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ABSTRACT 

Approximately 2100 metric tons of irradiated N Reactor fuel are stored in 
the KE and KW Basins at the Hanford Site, Richland, Washington. Corrosion of the 
fuel has led to the formation of sludges, both within the storage canisters and 
on the basin floors. Concern about the degraded condition of the fuel and the 
potential for leakage from the basins in proximity to the Columbia River has 
resulted in DOE's commitment in the Tri-Party Agreement (TPA) to Milestone M-34-
00-T08 to remove the fuel and sludges by a December 2002 target date. To support 
the planning for this expedited removal action, the implications of sludge 
management under various scenarios are examined. This report, Volume II of two 
volumes, describes the technical options for managing the sludges, including 
schedule and cost impacts, and assesses strategies for establishing a preferred 
path. 
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EXECUTIVE SUMMARY 

The three basic alternatives for K Basin sludge management are based on the 
classification of the sludge. These classification options are 

• Spent nuclear fuel (SNF) 
• Mixed (radioactive and hazardous/dangerous) waste 
• Radioactive waste (includes transuranic waste). 

Evaluating the alternatives leads to the conclusion that both the basin and 
canister sludges should continue to be managed as SNF while in the K Basins. The 
canister sludge, which is intimately commingled with the fuel and expected to 
consist of primarily fuel corrosion products, should continue to be managed as 
SNF pending completion of the programmatic EIS to establish the disposition of 
DOE's SNF complex-wide. The basin sludge, which is expected to contain substan
tial quantities of non-fuel material, should be considered for management as a 
radioactive or mixed waste after it is removed from the K Basins depending on its 
characteristics. 

This approach is consistent with TPA Milestones M-34-00-T07 and T08, which 
support encapsulation of the basin sludges without application of Dangerous Waste 
Regulations. It also enables retrieval activities to be optimized based on 
expedited removal of all fuel and sludges with minimum worker exposure rather 
than on regulatory constraints associated with the ultimate classification of 
specific materials, and avoids potential cost and schedule impacts associated 
with managing the K Basins as RCRA-regulated units. 

Currently, information on sludge characteristics is limited to a few samples 
of the KE Basin sludge. However, based on differences in the existing conditions 
in the KE and KW Basins and how the fuel has been stored, it is quite possible 
that additional information will show that all basin sludges need not be 
classified and processed in the same manner. 
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Because the sludge classification is a key factor in selecting a disposition 
path, process alternatives consistent with all three classification options were 
evaluated. Alternatives for sludge classified as SNF were limited to those 
compatible with the Path Forward plan for onsite dry storage of the associated 
fuel. This included the independent technical assessment (ITA) process for 
drying sludge collected on cartridge filters, a commercially available dryer, and 
a commercially available calciner that produce products that can be safely stored 
in the multi-canister-overpacks with the stabilized fuel. For sludge classified 
as a radioactive or mixed waste, the final product forms considered (grout or 
glass/ceramic matrix) were the same. However, the disposition paths evaluated 
included a range of existing and new facilities and the constraint that mixed 
wastes must be stored and treated in RCRA-permitted facilities. 

The various disposition alternatives were assessed on the basis of cost, 
schedule, acceptability of the waste form, and technical uncertainties that could 
impact implementation. The results indicate that acceptable products can be 
produced by all the processes considered. Cost and schedule were not found to 
be discriminators for the three SNF processing alternatives (ITA, dryer, and 
calciner). The preconceptual cost estimates for these alternatives ranged from 
$44 to $38 million, and all could be implemented by the time sludge was available 
for processing, after temporary storage with the fuel and prior to stabilization. 
The calciner was preferred because it was well established technology and 
provided greater process flexibility. 

The processes considered for sludge classified as waste included a large 
scale melter, a small dedicated melter, and grout. The small dedicated melter 
was found to be considerably more expensive than the other two alternatives ($85 
versus $24 to $32 million). The large-scale melter (storage and treatment in 
TWRS) was preferred on the basis that it provided the most expeditious path for 
disposition of basin sludge classified as mixed waste and appears to be 
comparable or less expensive than disposal as grout. However, further work is 
needed to confirm the acceptability of disposal in TWRS. 
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K BASIN SLUDGE DISPOSITION OPTION: PROCESSES, COSTS AND SCHEDULES 

1.0 INTRODUCTION 

This document is Volume II of a two-volume examination of options for 
cleanup of the spent fuel storage basins in the 100-K Area at the Hanford Site. 
The K Basins contain spent fuel in sealed and open canisters, corrosion and 
oxidation products, concrete grit, and other materials from the outside 
environment which have combined to form a sludge. Sludge exists on both the 
basin floors and in the spent fuel canisters. 

In this volume, the recommended strategy from Volume I, Section 6.0, of 
maintaining the classification of the sludge as spent nuclear fuel (SNF) until 
the fuel and other sludge components are separated is evaluated in terms of cost, 
schedule, and technical risk. The sludge in the sealed KW fuel canisters will 
remain as SNF at least until the NEPA process determines otherwise. Disposal 
options for the KW Basin canister sludge are limited to those that can be used 
to safely store the sludge without changing its basic characteristics. The SNF 
options are the Independent Technical Assessment (ITA) process, the dryer 
process, and the calcine process. The scope of the SNF alternative evaluation 
is depicted in Figure 1-1. 

For KE Basin sludge, the recommended strategy is to classify the sludge as 
a waste as it is removed. The alternatives for disposal alter the sludge 
characteristics into disposal forms that meet specific form criteria. The scope 
of waste disposal alternatives is depicted in Figure 1-2. Three options are 
considered: tank farm disposal and vitrification at some future date, small 
melter vitrification, and grout disposal. 

Processes for dried sludge, calcine, glass/ceramic, tank farm disposal, and 
grout are developed to prepare cost and schedules. The major process equipment 
pieces for each option are roughly sized to determine capital cost. Equipment 
capacity and the total quantity of sludge to be processed determine the time of 
operation and the operating cost. Equipment size is limited because it must fit 
in a typical hot cell. Limiting equipment size limits equipment capacity and 
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determines the time of operation. The dimensions of B or C cells at the Waste 
Encapsulation and Storage Facility (WESF) served as the template for equipment 
size. 

The tradeoff among disposal alternatives within a classification is 
determined by cost and technical risk comparisons with reference to disposal form 
criteria or specification (see Section 2.0). The criteria vary for different 
forms; for example, the dried solid form has a moisture level specification that 
is not applicable to a vitrified form. 

The process is the basis for the cost estimate and the sludge disposal form 
criteria specify the product; definition of the process costs and the sludge form 
criteria is the primary objective of the study. However, this study also 
considers safety during transport and processing. The sludge is transported from 
the KE and KW Basins to one of several facilities: the WESF, the Fuels and 
Materials Examination Facility (FMEF), or a new facility. These facilities have 
the shielding and the services necessary for the operation of a radioactive 
process. Transportation is the link between sludge removal and the sludge 
treatment facility. In the areas of transportation (see Section 6.0) and 
facility options (see Section 10.0), the study surveys the issues and 
regulations. 

Modes of transportation include rail car and shielded cask with radiation 
exposure dependent on quantities and concentration of sludge and the type of 
shipping container. Exposure in handling of 55-gallon drums and railcar shipment 
is evaluated in Section 5.0. The 204-AR Unloading Facility is constructed to 
receive railcar shipments. 

The descriptions of the dry sludge, grout, calcine, glass/ceramic, tank farm 
disposal, and the ITA-fiHer-element sludge collection and drying processes are 
found in Section 7.0. The process discussions are preceded by brief description 
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of sludge characteristics and the potential safety problems in processing the 
sludge. The process descriptions and the process schematics are the bases for 
the cost estimates. 

A tradeoff study is incomplete without consideration of the technical merit 
of the process and the product. Pilot plant testing is required of all options 
that produce a sludge form for disposal; the exception is sludge disposal in the 
tank farm. At this preliminary conceptual stage the development program 
requirements are rudimentary, but even this limited knowledge can indicate 
possible problems and development that may take longer than another option. 
Development testing provides necessary design and operating data and qualifies 
a disposal form by demonstrating that it meets the criteria. 
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2.0 CONCLUSIONS 

The assessment of K Basin sludge stabilization options compares the cost, 
schedule, and technical risks of the disposal options for the two primary sludge 
classifications: waste or SNF. Technical risk includes product characteristics 
that impact storage, radiation dose from sludge handling, and a preliminary 
recommendation of possible uncertainties that require research and development. 

Cost estimates were prepared for the three mixed waste disposal options 
shown in Figure 1-2. The costs for the three options are as follows: 

Tank Farm Disposal - $ 23,600,000 to 32,000,000 
Small Scale Melter - $ 85,400,000 
Grout - $ 32,200,000. 

Tank farm disposal cost includes rail car transportation to the 204-AR 
Unloading Facility, processing in the large-scale vitrification plant, and onsite 
storage in an interim glass storage facility. The processing cost has been 
estimated to be $12.1 million or $20.5 million, depending on the source (see 
Section 8.0). The costs for the small-scale melter and grout followed an eleven 
element work breakdown structure. 

The small-scale melter operation in FMEF will contaminate a clean facility 
and the decommissioning and decontamination (D&D) cost, a cost not included in 
the above estimate, would be a significant addition to the total small-melter 
option cost. This cost is not incurred in existing facilities contaminated by 
other operations and scheduled for D&D. 

The high cost of preparing FMEF for operation and the D&D cost makes the 
small-scale melter the least attractive of the three options. If these costs 
were shared with other operations in the same facility, then this option would 
be more cost-competitive. 
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The other two options are clearly cost-competitive. In making cost 
comparisons, the magnitude of the cost at the preconceptual design stage is not 
as important as the magnitude of the cost difference'. There is no significant 
cost difference between tank farm disposal and grout that of itself would 
indicate a preference. Of the other factors, schedule, technical risk, and 
product quality, tank disposal gives the shortest schedule. 

An expeditious removal favors tank farm disposal and final disposal after 
vitrification in the large-scale vitrification plant. This process could proceed 
without the delays from pilot scale testing, preliminary design, process design 
construction, startup and full-scale operation that would be required in any of 
the other options. Tank farm disposal is recommended for the disposal of KE 
Basin sludge. 

Radiation dose from shipping the sludge in railcar or truck can be 
controlled by a small water addition to shield an operator making unloading 
connections on the top of the railcar (see Section 5.3). An analysis of the 
sludge is required to determine if it meets the TWRS waste acceptance criteria; 
if the sludge fails to satisfy the waste acceptance criteria, then grout is 
favored because of its low cost and relatively short schedule. 

In terms of product quality, the durability of glass makes it preferable 
to grout even though the sludge could be made into a qualified waste form. 

The grout produced from KE Basin mixed with cement according to a basic 
grout formulation will produce a product that meets the solid waste acceptance 
criteria in all respects except surface dose. The waste will likely be 
satisfactory in terms of its gas generation due to radiolysis, fissile gram 
equivalent, and decay heat (see Section 7.3). The surface dose from grout 
exceeds the surface dose requirement for contact-handled (CH) TRU and thus 
qualifies as remotely handled (RH) TRU (WHC 1993). Specific criteria for 
acceptance of RH-TRU waste packages are developed on a case-by-case basis and 
provided to waste generators in the Storage/Disposal Approval Record (SDAR) for 
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each individual waste (WHC 1993). The preferred method of packaging RH-TRU waste 
is to shield the waste to CH levels and store it until facilities are available 
to treat this waste form (WHC 1993). No remote handled transuranic waste derived 
from irradiated fuel will be accepted into storage in solid waste facilities 
without specific DOE-RL SWD approval as a deviation from practice. 

The latter requirement of shielding to CH levels may mean the use of heavy 
walled canisters or a grout formulation that incorporates less sludge in the 
grout. If the waste acceptance criteria require that the grout meet the CH 
surface dose rate of 100 mr/hr, then there would be additional cost to the 
current estimate for more expensive grout containers and more containers to 
contain the reformulated grout. It is doubtful that the additional cost would 
change the cost ranking of the waste options. 

A location for the grout option is B or C cells of the WESF. There is a 
potential conflict with IPM project that is also planning to use these cells to 
conduct treatability tests. Modification of the cells for the IPM project is 
planned to start in January 1995, and testing is planned in June 1996 (see 
Section 10.3). The construction schedule for the grout option starts in January 
1995 and finishes in 1997. FMEF, an alternative location for the grout process, 
is not ready to receive a process because work remains to make the facility 
functional. 

In conclusion, the most expeditious approach for the disposal of KE Basin 
sludge is tank farm disposal. This is not the least expensive option if the cost 
of vitrifying the sludge in the large-scale Hanford vitrification plant is 
included; however, tank farm disposal expeditiously removes the sludge from the 
proximity of the Columbia River, a high priority expressed by the stakeholders. 

The KW Basin sludge is shipped to the Staging and Storage Facility where 
separation would occur at some future date when the SNF drying and conditioning 
process is operational. The SNF classification is retained as long as the SNF 
and sludge are commingled. It is assumed here that SNF classification of the 
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sludge is retained after separation of the sludge from the SNF and the sludge 
would be dried and passivated if necessary in a process similar to that used to 
dry and passivate the SNF, The NEPA process should be completed by the time 
processing of the SNF is to begin. If the KW Basin sludge is designated a waste 
in the NEPA process, then the sludge could be shipped to a tank farm for disposal 
as previously described. 

The small quantity of sludge on the floor of KW Basin has had no contact 
with SNF, hence, an analysis of this material is likely to determine that it is 
low-level radioactive waste and not mixed waste. It is likely that the radiation 
exposure from the sludge on the floor of KW Basin is low enough to permit a 
hands-on operation to convert to grout." The other alternative is to dispose of 
it by shipping it to the tank farm. This may be relatively easy once equipment 
is in place for removal and disposal of KE Basin sludge. The sludge on the floor 
of KW Basin will require sampling and analysis before a disposal option can be 
identified. 

Three options were considered for the drying the KW Basin canister sludge: 
a dryer process, a calciner process, and the ITA process. The costs of these 
options are as follows: 

ITA Process - $ 33,000,000 
Calciner Process - $ 35,700,000 
Dryer Process - $ 37,900,000. 

The ITA process consists of collecting the sludge on filter cartridge and placing 
cartridges in MCOs for transport, storage, and drying. Cost for the ITA process 
includes processing and storage; the cost for the other processes follow the 11-. 
point work breakdown structure. All processes would be included in the Staging 
and Storage Facility, the location of the fuel drying and passivating operation. 
The ITA process is an extension of that process for the treatment of sludge. 
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The ITA process is the lowest-cost option, but the cost difference at this 
stage is insufficient to denote a preference. The other factors, product quality 
and technical risk, become the deciding factors. Schedule is not as important 
in the waste alternative evaluation, because the transport of fuel canisters with 
sludge away from KW Basin is constrained by the completion of the Staging and 
Storage Facility. 

If one considers for the moment only the dryer and the calciner then product 
quality and technical risk favors the calciner. The dryer differs from the 
calciner in the degree of moisture removal, because dryers are typically steam-
heated, and calciners are gas- or oil-fired or electrically heated. If a low 
moisture content is required, then the calciner is the equipment of choice. In 
Section 3.2, radiolysis of residual moisture content of 1 wt% and 0.25 wt% in 
dried sludge was analyzed. At a moisture content of 1 wt% (which is approaching 
the limit for the Ketema filter-dryer) it was found that gas generation due to 
radiolysis was not excessive. The gas generation rate estimate is based on KE 
Basin sludge analysis. This preliminary analysis indicates that a calciner is 
not required to produce a satisfactory moisture content in the dried sludge. A 
calciner is required, however, if hydrides in the sludge require higher tempera
tures and an atmosphere of argon and oxygen for sludge passivation. The gas 
generation rate needs to be examined again when sample analysis becomes 
available. Obviously, the higher temperature produced by a calciner provides 
more flexibility in designing a process (see Section 7.2). 

Some preliminary judgments can be made regarding the uncertainties in 
bringing the three options on-line as operating processes. The filter-dryer and 
the rotary dryer-calciner are commercially manufactured drying equipment that 
have been operated in various commercial applications. The manufacturer has 
gained considerable operating experience, which he brings to each new applica
tion. An ITA process is new, without a comparable operating history. The pilot 
plant facility that a commercial purchaser has access to will have to be built 
to test the ITA process. 
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In conclusion, the processing of SNF sludge is best accomplished by the 
rotary dryer-calciner. This process offers a high degree of flexibility and 
benefits from extensive commercial experience. 
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3.0 OBJECTIVES AND BASES 

3.1 OBJECTIVES 

The objectives of this study are to examine alternatives for the system 
whereby K Basin sludge can be removed, stabilized, stored, and disposed. The 
system must satisfy DOE policies and requirements, regulatory requirements, DOE 
commitment goals, risk management, and cost efficiency. 

Very general, but essential, functional objectives were used in the system 
component evaluations. The project objectives used for this study are these: 

Minimize health/safety impact on workers 

The sludge removal, transport, treatment, and storage system activities 
shall minimize worker health and safety impacts and be within the guide
lines specified in the DOE Radiological Control Manual (DOE N 5480.6). 

Comply with federal and state regulations 

The sludge removal, transport, treatment, and storage options must not 
exclude compliance with federal and state environmental protection 
regulations. 

Minimize technical risk 

The sludge removal, transport, treatment, and storage options should 
minimize technical risk. Specifically, options should possess a high level 
of confidence in obtaining regulatory approval to become operational (both 
within the DOE system and external to the DOE system). This would tend to 
exclude technologies that are unproven or theoretical. 

Minimize waste generation, especially HLW and TRU 

The sludge removal, transport, treatment, and storage options examined 
shall be compatible with the DOE policy on waste generation. That is, 
Radioactive and mixed wastes shall be managed in a manner that ensures 
protection of the health and safety of the public, DOE, and contractor 
employees and the environment. The generation, treatment, storage, 
transportation, and/or disposal of radioactive wastes and the other 
pollutants or hazardous materials they contain, shall be accomplished in 
a manner that minimizes the generation of such wastes across program office 
functions and complies with all applicable Federal, State, and local 

3-1 



environmental, safety, and health laws and regulations and DOE requirements 
(DOE Order 5820.2A). 

Expeditiously move the sludge awav from the Columbia River 

The sludge removal, transport, treatment, and storage options should not 
exclude successful completion of the TPA commitment (Milestone M-34-00-T08) 
to have K Basins cleaned by a target date of 2002. 

Pretreat sludge in a manner that does not exclude final treatment/disposal 
options 

Any sludge pre-treatment and storage options considered shall not adversely 
impact the final treatment/disposal options for the sludge. An adverse 
impact would be an additional significant cost or an additional process 
step to achieve the input specification to the final treatment/disposal 
process. Another adverse impact would be a sludge pre-treatment 
stabilization process that could pose technical problems with the final 
treatment/disposal process. 

Provide flexibility for incorporating improved technology 

The sludge removal, transport, treatment, and storage options should 
provide flexibility for incorporating improved technology. The technology 
should not be so inflexible that new technology could not be incorporated 
as it is developed or proven. 

Meet output specifications 

The sludge removal, transport, treatment, and storage options should meet 
the output specifications for the interim sludge storage period. The 
output specifications have not been established at this date. 

Minimize total life-cycle costs 

The sludge removal, transport, treatment, and storage activities should 
minimize total life cycle costs for the system. In addition, the 
process(s) chosen should not encumber the final treatment/disposal 
option(s) with exorbitant additional costs. 

Maximize reliability and maintainability 

The sludge removal, transport, treatment, and storage options should 
provide a reliable, easily maintained system in order to achieve a high 
operating capacity, minimize maintenance cost, and have minimal impact on 
worker and facility safety. 
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3.2 SLUDGE FORM ASSESSMENT CRITERIA 

3.2.1 Storage Criteria for Dry Material 

Adequate drying of material is necessary when storing uranium oxides. 
Criteria need to be established to define "adequate" drying. Storage require
ments for plutonium oxide have required that calcination processes be carried out 
at temperatures of 650 - 700°C to ensure that enough water has been separated out 
to maintain acceptable hydrogen pressure levels inside subsequent storage con
tainers (DOE 1994). Plutonium oxide with a specific surface area of 17 m2/g 
processed by calcination still contains about 2 mg of water per gram of oxide. 
A typical storage container for the calcined material may contain 3 kg of oxide 
and 2 liters of free volume. Given this configuration, the pressure could 
eventually exceed 60 psig. Given a larger surface area of 50 m2/g, the pressure 
could reach 180 psig (DOE 1994). Uranium fines and corrosion products make up 
a small portion of the K Basin sludge. A drying threshold of 2 mg/g may be 
sufficient to preclude any concerns of excessive hydrogen generation. 

Radioactive decay from uranium is a concern given that the radioactivity 
can change the chemical and physical makeup of the material being stored and/or 
the storage container. Plutonium, in a finely divided form, emits a larger frac
tion of 5.1 MeV alpha decay particles than do bulk forms. The uranium in the K 
Basin sludge is presumably in finely divided forms and will exhibit the same 
characteristics as plutonium. However, the plutonium alpha particle is highly 
energetic, more energetic than the K Basin sludge. Thus the radiolysis of mois
ture in K Basin sludge will proceed at a much lower rate than plutonium powder. 

The rate of the radiolytic decay can be determined from the G-value of 
hydrogen production and the radioactive decay rates for alpha, beta, and gamma 
radiation. G-values, total energy to decay fragments, and total alpha, beta, and 
gamma particles present in the sludge are given in Table 3.2-1. Based on these 
values, hydrogen is generated in each container of the dry sludge at a rate of 
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Table 3.2-1. Particle Properties 

Constituent G-Value Total Energy (MeV) Total Particle 
Emissions (Ci/g) 

Alpha, a 1.55 5 6.54 E-05 
Beta, p 1.7 2 2.59 E-04 
Gamma, y 0.5 0.66 4.88 E-05 

0.195 g-mole H2/yr. If the sludge is calcined, ridding the material of more 
chemically bound water, the hydrogen generation rate is 0.04 g-mole H2/yr per 
container. These are worst-case calculations that assume the entire surface area 
of radioactive materials is available and in contact with radio!izable material. 

The hydrogen generation rate calculated is very conservative. Shielding 
is not accounted for in the determination of the 6-value. At least one order of 
magnitude reduction can be expected in the hydrogen generation rate based on the 
shielding of surrounding materials. 

3.2.2 Storage Criteria for Grout 

For a waste to be classified as TRU waste, the concentration limit must be 
greater than 100 nCi/g transuranic (TRU) radionuclides00 of the waste matrix 
at the time of final containerization (WIPP 1991). This limit will apply after 
the grouting of K Basin sludge materials. Weight limits to the containerization 
of TRU waste are set at 1,000 pounds per drum for waste assemblies transported 
in a TRUPACT-II package (WIPP 1991). 

In addition, remotely handled (RH) TRU waste is defined by DOE Order 5820.2A 
as waste having a surface dose rate of greater than 200 mrem/hr. Criteria for 
RH TRU have not been defined and will be decided on a case by case basis. As a 

(a) In general, radionuclides having an atomic number greater than 92 and half-
lives greater than 20 years. 
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guidance, RH TRU should be shielded to CH TRU levels (<200 mrem/hr surface dose 
rate) and stored until treatment .methods are determined (WHC 1993). 

When particulate waste such as a powder is being immobilized in grout, 
criteria are established that mandate only 1 wt% of the waste matrix be in the 
form of particles less than 10 microns in diameter. Additionally, the waste may 
be considered immobile if 15 wt% is in the form of particles less than 200 
microns in diameter. TRU wastes may contain residual liquids less than 1 vol% 
of the waste matrix (WIPP 1991). 

Grouting will provide a safe form for any pyrophoric materials that exist 
in the K Basin sludge. Packaged waste may not contain greater than 1 wt% of 
pyrophoric forms of radionuclides. These pyrophoric forms should be dispersed 
within the waste (WIPP 1991). 

Decay heat generated by the containers is limited to 40 watts when 
transferring waste in TRUPACT II shipping containers (WIPP 1991). The TRUPACT 
II container holds 14 drums, and the sum of the decay heat from the individual 
drums may not exceed 40 watts. Calculations for the decay heat of grouted 
K Basin sludge determined that approximately 0.08 watts were generated per drum. 
For 14 drums, the decay heat would only amount to 1.12 watts. 

3.2.3 Storage Criteria for Vitrification 

Vitrification of the K Basin sludge will produce molten glass that will be 
disposed of in containers. The glass is considered high-level waste (HLW). If 
the glass produced from vitrified sludge is considered a waste, then it would be 
subjected to the Toxic Characteristic Leaching Procedure (TCLP) to show that it 
does not exceed regulatory thresholds. Typically, samples of the vitrified 
solids are ground, and one of two extraction fluids is added to dilute the 
solution to a ratio of 20:1. The mixture is then shaken for 18 to 24 hours. 
Subsequently, samples are taken to ensure that dangerous waste regulations for 
certain metals are not exceeded. Metals of concern are cadmium, chromium, and 
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lead, which are limited by dangerous waste regulations to 1 mg/L, 5 mg/L, and 5 
mg/L in the leachate, nespectively (EPA 1986). Although the glass will be stored 
in solid form in containers rather than dispersed to the ground, regulations 
require that the glass solution meet the above criteria. 

3.3 ASSUMPTIONS 

This study assumes the K Basin sludge will be thoroughly characterized prior 
to recovery to ensure compatibility with the shipping container and the sludge 
handling system and for conformance to acceptance criteria. The sludge will be 
recovered from the K Basins by either placing it in individual containers or by 
pumping it into some sort of transport tank. If individual containers are used, 
the content is assumed to be 50% solids and 50% water. Transport tanks are 
expected to contain sludge in a slurry consistency that is conducive to pumping 
and sluicing. 

The sludge characteristics used in this study are basically limited to the 
jKE Basin. It is recognized, however, that sludge in KE Basin is unlike the KW 
fuel canister sludge or the KW Basin floor sludge. The three sludges are 
expected to vary in radioactivity and chemical composition. Because the fuel in 
K West was encapsulated, very little sludge exists on the bottom of that basin. 
There is speculation that sludge in significant quantities does exist in the Mark 
II fuel containers; however, it remains confined to the canisters. 

The sludge is expected to be transported without any processing to a 
receiving facility within the Hanford 200 Area(s). The transport route will 
probably be entirely within the public exclusion area of the Hanford Site. The 
receiving facility is undetermined at this time, but could be the 204-AR Waste 
Unloading Facility, an existing processing facility that has been modified for 
treatment, or a new processing\storage facility. A facility in the 400 Area, 
however, should not be excluded. 
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4.0 SLUDGE DESCRIPTION 

Accumulations of sludge from fuel handling operations and fuel oxidation 
exist in the KE and KW Basins. The sludge is present in canisters containing 
fuel elements and on the KE Basin floor. 

The KE Basin contains open-top spent fuel canisters that have corroded. 
An accumulation of fuel oxides and corrosion products has settled on the KE Basin 
floor. In addition, insoluble materials from the basin and surrounding environs 
have mixed with the corrosion and oxidation products to form the KE Basin sludge. 
Insoluble materials may have been generated from 1) deterioration due to the 
friable surface of the KE Basin walls, 2) backwashing of the basin sand filter, 
3) blowing dust from the surrounding environment settling in the basin, and 
4) loose zeolite ion exchange media from past basin operations.(a) These 
materials have combined with oxidized fuel, including uranium, aluminum, and iron 
oxides. 

