In Farm Siniulant. 
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5.2 DEPENDENCE ON GAMMA DOSE RATE AND INTEGRATED DOSE 

Experiments on ferrocyanide waste simulants Pilga et al. 1993, 1994, and 1995) show that 
€;amma radiation promotes ferrocyanide aging. Simulants that were irradiated aged up to one 
order of magnitude faster than non-irradiated samples under similar conditions of time, pH, 
and temperature. 

Table 6. Summary of Available Temperature Data 
for the Four C Farm Ferrocyanide Tanks. 
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E:xperiments to investigate the influence of incident gamma dose rate on the rate of 
hydrolysis of In Farm ferrocyanide simulant were conducted at 90 "C in 2 M NaOH 
solutions. Figure 5 shows the production of ammonia as a function of hydrolysis time in 
experiments conducted with applied dose rates varied over about one order of magnitude. 
Ammonia production is again approximately linear with exposure time,. The slopes of the 
lines give rate constants at each applied dose rate, which show that the rate of ammonia 
production increases with increasing dose rate. The rate constant for ammonia production is 
linearly related to applied dose rate, as shown in Figure 6 .  The gamma dose rate 
dependence of hydrolysis, therefore, can be described by Equation (6 ) ,  where y is the 
incident gamma dose rate and I C , ~  is the predicted hydrolysis rate constant at 90 "C. 

\,w = 2.8 x 10.' . y + 7.88 x IO4 

The estimated integrated beta and gamma doses for the ferrocyanide waste tanks (Parra 1994) 
are presented in Table 7. These data show that the C Farm tanks have experienced a 
relatively high integrated gamma dose of between 2.4 x 10' rad to 5.3 x 10' rad. In  the 
aging experiments, the maximum incident integrated dose was about 5 x lo7 rad, which was 
less than that experienced by C Farm tank waste by up to one order of magnitude. Based on 
t h e  aging experiments, the radiation exposure in the tanks was sufficient to significantly 
age the ferrocyanide waste. 

Table 7. Average Estimated Integrated Beta and Gamma Radiation 
Dose for the C Farm Ferrocyanide Tanks. 

- 
2.3 4.4 c-112 0.1 2.4 

- 

5.3 DEPENDENCE ON ALKALINlTY 

Aging of ferrocyanide wastes by a dissolution and hydrolysis process is increased under 
highly alkaline conditions because sodium nickel ferrocyanide dissolves more readily at high 
pH. As discussed below, experiments show that hydrolysis also occurs in pH 10 solution, in 
which sodium nickel ferrocyanide has a low solubility. 

In cesium scavenging operations, precipitation of sodium nickel ferrocyanide was done at 
slightly alkaline conditions @H = 8.0 - 10). Later, the ferrocyanide tanks were used for a 
variety of waste management operations that introduced highly alkaline waste to the tanks 
(Anderson 1990). Table 8 presents a summary of the available historical pH and hydroxide 
data collected for the four C Farm ferrocyanide tanks (Wodrich et al. 1992). 
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liecause it is reported that thermal hydrolysis is unaffected by pH above pH 9 (Kuhn and 
Rice 1977). These results suggest that even if ferrocyanide sludge did not come into direct 
contact with highly basic wastes, it may have aged significantly over the decades of storage. 

5.4 AGING CONFIRMED BY FERROCYANIDE AND NICKEL CONTENT OF 
TANK SAMPLES 

Characterization strategies developed by the Data Qualify Objectives @QO) process allow 
ferrocyanide tanks to be categorized as SAFE, CONDITIONALLY SAFE, or UNSAFE 
tiased on fuel and moisture concentrations and temperature. The characterization approach 
for ferrocyanide described in Data Requirements for  the Ferrocyanide Safefy Issue Developed 
iT'hrough rhe Dura Qualify Objectives Process (Meacham et al. 1995) also allows historical 
c'ata and aging models to be corroborated by measuring fuel and nickel concentrations. 

