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Executive Summary 

This report presents an analysis of the thermal stability of the contents of the settler tanks during 
planned grouting through the subsequent handling and packaging operations for disposition of the settler 
tanks to the Environmental Restoration Disposal Facility (ERDF). 

Background 

Ten 16-foot-long and 20-inch diameter horizontal tanks currently reside in a stacked 2×5 (high) array 
in the ~20,000-gallon water-filled Weasel Pit of the 105-KW Fuel Storage Basin on the US-DOE Hanford 
Site.  These ten tanks are part of the Integrated Water Treatment System used to manage water quality in 
the KW Basin and are called “settler” tanks because of their application in removing particles from the 
KW Basin waters.  Based on process knowledge, the settler tanks are estimated to contain about 124 
kilograms of finely divided uranium metal, 22 kg of uranium dioxide, and another 55 kg of other 
radioactive sludge.  The Sludge Treatment Project (STP), managed by CH2MHill Plateau Remediation 
Company (CHPRC) is charged with managing the settler tanks and arranging for their ultimate disposal 
by burial in ERDF. 

The presence of finely divided uranium metal in the sludge is of concern because of the potential for 
thermal runaway reaction of the uranium metal with water and the formation of flammable hydrogen gas 
as a product of the uranium-water reaction.  Thermal runaway can be instigated by external heating. 

The STP commissioned a formal Decision Support Board (DSB) to consider options and provide 
recommendations to manage and dispose of the settler tanks and their contents.  Decision criteria included 
consideration of the project schedule and longer-term deactivation, decontamination, decommissioning, 
and demolition (D4) of the KW Basin.  The DSB compared the alternatives and recommended in-situ 
grouting, size-reduction, and ERDF disposal as the best of six candidate options for settler tank treatment 
and disposal. 

It is important to note that most grouts contain a complement of Portland cement as the binding agent 
and that Portland cement curing reactions generate heat.  Therefore, concern is raised that the grouting of 
the settler tank contents may produce heating sufficient to instigate thermal runaway reactions in the 
contained uranium metal sludge. 

Report Summary 

The STP engaged the Pacific Northwest National Laboratory (PNNL) to evaluate the chemical and 
physical outcomes of the grouting and disposal operations based on its experience in analyzing K Basin 
sludge and characterizing the reactions occurring in the sludge, particularly the reactions between water 
and the contained uranium metal and the reactions of uranium metal in various grouts. 

The following report describes the settler tank sludge genesis, quantities, and expected properties and 
analyzes the longitudinal distribution of the sludge within the ten settler tanks based on the radiological 
surveys conducted by the STP.  The settler tank and Weasel Pit configurations are described and the 
decision-making process by the STP and DSB for settler tank disposition briefly outlined.  Results of 
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laboratory testing at PNNL and elsewhere, which show that grouting has practically no impact on the 
rates of uranium metal corrosion compared with the rates in water alone, are summarized.  Prior Hanford 
Site process experience in grouting uranium metal chips and fines from fuel fabrication operations also is 
described. 

The general composition of the K East Discharge Chute grout, which includes Portland Type I/II 
cement, Class F fly ash, and water (as well as rheological modifiers and anti-washout additives), is 
examined as an appropriate formulation for use in the settler tanks based on its previous use and the 
commonality of data quality objectives established for its development (i.e., good flow properties, low 
heat generation rate, sufficient set strength to allow its size-reduction without undue crumbing).  The 
thermodynamics and kinetics of Portland cement and fly ash hydration reactions (setting or curing) then 
are examined to help forecast heat generation rates as functions of reaction temperature and time. 

With inputs established for geometry (settler tanks, uranium metal particle size and depth, and waste 
box dimensions), heat sources (e.g., uranium metal reaction and decay heat, grout hydration, and solar 
heating), and physical properties, heat transport finite element analyses were applied to evaluate the 
thermal stability of various process steps associated with the solidification and subsequent handling of the 
settler tank material.  For the modeling assessment, thermal instability was defined/declared when the 
temperature in the uranium-rich sludge bed exceeded 100 °C.  At this temperature, water vapor voids 
form in the sludge, drastically diminishing thermal conductivity, while uranium metal reaction with water 
continues unabated, thus engendering thermal runaway conditions.  Key observations and 
recommendations from the modeling are summarized below. 

Underwater grouting of the settler tanks.  The first step in the D4 sequence is to fill the settler 
tanks with grout and then allow the grout to cure for a minimum of about 28 days.  Grouting is done 
while the settler tank array is submerged in pool water, which has historically been maintained at less than 
20 °C.  The pool water conducts and convects heat from grout curing within the settler tanks and also 
provides a substantial heat sink. 

 The Weasel Pit water provides a heat sink sufficient to allow simultaneous grouting of all settler 
tanks.  Basis:  An adiabatic calculation showed that the simultaneous grouting and instantaneous 
curing of all 10 settler tanks and 100% reaction of the contained uranium metal would raise the 
temperature of the water within the Weasel Pit by only 5.5 °C. 

 The 2-dimensional model set up to examine thermal stability of grouting of the settler tanks ran 
cases at the greatest depth of sludge (a depth of 2.3 cm in Tank 5 of the South array, or tank S-5.) 

 With the temperature of the settler tank wall equal to the water temperature, the grouting 
operation is thermally stable at all reasonable water/basin pool temperatures [i.e., pool 
temperature 79 °C (174 °F) or less] and at a uranium metal reaction rate multiplier of 3×. 

o Confirmation of model validity:  Under adiabatic conditions (i.e., heat rejection at the 
settler tank wall arbitrarily set to zero), temperature instability in the sludge layer will be 
reached in less than 8 h due to heat of hydration from grout curing, leading to the 
uranium metal reaction runaway.  This simulation verified correct model functioning and 
underscored the importance of the surrounding water as a heat sink. 
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o The baseline thermal conductivity of uranium metal particles in water (fuel piece sludge) 
is set at 3.9 W/(m∙K) in the Sludge Databook (Johnson 2014).  However, if the thermal 
conductivity of the sludge layer is degraded by an order of magnitude (postulated 
reduction from worst-case gas bubble retention with particle bed dry-out), thermal 
instability could be encountered at basin pool temperatures of >40 °C (104 °F) at a 
reaction rate enhancement factor of 3× or if the sludge depth inside the worst-case settler 
tank is doubled. 

Behavior of post-grouted settler tank array during Weasel Pit D4 activities.  After grouting the 
settler tanks (and after nominal 28-day cure time), debris on the Weasel Pit floor may be encapsulated by 
pouring a 6- to 14-inch-thick layer of grout. 

 If the grout is poured to a depth of 14 inches (to encapsulate debris on the pit floor), the bottom 
2 inches of settler tanks N-5 and S-5 (which are separated from the pit floor by a distance of 12 
inches) will be bathed in grout.  The resulting grout curing heat will cause thermal instability in 
the bottom two settler tanks, N-5 and S-5. 

 If grout is poured to a depth of 6 inches, allowing 6 inches of water between the top of the grout 
pour and bottom of tanks N-5 and S-5, thermal instability is highly unlikely when including the 
heat convention term for the pool water. 

 To summarize, if grout is used to encapsulate the Weasel Pit floor, controls should be 
implemented to keep the top of the pour well below the bottom two settler tanks. 

Draining of the KW pool and backfilling the Weasel Pit with dry/wet Sand (5 days).  The KW 
Basin will be emptied of water, the tanks will be briefly exposed to air, and the settler tanks will be 
covered with a backfill material.  While covered, the settler tanks will be sectioned by a mechanical shear, 
and the sections will be lifted out and loaded into waste disposal boxes.  The STP project estimates that 
draining, backfill, shearing, and removal of the sections will be completed in 4-days’ time.  Backfill 
materials that were considered included a controlled-density fill (a low-strength grout), dry sand, and wet 
sand.  For modeling, PNNL examined a 5-day window of thermal stability for this work evolution. 

 A series of simulations of the settler tanks exposed to boundary condition of convective cooling 
with air at a constant temperature was performed to examine stability behavior after pool water 
drainage, or while awaiting load-in into a waste box.  The convective heat transport was 
evaluated with heat transfer coefficients of 7.9 and 3 W/m2∙K, which are typical for the steel in air 
at low flow (10 W/m2∙K) to free convection (5 W/m2∙K).  Under these conditions, with a uranium 
reaction rate multiplier of 1× and the baseline sludge thermal conductivity (3.9 W/m∙K), thermal 
stability is maintained if the air temperature is <46 °C (115 °F).  At a reaction rate multiplier of 
3×, thermal instability can be incurred at air temperatures > 29 °C (84 °F). 

 Controlled-density fill (CDF) is a self-compacting cementitious material.  Because of the heat of 
hydration associated with cement constituents and the inability to reject sufficient heat from the 
grouted settler tanks, use of CDF in not recommended. 
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 The thermal conductivity of dry sand may be as low as 0.13 W/(m∙K); consequently, dry sand can 
serve as a thermal insulator.  In this case, the settler tank array will be thermally unstable within 
5 days if the initial dry sand temperature exceeds 44 °C (111 °F). 

 The thermal conductivity of water-saturated sand (~1.3 W/m·K) is an order of magnitude higher 
than that of dry sand.  Increasing the conductivity and heat capacity by addition of water leads to 
stability of 56 °C (133 °F) at 1× and 39 °C (102 °F) at 3× uranium reaction rate multipliers, 
respectively, for a five-day period.   

 In summary, it is recommended that the dewatering, backfilling, shearing, and waste box loading 
operations be scheduled for the cooler months of the year because of the limited ability to reject heat from 
grouted settler tanks after the KW basin is drained of water.  Exposure to warm air or warm dry sand must 
be avoided.  Wet or damp sand is recommended for the backfill material.  If exposure to warm air cannot 
be avoided, active cooling with sprinklers should be considered. 

Waste Disposal Box.  After sectioning, segments of the settler tank will be loaded into waste disposal 
boxes for transport to and disposal at ERDF.  In consultation with ERDF staff, STP estimated that the 
time between box loading at KW and box burial at ERDF will be on the order of 30 days.  For most 
modeling of the waste box thermal stability, the worst-case 1.25 ft long section from tube S5 was 
considered.  However, a final case was developed to model a 4.25 ft long section at the worst-case 
uranium loading. 

 Based on consultation with STP staff and after evaluation of a number of alternatives, the 
following configuration is suggested to provide long-term and robust thermal stability. 

o Box:  Size: 4(L) × 6(W) × 4 (H) ft steel box, painted white to maximize solar 
reflectance. 

o Internals:  Lower half of box should be fitted with ~20-inch to 21-inch inside-
diameter heavy-wall carbon steel half-pipe that is 1 to 2 inches in wall thickness and 
3.25 to 5 ft long to act as a cradle, heat conductor, and particularly as a heat sink.  
The 1-in wall thickness is sufficient to maintain thermal stability of the worst-case 
sludge depth at a 1× uranium reaction rate multiplier.  A 2-inch cradle thickness will 
provide additional margin for a 3× uranium reaction rate multiplier. 

o The half-pipe and its support structure should be embedded in high-thermal-
conductivity grout [thermal conductivity ≥ 1.0 W/(m·K)] to extend the heat sink and 
to provide shielding from radioactivity.  The high-thermal-conductivity grout will be 
added to depth of 2 feet.  The waste box, with half-pipe and high-thermal-
conductivity grout, should be made up well in advance of use to allow the grout a 
cure time of 28 days or more and thus dissipate the curing heat. 

o To provide good thermal connectivity between settler tank section and half-pipe, a 
non-curing thermal conductivity paste/grease should be placed on the half-pipe 
before the settler tank section is lowered into place.  As the section is lowered, the 
paste will fill gaps between the half-pipe and tank section.  The thermal conductivity 
of the paste/grease must be ≥0.67 W/(m·K).  Thermal stability was examined with a 
paste thickness of up to 1/4 inch. 
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o After the settler tank section is in place, the upper half of the disposal box should be 
filled with cool, dry sand.  The sand will provide shielding and insulate the settler 
section from solar heating while the box is awaiting burial at ERDF. 

o For this configuration to be effective, the settler tanks must be marked such that they 
are oriented in the box with the uranium sludge layer on the bottom of the tank and in 
contact with the heat sink.  Such alignment should be readily observed because of the 
presence of strengthening ribs on the bottom length of the settler tanks. 

 Concern exists about whether the shapes of the sheared settler tank sections with stiffening 
ribs can be made to conform to the half-pipe contours and thus guarantee the requisite 
maximum tolerable ¼-inch gap.  Tolerance in thermal stability for a gap size wider than ¼ 
inch with a higher-thermal-conductivity paste (e.g., greater than 1 W/m·K) may be possible.  
However, additional modeling would be required to determine the sensitivity among the other 
critical parameters (including thickness of cradle, reaction rates, etc.). 

 At the baseline uranium metal reaction rate (1×), simulations with initial outside ambient and 
interior temperatures of 50 °C (122 °F) show that with the recommended waste disposal box 
configuration thermal stability will be maintained for a 4.25 ft worst-case section with a 
1-inch-thick cradle, during severe top and side solar heating.  This configuration remains 
stable even with an air gap of 1/16 inch between the tank and half-pipe. 

 At a rate multiplier of 3× and a 2-inch-thick cradle, thermal stability is maintained for the 
worst-case 1.25-ft section with initial outside ambient and interior temperatures of 50 °C 
(122 °F).  However, with a 4.25-ft section and solar heating from the top, thermal stability 
was not demonstrated, even with 4-inch-thick cradle and 1/8-inch gap. 

In conclusion, the suggested waste box configuration is sufficiently robust to handle to a 4.25-ft 
settler tank section loaded with uranium metal at the maximum depth estimated for a single location with 
a conservative treatment of solar heating.  However, when additional conservatism was stacked on (e.g., 
reaction rate multiplier of 3×), thermal stability was not shown when the length of tube section was 
increased from 1.25 to 4.25 ft.  Additional modeling would be required to better determine the stability 
envelope of a setter tank section with the 3× rate multiplier. 
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Acronyms and Abbreviations 

ALARA as-low-as-reasonably-achievable 

BNFL British Nuclear Fuels Limited 

CDF controlled-density fill 

CHPRC CH2M Hill Plateau Remediation Company 

CFR Code of Federal Regulations 

D4 deactivation, decontamination, decommissioning, and demolition 

DSB Decision Support Board 

ECRTS Engineered Container Retrieval and Transfer System 

ERDF Environmental Restoration Disposal Facility 

ETB Engineer Tool Box 

FEA finite element analysis   

H height 

IWTS Integrated Water Treatment System 

J joule 

K kelvin (unit of absolute temperature measurement) 

KOP Knock-Out Pot 

KE K East 

KW K West 

L length 

m meter 

MCO multi-canister overpack 

NAFEMS International Association for the Engineering Modelling, Analysis and 
Simulation Community (founded as the National Agency for Finite Element 
Methods and Standards) 

OPC ordinary Portland cement 

PC Portland cement 

PDE partial differential equation 

PIGCO Pacific International Grout Company 

PNNL Pacific Northwest National Laboratory 

PSI pounds per square inch 

QA quality assurance 

STP Sludge Treatment Project 

W width or watt, depending on context 

WAC Waste Acceptance Criteria or Washington (State) Administrative Code, 
depending on context 
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1.1 

1.0 Introduction 

Ten 16-foot-long and 20-inch-diameter horizontal tanks currently reside in a stacked 2×5 (high) array 
in the ~20,000-gallon water-filled Weasel Pit of the 105-KW Fuel Storage Basin on the US-DOE Hanford 
Site.  These ten tanks are part of the Integrated Water Treatment System (IWTS) used to manage water 
quality in the KW Basin and are called “settler” tanks because of their application in removing particles 
from the KW Basin waters.  Based on process knowledge, the settler tanks are estimated to contain about 
124 kilograms of finely divided (i.e., less than 600-µm) uranium metal, 22 kg of uranium dioxide, and 
another 55 kg of other radioactive sludge. 

The presence of finely divided uranium metal in the sludge is of concern because of the potential for 
thermal runaway reactions of the uranium metal with water and the formation of flammable hydrogen gas 
as a product of the uranium-water reaction.  The thermal runaway reactions can be instigated by heating.  
In an untreated/unstabilized form, the settler sludge could be considered pyrophoric. 

The Sludge Treatment Project (STP) manages the settler tanks for the US DOE and commissioned a 
formal Decision Support Board (DSB) to consider options and provide recommendations to manage and 
dispose of the settler tanks and their contents.  Decision criteria included worker and public safety, and 
consideration of the project schedule and longer-term deactivation, decontamination, decommissioning, 
and demolition (D4) of the KW Basin.  The DSB compared the alternatives and recommended in-situ 
grouting, size-reduction, and burial in the Hanford Site Environmental Restoration Disposal Facility 
(ERDF) as the best of six candidate options for settler tank treatment and disposal.  In Section 4.3.5 of the 
ERDF Waste Acceptance Criteria, (Casbon 2014), the following type wastes are prohibited from disposal 
(partial listing): 

 Ignitable or reactive dangerous waste unless treated prior to disposal such that the resultant 
mixture no longer exhibits the ignitable or reactive characteristic, except for waste disposed of as 
a labpack in accordance with Washington Administrative Code (WAC) 173-303-161.  (40 CFR 
264.312) 

 Incompatible wastes or materials shall not be placed in close proximity to each other in the same 
landfill cell unless such action is done in a manner that prevents adverse reactions that could 
result in generation of extreme heat, flames, violent reactions, gases, toxic fumes, dusts, or gases; 
pose a fire or explosion risk; damage the structural integrity of the facility; or through other like 
means threaten human health or the environment.  (40 CFR 264.313) 

 Pyrophoric waste, unless treated, prepared, and packaged to be nonflammable prior to being 
disposed.  (10 CFR 61.56) 

In consideration of these prohibitions the STP engaged the Pacific Northwest National Laboratory 
(PNNL) to evaluate the chemical and physical outcomes of the settler tank grouting and packaging 
options that would result in thermally stable configurations.  This engagement is based on PNNL’s 
experience in analyzing K Basin sludge and characterizing the reactions occurring in the sludge, 
particularly the reactions between water and the contained uranium metal and the reactions of uranium 
metal with water in various grouts. 
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The following report describes the settler tank sludge genesis, quantities, and expected properties and 
analyzes the longitudinal distribution of the sludge within the ten settler tanks based on the radiological 
surveys conducted by the STP.  The settler tank and Weasel Pit configurations are described and the 
decision-making process by the STP and DSB for settler tank disposition briefly outlined.  Results of 
laboratory testing at PNNL and elsewhere, which show that grouting has practically no impact on the 
rates of uranium metal corrosion compared with the rates in water alone, are summarized.  Prior Hanford 
Site process experience in grouting uranium metal chips and fines from fuel fabrication operations also is 
described.  It is important to note that most grouts contain a complement of Portland cement as the 
binding agent and that Portland cement curing reactions generate heat.  Therefore, concern is raised that 
the grouting of the settler tank contents may produce heating sufficient to instigate thermal runaway 
reactions in the contained uranium metal sludge. 

The general composition of the K East Discharge Chute grout, which includes Portland Type I/II 
cement, Class F fly ash, and water (as well as rheological modifiers and anti-washout additives), is 
examined as an appropriate formulation for use in the settler tanks based on its previous use and the 
commonality of data quality objectives established for its development (i.e., good flow properties, low 
heat generation rate, sufficient set strength to allow its size-reduction without undue crumbing).  The 
thermodynamics and kinetics of Portland cement and fly ash hydration reactions (setting or curing) then 
are examined to help forecast heat generation rates as functions of reaction temperature and time. 