The KW Basin contains closed spent fuel canisters that have prevented fuel 
element materials from settling on the KW Basin floors. However, the fuel 
elements within the canisters are stored in water, and it is assumed that 
corrosion and oxidation products have formed a sludge on the bottom of each 
canister stored within the KW Basin. Approximately 20 years ago, the KW Basin 
was cleaned out and painted before fuel elements were stored, to prevent the 
basin environment from corroding. Therefore, there is almost no sludge on the 
floor of the KW Basin. The material that is on the floor is due to dust from the 
surrounding environment. The sludge retrieved from the KW Basin in the canisters 
will contain oxidized fuel but will likely not contain the insoluble materials 
found in the KE Basin. 

Based on depth measurements taken of the KE Basin sludge material, the 
sludge volume contained within the basin was estimated to be 37.6 cubic meters. 

(a) Bechtold, D. B. July 27, 1993. Analysis of 105 KE Basin Sludge Samples. 
Memorandum 12110-PCL93-069 to M. A. Meier. Westinghouse Hanford Company, 
Richland, Washington. 
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The Sand Filter Backwash Pit and the Weasel Pit have generated an additional 
9.2 m 3 of sludge.(a) These estimates, which were used in this study, result in 
a total sludge volume of approximately 50 m3. Recent sludge measurements 
indicate a minimum estimated sludge volume of 49.8 m 3 and maximum estimated 
sludge volume of 91.8 m 3. ( b ) 

The volume of sludge contained within the KW Basin canisters is unknown. 
The full impact of the corrosion inhibitor and the radiolysis generated hydrogen 
on the corrosion rate is unknown, and the rate has been assumed to be equal to 
that found for the fuel elements of the KE Basin. Although this corrosion rate 
has not been formally established, assumptions led to a total estimate of 50 m 3 

of sludge present in the KW Basin canisters. 

The total sludge volume to be retrieved from the KE and KW Basins is 100 m 3. 
Based on an average sludge density of 1.3 g/mL, approximately 130 metric tons of 
sludge exist. 

Sludge samples were taken from the 105-KE Basin and were analyzed for 
chemical and radiological components as well as physical properties. Physical 
characteristics of the sludge are described in Section 4.1. Chemical and 
radiological characteristics are presented in Sections 4.2 and 4.3, respectively. 
Characteristic information was derived from a sample analysis of the KE Basin 
sludge. No sampling has been performed on the KW Basin sludge in the canisters 
or on the basin floor. 

4.1 PHYSICAL CHARACTERISTICS 
Physical characteristics of the sludge, such as density and particle size, 

were noted during sample analysis. 

Several density calculation methods were used to determine the most accurate, 
density values of KE Basin sludge samples. "As-settled" and "as-centrifuged" 

(a) Praga, A. N. 1994. Sludge Management Options Report (Draft). 
Westinghouse Hanford Company, Richland, Washington. 

(b) Baker, R. B. September 29, 1994. Summary Status of 105-K East Sludge 
Characterization. Internal Memo to R. P. Omberg. Westinghouse Hanford 
Company, Richland, Washington. 
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densities were calculated. In addition, an alternative calculation to the "as-
centrifuged" method was used and was considered most accurate because of the 
underlying assumptions. Density values from all methods ranged from 1.11 g/mL 
to 1.69 g/mL. Density measurements are presented in Table 4.1-1. 

Particle sizes of the KE Basin sludge ranged from 1 to 100 p.m in diameter. 
The majority of particles have diameters below 10 ji/m. However, most of the 
particle mass is contained in particles having diameters greater than 10 microns. 

Table 4.1-1. Summary of KE Basin Sludge Analysis 

Item Result 

Physical Characteristics 

Sludge Density 1.11 - 1.54 g/mL 

Particle Size Distribution 1 - 100 /urn 

Percent Solids 17.5 - 52.6 

Chemical Characteristics 

Major Species in Sludge 
Al 
Ca 
Cd 
Cr 
Fe 
Mg 
Pb 
Si 
Zn 

2.43e+04, fig/g dried 
4.38e+03, jug/g dried 
9.59e+01, fig/g dried 
1.18e+03, fig/g dried 
2.85e+05, fig/g dried 
1.07e+03, A ĝ/g dried 
6.18e+02, uglg dried 
1.43e+03, jug/g dried 
1.25e+03, /ig/g dried 

Radiological Characteristics 

Fissi le Content 3.5 - 10.9 % U 
Pu = 1/400 of U 

Radiation Level (/?/y) 3.3 - 11.4 mR/hr/g 

(a) Bechtold, D. B. July 27, 1993. Analysis of 105 KE Basin Sludge 
Samples. Memorandum 12110-PCL93-069 to M. A. Meier. Westinghouse 
Hanford Company, Richland, Washington. 

(b) Praga, A. N. 1994. Sludge Management Options Report (Draft). 
Westinghouse Hanford Company, Richland, Washington. 
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4.2 CHEMICAL CHARACTERISTICS 

Chemical constituents of the sampled KE Basin sludge include mainly hydrated 
iron oxides, hydrated aluminum oxides, and some uranium oxide. In addition, 
silicon, calcium, magnesium, lead, cadmium, chromium, and other metals were found 
and were assumed to be generated from the basin environment. 

It is expected that sludge retrieved from the canisters in the KW Basin will 
contain a higher concentration of oxidation products than the KE Basin sludge 
because of the differences described in Section 4.0. 

4.3 RADIOLOGICAL CHARACTERISTICS 

Analysis of the sludge samples indicated the presence of uranium and fission 
product nuclides. Cobalt-60 may have originated from carbon steel shoes on the 
irradiated fuel element feet.(a) 

As in the case of chemical characteristics, the sludge retrieved from the 
KW Basin will contain a higher concentration of radionuclides than the sludge 
generated in the KE Basin. The insoluble materials in the KE Basin serve to 
dilute the chemical and radiological concentrations of the KE Basin sludge. 

Sample dose rates were taken prior to sample analysis activities and the 
results are given in Table 4.1-1. 

(a) Bechtold, D. B. July 27, 1993. Analysis of 105 KE Basin Sludge Samples. 
Memorandum 12110-PCL93-069 to M. A. Meier. Westinghouse Hanford Company, 
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5.0 SAFETY 

Safety issues and concerns must be addressed in determining a potential 
method for processing the K Basin sludge. The safety issues presented here are 
similar to those identified in the Independent Technical Assessment (MACTECH 
1994) for the N Reactor fuel located in canisters in the K Basins. N Reactor 
fuel is corroding, leaving exposed uranium metal on the surface of the fuel rods 
in addition to exposed uranium in the corrosion products remaining on the 
canister and basin floors. Uranium is a pyrophoric material and the principal 
safety concern is in the possible ignition of uranium hydrides and metal fines. 
Other safety concerns include the formation of hydrogen gas and the effects of 
radioactivity of sludge materials. These safety issues are presented in this 
section and are also addressed in the discussion of individual treatment options. 

5.1 PYROPHORICITY 
Pyrophoricity is an issue in the handling of uranium metal when there is 

an abundance of oxygen in the environment. The oxygen in the environment 
provides for rapid reduction of any hydrides, and if the reaction is allowed to 
happen quickly, a large release of energy could result in an ignition of the 
uranium metal. Uranium hydrides require a sufficient volume of air to sustain 
ignition and reaction. A pyrophoric event does not occur when uranium metal is 
immersed in water. In this environment, uranium hydride reacts separately with 
hydrogen and oxygen to form uranium dioxide and hydrogen gas. 

The sludge is composed of uranium corrosion products U0 2 and UH3 and perhaps 
some uranium metal fines. These small pieces of uranium will create a large 
surface area, which enhances the potential of uranium fires because there are 
more sites for the oxygen to react with. 

The environments in the KE and KW Basins are distinct and may give rise to 
a difference in the potential for a pyrophoric event. The KE Basin may contain 
an environment favorable to preventing a pyrophoric event because the basin 
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contains high-purity oxygenated water, which serves to minimize hydride formation 
and survival. The surplus of oxygen causes a low corrosion rate compared to 
oxygen-depleted environments. The surplus also provides an environment for 
hydrides to revert to oxides. 

The canisters in the KW Basin are closed with a gas space at the top of the 
canisters. The fuel rods are immersed in water and corrosion is occurring. The 
canisters are vented, allowing hydrogen gas to escape. In the past, potassium 
nitrite was added into the high-purity water in the canisters to inhibit 
corrosion, but its effect on the corrosion rate of the fuel in the KW canisters 
is unknown. The corrosion inhibitor may have passivated the fuel surfaces. It 
can also be argued that the corrosion rate may be higher in KW canisters because 
the absence of fresh oxygenated water could produce more uranium hydride, with 
more risk of burning during the drying process. 

The possibility of a pyrophoric event increases with the amount of oxygen 
available. Without some precautions, drying of the K Basin sludge material could 
result in an ignition of uranium hydride. The conditioning portion of the drying 
method proposed in this report is conducted in an inert gas atmosphere with 
controlled amounts of oxygen supplied to convert the hydride to uranium oxides. 
When the process is controlled in this way, the amount of heat released is 
controlled and never becomes great enough to ignite the uranium metal that may 
be present. 

5.2 HAZARDOUS GASES 

Hydrogen gas is produced during the corrosion process. The excess of 
hydrogen gas may result in unwanted pressures in a long-term storage container. 
An acceptable pressure limit has been set for long-term storage containers at 
0.3 atm, such that any material placed in containers must not create pressures 
greater than the limit (MACTECH 1994). In addition, any water that remains may 
promote the formation of hydrides and increase the risk of a pyrophoric reaction. 
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The following reactions are possible in the corrosion process (MACTECH 
1994): 

U + 2H20 » U0 2 + 2H2 

2U + 3H2 » 2UH3 

2UH3 + 4H20 » 2U02 + 7H2 

2UH3 + 20 2 » 3H2 + 2U02 

Hydrogen gas generation will be an issue for the grout treatment option and 
the dry sludge treatment option in terms of the container pressure limit. Issues 
specific to these treatment options are discussed in the corresponding sections. 

5.3 DOSE LEVELS FROM SHIPPING KE BASIN SLUDGE 

Dose limits are specified for two alternatives evaluated in this study; the 
tank farm disposal option and the grout option. In the former, unloading of the 
sludge occurs in the 204-AR Unloading Facility, where the dose to the operator 
is limited to 5 rem/hr at 0.9 m (3 ft) (WHC 1991). In the latter, the grout 
option, sludge is mixed with cement in 55-gallon drums. Two dose limits apply: 
the TRUPAC II shipping criteria limits the surface dose to 200 mrem/hr and WHC 
storage criteria limits the surface dose to 100 mrem/hr (WHC 1993). 

Dose was estimated for a 55-gallon drum and a rail car filled with settled 
sludge. Bechtold reported the physical properties of as-settled sludge, a term 
used to sludge that settles out of water under the influence of gravity.(a) 

Dose is estimated for a rail car filled with settled sludge and a 55-gallon drum 
also filled with settled sludge. 

(a) Bechtold, D. B. July 27, 1993. Analysis of 105 KE Basin Sludge Samples. 
Memorandum 12110-PCL93-069 to M. A. Meier. WHC, Richland, Washington. 

5-3 



5.3.1 Results 

Results are calculated for the four Sludge Samples, S3-032-01, S3-032-02, 
S3-032-03 and S3-032-04, hereafter designated -01,-02, -03 and -04, respec
tively. ( a ) Only gamma sources are included; brehmstrahlung radiation is ignored 
because it is small compared to that from the gamma emitters. Calculations and 
their validation are described in Appendix A, Section A.3. The Monte Carlo 
technique that was used to estimate the dose from the rail car and the dose from 
the drum was validated by checking the dose from a rail car calculated by the 
ISOSHLD code. The source term in the validation test case was based on the 
results of an ORIGEN run for 10 year decayed fuel.(a) Rail car and drum doses 
are calculated on a per photon/sec/cc basis for as-settled sludge for energies 
of 0.1, 0.66, 1.2, and 2.3 MeV, which are shown in Appendix A, Section A.3 to 
represent the gamma sources present. The source strength per cc for each sample 
is applied to these values to obtain the specific sample results. 

The dose at 0.9 m (approximately 3 ft) from the surface of the tank car (at 
its mid-length) is 5.89, 6.00, 1.29 and 0.225 R/hr for samples, 01, 01, 03, and 
04, respectively. Dose at the surface of the tank car at its mid-point has been 
calculated to be 10.6 R/hr for sample 01. Surface doses for the other samples 
are estimated by assuming proportionality to the calculated doses at 0.9 m from 
the surface.. These are 10.8, 2.32 and 0.404 R/hr, respectively for samples 02, 
03 and 04. 

The dose on the surface of the 55-gallon drum (at its mid-length) is 20.5, 
21.3, 4.58, and 0.804 R/hr for samples 01, 02, 03, and 04, respectively. The 
reason the surface dose on the drum is higher than that on the tank car is 
because of the thicker steel wall of the tank car (1.1 cm versus 0.13 cm). The 
source is sufficiently self-shielded that it is essentially an infinite source 
for either the tank car or the drum. 

(a) Goldberg, H. J. 1994. Memorandum to J. E. Mercado. Accident Analysis for 
Transportation of K Basin Waste in Tank Car. 
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The calculations are described in Appendix A, Section A.3 which contains 
derivations and validation of the results by comparison to theoretical calcula
tions and to the ISOSHLD results referenced above. Both the buildup factors and 
number of photons per disintegration are chosen to be conservative (Appendix A, 
Section A.3) so that the results calculated in this document are 50% higher than 
the ISOSHLD results. 

5.3.2 Conclusions 

Tank car levels come very close to meeting the 5 rem/hr limit at a 0.9 m 
distance according to these calculations. Considering the 50% added conservatism 
based on the ISOSHLD comparison, then the 5 rem/hr limit is met. A worker making 
unloading connections in the cupola on the top of the tank car is shielded by 
water added in the loading operation. The sludge gravity settles, leaving a 
layer of water that shields the operator from the radiation in the settled 
sludge. Mixing of the sludge and water prior to unloading reduces the solids 
concentration for pumping, reduces the possibility of transfer line plugs 
developing, and reduces the dose in the lower part of the car where the sludge 
settles. 

Dose criteria for the 55-gallon drums will require dilutions of about 30 
to 100 (for the worst sample) to meet the requirement of no more than TRUPAC II 
criteria of 200 mR/hr on the surface. TRU storage requires 100 mR/hr on the 
surface, so double the above dilution will be required for this situation. These 
dilution factors are for water; sludge mixed with cement would have somewhat 
lower dilution factors due to the higher density of the grout matrix. 
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6.0 TRANSPORTATION 

This portion of the study briefly identifies and examines the options for 
transporting recovered K Basin sludges to an undesignated treatment/storage 
facility located on the Hanford Site away from the 100 Areas. This section 
identifies potential technical issues that may require resolution prior to the 
transport of this material. The issues associated with regulatory agencies other 
than the Department of Energy (e.g., Environmental Protection Agency for NEPA, 
Ecology for permitting) are discussed in Volume I of this report. 

Prior to identifying the transport options, some assumptions pertaining to 
where the sludge will be transported for future storage or processing are 
established. Probable sludge characteristics are also presented to determine a 
compatible container\transport system. The characteristics discussed include the 
hazardous, radioactive, fissile, and TRU constituents of the sludge which are 
important for occupational and public safety and in case the sludge is declared 
a waste at the time of recovery. In addition, applicable regulations impacting 
the transport will be identified. 

6.1 ASSUMPTIONS 

The K Basin sludge is expected to be transported from both 100-K Basins to 
a receiving facility within the Hanford 200 Areas. It is also within the scope 
of this study to consider what modes of transportation are most suitable for the 
disposal option under consideration. The transport route will probably be 
entirely within the public exclusion area of the Hanford Site. The receiving 
facility is undetermined at this time, but could be the 204-AR unloading station, 
an existing processing facility that has been modified for treatment, or a new 
processing\storage facility. A facility in the 400 Area, however, is not be 
excluded. 

This study assumes the K Basin sludges will be characterized prior to 
recovery to ensure compatibility with the shipping container and with the sludge 
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handling system. The sludge will be recovered from the K Basins by either 
placing it in individual containers or by pumping it into a transport tank. If 
individual containers are used, the content is assumed to be the average solids 
to water ratio of the samples analyzed by Bechtold.(a) Transport tanks are 
expected to contain sludge in a slurry consistency that is conducive to pumping. 
For this study, the sludge will be considered as a component of the spent nuclear 
fuel (SNF) stored in the basins, at least until it is separated from the fuel. 

The sludge characteristics referred to in this study are basically limited 
to the KE Basin. Because the fuel in KW was encapsulated, very little sludge 
exists on the bottom of that basin. There is speculation that sludge in 
significant quantities does exist in the Mark II fuel containers; however, it 
remains in the canisters with the fuel. It is assumed that the total undiluted 
volume of the sludge in both basins is 100 m3. 

6.2 SLUDGE MATERIAL CHARACTERISTICS 

In order to determine the packaging\transportation requirements for the 
sludge, knowledge of the sludge material characteristics is necessary. The spent 
fuel and hazardous material characteristics of the sludge were discussed in 
Volume I of this report. This section provides additional information on other 
known sludge characteristics (e.g., fissile material and TRU content) and 
identifies others that need to be determined. 

Information on the physical\chemical\heat generation characteristics of the 
sludge is vital to selection of the packaging and transportation system. For 
container and transportation selection, the following minimal information is 
required: 

• Physical form (e.g., solid, liquid, % of free standing liquids, slurry, 
etc.) 

(a) Bechtold, D. B. July 27, 1993. Analysis of 105 KE Basin Sludge Samples. 
Memorandum 12110-PCL93-069 to M. A. Meier. Westinghouse Hanford Company, 
Richland, Washington. 
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• Radiological characteristics (container isotopic source term, external dose 
rate, etc.) 

• Chemical (reactivity, Ph, pyrophoricity, etc.) 

• Toxicological properties 

• Fissile material content 

• Thermal energy generation 

• Gas generation. 

A limited number of sludge sample analyses are available to give an 
indication of the K Basin sludge characteristics.^ Detailed characterization 
of the sludge is planned and will be completed in near future. The existing 
samples were originally taken for other reasons (e.g., operational safety 
requirements on fissile material content) and analyzed using uncertified (with 
respect to waste characterization) laboratory procedures. However, the analyses 
do indicate the general characteristics of the sludge constituents. The 
following is a brief discussion of the important sludge constituents. 

6.3 FISSILE MATERIAL CONTENT 

A look at some existing sludge sample analyses indicate that total uranium 
content could be as high as 10% of the dried sludge content (e.g., sample 
S3-032-01) . ( a ) This means that for every kilogram of sludge (minus water) 
recovered, 100 grams will be uranium. For criticality evaluation purposes, 
uranium, even from spent fuel, is assumed to be 1% enriched in 2 3 5U. It therefore 
follows that for each kilogram of sludge, the fissile material content from 
uranium is 1 gram. Sample analyses do not indicate the sludge content of 2 3 3U, 
but the concentration is expected to be a very small percentage of the total 
uranium. 

(a) Bechtold, D. B. July 27 1993. Analysis of 105 KE Basin Sludge Samples. 
Memorandum 12110-PCL93-069 to M. A. Meier. WHC, Richland, Washington. 
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The other fissile isotope present that is significant is 2 3 9Pu. The U/Pu 
ratio for N Reactor fuel is 400. Therefore, the 2 3 9Pu content appears to be about 
0.25 grams per kilogram of dried sludge or roughly 25% of the Z 3 5U content. The 
2 4 1Am content appears to be about 0.008 grams per kg of dried sludge. This 
equates to about 0.008% of the 2 3 5U content. Obviously, the predominant fissile 
isotopes of concern are 2 3 5U and 2 3 9Pu. 

It appears that the concentration of 2 3 5U in the sludge will result in the 
material meeting the definition of "fissile" for onsite transportation (i.e., 
greater than 15 grams fissile material). This will require that the shipping 
container be evaluated and approved in its Safety Analysis Report for Packaging 
for criticality safety. This could result in operational restrictions, such as 
limiting the maximum quantity shipped per shipping container. However, the 
relatively low concentration of fissile nuclides should not present unreasonable 
restrictions. 

6.4 TRANSURANIC CONTENT 

An examination of some existing sludge sample analyses indicates that the 
transuranic content of the sludge is well above the 100 nCi/gram (dried sludge) 
definition for TRU waste (e.g., sample S3-032-01). For instance, the gross alpha 
emitters total up to 16,000 nCi/gram (dried sludge) and 2 4 1Am is present in 
concentrations exceeding 8,000 nCi/gram. Also, the dose rates associated with 
the sludge indicate that any non-shielded sludge container would be classified 
as being remote-handled (i.e., >200 mrem/hr). 

6.5 APPLICABLE REGULATIONS 

There are numerous regulations pertaining to the packaging and transport 
of the sludge material. They are based upon a variety of factors including the 
location of the transport, the risk to transport workers, and the risk to the 
public. The primary organization involved is the Department of Energy (DOE) for 
transport solely within the public-excluded areas of the Hanford Site. The 
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onsite transportation safety acceptance criteria are based on a graded approach 
to provide protection to the workers and the public that is equivalent to that 
provided during transportation offsite. The actual onsite transportation 
activity is conducted in a manner equivalent to offsite transportation. For 
implementation of the requirements, Westinghouse Hanford Company operates its 
packaging and transportation activities via a company-controlled manual. A 
sampling of the regulations and requirements are as follows: 

6.5.1 Department of Energy 

The regulations are in the form of Department of Energy Orders. Those that 
pertain to the packaging and transportation of sludge-type materials are listed 
below: 

DOE Order 1540.2 - Hazardous Material Packaging for Transport - Administrative 

Procedures 

RLID 1540.0 - Transportation of Hazardous Materials (draft) 

DOE Order 5400.3 - Hazardous and Radioactive Mixed Waste Program 
RLID 5480.3 - Safety Requirements for the Packaging and Transportation of 

Hazardous Materials, Hazardous Substances and Hazardous 
Wastes 

DOE Order 5480.3 - Safety Requirements for the Packaging and Transportation of 
Hazardous Materials, Hazardous Substances, and Hazardous 
Wastes 

DOE Order 5820.2A - Radioactive Waste Management 

6.5.2 Nuclear Regulatory Commission 

The requirements for transportation of radioactive materials are found in 
Title 10 Code of Federal Regulations, Part 71, "Packaging of Radioactive Material 
for Transport and Transportation of Radioactive Material". The regulatory 
requirements of this part pertain to NRC-licensed material that is being 
transported outside the licensee's facility. While this is not directly 
applicable to sludge transport solely within the public-excluded area of the 
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Hanford Site, 10 CFR 71 is referenced in DOE Order 5480.3 as providing standards 
for packaging, packaging classification, criticality safety, quality assurance, 
and required documentation. 

6.5.3 Department of Transportation 

Title 49 Code of Federal Regulations, "Hazardous Materials Regulations," 
provides requirements for transport of hazardous materials in interstate and 
foreign commerce. While the transport of sludge within the Hanford Site is not 
applicable, DOE Orders 1540.1 and 5480.3 reference the following 49 CFR Parts: 

Part 171, General Information, Regulations, and Definitions 

Part 172, Hazardous Materials Table, Special Provisions, Hazardous 
Materials Communications, Emergency Response Information, and 
Training Requirements 

Part 173, Shippers - General Requirements for Shipments and Packaging 

Part 174, Carriage by Rail 

Part 177, Carriage by Public Highway 

6.5.4 Westinghouse Hanford Company 

The WHC-CM-2-14 manual entitled Hazardous Material Packaging and Shipping 
implements the DOE requirements for Hanford Site packaging and transportation. 
The Westinghouse Hanford Company operates its packaging and transportation 
activities via this company-controlled manual. In addition, marking, labeling, 
packaging, and transport requirements must conform to the applicable SARP or SEP. 

6.6 PACKAGING OPTIONS AVAILABLE AT HANFORD 

There are at least two primary methods for transporting the sludge available 
on the Hanford Site. The first is by truck over existing roads. Truck transport 
is expected to have access to both the K Basin loading areas and to the ultimate 
destination facility in the 200 Area. The truck could be either a tank con-
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figuration or an enclosed trailer-type configuration to transport individual 
containers. This is an attractive method because of the flexibilities, but the 
volume of a single transport of sludge shipped in a slurry could be limiting. 

Truck transport of sludge in containers may be more appropriate to minimize 
the number of transports required and to provide a configuration that is easier 
to shield. The radiological conditions of sludge shipment in 55-gallon drums are 
projected in Section 5.3. There is no existing SARP or other safety documenta
tion for transport in this configuration. 

The second option is transport by rail between the K Basins and the ultimate 
200 Area facility destination. Rail cars would have access to the K Basin loading 
area and would probably have access to the 200 Area receiving facility. Various 
rail car configurations do exist to transport high-dose rate material on the 
Hanford Site. Section 5.3 projects the radiological conditions from transporting 
the sludge in a rail tankcar configuration. No SARP or other safety documenta
tion has been prepared for transporting this specific material. 

A third option could be considered, but is not likely to be available during 
the time frame required for transport. The sludge could conceivably be trans
ported by pipeline. However, no such pipeline currently exists between the 100 
K Areas and the 200 Area. In addition, the construction of such a line solely 
for this purpose would probably not be cost effective. This option will 
therefore not be considered further in this study. 

6.6.1 Packaging 

There are a few existing candidate methods for packaging and transporting 
the sludge. Transport packages are anticipated to be a Type B package due to the 
potential radioactive inventories. However, Type A packages could be used for 
very small sludge packages. Both Type A and Type B packages are defined in 49 
CFR 173, Subpart I. None of these packages have been evaluated for suitability 
to this mission. 
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6.6.2 55-gallon drums 

Using 55-gallon drums for sludge packaging is a possibility that would 
probably present significant challenges with respect to external dose rates and 
environmental risks in the event of an accident. Also, the number of drums 
required for transporting sludge would be rather large; a minimum of 500 drums, 
assuming 100 m 3 of undiluted sludge. However, these containers are used on a 
daily basis on the Hanford Site and are readily available. 

6.6.3 Mark II Container 

One of the candidates for the primary packaging of K Basin sludge is the 
Mark II canister, which is currently used to store KW Basin spent fuel. Assuming 
100 m 3 of sludge, approximately 2,230 Mark II canister loadings of sludge would 
be needed to package and transport the total undiluted sludge volume.(a) 

The disadvantages of this container are that, in addition to the large 
number of canister loadings required, the facility and equipment that are 
required for unloading the sludge either into a treatment facility or into the 
tank farms does not exist at this time on the Hanford Site. Also, this container 
has not been evaluated or approved for transporting this material. 