The logic used to evaluate the effects of aging first considers the fuel concentration. If the 
waste contains a fuel concentration less than predicted by the process flowsheets, then aging 
may be the reason. This aging hypothesis is evaluated by considering the nickel content of 
the waste. 

Data on nickel concentration are used to confirm historical information and ferrocyanide 
aging models because nickel is a signature analyte of the nickel ferrocyanide scavenging 
campaigns. This is the only source of high nickel concentrations in Hanford Site 
underground waste tanks. Euperinients that replicated the original process flowsheets 
(Jeppson and Simpson 1994) show that the nickel concentrations ranged between 
0.8 to 4.8 wt% on a dry-weight basis. Based on these experiments, a lower bound of 
0.8 wt% or 8,000 pg/g (dry-weight basis) was selected as a minimum value needed to 
confirm that the tank originally contained ferrocyanide sludge (Meacham et al. 1995). 

Rased on nickel concentration, logic leads to one of two conclusions about a ferrocyanide 
tank: (1) The waste has a sufficiently high nickel concentration to conclude that it originally 
d:d contain ferrocyanide sludge. This confirms waste aging has occurred and additional 
sampling of ferrocyanide waste is not required. (2) The waste has a low nickel 
concentration; therefore, the tank has been erroneously identified as containing ferrocyanide 
waste, and the historical model will require rcevaluation. 
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aqueous suspension of fine precipitate particles produced from a dilute chemical suspension 
by gravitational settling. Sludge is a material similar to silty soil, mud, clay, or even 
mothpaste. In such suspensions, strong physical-chemical forces act between fluid and 
particles to hold these materials together. As such, force must be applied to expel liquid 
from the matrix of micrometer-sized sludge particles. Experiments (gravity drainage tests 
;md centrifuge tests) have been performed 'to determine the stress-strain relationships (or 
consolidation curves) for ferrocyanide sludge simulants. This consolidation model was used 
as part of an analysis of potential drying mechanisms. The analysis is summarized below. 

'Jarious sludge dryout mechanisms have been analyzed to determine whether any could dry 
out ferrocyanide sludge and render it chemically reactive: 

Bulk heating of the entire sludge inventory to its boiling point 

Loss of liquid to the atmosphere via sludge surface evaporation 

Local drying by boiling in a hot-spot region 

Sludge drainage through a leak in the tank wall or by pumping drainable liquid 
from the tanks with a saltwell pumping system 

Local drying by evaporation from a warm segment of surface sludge. 

These analyses are reported in Epstein et al. (1994) and are summarized below. 

6.1.1 Drying by Draining 

R'ased on tests performed on sludge simulants and on analysis using a consolidation model, 
water retention following drainage caused by either tank leaks or interim stabilization by 
siltwell pumping was evaluated. The evaluation concluded that sludge drainage in a waste 
tank would not dry waste below about 30 to 40 wt% water at the final equilibrium condition 
(Epstein et al. 1994). Such a minimum equilibrium would take many years to achieve. 

6.1.2 Dryout by Waste Boiling 

The potential for wastes in tanks containing ferrocyanide to heat up to boiling temperatures 
has been analyzed and shown to be impossible based on the following considerations 
(Epstein et al. 1994). 

The peak measured sludge temperatures (54 "C 1129.2 O F ]  or less) are well 
below the boiling point (see Table IO). 
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241-BY-107 

241-BY-108 

241-BY-110 

241-BY-1 11 

24 1-BY- 1 12 

241-C-108 

'37Cs and %r. Thus, the tanks are losinp their heat source much faster than thev are losing 
.water bv e vawration. It is concluded that it is extremely unlikely that ferrocyanide waste 
~m be dried out to below about 24 wt% water by surface evaporation during passive 
,veri tilation. 

2.7 35 2.6 2.3 

2.3 43 2.7 2.8 

3.9 48 2.0 1.2 

4.4 30 1.6 0.8 

2.9 32 1.8 1.5 

0.8 22 1.8 6.4 
- - 

Table 10. Thermal Characteristics of Ferrocyanide'Tanks. 