With inputs established for geometry (settler tanks, uranium metal particle size and depth, and waste 
box dimensions), heat sources (e.g., uranium metal reaction, radiolytic decay heat, and grout hydration 
reactions), and physical properties, heat transport finite element analyses were applied to evaluate the 
thermal stability of various process steps associated with the solidification and subsequent handling of the 
settler tank material.  For the modeling assessment, thermal instability was defined and declared when the 
temperature in the uranium-rich sludge bed exceeded 100 °C (i.e., the onset of thermal runaway).  A finite 
element model, which includes analysis, solver, and simulation, was used to perform the thermal 
modeling. 

The thermal modeling examined the thermal stability of the following steps, in the following order, in 
the D4 process for the KW Settler tanks: 

 Grouting of the worst-case (from a reactivity perspective) settler tank cross section during the 
grout curing period. 

 Grouted settler tank array in air and while covered with fill material in the Weasel Pit. 

 Grouted settler tank sections while loaded into waste disposal boxes. 

Conservative modeling input values and boundary conditions were used to generate models that were 
robust and reasonably bounding.  Both nominal and safety basis parameter values from the Sludge 
Databook (Johnston 2014) were evaluated.  Results from the modeling are presented in Section 8.0 and 
Appendix A and summarized in the Executive Summary.
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2.0 Settler Tank Sludge 

This section describes the settler tank sludge genesis, quantities, and expected properties and analyzes 
the longitudinal distribution of the sludge within the ten settler tanks based on the radiological surveys 
conducted by the STP. 

2.1 Description of Material Within the Settler Tanks 

The settler tanks are part of the Integrated Water Treatment System or IWTS in the 105-KW Fuel 
Storage Basin (KW Basin) and are located in the Weasel Pit of the KW Basin.  During previous fuel 
washing and packaging operations, water from the KW Basin was routed through screens to remove 
irradiated metallic uranium particles larger than 0.25 inch in diameter.  These >0.25-inch particles were 
considered to be fuel.  The material that passed the 0.25-inch screens was directed to Knock-Out Pots 
(KOPs) and 600-μm or 500-µm strainers.  The <0.25-inch but >600- or 500-μm particles that were 
removed by the KOPs and strainers are referred to as KOP material.  The water that contained the <600- 
or <500-μm particles that passed the strainers then was routed through the settler tanks.  Because the 
20-inch-diameter settler tanks markedly decreased velocity compared with the 1.5-inch-diameter input 
transfer lines, the larger and denser solids (e.g., uranium metal and uranium oxide) collected in the settler 
tanks by sedimentation.  The clarified decanted water then was routed from the settler tanks through 
garnet and sand filters before return to the KW Basin. 

The ten settler tanks collected about 3.5 m3 of the <600- or <500-μm settler sludge during the KW 
Basin fuel washing and packaging operations.  In 2010, after the fuel handling operations were 
completed, about 99.7% of the settler tank contents were transferred into the engineered container 
SCS-CON-230.  However, 5.9 liters of sludge remained in the settler tanks as judged by borescope 
inspection (Leshikar 2010).  The sludge in SCS-CON-230 was sampled and analyzed (Johnson 2014; 
Shimskey et al. 2013).  The mean results for these  analyses show a settled density of 2.0 kg/liter, 22 g 
uranium metal/liter, and 610 g total uranium/liter (i.e., 610 – 22 = 588 g uranium, as oxide, per liter as 
derived from Tables 4-1, 4-4, and 4-3, respectively, of Johnson 2014).  Other major sludge components 
include aluminum (33 g/liter), iron (73 g/liter), silicon (98 g/liter), and 73 volume% water (Tables 4-38 
and 4-2, respectively, of Johnson 2014).  Given the settled sludge density and the interstitial water 
concentration, there are (2.0 – 0.73 =) 1.27 kg of solids per liter of sludge or 7.49 kg of solids total in the 
5.9 liters of residual sludge in the settler tanks.  Based on the uranium concentration analyses, the 5.9 
liters of sludge contains 0.13 kg of uranium metal and 3.47 kg of uranium as oxide (i.e., 3.94 kg UO2, the 
most likely uranium oxide).  Therefore, there are (7.49 – 0.13 – 3.94 =) 3.42 kg of non-uranium solids 
(dry basis) in the residual sludge within the settler tanks from the KW Basin fuel packaging operations.  
These solids likely are comprised largely of aluminum hydroxide, Al(OH)3, ferric hydroxide, Fe(OH)3, 
and silica sand, SiO2. 

In 2011, the irradiated uranium metal particle material that had been gathered in the KOPs and 
strainer baskets from fuel washing operations underwent a density separation process and ensuing 
size-reduction process in the “KOP Pretreatment” campaign.  Aluminum metal wires from the canisters, 
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aluminum hydroxide nodules, and Grafoil®(1), which had been present in the original KOP materials (see 
Figure 2.1), were removed by hydrodynamic methods (i.e., elutriation).  The aluminum wire and much of 
the aluminum hydroxide and Grafoil were collected for discard, based on radiometric assay, as 
low-activity waste.  After 600-µm screening, uranium metal fines, uranium oxide, some aluminum 
hydroxide and Grafoil, but no aluminum metal, were dispatched to the settler tanks (Sloughter 2011).  
The dry mass of solids in these materials was estimated to total 122.8 kg with 62.6 kg present as uranium 
metal particles, 13.2 kg as the uranium oxide UO2, and 47.0 kg as non-uranium aluminum hydroxide and 
Grafoil (Table 6-3 of Sloughter 2011).  The non-uranium solids as settled sludge from KOP Pretreatment 
occupy 42.99 liters (on a dry basis) and have a combined particle density of 1.88 g/mL (Table 4-2 of 
Sloughter 2011).  If the interstitial water volume (void fraction) is 0.4 of the total (as assumed for sludge; 
Table 5-1 of Sloughter 2013), the settled non-uranium sludge density is 1.37 g/mL.(2) 
 

                                                      
(1) Grafoil® is a registered trademark of GrafTech International Holdings Inc., Lakewood, Ohio. 
(2) The solids in 47 kg of non-uranium sludge occupy (47 kg/(1.88 kg/liter) =) 25 liters.  Based on 0.4 void (water) 
volume in settled sludge, the density of the settled non-uranium sludge is: 
 

47	kg solids 0.4 25	liters 1.0	kg H2O/liter

25	liters solids 0.4/0.6 25	liters H2O
1.37	kg/liter	
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Figure 2.1.  Particles Found in the KOPs (Sloughter and Pottmeyer 2013) 

Top left – Al(OH)3 nodules on fuel and aluminum canisters 
Top right – white and yellow-tinted particles of Al(OH)3 
Bottom left – Grafoil flakes 
Bottom right – aluminum wires (up to 1.25 inches long and 0.0625 inch or ~1.6 mm diameter) broken 

from fuel canisters, and black irradiated uranium metal particles 

The KOP contents underwent further processing in 2012 to remove additional materials that were not 
uranium metal.  Under these “KOP Processing” operations, the remaining material was further refined.  
The resulting largely metallic uranium particles larger than 600-µm that had been present in the KOPs 
were loaded into specially designed multi-canister overpack (MCO) basket inserts constructed of copper 
to facilitate heat removal.  The baskets were loaded into MCOs and the MCO contents dried under cold 
vacuum in the Cold Vacuum Drying Facility and shipped for storage at the Canister Storage Building in 
the 200 East Area (Sloughter 2013).  During KOP Processing, additional fine (<600-µm) material was 
removed from the KOPs during underwater operations and dispatched to the settler tanks by use of the 
IWTS.  In this operation, the KOP contents were placed in a thin layer on a 600-µm screened surface and 
the material agitated by water jets.  The <600-µm material that passed through the screen was collected in 
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the IWTS and directed to the settler tanks.  The mass of uranium metal particles going to the settler tanks 
is estimated to be 61.2 kg with a further estimated 5.5 kg as UO2 (Tables 5-3 and 6-1 of Sloughter 2013).  
Although no explicit estimate of the quantity of (dry) non-uranium aluminum hydroxide and Grafoil was 
provided by Sloughter (2013), the quantity, 4.4 kg, can be derived based on values provided in Tables 5-3 
and 6-1 of Sloughter (2013) as shown in Figure 2.2. 
 

 

Figure 2.2.  Estimate of Settler Tank Dry Non-Uranium Sludge Mass (based on Sloughter 2013) 

The settler tanks thus contain materials from three sources – the residual material from incomplete 
transfer of KW Basin fuel washing sludge to the engineered container SCS-CON-230 in 2010, solids 
washed from KOP uranium metal fragments in the KOP Pretreatment operations in 2011, and solids 
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washed from KOP fragments in KOP Processing operations in 2012.  The total quantity of <600-µm 
uranium metal particles from these sources is (0.13 + 62.6 + 61.2 =) 123.9 kg.  The three streams also 
contain (3.47 + 13.2 + 5.5 =) 22.2 kg of UO2 and (3.42 + 47.0 + 4.4 =) 54.8 kg of non-uranium solids 
such as aluminum hydroxide and Grafoil. 

Based on a bulk density for uranium metal particles of 8.0 kg uranium/liter (Section 5.2 of Landsman 
2014; see also Section 5.1 of Sexton 2011 which pertains to KOP material), the bulk volume of the 
uranium metal particles is 15.5 liters.  If the 22.2 kg of UO2 is added to the uranium metal and the 
uranium within the UO2 credited as uranium metal to calculate the total volume (as was done by 
Landsman 2014; see Section 5.2.1), the amount of additional uranium present as oxide would be (22.2 × 
0.8815 =) 19.6 kg, the total uranium would be (123.9 + 19.6 =) 143.5 kg, and the total volume of the 
uranium metal (plus UO2) bed would be 17.9 liters at 8.0 kg U/liter density.  However, a more 
conservative concentration of the uranium within the uranium metal and UO2 bed is 9.2 g/cm3 (within a 
sludge bulk density of 9.6 g/cm3) based on the practical limit achieved in the final processing of KOP 
materials (Table 4.1 of Sloughter 2013).  The uranium metal plus UO2 bed volume thus is [143.5 kg 
U/(9.2 kg U/liter) =] 15.6 liters. 

By density and settling rates, it is anticipated that the uranium-bearing materials, dominated by the 
uranium metal, would lie at the bottom of the settler tanks.  The dense uranium phases would be present 
with 54.8 kg, dry basis, of less-dense and slower-settling non-uranium Al(OH)3 and Grafoil particles plus 
likely trace amounts of SiO2 and Fe(OH)3 from the initial settler tank heel that pre-existed the KOP 
Pretreatment and Processing operations.  Based on the settled density of the non-uranium sludge of 
1.37 kg/L (shown in Footnote 2, above), 40 liters of non-uranium sludge are present in the settler tanks 
and this sludge likely overlies the denser uranium-bearing sludge but also is present further downstream 
in the settler tanks because of its slower settling rate.  The mass and volume inventories of the sludge 
constituents in the settler tanks are summarized in Table 2.1. 

Table 2.1.  Settler Tank Sludge Quantities 

Sludge Component Mass, kg Volume, L Bulk Density, kg/L 
Uranium metal 123.9 

15.6 9.6 
Uranium oxide as UO2

 22.2 
Non-uranium(a) 54.8 40.0 1.37 
(a) Non-uranium includes Grafoil, Al(OH)3, and traces of iron oxides and sand. 

Based on the 600-µm upper particle size cut-off and postulated smoothly diminishing size distribution 
below this threshold, the Sauter mean diameter of the uranium metal in the settler tank material is 
estimated to be 450 μm (radius = 0.0225 cm), i.e., 3/4 that of the largest particle (pages B-20,21, Schmidt 
and Sexton 2009).  Assuming spherical (or, equally, cubic) particle shape, the specific surface area of the 
KOP fines is 7.02 cm2/g U metal.(3)  Thus, the overall surface area of the 123.9 kg of settler tank uranium 
metal (density = 19.0 g/cm3) is 8.70×105 cm2. 

                                                      
(3) For spherical <600-µm KOP fines, 
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2.2 Axial Distribution of Uranium Within the Settler Tanks 

The distribution of the uranium-bearing sludge within the settler tanks has been estimated based on 
systematic gamma dose rate measurements of the settler tanks (Landsman 2014).  Six dose rate 
measurements were made along the lengths of each settler tank at the tank bottoms.  Dose rate 
measurements at the floor below the tanks, in the Weasel Pit as background, and in the inlet tank also 
were made.  The measurements were more closely spaced at the entry end of the tanks in anticipation that 
more of the dense uranium would be located near these entry points.  The south bank of settler tanks was 
measured 24 September 2014 and the north bank on 7 October 2014. 

It was assumed that the amount of uranium-bearing sludge in each settler tank is proportional to the 
total dose rate in that tank, pro-rated by the total dose rates measured for all 60 tank positions (10 tanks × 
6 positions per tank).  The background dose rates were found to be negligible compared with the dose 
rates at the settler tank bottoms and, therefore, were neglected.  Thus, amounts of uranium-bearing 
materials within each segment were determined by their segment dose rates divided by the total dose rate 
for the 60 measurements taken for all ten tanks. 

The 60 dose rate results for the settler tanks are shown in Table 2.2.  The positions are measured from 
the entrance points.  The dose rates had to be corrected at the B position for the South tanks because of 
unanticipated structural dunnage (Landsman 2014).  The dose rates shown in Table 2.2 provide the 
corrected position B values. 

Table 2.2.  Dose Rates at the Settler Tank Bottoms (taken from Tables 1 and 2 of Landsman 2014) 

South Tanks 
Position(a) A B C D E F 

Sum 
Distance, feet 1.5 2.5 4.0 4.5 8.0 14.0 

Tank Dose Rate, R/h 
S1 66.0 12.0 25.0 29.0 7.6 5.4 145.0 
S2 79.0 22.0 12.0 20.0 6.5 5.0 144.5 
S3 65.0 27.0 11.0 13.0 6.0 1.6 123.6 
S4 11.0 37.0 11.0 12.0 5.5 4.9 81.4 
S5 47.0 72.0 1.0 8.0 8.0 5.1 141.1 

North Tanks 
Position G H I J K L 

Sum 
Distance, feet 1.5 4.0 5.0 8.0 9.0 12.0 

Tank Dose Rate, R/h 
N1 34.2 24.3 14.6 8.3 6.5 6.4 94.3 
N2 20.5 4.5 10.3 7.2 5.8 5.3 53.6 
N3 13.1 8.0 8.0 5.3 5.1 4.5 44.0 
N4 15.7 9.3 7.6 4.8 4.7 4.2 46.3 
N5 10.6 11.3 7.2 5.5 5.0 4.5 44.1 

(a) Position from settler tank entrance. 

According to Section 5.2.1 of Landsman (2014), the total uranium present in the settler tanks is 
123.8 kg as metal and 18 kg as UO2 (i.e., 15.87 kg of contained uranium).  These values are only slightly 
different than those provided by better, later estimates (123.9 kg uranium metal and 22.2 kg UO2) as 
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shown in Table 2.1.  The Landsman (2014) values, used in the following calculations of uranium 
distribution for consistency, showed 123.8 + 15.87 = 139.67 kg of total uranium in the settler tanks.  At 
an assumed uranium concentration within the sludge of 9.2 kg/liter, the total volume of dense uranium-
bearing sludge in the ten settler tanks is 15.18 liters.  Based on the working assumption that the uranium 
distribution throughout the tanks is proportional to the measured gross dose rates (Section 2.1.1 of 
Landsman 2014), the volumetric sludge allocation for each of the measured segments is shown in 
Table 2.3.  This allocation assumes that the tank segments at the ends are bounded by the ends of the 
tanks (i.e., for positions A, F, G, and L) and by their neighboring segments at the midpoints between the 
adjacent measurement positions. 

Table 2.3.  Dose-Rate Pro-Rated Uranium-Bearing Sludge Inventories in Settler Tank Segments 

South Tanks 
Position A B C D E F 

Sum Distance 0-2.0 2.0-3.25 3.25-4.25 4.25-6.25 6.25-11.0 11.0-16.0 
Length, feet 2.00 1.25 1.00 2.00 4.75 5.00 

Tank Inventory at Position, liters 
S1 1.092 0.198 0.413 0.480 0.126 0.089 2.398 
S2 1.307 0.364 0.198 0.331 0.108 0.083 2.391 
S3 1.075 0.447 0.182 0.215 0.099 0.026 2.044 
S4 0.182 0.612 0.182 0.198 0.091 0.081 1.346 
S5 0.777 1.191 0.017 0.132 0.132 0.084 2.333 

Sum South Tanks 10.512 
North Tanks 

Position G H I J K L 
Sum Distance 0-2.75 2.75-4.5 4.5-6.5 6.5-8.5 8.5-10.5 10.5-16.0 

Length, feet 2.75 1.75 2.00 2.00 2.00 5.50 
Tank Inventory at Position, liters 

N1 0.566 0.402 0.241 0.137 0.108 0.106 1.560 
N2 0.339 0.074 0.170 0.119 0.096 0.088 0.886 
N3 0.217 0.132 0.132 0.088 0.084 0.074 0.727 
N4 0.260 0.154 0.126 0.079 0.078 0.069 0.766 
N5 0.175 0.187 0.119 0.091 0.083 0.074 0.729 

Sum North Tanks 4.670 
Sum 15.182 

The depth of the dense uranium-bearing sludge within each segment was estimated assuming that the 
sludge volume within each segment (from Table 2.3) lay flat at the bottom of the 50.27-cm (19.79-inch; 
DOE 2000) maximum diameter settler tank over the entire length of the particular segment.  The 
maximum depths are shown in Table 2.4 and the depth profiles for the South and North banks of tanks 
plotted in Figure 2.3 and Figure 2.4, respectively.  The maximum depth of the uranium-bearing sludge, 
2.235 cm, is found in the B segment of tank S5.  What this depth appears like in profile is shown in the 
Figure 2.3 inset.  The non-uranium sludge containing primarily Al(OH)3 and Grafoil totals ~40 liters and 
is expected to overlie but also be somewhat downstream of the much denser uranium-bearing sludge 
based on settling characteristics of the less dense material. 
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Table 2.4.  Uranium-Bearing Sludge Maximum Depths in Settler Tank Segments 

South Tanks 
Tank A B C D E F 

Distance 0-2.0 2.0-3.25 3.25-4.25 4.25-6.25 6.25-11.0 11.0-16.0 
Length, feet 2.00 1.25 1.00 2.00 4.75 5.00 

Tank Depth at Position, cm 
S1 1.547 0.686 1.271 0.888 0.183 0.136 
S2 1.746 1.004 0.790 0.704 0.162 0.128 
S3 1.530 1.149 0.748 0.530 0.153 0.061 
S4 0.472 1.433 0.748 0.501 0.143 0.126 
S5 1.218 2.235 0.128 0.373 0.191 0.130 

North Tanks 
Position G H I J K L 
Distance 0-2.75 2.75-4.5 4.5-6.5 6.5-8.5 8.5-10.5 10.5-16.0 

Length, feet 2.75 1.75 2.00 2.00 2.00 5.50 
Tank Depth at Position, cm

N1 0.986 1.071 0.892 0.384 0.162 0.154 
N2 0.716 0.345 0.718 0.345 0.149 0.134 
N3 0.533 0.524 0.610 0.272 0.135 0.118 
N4 0.602 0.581 0.589 0.252 0.127 0.113 
N5 0.459 0.660 0.568 0.280 0.133 0.118 
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Figure 2.3. Uranium-Bearing Sludge Depth Profile in the South Settler Tanks (inset illustrates the 

maximum sludge depth, found in the B segment of Tank S5) 

 
Figure 2.4.  Uranium-Bearing Sludge Depth Profile in the North Settler Tanks 
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3.0 Settler Tank and Weasel Pit Configuration 

The settler tank system array is part of the IWTS and is located in the Weasel Pit of the 105-KW Fuel 
Storage Basin.  The settler tank array is shown in Figure 3.1. 
 