6.6.4 Mark II Container Overpack 

In conjunction with the Mark II containers, a secondary overpack container 
will probably be required for transporting the sludge. At Hanford, the following 
overpack containers could potentially be used: 

(a) WHC. 1994. N Fuel Dry Storage Technical Evaluation. Attachment 1 to 
9454024, Westinghouse Hanford Company, Richland, Washington. 
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24-Inch Overpack 

The 24-inch overpack has a storage capacity for two Mark II containers. 
Up to five of the overpack canisters can then be placed into a dry storage 
can with an inerted atmosphere. This storage can is then compatible with 
a Nuhoms-type fuel storage cask. 

30-Inch Overpack 

The 30-inch overpack can accept three Mark II canisters. Up to five of the 
overpack canisters can then be placed into a dry storage can with an 
inerted atmosphere. This storage can is then compatible with a Nuhoms-type 
fuel storage cask. 

6.7 TRANSPORTATION OPTIONS AVAILABLE AT HANFORD 

Several existing Hanford containers could potentially be used for 
transporting the sludge. None of the containers were designed specifically for 
this mission, and modification of the container or interface equipment may be 
required. In addition, other problems could be encountered such as availability 
or existence of an inadequate number of casks. An SARP has been prepared for 
each of these containers for maximum source terms; however, other considerations 
(e.g., reactivity, gas generation) will require a revision to the SARPs. The 
following is a partial listing of potential candidates: 

Big Bertha - Truck Transport - Currently loaded with resin column 
DSWC - Truck Transport - Shielded casks at FFTF 
Ball Transport - Truck Transport 
K Basin Cask - Truck Transport. 

In addition, the TWRS organization is in the process of procuring a 1,000-
gallon shielded tanker truck system. The design provides for accident protec
tion, and the system should be operational in about one year. 
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Truck Transport Summary 

Advantages 

System for truck transport of radioactive waste is currently 
operational at Hanford. 

Several existing Hanford shipping containers may be adequate for 
sludge transport. 

Several NRC-licensed shipping containers may be adaptable for sludge 
transport. 

Disadvantages 

External dose rates would limit the sludge volume in each transfer 
requiring a large number of trips (except for shielded packages). 

Sludge packaging would have to be authorized by safety documentation. 

A current system for unloading sludge canisters into a destination 
facility does not exist. 

6.7.1 Hanford Tank Rail car 

A number of tank rail cars are available for transporting waste on the 
Hanford Site. This method would provide several advantages over a packaging\ 
truck transport method. One is the extensive experience in transporting waste 
from various Site locations to the 204-AR Unloading Facility. Waste can be 
transferred from a rail car into the Tank Farm System and routed to the designated 
Tank Farm location. Sludge waste can be diluted, if necessary, to reduce the 
external radiation exposure rates associated with the sludge. Dilution water in 
a homogeneous mixture of sludge and water has a self-shielding effect. 
Designation as waste will not be changed by water addition for transportation. 
This becomes a disadvantage in the future as the sludge will probably have to be 
de-watered at an additional cost (included in the cost estimate for this option). 
If dilution is not necessary, technical problems such as settling of the sludge 
on the bottom of the rail car can be overcome by other means (e.g., agitation, 
mixing). 
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The current contractor operates a rail transport system that has 
demonstrated equivalent safety (via SARP or SEP) to DOT regulations. For K Basin 
sludge transport, it must be determined to meet the onsite safety acceptance 
criteria. 

Another concern relates to the very high radiation dose rates that accompany 
this waste. Because railcars do not have installed shielding, the high dose 
rates may present an occupational safety issue. Radiological dose projections 
for this transport option are provided in Section 5.3. As already discussed, 
there are solutions to these potential problems. The density of the sludge may 
also present a problem with retrieval from the rail car tank. Equipment to 
vigorously mix the tank contents and/or to remotely sluice and pump the tank heel 
may need to be part of the total transport system. This type of operation is 
performed frequently on the Hanford Site and is not considered a technical 
problem. 

The current tank railcars are planned to be replaced by double-shell 
railcars in about a year. The new configuration will provide greater integrity 
relating to decreased dose consequences in the event of a primary tank leak or 
other accident scenario. 

6.7.2 NuPac Model 125-B Container 

During the Three Mile Island (TMI) cleanout activities, reactor core debris 
and contaminated sludges were transported in a NuPac Model 125-B rail car 
transport cask from TMI to the Idaho National Engineering Laboratory. No details 
of this system were available for evaluation, however, it is known that the cask 
was licensed by the Nuclear Regulatory Commission for transport of radioactively-
contaminated sludges. The availability or suitability of these casks to this 
mission are unknown. 
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Rail car Transport Summary 

Advantages 

The rail transport system at Hanford is currently operational for 
similar materials. 

Large transport volume minimizes the number of trips to complete the 
sludge transfer. 

Disadvantages 

Rail cars may need to be re-certified for this task. 

Safety documentation may have to be modified for this material type 
and activity. 

Equipment requires installation and/or modification to load sludge at 
Basin into railcar. 

6.8 SYSTEM APPROVAL 

The method(s) chosen for transporting the sludge will require a commitment 
of time and resources to develop the required safety documentation and to obtain 
appropriate approvals. The actual time required is dependent upon the complexity 
and maturity of the chosen method and the availability of the transport equipment 
and packaging. If a totally new system is required to be designed and procured, 
it should require about one to three years to be approved and operational 
depending on system complexity and priority. 

If an existing Hanford transport system could be approved for this activity, 
the time could be significantly reduced. The time estimate would probably be on 
the order of six to 12 months until the system could be operational. 

The current Hanford Site approval process is well established and has had 
years of review/approval experience. The process is set forth in the WHC 
controlled manual entitled Hazardous Material Packaging and Shipping (WHC-CM-2-
14). Onsite transportation system approval requires formal WHC internal review 
which includes the Packaging Engineering organization, peer review, Safety and 
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Quality oversight, user organizations, the WHC Packaging and Shipping Approval 
Authority, and possibly the Safety and Environmental Advisory Council and RL, 
depending on the total activity per shipment. 

6.9 UNCERTAINTIES 

Although there appears to be no technical or regulatory reason to prevent 
the sludge from being safely transported, there are several undetermined factors 
which could significantly impact the final system. As the project matures, the 
uncertainties are expected to be reduced. For instance, the transport 
restrictions or provisions required in the Safety Analysis Report for Packaging, 
specifically the criticality evaluation and the accident dose consequence 
evaluation, may drive the system selection. However, the options can be selected 
by scoping these evaluations during the system concept phase. 

There is also considerable uncertainty about the final destination of the 
sludge and where the sludge will be interim stabilized and stored. These 
decisions will impact the final transportation system chosen. For instance, the 
introduction of the waste into the tank farm system may be a quick, cost-
effective solution, however, questions on waste compatibility and tank space 
availability must be addressed. 

6.10 SUMMARY 

The Hanford transportation capability does not currently include a system 
approved for transporting sludge from the K Basins to a facility in the 200 Area. 
However, there are several potential existing candidate methods for performing 
this task if a lead time of about one year is acceptable. The lead time would 
be necessary to perform the required engineering studies for the 
package\transport method, complete any modifications, and to complete all of the 
required qualifications and safety documentation. For a totally new transport 
system, the projected lead time of about four years is probably too limiting. 
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At this time, no technical problems are envisioned that would prohibit the 
transport of this material within the Hanford Site. Materials similar to the 
sludge (e.g., exempt fissile quantities of high-level liquid radioactive waste) 
are routinely shipped by rail car from various Hanford locations to the 204-AR 
Unloading Facility. Other considerations such as political decisions and cost 
efficiency could affect the viability of the various options. 

6-14 



7.0 SLUDGE PRODUCT AND PROCESS CHARACTERIZATION 

Four sludge stabilization processes are considered: 1) disposing as a 
slurry in high-level waste DSTs, 2) drying or calcining to minimize reactive 
potential, 3) stabilizing in grout, and 4) melting into glass or ceramic. 

7.1 DISPOSAL OF SLUDGE IN THE HIGH-LEVEL WASTE TANKS 
One option considered for the disposal of the KE Basin sludge is to ship 

the sludge via railcar to the 204-AR Waste Unloading Facility. Once at the 
facility, the sludge would be sluiced from the railcar and sent to a DST for 
processing with the current volume of DST wastes. This option was broken into 
three stages: 1) loading of the railcar with the sludge, 2) transportation of 
the sludge to the 204-AR Waste Unloading Facility, and 3) unloading of the sludge 
from the railcar to a DST. 

7.1.1 Loading the Sludge 

This study addresses only the limits required to be met to transport and 
unload the sludge at the 204-AR Waste Unloading Facility. The processes and 
equipment used in the actual cleanout of the basins and loading of the sludge 
into the rail car are addressed elsewhere and are not in the scope of this 
report. Of primary interest is the dose rate received by operators involved in 
the unloading of the sludge at the 204-AR facility. This dose rate provides the 
limits for loading of the car with sludge. 

The dose rate calculations presented in Section 5.3.1 provide the maximum 
dose rate received at a distance of 0.9 m from a fully loaded tank car as 6.0 
R/hr. As identified in Section 7.1.3, the 204-AR Waste Unloading Facility is 
designed to handle shipments with a dose rate less than 5 rem/hr at 0.9 m. Based 
on these numbers, it was assumed that less than 35 m 3 liters of sludge would be 
loaded into a tank car for any one shipment. The remainder of the volume of the 
tank car would be filled with water to provide additional shielding. 

In the tank car loading and unloading operations, all manual operations are 
conducted from the top cupola. In the loading operation a settled sludge layer 
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of 35,000 liter is accumulated in the tank car by pumping a solid slurry, which 
settles by gravity, leaving a layer of water to shield the operators readying the 
sludge for unloading. During the unloading operation, tank sluicers will mix the 
sludge and water to make a slurry that can be transferred without plugging the 
piping. Mixing reduces the sludge concentration in the bottom of the tank car 
where operator dose is the highest. 

The dose rate to an operator working in the cupola and shielded by a layer 
of water remains to be determined. The difference between maximum dose rate of 
6 R/hr for a tank car fully loaded with settled sludge and the 204-AR Unloading 
Facility exposure limit of 5 rem/hr is relatively small, so the added shielding 
from stratification of water and sludge is expected to reduce the exposure to 
acceptable levels. The objective of the suggested ALARA evaluation should be to 
minimize the operator exposure by minimizing the unloading operations (number of 
trips) and optimizing the depth of water on top of the settled sludge. 

Based on the recommendation in Volume I, Section 6.0, the sludge in the KW 
canister would remain in the canister with the fuel and is shipped in MCOs to the 
Staging and Storage Facility. The sludge in KE Basin would be transported by 
tank car to the 204-AR Unloading Facility. Included is the sludge on the floor 
of KE Basin and some of the sludge in KE Basin canisters. Most of the sludge in 
the open-top canister will likely be shipped along with the fuel to the Staging 
and Storage Facility. Since it is commingled with the fuel, it would be 
classified as SNF and eventually be dried or calcined with KW canister sludge. 
The movement of the screened bottom fuel canisters would likely result in sludge 
being dislodged from the canister, thus becoming part of the KE Basin sludge 
disposed to tank farm. It is estimated for cost purposes that two tank car 
shipments are required to transport KE Basin sludge that has collected on the 
floor of the basin. A shipment consists of settled sludge in the bottom of the 
tank car and overlying layer of water for shielding. 

7.1.2 Transportation of the Sludge 
Current rail tank cars used at the Hanford Site are 75 m 3 liter (20,000 

gallon) stainless steel railroad tank cars, manufactured by the Low Equipment 
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Company in 1965 (WHC 1991). The tanks are fitted with special loading and 
unloading fittings, an internal sluicing and spray down system, an electrically 
heated sump, and special instrumentation such as a dip tube assembly. Also the 
tank needs to be equipped with internal baffles to ensure the sludge does not 
settle during shipping. 

The tank is constructed of stainless steel with the following attributes: 

Tank length 13.4 m (44 ft) 

Inside diameter 2.7 m (9 ft) 

Wall thickness 1.1 cm (0.44 in.) 

Weight (empty) 27.2 metric tons (30 tons). 

The tank is fitted with pressure relief valves set at +292 KPa gauge 
(+75 psig) and vacuum relief valves set at -3.894 Pa gauge (-1 psi) (WHC 1991). 

Additional information related to the transportation of the sludge can be 
found in Section 6.0. 

7.1.3 Unloading the Sludge 
The 204-AR Waste Unloading Facility was designed and built to receive liquid 

waste transported in rail tank cars and direct transfer of that waste to DSTs 
located in the 200 Area Tank Farms. The facility was designed to handle 
shipments with a dose rate of less than 5 rem/hr at 0.9 m (3 ft) (WHC 1991). 
Shipments exceeding this dose rate will require additional approvals and special 
operating procedures. 

7.1.3.1 204-AR Unloading Facility 
The 204-AR Unloading Facility is a two-story, structural steel and 

reinforced concrete building, approximately 64 ft long by 40 ft wide by 25 ft 
high. The facility, located in the 200 East Area south of the 244-AR Vault, was 
constructed to receive radioactive liquid waste from other areas at Hanford, 
transported in railroad tank cars, for direct transfer to underground waste 
storage tanks. 
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The building is divided into three primary sections: 1) the unloading area, 
2) the mechanical equipment room, and 3) the personnel offices and facilities 
(operations and change rooms). 

The unloading area houses the railroad tank car, the slurry and water 
booster pumps, the waste catch tank and associated valving and piping, and 
ventilation exhaust ductwork housing the first stage HEPA filters. Quick-
disconnect fittings on stainless steel flex hoses are suspended from the ceiling 
to allow easy coupling of the tank car to the process piping. Access to the top 
of the tank car is from the balcony onto a fold-down platform through an opening 
with a swing-type gate. 

The first floor mechanical equipment room houses the process equipment for 
the facility, the motor control center, the building heating, ventilating and air 
conditioning (HVAC) equipment, and the air compressor for instrument air supply. 
Two floor drains to the waste catch tank (TK-1) facilitate cleanup. The drains 
are provided with 9-inch 922.9-cm) loop seals as a means of minimizing venting 
from the catch tank into the room. 

The second floor personnel offices and facilities include the operations 
room and a locker and change room. The facilities are sized for a normal 
occupancy of three operating personnel. The personnel entrance to the waste 
unloading area and the balcony is protected by a airlock. A CAM station is 
provided at the entrance to the change room. 

Utilities and services include cold chemical makeup, steam, water, 
instrument air, electrical power, sampling, control room facilities, and HVAC. 
Other design features are incorporated to facilitate reduced radiation exposure 
during tank car hookup, unloading, cleaning, and maintenance. In addition 
capability is provided for agitation, chemical addition to, and sampling of the 
contents of the tank cars. 
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7.1.3.2 Rail Tank Car Unloading Process 

The tank cars enter the unloading area through a roll-up door and vestibule 
and then through hinged steel doors. The car is then spotted and the doors 
closed prior to unloading. Once the doors are closed, an operator working from 
the balcony area connects the process piping to the tank car. 

Once connected, the tank is chemically adjusted as required with the 
contents being recirculated to ensure a uniform mixture, the tank is then pumped 
through the 241-A-A valve pit to the designated DST. In the event of a solid 
heel remaining, the 204-AR is equipped to sluice the tank car through a sluicing 
nozzle. After sluicing of the tank car, the external surface of the car is then 
decontaminated as required and returned to the shipper for reloading. 

Routing of the sludge to a DST will be dependent upon the compatibility of 
the sludge with current tank wastes as well as the availability of space in the 
DSTs. Currently jumpers are installed or could easily be installed to route the 
sludge to the AN, AP, AW, AY, and AZ Tank Farms. 

7.2 DRIED SLUDGE AND CALCINE 

The K Basin sludge processes for dried or calcined sludge have the same 
basic functional requirements, but have different roles that are to be decided 
in determination of product specification. The basic functional requirement is 
that the equipment is commercially available and able to process oxidation-
sensitive material and passivate these materials by controlled-atmosphere 
processing. 

The potential for uranium hydride in the sludge reacting spontaneously and 
rapidly once dried and exposed to air is the reason for the requirement on 
oxidation-sensitive material. Equipment to process oxidation-sensitive material 
evaporates free and bound moisture by the flow of hot, inert gases over the 
material or by the heating of the sludge under a vacuum. The latter option, 
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vacuum drying, was chosen in this study and is mentioned in the Independent 
Technical Assessment (MACTECH 1994) under "Conditioning Requirements and 
Criteria." 

Vacuum drying or calcining equipment eliminates the oxygen and hence a 
pyrophoric reaction of the uranium hydride. The perceived need for vacuum drying 
is predicated on the prevention of an equipment damaging pyrophoric reaction. 
If the equipment is shown to be unaffected by small exothermic hydride reactions 
within the dried sludge matrix, then the case for process equipment capable of 
handling oxidation sensitive material disappears. 

Passivation or conditioning of sludge could be desirable as an adjunct to 
either drying or calcination. Restricting the available oxygen supply limits the 
heat release from uranium hydride or uranium metal oxidation preventing tempera
tures that could ignite small amounts of uranium metal. During passivation, oxy
gen is introduced to oxidize any uranium hydride and uranium fines. An oxygen 
concentration of 2% in an inert gas .such as argon is the initial concentration 
used by the French at the CEA Cadarache Metallic Fuel Conditioning Facility and 
is proposed in the United Kingdom conditioning process (MACTECH). The tempera
ture at which passivation is performed, if needed, is equipment determining. The 
UK study suggests a temperature of 160°C. In the French process, the condition
ing step is operated at approximately 250°C and this step is preceded by heating 
the fuel to 430°C to decompose hydrides and hydrate. 

The French process is the most demanding in the range of temperatures 
required, 150°C to 430°C. Extreme though 430°C may be in comparison to other 
processes, the process is successful in making the fuel safe for transport. This 
leads to a functional requirement on equipment operating temperatures: 

150°C for the dryer 

430°C for the calciner. 

A decision to classify the K Basin sludge as spent nuclear fuel requires 
a second decision on product form, dried sludge or calcine. The decision on 
dried sludge or calcine is driven to large extent by the product specification 
on moisture. Radiolysis of excessive moisture can result in pressurization of 
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the sludge product containers in excess of the limit of 0.3 atmosphere (MACTECH 
1994). Excess water in the sludge is exposed to beta and alpha radiation, and 
because of the energy associated with these particles, higher rates of water 
radiolysis than gamma radiolysis occur than would occur with unfailed fuel. 

Indirect-heat calciners may be required if the moisture specification for 
the sludge product is lower than a dryer can produce and the temperature 
requirement for a controlled atmosphere passivation is high. An indirect-heat 
calciner is a bare metal cylinder surrounded on the outside by a fired or 
electrical heated furnace with special seals to maintain an inert atmosphere. 
It is suitable for operation at medium temperatures up to a maximum which can be 
tolerated by the metal wall of the cylinder, usually 650K to 700K for carbon 
steel and 800K to 1,025K for stainless steel (Perry 1984). In contrast, a steam-
tube dryer evaporating the moisture from finely divided inorganic solids, water-
ground mica, water-ground silica and flotation concentration is heated with 860K 
Pa steam (Perry 1984). This steam pressure corresponds to a steam temperature 
of 446°K. The process temperature found in the Independent Technical Assessment 
(MACTECH 1994) for the foreign and the Baseline Fuel Conditioning Process is 
listed in Table 7.2-1. 

The lower end baseline temperature and the temperature proposed in the 
United Kingdom study are at the operating temperatures of the steam-heated dryer. 
The higher temperatures (in particular, the French decomposition temperature) are 
in the calciner temperature range. There is not, apparently, a clear distinction 
between dried material and calcine. It must be noted that the above process 
proposed for deteriorating fuel elements may work for the sludge, but the 
characteristics of fuel and sludge are considerably different. A process like 
the French process, which uses pressure pulses of argon and oxygen to enhance 
diffusion into the corroded layer of fuel to passivate the uranium hydride, may 
not be required because the sludge solids are fine particles that would 
facilitate both drying and passivation. Also, commercial particulate drying 
equipment enhances the rate of drying by agitation and by the flow of gases 
through and over the wet sludge. 
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Table 7.2-1. Fuel Drying and Conditioning Temperatures (MACTECH 1994) 

Process/Operation Temperature (K) 
Baseline Process 
Dewatering and Drying 373 to 573 
Passivation 423 to 523 

French 
Drying 423 
Hydride Decomposition 703 
Passivation 523 

United Kingdom 
Drying and Controlled 373 to 433 
Oxidation 

A drying rate diagram and a determination of the equilibrium moisture 
content, a point at which there is no further drying, are required to accurately 
size the dryer or calcine equipment. The equilibrium moisture content can then 
be used to estimate the radiolysis gas pressure in a sealed container. The 
equilibrium moisture content is the key to a decision on whether drying or 
calcining is appropriate. 

Passivation temperatures indicated in Table 7.2-1 are within the temperature 
range that is tolerable for use with either carbon steel and stainless steel. 
However, passivation temperatures higher than proposed in the United Kingdom 
study would require an indirect-fired controlled atmosphere calciner. The need 
for passivation of the sludge is not a certainty. If passivation is required, 
then a passivation process could be optimized for sludge. The mixing within the 
calciner equipment promotes contact with the passivation gas and the effect could 
be lower temperatures and relatively short residence time. 

Based on the functional requirements, a dryer and a calciner were selected. 
Choices in design or manufacturer are possible; a number of different processing 
units represent feasible options. However, a extensive series of vendor tests 
followed by in-house pilot plant tests could jeopardize scheduled completion. 

Two basic types of dryers, batch and continuous, are considered in the 
study. Calcination is a two-step process of drying and calcining. The dried 
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sludge feed to the calciner is produced in a vacuum rotary dryer. Sludge is 
moved as it is dried by shaped mixing elements that move the sludge and breakup 
agglomerates. The Ketema Company manufactures a helical filter dryer that is a 
horizontal plate filter and also functions as a batch dryer. The attraction of 
the helical dryer is the multiplicity of functions that it can perform. For 
calcine, only continuous feed was evaluated. No effort was devoted in the study 
to the determination of the optimal drying or calcining process unit. 

7.2.1 Dried Sludge 

A primary objective in the processing of sludge waste is to form a stable 
material suitable for long-term storage. Drying the sludge is one option for 
obtaining a more stable material. Drying prevents water from contributing to 
significant radiolysis or corrosion, which can cause increased pressure inside 
a storage canister due to hydrogen generation and/or degradation of materials. 

7.2.2.1 Filter and Dryer Description 

The Filtroba Helical Filter Dryer unit, manufactured by Ketema Process 
Equipment, was chosen for the task of filtering and drying the sludge from the 
KE and KW Basins. The Ketema filter/dryer can take a dilute slurry from the 
sludge removal operation, dry it, and discharge the dried sludge directly into 
a container. The filter has the ability to handle feed slurries of up to 10% 
solids by weight. In addition, particles as small as 0.5 microns can be 
filtered. 

The unit consists of a pressure vessel containing a helical filter element 
constructed of sintered metal. An inlet at the top allows feed into the unit 
where both filtration and drying are accomplished in separate processing steps 
(see Figure 7.2-1). An outlet at the bottom of the unit allows the dry product 
to be placed directly in containers. This is desirable in the sense that it 
minimizes operator interaction with the hazardous materials in the sludge. 
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The filtration and drying process is accomplished in four steps: filtration 
and remnant filtration, drying, conditioning, and cake discharge. Filtration 
begins as sludge is pumped into the pressure vessel through an opening at the 
top. The sludge flows uniformly across the helical filter. Heavy particles are 
resuspended during the filtering process by rotating the helical filter and 
creating an upward current. This prevents the filter from clogging and aids in 
completing the filtering process. The liquid remaining after the filtration 
process is discharged through a filtrate outlet located at the bottom of the 
vessel. Unfiltered sludge collected on the bottom of the vessel is filtered by 
pressurizing the vessel with nitrogen. This forces the remnant slurry through 
a remnant filter located at the bottom of the vessel. In addition, the Ketema 
unit allows for the remaining filtered cake to be washed at this point, if deemed 
necessary. 

To prevent oxidation, vacuum drying is implemented. The sludge cake is 
dried through the use of internal tubing fitted beneath the helical filter. A 
heating medium flows through the tubing as a vacuum is applied inside the 
pressure vessel, evaporating moisture from the sludge. In addition, vacuum 
drying eliminates the oxygen and impedes a pyrophoric reaction of uranium 
hydride. 

Conditioning is a process of adjusting the moisture level throughout the 
dried product. SAIC, in discussion with Ketema, requested that moisture content 
of the dried sludge should be approximately 1 wt%. This moisture level was 
chosen without physical data to assist the manufacturer in specifying the dryer. 
Product specification of the moisture content is a priority in a research and 
development. A judgment on final moisture is necessary at the preconceptual 
stage to estimate equipment cost and to determine if any special equipment 
features are needed. The manufacturer recommended that the dryer be laid on its 
side and electrical heating supplied to the shell. This provides greater 
moisture removal; the helical auger moves the filter cake over the heated surface 
producing a drier material than the standard dryer without electrical heating. 

After the completion of the conditioning step, the dried sludge cake is 
loosened by rotating the helical filter and the solids are conveyed to the bottom 
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of the vessel. A scraper, located in the bottom of the vessel, shifts the solids 
and discharges them through an outlet into a container. 

The drying process should remove the majority of the free water in the 
sludge. Remaining water will be in the form of water that has been adsorbed or 
absorbed and waters of hydration. The oxides available in the sludge to hold 
waters of hydration include uranium, aluminum, zirconium, and stainless steel. 
The zirconium and stainless steel are not believed to have corroded significantly 
and therefore have not contributed to the majority of the hydrides in the sludge. 
The corrosion of uranium will produce mainly U0 2 and U0 3, of which uranium 
trioxide will form a hydride. Corroded aluminum will also form hydrated oxides. 
Acceptable levels of remaining water will be dependent upon subsequent container 
pressures induced by gases generated during corrosion and/or radiolysis. The 
container pressure should not exceed 0.3 atm (MACTECH 1994). 

If the remaining water level does not meet the specified standard, higher 
temperatures may be required to remove the water. However, process temperatures 
for the dryer unit are limited. Drying beyond the capability of the dryer unit 
will have to be performed in a calciner that can withstand higher temperatures. 

Removal of residual water at higher temperatures can be accomplished during 
passivation. In this process, an argon/oxygen mixture is admitted to the 
pressure vessel to oxidize any remaining uranium hydride and uranium fines that 
arise from hydride disassociation. The process will occur at an oxygen 
concentration of 2%. The low oxygen concentration has been shown in similar 
cases to limit the amount of heat generated from the oxidation of both uranium 
hydride and uranium metal. Successfully limiting the generated heat will ensure 
that temperatures are low and sustained uranium metal oxidation cannot occur. 

Based on past experience, no significant amounts of fission products have 
been released during the conditioning process. Process temperatures proposed for 
conditioning the KE and KW Basin sludge are well below those used previously for 
this process. Therefore, fission product release during the sludge conditioning 
should be within acceptable limits. 
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7.2.2 Calcine Process Description 

The production of a dried calcine would be required if the sludge was 
classified as a spent nuclear fuel. In terms of a product specification, calcine 
is favored if the moisture content required to prevent pressurization and 
deformation of the primary container is less than can be achieved by drying the 
sludge. A calciner is also required if high-temperature passivation of the 
sludge is a requirement. The French treat deteriorating metal fuel by heating 
it to a temperature of 430°C and holding at this temperature for two hours to 
decompose hydrides and hydrates (MACTECH 1994). 