241-T-107 

24 1-TX-118 

I - 
1241-BY-104 i 3.9 54 2.6 1.5 

1.8 18 0.9 1.2 

3.4 25 1.3 0.9 

1241-BY-105 I 4.8 I 50 I 2.6 I 1.2 I 
1241-BY-106 1 6.1 I 54 I 3.O I 1.1 I 

/241-C-109 1 0.8 I 26 1 2.1 I 7.9 I 
1241-C-111 I 0.7 I 21 I 1.9 I 7.9 I 
1241-C-112 I 1.2 I 26 I 2.2 I 5.0 I 

1241-TY-101 I 1.3 I 18 I 0.9 I 1.8 I 
1241-TY-103 I 1.7 I 16 I 1.2 I 1.7 I 

I I 0.9 I 4.9 1241-TY-104 I 0.6 17 I 
Notes: 

'Grigsby et al. (1992) 
'Hadon (1993) 
'Crowe et al. (1993) 
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However, experimental work and analyses reported in Epstein et al. (1994) show that waste 
material suspensions cannot dry out in this manner, because the liquid return flow induced by 
:sludge shrinkage that results from consolidation is capable of keeping the evaporation surface 
,wet. 

Table 11. Rate of Water Loss from Ferrocyanide Tanks Caused by Evaporation During 
Passive Ventilation. 

24 1 -BY- 103 21 2,420 223 0.55 2.6 E-04 

241-BY-104 26 2,640 429 1.05 4.7 E-04 

24 1-BY- 105 26 2,110 403 0.98 5.9 E-04 

241-BY-106 27 1,460 483 1.18 , 4.1 E-04 

241-BY-107 26 2,920 460 1.12 8.2 E-04 

241-BY-I08 27 3,080 496 1.21 6.8 E-04 

24 1 -BY- 1 10 23 2.870 305 0.74 3.8 E-04 

241-BY-111 I 21 2,290 216 0.53 8.0 E-04 
~~ 1 241-BY-112 I 22 I 2,810 . I 264 I 0.64 1 24.0E-04 1 

Notes: 

‘Crowe et al. (1993) 
bKlem (1991) 
‘Based on conservative assumptions. Actual water loss is probably less. 
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Figure 8. Requirements for Dryout (120 "C [248 "FJ)(Epstein et al. 1994). 
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The experiments subjected sludge'materials to immersed heaters, and moisture and 
temperature gradients produced were observed. The temperature and moisture remained very 
uniform throughout the sludge, indicating that local dryout in waste tank sludges is not 
credible. Water contained in surrounding sludge quickly replenishes any water lost at a 
locally heated waste surface area. 

6.2 CONCLUSION OF DRYOUT ASSFSSMENT 

Based on the analysis, it was concluded that global loss of water from bulk heating of the 
sludge to its boiling point or from surface evaporation and vapor transport to the outside air 
is not credible. In addition, the analysis concluded that the formation of a dry local or global 
regions of sludge as a result of tank leakage (draining of interstitial liquid) is not possible. 
Finally, it was concluded that formation of diy local regions in the ferrocyanide sludge by 
local hot spots or warm surface regions is not possible. 

As a result of a rather extensive laboratory program and present knowledge of water 
migration and water retention behavior in sludge-like materials (concentrated suspensions of 
fine particles), it has been concluded that none of these postulated mechanisms are credible to 
reduce the sludge moisture content sufficiently to render it reactive. 
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This conclusion, that local or global dryout is beyond extremely unlikely, is substantiated by 
four decades of waste storage history during which sludge temperatures have gradually 
decreased or are now essentially constant and the sludge moisture content has been retained. 
Current measurements from ferrocyanide sludge waste samples show a consistently high 
moisture content. 