 

Figure 3.1.  IWTS Settler Tank Array 

The placement of the Settler Tank array within the KW Basin Weasel Pit is shown in Figure 3.2.  As 
seen in Figure 3.2, the KW Weasel Pit has a truncated right trapezoidal cross-section at this point with 
width, at the bottom, of 53 inches and width at the waterline, 16 feet above the bottom, of 63 inches, with 
a total length of about 32-feet 3-inches as it opens into the rest of the KW Basin.  However, the 
right-trapezoid cross-section is maintained only for the middle 12-foot 6-inch length of the Weasel Pit.  
The beginning and end segments of that side are straight-walled, about 10-feet 9-inches long and 9 feet 
long, respectively, with distance to the opposite rectangular wall of 66 inches.  The nominal water volume 
of the Weasel Pit absent any Settler Tank apparatus thus is 2721 cubic feet or 77,050 liters. 
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Figure 3.2.  Settler Tank Array Layout in the KW Basin Weasel Pit, End and Side Views (excerpt of sheet 1 of DOE 2000)
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As shown in Figure 3.1 and Figure 3.2, the Settler Tank array contains ten tanks constructed of Type 
304 stainless steel.  Each tank is 16 feet long and has a maximum inside diameter of 19.79 inches using 
20-inch diameter schedule 10 pipe (DOE 2000).  The tanks are slightly rounded at each end with the 
radius of curvature not specified.  Assuming a right circular cylindrical geometry at the specified 16-foot 
length and the maximum inside diameter, each tank’s capacity is 34.18 cubic feet (968 liters) or 9677 
liters total enclosed volume in the ten tanks.  The Inlet Tank, shown in green on the left side of Figure 3.1, 
was used to receive the materials destined for the Settler Tanks.  The Inlet Tank is constructed of 10-inch 
diameter (10.42-inch inner diameter) schedule 10 Type 304 stainless steel pipe and is 32 inches long 
(DOE 2000).  Assuming 10.42-inch inner diameter and a right circular cylinder that is 32-inches long, the 
contained volume of the Inlet Tank is 1.579 cubic feet or 44.7 liters. 
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4.0 Management and Disposition of the Settler Tanks 

The STP commissioned a formal Decision Support Board (DSB) to consider options and provide 
recommendations to manage and dispose of the settler tanks’ contents (Honeyman 2013).  The two 
overall options were either to retrieve the settler tank contents for subsequent processing and disposal or 
to grout the settler tank contents in-place for subsequent processing and disposal.  Decision criteria 
included consideration of the near-term Engineered Container Retrieval and Transfer System (ECRTS) 
project schedule in handling the balance of the sludge currently held in the five KW Basin engineered 
containers and the longer-term deactivation, decontamination, decommissioning, and demolition (D4) of 
the KW Basin.  An STP team, further expanding the options to consider whether long-term D4 benefits 
might offset the near-term cost, schedule, and worker exposure in retrieval, arrived at six alternative 
options, four with no preliminary sludge retrieval and two with retrieval.  The DSB compared the 
alternatives and recommended a preferred alternative in a structured, facilitated process based on defined 
outcome criteria. 

The DSB found no significant benefit accrued by either of the preliminary sludge retrieval options 
aside from source term reduction under as-low-as-reasonably-achievable (ALARA) principles.  Options 
including a second settler tank retrieval campaign also were judged to be more costly and require longer 
performance time.  Of the four remaining options, the preferred alternative was to stabilize the residual 
sludge in the settler tanks by grouting, size-reduce the grouted settler tanks in-situ, and dispose of the 
settler tank segments, with the balance of the KW Basin structure, as debris at the ERDF disposal site.  
This option was judged to be technically feasible and produce a product waste form expected to meet the 
ERDF Waste Acceptance Criteria (WAC). The DSB judged this option to be among the top for almost all 
criteria and weightings considered even as the two retrieval options scored higher in the ALARA 
criterion.  Because the in-situ grouting, size-reduction, and ERDF disposal option had the best balanced 
score of all options, it was recommended for implementation. 
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5.0 Prior Hanford Experience in Grouting Uranium Metal 

Uranium metal corrodes in anoxic liquid water according to the following reaction to form flammable 
hydrogen gas, H2, and uranium dioxide, UO2 (Delegard and Schmidt 2009): 

U + 2 H2O → UO2 + 2 H2. 

This reaction is highly exothermic (ΔHreaction, 298 = -513.2 kJ/mole of uranium) and continues under 
anoxic conditions at practically the same rate (i.e., largely within a factor of ±3 of the nominal rate) 
irrespective of whether the uranium metal is in liquid water, saturated water vapor, wet sludge, or even 
within grout over wide varieties of grout composition or dryness (Delegard and Schmidt 2009).  The 
corrosion rates of non-irradiated uranium metal observed in liquid water and grout (mostly Portland 
cement but also magnesium phosphate) systems are shown in Figure 5.1.  The testing by British Nuclear 
Fuels Limited (BNFL) and the Pacific Northwest National Laboratory (PNNL) with various grout 
formulations, including many with intentionally “dry” water-starved compositions, showed uranium 
metal corrosion rates virtually indistinguishable from rates in anoxic liquid water.  Corrosion rates for 
irradiated uranium metal are more scattered but, in general, may be lower by a factor of ~2-3 than the 
trends shown in Figure 5.1 even though corrosion rates higher than those of non-irradiated uranium metal 
sometimes also are observed for irradiated uranium metal (Figure 5.3 of Delegard and Schmidt 2009). 
 

 

Figure 5.1. Uranium Metal Corrosion Rate Data in Liquid Water and in BNFL Portland Cement Grouts 
and PNNL Portland Cement and Magnesium Phosphate Grouts (Delegard and Schmidt 
2009) 

Hanford Site experience with grouting of Zircaloy-clad uranium metal fuel fabrication machining 
chips and saw fines from 1971 until 1982 also has been surveyed for insights relevant to the proposed 
uranium metal grouting operations in the settler tanks (Schmidt 2013 and references within).  Until 1971, 
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the chip and fines metal scrap was ignited to their oxides, U3O8 and ZrO2, within open-air incinerator 
barrels in the 303-L Building.  The product oxide then was shipped to National Lead Company in 
Fernald, Ohio, for uranium recovery (Everett Weakley, personal communication, October 2003).  Burning 
of uranium and Zircaloy chips/fines resumed in 1984 in the 303-M building, the “Uranium Oxide 
Facility,” built for this purpose (Weakley 1982; Gydesen 1982) and continued until N Reactor fuel 
production ceased in 1987. 

The unirradiated uranium metal fuel fabrication scrap grouting was done in Hanford Site operations 
in an attempt to stabilize the pyrophoric uranium metal for its safe shipment to Fernald.  The fines and 
chips were generated at weekly rates of 550 pounds and 1280 pounds (~30 wt% fines and 70 wt% chips), 
respectively, with the fines being 60-70 wt% uranium (U) and 4.5 wt% zirconium (Zr) and the chips 96 
wt% U and 2.8 wt% Zr (Weakley 1980).  The chips and fines were estimated to have respective specific 
surface areas of 5.8 and 31 cm2/g (Schmidt 2013).  At nominal loadings of 18 kg metal per 27-liter 
capacity grouted billet can, the uranium metal surface area was ~1.79×105 cm2 or ~6.6×103 cm2 of 
uranium metal surface area per liter of grout.(4)  This compares with 8.7×105 cm2 of uranium metal surface 
area in the 9677-liter capacity of the settler tanks or ~90 cm2 of uranium metal surface area per liter of 
grout, on average.  The uranium metal scrap grouting was conducted manually at Hanford both in the 
mixing of the fines and chips with masonry cement and filling of the cans with the grout mixture 
(Figure 5.2).  In the grouting process employed in the 304 Concentration Building, the wet collected 
metals were mixed with masonry cement (47% limestone, 3% gypsum, and 50% Type II Portland 
cement) and water using an ordinary tilting-drum rotating ~3-cubic-foot cement mixer at a nominal per-
charge weight ratio of 18 kg metal/54 kg masonry cement/30 kg water where the metal represents the 
machining chips and saw fines containing both uranium metal and Zircaloy cladding (based on Weakley 
1980).  When it was subsequently found that the fines segregated to the bottom of this style of mixer and 
not mix uniformly with the wet cement and chips, a paddle-type cement mixer was used instead (Weakley 
1980).  The grouted mixtures were cast in ~27-liter (~7¼-gallon) thin-walled steel cans called “billets” 
(Weakley 1980); similarly-dimensioned polyethylene cans also were used (Weakley 1982).  Relative 
dimensions, derived from photos (e.g., Figure 5.3) of the slightly tapered steel cans (known to nest when 
empty) and knowledge of their stated capacities, allows estimation of the average billet can diameter 
(29.9 cm, ~11.8 inches) and height (38.4 cm, ~15.1 inches). 
 

                                                      
(4) 	 	

	
0.3	kg	fines

. 	 	 	

	

.

	 	
0.7	kg	chips

. 	 	 	

	

.

	 	

1.79 10 	cm . 



PNNL-24200 
53451-RPT21, Rev. 0 

 

5.3 

 

Figure 5.2. Fines and Chips Mixing with Masonry Cement and Casting into 27-Liter Steel Billet Cans 
(photo number 86201-21cn, 304 Building, April 3, 1979) 

At National Lead, the thin (0.010-inch or ~2 mm) steel cans were cut and peeled from the cast billets, 
the castings broken into 6 to 8 chunks, and the chunks charged to a gas-fired oven where the cement 
decomposed and crumbled from calcination of the contained limestone (CaCO3) to release carbon dioxide 
gas and water vapor while the uranium metal and Zircaloy burned to U3O8 and ZrO2.  The fired product 
was removed from the oven and passed through an 8-mesh screen.  The materials not passing the 8-mesh 
screen were crushed further and re-burned.  The crushed and fired materials then were transferred to a 
facility for acid dissolution and solvent-extraction purification of the dissolved uranium (Weakley 1973; 
Figure 6 of Weakley 1976). 

However, thermal runaway was observed for production castings in three separate incidents, the first 
two of which occurred during the hotter summer months.  At the time of the first incident, it was 
postulated that the Portland cement hydration heat, aided by summertime temperatures, and the poor grout 
thermal conductivity were sufficient to cause the uranium metal within certain of these production 
cylindrical castings to undergo thermal runaway.  The thermal runaway was manifest in split metal 
containers and crumbled cement.  The appearances of the six burst metal containers and crumbled 
cemented uranium castings following the first production casting incident in August 1977 are shown in 
Figure 5.3. 
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Figure 5.3. Masonry Cement Castings of Uranium Machining Chips and Fines after First Auto-Ignition 
Incident, August 1977 (from original color negative after Figure 1 of Weakley 1980) 

The second auto-ignition incident occurred in July 1979 in the 3712 Building warehouse.  In this 
event, the wooden shipping boxes in which the billets were packed also ignited and 21 concreted billets 
were damaged or destroyed.  In these first two auto-ignition incidents, the crumbled uranium-bearing 
materials were simply swept up and cast again in masonry cement.  However, concern over the safety of 
storing and shipping the U/Zr metal-bearing product billets led to suspension of the grouting and shipping 
practice in August 1979 (Fuels Production Department 1979). 

To address the growing backlog of fines and chips, an experimental program was rapidly 
implemented in 1979 to determine the causes of the runaway reactions and identify processing techniques 
to eliminate the risk of auto-ignition.  Curing times and temperatures, uranium/Zircaloy granularity (fines, 
chips) and loading, and drying and long-term storage/curing temperatures for the cast billets were varied 
within the test program.  Billets prepared under nominal process conditions and taken from production 
were used in six of the test conditions while specially prepared billets were used in the remaining tests.  In 
addition to the 22 test conditions examined in parametric testing, separate test billets were prepared under 
varied hydration conditions but without U/Zr fines/chips with the objective of determining the masonry 
cement curing temperatures and properties. 

The experimental studies showed that hydrogen was released during auto-ignition events, indicating 
that the reaction of uranium metal with water occurred and was a key source of heat.  Under intentionally 
extreme conditions, numerous thermal runaways were observed within the parametric tests, some 
resulting in complete crumbling and others in expansion of the grout and splitting of the cans (see 
overview; Schmidt 2013).  Centerline temperatures up to 803 °C were found in the parametric tests for 
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which thermal runaway occurred.  The limited reported temperature/time data also showed that sharply 
accelerating rates occurred once the boiling temperature of water was reached as shown in Figure 5.4. 

 

 

Figure 5.4. Temperature Curves for Test Castings That Underwent Thermal Runaway.  (Left:  Test 
II-4.  Heavy uranium fines-to-chip ratio concreted item containing additional 0.9 kg of 
unmixed fines in the center.  Water was sprinkled for 3 days before ~63 °C heating.  From 
Figure B-4 of Weakley [1980].  Right:  Test III-1.  Average uranium fines-to-chip ratio 
concreted item.  Water was sprinkled for 19 days before ~97 °C drum oven heating.  From 
Figure B-6 of Weakley [1980]). 

At the conclusion of these parametric studies, the authors concluded that the risk of auto-ignition 
could be eliminated by implementing a careful drying and high-temperature curing protocol.  This 
sequence was judged to be equivalent to a “burning test” (or proof-test) at temperatures exceeding those 
the billets might reach during shipment (Weakley 1980).  Preparation and shipment of grouted billets 
resumed according to the modified protocols based on the experimental findings. 

However, a subsequent concreted billet auto-ignition occurred in March 1982 during the high-
temperature curing cycle and before shipment.  Renewed concerns with auto-ignition during storage and 
particularly during shipment, with the additional potential involvement in fiery in-transit road accidents, 
led the Department of Energy to call for investigation of alternative means to transport uranium for 
recycle (Weakley 1982).  As a result, the grouting process was abandoned and the prior practice of 
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stabilizing the chips and fines, before shipment to Fernald for recovery, by ignition to U3O8 and ZrO2 was 
reinstated in a new specially-designed facility. 

Thus, the lab testing at BNFL and PNNL shows that grouting provides no significant change in the 
uranium metal corrosion rate.  More importantly, the uranium metal fuel fabrication scrap grouting 
experience at Hanford shows that elevated temperatures caused by grout curing, sometimes aided by high 
summertime temperatures and imposed high-temperature curing, can lead to thermal runaway.  Therefore, 
implementation of in-situ grouting of the uranium metal-bearing sludge in the settler tanks requires 
considering whether slow and controlled corrosion can be maintained by limiting temperature excursions 
during the grouting operations and subsequent retrieval and disposal operations, or would more rapid 
oxidation under thermal runaway conditions occur instigated by Portland-cement-based grout hydration 
reactions and/or self-heating of the uranium metal particle bed by the corrosion reaction, radiolytic 
processes, and external heating (e.g., insolation). 
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6.0 Portland Cement Grout Formulations 

The formalized decision-making process engaged to determine the best method for stabilizing and 
disposing the KW Basin settler tanks is outlined in Section 4.0.  The decision process outcome was the 
recommendation that in-situ grouting (i.e., filling the settler tanks with grout) be done.  Time would then 
be allowed for the grout to strengthen by curing before size-reduction and ERDF disposal of the settler 
tanks and their contents (Honeyman 2013). 

Grouting has been implemented in prior K Basin stabilization operations as a method to fix 
radioactive contamination during subsequent D4 operations.  Once cured, the grouted materials must be 
of sufficient strength during rubblization that handling can be done without undue crumbling during 
loading and transport to ERDF.  In the case of grouting the settler tanks, an additional concern arises in 
that the heating caused by curing the grout might be sufficient to instigate thermal runaway reactions 
within the uranium metal particle bed on the settler tank bottoms. 

Preservation of sufficient grout set strength for rubblization while minimizing curing heat also was a 
key consideration in grouting of the KE Basin Discharge Chute (Yanochko et al. 2005) as revealed in 
investigation of prior K Basin grouting operations.  For the discharge chute application, extensive grout 
testing was undertaken to arrive at a mix engineered to meet goals of wet and dry density, compressive 
strength, self-leveling, fluidity, and limited heat of hydration (to prevent steam generation or steam bursts 
within the massive pour required for the KE Basin Discharge Chute).  The wet grout had to be pumpable 
and suitable for underwater placement with sufficient fluidity to encapsulate debris and leave no water 
pockets.  The cured grout had to have minimal expansion or shrinkage.  The favorable attributes of the 
grout mix designed for the KE Basin Discharge Chute and its acceptance and implementation in K Basin 
operations thus commend it for consideration in settler tank grouting. 

The K Basin Project engaged the grout development lab and vendor Pacific International Grout 
Company, Incorporated, PIGCO, Bellingham, Washington, to propose and test candidate grout 
formulations to minimize temperature within massive castings and still have acceptable cured 
compressive strength while being flowable and self-leveling and being suitable for both dry and 
underwater placement (Yanochko et al. 2005).  The proposed proprietary grout mixes consisted of water, 
Portland cement, and fly ash.  As would be expected, the testing showed that increase of the fly ash 
proportion at the expense of Portland cement decreased heating and also decreased the grout set strength.  
Fly ash improves fluidity for placing, attributed to the roughly spherical shapes of the fly ash particles 
(Massazza 1998), and retards early stage Portland cement hydration (Thomas 2007).  It is known that 
although fly ash hydration ultimately is slightly exothermic, the contribution of fly ash to the heat at early 
ages (when most of the heat is generated by Portland cement) is no more than 15 to 35% of the heat from 
an equal weight of Portland cement (ACI 2002a) and is observed to be negligible in other tests of early 
hydration enthalpy (i.e., within the first three days at ambient cure temperatures; Table 4 of Langan et al. 
2002; Figure 3.13 of Kim 2010; Figure 3 of Bentz et al. 2013).  The benefit of fly ash substitution in 
decreasing hydration heat increases by decreasing the complement of calcium oxide, CaO, in the fly ash 
(Thomas 2007). 
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Thus, substitution of fly ash for Portland cement delays the hydration heat generation rate, decreasing 
the internal grouted casting temperatures by allowing time for the hydration heat to dissipate.  
Substitution of fly ash for Portland cement also lowers the overall hydration enthalpy by dilution because 
of the much lower hydration enthalpy of fly ash than Portland cement, particularly if the fly ash has low 
CaO content. 