In the calcine option, the sludge is dried, then the temperature is 
increased to calcination temperature. An indirect fired rotary calciner was 
selected because it satisfies the functional requirements (see Section 7.2). 

The indirect fired calciner processes bulk materials at medium to high 
temperatures while maintaining complete separation of flue gas and process gas. 
For example, the calciner manufactured by Renneburg, is configured as an inner 
vessel containing the process material and rotating inside a furnace heated by 
gas, oil or electricity. The material is fed continuously, rotated constantly, 
and advanced steadily to the discharge port. 

High or medium temperature calcination is preceded by sludge drying. The 
functional requirement of primary importance in the selection of drying equipment 
like the calcination equipment is a capability to process oxidation sensitive 
material. Wet, settled K Basin sludge is potentially pyrophoric only after water 
is removed to the point of dryness under atmospheric conditions. A vacuum rotary 
dryer will evaporate most of the water in the absences of air. 

Settled sludge is transferred from the feed tank to the rotary vacuum dryer 
as wet settled sludge. Typically the initial rate of evaporation is constant, 
then begins to fall as dried powder begins to form. The dried sludge is 
discharged from the vacuum rotary dryer into a hopper backfilled with an inert 
gas. This is the feed hopper to the rotary calciner. 

7-13 



A continuous feed of dried sludge is raised to 430°C. A residence time of 
2 hours for material passage through the calciner is in keeping with the French 
approach. A calciner equipped for controlled atmosphere was selected because it 
maximizes the capital cost. If laboratory tests find that passivation with argon 
and oxygen is not required, then a cost savings can be realized. 

The powder from the calciner is discharged into the Mark II canister which 
is placed into a 24-inch overpack. A block diagram, Figure 7.2-2, of the 
calciner process shows the dryer-calciner and the auxiliary equipment. The 
offgas from the dryer passes through a heated pulse back filter, a condenser, and 
then a vacuum pump that discharges into an existing process exhaust system with 
HEPA filtration. 

The calcination process is complicated by the use of the argon-oxygen 
mixture for passivation. The argon-oxygen mixture is split into two streams; the 
major flow is recirculated through a filter and returned to the calciner by a 
ventilator. A heat exchanger maintains the gas temperature of 250°C to 430°C. 
A side stream is removed from the recirculating flow and passed through a cooler 
and a condenser to remove water evaporated in the calcination process. The 
oxygen concentration is monitored and additional oxygen added as necessary to 
maintain it at the predetermined level. 

7.3 GROUT 
Solidifying and stabilizing the KE Basin sludge in a cement matrix is a 

feasible option for safe storage of the sludge. Portland cement is an excellent 
candidate for making a grout of sludge solids, sludge water and additional water, 
if necessary, into a hardened solid structure that is high strength, low 
permeability, and high chemical resistance in most cases. Nuclear wastes have 
been stored in cement for over 30 years (Adaska 1991). 

This process description describes the basic grout formulation, the process 
that can complete the solidifying and stabilizing the sludge, and the criteria 
that the grout must meet. 
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7.3.1 Basic Grout Formulation (BGF) 

Cement grout is a mixture of Portland Cement and water. ASTM C 150 Type I 
(normal) Portland Cement is a general purpose cement suitable for many 
Solidifying and Stabilizing systems (Adaska 1991). The lowest water/concrete 
(w/c) ratio required to get complete reaction is 0.32. Most grouts are made with 
the W/C ratio range of 0.4 to 0.6. The Basic Grout Formulation (BGF) here will 
use a ratio of 0.5. Depending on the desired properties of the grout paste and 
the hardened paste, this ratio can be changed. The overall KE Basin sludge has 
74 wt% percent water (see Appendix A). This water will be mixed with Portland 
Cement at the w/c ratio of 0.5. The wet paste will have on a weight percent 
basis, 29.8% water, 59.7% Portland Cement, and 10.5% dry sludge solids. The wet 
paste density is 1.823 g/cc. The paste will expand slightly as it heats up from 
the water/cement reactions, but will show a net shrinkage when the cement is set 
and cooled to room temperature. 

The 100 m 3 of K Basin sludge will require 180 metric tons of dry Portland 
cement. The final grout will be placed in 55-gallon drums at 80% capacity. The 
minimum number of drums required is 991. Any extra water used to flush the 
basin, transfer lines and equipment and any special additives will require 
additional drums. 

7.3.2 Grout Process 
In the grout option, the 1,000 gallon shielded tanker truck system, LR-56H, 

being procured by TWRS, would transport the sludge to the Waste Encapsulation and 
Storage Facility (WESF), the location of the grout process. There, the simplest 
method of filling 55-gallon drums with grout is to mix the ingredients directly 
in the drums, one drum at a time. Figure 7.3-1 is a process diagram of this 
concept. Dry and wet ingredients are mixed separately. The wet portion is first 
metered into the drum. The mixer is lowered into the drum. Then the dry Portland 
cement is metered into the drum over a five minute period while the drum is 
stirred. When the dry ingredient metering is complete, the drum will be stirred 
for an additional minute. The mixer is then withdrawn from the drum to await the 
next drum. The process should maintain a constant pace. The hot cell containing 
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the process will have to be designed so a train of empty and filled drums can 
proceed through the cell. The entire operation will require remote handling. 

An alternate concept to the drum mixing process is mixing outside the drums 
in a cement mixer and then transfer the wet paste into a waiting drum. But this 
concept would cost more to implement. The major disadvantage would be the need 
to use water to clean the mixer when stopping the process. This wash water then 
has to be treated as another waste stream that must be made into grout. 

7.3.3 Grout Requirements 
A number of specific criteria apply to the grout/sludge and the proposed 

process. These include wet paste properties, drum weight, as well as the 
quantities of radionuclides present in each drum and the generation of flammable 
gases by the grout/sludge matrix. These requirements are discussed in more 
detail below. A 80% filled 55-gallon drum of BGF will contain the following 
microcurie quantities of radionuclides (see Table 7.3-1): 

Table 7.3-1. Radionuclides in a 55-Gallon Drum 

Radionuclide Total (mC2) 
U-235 7.155E+01 
U-238 1.100E+03 

Pu-239/40 5.718E+05 
Am-241 1.297E+06 
Co-60 4.229E+04 
Cs-137 1.397E+06 
Eu-154 4.399E+04 
Eu-155 2.523E+04 
Sr-90 2.045E+06 

These values will be used to see how each drum matches the established solid 
waste acceptance criteria (WHC 1993). 

Wet Paste Requirements. The most important requirements relate to the 
mixing process in each drum. The grout paste cannot become too stiff during 
mixing. The stiffness can be readily controlled by the amount of water present. 
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Weight. According to Hanford Site Practices (WHC 1993) a drum is limited 
to 700 lb/drum for inter-area transfer. 55-gallon drums loaded to 80% of 
capacity will meet the Hanford Site requirement. 

Transuranic Waste. The radionuclide content of each drum clearly 
establishes the grout/sludge as transuranic (TRU) waste. The criterion for TRU 
is that the sum of all radionuclides having an atomic number greater than 92 will 
have a minimum of 100 nCi/g (WHC 1993). The TRU level for the grout/sludge is 
6160 nCi/g. 

Surface Dose. The requirement for external dose is that a value over 200 
mrem/hr must be remotely handled (RH-TRU) (WHC 1993). Preliminary calculations 
show that the settled KE sludge has a maximum surface dose of 21.3 R/hr (see 
Section 5.3.1). Clearly a refined calculation from the drums of grout/sludge 
will be less than 21.3 due to dilution and self shielding. The basic grout 
formulation will exceed TRUPAC II criteria of 200 mrem/hr surface dose (WHC 1993) 
for contact-handled (CH) TRU (WHC 1993). Hanford Site practices limits the 
surface dose to 100 mrem/hr. The grout, as described, will produce remote-
handled (RH) TRU. Additional shielding and/or a grout formulation with reduced 
sludge content will be necessary to qualify as CH-TRU. 

Plutonium Equivalent Curie (PE-Ci). The calculated P£-Ci is 1,87; waste 
packages will not exceed 1,000 C< of z 3 9Pu equivalent activity (PE-C^ (WIPP 1991). 

Plutonium-239 Fissile Gram Equivalent (239Pu-FGE). The calculated value is 
9.2. The value must be below 200 for a 55-gallon drum (WHC 1993). 

Decay Heat Limits. The decay heat limit is a TRUPAC-II requirement of no 
more than 40 watts of heat generated from 14 drums (WIPP 1991). The calculated 
value from one drum is 82.5 mW or 1.15 W from 14 drums. 

Hydrogen Gas Generation. Hydrogen gas is a product of the radiolysis of 
water by ionizing radiation. The lower explosive limit for hydrogen in air is 
4.1 volume percent (Dean 1992). A waste package is not allowed to exceed 50% of 
this limit (WHC 1993). Preliminary bounding (conservative) calculations show 
that the production rate of hydrogen gas could be as high as 11 stp liters/year. 
Probably a more realistic value could be 10% of this value. Only detailed 
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diffusion calculations coupled with experimentally determined G-values for 
radiolytic hydrogen production in the grout matrix would be able to predict 
hydrogen concentrations in the gas space above the grout in the drum. An actual 
determination of concentrations in a prototype drum might take years to see 
maximum concentrations. A passive ventilation scheme might allow hydrogen to 
diffuse away. 

7.4 GLASS/CERAMIC PROCESS DESCRIPTION 
The process by which the sludge will be encased in the glass begins with 

removing as much of the excess water as possible. This is done by allowing the 
sludge-water mixture to settle. Once the mixture has settled, the supernatant 
is removed and the remaining sludge is prepared for vitrification. 

The preparation consists of transferring the sludge to a feed prep tank and 
mixing in glass formers (frit). These include sodium, lithium, potassium, and 
boron. The feed will then be slurry fed to the melter. The melter is operated 
continuously with a cold cap of waste calcine and frit that covers most of the 
melt surface. The feed slurry is introduced onto the top of the cold cap. Water 
from the slurry is evaporated and drawn into the off-gas system. The glass melt 
beneath the cold cap is at a temperature of 1050-1150°C, which causes the cold 
cap to melt from the bottom and form the borosilicate glass waste matrix. 
Following melting the glass homogenizes by thermal convection. After mixing the 
molten glass flows through the melter throat, up the riser, and down the pour 
spout into a stainless steel canister connected to the melter. 

One of the goals in processing the sludge is to construct a melter which 
is sized to process all the sludge in under one year. A 30 kg/hr m z processing 
rate is assumed in determining the size of melter needed. As seen in 
Figure 7.4-1, a melter with a minimum surface area between 0.5 and 0.6 m 2 would 
process all the sludge in under one year. A melter of this size would need to 
be installed in FMEF; WESF cells are too small. Approximate melter dimensions 
would be 8 feet on a side and 10 feet tall, not including the off-gas treatment 
system. 
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The melter chosen is a ceramic-lined, low temperature, joule heated melter. 
This type of melter has proven to be very reliable in 12 years of testing at 
various DOE sites. These melters have two or more layers of refractory inside 
a water-cooled containment box. The glass-contacting refractory is usually a 
high chromia fusion-cast ceramic. One area of concern for this kind of melter 
is the conductivity of the glass-contacting refractory. If the refractory is too 
conductive it is possible that a short circuit will occur between the electrodes. 
Because the fused cast refractory is not very insulative, it is usually backed 
with layers of more insulative ceramics such as high alumina castable ceramics 
and ceramic board. This type of melter operates at temperatures ranging from 
1050-1150°C. 

The off-gas treatment system for the vitrification process includes a film 
cooler which reduces the off-gas temperature from 1050°C to about 375°C and 
reduces the potential for plugging of the off-gas piping from hard glassy 
deposits. A quencher further reduces the off-gas temperature to about 60°C and 
condenses the major portion of the steam coming off the melter prior to 
subsequent scrubbing and filtering in the remainder of the off-gas treatment 
system. A condensate tank is provided to collect condensate from the quencher, 
condenser and high efficiency mist eliminator. A shell-and-tube heat exchanger 
condenser that separates the condensibles in the off-gas stream follows the 
quencher. The condenser further reduces the temperature of the off-gas to about 
10°C. A high efficiency mist eliminator, which removes fine mists and 
particulates from the off-gas, is next, followed by a high efficiency particulate 
air filter which removes the remaining submicron-sized particulates. An existing 
process exhauster draws the melter off-gas through the facility off-gas treatment 
system. A process flow diagram for the vitrification option is shown in 
Figure 7.4-2. 
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According to Praga, there is approximately 100 m 3 of sludge in the KE and 
KW Basins.(a) Laboratory analysis of the sludge has shown an average density 
to be 1.3275 g/mL, and the average weight fraction of solids in the sludge to be 
0.326. As shown in the accompanying calculation sheet, there are thus 
approximately 43.3 metric tons of sludge solids. Assuming a 30% waste loading 
for the glass mixture, this amount of sludge produces approximately 145 metric 
tons of glass. 

7.5 ITA PROCESS: FILTER WITH COLLECTED SLUDGE DISPOSAL OPTION 

Alternative three (ITA Process) of the Hanford Spent Nuclear Fuel Project 
Recommended Path Forward document (WHC 1994) addresses two forms of sludge to be 
recovered: the sludge inside the fuel canisters and loose sludge on the KE Basin 
floor. The collection and stabilization processes for these forms are discussed 
in the following paragraphs. 

The fuel canisters in the K Basins will be moved to an enclosed underwater 
drilling site, holes drilled in the bottom of the canister, and as much sludge 
as possible rinsed from the canisters. The rinse water will pass through 
sintered metal filters, which capture the sludge. The filters would be the same 
size as the canisters and 54 filters would be manifolded together. Once the 
filters were filled, they would be placed into 2 ft by 16 ft MCOs and processed 
along with similar MCOs containing the fuel canisters (WHC 1994). 

The loose sludge in the KE Basin will be collected using a wet vacuum 
collection system and filtered like the in-canister sludge. The filters would 
then be placed in a MCO and stabilized along with the fuel rods (WHC 1994). 

Once the sludge was packaged, the MCOs would be transported to the 
conditioning facility, where any remaining free water would be drained and the 

(a) Praga, A. N. 1994. Sludge Management Options Report (Draft). 
Westinghouse Hanford Company, Richland, Washington. 
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MCO filled with an inert gas. The MCO would then be heated to 100°C for initial 
drying. The atmosphere in the MCO would be evacuated and the temperature of the 
sludge raised to 300°C to complete the drying process. The sludge would then be 
passivated in the presence of oxygen, cooled, and the MCO would again be 
backfilled with helium cover gas. The MCO would be sealed and shipped to the 
interim storage site. It is estimated that it will take over a year to process 
the in-canister sludge and the loose sludge (using the ITA concept of eight 
stabilization/conditioning stations) (WHC 1994). See Figure 7.5-1 for the 
conceptual layout of the process system. 

Due to the height of the MCOs, the only feasible locations for this 
alternative are the new Stabilization Facility proposed in the Path Forward 
document and possibly the FMEF facility (See Section 10.2). 
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8.0 SLUDGE PROCESSES COMPARATIVE COST AND SCHEDULE ANALYSIS 

8.1 INTRODUCTION 

This section presents cost and schedule comparisons which were made for four 
sludge processing options: 

Filter/dryer 
Rotary dryer/calciner 
Grout 
Vitrification. 

Two other options, the ITA process and tank farm disposal, were estimated by 
others. The results are summarized in Sections 8.9 and 8.10. 

The analyses were based on rough conceptual designs and incomplete knowledge 
of site conditions and sludge properties and therefore contain some uncertain
ties. However, they are probably strongly indicative of both absolute and rela
tive costs and schedules required to design, test, install, and operate the 
processes. 

Some of the uncertainties bear on the ability of the processes, as presently 
understood, to do the job. Those uncertainties can be resolved only by further 
analysis to characterize the sludge (and to some extent, the processing site). 
Costs for and the schedule for such added analysis are not estimated here. The 
assumption used here is that a feasible design can be created for each process 
with nominal development and pilot plant operations, with the outcome being a 
design that is similar in all important particulars to the conceptual designs 
described herein. Accordingly, point estimates of cost and schedule cannot be 
the only determinants in deciding which process to use. Also to be considered 
are the risks inherent in each proposed process, and the amount and cost,of risk 
mitigation work deemed reasonable. Prudence dictates that the cost and schedule 
results presented here should be considered jointly with other information in 
deciding how to proceed from this point. 
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A key aspect of any comparative analysis is to determine what is relevant 
and what is not. The following steps can be identified that are common to the 
processes: 

Transport sludge to conversion site 
Convert sludge to stable form for storage 
Store converted sludge. 

The mode of transportation depends in some cases, on the facility. Shipment 
of KE Basin to 204-AR Unloading Facility by rail is feasible, but transportation 
to WESF by truck is best. The sludge in KW Basin fuel canister will be 
transported in MCOs with the fuel. Transportation costs are borne by the fuel 
rather than the sludge. 

The conversion process begins with removal of the sludge from the tank car 
and ends with filling storage containers with dry powder, grout, or glass derived 
from the sludge. The storage process begins with moving filled containers into 
the appropriate storage facility; for SNF it is the Staging and Storage Facility; 
for glass, it is the interim glass canister storage facility and for grout a new 
storage building. Storage costs include the surveillance and maintenance for 
remaining in the storage facility for 40 years. 

Cell preparation cost was included. For FMEF, manipulators, shielding 
windows, and support services are required. At WESF, the hot cell needs to be 
cleaned out before a new process can be installed. Standard utilities 
(electricity, natural gas, water, and compressed air) are assumed to be of about 
equal cost for the small melter processes, partly because an accurate energy 
analysis is difficult at this time, but also because energy costs will probably 
not be decisive. Not considered a standard utility is the unusually heavy 
electrical load for the vitrification process, which manufactures glass by 
passing a strong current through a conductive mixture of sludge and certain glass 
forming materials. This energy cost was estimated and has been included. 

The order of doing the work influenced the cost analysis. The filter/dryer 
option was estimated first, and certain elements of cost developed for it were 
used for the other options either intact, or with subjective multipliers. 
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A simple, 11-part work breakdown structure was developed to organize the 
costs and minimize the possibility of omissions: 

1. Facility and Process Preliminary Design — Prepare a preliminary design for 
the sludge processing facility, including modifications to hot cells, 
storage rooms, and handling equipment. Prepare a preliminary design for 
the sludge processing system, including controls and instrumentation. 
Order long-lead equipment and materials. 

2. Process Pilot Tests — Procure appropriate system components and set them 
up as a complete operating system in an available facility. Write test 
procedures and conduct tests using simulated sludge. Confirm the ability 
to maintain process equipment in the hot cell environment. 

3. Facility Detail Design -- Design in detail all modifications required to 
existing facilities and infrastructure. Produce a complete set of drawings 
and bid instructions. 

4. Facility Preparation ~ Prepare the hot cell for operation by cleanout and 
installation of essential features and make required modifications to 
facilities and infrastructure. 

5. Process Detail Design -- Design all aspects of the sludge processing 
system, including controls and instrumentation. Produce a complete set of 
engineering drawings and bid instructions. 

6. Process Full-Scale Construction -- Construct full-scale sludge processing 
system(s). 

7. System Integration and Test -- Conduct a series of end-to-end tests of the 
full-scale sludge processing systems using simulated sludge and one test 
using real sludge. 

8. Transportation Costs — Transport sludge to interim storage facility or 
processing facility. 

9. System Low-Rate Operations ~ Operate one system with one shift until one 
crew is fully trained. Increase gradually to four crews, and alternates, 
operating the system(s) in parallel around the clock. Low-rate operations 
is defined as ending when all four crews and all systems are operational. 

10. System High Rate Operations ~ Operate the system(s), increasing expedi
tiously to 100% of maximum throughput around the clock, except for 
maintenance or repair stoppages. Maintain and repair the systems as 
required. Replace crew members and alternates lost to attrition and train 
new crew members as required. 
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11. Storage — Provide storage space for processed sludge and include 
surveillance and maintenance cost. 

Another work breakdown structure element would be system D&D. This element 
was not included because of the difficulty in assessing the D&D cost. In 
facilities like WESF, the cost is shared with other operations that contributed 
to contamination of the facility. In sole use facilities like FMEF, the cost is 
expected to be significant in the overall life cycle cost. FMEF is a clean 
facility, hence, a sludge disposal process installed in this facility would be 
assessed the D&D cost. 

The organization of this analysis is by process, with the work breakdown 
structure forming an analytical framework within each process. Detailed cost 
computations are in Appendix B. In the analysis of each work breakdown structure 
element, a schedule estimate follows the cost estimate. A cost and schedule 
summary appears below in Section 8.2. 

8.2 COST AND SCHEDULE SUMMARY 
Costs estimates are summarized in Table 8.2-1. Schedules showing time 

required to obtain the appropriate permits (Volume I) and based on a nominal 
January 3, 1995, start are shown in Figures 8.2-1 through 8.2-4. All costs in 
Table 8.2-1 are in current year (1994) dollars. Table 8.2-1 is a concise summary 
of Exhibits 1-0, 2-0, 3-0, and 4-0 in Appendix B. 
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Table 8.2-1. Cost Summary 
(Total and WBS Element Costs By Process) 

WBS Element Filter / Dryer 
Rotary Dryer / 

Calciner Grout Vitrification 
Facility and Process 
Preliminary Design 

$198,400 $297,600 $198,400 $396,800 

Process Pilot Tests $414,600 $341,800 $512,700 $621,900 

Facility Detail Design $192,000 $288,000 $192,000 $384,000 

Process Detail Design $192,000 $288,000 $192,000 $384,000 

Facility Preparation 0 0 $7,844,284 $44,300,000 

Process Full Scale 
Construction 

$6,990,256 $6,659,819 $862,746 $13,247,104 

System Integration and 
Test 

$96,250 $96,250 $96,250 $192,500 

Transportation 0 0 $40,000 $182,000 

System Low Rate Operations $850,080 $850,080 $425,040 $1,275,120 
System High Rate 
Operations 

$11,228,448 $9,138,360 $4,527,600 $13,176,240 

Storage $17,740,000 $17,740,000 $17,284,500 $11,293,170 

Total Cost $37,902,634 $35,699,909 $32,175,520 $85,452,834 
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Figure 8.2-3. K Basin Sludge Grout Process 
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8.3 FILTER/DRYER PROCESS 

A flow chart of the filter/dryer process is shown in Section 7.2.1. In this 
process, a sludge pump is used to move the sludge to a feed tank which supplies 
the filter/dryers. A feed pump moves the sludge from the feed tank into the 
filter/dryer units, where it is collected on filter elements. When the filter 
is loaded, gaseous nitrogen is used to pressurize it and displace remnant water. 
Then the cake is dried by heating with steam and electrical resistance heaters. 
When most of the water has been removed, a mixture of argon and oxygen can be 
used if necessary to passivate the cake to inhibit spontaneous combustion of 
uranium hydride. The dried cake is discharged into canisters by rotating an 
auger in the filter/dryer. The canisters are placed into larger overpack boxes, 
and are moved into long term storage. Byproducts of the process are filtrate and 
offgas. 

The offgas is released into the atmosphere after first being filtered 
through a sintered metal filter, and its moisture mostly removed in a condenser. 
The filtrate and the condensate are disposed in the tank farm where it is 
processed through the 242-A Evaporator and ETF. 

8.3.1 Facility and Process Preliminary Design 

The basis of estimate for facility and process preliminary design is an 
engineering judgment about the number of layout drawings, analyses, and reviews 
that must be conducted. Exhibit 1-1 in Appendix B performs the arithmetic. The 
result is a fully burdened cost of $198,400. 

A schedule consistent with this level of effort is 12 weeks. 

8.3.2 Process Pilot Tests 

The basis of estimate for process pilot tests is an engineering judgment 
about the number of test plans, results analyses, and tests conducted, plus 
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supplier recommendations for direct support in the Hanford area to assure that 
the filter/dryer units are properly configured for sludge processing. In 
addition, a possible supplier, Ketema Process Equipment Division, recommends 
purchase of a subscale test unit and limited factory site support while the 
process is being perfected. Exhibit 1-2 in Appendix B performs the arithmetic. 
The result is a fully burdened cost of $414,600. 

A schedule consistent with this level of effort is 16 weeks. 

8.3.3 Facility Detail Design 

The basis of estimate for facility detail design is an engineering judgment 
about the number of detail drawings and supporting analyses necessary for site 
modifications to support the installation of filter/dryer units and related 
equipment. The site is presumed to be existing hot cell facilities at WESF or 
FMEF or at a new facility constructed for spent fuel, but they probably will 
require additional plumbing and electrical work before the processing equipment 
can be properly installed. The arithmetic has been done in Appendix B, 
Exhibit 1-3. The result is a fully burdened cost of $192,000. 

A schedule consistent with this level of effort is four weeks. 

8.3.4 Process Detail Design 

The basis of estimate for process detail design is an engineering judgment 
about the number of detail drawings and supporting analyses necessary for 
installation of filter/dryer units and related equipment. The arithmetic has 
been done in Appendix B, Exhibit 1-4. The result is a fully burdened cost of 
$192,000. 

A schedule consistent with this level of effort is eight weeks. 
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8.3.5 Facility Preparation 

Modifications to hot cell plumbing and electrical systems are anticipated. 
The scope is unknown, but a notional estimate is given in Appendix B, 
Exhibit 1-5. (Note: View windows and manipulators are not included in this 
analysis. They are assumed to be the same for all options and may already be 
available.) The amount is $16,636. 

A schedule consistent with this level of effort is two weeks. 

8.3.6 Process Full-Scale Construction 

The estimate given in Exhibit 1-6, Appendix B, is a mixture of vendor quotes 
or budgetary estimates, estimates for anticipated supporting hardware, and 
information from other K Basin studies. The estimated amount is $6,990,256. 

A schedule consistent with this level of effort is 12 weeks. 

8.3.7 System Integration and Test 

When the processing subsystems have been installed, it will be necessary 
to assure that they are properly integrated. This is best done by running end-
to-end tests. An estimate of $96,250 for test plans and materials and actual 
testing is developed in Exhibit 1-7, Appendix B. 

A schedule consistent with this level of effort is eight weeks. 

8.3.8 Transportation 

No addition cost will be incurred in transporting the commingled sludge to 
the interim storage and processing facility. These costs are addressed in the 
shipping of the fuel to this facility. 
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8.3.9 System Low-Rate Operations 

The theoretical makespan for this process operating at 100% efficiency is 
approximately 52 weeks. The efficiency is unlikely to be anywhere near 100% in 
the beginning. Most likely there will be a need for a period of training for the 
operating crew, adjustments to the process, and unexpected problems to be solved. 
Exhibit 1-8 in Appendix B defines a representative crew (one shift) of 16 people, 
plus reserves. The expectation is that in the initial low rate phase, assumed 
to be 8 weeks, very little product is produced. One shift is assumed to begin 
the phase, with four in place at the end. Four shifts will permit around the 
clock operations. The estimated cost of this phase is $850,080. 

The schedule for this effort is eight weeks. 