7.0 FERROCYANIDE WASTES HAZARD POTENTlAL 
AND ACCIDENT FREQUENCY 

Based on conservative estimates of the maximum expected ferrocyanide concentration, and 
analysis and experiments for water retention, the ferrocyanide wastes have been compared to 
the safety criteria and categorized as shown in Table 3. As indicated, all ferrocyanide wastes 
meet SAFE or CONDITIONALLY SAFE criteria as summarized below. 

'7.1 TANKS CONTAIMNG IN FARM SLUDGE 

The four tanks containing the highest projected ferrocyanide concentrations (241-C-108, 
C-109, C-111, and C-112) are put into the SAFE category on the basis of sample data for all 
four tanks. Multiple core and auger samples, taken from opposite tank quadrants, were 
divided into vertical subsegments. Statistical evaluations of the sample results are described 
in Appendixes A and B and summarized in Table 9. The statistical analysis in Appendix A 
concludes that the 95% confidence level estimate for fuel is no higher than 5.2 wt%, on a 
ciry weight basis. 'This is below the 8 wt% criterion for SAFE waste; therefore, the wastes 
in the four C Farm ferrocyanide tank? are categorized as SAFE. 

Appendix B treats the same sample data from the four C Farm tanks in a slightly different 
manner, but also concludes that there is a very low probability (< 1 x lod) that the 
ferrocyanide exceeds 8 wt % . 

7.2 TANKS CONTAINING U PLANT SLUDGE 

IJntil analytical analyses are completed on selected BY Farm tanks, all of the tanks with U 
Flant sludge (Table 3) were conservatively assumed to contain ferrocyanide at the original 
concentrations, which are greater than 8 wt%. This judgment is based on the U Plant 2 
bottom fraction simulant sludge, which, as indicated in Table 3, contained 8.3 wt% 
PJa,NiFe(CN),. This approach is conservative, because actual waste is expected to have aged 
to lower ferrocyanide concentrations. 
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According to ferrocyanide safety criteria, ferrocyanide sludge with concentrations > 8 wt % , 
temperature and water content criteria must be met. The highest measured temperature in 
any ferrocyanide tank is 54 "C (129.2 O F )  (Table 11). This is well below the temperature 
criterion of 90 "C (194 "F). 

Although moisture concentrations in most U Plant tanks have not been measured, 
experiments and analyses of waste simulants lead to the conclusion that ferrocyanide sludge 
has a moisture content greater than the criterion. The conservatively estimated 8.3 wt% 
ferrocyanide would require minimal moisture to remain CONDITIONALLY SAFE. The 
minimum criterion value for the free moisture content required at the 8.3 wt% level can be 
obtained from Figure 3 or calculated as follows: 

This moisture concentration is small compared to values that are retained in sludges, and is 
even small compared to waste moisture if it is in equilibrium with ambient air 
(Epstein et al. 1994, Postma et al. 1994), and it is concluded that actual moisture levels will 
exceed this low requirement. Therefore, all tanks containing U-Plant sludge are currently 
categorized as CONDITIONALLY SAFE. 

Mote that the ferrocyanide concentrations based on process records are all lower than the 
8 wt% criterion. These estimated concentrations are judged to overestimate actual 
concentrations, and confirmatory data from tank samples would likely put the tanks into the 
SAFE category. 

7.3 TANKS CONTAINING T PLANT SLUDGE 

The three tanks containing T Plant sludge (Table 3) have been put into the 
CONDITIONALLY SAFE category. Reasons for this assignment parallel those discussed 
ahove for U Plant sludge and are briefly restated as follows (Postma et al. 1994). 

The maximum simulant ferrocyanide concentration is 8.8 wt%, which is just 
slightly higher than the 8 wt% criterion, so the SAFE category is not applicable. 

e The maximum process record model for the tanks' original ferrocyanide 
concentration is 10.7 wt%. which is higher than the 8 wt% criterion also. 
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0 Significant changes in waste storage configuration (the filling of headspace with 
insulating materials or increasing soil overburden) would be required to 
significantly diminish heat dissipation capabilities. Such changes would not be 
permitted without additional analysis and are beyond the scope of this analysis. 