PIGCO tested various proportions of Type I/II Portland cement, Class F fly ash, and water and also 
proposed and tested additives to improve flowability and decrease washout and water turbidity during 
placement for the KE Basin Discharge Chute application.  The dry grout formulation ultimately used in 
September 2004 for the KE Basin Discharge Chute was the one found in test C25 (Muller 2015), 26 wt% 
Lehigh Type I/II Portland cement and 74 wt% Boral Mojave Class F fly ash mixed with water at a 
0.425 water:dry ingredient mass ratio (Figure 6.1).  The Mojave Class F fly ash analysis that was 
produced about the time of acquisition for use in grouting the KE Discharge Chute grout has 9.72 wt% 
CaO (Figure 6.2) is no longer available.  Its composition is also at the high end of CaO concentration for 
Class F fly ash (Figure 5 of Thomas 2007).  Class F fly ash with CaO concentrations as low as 6.40 wt% 
are available from the same vendor and fly ash with even lower CaO concentrations is available 
elsewhere.  Substitution of fly ash with different CaO concentrations or from different sources may alter 
the grout strengths, setting characteristics, and placing (Stephens 2015). 
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Figure 6.1. Some of the Grout Mixtures Tested and the Mix Ultimately Used in the KE Discharge Chute Grouting, PIGCO C25 (Muller 2015)
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Figure 6.2.  Analysis of Mojave Class F Fly Ash, April 2004 (courtesy Boral Material Technologies) 
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The finalized mix also contained three additives per 100 lbs of grout mix:  30 ounces of Rheomac 
UW-450 (an anti-washout agent), 2 ounces of Glenium 3030 NS (a water-reducing agent), and 6 ounces 
of Delvo Stabilizer (a water-reducing agent).  The order of addition of these additives and the general 
procedure used to prepare the C25 and KE Discharge Chute grouting mixtures are proprietary and vital to 
successful implementation (Stephens 2015). 

The candidate KE Discharge Chute grout compressive strengths were measured after 28 days of 
curing to ensure that they exceeded the agreed-upon lower limit of 250 (design) + 1000 (margin) pounds 
per square inch (PSI) (Yanochko et al. 2005; beginning page A-33).  The selected C25 test formula 
produced a 1400 PSI compressive strength at 28 days (Figure 6.1), above the 1250 PSI requirement.  The 
flowability of the wet grout also met the design goal based on the ASTM C939 flow cone test.  Good 
flowability was necessary to allow the wet grout to encompass debris in the KE Discharge Chute and 
eliminate water pockets.  The test C25 product density was 105.93 pounds/ft3 or 1.697 kg/liter and the 
pour density of the actual KE Discharge Chute grout of the same formula was 105.5 pounds/ft3 or 
1.690 kg/liter (Figure 6.3).  This compares well with the 1.72 kg/liter density projected based on the 
densities of the constituent Portland cement (3.25 kg/liter), fly ash (2.10 kg/liter), and water (1.00 kg/liter) 
by the law of mixtures (Bentz et al. 2011).  The lower observed density likely is an effect of entrained air 
(the effects of the grout additives being relatively small and thus ignored).  The wet grout mixture 
temperature measured for the KE Discharge Chute application was 77 °F (25 °C) as described in the pour 
card (Figure 6.3) and the ambient temperature at the time of the pour (9 AM, on 3 September 2004) was 
~62 °F or ~17 °C. (5) 

                                                      
(5) Weather Underground, Weather History for KPSC, Friday, September 3, 2004:  
http://www.wunderground.com/history/airport/KPSC/2004/9/3/DailyHistory.html?req_city=Richland&req_state=W
A&req_statename=Washington&reqdb.zip=99354&reqdb.magic=1&reqdb.wmo=99999 
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Figure 6.3.  KE Discharge Chute Grout Pour Card (from page A-25 of Yanochko et al. 2005) 
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Given the favorable experience in grouting the KE Basin Discharge Chute, the grouting of the settler 
tanks is modeled here based on the same grout recipe.  The modeling is undertaken using the following 
additional simplifying assumptions: 

1. To a first approximation, the grout hydration enthalpy (heat generation) is assumed to be proportional 
to the Portland cement complement with negligible enthalpic contribution by the fly ash.  This 
assumption is slightly non-conservative because, as noted, fly ash contributes perhaps 15% as much 
heat as an equal mass of Portland cement (ACI 2002; Table 4 of Langan et al. 2002; Figure 3.13 of 
Kim 2010; Figure 3 of Bentz et al. 2013) and the amount of heat decreases with the complement of 
calcium oxide in the fly ash, which is generally lower for Class F fly ash (Thomas 2007).  
Furthermore, the heat contribution by fly ash occurs much later than that of Portland cement so it 
does not add to the thermal power generation maximum for Portland cement that occurs at room 
temperature about 8 to 12 hours after mixing with water. 

2. It is also assumed that the heat generation in the Portland cement/fly ash mixture occurs at the same 
rate as for a pure Portland cement paste.  This assumption is made because heat generation rate data 
are much better known for pure Portland cement pastes than for cement/fly ash mixtures.  This 
assumption is conservative in that fly ash and the water-reducing agents generally retard the setting of 
Portland cement and so will decrease the heat generation rate (Massazza 2001; Thomas 2007; Kumar 
et al. 2012). 

3. Finally, it is assumed that the Portland cement/fly ash hydration reactions follow an Arrhenius kinetic 
dependence; i.e., that the logarithm of the rate is inversely proportional to the inverse absolute 
temperature in the same manner as pure Portland cement. 

Portland cement thermodynamics is considered in more detail in the following section. 
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7.0 Portland Cement Thermodynamics 

Portland cement hydration reactions are exothermic, showing an initial heat generation rate spike 
upon mixing at room temperature of perhaps 2 mW/g cement due to dissolution of the contained calcium 
hydroxide, Ca(OH)2.  This spike is sufficiently rapid that it occurs within the grout mixer upon 
introduction of water to the dry components.  The initial heat spike is followed by a brief induction time 
of low heat generation rate before an increasing heat rate occurs, peaking at ~4 mW/g after 8 to 12 hours 
at ~20 °C temperatures.  After this heat generation maximum, the heat generation rate slowly diminishes, 
taking years to complete.  The nominal Portland cement heat generation curve in Figure 7.1 illustrates the 
early heat generation behavior. 
 

 

Figure 7.1.  Nominal Portland Cement Hydration Heat Generation Rates (based on Lawrence 1998) 

The total heats generated in curing of Portland Type I and Type II cements for extended curing times 
at 21 °C are shown in Figure 7.2 (derived from Table 9 and Figure 10 of Copeland et al. 1960; enthalpy 
data are averages of eight different Type I and five different Type II Portland cements).  The rapid early 
heat evolution is illustrated by the fact that about half of the total curing heat arises in the first three days.  
However, heat continues to evolve at ever-diminishing rates even after more than 6½ years of curing.  
The “final” enthalpies, simple extrapolations that are 2% higher than the final data taken at 13 years, 
are -504 and -430 J/g for Type I and II Portland cement, respectively. 
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Figure 7.2. Type I and Type II Portland Cement Hydration Enthalpies (derived from values taken from 
Table 9 and Figure 10 of Copeland et al. 1960, inset) 

To help in modeling the heat-generation behavior of the Type I/II-based grout to be used in the settler 
tanks, the Portland cement hydration heat generation rates were plotted for early times for the maximum 
heat generation rate at ~8-12 hours and at 50 hours at 20 °C (from Figures 8.1 through 8.3 of Lawrence 
1998) and more extended times, ranging from 3 days to 13 years at 21 °C (with rates derived by taking 
slopes from plots similar to Figure 7.2 based on data found in Table 9 and Figure 10 of Copeland et al. 
1960 and their studies of Type I and II Portland cements). 

The data for these two disparate studies were found to be remarkably consistent and showed 
predictable thermal power for Portland cement curing at and after the initial thermal power peak at 
~10 hours.  The data presented in Figure 7.3 show that the specific power in curing Portland cement at 
20-21 °C as a function of time at and after the peak rate at ~10 hours may be represented by the following 
equation: 

Specific power, mW/g Portland cement = 1.176×(time, days)-1.277 
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Figure 7.3. Specific Power of Curing Portland Cement at 20-21 °C as a Function of Time (at and after 
the initial peak power at ~10 hours) 

The Portland cement curing reaction rate, and thus the rate of heat generation (power), increases with 
increasing temperature.  The effect of temperature on the heat generation rate has been estimated for 
Type I and IV Portland cements taken to about 70% curing at 4.4, 21.0, 43.4, 71.0, and 110 °C and for a 
“standard” cement at 4.4, 23.3, and 40 °C (Table 12 and Figure 15 of Copeland et al. 1960).  These data 
have been fit to Arrhenius equations in which the logarithms of the heat evolution rates (specific powers) 
are found to be inversely proportional to the inverse absolute temperature.  The extents of reaction for 
these test items were estimated to be approximately equal based on hydration heat and non-evaporable 
water concentration measurements.  It is noted that the specific powers were calculated over extended 
times, including the induction time before the hydration reactions become fully engaged, and thus are 
much lower than the peak powers as shown, for example, in Figure 7.1 at ~10 hours where the specific 
power at ~20 °C is about 4 mW/g of Portland cement. 

It is seen that the heat evolution rate data for the results gathered by Copeland and colleagues (1960) 
follow the Arrhenius equation very closely (Figure 7.4).  The activation energies, Ea, for the three 
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different cements also are seen to be remarkably close, with the average being 22.3 ± 0.8 kJ/mole.  The 
activation energy is relatively small.  In this case, a ~24 °C temperature increase from room temperature 
is needed to double the reaction rate. 

 

 

Figure 7.4.  Arrhenius Plots of Specific Powers of Portland Cements (based on Table 12 and Figure 15, 
inset, of Copeland et al. 1960) 

In other related testing, the specific power of the initial thermal spike for curing ordinary Portland 
cement (OPC) was found to increase from 3.45 mW/g OPC at 35 °C to 6.9 mW/g OPC at 45 °C (Kumar 
et al. 2012).  The peak powers for these two tests occurred at ~11.5 hours and ~6.8 hours, respectively 
(note that these times also include the induction times).  The data from the tests of Kumar and colleagues 
(2012) therefore show that the power doubles with only a 10 °C temperature rise. 

The activation energy, Ea, based on the two measurements by Kumar and colleagues (2012) is 
56.5 kJ/mole, much higher than the Ea = 22.3 kJ/mole shown for the more extensive analyses by 
Copeland and colleagues (1960).  Although the data supporting the lower activation energy are more 
extensive (Copeland et al. 1960), for conservatism, the present analysis assumes the higher activation 
energy estimate based on the limited and more recent data (Kumar et al. 2012). 

The volumetric power of the grout proposed for use in the settler tanks must be estimated so that the 
temperatures within the grouted settler tank waste forms containing the uranium metal particles can be 
projected.  As noted in Section 5.0, the grout proposed for use in the settler tanks is the same as used for 
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the KE Discharge Chute (see Figure 6.1).  Thus, the heat of Portland cement hydration is diluted by the 
high complement of low-heat fly ash.  The weight fraction of Type I/II Portland cement (PC) in the KE 
Discharge Chute recipe is 0.182 (i.e., Portland cement is 26 wt% of the dry mix with water added at a 
weight ratio of 0.425 times the weight of the total dry mix) and the set density is 1.70 g/cm3 (Figure 6.1).  
Therefore, the volumetric power of the grout is: 

Volumetric	power,
mW

cm 	grout
Specific	power,

mW
g	PC

0.182	g	PC
g	grout

1.70	g	grout
cm 	grout

 

The volumetric power of curing the KE Discharge Chute grout as functions of time and temperature 
then can be projected based on: 

1. Volumetric power, mW/cm3 grout = 0.3094 g PC/cm3 grout × specific power, mW/g PC. 

2. Heat generation rates doubling with each 10 °C increase in temperature. 

3. Time of the peak heat generation halving with each 10 °C increase in temperature. 

As shown in Figure 7.5, the maximum volumetric heat generation rate at 20 °C is ~1.1 mW/cm3 and 
occurs at about 10 hours.  At 60 °C, the maximum grout heat generation rate is ~18 mW/cm3 and occurs 
at about 37 minutes. 
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Figure 7.5.  Volumetric Grout Heat Generation Rates as Functions of Time and Temperature 

The total heat arising from curing the grout at 20 °C commencing at 10 hours and continuing for 
20 years according to the heat evolution kinetics described in Figure 7.5, is -142 J/cm3 of grout 
or -457  J/g of the contained Portland cement.  Virtually identical enthalpies are projected for the 
integrated curing times at 30, 40, 50, and 60 °C at proportionately shorter times.  The Portland cement 
curing enthalpy determined in this fashion is close to the average enthalpy observed in Figure 7.2 for 
complete curing of the Type I and Type II Portland cements [(-504 + -430)/2 =] -467 kJ/kg. 

The heat arising from Portland cement hydration, if not dissipated to the surroundings, accelerates 
curing by increasing the grout temperature.  This, in turn, further increases the heat generation rate.  At 
the same time, external cooling dissipates the heat to moderate the power generation and grout 
temperature. 
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To scope the magnitude of the proposed settler tank stabilization operations, it is valuable to calculate 
the overall reaction enthalpies available in grouting the settler tanks and complete reaction of their 
contained uranium metal.  From Table 2.1, the uranium metal inventory in the settler tanks is 123.9 kg 
and as stated in Section 5.0, the uranium metal corrosion reaction enthalpy is -513.2 kJ/mole.  Therefore, 
the heat evolved in reacting all of the uranium metal to extinction is: 

123.9 kg U × mole/0.238 kg × -513.2 kJ/mole = -2.67×105 kJ 

The contained volume of the settler tanks is 9677 liters (Section 3.0) with only ~56 liters occupied by 
sludge (Table 2.1), to give a maximum available grout volume of 9621 liters obtained by completely 
filling all of the settler tanks.  The estimated hydration enthalpy for Type I/II Portland cement 
is -467 kJ/kg cement (Figure 7.2).  Therefore, the total heat evolved upon curing the grout in the settler 
tanks is: 

9621 L grout × 1.70 kg grout/L grout × 0.182 kg PC/kg grout × -467 kJ/kg PC = -1.39×106 kJ 

The combined heat arising from running the uranium metal oxidation and grout curing reactions to 
completion is -1.66×106 kJ. 

The Weasel Pit volume is 77,053 liters (Section 3.0), meaning the water volume in the Weasel Pit is 
(77,053 liters [total volume] – 9621 liters [settler tank volume not occupied by sludge]) = 67,432 liters, 
ignoring the volume displaced by the structural steel and estimated 40 ± 30-liters of sludge on the Weasel 
Pit floor (Table 1 in Slotemaker 2013).  The heat capacity of the water in the Weasel Pit is: 

4.184 kJ/liter∙K × 67,432 liters = 2.82×105 kJ/K 

while the heat capacity of the grout is: 

9621 liters × 1.70 kg/liter × 1.16 kJ/kg∙K = 1.90×104 kJ/K 

The heat capacity of the Weasel Pit contents, water, and grout, but ignoring the concrete walls and 
structural steel, thus is the sum of the water and grout heat capacities, or 3.01×105 kJ/K. 

Based on complete reaction of the uranium metal, complete curing of the Portland cement in the 
grout, and the heat capacity of the Weasel Pit contents, the hypothetical adiabatic temperature increase is 
only 5.5 °C: 

1.66×106 kJ × K/3.01×105 kJ = 5.5 K 

This calculation shows that the potential supplemental heat sink afforded by the balance of the KW 
Basin waters is unnecessary and thus that guarantee of water circulation between the Weasel Pit and the 
rest of the KW Basin is not required. 

However, the evolution of localized heating within the uranium metal-bearing grouted settler tanks 
and particularly the temperature profiles experienced by the uranium metal deposits are more 
complicated.  Specifically, volumetric heat-balance calculations must be made to determine whether the 
uranium metal deposit temperatures become sufficiently high to allow thermal runaway to occur.  This 
heat-flow modeling must determine the combined effects of the heating and heat-dissipation phenomena 
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given the geometric and thermal properties of the Weasel Pit and its contents during and after the grouting 
operations. 

Subsequent D4 operations also must be considered to determine whether uranium metal thermal 
runaway conditions can occur in retrieval, packaging, and ERDF disposal of the grouted settler tank 
materials and to identify process limitations and potential mitigations.  These considerations are examined 
in Section 8.0 of this report. 
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8.0 Modeling of Thermal Behavior of Settler Sludge 

In the previous sections, the settler tank contents, and the distribution and overall geometry of the 
settler tanks and Weasel Pit, have been defined.  Thermodynamic models for the exothermic behavior of 
uranium metal oxidation and curing of Portland cement have been developed.  With these inputs, heat 
transport finite element analysis is used to evaluate the thermal stability of various process scenarios 
associated with the solidification and subsequent handling of the settler tank material.  The cases 
evaluated, input parameters used, the modeling approach, and results are presented in this section. 

8.1 Approach 

8.1.1 COMSOL Model 

COMSOL Multiphysics, Version 4.3b (and 4.3b with heat transport module), is a finite element 
analysis (FEA), solver, and simulation software package for various physics and engineering applications, 
especially coupled phenomena, or multiphysics.  The software is available in cross-platform versions 
(Windows, Mac, Linux).  In addition to conventional physics-based user interfaces, COMSOL 
Multiphysics also allows entering coupled systems of partial differential equations (PDEs).  The PDEs 
can be entered directly or using the so-called weak form.  In the latter case, heat transport equations come 
from the heat transfer module, which has pre-programmed boundary and transport equations. 

Models were set up to represent the geometries of the settler sludge application scenarios being 
investigated.  Boundary conditions and thermal properties (density, thermal conductivity, and heat 
capacity) were set by the user.  Heat generation sources, exothermic reactions, and radioactivity decay 
heats were input into the model.  The model was then used to determine the temperature of the system as 
a function of time and location.  To compensate for uncertainties in how well thermal properties are 
known, bounding conditions for the properties and heat sources were evaluated during modeling.  The 
goal was to understand conditions that lead to a temperature greater than 100 °C in the uranium sludge 
layer.  If 100 °C is reached, the configuration is considered thermally unstable because voids in the solids 
and water caused by water vapor seriously degrade thermal conductivity even as uranium metal reaction 
continues unabated.  It is noted in Section 5.0 that the reaction of uranium metal with anoxic water vapor 
proceeds at the same rate as in anoxic liquid water of the same temperature.  Finally, the model must give 
reliable predictions within established bounding conditions (for example, the upper bounding uranium 
reaction rate is 3× the nominal rate). 

8.1.2 COMSOL QA Approach 

Quality assurance of the COMSOL modeling done in this study was conducted in two ways:  
benchmark modeling and subject matter expert technical review.  COMSOL Multiphysics provides “A 
Model Library Manual, Heat Transfer Module, 5.0 COMSOL”.  This library contains numerous solved 
benchmark COMSOL Cases.  To verify correct functioning and installation of COMSOL, the analyst 
programmed and evaluated the case, “Heat Conduction in a Cylinder” on both workstations used for this 
project.  This case was taken from a NAFEMS benchmark collection and shows an axisymmetric steady-
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state thermal analysis.  The benchmark testing produced a result of 332.957 K (on both workstations), 
which matches the results stated in the benchmark case of 332.957 K at the same location of 
radius =  0.04 m and length = 0.04 m. 