8.3.10 System High-Rate Operations 

Under the assumptions stated in subsection 8.3.8 above, high rate-operations 
will begin with four shifts. However, it is unlikely that work will begin at 
100% efficiency. Assuming (conservatively) a start at zero efficiency, with an 
exponential, asymptotic rise in efficiency such that 80% efficiency is achieved 
in 10 weeks, it can be shown that about 20% will be added to the 52-week sched
ule, resulting in a 62-week schedule. As shown in Exhibit 1-9 in Appendix B, the 
estimated cost of high-rate operations is $11,228,448. 

The schedule for this effort is 62 weeks. 

8.3.11 Storage 

The cost for storing the processed sludge after drying operations is 
approximately $17,740,000. This includes $7,740,000 in capital cost for the 
sludge portion of the Interim Storage Facility (ISF), and $10,000,000 in 
operating cost for forty years of storage. These estimates are based on the 
sludge accounting for 20 percent of ISF costs. 

8-13 



8.4 ROTARY DRYER/CALCINER PROCESS 

A flow chart of the rotary dryer/calciner process is shown in Section 7.2.2. 
In this process, a sludge pump is used to pump the sludge to a feed tank. A 
second pump moves the sludge from the feed tank into a vacuum rotary dryer, where 
substantial moisture is removed. The sludge is then gravity fed to a calciner, 
where virtually all of the remaining moisture is removed. If needed, a 
continuously circulating heated mixture of argon and oxygen can passivate the 
cake to inhibit spontaneous combustion of uranium hydroxide. The dried cake is 
discharged into canisters by gravity. The canisters are placed in MCOs and are 
moved into long term storage. Byproducts of the process are filtrate and offgas. 

The offgas is released into the atmosphere after first being passed through 
a filter and condenser. Condensate from the offgas and the filtrate are disposed 
in the tank farm where it is processed through the 242-A Evaporator and ETF. 

8.4.1 Facility and Process Preliminary Design 

Because of the relative complexity of this system, assume 1.5 x filter/dryer 
process costs. The estimate of $297,600 is recorded in Exhibit 2-1 of 
Appendix B. 

A schedule consistent with this level of effort is 18 weeks. 

8.4.2 Process Pilot Tests 

This process probably will simpler to set up and operate than the filter/ 
dryer process. Assume some factory support but no special subscale test 
hardware. The estimate of $341,800 is recorded in Exhibit 2-2 of Appendix B. 

A schedule consistent with this level of effort is 14 weeks. 
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8.4.3 Facility Detail Design 

Assume 1.5 x filter/dryer process costs. The estimate of $288,000 is 
recorded in Exhibit 2-3 of Appendix B. 

A schedule consistent with this level of effort is six weeks. 

8.4.4 Process Detail Design 

Assume 1.5 x filter/dryer process costs. The estimate of $288,000 is 
recorded in Exhibit 2-4 of Appendix B. 

A schedule consistent with this level of effort is 12 weeks. 

8.4.5 Facility Preparation 

Assume 1.5 x filter/dryer process costs. The estimate of $24,954 is 
recorded in Exhibit 2-5 of Appendix B. 

A schedule consistent with this level of effort is three weeks. 

8.4.6 Process Full-Scale Construction 

The estimate given in Exhibit 2-6, Appendix B, is a mixture of vendor quotes 
or budgetary estimates, estimates for anticipated supporting hardware, and 
information from other K Basin studies. The estimated cost is $6,659,819. 

A schedule consistent with this level of effort is 18 weeks. 

8.4.7 System Integration and Test 

Assume 1.5 x filter/dryer process costs. The estimate of $96,250 is 
recorded in Exhibit 2-7 of Appendix B. 
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A schedule consistent with this level of effort is 12 weeks. 

8.4.8 Transportation 

No additional cost will be incurred in transporting the commingled sludge 
to the interim storage and processing facility. These costs are addressed in the 
shipping of the fuel to this facility. 

8.4.9 System Low-Rate Operations 

Assume equal to filter/dryer process costs. The estimate of $850,080 is 
recorded in Exhibit 2-8 of Appendix B. 

The schedule for this effort is eight weeks. 

8.4.10 System High-Rate Operations 

The nominal schedule for this effort based on 100% efficiency is 36 weeks. 
However, it is unlikely that work will begin with 100% efficiency. Assume 
starting at zero efficiency and rising exponentially and asymptotically such that 
80% efficiency is achieved in ten weeks. It can be shown that about 20% will be 
added to the schedule, making it 43 weeks. As shown in Exhibit 2-9 in Appendix 
B, the estimated cost of high-rate operations is $9,138,360. 

The schedule for this effort is 43 weeks. 

8.4.11 Storage 

The cost for storing the processed sludge after calcining operations is 
approximately $17,740,000. This includes $7,740,000 in capital cost for the 
sludge portion of the Interim Storage Facility (ISF), and $10,000,000 in 
operating cost for forty years of storage. These estimates are based on the 
sludge accounting for 20% of ISF costs. 
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8.5 GROUT PROCESS 

A flow chart of the grout process is shown in Section 7.3. In this process, 
a sludge pump is used to pump the sludge to a feed tank. A second pump moves it 
from there to 55-gallon stainless steel drums that pass sequentially through a 
mixing station. In the mixing station, each drum is filled about half full of 
sludge, where it is kept agitated by a mechanical stirrer. The drum is then 
filled about another quarter full with Portland cement, fed gradually from a 
hopper. Stirring continues until the cement is evenly distributed in the sludge 
to form a grout. The stirrer is then removed from the drum, and the drum is 
conveyed away from the mixing station, to be replaced by an empty drum. The 
cycle is repeated until all of the sludge is converted to grout. Covers are 
placed on the drums, and they are placed in storage for the grout to harden. 
There are no byproducts of this process. 

8.5.1 Facility and Process Preliminary Design 

Assume equal to filter/dryer process costs. The estimate of $198,400 is 
recorded in Exhibit 3-1, Appendix B. 

A schedule consistent with this level of effort is 12 weeks. 

8.5.2 Process Pilot Tests 

Assume 1.5 x rotary dryer/calciner process costs. The estimate of $512,700 
is recorded in Exhibit 3-2, Appendix B. 

A schedule consistent with this level of effort is 14 weeks. 

8.5.3 Facility Detail Design 

Assume equal to filter/dryer process costs. The estimate of $192,000 is 
recorded in Exhibit 3-3, Appendix B. 
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A schedule consistent with this effort is four weeks. 

8.5.4 Process Detail Design 

Assume equal to. filter/dryer process costs. The estimate of $192,000 is 
recorded in Exhibit 3-4, Appendix B. 

A schedule consistent with this level of effort is eight weeks. 

8.5.5 Facility Preparation 

Preparation of a hot cell in WESF for grout process operations is based on 
WHC estimates cost of $7,844,000. This includes preparation of hot cell and 
clean-out once operations are complete. 

A schedule consistent with this level of effort is to be determined. 

8.5.6 Process Full-Scale Construction 

The estimate given in Exhibit 2-6, Appendix B, is a mixture of vendor quotes 
or budgetary estimates and estimates for anticipated supporting hardware. The 
estimated cost is $862,746. 

A schedule consistent with this level of effort is 12 weeks. 

8.5.7 System Integration and Test 

Assume equal to filter/dryer process costs. The estimate of $96,250 is 
recorded in Exhibit 3-7, Appendix B. 

A schedule consistent with this level of effort is eight weeks. 
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8.5.8 Transportation 

The cost of transporting the basin sludge to the grouting facility was based 
upon twenty (20) trips using a 3,785 liter (1,000 gallon) truck tanker. The 
estimated cost is $40,000. 

8.5.9 System Low-Rate Operations 

Assume 50% of filter/dryer process costs. The estimate of $425,040 is 
recorded in Exhibit 2-8, Appendix B. 

The schedule for this effort is three weeks. 

8.5.10 System High-Rate Operations 

The nominal schedule based on 100% efficiency is less than one week. Assume 
three weeks. The estimate of $4,527,600 is recorded in Exhibit 3-9, Appendix B. 

The schedule for this effort is three weeks. 

8.5.11 Annual Storage Cost 

Storage cost is best treated as an equivalent annual rent per square foot. 
One reason is that the duration of storage is highly uncertain. It depends 
entirely on the availability of a permanent storage site, which is subject to 
national priorities and other considerations. The total storage area required 
also is uncertain, depending on allowable stacking heights, clearance for aisles 
and handling equipment, etc. For example, for the grout option with barrels one-
high, on the order of 7,500 square feet is required. Double stacking, if 
permissible, would cut that approximately in half. 

A reasonable assumption in considering these storage costs is that land has 
no real value at the scale of a storage facility for sludge. It is presumably 
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government land, and has no competing or higher use. This would also be true of 
the building if it was built for another purpose and can be considered fully 
amortized for that purpose. This analysis will assume, however, that the 
building was built expressly for storage of sludge and must be fully amortized 
for that use. 

Means (Facilities Construction Cost Data, 1994) gives the median cost of 
warehouses and storage buildings as $31.40/ sq ft, with the lowest quartile 
costing $22.30/sq ft or less, and the upper quartile costing $48.60 or more. 
Amortizing the latter number over an assumed 20 year useful life yields 
$2.43/sq ft/year. Adding 10% of the original cost for building maintenance and 
utilities and another 10% for safety and protection services would seem to 
account adequately for storage costs. The result is $2.91/sq ft/year. 

The cost for storing the processed sludge after grout operations is 
17.3 million. The basis for this includes $436,500 for storage space (based on 
1,000 drums double stacked), six full time operators for 40 years, and an 
allowance for maintenance of the facility. 

8.6 VITRIFICATION PROCESS 

A flow chart of the vitrification process is shown in Section 7.4. In this 
process, the sludge is pumped to a settling tank. After solids have settled, the 
supernatant is pumped to the tank farms. Glass formers (frit) are added to the 
sludge, including compounds of sodium, lithium, potassium, and boron. The 
augmented sludge is pumped to a melter, entering the top of the melt directly 
onto a cold cap comprising waste calcine and frit. Melting is by direct 
electrical resistance heating, using molten glass as the conductor. The glass 
melt below the cold cap is at a temperature of 1050-1150°C, which causes the cold 
cap to melt from the bottom and form a borosilicate glass waste matrix. 
Following melting, the glass homogenizes by thermal convection. After mixing, 
the molten glass flows out through the melter throat, up a riser, and down the 
pour spout into a stainless steel canister. 
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Offgas produced by the process passes through a venturi which reduces the 
temperature significantly. Additional offgas treatment is provided by a 
scrubber, a condenser, a high efficiency mist eliminator (HEME), and a HEPA 
filter. After treatment, the offgas is treated by the facility process 
ventilation system. 

8.6.1 Facility and Process Preliminary Design 

Because of the relative complexity of this process, assume 2 x filter/dryer 
process costs. The estimate of $396,800 is recorded in Exhibit 4-1 of 
Appendix B. 

A schedule consistent with this level of effort is 24 weeks. 

8.6.2 Process Pilot Tests 

The process is complex and will probably require extensive trial-and -error 
adjustments. Subscale testing is likely to be desirable, and factory support for 
the melter is a likely need. Assume 1.5 x filter/dryer costs. The estimate of 
$621,900 is recorded in Exhibit 4-2 of Appendix B. 

A schedule consistent with this level of effort is 32 weeks. 

8.6.3 Facility Detail Design 

An estimate has been developed in regard to the preparation of a hot cell 
in FMEF. The FMEF preparation cost was taken from the estimate prepared for the 
case of using a hot cell in FMEF for processing foreign reactor rods (FRR). This 
case proposed using the main process cell in FMEF. A rough-order of magnitude 
cost for this alternative was $44.3 million. This includes engineering, 
procurement, and construction but no contingency. Other costs not included are 
the cost associated with preparation of SARs, NEPA documentation, and any 
technology development. 
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A schedule consistent with this level of effort is to be determined. 

8.6.4 Process Detail Design 

Assume 2 x filter/dryer process costs. The estimate of $384,000 is recorded 
in Exhibit 4-4 of Appendix B. 

A schedule consistent with this level of effort is 16 weeks 

8.6.5 Facility Preparation 

Because of the heavy consumption of electrical power by this process, and 
the probable need for extensive electrical wiring in the hot cell, assume three 
times the filter/dryer process costs. The estimate of $49,908 is recorded in 
Exhibit 4-5 of Appendix B. 

A schedule consistent with this level of effort is six weeks. 

8.6.6 Process Full-Scale Construction 

The estimate given in Exhibit 4-6, Appendix B, is a mixture of vendor quotes 
or budgetary estimates, and information from other K Basin studies. The 
estimated cost is $5,260,664. 

A schedule consistent with this level of effort is 14 weeks. 

8.6.7 System Integration and Test 

Assume 2 x filter/dryer process costs. The estimate of $192,500 is recorded 
in Exhibit 4-7 of Appendix B. 

A schedule consistent with this level of effort is 36 weeks. 
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8.6.8 Transportation 

The cost of transporting the basin sludge to the vitrification facility is 
the same as for transporting the sludge to the DST; This cost was based upon two 
trips using a 75,000 liter railcar tanker. Also included in this cost are costs 
related to Hanford Patrol, unloading the railcar, and evaporating excess water. 
The estimated cost is $182,000. 

8.6.9 System Low-Rate Operations 

Assume 1.5 x filter/dryer process costs. The estimate of $1,275,120 is 
recorded in Exhibit 4-8 of Appendix B. 

The schedule for this effort is 12 weeks. 

8.6.10 System High-Rate Operations 

The nominal schedule for this effort based on 100% efficiency is 52 weeks. 
However, it is unlikely that work will begin with 100% efficiency. Assume 
starting at zero efficiency and rising exponentially and asymptotically such that 
80% efficiency is reached in ten weeks, It can be shown that about 20 percent 
will be added to the schedule, making it 62 weeks. As shown in Exhibit 4-9 in 
Appendix B, the estimated cost of high rate operations is $13,176,240. 

8.6.11 Storage 

The capital cost required for storing the vitrified sludge is $2.1 million. 
This is based on a cost of $46,700 per canister for storage space (44 canisters). 
Additional cost required for a support staff to operate and maintain the facility 
for 40 years, brings the total cost to $11,300,000. 

The D&D cost has not been estimated for vitrification in FMEF. This 
incremental cost could add significantly to the total cost of this option. 
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The schedule for this effort is 62 weeks. 

8.7 ITA PROCESS - FILTER ELEMENT SLUDGE COLLECTION/DRYING 

In the ITA process the sludge is collected on cartridge filter elements 
manifolded together and placed in MCOs (see Section 7.5). The sludge collected 
on the filters is dried and passivated in the MCOs at the Staging and Storage 
Facility. 

In the ITA alternative the sludge is collected on cartridge filter elements 
and is dried and passivated in MCOs like the fuel. The costs associated with 
this option is the operating cost of $15.3 million and storage cost of 
$17.7 million for a total of $33 million (WHC 1994). The sludge is shipped in 
KW canisters with the fuel, hence, the transportation cost is borne by the fuel. 

The estimated processing time for the ITA process is one year. 

8.8 TANK FARM DISPOSAL OPTION 

Costs of disposing of sludge as high level waste can be broken into two 
parts: 1) costs associated with removal of the sludge from the K Basins and 
transportation via 204-AR to a double shell tank (DST), and 2) costs associated 
with subsequent vitrification of the sludge and long term storage of the 
vitrified glass logs. Costs associated with the interim storage of the sludge 
in a DST are not included as it is assumed that the cost of storing the 
additional 100 cubic meters of sludge within the TWRS System is minimal. 

8.8.1 Transportation 

The cost of transporting the basin sludge to the vitrification facility is 
the same as for transporting the sludge to the DST. This cost was based upon two 
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trips using a 75,000 liter rail car tanker. Also included in this cost are costs 
related to Hanford Patrol, unloading the railcar, and evaporating excess water. 
The estimated cost is $182,000. 

8.8.2 Vitrification 

The costs associated with processing the sludge in the tank waste disposal 
system to a final form of glass are estimated using costs from the TWRS Baseline 
Schedule and Tri-Party Agreement. The TWRS Baseline Schedule gives a cost of 
$255 million to process 526 MT/yr of waste oxides or $485K/MT/yr waste oxide. 
The Tri-Party Agreement Beta Case gives a cost of $151M to process 526 MT/yr of 
waste oxides or $287K/MT/yr waste oxide. These costs were used to give a 
bounding range of the expected cost of vitrifying the K Basin sludge. Praga 
(1994) estimates 130 MT of settled sludge in the K Basins; Bechtold (1994) gives 
the average weight percent of solids as 32.6%, which assumed to be equivalent to 
42.3 MT of waste oxides to be processed. Based upon these numbers the cost of 
processing the waste sludge oxides ranges from $12.1 million (TPA) to 
$20.5 million (TWRS). The interim storage cost of the vitrified logs is expected 
to be similar to the interim storage costs developed for the other form options 
and will not be used in the comparison of alternatives. Repository and other 
final disposition (transportation, permitting, etc.) costs are not included as 
the final disposition costs for the other waste form options have not been 
determined or included. 

8.8.3 Storage 

The capital cost required for storing the vitrified sludge is $2.1M. This 
is based on a cost of $46,700 per canister for storage space (44 canisters). 
Additional cost required for a support staff to operate and maintain the facility 
for 40 years, brings the total to $11,300,000. 
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9.0 TECHNOLOGY DEVELOPMENT REQUIREMENTS 

9.1 DRIED SLUDGE, CALCINE, AND THE ITA PROCESS 

Three processes have been identified for removing the water from K Basin 
sludges to produce dried solids. Common to all the dried solids processes is the 
need for basic data like the equilibrium moisture content of the sludge from both 
KE and KW Basin and the bulk dry density. The temperature where the equilibrium 
moisture content exceeds the moisture specification for storage is a determining 
factor in selection of the dried sludge option or the calcine option. In the ITA 
process, the sludge is dried in a canister resting in a furnace that can heat the 
canister to the required temperature. 

Drying rate diagrams are a priority in a program for drying the sludge. 
In most cases of indirect drying and calcining (includes the options under 
consideration) the drying rate is controlled by the heat supply and the overall 
heat transfer coefficient, U, which is a function of dryer design, the nature of 
the feed, the moisture content of the solids and the properties of the gas (Tsao 
and Wheelock 1967). Heat transfer through the feed will be greatly affected by 
moisture content and the amount of agitation, and under vacuum conditions, where 
there is little or no vapor present, the thermal conductivity is quite low (Tsao 
and Wheelock 1967). 

The drying rate is equipment dependent, thus drying tests will need to be 
performed at the vendor test facility with a K Basin sludge simulant. The vendor 
tests will allow the experimenter to rather quickly determine if the process can 
satisfy process objectives. Production rate estimated from these tests will give 
a much improved estimate of the time required to process the sludge. 

In work with simulants, there is always the concern that the simulant may 
perform different than the actual sludge. A good indication of consistency is 
comparable drying rate curves for simulant sludge and actual sludge loaded on 
filter boats and dried. The filter boat approximates a small section of a drying 
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shelf or filter leaf that is typical of the batch type dryers, like the Ketema 
filter dryer in the drying mode. A filtration rate curve provides another 
measure of how well the simulant simulates the actual sludge. 

The ITA process is a novel approach without a commercial analogue that will 
have to be fabricated from various components for pilot plant testing. There is 
at least one unique aspect of ITA process that effect the drying rate. Material 
sloughing off the filter element during transportation and drying could result 
in varying depth of material to be dried in the bottom of the canister. The 
critical moisture content(a) may be expected to depend upon the pore structure 
of the solid, sample thickness, and drying rate. Thus, the test conditions 
should use production widths of the actual solids to dried (Foust et al. 1962). 
The dependence of critical moisture content on drying rate is weak and may often 
be ignored, though this dependence has been illustrated repeatedly (Wenzel and 
White 1951). Drying conditions should be fixed so that the drying rate during 
the constant-rate period will match that expected in the plant (Foust et al. 
1962). Given the above, simulation of movement and handling of the MCOs 
containing filters loaded with sludge should be included as a part of ITA pilot 
scale tests. 

The processes outlined for dried sludge and calcine are based on the spent 
fuel drying and conditioning process. The deteriorating spent fuel has formed 
pyrophoric uranium hydride that could ignite a uranium fire. For sludge this is 
a hypothesis that needs to be tested. A determination that pyrophoricity is not 
a characteristic of the sludge or that pyrophoric material found in the sludge 
is in minute quantities that constitute no threat of damage to the equipment or 
a health and safety risk, then the dried sludge and calcine process can be 
changed significantly. Vacuum drying can be changed to air drying although 
consideration of vacuum drying may still be warranted because the volume of 
contaminated offgas would be reduced considerably. Passivation would no longer 

(a) The moisture content on the drying rate diagram existing at the end of the 
constant-rate period. 
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be required, which would simplify equipment design and eliminate the passivation 
gas system. Controlled atmosphere processing equipment requires special seals, 
which would no longer be needed. 

The sludge in KW Basin may be pyrophoric and the sludge in KE Basin may be 
stable. Research and development effort is needed to determine if the sludge in 
the canister can be coprocessed with spent fuel. An expedient approach in the 
case of reactive KW Basin sludge is to proceed with plans for systems to 
passivate the sludge. 

Pyrophoricity, the existence or lack thereof, is a large cost factor. Both 
capital costs and operating costs are affected. A sludge pyrophoricity 
determination is a research and development priority. 

9.2 GROUT 

Research and development needs for sludge treatment via grouting can be met 
by two basic studies. First, the proper grout formulation must be established. 
Second, a verification that water radiolysis in the grout/sludge does not pose 
any long-term hazards is needed. 

9.2.1 Grout Formulation 

The basic grout formulation proposed in this study would contain 59.7% 
Portland Cement, 29.8% water, and 10.5% dry sludge solids. The water would come 
entirely from the sludge. Portland Cement Type I seems to be the best candidate. 
This choice would have to be verified. An experimental program to measure set 
grout/sludge properties could be carried out to determine if the set grout/sludge 
has sufficient integrity (strength and low leachability). A wet paste 
experimental program is needed to determine if the wet grout paste is suitable 
for being mixed in the 55-gallon drums (sufficiently low viscosity during 
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mixing). This mixing problem can always be solved by increasing the water 
content. If high water content is needed, re-examination of the set grout/sludge 
properties is in order. 

It would be desirable if a zero or low radioactivity simulant, perhaps a 
mixture of metal oxides/hydroxides including those of iron and depleted uranium, 
be found for these formulation tests. 

9.2.2 Water Radiolysis 

Preliminary bounding conservative calculations showed that 11 liters of 
hydrogen could be produced per year in each drum. The simplest approach to avoid 
explosive hydrogen and air mixtures would be to design a passive ventilation 
system that would keep the hydrogen gas concentration in the gas space under 2% 
by volume. However, to verify that the ventilation system works, a prototype 
demonstration with actual KE Basin sludge/grout in 55-gallon drums would need to 
be carried out. This long-term demonstration would also verify if any unbound 
water in the grout could be moved out of the grout matrix. Experiments should 
be carried out on sludge/grout to measure the actual hydrogen generation rates. 
A diffusion model for grout is available to see if the grout matrix would 
experience dangerously high hydrogen pressures that could challenge the integrity 
of the grout itself. 

The hydrogen transport properties of the cured grout are needed to estimate 
the hydrogen concentration and pressure profiles in the grout. The most 
important transport property is the diffusivity of hydrogen in the grout matrix. 
The thermal diffusivity and conductivity are also useful if complete thermal and 
hydrogen gas profiles are desired. Fundamental properties such as grout 
porosity, liquid permeability, and unbound water content are needed to support 
any grout model, especially if liquid movement is suspected due to hydrogen 
pressure gradients. 
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9.3 GLASS/CERAMIC 

The process development activities that would take place for vitrification 
of the sludge consist mostly of glass formulation, essentially getting the 
"recipe" for the glass. Laboratory work, bench-scale melter testing, and cold 
testing of the glass to ensure that the formula chosen is a correct one as 
required. The drivers for the proper glass formula are primarily the glass 
storage locations. Different storage areas have different requirements for the 
canisters and the glass. If this information isn't known then the "best" recipe 
is chosen, and the design based on this. 

Short circuiting could be a problem for the melter. This is especially true 
for the K Basin sludge, as it is believed to contain a high amount of noble 
metals. The two that are of real concern are ruthenium and rhodium. If these 
two metals composed greater than 10 wt% of the sludge, then vitrification would 
essentially be eliminated as an option for disposition of the sludge. 
Characterization analysis of the sludge has been performed and no ruthenium or 
rhodium was detected (Ru-106 was specifically looked for in one analysis using 
a gamma energy analysis). One analysis reported that between 4.3 and 6.2% of the 
sludge is nondissolvable solids. It is believed that the ruthenium and rhodium 
would be nondissolvable in the nitric acid test. Therefore further analysis 
would need to be conducted before vitrification is chosen as the preferred 
alternative for the disposition of the sludge. 
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10.0 PROCESS FACILITY LOCATIONS 

Sludge stabilization process facility locations considered in this 
assessment include the Fuels and Material Examination Facility, a newly 
constructed facility proposed in the Path Forward document (WHC 1994), and the 
Waste Encapsulation and Storage Facilities. If the sludge/slurry is moved to the 
DSTs, the 204-AR Waste Unloading Facility would also be involved. The 204-AR 
facility is discussed in Section 7.1. 

10.1 FUELS AND MATERIAL EXAMINATION FACILITY (FMEF) 

The FMEF is located in the 400 Area near the Fast Flux Test Facility. This 
is a new hot cell facility that has never been contaminated. The facility is not 
fully operational; among the work that remains is the installation of shielding 
windows and manipulators. The facility has a harden shipping/receiving area. 
A one half mile extension to the existing rail spur would connect it to the 
Hanford rail system (WHC 1994). The rail system servicing the FMEF does cross 
public highways and additional permitting and licensing would be required. This 
alternative does not comply with the Hanford Site long-range goal to consolidate 
all radioactive waste activities in the 200 Areas. 

10.2 NEW STABILIZATION FACILITY 

A New Stabilization Facility would be sited in the 200 Areas. As described 
in the preferred alternative of the Path Forward document (WHC 1994), this 
facility it would be adjacent to the Staging and Storage Facility constructed to 
house the containerized fuel. Fuel canisters with sludge and loose sludge would 
be received from K Basins into the Staging Facility and transferred to the 
processing facility for stabilization. Depending on fuel/sludge characterization 
and process demands, stabilization of the fuel rods would include desludging the 
canisters and stabilizing the sludge separate from the fuel rods (WHC 1994). 
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The collocation of the sludge stabilization process with desludging 
activities is a significant advantage over other possible locations. Additional 
advantages include: 

Siting of the facility is consistent with the long range plan to 
locate and process all radioactive waste in the 200 Areas (WHC 1994). 

The rail system between the 200 Areas and the 100 Area does not cross 
any public roads, which facilitates package licensing (WHC 1994). 

10.3 WASTE ENCAPSULATION AND STORAGE FACILITY (WESF) 

The WESF facility was originally used for the encapsulation and storage of 
cesium and strontium. The primary mission of the facility now is to receive 
cesium and strontium capsules from onsite and offsite locations, re-encapsulate 
the capsules, and store them. The facility consists of a process area, cell 
service area, service area, and capsule storage area. 