'This conclusion, that the ferrocyanide sludges pose no propagating reaction hazard and that 
ferrocyanide accidents are beyond extremely unlikely, does not credit or rely on control of 
waste temperatures, and therefore no temperature control is required. 

7.4.2 Waste Moisture Control 

Ferrocyanide accidents are ruled out for waste that meets the SAFE criteria with no credit or 
reliance on the free water content of the waste. Waste moisture for CONDITIONALLY 
S:AFE ferrocyanide wastes is maintained by inherent physical-chemical properties and passive 
storage conditions. There is no reliance on active waste management controls to maintain 
waste moisture for these tanks. Therefore, no control for moisture is required. 

Therefore, it is concluded that the potential hazard and postulated accident of initiating and 
sustaining a rapid exothermic reaction is not credible. 

8.0 SAFETY CONCLUSIONS A N D  REQUIRED CONTROLS 

The above analysis shows that all ferrocyanide wastes in the Hanford Site underground 
storage tanks meet SAFE or CONDITIONALLY SAFE criteria. These wastes cannot 
support a sustained, rapid exothermic (propagating) reaction. Ferrocyanide wastes meet 
ttese criteria through inherent waste prop.nies; that is, without a n y  reliance on active waste 
management. Therefore, no controls are required. 

8.1 KEY ASSUMR'IONS 

A key assumption in this analysis is that the tank ventilation configuration is a passive 
breather system. Moisture loss rates and the minimum equilibrium waste moisture that could 
be attained under long-term active (forced) ventilation have not been determined. Therefore, 
- modification of the ventilation svstems to a fo rced h c t  ive) ventilation configuration would 
- reguire additional analvsis for tanks that contain waste cate_porized as CONDITIONALLY 
___ SAFE. 
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APPENDIX A 

STATISTICAL ANALYSIS OF FUEL AND NICKEL CONCENTRATIONS 
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(8) A one-sided confidence interval was estimated for each layer in a tank. For 
Na*NiFe(CN), a 95% upper limit was used. For nickel, an 80% lower limit was used 
as required by the Data Quality Objectives (Meacham et al. 1995). 

A.3 TANKDATA 

Each subsegment is typically a quarter-see merit and represents about 12 cm. Exceptions to 
this are the total cyanide analyses for tank C- LO8, where the cyanide analyses were done on 
composites of quarter-segments and repremt a 24-cm (half-segment) layer. Total cyanide, 
n ckel, and moisture data used in the analyses are shown in Tables A-1 through A-4. 

The appropriate moisture is the average of the subsegment duplicates (because duplicate 
number is not a meaningful commonality .dentifier across these analytical samples). In  
addition, for C-108, further averaging was done over the subsegment samples that were used 
tcl make the half-segments that cyanide was measured on, because no moisture measurements 
were made on these half-segments (see Figure A-1). 

Table A-1. Cyanide, Nickel, and M:oisture Data for C-108 (Sasaki 1995). 

Subsegment 

0.225 0.182 16.5 
2.189 2.615 41.0 

1050 2.058 1.889 49.4 
1030 1120 1.902 1.715 50.6 
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Table A-2. Cyanide, Nickel, and Moisture Data 
for C-109 (Simpson et al. 1993b. Scheele 1995). 

B 0.305 0.303 _._ 

C 
D 

C 
D 

B 
49 C 

D 

0.449 0.423 ___ N/A' 
0.583 0.582 4.6b 

_.. 
NIA 1.15 

0.86 0.87 _ _ _  
0.350 0.357 0.8 
0.814 0.802 3.3 NIA 
0.561 0.543 3.2 

I 

48 

:Votes: 

'Samples were dried prior to making measurements. Therefore, no conversion from wet basis to dry 
ihsis is necessary. 

'Nickel measurements were originally pe r :b rmd  with nickel crucibles. Measurements were 
!subsequently made on archived samples using non-nickel crucibles, but only a few subsegments were availnble 
Ibr reanalysis. 