The quality of the COMSOL analyses was also assured via the use of subject matter expert technical 
review of the modeling set up and results.  Input parameters to the model were also subjected to 
independent technical review.  Results of the benchmarking case are included in Appendix A.  
Documentation of the techical review of the modeling is provided in Appendix B.  Detailed records on 
each case modelled have been provided to the STP and are maintained in the project records.  

8.1.3 Overview of Cases 

Implementation of the recommended in-situ grouting, size-reduction, and ERDF disposal of the 
settler tanks involves a series of process steps that place the settler sludge under differing boundary 
conditions that affect thermal stability.  For each of these steps, hereafter referred to as cases, a separate 
model was developed and assessed.  The cases are summarized in Table 8.1.  Also note that results in 
Appendix A are labeled using this case nomenclature. 

Table 8.1.  Overview of Cases Modeled 

Case 
Number Description 
Case 1 Underwater grouting of highest U metal-content tank section (2D Model, Tank S5, Location B).  Grout 

pumped into the settler tank, and stability examined with the ensuing heat of hydration from grout-
former reactions.   This case also includes an adiabatic test case with no heat flow beyond the settler 
tank walls to evaluate thermal stability with the wall of settler tank perfectly insulated. 

Case 2 Grouted settler tank array backfilled with sand.  2D model of highest U metal-content cross-section in 
the settler tanks (located 2 to 2.75 feet into settler), water removed from the basin, and Weasel Pit 
backfilled with sand. 

Case 3 Grouted settler tank underwater plus 14 inches of grout added to floor of Weasel Pit.  2D model of 
highest U metal-content cross-section with grout pour submerging bottom 2 inches of tanks S5 and N5. 

Case 4 Grouted settler tank underwater plus 6 inches of grout added to floor of Weasel Pit.  Same as Case 3 
except top of grout floor pour is 6 inches below bottom of S5 and N5. 

Case 5 Settler tank section in IP2 Waste Box 3D model.  1.25-foot section of the worst-case settler tank section 
placed into the IP2 waste box (10 ft × 20 ft × 10 ft) filled with wet or dry sand.  This case is not a 
realistic disposal option; however, it illustrates 3D thermal behavior of settler tank section surrounded 
by fill. 

Case 6 Settler tank section in 4 ft × 6 ft × 4 ft box with carbon steel cradle surrounded by sand.  Carbon steel 
cradle is used as a heat sink.  To provide good thermal connection, a thermal conductivity grease fills 
the space between the settler tank and the cradle. 

Case 7 Settler tank section in box with carbon steel cradle embedded in high-conductivity grout, with top filled 
with sand.  Use of high-thermal-conductivity grout in the 4 ft × 6 ft × 4 ft box improves robustness of 
the heat sink concept. 

Case 8 Same as Case 7, but with reasonably bounding solar heating on top of box.  Maximum solar heating 
rate, 24-h per day, imposed until steady state is established and then uranium metal reactions are 
initiated in model.  Sand fill in top of box helps insulate settler tank section from solar insolation. 



PNNL-24200 
53451-RPT21, Rev. 0 

 

8.3 

Case 
Number Description 
Case 9 Case 9 is Case 1 with substitution of convective cooling for the constant-temperature boundary 

conditions.   This case examines the condition when the basin is dewatered, or if/when sections of 
settler tanks are stored in air. 

Case 10 Same as Case 8 but with settler tank section increased to 4.25 ft. Depth of uranium-rich sludge 
maintained at 2.35 cm, and length of cradle increased to 5 ft with solar heating on top of box and on one 
side. 

8.2 Model Input Parameters 

8.2.1 Heat Sources 

The thermal stability modeling accounts for heat generation associated with up to four sources, 
depending upon the case:  1) uranium metal reaction, 2) radioactive decay heat, 3) grout curing heat of 
hydration, and 4) solar insolation.  These sources, along with the values used in modeling, are described 
below. 

8.2.1.1 Uranium Metal Reaction and Decay Heat 

The reaction rate of uranium metal in anoxic water (and in grout) is described in Section 5.0.  The 
reaction rate is proportional to the metal surface area and is a function of temperature according to 
Arrhenius kinetics.  To account for uncertainties in the rate equation and knowledge of the uranium metal 
reactive surface area, a rate multiplier, typically a factor of three, is used for conservatism.  Table 8.2 
summarizes the development of the heat generation terms associated with uranium metal as used for the 
model. 

All uranium (including uranium oxide) in the settler tanks was treated as “uranium metal” for the 
modeling.  This treatment provides approximately 15% more reaction power per unit volume than by 
considering only the uranium metal inventory (i.e., a uranium metal concentration of 9.2 g/cm3 instead of 
8 g/cm3).  Furthermore, uranium metal has a higher decay power than uranium oxides, since most of the 
137Cs dissolves and is lost from the solid matrix during uranium metal oxidation in water.  The treatment 
of all uranium as “uranium metal” simplifies the modeling and provides a modest level of conservatism. 

Uranium metal corrodes at very slow rates at the typical temperature of the KW Basin pool water 
(e.g., the extinction time for a 600-µm diameter particle at 20 °C, assuming anoxic corrosion, is more than 
10 years).  Consequently, taking credit for the consumption of uranium metal by oxidation while it resides 
in the settler tanks at low temperatures is speculative.  Therefore, for most of the modeling cases, the 
uranium surface area is conservatively assumed to remain constant.  This approach is not unreasonable, 
since reaction rates in a bed of uranium particles remain essentially constant during the time period when 
the first ~70 mass% of a bed of uranium metal particles are consumed (Delegard and Schmidt 2009; 
Schmidt et al. 2003; and Appendix G of Schmidt and Sexton 2009).  In most of the cases modeled, 
conditions of thermal instability or thermal runaway, if reached, occurred within a period of days. 

To model cases at which thermal stability over a longer time period was of interest (e.g., section of 
the settler tank packaged in disposal boxes, awaiting burial at ERDF), while the box is at elevated 
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temperature for a prolonged period of time, a heat generation cut-off point was included in the model to 
appropriately simulate the extinction of uranium metal. 

Table 8.2.  Parameters for Development of Heat Source Term from Uranium Metal 

Parameter Unit Value/equation Reference 
Umetal particle 
diameter 

µm 
= ¾ (Max diameter) 
= ¾ (600) = 450 

Section 2.0 and Johnson 2014 

Umetal surface area 
per unit mass 

cm2/gUmetal 7.02 
450 µm spherical particles, U 
metal density = 19 g/cm3 

Rate U + 2 H2O → 
UO2 + 2 H2 

log10rate[mg(loss)/cm2-h], 
where T = 297 to 623 K 

9.9752 - 3565.8/T Johnson 2014 

Rate Multiplier 
Safety Basis Factor × 
Nominal Rate 

3× Johnson 2014 

Reaction Heat J/gUmetal 
513.2 kJ/mol × 1000/ 
238g/gmol = 2156.3 

See Section 2.0 and Delegard 
and Schmidt 2009 

[Umetal] in settler 
tank 

gUmetal/cm3
settler 9.2 

See Section 2.0 and Sloughter 
2013 

Power from Umetal 
corrosion at 60 °C 
in settler tank 

mW /cm3
settler 7.3 

Calculation at 60 °C given for 
relative comparison to decay 
heat.* 

Decay Heat 
(July 9, 2012) 

W/MTU (watt per metric 
ton uranium) 

97.9 Johnson 2014  

Decay Heat mW/cm3
settler 0.90 

Calculation for comparison 
purposes 

* 
. 	 	 . 	

	

. 	 	

∙

. .
 

8.2.1.2 Grout Curing Heat of Hydration 

As discussed in Section 6.0, due to similarity of performance objectives, including strength adequate 
for subsequent sectioning and removal, low curing heat, and technical underpinning through extensive 
developmental testing, the recipe used for grouting the KE Basin Discharge Chute has been chosen for 
modeling the immobilizing of the settler tank contents and for grouting the floor of the Weasel Pit.  The 
thermal power generated by the K East Discharge Chute grout in its curing (i.e., hydration) reactions 
depends largely on the grout’s complement of Type I/II Portland cement, with much less dependence on 
the content of Class F fly ash, the other principal grout ingredient.  Also, as noted in Section 7.0, the 
thermal power increases with temperature according to Arrhenius kinetics. 

The specific power of Portland cement hydration reactions at 20 °C in the first 50 hours is shown in 
Figure 7.1.  This thermal output curve is widely characteristic of Portland cement, showing an immediate 
relatively high spike upon mixing the dry Portland cement with water.  This heat spike is caused by 
dissolution of calcium hydroxide.  The heating rate then rapidly drops, reaching a minimum within one 
hour, before climbing again to reach a maximum at about 8 to 12 hours at 20 ° C as the numerous cement 
hydration reactions commence.  The heating rate then declines predictably as the hydration reactions 
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continue for extended times (years).  The specific thermal power of Portland cement hydration with time 
is shown in Figure 7.3. 

The effect of temperature on Portland cement hydration reactions also was examined in Section 7.0.  
An extensive set of tests showed the hydration reactions followed Arrhenius kinetics over ~4 to 110 °C 
curing temperatures with ~24-degree temperature rise needed for the hydration rates to double.  A much 
less extensive data set showed that Portland cement hydration rates doubled with only a 10 °C rise.  
Conservatively, we assume here that the more temperature-dependent rate increase is observed, with rates 
doubling with each 10 °C rise. 

We also make the extremely conservative assumption that the initial grout temperature is 60 °C.  The 
initial temperature of the grout mixture used in the KE Discharge Chute pour was 25 °C (or 77 °F; 
Figure 6.3).  We project the hydration rate, and thus the thermal power, at 60 °C to be 16-times the rates 
and powers measured (as described in Section 7.0) at 20 °C and the time showing the greatest thermal 
power to be 10/16 hour, or ~37 minutes. 

The specific (mass-based) power of the Portland cement hydration reactions are converted to volume-
based powers for the Portland cement–fly ash grout by noting that: 

Volumetric power, mW/cm3 grout = 0.3094 g PC/cm3 grout × specific power, mW/g PC. 

To model the initial thermal power from grout curing, we assume that the immediate initial calcium 
hydroxide dissolution reaction occurs in the grout mixing tank.  We then assume that the mixed grout, at 
60 °C, is quickly added to the settler tanks or Weasel Pit floor and from there follows a point-by-point 
heat-generation profile corresponding to that shown in Figure 7.1, but compressed in time by a factor of 
16 and enhanced in power by a factor of 16 as compared with the contours exhibited at 20 °C.  The 
profile is provided for the first four hours at 60 °C.  Two more values, at about two weeks and four weeks 
reaction time at 60 °C, constitute the final input power data.  These last two values are derived for the 
thermal power equation for 60 °C shown in Figure 7.5.  The power outputs at times after four hours and 
between these points are modeled as straight-lines and thus are conservative. 

8.2.1.3 Solar Insolation 

Solar insolation data for Latitude 46° N were taken from the Sludge Technical Databook (Table 4-34 
of Johnson 2014).  For modeling, only the values of the horizontal surface facing upwards were used.  For 
conservatism, we assume 24 hours-per-day and 7 days-per-week direct solar heating of the waste box, 
ambient air temperatures of 50 °C, and ground temperatures reaching 50 °C.  Such conditions are highly 
unlikely without human intervention.  Because of the extra complexity of adding radiative and convective 
heat transport, a reasonably bounding scenario was developed.  In this scenario, the sun was assumed to 
be directly overhead and continually heating the box at an approximate noonday heating of 990 W/m2 
[314 BTU/(h×ft2)].  The top of the box and the side walls were allowed to be cooled both radiatively and 
convectively with an ambient air temperature of 50 °C. The ground underneath the box was assumed to 
remain at constant 50 °C, with the initial box and content temperature being at 50 °C. 

In simulations to evaluate solar heating from the top and one side, the heating rate on one side for the 
box was set at 495 W/m2 (i.e., 50% of the solar heating rate applied to the top of the box).  Other cases 
were also evaluated, including 50% maximum on top, and 50% maximum on one side.  The approach 
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used for the side heating was the same as used for the top:  the box was allowed to heat up over a number 
of days to achieve equilibrium before the uranium rate equation was activated. 

8.2.2 Geometry of Settler Tanks, Weasel Pit, and Disposal Boxes 

The key dimensions/geometry of the systems modeled are summarized in Table 8.3. 

Table 8.3.  Component Dimensions used in Modeling 

Parameter Value Reference 

Settler Tank:  Dimensions: 
(20-in, sch 10 pipe, SST-TP-304) 

ID = 49.5 cm (19.5 in)  
OD = 50.8 cm (20 in)  
Wall = 0.635 cm (¼ in)  
L = 5.25 m (16 ft) DOE 2000. 

Location of Tanks N5 and S5 
above Weasel Pit floor 

32.1 cm (12.625 in)  

Center-to-Center Spacing of 
Settler Tank, 2 × 5 array 

66 cm × 66 cm (26 in × 26 in) 
See Section 3.0 for more details 
on Weasel Pit dimensions. 

Weasel Pit 
W = 1.47 m (58 in) average 
L = 9.83 m (32-ft 3-in) 
Depth = 4.88 m (16 ft)  

 

IP2 Waste Box:  Constructed of 
10 gauge ASTM A 1110 carbon 
steel 

W = 3.05 m (10 ft) 
L = 6.10 m (20 ft) 
H = 3.05 m (16 ft) 

IP2-1800-TL Overview, Drwg 
970-156-05, Size B, 2/10/2010.  
Sheet 1-7,  Container 
Technologies Industries, LLC 

Custom ERDF Box:  Assume it 
is constructed of 10 gauge ASTM 
A 1110 carbon steel 

W = 1.22 m (4 ft) 
L = 1.83 m (6 ft) 
H =  1.22 m (4 ft) 

Personal communication, AJ 
Schmidt, PNNL, with GM 
Davis, CHPRC, 1/28/2015. 

Heat Sink Dimensions:  Heavy-
wall carbon steel pipe, cut axially. 

ID = 52 cm (20.5 in) 
Wall thickness = 0.64 to 10 cm 
(0.25 to 4 in) 
Length = 99 cm (3.25 ft) or longer 

Specialty Pipe & Tube, Inc. 
1-713-676-2891 
www.specialtypipe.com 

Heat Sink Mass per Linear Ft 
1-in thick: ~53 kg/ft (120 lb/ft) 
2-in thick: ~110 kg/ft (250 lb/ft) 
4-in thick: ~240 kg/ft (530 lb/ft) 

Calculated 

Gap between heat sink and 
settler tank section 

0.159 to 1.27 cm (1/16 to ½ in) Assumed 

The bounding uranium metal rich sludge depth in the settler tanks was discussed in Section 2.1 
(Table 2.4) and the results used in the models, a bounding cross-section of the North and South tank 
banks, are presented in Table 8.4. 
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Table 8.4.  Depth of Uranium Metal Sludge in Settler Tanks 

Parameter Location Value 
Bounding Depth in a 
Segment 

Tank S5, location B, 
1.25-ft. segment 

Depth = 2.23 cm 

Bounding Cross-section 
for 10 tanks 

2.0 to 2.75 feet in 
from tank entrance 

South Bank 
cm 

North Bank 
cm 

Tank 1 0.686 0.986 
Tank 2 1.004 0.716 
Tank 3 1.149 0.533 
Tank 4 1.433 0.602 
Tank 5 2.235 0.459 

8.2.3 Values for Physical Properties Used for Modeling 

Physical property values for thermal conductivity, density, and specific heat were taken from the 
Sludge Databook (Johnson 2014), the technical literature, or otherwise derived as described in this report 
(Table 8.5).  Where a range of values was found, a reasonably conservative value was selected. 



PNNL-24200 
53451-RPT21, Rev. 0 

 

8.8 

Table 8.5  Thermal Conductivity, Density, and Specific Heat Values for Modeling 

Parameter 
Name Description Unit* 

Nominal 
Value Used

Range 
Explored Reference* 

ksludge 
Uranium metal-rich 
layer inside settler tanks 

W/(m·K) 3.9 0.3 to 3.9 Table 4-18, Johnson 2014 
Rhosludge kg/m3 9600 constant Umetal (60v%) + Water 

(40v%).  Table 4-19, 
Johnson 2014 

Cpsludge 
J/(kg·K) 290 constant 

kwall 
Settler tube construction 
material, 304 stainless 
steel 

W/(m·K) 16.2 constant CRC 1980; CRC 1978;
McGannon 1971; 
MatWeb, material property 
database; The Engineering 
ToolBox (ETB) 

rhowall kg/m3 8030 constant 
Cpwall 

J/(kg·K) 500 constant 

kgrout Grout, based on formula 
used for grouting the KE 
Discharge Chute 

W/(m·K) 0.5 0.1 – 1.7 ETB; References, Section 7 
rhogrout kg/m3 1720 constant Calculation based on 

composition Cpgrout J/(kg·K) 1165 constant 
kdrysand 

Dry sand, proposed as a 
Weasel Pit backfill 
material 

W/(m·K) 0.13 0.12 -0.3 
Table 3.2, Poloski et al. 
2002; ETB 

rhodrysand 
kg/m3 1900 constant 

Table 3.1, Poloski et al. 
2002 

Cpdrysand 
J/(kg·K) 700  constant 

silica, Table 4-19, Johnson 
2014 

kwetsand 
Wet sand, proposed as a 
Weasel Pit backfill 
material 

W/(m·K) 0.5 0.5 – 1.3 
Table 3.2, Poloski et al. 
2002, ETB 

rhowetsand kg/m3 1900 constant 60% sand, 40% water (vol) 
Cpwetsand J/(kg·K) 1430 constant 60% sand, 40% water (vol) 
ksink Carbon steel heat 

block/half-pipe used for 
heat sink in disposal box 

W/(m·K) 30 constant Assume 1% carbon steel; k 
up to 43 W/m·K); ETB;  
Cp ~stainless steel 

rhosink kg/m3 8000 constant 
Cpsink J/(kg·K) 500 constant 
kpaste Paste for good thermal 

connectivity between 
heat sink and set tube 
section 

W/(m·K) 0.67 0.5 to 4.0 
Vendor literature (e.g., Dow 
Corning® 340 Heat Sink  
compound)* 

rhopaste kg/m3 2100 constant 
Cpaste 

J/(kg·K) 1000 constant 

kHTCgrout 
High-thermal-
conductivity grout for 
heat sink in disposal box 

W/(m·K) 1.0 constant (0.7 to 1.7 W/mK) CETCO 
Geothermal Grout™ 
Enhanced Thermally 
Conductive Grout Technical 
Data.  CETCO 2013 

rhoHTCgrout kg/m3 2620 constant 
Cpgrout 

J/(kg·K) 1165 constant 

kair Air that may fill the gap 
between the setter tank 
outside wall and the heat 
sink 

W/(m·K) 
0.0299 

(0.022-0.028)
23–47 °C 

CRC 1980  rhoair kg/m3 1 (1.4-1.1) 23–47 °C 
Cpair 

J/(kg·K) 
1009 (1005-

1007) 
23–47 °C 

* W = watt; m = meter; K = kelvin; kg = kilogram; J = joule 
MatWeb = online resource for material property data, http://www.matweb.com/index.aspx. 
ETB = The Engineering ToolBox, http://www.engineeringtoolbox.com. 
Dow Corning thermal interface silicone grease, https://www.dowcorning.com/content/publishedlit/11-1712-01.pdf 
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Discussion on Selection of Thermal Property Values 

Sludge:  Sludge, for the purposes of the present report, is the settled solid contents of the settler tanks.  
For the uranium metal-rich portion of the sludge of most concern, property values were taken from the 
Sludge Databook (Johnson 2014) or were calculated from the Databook using a 60/40 volume ratio of 
uranium metal and water. 