The process area consists of seven hot cells (A,B,C,D,E,F, & G) that were 
used in the original encapsulation mission. The cells are interconnected by a 
pass-through transfer system and by removable cover blocks. The second floor of 
the process area is the canyon. The canyon has access to the truck port and the 
hot cells. A remotely operated crane is capable of operating the entire length 
of the canyon (ARHC 1971). The crane can transfer equipment and canisters from 
the truck port into the hot cells and vice versa. 

Immediately adjacent to WESF is the B Plant facility. This facility was 
the feed source of strontium and cesium encapsulated at WESF. The two facilities 
are connected by a piping system. This system would allow transfer of the sludge 
from the B Plant Cask Loading/Unloading station to the WESF canyon for 
processing. Waste water from evaporation of sludge slurry water can be 
transferred to the B Plant evaporator and into the tank farm system and the 
Effluent Treatment Facility (ETF). 
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Cells D, E, F, and G are dedicated to the re-encapsulation mission starting 
in FY 97. Cell A is the solid waste load-out cell and is not available. 
The remaining two cells, B and C, could available for other missions such as 
sludge stabilization^. 

Cells B and C are 8 ft by 8 ft by 12 ft 10 in and are equipped with two 
manipulators and one viewing window (ARHC 1971). These dimensions place a size 
limitation on processing equipment, which will in turn limit production rates. 
Design of the process system must take into account intercell transfer devices 
since the re-encapsulation project in cells E, F and G must be able to pass solid 
waste through to cell A. 

The Initial Pretreatment Module (IPM) project is seeking approval to use 
cells B and C as well. The IPM project is planning to conduct treatability tests 
in the cells. The project would start modifying the cells in January of 1995 and 
start testing in June of 1996. The test is schedule to last 1 to 2 years ( b >. 

Issues that may affect the potential for using WESF for sludge stabilization 
include such topics as the effect of the sludge stabilization mission on the 
primary mission of WESF; the demands of the proposed mission on plant resources 
(i.e., canyon crane), space, and personnel; potential permitting issues; and the 
schedule impacts to both the re-encapsulation project and the sludge drying 
project (Howden 1994). 

Like the new facility discussed in the previous section, the WESF would 
provide similar advantages of easy rail access and consistency with the long-
range plan to locate and process all radioactive waste in the 200 Areas. 

(a) Hoxie, M. 1994. Telecon with Kent Smith of Westinghouse Hanford Company, 
SAIC, Richland, Washington. 

(b) Howden, G. 1994. Use of WESF Cells For IPM Process Development Testing, 
Meeting Minutes, Westinghouse Hanford Company, Richland Washington. 
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APPENDIX A 

ROUGH EQUIPMENT SIZING AND PROCESS CAMPAIGN ESTIMATE 

A.l EQUIPMENT SIZE AND OPERATING CAMPAIGN DURATION 

DRIED SLUDGE AND CALCINE 

Life cycle cost estimates for dried sludge, calcine, grout, and 
vitrification option includes capital equipment cost and operating costs. These 
costs are related. The sludge capacity of a manufactured process unit determines 
the total time to process the K Basin sludge. Obviously, for the dryer and 
calciner there are some tradeoffs between equipment size and operating campaign; 
an equipment piece with lower capacity results in a longer operating campaign 
than high capacity process equipment. The optimum cost, capital and operating, 
requires a thorough knowledge of sludge properties and equipment performance. 
An example is the drying rate diagrams for the dried sludge option and the 
calcine option. Without this data only rough estimates are possible because of 
the assumptions made to fill the gaps in knowledge. The results which are far 
from exact and are preliminary in nature are a first step in a process of 
generating more precise estimates as a better understanding of sludge 
characteristics and the process is realized. An estimate significantly missing 
the mark is precluded by the limitation imposed by the size of hot cells where 
this work could be performed. A functional requirement is that the equipment 
must fit within B or C hot cells at WESF, hence the size of the equipment is 
comparable. Size effects cost, but it is not directly proportional. An increase 
in size does not mean a proportional increase or decrease in cost. Doubling the 
length of a standard steam tube heated rotary dryer does not double the cost 
(Perry 1984). 

The most significant effect of overestimating the equipment capacity and 
size is not underestimating equipment cost but underestimating operation cost. 
A doubling of the operation time was applied to both the dried sludge option and 
the calcine option to be sure the preliminary estimate was an upper bound. 
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Filter Size 

The helical filter dryer functions both as a filter and as a dryer. A 
dilute sludge slurry of <10 wt% solids can be removed from K Basin water and 
taken to dryness and discharged; all accomplished with a single piece of process 
equipment. Omitting the drying step and discharging a wet filter cake is also 
possible. 

There were several factors considered in sizing the dryer. A relatively 
large filter dryer will process the sludge in less time than a smaller unit. 
Conversely, establishing a length of time for the process operation to occur 
fixes the size of the equipment. The latter approach was taken in this case, 
i.e., by beginning with sludge processing time of 1 to 2 years. 

The question then becomes one of filter cake capacity and the cycle time 
from the initiation of filtration to the time through the completion of drying 
the sludge and the discharge of the dried solids into Mark II canisters. If 
filter dryer model X with capacity Y is used, what is the cycle time, and in one 
to two years of operation, is the number of cycles at the given capacity 
sufficient to process all the sludge. The total number of cycles to process the 
estimated 100 m 3 of sludge is determined from the capacity of the selected 
dryer.(a^ The number of cycles and the cycle time gives the total operating 
to filter the sludge. Another constraint on the problem as mentioned previously 
is hot cell size. The Waste Encapsulation Storage Facility (WESF) Building 225-B 
is a facility with available hot cells and these hot cell dimensions were used 
as a template in equipment sizing. 

The cycle includes the time of filtration, drying, discharging solids, and 
filter-dryer preparation for the next cycle. A trial and error approach was 
taken of selecting a filter dryer of a given capacity, estimating the time to 
batch filter and dry. Based on the calculations which are outlined below, two 
Ketema Model HF/HFD-30 with a cake capacity of 3.17 ft 3 can process all the K 

(a) Praga, A. N. 1994. Sludge Management Options Report (Draft). 
Westinghouse Hanford Company, Richland, Washington. 
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Basin sludges in 2 years. Two units as suggested by Ketema would allow 
processing to continue in the event that one unit is down for maintenance. 

The filtration cycle time for incompressible filter cake was estimated from 
the following equation: 

e = » c y 2 

A 2APc 

0 - filtration time in seconds 
a - specific cake resistance 

C - filtration constant 
V - volume of filtrate 
APc - pressure difference across the bed 
A - area for filtration 

The specific cake resistance is typically determined experimentally. If Ap is 
held constant, a plot of e/V vs V will give a slope of 

a C 
A 2 AP 

and an intercept of 

JTftV* (Suttlel969) 

The value of a may be evaluated from the slope and that of V o (accounts for 
resistance of filter media) from the intercept (Suttle 1969). 

The following equation was used to solve for specific cake resistance, a, 
because the filtration rate measurements have not been made. 

K (1-e)2 S 
a = i 

e 3 
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a - specific cake resistance 
K - constant in the Kozeny - Carmen equation; it 

has a value which depends on particle size, the 
porosity, and lies in the range of 3.5 to 5.5. 

e - porosity of the bed 
, bulk density 

e - 1 - —_£ 
true density 

S - specific surface (defined as the surface area 
per unit mass of material) 

Assumptions made in order to evaluate the specific resistance of sludge cake 
were the Kozeny-Carmen constant, the bulk density and the specific surface. The 
true density was an average of particle density measurements.^' 

Incompressible cakes are those which permeability and porosity are 
independent of pressure. In these circumstances it is possible to integrate the 
basic filtration equation for dv/d9 to solve for the time of filtration. The 
solution to the integrated equation which is the equation initially presented, 
gives filtration time. 

It is convenient to introduce a single constant C in the filtration equation 
and this constant is defined as 

C = fipf S 
2po (1-e) (1-S) - pteS 

(a) Bechtold, D. B. July 27, 1993. Analysis of 105 KE Basin Sludge 
Samples. Memorandum 12110-PCL93-069 to M. A. Meier. Westinghouse 
Hanford Company, Richland, Washington. 
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fi - liquid vescosity 
pf - density of the feed 
po - density of the solids 

pt - density of the filtrate 
e - porosity of the bed {defined previously) 
S - weight fraction of solids in feed slurry 

Values for densities, other than the solids, and the viscosity are assumed 
to be the same as water. The weight fraction of solids in the feed is assumed 
to be 5 wt%. The density of the solids is an average value from laboratory 
analysis. ( a ) 

In applying f i l t r a t i o n theories to the flow through packed beds, i t is 
necessary to know the mass of cake produced in association with a certain volume 
of f i l t r a t e . Such an expression is given below; 

V = ALfco (1-S) (1-6) - p f Se] 
pt S 

All the constant in this equation have been defined previously with the exception 
of the thickness of the filter cake, L, which is taken from the Ketema vendor 
data sheet for model HF/HFD-30. 

The pressure across the bed is only variable left in the determination of 
the filtration time. A final assumption 40 psi gives a result of 3.6 hours to 
filter a batch of sludge. The filtration time is to be added to the drying time. 

Drying 

Drying, like filtration requires physical data measurements to perform an 
accurate estimate of the equipment size and the drying time associated with the 
equipment. A drying rate diagram is needed, without which drying rate data from 

(a) Bechtold, D. B. July 27, 1993. Analysis of 105 KE Basin Sludge 
Samples. Memorandum 12110-PCL93-069 to M. A. Meier. Westinghouse 
Hanford Company, Richland, Washington. 
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a comparable substitute is required. Many investigators have contributed to the 
theory air drying, but vacuum drying, as required here has not been the recipient 
of a comparable effort. R. C. Ernst, J. W. Ridgway, and F. M. Tiller, in article 
in Industrial and Engineering Chemistry (1938), ran tests with Sil-0-Cel, a 
commercial filter aid, to determine the effect of drying at diminished pressure. 
The effects of varying the temperature from 100°C to 130°C and the vacuum from 
18 to 26 inches of mercury (Hg) were studied. The drying rate for Sil-0-Cel at 
a vacuum of 26 inches of Hg was assumed to be comparable to a drying rate for K 
Basin sludge. 

A typical drying rate curve consists of a period where the drying rate is 
constant followed by a period of falling rate. During the constant rate period 
the entire surface is saturated with water. Drying proceeds from a pool of 
liquid with the solid not directly influencing the drying rate (Foust et al. 
1962). During the so called "falling rate period", the surface becomes more and 
more depleted in liquid because the rate of liquid movement to the surface is 
slower than the rate of mass transfer from the surface. 

The drying rate is defined as 

R = ~ W s $*' (Foust et al. 1962) A d © 

where 

R - drying rate 
Ws - weight of dry solid 
A - solid surface area 

For the constantrrate period, R is a constant, and the above equation is 
integrated to solve for time of constant rate drying. 

Gc = - ^ i (X/ - X,' ) (Foust et al. 1962) 
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X ' is the moisture content the end of the constant rate period as determined 
from the vacuum drying curve of Ernst, Ridgway, and Tiller (1938) at 26 in. of 
Hg. the moisture content at start of the drying process is based on the average 
residue weight fraction of as-centrifuged K Basin sludge. The area, A, of the 
HF/HFD-30 is 26.9 ft2. 

In many cases, the drying-rate-free-moisture-content during the falling-
rate-period approximates a straight line from the critical moisture content to 
the origin. The drying of the K Basin sludge stand-in, Sil-O-Cel, displays this 
characteristic. Then 

J L = - 4 (Foust et al. 1962) X X e 

where C refers to the critical moisture content. Substituting into the drying 
rate and integrating over the falling rate period gives 

_W<! X ' "V" 
(G - e c) = —^ — In — (Foust et al. 1962) 

A R
c
 X c 

This logarithmic-mean drying rate appears to be a good approximation when the 
material being dried is a rigid particulate solid such as sand (Foust, et al., 
1962). 

The total drying time is the sum of the time estimated for the constant rate 
period and the time estimated for the falling rate period. Table A-l lists the 
estimated times to filter and dry a batch of wet sludge and discharge it into 
Mark II containers. 

Using the Ketema filter-dryer model HF/HFD-30 to process the 130 metric tons 
of K Basin sludge will require a total of 803 cycles to process all the sludge. 
Applying an operating efficiency of 80% to the time required for a filter dryer 
to complete the 803 cycles gives an operating time of 1.05 years. Ketema, the 
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Table A-l. Projected Helical Filter Dryer Operating Sequence 
Operation Time, hr 

1) Time required to prepare 
for the next feed batch 

1.0 (assumed) 

2) Time required to filter a 
batch of sludge 

3.6 

3) Drying time 3.6 
4) Time to discharge cake 

into Mark II canister 
(assumed) 

0.5 

5) Time to prepare filter for 
next batch (assumed) 

Total cycle Time 

1.0 5) Time to prepare filter for 
next batch (assumed) 

Total cycle Time 9.2 hours 

manufacturer of the HF/HFD-30 recommends the use of two filters. With two 
filters the reliability of the process is improved. The use of two filter-dryers 
cuts the processing time in half. Because of the uncertainties in the estimates 
of equipment and the operating rate, a time of 1.05 years was used to estimate 
the operating cost. 

Also included in the operating cost is the cost of Mark II canisters and N 
Reactor overpacks. containerizing the dried sludge will require 596 Mark II 
canisters and 60 N Reactor overpacks. The bulk dry density is a determining 
factor in estimating the number of canisters. A value of 110 lbs/ft3 was assumed 
because an analytical measurement is yet to be performed. If the assumed value 
is too low the number of canisters, the canister cost is too low and if the bulk 
density is high the reverse is true. 
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Rotary Dryer Calciner 

The rotary dryer-calciner can be thought of as extension of the dryer option 
in that it processes the sludge at a higher temperature than a dryer. This could 
be required to reduce the moisture content below that level that can be produced 
by a dryer. High temperatures may also be required for passivation. The other 
distinction is that the dryer option is a batch operation and the rotary dryer 
calciner is a continuous operation. Hence, a comparison of the dryers can be 
made on equipment size, process rate and cost. 

The uncertainties in the sizing of rotary calciner stem from the same lack 
of drying rate diagram that was discussed previously. Vacuum drying rather than 
air drying is the preferred mode of operation, hence the drying rate diagram 
should reflect operation under vacuum conditions. Equilibrium moisture contents 
is also unknown. 

To fill in the gaps, the vacuum drying of Sil-0-Cel, a filter aid, was used 
to provide drying rate data. The K Basin sludge includes a sizeable fraction of 
backwash from the sand filter. The use of the Sil-0-Cel drying rate diagram is 
not an unreasonable choice for a first cut at equipment sizing. 

The strategy of this calculation was to set a diameter for the rotary dryer 
calciner and then determine the length for various feed rate. The objective is 
to estimate the feed rate for a rotary dryer-calciner that will fit in the B, C 
and possible D cells at WESF. 

According to Tsao and Wheelock {1967), most continuous indirect-drying 
processes which defines this application are controlled by the rate of heat 
transfer. The size of the dryer is generally based on the amount of heat 
transfer surface area, which can be estimated by: 
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* - L J : A_^E (Tsao and Wheelock 1967) 
UAT 

where 

Ah - Surface area available for heat transfer 
L - Sludge flow rate 

\ - Latent heat of vaporization 
XlJ£2 - Moisture content of feed and dried sludge, 

respectively 
U - Overall heat transfer coefficient 

AT - Temperature difference between the 
temperature of sludge and the temperature 

of the heating medium 

The exact relationship of At, U and AT to are unknown thus a rigorous integration 
is impossible. For a rough estimate which is the objective of this i n i t i a l cost 
study, the parameters are assumed to be constant. 

A U of 49 for the drying of sand during the constant rate period is reported 
by Tsao and Wheelock (1967) for agitated pan dryers operating at atmospheric 
pressure. During the fa l l ing rate for the same equipment drying sand, the heat 
coefficient was 13. The Processall™ vacuum dryer selected for cost comparison 
is not an agitated pan dryer, but i t is equipped with shaped mixing element to 
break up agglomerates and move the solids. The solid temperature is d i f f i c u l t 
to measure and the following imperial method has been suggested for estimating 
AT: 

AT = T. - Ts (Tsao 1967) 

This driving force represents the difference between the jacket temperature T., 
and the average of the measured vapor temperature, T and the saturation 
temperature T s, corresponding to the vapor pressure. The vapor temperatures for 
both the constant rate period and the falling rate period have been measured by 
Ernst and Ridgway (1938) in their study of vacuum drying mechanisms. The vapor 
temperature is constant during the constant rate period but rises in the falling 
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rate period. The measured test vapor temperature was used for the constant rate 
period and an average test vapor temperature was used for the falling rate 
period. The vacuum under test conditions was 26 in. Hg. 

Moisture content Xx is the fraction of water in a feed of as-settled sludge, 
and X 2 is the critical moisture content, which is the point at which the constant 
rate period ends and the falling rate period begin. The final moisture content 
X 2 at the end of the falling rate period is assumed to 0.25% lb water/lb dry 
solids. 

The total length of the dryer is the sum of the length required to dry the 
sludge to the critical moisture content and from the critical moisture content 
to the equilibrium moisture content. The integration is performed twice to solve 
for the area in each section. The area must be converted to length. The area 
of the inner cylindrical surface of the dryer and the calciner in contact with 
the solids is the arc length subtended by the fill angle. The trough type dryer 
selected has mixing paddles which spread the sludge over the bottom half of the 
cylinder. The heat transfer area, Ace, per unit length of rotary dryer is, 

Ace = n D. — (Sass 1967) 
1 360 

The term D. is the internal diameter of the dryer. From these rough 
calculations, the size of the dryer was estimated to be 7.2 ft, 1.25 ft in 
diameter. The capacity is estimated at 40 lb/hr. 

The dryer feeds the calciner and the dried sludge is heated to a temperature 
high enough to remove excess moisture and passivate any uranium hydride that may 
be present. If passivation is found to be unnecessary, then only the former 
would need be performed 
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In the French process for passivation of deteriorating fuel, the fuel is 
heated to 430°C and held at this temperature for 2 hours. Of all the passivation 
processes, this is the most rigorous. A residences time of 2+ hours was used to 
size the calciner section. 

The movement of solid through the calciner is influenced by three distinct 
mechanisms. First as the dryer turns, each particle is lifted up by the flights 
and dropped again. At each drop, the particle advances a distance Ds where D = 
dryer diameter and s = dryer slope (Foust et al. 1962). Thus with a dryer of 
length 1 rotating at N rpm the time of passage of a particle would be 
proportional to 1/s DN (Foust et al. 1962). This is called the "flight action". 
In addition, the particles striking the bottom of the cylinder bounce, and those 
striking other particles roll over them while solids that are not lifted by the 
flights will move forward in rolling over others on the bottom of the dryer. 
These effects are called "kiln action" and significantly alter the holding time 
of a particle in the dryer. Finally, the gas blowing through the dryer either 
advances or hinders the travel of solid depending on whether the gas flow is 
concurrent or counter-current. On these considerations and on data obtained in 
pilot sized dryers, Friedman and Marshall (1952) offer the following 
relationship: 

e _ 0.351 + 0.6BlGy 
~ s N 0 9 D + G F 

where 

I - calciner tube length 
s - slope of dryer 
N - rate of rotation 

Dp - average weighted particle size 
P - calciner tube diameter 

B - a constant dependant on the particle size 
of the material = 5.2 (Dp -0-5 

(Foust, et at, 1962) 
Gv - gas mass velocity 

GF - feed rate per unit cross section 
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In solving this equation it is necessary to set a length for the calciner tube 
that will fit in the WESF hot cells and then solve the equation for feed rates 
and a residence time. The result is indirect heated controlled atmosphere 
calciner 6.5 ft long with a process tube 1.25 ft in diameter. The processing 
rate for the calciner is the same as the dryer, an estimated 40 Ib/hr. At this 
feed rate the residence time in calciner is 180 minutes; a time that exceeds the 
processing goal of 120 minutes by 1 hour. 

The duration of the operating campaign to process the 130 metric tons of 
K Basin was estimated for an around-the-clock, 7 day a week operation. For an 
on stream efficiency of 80%, the dryer-calcining option can be completed in 1.0 
years. The life cost estimate.doubles this value to 2.0 years to compensate for 
the uncertainties in the calculations. 

Vitrification: Melter Size 

The amount of time needed, and therefore costs incurred, for operating a 
glass melter for processing the K Basin sludge is a function of the melter size. 
A larger unit will, process the sludge in a shorter amount of time, but will also 
cost more to construct. In order to determine an optimum melter size a length 
of time for the process operation was chosen and a melter capable of processing 
the sludge in this amount of time was derived. In this case a processing time 
of one year was selected. 

A standard processing rate for glass vitrification is 30 kg/hr m 2. Using 
this as a basis a melter size can be determined which could process all the 
sludge in one year. The following calculations describe this process. 

Using Bechtold's analysis as a reference the average as-settled sludge 
density is calculated as 
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, , 1 N 1.53+1.54+1.13+1.11 , .,,,-,- , , p(g/ml) = = 1.3275 g/ml (21) 

and the as-settled weight fraction of sludge is 

, , ,. 0.4994+0.5264+0.1752+0.1030 ft „ . wt fraction = = 0.326 (22) 

Based on 100 m of sludge there is 43.3MT of sludge (see calculation below). 

(100 m3)(0.326) = 32.6 m 3 sludge (23) 

(32.6m3) 28.321 1 
0.02832m3 

1000ml 1 
11 

1.3275-1-
ml 

f l k g 1 
lOOOg 

1MT 
1000kg = 43.3MT 

(24) 

If a 30% waste loading is used, 

(X)(0.30) = 43.3MT => X * 144.3MT Glass (25) 

This means there will be approximately 145 MT of glass produced (43.3 MT of 
sludge and 102 MT of glass formers). 

As can be seen in the accompanying graph a melter with a surface area of 
0.5 to 0.6 m 2 could be used to process all the sludge in less than one year. 
This is assuming a seven day a week twenty-four hours a day operating schedule. 
The formulas used are as follows: 

(surface area)(30 kg/hr m 2) = processing rate 

(145,000 kg)(l/processing rate) = time required for processing (hr) 

(1 yr/8760 hr)(time required) = years required for processing 
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GROUT 

Sludge Weight Percent Solids 
This percent solids estimate is taken from Baker. ( a ) The weight percent 

solids calculated is 0.26. This value was calculated from a mass balance of the 
components of the major KE Basin regions (Weasel Pits, Basin, and Sandfilter 
Backwash Pit). The mass of sludge solids in these regions is 1.745E+04 kg and 
the total mass of sludge is 6.77E+05 kg or 26% dry solids. 

Grout Density 
Since no values were located in the immediate literature, two methods were 

used to obtain a grout density. We specifically want the density for 2:1 dry 
grout to water. 

Method 1: Experimental measurement. 39 cc H 20 were mixed with 78 grams dry 
grout (Red Devil brand tile grout, which contains Portland Cement). 39 cc of the 
wet mixture weighed 67.4 grams. The density is 67.4/39 =1.73 g/cc. 

Method 2: Rough calculation. Basis 50 g H 20 + 100 g dry grout. Assume dry 
particles are 3.0 g/cc and 2% volume air entrapped. Total mass = 150 grams. 
Total volume = (50 + 100/3)xl.02 = 1.76 g/cc. 

There is some net shrinkage when grout sets and cools. The agreement 
between the two densities is surprising since the dry grout particle density is 
not a "hard" number. My choice is to use the average value 1.74 g/cc for our 
flow sheet. 

(a) Baker, R. B. 1994. Summary Status of 104-K East Sludge 
Characterization. Westinghouse Hanford Company, Richland, Washington. 
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The next problem is estimating the grout density with KE Basin sludge added. 
The average fraction of solids is 0.26 and solids particle density is 3.1 g/cc 
(average calculated from first three samples in Table 2 in Bechtold's analysis. 

Proceeding with the calculation, assume a basis of 1 kg sludge. The water 
content is 740 grams and solids content is 260 grams. This water requires 1480 
grams dry Portland Cement. The total mass is 2480 grams. The volume is 
(740+1480)/!.74 = 1275.86 cc wet grout + (260/3.1 = 83.87) cc sludge solids or 
1359.73 cc. The final grout/sludge mix is 2480/1359.73 = 1.823 g/cc. 

Grout Mass Balance 
1 kg wet sludge is immobilized in 1360 cc grout. There are 100 m 3 sludge. 

The density of this sludge is 1000/(740+260/3.1)= 1.214 g/cc. Thus, there are 
100 x 1214 = 1.214E+05 kg sludge. Thus we will end up with 1.214E+05 x 1360 = 
1.65E+08 cc final grout or 165 m 3. The amount of dry Portland Cement required 
is 1.214E+05 x 1.48 = 1.80E+05 kg or 180 metric tons. If the grout is placed in 
55 gal (0.208 m 3) drums, 793 drums will contain this grout if filled to the top 
(not advisable). The grout mass in each drum is 1823 x 0.208 = 379.2 kg or 834 
lbm. 39.75 kg of dry sludge solids are in each drum. 

Note: Some allowance for space at the top of the drum, for additives, for rinse 
water, and for uncertainty in the average numbers used should be made. If the 
drums are filled to 80% capacity, then 793/.8 = 991 drums are needed. However, 
the actual number of drums might be around 1100. At 80% capacity the dry sludge 
solids in each drum = 0.8(39.75) = 31.8 kg. 

A.2 SLUDGE/GROUT HYDROGEN GENERATION 

The starting point for these estimates are G values for pure water 
(molecules H2 produced per 100 ev absorbed energy) taken from Figure 42.40 in 
Tipton (1960). The values used and their estimated energies are 
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G(ar)=1.55 at 5 MeV 
G(0)=1.7 at 2 MeV 
G(K)=0.5 at 0.66 MeV 

The Curie values of the dry sludge are taken from Bechtold.(a) 

Total a = 5.88E-05 Ci/g 
Total 0 = 2.33E-04 Ci/g 
Total y = 4.39E-05 Ci/g (Cs-137) 

Conservative Assumption: Assume that the G values for pure water are not 
affected by the emitter being in a solid matrix. I.e., the atoms of water in the 
sludge or sludge/grout are equal targets to those in pure water. There is an 
atom dilution factor that will be applied later. 

For dry sludge the generation rates are calculated as follows: 

Generation rate (gmole/s/g dry sludge) = G molecules/100 eV X 10 6 ev/MeV 
X gmole/6.023E+23 molecules X energy Ci/g X 3.7E+10 decays/Ci/s 

The three generation rates are then 

a 2.799E-13 gmole/s/g dry sludge 
P 4.867E-13 
Y 8.900E-15 
Total 7.755E-13 

Grout atom dilution factor: For alpha and beta radiation the hydrogen in 
water is 2/3 of the total nearby atoms. In grout with 30% water, hydrogen is 

(a) Bechtold, D. B. July 27, 1993. Analysis of 105 KE Basin Sludge 
Samples. Memorandum 12110-PCL93-069 to M. A. Meier. Westinghouse 
Hanford Company, Richland, Washington. 
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approximately 0.44 of the nearest atoms, so a dilution factor for the grout is 
0.44/(2/3) = 0.66. For gamma radiation the dilution factor is approximately the 
mass fraction of water or 0.3. 