Table A-3. Cvanide. Nickel. and Moisture Data for C-111 (Kellv 1995) 

A-7 
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Table A-4. Cyanide, Nickel, and Moisture Data 
for C-112 ISimuson et al. 1993a. Scheele 1 

1D 0.51 0.54, 0.52 

2B 0.43 0.43 
2 c  0.87 0.79 
2D 0.77 0.74, 0.73 

1D 0.73 0.71 
2A 0.91 0.94 
2B 0.75 0.74 
2 c  0.41 0.39 
2D 0.57 0.55 

___ 
_ _ _  
3.8 
4.9 
3.2 

5.1 
.._ 

_ _ _  
4.9 
0.2 

NIA’ 

N/A 

NS2te-s: 

‘Samples were. dried prior to making measurements. Therefore, no conversion from wet basis lo dry 
basis is necessary. 

A.4 RESULTS 

The results of the statistical evaluation are described below. There could be no direct 
estimation of spatial variation in layers having sample results for only one core or auger 
subsegment. Therefore, reasonable estimates of variability were developed for these cases 
using the variabilities calculated for the other ferrocyanide C Farm tanks. 

Ferrocyanide Concentrations 

- Awmutions 

For Layer 5 of C-112, the standard deviation from Layer 4, estimated to be the =most 
similar” layer, is used as a surrogate to generate the t-test and confidence interval. 

For all three layers of C-111, a pooled estimate of the standard deviation within layers from 
the other three tanks is derived and used a!; a surrogate to generate the t-test and confidence 
inlerval. 
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B.0 EVALUATION OF SODIUM NICKEL FERROCYANIDE AND NICKEL 
SAMPLE DATA FOR C FARM WASTE TAh'KS 

6.1 INTRODUCTION AND OBJECTIVES 

'The sample data from four C Farm tanks (241-C-108, C-109, C-111. and C-112) are evaluated 
I:O address two questions identified in the ferrocyanide data quality objectives (DQO) d0cumen.t 
(kkacham et al. 1995). The two questions are: (1) Does the waste in the tank contain a 
!;odium nickel ferrocyanide (fuel) concentration less than 8 wt% Na,NiFe(CN),?; and (2) Does 
Ihe waste in the tank have a nickel conceritration above 0.8 wt%? These two questions are 
addressed by considering that the material concentrations in each tank can be represented by a 
model statistical distribution. 

The objectives of the following evaluatiori are: (1) to develop a model statistical distribution 
for sodium nickel ferrocyanide and nickel from the tank sample data; (2) to calculate, from the 
statistical distribution, the probability of exceeding the decision limit of 8 wt% Na,NiFe(CN), 
2nd 0.8 wt% nickel; and therefore (3) to demonstrate that based on the DQO decision logic, 
the four C Farm ferrocyanide tanks are categorized as SAFE. 

H.2 RELATING SAMPLE DATA TO 'WASTE TANK DISTRIBUTION 

E5gure B-l illustrates the concept of using sample data from a tank to represent a specific 
material by a model probability density function. For visual purposes, the sample data are 
displayed in the form of a histogram for the specific analyte concentration on the left side of 
F;igure B-1. However. neither the h i s topm nor the histogram bins are an important factor in 
the analysis. Rather, the techniques identified below are used to model the sample data by a 
probability density function as illustrated o n  the right side of Figure B-1. The probability of 
exceeding a defined decision limit (DL) is t h r n  the area under the probability distribution 
function beyond the decision limit. 

The process assumes a model probability tlrnsity function, and the appropriate parameters are 
e:;timated based on available sample data. I'rohabiliry plots are constructed in order to 
d'5tennine whether or not the proposed niodrl is reasonable. If the probability plot suggests 
the model is reasonable, then model parameters are determined by the maximum likelihood 
method. A goodness-of-fit test is [hen complrted. Maximizing the likelihood function 
p:rovides the best values for the model pararnerers. 