It was noted in Section 2.1 that the settler tanks also hold approximately 40.1 liters of non-uranium 
sludge.  Based on Poloski et al. (2002), this sludge likely has a thermal conductivity of approximately 
0.7 W/(m·K), i.e., similar to grout, and thus is not independently assessed in the modeling. 

Grout:  The grout used to seal the KE Discharge Chute as described in Section 6.0 was used as the 
grout formulation in the modeling based on its favorable low heat-generation, placing, and strength 
characteristics.  Section 6.0 describes the density and Section 7.0 the specific heat of this grout.  The 
thermal conductivity varies with extent of curing and is greatest immediately upon mixing.  As curing 
proceeds, hydration reactions occur which serve to fix the water into solid phases, remove the water from 
the interstitial liquid phase, and lower the thermal conductivity.  The thermal conductivity of air-dry 
hardened Portland cement pastes is about 0.5 W/(m·K) (derived from Figure 2.1 of ACI 2002b).  The 
thermal conductivity of cured and oven-dried Portland cement is about 0.52 W/(m·K) while the thermal 
conductivity of oven-dried fly ash is about 0.58 W/(m·K) (both derived from Table 2.1 of ACI 2002b) at 
the 106 pound/foot3 (1.72 g/cm3) density of the KE Discharge Chute grout.  However, the grout 
constituents are not dry.  At 80% relative humidity, the cured grout would have a thermal conductivity of 
0.73 W/(m·K) for the Portland cement, fly ash, and water constituents based on sum-of-fractions 
calculation and the influence of moisture on the Portland cement and fly ash as taken from Table 2.2 of 
ACI (2002b).  The thermal conductivity of the waterlogged grout would be somewhat higher than this and 
is estimated by the present authors to range from 0.8 to 1.0 W/(m·K).  The modeling calculations showed 
that the stability of the grouted waste form to thermal runaway was not influenced greatly by the grout 
thermal conductivity. 

The specific heat of the KE Discharge Chute grout is also influenced by the extent of curing and the 
disposition of the water within the grout (i.e., whether “free” or chemically “bound”).  The specific heat 
of 50:50, by weight (dry), fresh Portland cement and fly ash mixtures with 0.4 weight fraction water with 
respect to Portland cement is 1700 J/(kg·K) but decreases to about 700 J/(kg·K) after 28 days of curing at 
28 °C (Figure 3c of Choktaweekarn et al. 2009).  Based on a sum-of-fractions approach described by 
Bentz and colleagues (2011) and illustrated in Table 8.6 below, the specific heat of fresh grout is 
estimated to be 1755 J/(kg·K) but decreases to 1165 J/(kg·K) upon curing.  This latter value was selected 
as the nominal specific heat of the grout. 
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Table 8.6.  Calculation of KE Discharge Chute Grout Specific Heat by the Sum-of-Fractions Method 

Component Quantity, wt% 
Density, 

g/cm3 
Specific Heat, J/(kg·K) 

fresh / cured 
Water 29.82% 1.0 4179 / 2200* 
Portland Cement Type I/II 18.25% 3.25 740 
Class F Fly Ash 51.93% 2.3 720 
Mixture 100% 1.72 1755 / 1165 
* Heat capacity of bound water in cement.  Specific heat of mixture calculated by rule of mixtures, 

Bentz et al. (2011). 

High-Conductivity Grout:  High-thermal-conductivity grout is recommended to enhance the heat 
transfer of the heat sink concept proposed for the waste disposal box.  High-thermal-conductivity grout 
mixtures are commercially available (e.g., CETCO© enhanced thermally conductive grout; CETCO 
2013), with recommended recipes that provide a final grout with thermal conductivities ranging from 
0.7 to 1.7 W/(m·K). 

Sand:  Wet/damp sand and dry sand were investigated as backfill material for the Weasel Pit and for 
use as backfill material in waste boxes.  Depending upon its degree of saturation, sand can behave as an 
insulator (dry sand) or a reasonable thermal conductor (water-saturated sand).  During a campaign to 
measure the thermal conductivities of K Basin sludge types, a number of simulants, including wet and dry 
sand, were assessed (Poloski et al. 2002).  Measured thermal conductivity values from this campaign fall 
within the range of literature values, and have been used for the modeling input.  Additionally, a model 
for estimating physical properties of soil types (including sandy soils) as a function of saturation has been 
published (Campbell et al. 1994) and the predictive values (http://decagon.com/py-bin/tcc/chart) were 
found to be consistent with values used as input for the COMSOL modeling. 

Carbon Steel Heat Sink:  For a heat sink in the waste disposal box, a half-pipe, cut from a 
heavy-walled carbon steel pipe, has been proposed.  Reported values for the thermal conductivity of 
carbon steel ranged from 27 to as high as 65 W/(m K) (Handbook of Chemistry and Physics, 80th ed).  To 
maintain some flexibility and conservatism in final material selection by STP, for COMSOL modeling, a 
thermal conductivity value of 30 W/(m·K) was selected.  The values for density and heat capacity were 
kept the same for stainless steel and carbon steel. 

Thermally Conductive Paste:  To provide good thermal connection between the outer wall of the 
settler tank and the half-pipe heat sink, a paste was included in the model.  Numerous thermally 
conductive pastes/greases (non-curing) are commercially available with compositions tailored to achieve 
desired thermal conductivities and viscosities.  Prices for these paste material vary by more than an order 
of magnitude.  Thermally conductive gel pads may be another option.  However, a commercial source for 
pads with a thickness of up to ¼ inch was not found.  A range of thermal conductivities for the paste was 
explored in the COMSOL model to allow selection of a cost-effective material.  Table 8.7 provides a 
listing of commercial products to illustrate the range of option available. 
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Table 8.7.  Options and Properties of Thermally Conductive Pastes 

Product ID 

Thermal 
Conductivity,  

W/(m·K) 
Density, 

kg/L 
Specific Heat, 

J/(kg·K) Vendor 
TC-5022, TC5026, TC 5121, 
SE4490CV, SC 102, 340 Heat Sink 
compound 

0.54 to 4.0 
2.14 to 

4.06 
Not Listed Dow Corning 

Thermally Conductive Grease 2031, 
2035, 2036 

2.7 to 4.1 Not Listed Not Listed 3M 

Cool Grease and Cool-GapFill 
Greases and Gel Pads 

2 to >8 Not Listed Not Listed 
AI Technology, 
Inc. 

8.3 Modeling Results 

An overview description of the modeling cases evaluated is provided as Table 8.1.  This section 
provides a description and discussion of each case, and summaries key findings and conclusion from each 
case.  Addition details on the individual runs for each case are included in Appendix A. 

8.3.1 Underwater Grouting of Highest U-Content Tank Section (Case 1) 

Case 1 evaluates the heating of the uranium sludge layer in the settler tank as KE Discharge Chute 
formula grout is added to fill the settler tank and immobilize the sludge.  While the grout cures, heat is 
generated by the various grout former hydration reactions.  Figure 8.1 depicts a two-dimensional (2D) 
cross-section of the settler tank at an increment of time.  In this figure, the temperature color key shows 
that the warmest location is at the center of the tank.  The sludge layer, depicted as the horizontal line at 
the bottom of the tank, is essentially at the same temperature as the wall of the settler tank (a thermally 
stable condition). 

 
Figure 8.1.  Two-Dimensional (2D) Cross-Section of a Tank Modeled in COMSOL Multiphysics 
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8.3.1.1 Key Parameters & Assumptions 

 Two-dimensional modeling was limited to the settler tank segment with the deepest layer of 
uranium-rich sludge.  All other sections, with less uranium metal depth, would exhibit greater 
thermal stability. 

 Case 1 examined a single settler tank being grouted (vs. multiple tanks being grouted 
simultaneously). 

 It was assumed that conduction and convection of Weasel Pit water outside the tank wall will 
keep the tank surface close to that of the Weasel Pit water temperatures.  Use of this assumption 
is underpinned by the adiabatic calculation conducted around the Weasel Pit when all 10 settler 
tanks were grouted simultaneously and 100% of the uranium reacted (Section 7.0). 

Sensitivity testing of the model showed that thermal conductivity of the sludge layer, the temperature 
of the surrounding heat sink (Weasel Pit water), and the uranium reaction rate multiplier factor were the 
parameters that most affected thermal stability.  Therefore, thermal conductivity of the sludge layer was 
varied from 3.9 W/mK (fuel piece sludge) to 0.3 W/mK [i.e., equivalent to a dry mixture of K Basin 
simulant and tungsten cobalt metal particles (Poloski et. al. 2002)].  Exploration of the lower end of this 
thermal conductivity range was examined to investigate cases in which evolved gas (H2) would displace 
interstitial water in the sludge bed. 

8.3.1.2 Results 

Two physical situations were studied with the 2D COMSOL simulation.  This includes an adiabatic 
case (no heat losses) and a case with the surface walls and initial material temperatures set to various 
temperatures.  The adiabatic case, not surprisingly, led to thermal runway in the model after seven-and-a-
half hours.  Figure 8.2 shows the temperature profile just before the uranium sludge layer temperature 
rises above 100 °C, solved with baseline parameters. 
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Figure 8.2. 2D Cross-Section of Grouted Tank Seven Hours After Initial Grouting with Adiabatic Tank 
Wall Boundaries (i.e., no heat flow) 

The maximum temperature of the uranium sludge with time is shown below in Figure 8.3. 

 

Figure 8.3. Maximum Uranium Sludge Temperature in Centigrade Plotted versus Time (seconds) for 
Adiabatic Boundary Conditions 

In contrast, if heat dissipation is allowed by setting the wall temperatures to a constant temperature of 
25 °C, the baseline parameters give a very stable result.  Figure 8.4 and Figure 8.5 below show the 
temperature profiles in a 2D cross-section and the maximum uranium sludge temperature with time. 

 



PNNL-24200 
53451-RPT21, Rev. 0 

 

8.14 

 

Figure 8.4. 2D Cross-Section of Grouted Tank 72 Hours After Initial Grouting with Tank Wall 
Boundary Set to 25 °C 

 

Figure 8.5. Maximum Uranium Sludge Temperature in Celsius Plotted versus Time (seconds) with 
Tank Wall Boundary Set to 25 °C 
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To test the importance of the assumption of the tank wall temperature being close to basin pool water 
temperature, the wall temperatures and the initial material temperatures were varied.  In addition, varying 
uranium sludge depths (maximum depth or two times the maximum depth) were evaluated along with 
increased uranium sludge reaction rates (1× versus 3×).  The minimum wall and starting temperatures 
before the uranium sludge temperature would ultimately climb to or above 100 °C are shown below in 
Figure 8.6.  At the baseline fuel piece sludge thermal conductivity [3.9 W/(m·K)], thermal stability is 
maintained for all cases examined if the basin pool is ≤ 60 °C (140 °F).  As show in Figure 8.6, conditions 
of thermal instability only occur when two or three parameters are simultaneously taken to bounding 
conditions. 

 

Figure 8.6. Sensitivity of Thermal Stability of Grouted Tank as a Function of Sludge Thermal 
Conductivity, Rate Multiplier, and Sludge Depth 

8.3.1.3 Conclusions 

In conclusion, for Case 1, the maximum amount of possible heat generated by the grout and the 
uranium sludge will only raise the temperature of the Weasel Pit 5.5 °C.  While local water temperatures 
around the tanks will rise, the total temperature increase before instability results, at a rate multiplier of 
3×, is greater than 75 °C.  This is highly unlikely given natural convection and conduction that will occur 
in water.  If more defense-in-depth is desired, circulation of water around the tanks during grouting could 
be pursued to maintain forced convection at the wall temperatures at or very near to the bulk pool 
temperature. 

8.3.2 Grouted Settler Tanks Backfilled with Sand (Case 2) 

This case examined the stability of the uranium sludge in a 2D cross-section of the Weasel Pit with 
the Weasel Pit backfilled with either wet or dry sand.  Based on input from STP, the time frame needed to 
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maintain thermal stability for this work evolution (draining the KW Basin, filling the Weasel Pit with 
backfill, shearing the settler tanks, and placing the settler tank sections in a waste disposal boxes) is four 
days. 

8.3.2.1 Key Parameters & Assumptions 

 The time frame needed to maintain thermal stability for this work evolution is four days.  In this 
section, thermal stability was evaluated for five days. 

 Grout in the settler tank will be mostly cured before the KW pool is drained and most of the 
hydration reactions will have occurred (i.e., cure time of 28 days or longer). 

 Adiabatic boundary conditions at the Weasel Pit walls were assumed (i.e., no credit assumed for 
the heat capacity of the cement structure of the Weasel Pit). 

 Uranium metal sludge depth is the highest cross-section level for each tank (Table 8.4). 

 Physical properties for the backfill material are as defined in Table 8.8, based on Poloski et al. 
2002. 

Table 8.8.  Thermal Properties of Sand Used for Backfill 

Case 
Void 

Fraction 
Wt Fract. 

Water 
Density, 
kg/m3 

Cp, 
J/(kg·K) 

K, 
[W/(m·K)]

Dry Sand 0.4 0 1600 700 0.13 
Moist/Damp Sand 0.4 0.11 1800 1050 0.78 
Wet Sand 0.4 0.2 2000 1400 1.3 

Cp, pure components:  water = 4180 J/kg·K; sand/silica = 700 J/kg·K 
Solids thermal conductivity of silica = ~1.6 W/m·K 

8.3.2.2 Results 

Simulation of dry and wet sand hinged on changing the sand thermal conductivity.  The wet sand 
conductivity was set to 1.3 W/(m·K) with the dry sand conductivity being set to 0.13 W/(m·K).  
Assuming an initial system temperature of 25 °C, the maximum temperature rise in the sludge was 2.6 °C 
for wet sand and 3.6 °C for dry sand.  Figure 8.7 below shows the temperature profile of the dry sand 
solution.  The temperature rise of the dry sand versus time is shown in Figure 8.8. 
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Figure 8.7.  Weasel Pit Temperature Prediction After Five Days from Backfilling with Dry Sand 

 

Figure 8.8 Maximum Temperature in Celsius of the Uranium Sludge for the Dry Sand versus Time in 
Seconds 
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The smaller change in temperature over time when the Weasel Pit is backfilled with wet sand is 
displayed in Figure 8.9. 

 

Figure 8.9. Maximum Temperature in Celsius of the Uranium Sludge for the Wet Sand versus Time in 
Seconds 

8.3.2.3 Conclusions 

In conclusion, the temperature change simulated of the uranium sludge was minimal for both wet and 
dry sand.  This leads to the conclusion that addition of room-temperature sand will not lead to adverse 
heating of the uranium sludge over a five-day period of time.  At 1× uranium reaction rates, the uranium 
sludge is stable with an initial system temperature up to 44 °C for five days, and at 3× it is stable up to 
26 °C.  Increasing the conductivity and heat capacity by addition of water  (wet sand) leads to stability of 
56 °C at 1× and 39 °C at 3× uranium rates, respectively, for a five-day period.  

8.3.3 Grouted Settler Tank Underwater + 14 Inches of Grout Added to Floor of 
Weasel Pit (Case 3) 

Case 3 explores grouting of the floor of the Weasel Pit before draining the water from the basin.  
Based on the drawings, it was estimated that the bottom of the N5 and S5 tanks is 12 inches from the 
bottom of the Pit (KW Fuel Storage Basin IWTS Settler System Assembly & Details, As-Built, Drwg 
No. H-1-83330, Rev 7, Sheet 1/3, 6/7/2000).  From these dimensions, the addition of 14 inches of grout 
on the bottom of the Weasel Pit with water above the grout was investigated.  Figure 8.10 below shows 
the temperature profile of the 14-inch-grouted Weasel Pit after 16.7 hours at 1× uranium reaction rate 
with wall boundary conditions set at 25 °C. 
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Figure 8.10.  2D Cross-Section of the Weasel Pit That Shows the 10 Tanks Plus the 14 Inches of Grout 

8.3.3.1 Key Parameters & Assumptions 

 Grout in the settler tank will be mostly cured before grout is poured on the Weasel Pit floor; most 
of the hydration reactions will have occurred inside the settler tanks (i.e., cure time of 28 days or 
longer). 

 Grout heating rates of the added 14 inches of grout on the floor are identical to the 60 °C rates 
used for the grout inside the settler tanks. 

 With 14-inch depth, the bottom 2 inches of tanks N-5 and S-5 are submerged in the grout pour. 

 Uranium metal sludge depth is the highest cross-section level for each tank (Table 8.4). 

 Water is at the basin temperature and starts at 25 °C. 

8.3.3.2 Results 

For Case 3, the boundary conditions at the Weasel Pit walls were varied from adiabatic to constant 
wall temperatures.  In addition, the uranium reaction rates were varied from normal reaction rate to the 
rate multiplier of 3×.  It was found that in all cases the uranium heated above 100 °C in the N5 and S5 
tanks within about a day’s time.  Below in Figure 8.11 a 2D cross-section of the tanks and Weasel Pit is 
shown with constant-temperature boundary conditions.  The maximum temperature of the uranium sludge 
plotted versus time is shown in Figure 8.12. 
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Figure 8.11. Weasel Pit with 14 Inches of Grout and Constant-Temperature Wall Boundary Conditions 
at a 1× Uranium Sludge Heating Rate 

 

Figure 8.12. Weasel Pit Maxium Uranium Sludge Temperature (seconds) versus Time for the Constant-
Temperature Boundary Conditions with 1× Uranium Sludge Heating Rate 

Note: The discontinuity in the temperature profile with time in Figure 8.12 is a numerical artifact of 
running the model with a varying time step interval.  Absolute results are affected slightly, but the 
artifact has no impact on conclustions. 
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8.3.3.3 Conclusions 

Based on these modeling results, grouting the floor of the Weasel Pit to a depth that is in contact with 
the bottoms of the N5 and S5 tanks will result in the uranium sludge being heated to a point of instability.  
Unlike Case 1, where cooling of the uranium sludge is due to heat conduction through the settler wall to 
the water, in Case 3, the uranium sludge is cooled primarily through the grout above it.  Case 3 has poor 
thermal connection with the basin water, leading to quick heating by the grout on the floor, which 
promotes the uranium sludge’s reactions, leading to potential instability. 

8.3.4 Grouted Settler Tank Underwater + 6 Inches of Grout Added to Floor of 
Weasel Pit (Case 4) 

Case 4 focuses on grouting the floor of the Weasel Pit with a six-inch pour of grout.  This gives the 
N5 and S5 tanks some thermal insulation, via the water between the grout pour and the bottoms of the 
tanks, from the heat produced by the grout.  In Figure 8.13, a 2D cross-section of the tanks and Weasel Pit 
is shown with constant-temperature boundary conditions and a 1× uranium heating rate. 

 

Figure 8.13.  2D Cross-Section of the Weasel Pit That Shows the 10 Tanks Plus the 6 Inches of Grout 

8.3.4.1 Key Parameters & Assumptions 

 Grout in the settler tank will be mostly cured before grout is poured on the Weasel Pit floor; most 
of the hydration reactions will have occurred inside the settler tanks (i.e., cure time of 28 days or 
longer). 
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 Grout heating rates of the added 6 inches of grout on the floor are identical to the 60 °C rates used 
for the grout inside the settler tanks. 