Applying these dilution factors to the generation rates we now have a 
hydrogen generation rate of 5.08E-13 gmole/s/g dry sludge. With 31800 g of dry 
sludge in each drum, the annual production rate of hydrogen is 11.4 stp 
liters/year. Due to the very conservative assumption above, an order of 
magnitude lower rate could be expected (1 stp liter/year). This magnitude value 
is supported by an experimental 6 value for gamma radiation in grout of 0.03 
(Jonah, 1994). 

OTHER CALCULATIONS 

KGR0UT1.F0R 
C Program KGR0UT1 calculates the heat output, fissile equivalents, Pu 
C equivalents etc for comparison to allowable limits. 

REAL UCi_gl(9),UCi_g2(9),UCi_g3(9), UCiAv(9), UCitot(9),WpCi(9) 
Character ISO(9)*6 

c open(Unit=l,File='KGROUTl.dat',status='old') 
open(Unit=2,File='KGR0UTl.out',status='unknown') 

Data UCi_gl/2.25E-03,.0346,17.98,7.44,1.41,42.8,1.56,.928,88.1/ 
Data UCi_g2/2.25E-03,.0346,17.98,46.1,.95,47.5,.93,.48,30./ 
Data UCi_g3/2.25E-03,.0346,17.98,68.8,1.63,41.5,1.66,.972,74.8/ 
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c The first 3 data in each row above are calculated from data in Baker's 
memo. ( a ) The remainder are from Bechtold 1993. ( b ) 

Data ISO/' U-235',' U-238','Pu-239','Am-241',' Co-60','Cs-137', 
+'Eu-154','Eu-155',' Sr-90'/ 
Data WpCi/.0271,.0249,.0311,.0334,.0154,.00472,.00898,7.23E-04, 

+.00669/ 
c The watts data are from WHC 1993. 
C Data above are for U-235, U-238, Pu-239, Am-241, Co-60, Cs-137, 
C Eu-154, Eu-155, & Sr-90, respectively. 

write(2,*)' ' 
write(2,*)' TOTAL MICROCURIES IN DRUM Ci/g DRY SLUDGE' 
WRITE(2,*)' ' 
do k=l,9 
UCiAv(k)=(UCi_gl(k)+UCi_g2(k)+UCi_g3(k))/3. 
UCitot(k)=31800.*UCiAv(k) 
Citot=l.E-06*UCiAv(k) 
write(2,100)IS0(k), UCitot(k), Citot 

100 Format(5X,A7,5X,lpel0.3,10X,lpel0.3) 
enddo 
drummass=3.0336E+05 
TRUt=0. 
do m=3,4 
TRUt=TRUt+UCitot(m) 
enddo 
TRU=1000.*TRUt/drummass 
write(2,*)' ' 

write(2,*)' TRU, nCi/g = ',TRU 
C 
C Calculate Plutonium Equivalent Curie PE-Ci 

(a) Baker, R. B. 1994. Summary Status of 105-K East Sludge 
Characterization. Westinghouse Hanford Company, Richland, Washington. 

(b) BechtoTd, D. B. 1993. Analysis of 105 KE Basin Sludge Samples. Memo, 
Westinghouse Hanford Company, Richland, Washington. 
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PE_Ci=l.E-06*(UCitot(3)+UCitot(4)) 
wr i te(2 ,* ) ' ' 

wr i te(2 ,* ) ' Plutonium Equivalent Curie = ',PE_Ci 

C Calculate Pu-239 Fissile Gram Equivalent 

Pu239FGE=l.E-06*(UCitot(3)/6.2034E-02 + 9.*UCitot(4)/3.42/480.) 
write(2,*)' ' 

wr i te(2 ,* } ' Pu-239 Fissi le Gram Equivalent = ',Pu239FGE 

C Calculate Alpha Curie Content 

ACC=PE_Ci 
write(2,*)' ' 
write(2,*)' Alpha Curie Content = \ACC 

C Calculate Heat Output 
Watts=0. 
do n-1,9 
Watts=Watts+l.E-06*WpCi(n)*UCitot(n) 
enddo 
Wattsmax=40./14. 

c Watts max is from the TRUPAC-II SAR. 
frwatts=Watts/Wattsmax 
write(2,*)' ' 
write(2,*)' Drum Heat Output, W = ',Watts 
write(2,*)' Fraction of Heat Allowed = ',frwatts 
stop 
end 
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KGR0UT1.0UT 
TOTAL MICROCURIES IN DRUM Ci/g DRY SLUDGE 

U-235 7.155E+01 2.250E-09 
U-238 1.100E+03 3.460E-08 
Pu-239 5.718E+05 1.798E-05 
Am-241 1.297E+06 4.078E-05 
Co-60 4.229E+04 1.330E-06 
Cs-137 1.397E+06 4.393E-05 
Eu-154 4.399E+04 1.383E-06 
Eu-155 2.523E+04 7.933E-07 
Sr-90 2.045E+06 6.430E-05 

TRU, nCi/g = 6159.57 

Plutonium Equivalent Curie = 1.87 

Pu-239 Fissile Gram Equivalent = 9.224 

Alpha Curie Content =1.87 

Drum Heat Output, W = 8.246E-02 
Fraction of Heat Allowed = 2.9E-02 

A.2 DRY SLUDGE HYDROGEN GENERATION 

Starting G-values for pure water and total Curies associated with a, /?, and 
Y are as given in the calculations for the grout hydrogen generation rate. The 
total Curie values given previously are affected by the dry sludge in that much 
of the free and chemically bound water is removed in the drying and calcining 
processes. This effect will increase the total Curies by the weight fraction due 
to water loss. 

A-21 



Iron is the most abundant chemical present in the sludge according to the 
analysis done by WHC. ( a ) As an approximation of the amount of water loss in 
the sludge, it was assumed that there were 2 moles of hydrated iron before drying 
to 1 mole of Fe 20 3 after drying. The molecular weight of each compound is: 

Fe02H 159.7 g/mole 
Fe 20 3 88.86 g/mole 

Before drying, the weight of the material is 177.7 g/mole (based on 2 moles) 
and after drying, the weight of the material is 159.7 g/mole. The weight 
fraction due to water loss is 89.9%. New values for the total Curies are then: 

a 6.54E-05 Ci/g 
0 2.59E-04 Ci/g 
Y 4.88E-05 Ci/g 
The calculation for dry sludge hydrogen generation rates is similar to the 

calculation for the grout hydrogen generation rate. Given the new Curie values, 
the total hydrogen generation rate is 8.62E-13 gmole H2/s/g dry sludge. 

The above total is conservative and some reduction in target hydrogen 
availability can be estimated. For dry sludge with 1 weight % water, the 
reduction in atom targets for both a and /? is approximately 0.5. The reduction 
in Y absorption is not considered in this calculation because the generation rate 
is already much below those for a and £. With this reduction, the total 
generation rate is approximately 8.62E-14 gmole H2/s/g dry sludge. 

Each drum, filled to 80% capacity, will hold 71,669 g dry sludge. 
Therefore, each drum will generate 0.195 gmole H2/year. 

(a) Bechtold, D. B. July 27, 1993. Analysis of 105 KE Basin Sludge 
Samples. Memorandum 12110-PCL93-069 to M. A. Meier. Westinghouse 
Hanford Company, Richland, Washington. 
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For calcined sludge with 0.25 weight % water, the reduction factor for both 
a and 0 is 0.01. The total generation rate taking into account these reduction 
factors is 1.724E-14. Based on a similar drum configuration, each drum will 
generate 0.04 gmole H2/year. 

A.3 DOSE CALCULATIONS 

A.3.1 Data 

Table A.3-1 is excerpted from Bechtold.(a) The sludge densities, water 
densities, and gamma emitter densities are sufficient for the dose calculations. 
Alpha and beta emitters are insignificant compared to gamma emitters for dose 
calculations because the vessel walls stop these particles and any contribution 
from brehmstrahlung is ignored because its contribution to the total dose id 
insignificant. 

Table A.3-1. Properties of Sludge Samples 

Sample S3-032-01 S3-032-02 S3-032-02 S3-032-04 

Sludge 
Density 

0.764 g/cc 0.811 g/cc 0.198 g/cc 0.114 g/cc 

Water Density 0.766 g/cc 0.729 g/cc 0.932 g/cc 0.966 g/cc 
Concentrations of Gamma Emitters in Dry Sludge (juCi/g) 
C0-60 1.14 0.95 1.63 0.594 
Cs-137 42.8 47.5 41.5 13.1 
Eu-154 1.56 0.93 1.66 0.37 
Eu-155 0.928 0.48 0.972 0.271 
Sr-90 88.1 30.0 74.8 7.01 

(a) Bechtold, D. B. July 27, 1993. Analysis of 105 KE Basin Sludge 
Samples. Memorandum 12110-PCL93-069 to M. A. Meier. Westinghouse 
Hanford Company, Richland, Washington. 
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The gamma emission properties for the gamma emitters of Table A.3-1 are 
listed below in Table A.3-2 (Bureau of Radiological Health 1970, and Weast 1976-
77). The actual gamma energies are in the second column and the third column is 
the single gamma energy used in these calculations. It, and the branching ratio 
listed, are chosen to produce an upper bound on the calculated dose. 

The tank car dimensions are from the Safety Analysis Report for Packaging 
Railroad Liquid Waste Tank Cars (WHC 1993a) and those for the 55-gallon drum is 
from data obtained per ANSI-MH2-4. Appropriate dimensions are listed in 
Table A.3-3. 

A.3.2 Source Strength and Geometry 

The source strength for use in these calculations is the product of the 
radioisotopic density (/*Ci/g) for the dried sludge, the sludge density from 
Table A.3-1 and 3.7E+04 dps/^Ci. Four energy sources are used, 2.3, 1.2, .66, 
and .1 MeV. The 2.3 MeV is from the Zr-90 granddaughter of Sr-90, but its 
branching ratio is so low that it is a very minor contributor to the dose. The 
1.2 MeV source is from Eu-154 and Co-60 combined. The 0.66 MeV is from the 

Table A.3-2. Gamma Emitter Energies 
Gamma Emitter Gamma Energies 

(MeV) 
Effective Bounding 
Gamma Energy (MeV) 

Branching 
Ratio 

Co-60 1.27,1.3 1.2 2 
Cs-137 .66 .66 0.93 
Eu-154 .8,1.12,1.4 1.2 1 
Eu-155 .06,.086,.105,.135 .1 2 

Sr-90 2.3 2.3 0.0007 

Fraction of disintegrations which emit this energy gamma; a value of greater 
than 1 indicates multiple photons per disintegration 
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Table A.3-3. Container Properties 

Container Length (cm) Radius (cm) Wall Thickness 
Tank Car 1340 135 1.1 cm 
55-gal Drum 88.2 28.6 0.135 cm 

Ba-137 daughter of Cs-137 whose branching ratio is 93%. And the .1 MeV is from 
Eu 155, a low source strength isotope. The attenuation of the .1 MeV gamma is 
so great that it is not a significant dose contributor. The resulting source 
strengths are listed in Table A.3-3 along with the other dose calculation 
parameters. 

The buildup factors of Table A.3-4 are interpolated and extrapolated from 
Tables in the NuPac 125-B Consolidated SAR ( a ) and (Glasstone and Sesonske 1963) 
(the two references are consistent). Water values are used in the calculations 
because most of the attenuation occurs in the mixture of solids and water defined 
as as-settled sludge, where water properties are used for attenuation (in terms 
of cm2/gram). 

A.3.3 Dose 

The basic equation for dose from a point source of photons traveling through 
attenuating media is ( a ) 

(a) NPI. 1991. Consolidated Safety Analysis Report for the NuPac 125-B 
Fuel Shipping Cask. Nuclear Packaging Incorporated, Federal Way, 
Washington. 
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Table A.3-4. Parameters Used in Monte Carlo Integration 

MeV 
steel 
atten. 
Mem" 1) 

water 
atten. 
Mem"1) 

Source, 
K/cc-sec, 
sample 01 

Source, 
K/cc-sec, 
sample 02 

Dose Con., 
R/Hr/K/ 
cm /sec 

2.3 0.312 0.070 1748 630.9168 3.5E-06 
1.2 0.428 0.0975 76523 56412.87 2.4E-06 

0.66 0.575 0.130 1130000 1327762 1.35E-06 
0.1 2.71 0.251 26301 14403.15 1.50E-07 

Buildup Parameters 
Al A2 alph 1 alph 2 

water 
2.3 7.32 -6.32 -.0653 .0503 
1.2 12.42 -11.42 -.0936 .0161 
.66 15.31 -14,31 -.14 0 
.1 18.2 -17.2 -.305 -.02 

steel 
2.3 5.24 -4.24 -0.072 0.07 
1.2 7.5 -6.5 -0.087 0.046 
0.6 9.36 -8.36 -0.093 0.02 
0.1 11.6 -10.6 -0.1 0 
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D = D c S B exp(-b)/(4/7R2) (1) 
where D is express as R/hr; 

D c is dose conversion factor in (R/hr)/(photons/cm2-sec), provided as 
a function of photon energy2 

S is source strength in photons per second for point sources or in 
photons/cc-sec for volume sources; 

B is the build-up factor described by the Taylor formula in 
(Equation 2); it accounts for photons which are rescattered back into 
the original direction after having been once scattered out of it; 

b is the "optical" thickness of all the media between the source point 
and the receiver, expressed as Z^t.; with p., t., respectively, the 
reciprocal mean free path (cm - 1) for each ith region, which is also 
called the attenuation coefficient, and thickness of each region in 
a direction parallel to the photon path; 

R is the distance between source and receiver 
B = [Aj exp(-ajb) + A 2 exp(-a2b)] (2) 

All source geometries of interest to this study are cylinders, so 
integration of Equation 1 over the cylindrical source geometry produces the 
desired dose rate at a given distance from the cylinder, measured, in this case, 
at the axial mid-point. The required expression is Equation 3. 

D-WM f Yi*(rAz) &f-Jirf>™ rdrdSdz (3) 

Historically, Equation 3 has been solved by making it match certain specialized 
integrals, such as exponential integrals or Sievert's integral (Glasstone and 
Sesonske 1963). However, it is far more efficient (and no less accurate) to take 
advantage of the raw computing power available in today's personal computers and 
integrate Equation 3 numerically. If use if made of the specialized integrals, 
table look-up and numerical interpolation is still required. Since there is no 
way to avoid numerical manipulation, a direct integration of the dose integral 
offers advantages. With direct numerical integration it is easy to build in 
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controls on accuracy, and with a Monte Carlo method, there is no geometrical 
configuration which cannot be calculated. A separate integration is performed 
for each gamma energy. 

A simple Monte Carlo integration scheme has been chosen which makes the 
evaluation as follows: 

1. The integrand is evaluated at a randomly selected point (r,0,z) 

2. The value of the integral is approximated as this integrand value 
times Ar AdAz (the product of the range of the independent variables) 

3. Steps 1 and 2 are repeated successively and the results are summed and 
divided by the number of trial repetitions. 

4. With a sufficient number of trials, the sum divided by the number of 
trials converges to the correct value of the integral. That is, the 
quotient in step 3 ceases to change with additional calculations and 
when this occurs the quotient approximates the true value of the 
integral. 

Its use is not without pitfalls. It has a user specified convergence 
criterion as well as a choice of trial calculations between convergence checks. 
These choices are important. For widely varying values of the integrand within 
the volume, a great many trials (as many as a million) may be required for 
convergence. In such a case the integration volume needs to be made smaller for 
accuracy. In fact, if the trials exceed 100,000, one should reduce the size of 
the integration volume. For the radiation source and sludge mix, the major dose 
contribution comes from a small region of the total volume closest to the 
receiver. The Monte Carlo scheme is effective for defining this region and 
confining detailed calculations (i.e, as with a large number of trials) to this 
region improves accuracy. 
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A.3-4 Validation of Dose Integration 

One validation check has been made on the mechanics of the Monte Carlo 
scheme, one has been made on theoretical dose results and one has been made by 
comparison to the ISOSHLD calculations of Goldberg*3^. The validation of the 
mechanics consists of arbitrarily setting the integrand of Equation 3 to l*r at 
the end of each random selection process, and setting the dose conversions factor 
and the source term each equal to unity then verifying that the volume of the 
cylinder is reproduced by the Monte Carlo process. The theoretical check is 
calculation of the dose on the surface of an effectively "infinite" slab and 
comparing to the approximation (accurate to less than one percent) derived in 
Glasstone and Sesonske (1963). 

The other validation check is a comparison to the calculated dose of 
Goldberg (1994) which reported a dose of 2 rem/hr at two meters from the tank car 
surface containing 360 kg of 10 years delayed fuel, (see Table A.3-5), 
homogeneously dispersed throughout the tank car. It is noted that uranium is 
over 99 percent of weight of the isotopes, so that the difference between the 
total and the uranium weight is neglected. 

In the first validation check, the Monte Carlo calculated slab surface flux. 
The slab was approximated by a section of a cylinder wall between 985 and 1000 
cm in radius, between -15 cm and + 15 cm and between -0.015 and +0.015 degrees. 
This is approximately a slab 30 cm by 30 cm by 15 cm deep. The chosen 
attenuation coefficient, n, was 0.2 cm"1 and the chosen source was 1E+06 
photons/cc-sec. A true slab in cartesian coordinates modeled by Monte Carlo 
would, of course, give a more accurate approximation, but the cylinder 
approximation of Table A.3-6 verifies the appropriateness of the cylinder Monte 
Carlo model. 

(a) Goldberg, H..J. 1994 Memorandum to J. E. Mercado. Accident Analysis 
for Transportation of K Basin Waste in Tank Car. Westinghouse Hanford 
Company, Richland, Washington. 
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Table A.3-5. Validation Check, Concentrations from 
Radiation and Shielding 1994 

Isotope Bq/kgU 

Bq/cc for 
360 kg total 

in tank 

No. of 
phtn/cc/ 
second 

No. of 
phtn/cc/ 
second 

No. of 
phtn/cc/second 

No. of 
phtn/cc/ 
second 

Isotope Bq/kgU 

Bq/cc for 
360 kg total 

in tank 2.3 Mev 1.2 Mev 0.66 Mev 0.1 Mev 

H-3 9.77e+08 4583.725 

Fe-55 2.83e+08 1327.732 

Kr-85 1.78e+10 83511.06 

Sr-90 2.05e+ll 961784.7 

Y-90 2.05e+ll 961784.7 673 
Ru-106 1.91e+09 8961.018 

Rh-106 1.91e+09 8961.018 179 2868 

Sb-125 4.70e+09 22050.67 14553 2646-

Te-125m 1.14e+09 5348.461 21 
Cs-134 4.51e+09 21159.26 

Cs-137 2.59e+ll 1215133 

Ba-137m 2.45e+ll 1149450 1069000 

Ce-144 9.88e+08 4635.333 

Pr-144 9.88e+08 4635.333 46 83 
Pm-147 6.95e+10 326068.5 

Sm-151 3.23e+09 15153.97 

Eu-154 3.14e+09 14731.73 14732 

Eu-ISS 1.27e+09 5958.373 13 
U-234 15100000 70.84365 

U-235 563000 2.641389 

U-236 1950000 9.148683 

U-238 12300000 57.70708 

Pu-238 1.78e+09 8351.106 

Pu-239 4.07e+09 19094.94 

Pu-240 2.13e+09 9993.177 

Pu-241 1.64e+ll 769427.7 

Ani-241 3.43e+09 16092.3 

Cm-244 1.68e+08 788.1943 

totals 719 14911 1086504 2680 
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Table A.3-6. Validation Checks on Monte Carlo Integration 

Comparison Theoretical or 
Measured Value 

Monte Carlo 
Calculation 

Percent 
Difference 

55-gal Drum Volume 226,904 cm3 227,055 cm3 +0.067 

Slab Surface Flux 2,500,000 2,257,500 -9.7 

Calculation from 
(Radiation Physics 
and Shielding, 1994) 

0.02 Sv/hr 0.0296 Sv/hr +48 

From Equation 10.27 of (Glasstone and Sesonske 1963) 
flux ss S/(2/i) (photons/cm2-sec) 

In the validation check of the IS0SHLD calculation, only the gamma emitting 
isotopes are considered and these are discrete photons matching as closely as 
possible the 2.3, 1.2, 0.66 and 0.1 photon energies used in the calculation of 
the tank car dose rate using the Bechtold sample analysis (see Table A.3-5). 
These include Y-90, Rh-106, Sb-128, Te-125m, Ba-137, Pr-144, Eu-154 and Eu-155. 
The distribution between the four discrete gamma energies in Table A.3-5 is close 
enough to that shown in Table A.3-4 that a calibration check between the two 
methodologies is valid. The calibration check by Monte Carlo is higher because 
of the conservative values used for buildup factor and the conservative numbers 
of photons associated with each discrete gamma energy used. 

Table A.3-7 is a summary of the calculations for the tank car and for the 
55-galIon drum for Sample 01. This table shows how the volume was broken down 
by radial, axial and angular segments to ensure accuracy of the Monte Carlo 
integral calculation. For Sample 0.1, the photons per cc-sec from Table A.3-4 
apply. For the Validation Dose Calculation, those from Table A.3-5 apply. 
Energy values listed are in Mev and dimensions are in cm. Dose levels are in 
R/hr which is equivalent to 0.01 Sv/hr. 
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Table A.3-7. Dose Contribution in R/hr from Cylindrical Sectors for Sample 01 

Tank Car Calculations 

r range 125-135 0-125 125-135 0-125 0-135 0-135 

theta rng 0-///2 0-77/2 0-/7/2 0-/7/2 0-/7/2 77/2-/7 

z range 0-100 0-100 100-335 100-335 335-670 0-100 Totals 

Using iron buildup factors: 

Energy 

2.3 0.0074 0.0062 0.003 0.0018 0.00024 0.01864 

1.2 0.41 0.238 0.149 0.504 0.0086 0.000001 1.309601 

0.66 1.42 0.552 0.456 0.091 0.0155 1.57e-07 2.5345 

0.1 0.000064 0.000058 0.00004 0.000002 0.000164 

Totals 1.837464 0.796258 0.60804 0.596802 0.02434 0.000002 3.862905 

Using water Buildup Factors: 

Energy 

2.3 0.0079 0.007 0.0035 0.0022 0.0206 

1.2 0.52 0.34 0.21 0.08 0.0006 1.1506 

0.66 2.41 1.19 0.883 0.195 0.034 0.000001 4.712001 

0.1 0.0047 0.00074 0.0004 0.00584 

Totals 2.9426 1.53774 1.0969 0.2772 0.0346 0.000001 5.889041 
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Table A.3-7. (contd) 
Energy 

2.3 0.0253 0.019 0.0443 
1.2 0.73 0.42 1.15 
0.66 6.53 2.82 9.35 
0.1 • 

Totals 7.29 3.26 10.6 
Validation Check from Results of ISOSHLD Calculations (Rad. Phys. & Shldng 1994) 

Energy 
2.3 . 

1.2 0.019 0.014 0.021 0.011 0.006 0.071 
0.66 0.903 0.476 0.936 0.354 0.224 0.000001 2.89 
0.1 

Totals 0.905 0.49 0.957 0.365 0.23 0.000001 2.96 
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Table A.3-7. (contd) 

55-gal Drum Calculations 

r range 19-29 0-19 19-29 0-19 0-29 0-29 

theta rng 0-/7/2 0-/7/2 0-/7/2 0-/7/2 n/l-n Z7/2-/7 

z range 0-22.1 0-22.1 22.1-44.3 22.1-44.3 0-44.3 0-44.3 

Using water buildup factors: 

Energy 

2.3 0.0407 0.0093 0.0024 0.0016 0.0025 0.00097 0.05747 

1.2 2.68 0.532 0.1124 0.0684 0.1006 0.0302 3.5236 

0.66 13.57 2.36 0.354 0.227 0.305 0.0746 16.8906 

0.1 0.040 0.004 0.0002 0.0001 0.0442 

to ta l s 16.3307 2.9053 0.469 0.2971 0.4081 0.10577 20.5 
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Table A.3-8 summarizes the dose from all the Samples, and it is derived by 
applying the appropriate sludge density ratios and isotope density ratios derived 
from Table A.3-1 to the energy dependent results of Table A.3-7. In Table A.3-7, 
the half-range in both z and 6 have been used in the Monte Carlo scheme (and 
these are listed in the table) because of symmetry. The dose results listed are 
the Monte Carlo results multiplied by 4 to account for this symmetry. 