B - 3  





WHC-SD-WM-SARR-038, Rev. 0 

B.4 SAMPLE ANALYSIS 

The waste contained in the C Farm tanks ((2-108, C-109, C-111, and C-112) consists of non- 
complexed waste with the volume of sludge waste from 235 to 394 m3 (62 to 104 kgal) 
(Hadon 1996). The corresponding thickness of sludge waste in these tanks ranges from 
53 to 114 cm (21 to 45 in.) (Hanlon 1996). For this analysis it was assumed that the material 
Concentration for each analyte could be represented by a probability density function. The 
tank sample data for sodium nickel ferrocyanide and nickel for each of the C Farm tanks 
(Kelly 1995, Sasaki 1995, Scheele 1995, Simpson 1993a, and Simpson 1993b) were used in 
:he evaluation. 

.Probability plots were constructed for the C €arm tanks (C-108, C-109, C-111, and C-112) 
;and each probability plot suggested that a Weibull probability density function model was 
reasonable, except for the nickel concentration in tank C-108. The sample data for the nickel 
concentration in tank C-108 is bi-modal, ;as can be seen in the probability plot presented in 
Figure B-2, in that one straight line does not represent all the data. In the case of the Weibull 
probability density function, the probability plot consists of a graph of the log-log of the 
reciprocal of the complementary cumulative distribution function as a function of the logarithm 
of the sample data. 

It should be noted that a waste stratification model exists for these four C Farm tanks, and a 
higher nickel concentration would exist in the waste layer that originally contained sodium 
ruckel ferrocyanide. The nickel sample data for tank C-108 clearly demonstrated the waste 
stratification by a bi-modal probability density function. However, the other data could be 
adequately represented by a model where the entire waste volume was assumed to be 
represented by a single probability densit) function. The nickel concentration for tank C-109 
could a150 be bi-modal, but the number of sample data are too few to make a clear distinction. 
/is noted, all of the other sample data could be adequately represented by a single probability 
denyity function. 

The results for sodium nickel ferrocyanide: for tank C-108 are presented in Figure B-3. The 
Itft-hand axis is for the histogram of the sample data. Remember that neither the histogram 
nor the histogram bins are important factors in the analysis. The histogram is shown in 
Figure B-3 to illustrate the sample data. The I-ight-hand axis in Figure B-3 is for the 
probability density function with the Weibull parameters shown in the legend. The Weibull 
parameters shown in the legend are those determined from maximizing the likelihood function. 
The decision limit of 8 wt% Na,NiFe(CN), is shown by the short straight line at 8 wt%, and, 
for this data set, the probability of exceeding t.he decision limit is very small. 
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Figure B-3. Sodium Nickel Ferrocyanidf: Analysis Results For Tank C-108, Showing the Daia 

Histogram, Probability Density Function, and Probability of 
Exceeding the 8 wt% Decision Limit. 
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Figure B-4. Nickel Analysi:; Results For Tank C-108, Showing the 
Data Histogram, Probability Density Function, and Probability of 

Exceeding the 0.8 wt% Decision Limit. 
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Figure B-5. Sodium Nickel Ferrocyanide Analysis Results For Tank C-109, Showing the Data 
Histogram, Probability Llensity Function, and Probability of 

Exceeding the 8 wt% Decision Limit. 
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Figure B-6. Nickel Analysis Results For Tank C-109, Showing the 
Data Histogram, Probability Density Function, and Probability of 

Exceeding the 0.8 wt% Decision Limit. 
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Figure B-7. Sodium Nickel Ferrocyanide Analysis Results For Tank C - I l l ,  Showing the Data 
Histogram, Probability Ilensity Function, and Probability of 

Exceeding the 8 wt% Decision Limit. 
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Figure B-8. Nickel Analysis Results For Tank C-111, Showing the Data Histogram, 
Probability Densit:) Function, and Probability of 

Exceeding the 0 8 wt% Decision Limit. 
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