 With 6 inches of grout depth, the bottoms of tanks N-5 and S-5 are about 6 inches from the top of 
the grout pour. 

 Uranium metal sludge depth is the highest cross-section level for each tank (Table 8.4). 

 Water is at the basin temperature and starts at 25 °C.  No credit is taken for convective heat 
transfer in the water (conduction only). 

8.3.4.2 Results 

For Case 4, the boundary conditions were varied from adiabatic to constant wall temperatures.  In 
addition, the uranium reaction rates were varied from 1× to three times the normal rate (3×).  It was found 
that in two cases the uranium heated above 100 °C in the N5 and S5 tanks.  The cases that were stable had 
constant-temperature boundary conditions.  Below in Figure 8.14, a 2D cross-section of the tanks and 
Weasel Pit is shown with constant-temperature boundary conditions and a 1× uranium heating rate.  
Results at 3× were effectively the same.  The maximum temperature of the uranium sludge plotted versus 
time is shown in Figure 8.15. 

 

 

Figure 8.14. Weasel Pit with 6 Inches of Grout and Constant-Temperature Wall Boundary Conditions at 
a 1× Uranium Sludge Heating Rate After 416 Days 
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Figure 8.15. Weasel Pit Maxium Uranium Sludge Temperature versus Time (seconds) for the Constant-
Temperature Boundary Conditions with 1× Uranium Sludge Reaction Rate 

When the boundary conditions were changed to adiabatic, it is not surprising that eventuallly the 
system heated up.  This is because all the grout was given a long-term heating rate of 2.51 W/m3 and the 
uranium sludge did not have a cutoff on heat genration for these calculations, nor was conventive heat 
tranfer in water included in the model.  Figure 8.16 shows the temperature continuing to increase for the 
adiabatic case at the 1× uranium reaction rate. 



PNNL-24200 
53451-RPT21, Rev. 0 

 

8.24 

 

Figure 8.16. Weasel Pit Maxium Uranium Sludge Temperature versus Time (seconds) for the Adiabatic 
Boundary Conditions with 1× Uranium Sludge Heating Rate 

Note: The discontinuity in the temperature profile with time in Figure 8.16 is a numerical artifact of 
running the model with a varying time step interval.  Absolute results are affected slightly, 
but the artifact has no impact on conclustions. 

8.3.4.3 Conclusions 

These simulations show that grouting the Weasel Pit with 6 inches of grout is likely very safe.  While 
the actual system will not have perfectly maintained wall temperatures, the natural convection of water 
will likely provide additional cooling.  In this model we have ignored fluid flow in water and its effects on 
heat transport and have only included conduction. 

8.3.5 Settler Tank Section in IP2 Waste Box (Case 5) 

Case 5 examines a 1.25-foot section of the S5 tank put into the IP2 waste box (10 ft × 20 ft × 10 ft) 
that is filled with wet, moist, or dry sand.  The section of tank is filled with the highest depth of uranium 
sludge (2.23 cm).  Below in Figure 8.17 is depiction of the IP2 box with the 1.25-foot section placed in 
the middle with moist stand.  This simulation was performed in three dimensions (3D) with constant-
temperature boundary conditions.  Case 5 was examined for exploratory and illustration purposes only.  
The IP2 box would not support the mass of the sand considered in this case. 
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Figure 8.17. Moist Sand-Filled IP2 Box with Uranium Sludge Reacting at 1× Rate and Constant-
Temperature Boundary Conditions 

8.3.5.1 Key Parameters & Assumptions 

 Grout in the settler tank will be mostly cured before the KW pool is drained and most of the 
hydration reactions will have occurred (i.e., cure time of 28 days or longer). 

 U metal loading in the section:  worst-case 1.25-ft section (Tank 5S, Location B). 

 No solar heating. 

 Constant-temperature boundary conditions. 

 Outside steel components of the box were ignored. 

 Physical properties for the backfill material are as defined in Table 8.8, based on Poloski et al. 
(2002). 

8.3.5.2 Results 

Multiple simulations were run to find the initial and wall temperatures that resulted in either a stable 
solution or unstable result (i.e., uranium sludge temperatures above 100 °C).  In addition, 1× and 3× 
uranium reaction rates were used in these simulations.  For dry sand properties [K = 0.13 W/(m·K)] it was 
found that stable solutions only existed up to 34 °C for 1× uranium reaction  rates and 15 °C for a reaction 
rate multiplier of 3×.  Figure 8.18 below shows the solution for 1× uranium reaction rate with dry sand, 
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with starting and wall temperatures of 34 °C.  Figure 8.19 shows the maximum temperature profile of the 
uranium sludge over time for the dry sand 1× uranium rate case. 

 

 

Figure 8.18. IP2 Waste Box with 1× Uranium Sludge Reaction Rate with Dry Sand Surrounding the 
Tank Section 
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Figure 8.19. Maximum Temperature Profile of the Uranium Sludge Over Time (seconds) for the Dry 
Sand 1× Uranium Rate Case 

Changing the properties of the sand to simulate moist sand [K = 0.78 W/(m·K)] improved the 
maximum temperature for the 1× uranium rate multiplier to 51 °C, and to 34 °C for the 3× rate multiplier. 

8.3.5.3 Conclusions 

Case 5 highlights the importance of the physical properties of materials surrounding the settler tube 
section.  If surrounded by a low-thermal-conductivity material, the settler tank thermal behavior will be 
essentially adiabatic and thermally unstable.  The initial temperature of the fill material is also an 
important consideration for maintaining thermal stability.  The dry sand simulations of an IP2 box show 
lower than 50 °C stability of the uranium sludge.  Moist sand also shows lower than 50 °C stability for 3× 
uranium reaction rates but not for 1× uranium rates.  Given that active cooling may not be desired, an 
alternative dry storage system is developed in Case 6. 

8.3.6 Settler Tank Section in 4-ft × 6-ft × 4-ft Box with Carbon Steel Cradle 
Surrounded by Sand (Case 6) 

Case 6 explores modifying the storage of the 1.25-foot tank section by placing it in a carbon steel 
cradle (i.e., a heavy-walled pipe, bisected axially) that is then surrounded by sand in a smaller box 
(Figure 8.20).  To provide good thermal contact between the carbon steel cradle and the 1.25-foot tank 
section, a layer of thermally conductive paste is proposed.  Different gaps of thermally conducive paste 
are explored with different cradle wall thicknesses and uranium heating rates. 
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Figure 8.20. Settler Tank Section Fitted into a Steel Cradle with Thermally Conductive Paste in 
Between, with the Waste Box Filled by Dry Sand 

8.3.6.1 Key Parameters & Assumptions 

 Grout in the settler tank will be mostly cured before the KW pool is drained and most of the 
hydration reactions will have occurred (i.e., cure time of 28 days or longer). 

 U metal loading in the section:  worst-case 1.25-ft. section (Tank 5S, Location B). 

 The uranium metal reaction cuts off upon expending 100% of the maximum heat of reaction, 
based on uranium metal content in the sludge of 9.2 g/cm3.  Decay heat, based on the uranium 
metal content, continues indefinitely. 

 No solar heating. 

 Constant-temperature boundary conditions. 

 Outside steel components of the box were ignored. 

 Thermal conductivity of the paste was set at 0.67 W/(m·K). 

 Physical properties for the backfill material (dry sand) are as defined in Table 8.8, based on 
Poloski et al. (2002). 

8.3.6.2 Results 

Case 6 simulations primarily varied the cradle thickness from 4 inches down to ½ inch.  Initial 
material and wall temperatures were set at 50 °C in all the simulations.  We found that the uranium sludge 
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was stable at 1× uranium reaction rates down to a cradle thickness of 1 inch with ¼-in and 1/8-in gaps 
filled with thermal paste (0.67 W/(m·K).  Half-inch cradle thicknesses showed uranium sludge 
temperatures increasing to above 100 °C for both the ¼-in and 1/8-in paste thicknesses.  With the 3× 
uranium reaction rate multiplier, the sludge was not stable for the cradle thicknesses and paste gaps 
studied here. 

Figure 8.21 shows the solution for a 1-inch-thick cradle with 1/8-inch of paste thickness at a 1× 
reaction rate; Figure 8.22 shows the maximum uranium sludge temperature with time. 
 

 

Figure 8.21.  1-Inch Cradle Thickness with 1/8-Inch Paste Thickness at 1× Uranium Reaction Rate 
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Figure 8.22. Maximum Uranium Sludge Temperature with Time (seconds) for 1-Inch Cradle Thickness 
with 1/8-Inch Paste Thickness at 1× Uranium Reaction Rate 

8.3.6.3 Conclusions 

In simulations, the uranium sludge is stable when the worst-case 1.25-foot-long section of setter tank 
is placed in a steel cradle of 1-inch or greater thickness, with a thermally conductive medium in-between, 
at 1× uranium heating rates.  At a uranium rate multiplier of 3×, simulations showed the maximum 
temperatures rising to above 100 °C in the uranium sludge at even the maximum 4-inch cradle thickness 
simulated. 

8.3.7 Settler Tank Section in 4-ft × 6-ft × 4-ft box with Carbon Steel Cradle 
Embedded in High-Conductivity Grout, with Top Filled with Sand 
(Case 7) 

Case 7 explores augmentation of the cradle heat sink by the addition of high-conductivity grout 
around the steel tank cradle in the lower 2 feet of the box.  The high-conductivity grout exhibits a thermal 
conductivity of about 1 W/m·K in comparison to the dry sand (0.13 W/m·K).  Figure 8.23 shows the 
arrangement of the steel cradle placed in the high-conductivity grout with sand placed in the top half of 
the box. 
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Figure 8.23. Tank Section Fitted Into a Steel Cradle with Thermally Conductive Paste In-Between, with 
Bottom Half of Box Filled with Grout and Top Half Filled with Dry Sand 

8.3.7.1 Key Parameters & Assumptions 

 Grout in the settler tank will be mostly cured before the KW pool is drained and most of the 
hydration reactions will have occurred (i.e., cure time of 28 days or longer). 

 U metal loading in the section:  worst-case 1.25-ft. section (Tank 5S, Location B). 

 The uranium metal reaction cuts off upon expending 100% of the maximum heat of reaction, 
based on uranium metal content in the sludge of 9.2 g/cm3.  Decay heat, based on the uranium 
metal content, continues indefinitely. 

 No solar heating. 

 Constant-temperature boundary conditions. 

 Outside steel components of the box were ignored. 

 Physical properties for the backfill material and high-conductivity grout are as defined in 
Table 8.5, and for the dry sand are as defined in Table 8.8. 

8.3.7.2 Results 

Case 7 was evaluated with an approach that followed the approach used in Case 6:  varying the cradle 
thickness from 4 inches to ¼-inch, paste thicknesses between ¼-in and 1/8-in, with 1× and 3× uranium 
reaction rates.  However, with the high-conductivity grout providing an additional heat sink, the uranium 
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sludge was kept below 100 °C with steel cradle thickness down to ¼-inch with both ¼-in and 1/8-in 
conductive paste thicknesses for the 1× uranium reaction rate cases.  In addition, the 3× uranium rate was 
stable with ¼-inch of thermally conductive paste with a cradle thickness of 2 inches or more.  With the 
conductive paste gap reduced to 1/8-inch, the 3× uranium rate was stable at 1-inch or more cradle 
thickness.  Figure 8.24 below shows the 1/8-inch thermally conductive paste gap with 1-inch of cradle 
thickness.  The maximum temperature of the uranium sludge with time for the 3× uranium sludge rate and 
1/8-inch thermally conductive paste is shown in Figure 8.25. 

 

 

Figure 8.24. 3× Uranium Sludge Reaction Rate with 1/8-Inch Thermally Conductivity Paste with 1-Inch 
of Cradle Thickness 
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Figure 8.25. Maximum Sludge Temperature with Time (seconds) for 3× Uranium Sludge Rate with 1/8-
Inch Thermally Conductivity Paste with 1-Inch of Cradle Thickness 

With a 1× uranium reaction rate, filling the gap with air between the steel cradle and settler tank 
section appears also to provide a stable solution if the gap is small enough.  Figure 8.26 below shows 
¼-inch cradle thickness with 1/8-inch gap filled with air at 1× uranium sludge reaction rate.  The 
progression of uranium sludge temperature with time can be seen in Figure 8.27. 
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Figure 8.26. Temperature Profile for ½-Inch Cradle Thickness with 1/8-Inch Gap Filled with Air at 1× 
Uranium Sludge Reaction Rate 

 

Figure 8.27. Uranium Sludge Temperature with Time (seconds) for ½-Inch Cradle Thickness with 
1/8-Inch Gap Filled with Air at 1× Uranium Sludge Reaction Rate 
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8.3.7.3 Conclusions 

Addition of high-conductivity grout to the bottom half of the box greatly enhances the robustness of 
the heat sink around the settler tank section.  Simulations show stable solutions at 50 °C initial and wall 
temperatures with a proper amount of cradle thickness and sufficient thermal connect between the settler 
section and the heat sink.  Simulations specifically show stability for the 1× uranium reaction rate at or 
above ¼-inch cradle thicknesses, with gaps no larger than ¼-inch filled with a conductive thermal paste, 
or 1/8-inch maximum gap thickness if the gap contains just air.  A 3× uranium rate multiplier requires a 
gap no larger than ¼-inch filled with thermally conductive paste, with at least 2 inches of cradle thickness 
and the cradle embedded into high-conductivity grout.  Decreasing the cradle thickness to 1-inch is 
possible for the 3× uranium heating rates if the conductive-paste gap is no larger than 1/8-inch. 

8.3.8 Settler Tank Section in Box with Cradle Embedded in High-Conductivity 
Grout, Top Filled with Sand, with Solar Heating and Convective and 
Radiative Cooling (Case 8) 

Case 8 explores the addition of solar heating and convective and radiative cooling to Case 7.  Because 
of the added complexity of adding radiation and convection heat transport, a reasonably bounding 
scenario was developed.  In this scenario, the sun is assumed to be directly overhead and heating the box 
24 hours per day, seven days per week (24/7), at an approximate noonday heating rate of 990 W/m2 [314 
BTU/(h·ft2)].  The top of the box and the side walls are allowed to be cooled both radiatively and 
convectively with an ambient temperature of 50 °C.  The ground underneath the box is assumed to remain 
at a constant 50 °C temperature with the initial starting temperature of the box and its contents being at 
50 °C, the same as Case 7.  Figure 8.28 shows the box and its contents after a steady-state profile 
temperature develops from the sun’s radiation, but before the uranium metal reaction is allowed to start. 
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Figure 8.28. Settler Tank Section with 2-Inch Cradle Thickness with Solar Radiation and Convective 
and Radiative Cooling at Steady-State without Uranium Reactions 

8.3.8.1 Input Parameters & Assumptions 

 Grout in the settler tank will be mostly cured before the KW pool is drained and most of the 
hydration reactions will have occurred (i.e., cure time of 28 days or longer). 

 U metal loading in the section:  worst-case 1.25-ft. section (Tank 5S, Location B). 

 The uranium metal reaction cuts off upon expending 100% of the maximum heat of reaction, 
based on uranium metal content in the sludge of 9.2 g/cm3.  Decay heat, based on the uranium 
metal content, continues indefinitely. 

 Constant solar heating directly above the box at 990 W/m2. 

 Convective and radiative cooling of all the sides except the bottom of the waste box. 

 Bottom of waste box at a constant 50 °C temperature. 

 Outside steel components of the box were ignored. 

 Physical properties for the backfill material and high-conductivity grout are as defined in 
Table 8.5, and for the dry sand are as defined in Table 8.8. 

 Cradle thickness set at 1-inch. 
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8.3.8.2 COMSOL results 

Case 8 explored Case 7 scenarios that had been shown to be stable.  A steady-state temperature 
profile was allowed to develop before the uranium sludge temperature-dependent heating was allowed to 
begin at 4 × 107 seconds (463 days).  The normal Case 7 cutoff was used for the temperature-dependent 
heat being generated.  With conservative parameters, the waste box top reached a temperature of around 
100 °C, as shown in Figure 8.29 below. 

 

 

Figure 8.29. Temperature Profile of Waste Box with Solar Heating:  1× Uranium Sludge Reaction Rate, 
¼-Inch Thermally Conductivity Paste, 1-Inch Cradle Thickness 

Figure 8.30 shows the maximum temperature of the uranium sludge with time in blue and the overall 
waste box’s maximum box temperature in green.  An isosurface plot of the waste box after temperature-
dependent heating is enabled is shown in Figure 8.31. 
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Figure 8.30. Maximum Sludge Temperature (blue line) and Maximum Waste Box Temperature (green 
line) with Time (seconds):  1× Uranium Sludge Reaction Rate, ¼-Inch Thermally 
Conductivity Paste, 1-Inch Cradle Thickness 

 

Figure 8.31. Isosurface Plot of Waste Box After Temperature-Dependent Heating Is Enabled:  1× 
Uranium Sludge Reaction Rate, ¼-Inch Thermally Conductivity Paste, 1-Inch Cradle 
Thickness 
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Generally Case 7 studies that were stable without solar radiation were also stable after the addition of 
solar radiation.  One reason for this is that the dry sand in the upper half of the box insulates the uranium 
sludge from the sun’s radiation. 

The one scenario that was not stable when simulated included a 1-inch cradle thickness with 3× 
uranium heating rates and 1/8-inch gap filled with thermally conductive paste.  Increasing the paste’s 
conductivity from 0.67 W/(m·K) to 1 W/(m·K) led to thermal stability, as shown in Figure 8.32, 
Figure 8.33, and Figure 8.34. 

 

Figure 8.32. Temperature Profile of Waste Box with Solar Heating Before Uranium Sludge Heating:  3× 
Uranium Sludge Reaction Rate, 1/8-Inch Thermally Conductivity Paste, 1-Inch Cradle 
Thickness, Thermal Paste Conductivity of 1 W/(m·K) 
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Figure 8.33. Maximum Sludge Temperature (blue line) and Maximum Waste Box Temperature (green 
line) with Time (seconds):  3× Uranium Sludge Rate, 1/8-Inch Thermally Conductivity 
Paste, 1-Inch Cradle Thickness, Thermal Paste Conductivity of 1 W/(m·K). 

 

Figure 8.34. Isosurface Plot of Waste Box with Solar Heating After Uranium Sludge Heating:  3× 
Uranium Sludge Reaction Rate, 1/8-Inch Thermally Conductivity Paste, 1-Inch Cradle 
Thickness, Thermal Paste Conductivity of 1 W/(m·K) 
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8.3.8.3 Conclusions 

Adding solar heating in a bounding way to the top surface of the box did not significantly alter the 
stability of waste box as described in Case 7.  Given that 24/7 direct solar heating of the waste box and 
ambient air temperatures of 50 °C with ground temperatures reaching 50 °C are not likely ever possible 
without human intervention, the waste box should always prove more stable than the bounding cases 
simulated in Case 8. 

8.3.9 Case 9 is Case 1 with Substitution of Convective Cooling for the 
Constant-Temperature Boundary Conditions with Long-Term Grout Heat 
Generation Being Used 

This case examines the condition when the grout inside the settler tanks has mostly cured and the KW 
basin is dewatered, or if/when sections of settler tanks are stored in air as they wait to be loaded into a 
waste box.  For Case 9, convective cooling boundary conditions are used instead of the constant-
temperature boundary condition used in Case 1. 