Table A.3-8. Energy Doses (R/hr) by Sample 

Sample 01 02 03 04 
Tank car with iron buildup factors 
2.3 Mev 0.0186 - 0.006723 0.004093 0.000221 
1.2 Mev 1.31 0.501508 0.109716 0.011058 
.66 Mev 2.53 2.98056 0.637297 0.115547 
.1 Mev 0.000164 0.00009 0.000045 0.000007 

Total 3.858764 3.488881 0.75115 0.126833 
Tank car with water buildup factors 
2.3 Mev 0.0206 0.007446 0.004533 0.000245 
1.2 Mev 1.151 0.440638 0.096399 0.009716 
.66 Mev 4.712 5.551146 1.186934 0.215201 
.1 Mev 0.00584 0.003207 0.001585 0.000254 

Total 5.88944 6.002436 1.289451 0.225416 
55-gallon drum 
Water buildup factors, only 
2.3 Mev 0.0575 0.020785 0.012652 0.000683 
1.2 Mev 3.524 1.349094 0.295144 0.029746 
.66 Mev 16.89 19.89789 4.254525 0.771381 
.1 Mev 0.0476 0.026135 0.012921 0.002074 

Total 20.5191 21.2939 4.575241 0.803884 
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APPENDIX B 

K BASIN SLUDGE PROCESS COST ANALYSES 



A | B | C | D | E | F G H i 

1 Appendix B: K Basin Sludge Process Cost Analyses . 
2 General Notes Applicable to All Analyses: 
3 1. All costs are in current (1994) dollars. [ 
4 2. All engineering labor is costed at an average of SO S/hr unless otherwise specifically noted. 
5 This includes normal clerical and graphical support I I I I 
6 3. A material burden factor of 1.3 is used to account for procurement activity, freight handling, 
7 inspection, and transportation to the site. I l l I 
8 4. Some estimates, as noted, were adapted from Means Heavy Construction Data, 1994 ed. 
9 Means uses a factor of 1.32 times the sum of labor and material to account for overhead and profit 
10 In addition, the 1.3 multiplier in note 3 was applied to material only, and a 1.15 area factor (Spokane) 
11 was applied to labor only. Stainless steel (S/S) Items were adjusted from black steel by applying a 
12 factor of 3 to material only. Valve costs were doubled to account approximately for pnuematjc actuation. 
13 
14 
15 

16 

Filter/Dryer Process 
Exhibit 1-0 - Filter/Dryer Cost 
Summary 

! 
Filter/Dryer Process 

17 Activity: 
18 1. Facility & Process Preliminary Design $198,400 
19 2. Process Pilot Tests $414,600 
20 3. Facility Detail Design $192,000 
21 4. Facility Preparation $0 
22 5. Process Detail Design $192,000 
23 6. Process Full Scale Construction $6,990,256 
24 7. System Integration & Test $96,250 
25 8. Transportation $0 
26 9. System Low Rate Operations $850,080 
27 10. System High Rate Operations $11,228,448 
28 11. Storage $17,740,000 
29 Total Estimated Cost $37,902,034 Filter/Dryer Total 
30 

31 
Exhibit 1-1 - Facility & Process 
Preliminary Design Amount Units Unit Mat'l $ 

Unit 
Labor $ 

Burdened 
Extension $ Note 

32 Layout Drawings 10 EA 6400 $64,000 
33 Analyses 30 EA 3200 $96,000 
34 Reviews 3 EA 12800 $38,400 
35 Total Burdened Cost $198,400 
36 

37 Exhibit 1-2 - Process Pilot Tests Amount Units Unit Maf I $ 
Unit 

Labor$ 
Burdened 

Extension $ Note 
38 Test Plans 10 EA 6400 $64,000 
39 Results Analysis 10 EA 1280 $12,800 
40 Conduct Tests 10 EA 20000 $200,000 
41 Test Hardware & Vendor Support 1 EA 106000 $137,800 Ketema Process Eqpt. Div. 
42 Total Burdened Cost $414,600 
43 

44 Exhibit 1-3 - Facility Detail Design Amount Units Unit Maf I $ 
Unit 

Labor$ 
Burdened 

Extension $ Note 
45 Detail Drawings 20 EA. 6400 $128,000 | 
46 Analyses 20 EA 3200 $64,000 ' 
47 Total Burdened Cost $192,000 i 
48 | 

•49 Exhibit 1-4 — Facility Preparation Amount Units Unit Mafl $ 
Unit 

LaborS 
Burdened 

Extension $ Note 
50 Facility (cell) Preparation $0 Westinghouse 
51 Total Burdened Cost $0 j 

52 

53 Exhibit 1-5 - Process Detail Design Amount Units Unit Mafl $ 
Unit 

LaborS 
Burdened 

Extension $ Note 
54 Detail Drawings 20 EA 6400 $128,000 
55 Analyses 20 20 3200 $64,000 
56 Total Burdened Cost $192,000 
57 

58 
Exhibit 1-6 - Process Full Scale 
Construction Amount Units Unit Mafl $ 

Unit 
LaborS 

Burdened 
Extension $ Note 
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ui F G I H i I 
59 Ketema Helical Filter Dryer HF/HFD 30 2 EA 620000 3750 $2,139,225 Ketema Process Eqpt. Div. 
60 Sludge Feed Tank, S/S 500 gal 1 EA 11000 • $18,876 B S Process Solutions 
61 Filtrate Tank, S/S 500 gal 1 EA 11000 $18,876 3 S Process Solutions 
62 Condensate Tank, S/S 100 gal 1 EA 3800 $6,521 PS Process Solutions 
63 Vacuum Pump, Venturi 2 EA 250 $858 Ketenta Pumps 
64 Condenser 1 EA 15000 800 $26,954 Emissions Technology, Inc. 
65 Water Chiller, 3 ton 1 EA 5700 800 $10,996 Schreiber Engineering Corp. 
66 Gas/Liquid Separator 1 EA 18000 800 $32,102 Dyna-Therm Inc. 
67 Nitrogen 5000 CF 0.85 $7,293 Typical 
68 Oxygen 300 CF 0.85 $438 Typical 
69 Argon 3000 CF 1.5 $7,722 Typical 
70 Offgas Filter (Sintered Metal) 1 EA 10000 800 $18,374 Typical 
71 Sludge Transfer Pump 1 EA 7500 $12,870 Warrender, Ltd. 
72 Sludge Feed Pump 1 EA 7500 $12,870 Warrender, Ltd. 
73 Filtrate Pump 1 EA 800 $1,373 Warrender, Ltd. 
74 Condensate Pump 1 EA 200 $343 Warrender, Ltd. 
75 Filter/Dryer Feed Valve 2 EA 330 20.5 $2,390 Adapted from Means 
76 Filtrate Valve 1 EA 330 20.5 $1,195 Adapted from Means 
77 Sludge Transfer Valve 1 EA 790 27 $2,793 Adapted from Means 
78 Vacuum Pump Valve 1 EA 137.5 11.9 $508 Adapted from Means 
79 Process Vent Valve 1 EA 137.5 11.9 $508 Adapted from Means 
80 Condenser Valve 1 EA 137.5 11.9 $508 Adapted from Means 
81 Chilled Water Valve 1 EA 137.5 11.9 $508 Adapted from Means 
82 Compressed Air Valve 1 EA 137.5 11.9 $508 Adapted from Means 
83 Filter/Dryer Solids Discharge Valve 2 EA 490 81.5 $3,858 Adapted from Means 
84 S/S Pipe 1" Gas & Steam Lines 100 LF 6.51 4.27 $1,765 Adapted from Means 
85 S/S Pipe 2" Feed & Filtrate Lines 200 LF 12.12 6.35 $6,087 Adapted from Means 
86 S/S Pipe 3" Sludge Transfer Line 100 LF 25.5 9.5 $5,818 Adapted from Means 
87 S/S Pipe 4" Cake Discharge Lines 10 LF 40.5 11.3 $867 Adapted from Means 
88 S/S Straight Couplings 1" 10 EA 3.39 15.1 $287 Adapted from Means 
89 S/S Straight Couplings 2" 6 EA 6.3 19.4 $242 Adapted from Means 
90 S/S Straight Couplings 3" 2 EA 31.95 29 $198 Adapted from Means 
91 S/S Elbows 1" 6 EA 24.9 17.4 $415 Adapted from Means 
92 S/S Elbows 2" 6 EA 60 22.5 $823 Adapted from Means 
93 S/S Elbows 3" 3 EA 147 41 $943 Adapted from Means 
94 S/S Tee 1" 3 EA 36.9 28.5 $320 Adapted from Means 
95 S/S Tee 1" 3 EA 36.9 28.5 $320 Adapted from Means 
96 S/S Tee 2" 4 EA 75 22.5 $651 Adapted from Means 
97 S/S Wye 4" 1 EA 417 102 $870 Adapted from Means 
98 N Reactor Overpack (MCO) 60 EA 45000 $4,633,200 "Path Forward" 
99 Conveyor, 500 Ib/LF 300 LF 9 9.55 $8,982 Adapted from Means 
100 Total Burdened Cost $6,990,256 
101 

102 
Exhibit 1-7 - System Integration & 
Test Amount Units Unit MaTI $ 

Unit 
Labor $ 

Burdened 
Extension $ Note 

103 Test Plans & Misc Material 1 EA 5000 50000 $56,250 
104 Integration & Test 1 EA 40000 $40,000 ' 
105 Total Burdened Cost $96,250 
106 

107 Exhibit 1-8 -Transportation Amount Units Unit Mat I $ 
Unit 

Labor $ 
Burdened 

Extension $ Note 
108 Transportation (to process) $0 Westinghouse 
109 Total Burdened Cost $0 i I 
110 Note: Shipped with fuel so no cost | 
111 j 
112 

Exhibit 1-9 - System Low Rate 
Operations Amount Units Unit Mat'l $ 

Unit 
Labor $ 

Burdened ; 
Extension $ I Note 

i 

113 Note: A basic shift of 16 persons has been estimated, plus a 10% reserve. They are as follows: ! 
114 Classification Qty Units RateS/hr CostS/hr 
115 Shift Supervisor 1 EA 120 120 
116 Administrator 1 EA 70 70 i 

117 Records Clerk 1 EA 25 25 
118 Process Engineer 2 EA 100 200 
119 Process Technician 6 j EA 70 420 ! 
120 Crane Operator 1 EA 65 65 
121 Health Physics Specialist 1 EA i 85 85 i 
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122 General Maintenance Technician 2 EA 60 120 
123 Security Officer 1 EA 45 45 -
124 Subtotal 16 1150 
125 Reserve® 10% 1.6 115 
126 Totals 17.6 1265 
127 Low rate operation is assumed to proceed for 8 weeks with less than 5% of total product processed, tts primary purpose is process 
128 debugging and crew training. At the beginning of the 8 weeks there is one shift, and at the end there are 4. The average number 
129 of shifts is 2. Shifts work 42 hours per week. Math: 
130 2 shifts/week x 42 hrs/shift x 1265 $/hrx 8 weeks 
131 Total Burdened Cost $850,080 
132 

133 
Exhibit 1-10 - System High Rate 
Operations Amount Units Unit Mat'l $ 

Unit 
LaborS 

Burdened 
Extension $ Note 

134 High rate operations use 4 shifts around the clock. Assume they start at 0% efficiency at time zero and reach 80% efficiency at ten 
135 weeks. This increases the nominal 52 week duration for this process by approximately 20% to 62 weeks. Math: j 
136 4 shifts/week x 42 hrs/shift x 1078 $/hrx 62 i weeks 
137 Total Burdened Cost $11,228,448 i ! 
138 ! i 

i I 

139 Exhibit 1-11 - Storage Amount Units Unit Mat'l $ 
Unit 

LaborS 
Burdened 

Extension S 
| I 

Note j 
140 Storage (post-process) facility $7,740,000 Path Forward 
141 Operations $10,000,000 Path Forward i 
142 Total Burdened Cost $17,740,000 j ! 
143 
144 
145 

Rotary Dryer/Catemer Process 
Exhibit 2-0 - Rotary Dryer/ Calciner Co st Summ ary 

Rota 
I | 
I ! 

ry Dryer/Caiciner Process 

146 Activity: ; 
147 1. Facility & Process Preliminary Design $297,600 
148 2. Process Pilot Tests $341,800 
149 3. Facility Detail Design $288,000 
150 4. Facility Preparation $0 I 
151 5. Process Detail Design $288,000 i 
152 6. Process Full Scale Construction $6,659,819 ! 
153 7. System Integration & Test $96,250 
154 8. Transportation so I 
155 9. System Low Rate Operations $850,080 
156 10. System High Rate Operations $9,138,360 
157 11. Storage $17,740,000 
158 Total Estimated Cost $35,699,909 Rotary Dryer/Calciner 
159 Total 

160 
Exhibit 2-1 - Facility & Process 
Design Amount Units Unit Mat"I $ 

Unit 
LaborS 

Burdened 
Extension $ Note 

161 Assume 1.5 x Exhibit 1-1 $297,600 
162 Total Burdened Cost $297,600 ! 
163 

164 Exhibit 2-2 - Process Pilot Tests Amount Units Unit Mat'l $ 
Unit 

LaborS 
Burdened 

Extension $ Note 

165 
Assume = Exhibit 1-2 except no test 
hardware and $50K for vendor support. $341,800 

166 Total Burdened Cost $341,800 I 
167 

168 Exhibit 2-3 - Facility Detail Design Amount Units Unit Mat'l $ 
Unit 

LaborS 
Burdened 

Extension S Note 
! 

169 Assume 1.5 x Exhibit 1-3. $288,000 | 
170 Total Burdened Cost $288,000 : 
171 

172 Exhibit 2-4 - Facility Preparation 
Burdened 

Extension $ 
173 Facility (cell) Preparation $0 Westinghouse 
174 Total Burdened Cost $0 i 
175 v i 

176 Exhibit 2-5 - Process Detail Design Amount Units Unit Mat'I $ 
Unit 

LaborS 
Burdened 

Extension $ 
! i 
i 

Note ! j 177 Assume 1.5 x Exhibit 1-5. $288,000 
178 Total Burdened Cost i $288,000 
179 | j 
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180 
Exhibit 2-6 - Process Full Scale 
Construct ion 

Amount 
@ Units Unit Marl $ 

Unit 
Labor $ 

Burdened 
Extension $ - Note 

181 Rotary Dryer, Processall, Inc. 1 EA 400000 3750 $523,750 Processall, Inc. 
182 Calciner, Heyl & Patterson, Inc. 1 EA 225000 3750 $296,250 Heyl & Patterson, Inc. 
183 Sludge Feed Tank, S/S 500 gal 1 EA 11000 $18,876 PS Process Solutions 
184 Filtrate Tank, S/S 500 gal 1 EA 11000 $18,876 PS Process Solutions 
185 Condensate Tank, S/S 100 gal 1 EA 3800 $6,521 PS Process Solutions 
186 Condenser 1 EA 15000 800 $26,954 Emissions Technology, Inc. 
187 Water Chiller, 3 ton 1 EA 5700 800 $10,996 Schreiber Engineering Corp. 
188 Oxygen 300 CF 0.85 $438 Typical 
189 Argon 3000 CF 1.5. $7,722 Typical 
190 Offgas Filter 1 EA 5000 800 $9,794 Typical 
191 Sludge Transfer Pump 1 EA 7500 $12,870 Warrender, Ltd. i 
192 Sludge Feed Pump 1 EA 7500 $12,870 Warrender, Ltd. 
193 Filtrate Pump 1 EA 800 $1,373 Warrender, Ltd. 
194 Condensate Pump 1 EA 200 $343 Warrender, Ltd. 
195 Valves, 1.5 x Exhibit 1-6 $19,164 I 

i 

196 S/S Pipe & Fittings, 1.5 x Exhibit 1-6 $28,104 
197 Mark II Canister 596 EA 1000 $1,022,736 "Path Forward" | 
198 N Reactor Overpack (MCO) 60 EA 45000 $4,633,200 "Path Forward" 
199 Conveyor, 500 Ib/LF 300 LF 9 9.55 $8,982 Adapted from Means 
200 Total Burdened Cost $6,659,819 : 
201 

202 
Exhibi t 2-7 - System Integration & 
Test Amount Units Unit Mafl $ 

Unit 
Labor$ 

Burdened 
Extension $ Note '; 

203 Assume =1.5 x Exhibit 1-7. $96,250 
204 Total Burdened Cost $96,250 
205 

206 Exhibi t 2-8 - Transportat ion Amount Units Unit Mafl $ 
Unit 

Labor $ 
Burdened 

Extension $ Note 
207 Transportation (to process) $0 Westinghouse 
208 Total Burdened Cost $0 i I 
209 Note: Shipped with fuel so no cost i I 
210 

211 
Exhibit 2-9 - System Low Rate 
Operations Amount Units Unit Mafl $ 

Unit 
Labor$ 

Burdened 
Extension $ Note 

212 Assume = Exhibit 1-9. $850,080 
213 Total Burdened Cost $850,080 
214 

215 
Exhibi t 2-10 - System High Rate 
Operations Amount Units Unit Mafl $ 

Unit 
Labor$ 

Burdened 
Extension $ Note 

216 High rate operations use 4 shifts around the clock. Assume they start at 0% efficiency at time zero and reach 80% efficiency at ten 
217 weeks. This increases the nominal 36 week duration for this process by approximately 20% to 43 weeks. Math: 
218 4 shifts/week x 42 hrs/shift x 1265 $/hrx 43 i weeks 
219 Total Burdened Cost $9,138,360 j 
220 i 

221 Exhibit 2-11 - S t o r a g e Amount Units Unit Mafl $ 
Unit 

Labors 
Burdened 

Extension $ Note 
i 

222 Storage (post-process) facility $7,740,000 Path Forward ! 
223 Operations $10,000,000 Path Forward 
224 Total Burdened Cost $17,740,000 i | 
225 
226 
227 

Grout Process 
Exhibi t 3-0 - Grout Cost Summary 

;: 

I 

Grout Process 
i ; 

228 Activity: I | 
229 1. Facility & Process Preliminary Design $198,400 
230 2. Process Pilot Tests $512,700 
231 3. Facility Detail Design $192,000 
232 4. Facility Preparation $7,844,284 
233 5. Process Detail Design $192,000 i 
234 6. Process Full Scale Construction $862,746 
235 7. System Integration & Test $96,250 ! 
236 8. Transportation $40,000 ! 
237 9. System Low Rate Operations $425,040 j 

238 10. System High Rate Operations $4,527,600 i 
239 11 . Storage $17,284,500 i 
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240 Total Estimated Cost $32,775,520 Grout Total 
241 

242 
Exhibit 3-1 - Facility & Process 
Design Amount Units Unit Man $ 

Unit 
Labors 

Burdened 
Extension $ Note 

243 Assume = Exhibit 1-1. $198,400 
244 Total Burdened Cost $198,400 
245 

246 Exhibit 3-2 — Process Pilot Tests Amount Units Unit Mat*I $ 
Unit 

LaborS 
Burdened 

Extension S Note 
247 Assume 1.5 x Exhibit 2-2. $512,700 
248 Total Burdened Cost $512,700 
249 

250 Exhibit 3-3 - Facility Detail Design Amount Units Unit Maf I $ 
Unit 

LaborS 
Burdened 

Extension $ Note 
251 Assume = Exhibit 1-3. $192,000 
252 Total Burdened Cost $192,000 
253 

254 Exhibit 3-4 - Facility Preparation Amount Units Unit Maf I $ 
Unit 

LaborS 
Burdened 

Extension $ Note 
255 Facility (cell) Preparation $7,844,284 Westinghouse j 
256 Total Burdened Cost $7,844,284 
257 

258 Exhibit 3-5 - Process Detail Design Amount Units Unit Maf I $ 
Unit 

LaborS 
Burdened 

Extension $ Note 
259 Assume = Exhibit 1-5. $192,000 
260 Total Burdened Cost $192,000 ; 
261 

262 
Exhibit 3-6 - Process Full Scale 
Construction Amount Units Unit Maf I $ 

Unit 
LaborS 

Burdened 
Extension $ Note 

263 Cement Feed Hopper (S/S, 1950 cu ft) 1 EA 20000 800 $35,534 Engr. Estimate 
264 Mixer 1 EA 6700 800 $12,712 Shar, Inc. i 
265 Sludge Transfer Pump 1 EA 7500 $12,870 Warrender, Ltd. 
266 Sludge Feed Pump 1 EA 7500 $12,870 Warrender, Ltd. 
267 Valves, 0.5 x Exhibit 1-6 $6,388 i 

i 
268 S/S Pipe & Fittings, 0.5 x Exhibit 1-6 $9,368 i 
269 Conveyor, 1000 Ib/LF 300 LF 18 19.1 $17,965 Adapted from Means 
270 S/S Drums, 55 gal 1000 EA 440 $755,040 20 S/sq ft 
271 Total Burdened Cost $862,746 
272 

273 
Exhibit 3-7 - System Integration & 
Test Amount Units Unit Maf I $ 

Unit 
LaborS 

Burdened 
Extension $ Note 

274 Assume = Exhibit 1-7. $96,250 
275 Total Burdened Cost $96,250 
276 

277 Exhibit 3-8 — Transportation Amount Units Unit Maf l $ 
Unit 

LaborS 
Burdened 

Extension $ Note 
278 Transportation (to process) $40,000 Westinghouse (Frank Votaw) 
279 Total Burdened Cost $40,000 ; 
280 • 

281 
Exhibit 3-9 - System Low Rate 
Operations Amount Units Unit Maf I $ 

Unit 
LaborS 

Burdened 
Extension $ Note 

j 

282 Assume 0.5 x Exhibit 1-8. $425,040 ! 
283 Total Burdened Cost $425,040 
284 

285 
Exhibit 3-10 - System High Rate 
Operations Amount Units Unit Mafl $ 

Unit 
LaborS 

Burdened 
Extension $ Note 

286 Assume 1,000 55-gallon barrels required to contain sludge. Assume 12 filled per shift. Number of shifts required = 1000/12 = 83. 
287 At 4 shifts per weeks, elapsed time is 83/4 = 21 weeks nominal. Add 20% for startup inefficiency to yield 25 weeks. Math: 
288 4 shifts/week x 42 hrs/shift x 1078 S/hrx 25 weeks 
289 Total Burdened Cost $4,527,600 
290 ! 
291 Exhibit 3-11 -S torage Amount Units Unit Mafl $ 

Unit 
LaborS 

Burdened 
Extension $__ Note 

292 Storage (post-process) facility 3750 SF 116.4 $436,500 @ S2.91/SF/YR; 40 YR 
293 Operators 6 EA 2808000 $16,848,000 @ S65/HR; 40 YR 
294 Total Burdened Cost $17,284,500 i : 
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295 
296 

297 

Vitrification Process 
Exhibit 4-0 - Vitrification Cost 
Summary 

Vitrification Process 

298 Activity: 
TStd 1 . Facility & Process Preliminary Design $396,800 
300 2. Process Pilot Tests $621,900 
301 3. Facility Detail Design $384,000 
302 4. Facility Preparation $44,300,000 
303 5. Process Detail Design $384,000 
304 6. Process Full Scale Construction $13,247,104 
305 7. System Integration & Test $192,500 
306 8. Transportation $182,000 
307 9. System Low Rate Operations $1,275,120 
308 10. System High Rate Operations $13,176,240 
309 11. Storage $11,293,170 
310 Total Estimated Cost $85,452,834 Vitrification Total 
311 

312 
Exhibit 4-1 - Facility & Process 
Preliminary Design Amount Units Unit Mar/I $ 

Unit 
Labor $ 

Burdened 
Extension $ Note 

i 

313 Assume 2 x Exhibit 1-1 $396,800 
314 Total Burdened Cost $396,800 
315 

316 Exhibit 4-2 - Process Pilot Tests Amount Units Unit Mat'l $ 
Unit 

Labor $ 
Burdened 

Extension $ Note 
317 Assume 1.5 x Exhibit 1-2. $621,900 
318 Total Burdened Cost $621,900 
319 

320 Exhibit 4-3 — Facility Detail Design Amount Units Unit Mat'l $ 
Unit 

Labors 
Burdened 

Extension $ Note 
i 

i 
321 Assume 2 x Exhibit 1-3. 384000 
322 Total Burdened Cost $384,000 
323 

324 Exhibit 4-4 - Facility Preparation Amount Units Unit Mat'l $ 
Unit 

Labor$ 
Burdened 

Extension $ Note 
325 Facility Preparation 44300000 
326 Total Burdened Cost $44,300,000 
327 

328 Exhibit 4-5 — Process Detail Design Amount Units Unit Mat'l $ 
Unit 

LaborS 
Burdened 

Extension $ Note 
329 Assume 2 x Exhibit 1-5. 384000 
330 Total Burdened Cost $384,000 
331 

332 
Exhibit 4-6 — Process Full Scale 
Construction Amount Units Unit Mafl $ 

Unit 
LaborS 

Burdened 
Extension $ Note 

333 Melter 1 EA 2000000 50000 $3,507,900 M. Elliot 
334 Venturi Scrubber 1 EA 5000 $8,580 Typical j 
335 Offgas Scrubber 1 EA 15000 $25,740 Engr Estimate T 
336 Condenser 1 EA 15000 800 $26,954 Emissions Technology, Inc. 
337 Water Chiller, 3 ton 1 EA 5700 800 $10,996 Schreiber Engineering Corp. 
338 Sludge Settling Tank, 3000 gal S/S 1 EA 15000 $25,740 Engr. Estimate. 
339 High Efficiency Mist Eliminator (HEME) 1 EA 1000 $1,716 Otto H. York Co. (incl. 1 change) 
340 HEPA Filter 1 EA 15000 $25,740 Typical 
341 Exhauster 1 EA 1000 $1,716 Typical '< 
342 Sludge Transfer Pump 1 EA 7500 $12,870 Warrender, Ltd. j 
343 Sludge Feed Pump 1 EA 7500 $12,870 Warrender, Ltd. j 
344 Condensate Pump 1 EA 200 $343 Warrender, Ltd. 
345 Cooling Circulation Pump 1 EA 2000 $6,864 Typical ] j 
346 Sludge Transfer Valve 1 EA 790 27 $2,793 Adapted from Means 
347 Process Vent Valve 1 EA 137.5 11.9 $508 Adapted from Means 
348 Condenser Valve 1 EA 137.5 11.9 $508 Adapted from Means | 
349 Chilled Water Valve 1 EA 137.5 11.9 $508 Adapted from Means 
350 Compressed Air Valve 1 EA 137.5 1 1 5 $508 Adapted from Means 
351 S/S Pipe 1" Gas Lines 100 LF 6.51 4.27 $1,765 Adapted from Means 
352 S/S Pipe 2" Feed Lines 200 LF 12.12 6.35 $6,087 Adapted from Means 
353 S/S Pipe 3" Sludge Transfer Line | 100 LF 25.5 9.5 $5,818 Adapted from Means 
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354 S/S Straight Couplings 1" 10 EA - 3.39 15.1 $287 Adapted from Means 
355 S/S Straight Couplings 2" 6 EA 6.3 19.4 $242 Adapted from Means 
356 S/S Straight Couplings 3" 2 EA 31.95 29 $198 Adapted from Means 
357 S/S Elbows 1" 6 EA 24.9 17.4 $415 Adapted from Means 
358 S/S Elbows 2" 6 EA 60 22.5 $823 Adapted from Means 
359 S/S Elbows 3" 3 EA 147 41 $943 Adapted from Means 
360 S/S Tee 1" 3 EA 36.9 28.5 $320 Adapted from Means 
361 S/S Tee 2" 4 EA 75 22.5 $651 Adapted from Means 
362 Electrical Energy Cost 4E+08 WHR 0.00002 $8,700 Low & High Rate Operations 
363 Canisters, S/S 44 EA 217000 $9,548,000 Engr Estimate 
364 Total Burdened Cost $13,247,104 
365 

366 
Exhibit 4-7 - System Integration & 
Test Amount Units Unit Mafl $ 

Unit 
Labor $ 

Burdened 
Extension $ Note 

367 Assume =2 x Exhibit 1-7. $192,500 
368 Total Burdened Cost $192,500 
369 

370 Exhibit 4-8 - Transportation Amount Units Unit Mat'l $ 
Unit 

Labor $ 
Burdened 

Extension $ Note 
371 Transportation (to process) 2 SHP $91,000 $182,000 Via 20K gal RR Tank Car 
372 Total Burdened Cost $182,000 
373 

374 
Exhibit 4-9 — System Low Rate 
Operations Amount Units Unit Mafl $ 

Unit 
Labor $ 

Burdened 
Extension $ Note 

375 Assume 1.5 x Exhibit 1-9. $1,275,120 
376 Total Burdened Cost _, $1,275,120 
377 

378 
Exhibit 4-10 — System High Rate 
Operations Amount Units Unit Mafl $ 

Unit 
Labor$ 

Burdened 
Extension $ Note 

379 High rate operations use 4 shifts around the clock. Assume they start at 0% efficiency at time zero and reach 80% efficiency at ten 
380 weeks. This increases the nominal 52 week duration for this process by approximately 20% to 62 weeks. Math: j 
381 4 shifts/week x 42 hrs/shift x 1265 $/hrx 62! weeks 
382 Total Burdened Cost $13,176,240 
383 

384 Exhibit 4-11 - Storage Amount Units Unit Mat'l $ 
Unit 

Labor$ 
Burdened 

Extension $ Note 
385 Storage (post-process) capital $2,100,000 Westinghouse 
386 Facility Maintenance @ 10%/YR: 40 YRS 40 YR $210,000 $8,400,000 I 
387 Operations* 10 OPR $79,317 $793,170 i 
388 Total Burdened Cost $11,293,170 
389 * 10 operators/shift, 4 shifts; 40 YRS; $65VHR; 44 canisters out of 12 000 ! 
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