8.3.9.1 Input Parameters & Assumptions 

 Modeling was limited to the settler tube section with the deepest layer of uranium-rich sludge.  
All other sections, with less uranium metal depth, would exhibit greater thermal stability. 

 Case 9 examined a single settler tube after being grouted, with convective heat transport. 

 Convective heat transport was simulated with a heat transport coefficient of 7.9 W/(m2·K) and 
3 W/(m2·K).  This is in the typical range of heat transport coefficients for steel to air with low air 
flow [10 W/(m2·K)] to free convection [5 W/(m2·K)]. 

8.3.9.2 COMSOL Results 

Adding the convective boundaries (instead of constant-temperature boundaries) decreased the 
stability temperature of the tubes in comparison to Case 1.  However, the temperatures are still below 
room temperature of 24 °C (75 °F) even at conditions of 3× uranium sludge reaction rates with 2× the 
baseline uranium depth.  Figure 8.35 shows the stability temperature for the grouted tubes under different 
uranium sludge depths and reaction rates with a heat transport coefficient for steel to air at 7.9 W/(m2·K).  
Figure 8.36 is a similar plot, but with a heat transport coefficient reduced to 3.0 W/(m2·K). 
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Figure 8.35. Sensitivity of Thermal Stability of Grouted Tube as a Function of Sludge Thermal 
Conductivity, Uranium Reaction Rate Multiplier, and Sludge Depth for Case 9, with Heat 
Transfer Coefficient of 7.9 W/(m2·K) 

 

 

 

Figure 8.36. Sensitivity of Thermal Stability of Grouted Tube as a Function of Sludge Thermal 
Conductivity, Uranium Reaction Rate Multiplier, and Sludge Depth for Case 9, with Heat 
Transfer Coefficient of 3 W/(m2·K) 
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Figure 8.37 shows the 2D cross-section of a grouted tube 30 days after removal from the Weasel Pit 
water and Figure 8.38 shows the maximum temperature of the uranium sludge with time. 

 

Figure 8.37. 2D Cross-Section of Grouted Tube 30 Days After Removal From Weasel Pit with 
Convective Tube Boundaries:  1× Uranium Reaction Rate, Heat Transfer Coefficient at 
7.9 W/(m2·K), Ambient Temperature at 25 °C 
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Figure 8.38. Maximum Uranium Sludge Temperature in Celsius versus Time (seconds) for Convective 
Boundary Conditions after Removal rrom Weasel Pit 

8.3.9.3 Conclusions 

Uranium sludge stability should be maintained during the time between removal from the Weasel Pit 
and storage in the waste box as long as ambient air temperatures are at or below room temperature.  When 
storing the grouted tubes, care should be taken to ensure air contact around the tube walls (i.e., not 
burying the uranium sludge end in the ground).  Also, avoiding placement of the uranium sludge in a 
position closest to the sun will help keep the temperature of the sludge in line with the simulation.  
Keeping the sludge positioned closest to the ground with air in contact should avoid any heat buildup 
occurring.  The addition of active cooling with sprinklers would also increase the temperature stability.  
Performing the removal and storage of the grouted tubes during the winter months will provide lower-
than-room-temperature ambient air conditions. 

8.3.10 Longer Settler Tank Section (4.25 ft) in Box (Case 10) 

Case 10 is equivalent to Case 8, but considers a longer settler tube section (4.25-ft length vs. the 
1.25-ft section) at the maximum sludge depth of 2.35 cm.  The box includes a 5-ft. cradle embedded in 
high-conductivity grout, top filled with sand, with solar heating and convective and radiative cooling.  
The goal of this case study is to explore the stability of a longer length of the settler tube being loaded 
into the waste box.  The configuration with longer settler tank and cradle are shown in Figure 8.39. 
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Figure 8.39. Temperature Profile for 4.25-ft Section with 1-Inch Cradle Thickness and ¼-Inch Gap 
Filled with High-Conductivity Paste (0.67 W/m∙K) at 1× Uranium Sludge Reaction Rate 

8.3.10.1 Input Parameters & Assumptions 

 Grout in the settler tube will be mostly cured before the KW pool is drained and most of the 
hydration reactions will have occurred (i.e., cure time of 28 days or longer). 

 U metal loading in the section:  worst-case depth (2.35 cm) but 4.25-ft section (Tube 5S, 
Locations A + B + C) 

 The uranium metal reaction cuts off upon expending 100% of the maximum heat of reaction, 
based on uranium metal content in the sludge of 9.2 g/cm3.  Decay heat is based on the uranium 
metal content, continues indefinitely. 

 Constant solar heating directly above the box at 990 W/m2 or from the side. 

 Convective and radiative cooling of all the sides except the bottom of the waste box. 

 Bottom of waste box at a constant 50 °C temperature. 

 A case that considered side heating (from solar) was examined. 

 As in Case 8, a steady-state temperature profile was allowed to develop before the uranium 
sludge temperature-dependent heating was allowed to begin at 4 × 107 seconds (463 days). 

 Outside steel components of the box were ignored. 

 Initial temperature of 50 °C was used for system components. 
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 Physical properties for the backfill material and high-conductivity grout are as defined in 
Table 8.5, and for the dry sand are as defined in Table 8.8. 

 Cradle thicknesses of 1 to 4 inches were examined. 

 A range of paste thermal conductivities was explored. 

8.3.10.2 COMSOL Results 

At a 1× reaction rate, a gap width of ¼-in, and paste at a thermal conductivity of 0.67 W/m·K, the 
configuration, as shown in Figure 8.39, was thermally stable with a cradle thickness of 1-in.  An 
isosurface plot of the waste box after temperature-dependent heating was enabled is shown in Figure 8.40 
and a profile of the temperature as a function of time is given in Figure 8.41. 

At a uranium metal reaction rate multiplier of 3×, thermal stability was not achieved, even when 
increasing the cradle thickness to 4 inches, increasing the paste thermal conductivity to 1.5 W/m·K, and 
decreasing the gap to 1/8-inch. 

 

Figure 8.40. Isosurface Plot of Waste Box with Solar Heating After Uranium Sludge Heating:  for 
4.25-ft Section with 1-Inch Cradle Thickness and ¼-Inch Gap Filled with Paste 
(0.67  W/m∙K) at 1× Uranium Sludge Reaction Rate 

As was done in Case 8, Case 10 also delays the temperature-dependent heating component of the 
uranium sludge until 4 × 107 seconds (463 days) have passed.  This can be seen in Figure 8.41 below, 
which graphs the maximum temperatures of the waste box and uranium sludge. 
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Figure 8.41. Maximum Sludge Temperature in Celsius (blue line) and Maximum Waste Box 
Temperature (green line) with Time (seconds) for 4.25-ft Section:  1× Uranium Sludge 
Reaction Rate, ¼-Inch Thermally Conductive Paste, 1-Inch Cradle Thickness, Thermal 
Paste Conductivity of 0.67 W/(m∙K) 

However, it was found that once the uranium sludge reaction rates were increased to 3×, the longer 
tube/cradle geometry yielded unstable results.  Cradle thickness was varied up to 4 inches, with 1/8-inch 
paste gaps and paste conductivities of 1.5 W/(m∙K), all with the same results.  Figure 8.42 shows an 
unstable simulation at 3× uranium reaction rate. 
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Figure 8.42. Maximum Sludge Temperature (blue line) and Maximum Waste Box Temperature (green 
line) with Time (seconds):  3× Uranium Sludge Reaction Rate, 1/8-inch Thermally 
Conductive Paste, 2-Inch Cradle Thickness, Thermal Paste Conductivity of 1.5 W/(m∙K) 

Solar radiation hitting the side of the container was also explored in Case 10.  Unsurprisingly. the 
high-conductivity grout is a better conductor of heat than the dry sand, and when it is in direct contact 
with the heated box it can conduct more heat to the tube section.  In addition, the longer tube and cradle 
length decreases the distance heat would have to conduct through the grout. 

Two different radiation scenarios were explored that involve side heating.  Scenario 1 set the sun’s 
radiation hitting the top of the box at 50% of the 990 W/m2 maximum, with the other 50% hitting the side 
of the box.  Scenario 2 – which is physically impossible but provides a bounding case – set 100% (990 
W/m2) of the sun’s radiation hitting the top of the box and an additional 50% hitting the side of the box.  
Both scenarios are discussed below. 

Figure 8.43 shows the temperature profile at 1× uranium reaction rate for Scenario 1. 
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Figure 8.43. Temperature Profile of Waste Box With Solar Heating from Top and the Right Side:  1× 
Uranium Sludge Reaction Rate, ¼-inch Thermally Conductive Paste, 1-Inch Cradle 
Thickness, Thermal Paste Conductivity of 0.67 W/(m∙K) 

It can be seen that the high-thermal-conductivity grout conducts the heat received by the box into the 
bed better than the sand does.  This is more readily evident in the isosurface plot in Figure 8.44. 
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Figure 8.44. Isosurface Temperature Profile of Box with Solar Heating (50% from Top and 50% from 
Side):  1× Uranium Sludge Reaction Rate, ¼-inch Thermally Conductive Paste, 1-Inch 
Cradle Thickness, Thermal Paste Conductivity of 0.67 W/(m∙K) 

The added heat from the side increases the maximum temperature the uranium sludge experiences.  
This can be seen in Figure 8.45, which graphs the maximum box and maximum uranium sludge 
temperatures. 
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Figure 8.45. Maximum Sludge Temperature (blue line) and Maximum Waste Box Temperature (green 
line) with Time (seconds) for Waste Box with 50% Top and 50% Side Heating:  1× 
Uranium Sludge Reaction Rate, ¼-Inch Thermally Conductive Paste, 1-Iinch Cradle 
Thickness, Thermal Paste Conductivity of 0.67 W/(m∙K) 

Instead of a temperature of around 57 °C, a temperature close to 72 °C is reached. 

Scenario 2, the simulation performed with 100% solar radiation hitting the top of the box and 50% 
solar radiation hitting the side, is physically impossible but provides a bounding case.  The isosurface plot 
of this scenario is shown in Figure 8.46. 
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Figure 8.46. Isosurface Temperature Profile of Waste Box with Solar Heating (100% from Top and 50% 
from Side):  1× Uranium Sludge Reaction Rate, ¼-Inch Thermally Conductive Paste, 
1-Inch Cradle Thickness, Thermal Paste Conductivity of 0.67 W/(m∙K) 

Once again, the simulation at 1× uranium sludge reaction rate was stable.  This shows that the dry 
sand effectively insulates the uranium sludge from solar radiation. 

8.3.10.3 Conclusions 

Uranium sludge stability can be maintained with longer tube and cradle lengths if a maximum of 1× 
uranium sludge reaction rate is expected.  At higher (3×) rates, a different setup is needed (e.g., shorter 
tube lengths and a longer cradle as shown in Case 8).  In addition, solar radiation from the side may affect 
the stability of the waste box.  The ends of the longer settler tank sections and cradle are closer to the side 
wall, which increases the impacts from the side radiation.  However, these simulations can be considered 
a worst-case scenario because when solar radiation hits from an angle, ambient temperatures drop, which 
will result in higher convective cooling.  Simulations done here are at constant radiative heating and 
ambient temperature condition, which would not be experienced in reality.  In reality, during the night 
temperatures will drop, cooling the waste box, the sun will only hit a particular side for a short time, and 
the solar radiation hitting the top of the box will not be at maximum intensity all the time (as was 
assumed in the simulations). 
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9.0 Conclusions and Recommendations 

Based on process knowledge, the ten settler tanks present in the Weasel Pit of the KW Basin are 
estimated to contain about 124 kilograms of finely divided (i.e., less than 600-µm) uranium metal, 22 kg 
of uranium dioxide, and another 55 kg of other radioactive sludge.  The presence of finely divided 
uranium metal in the sludge is of concern because of the potential for thermal runaway reactions of the 
uranium metal with water and the formation of flammable hydrogen gas as a product of the uranium-
water reaction.  The Sludge Treatment Project (STP), managed by CH2MHill Plateau Remediation 
Company (CHPRC), is charged with managing the settler tanks and arranging for their ultimate disposal 
by burial in Hanford’s Environmental Restoration Disposal Facility (ERDF) as part of deactivation, 
decontamination, decommissioning, and demolition (D4) of the KW Basin.  In an untreated/unstabilized 
form, the settler tank sludge could be considered pyrophoric and treatment/packaging to stabilize the 
sludge is required for disposal at ERDF. 

This report evaluates the thermal stability of the contents of the settler tanks during planned grouting 
and subsequent handling and packaging for disposition to ERDF.  Technical bases for the thermal 
properties and boundary conditions for the operations were developed and documented.  Modeling of the 
various scenarios was conducted with a commercial finite element analysis solver, and simulation 
software package (COMSOL Multiphysics, Version 4.3).  Observations, Conclusions, and 
Recommendations from this evaluation are summarized here. 

Underwater grouting of Settler Tanks.  The first step in the D4 sequence is to fill the settler tanks 
with grout, as they currently sit in the Weasel Pit, submerged in water.  Heat is released from grout 
hydration reactions, with most of the curing heat released in about 28 days. 

 The formulation used for grouting the K East Discharge Chute was selected as the leading 
candidate for use in the settler tanks based on its previous use in the K Basins and the 
commonality of process objectives established for its implementation (i.e., good flow properties, 
low heat generation rate, sufficient set strength to allow its size-reduction without undue 
crumbing). 

 The Weasel Pit water provides a heat sink sufficient to allow simultaneous grouting of all settler 
tanks.  An adiabatic calculation showed that the simultaneous grouting and instantaneous curing 
of all 10 settler tanks and 100% reaction of the contained uranium metal would raise the 
temperature of the water within the Weasel Pit by only 5.5 °C. 

 With the temperature of the settler tank wall equal to the water temperature, the grouting 
operation is thermally stable at all reasonable water/basin pool temperatures [i.e., pool 
temperature 79 °C (174 °F) or less] and at a uranium metal reaction rate multiplier of 3×. 

 The baseline thermal conductivity of uranium metal particles in water (fuel piece sludge) is set at 
3.9  W/(m·K) in the Sludge Databook.  However, if the thermal conductivity of the sludge layer is 
degraded by an order of magnitude (postulated reduction from worst-case gas bubble retention 
with particle bed dry-out), thermal instability could be encountered at basin pool temperatures of 
>40 °C (104 °F) at a reaction rate enhancement factor of 3× or if the sludge depth inside the 
worst-case settler tank is doubled. 
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Behavior of post-grouted settler tank array during Weasel Pit D4 activities.  After grouting the 
settler tanks (and after the nominal 28-day cure time), debris on the Weasel Pit floor may be encapsulated 
by pouring a 6- to 14-inch-thick layer of grout, while the Weasel Pit is filled with water. 

 If the grout is poured to a depth of 14 inches (to encapsulate debris on the pit floor), the bottom 
2 inches of settler tanks N-5 and S-5 will be bathed in grout.  The resulting grout-curing heat will 
cause thermal instability in N-5 and S-5. 

 If grout is poured to a depth of 6 inches, allowing ~6 inches of water between top of the grout 
pour and bottom of tanks N-5 and S-5, thermal instability is highly unlikely when including the 
heat convention term for the pool water. 

To summarize, if grout is used to encapsulate the Weasel Pit floor, controls should be implemented to 
keep the top of the pour well below the bottom two settler tanks. 

Draining of the KW pool and backfilling Weasel Pit with dry/wet sand (5 days).  The KW Basin 
will be emptied of water, the tanks will be briefly exposed to air, and the settler tanks will be covered with 
a backfill material.  While covered, the settler tanks will be sectioned by a mechanical shear, and the 
sections will be lifted out and loaded into waste disposal boxes.  The STP project estimates that draining, 
backfill, shearing, and removal of the sections will be completed in 4-days’ time.  Backfill materials 
considered included a controlled-density fill (CDF; a self-compacting low-strength grout), dry sand, and 
wet sand.  For modeling, PNNL examined a 5-day window of thermal stability for this work evolution. 

 A series of simulations of the settler tanks exposed to boundary condition of convective cooling 
with air at a constant temperature was performed to examine stability behavior after pool water 
drainage, or while awaiting load-in into a waste box.  Under the conditions modeled, with a 
uranium reaction rate multiplier of 1×, the baseline sludge thermal stability is maintained if the 
air temperature is <46 °C.  At a reaction rate multiplier of 3×, thermal instability can be incurred 
at air temperatures >29 °C. 

 Because of the heat of hydration associated with Portland cement constituents and the inability to 
reject sufficient heat from the grouted settler tanks, use of CDF in not recommended. 

 The thermal conductivity of dry sand may be as low as 0.13 W/(m·K); consequently, dry sand can 
serve as a thermal insulator.  In this case, the settler tank array will be thermally unstable within 
5 days if the initial dry sand temperature exceeds 44 °C (111 °F). 

 The thermal conductivity of water-saturated sand (~1.3 W/m·K) is an order of magnitude higher 
than that of dry sand.  Therefore, saturated or even damp sand (~0.78 W/m·K) is a reasonable 
choice for use as backfill. 

In summary, it is recommended that the dewatering, backfilling, shearing, and waste box loading 
operations be scheduled for the cooler months of the year because of the limited ability to reject heat from 
grouted settler tanks after the KW basin is drained of water.  Exposure to warm air or warm dry sand must 
be avoided.  Wet or damp sand is recommended for the backfill material.  If exposure to warm air cannot 
be avoided, active cooling with sprinklers should be considered. 
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Waste Disposal Box.  After sectioning, segments of the settler tank will be loaded into waste disposal 
boxes for transport to and disposal at ERDF.  In consultation with ERDF staff, STP estimated that the 
time between box loading at KW and box burial at ERDF will be on the order of 30 days.  For most 
modeling of the waste box thermal stability, the worst-case 1.25-ft-long section (deepest layer of sludge) 
from Tube S5 was considered.  However, a final case was developed to model a 4.25-ft-long section at 
the worst-case uranium loading. 

Based on consultation with STP staff and after evaluation of a number of alternatives, the following 
configuration is suggested to provide long-term and robust thermal stability: 

 Box:  Size: 4(L) × 6(W) × 4 (H) ft steel box, painted white to maximize solar reflectance. 

 Internals:  Lower half of box should be fitted with ~20- to 21-inch inside-diameter heavy-wall 
carbon steel half-pipe that is 1 to 2 inches in wall thickness and 3.25 to 5 ft long to act as a cradle, 
heat conductor, and particularly as a heat sink.  The 1-in wall thickness is sufficient to maintain 
thermal stability of the worst-case sludge depth at a 1× uranium reaction rate.  A 2-inch cradle 
thickness will provide additional margin for a 3× uranium reaction rate multiplier. 

 The half-pipe and its support structure should be embedded in high-thermal-conductivity grout 
[thermal conductivity ≥ 1.0 W/(m·K)] to extended the heat sink and to provide shielding from 
radioactivity.  The high-thermal-conductivity grout will be added to depth of 2 feet.  The waste 
box, with half-pipe and high-thermal-conductivity grout, should be made up well in advance of 
use to allow the grout a cure time of 28 days or more. 

 To provide good thermal connectivity between settler tank section and half-pipe, a non-curing 
thermal conductivity paste/grease should be placed on the half-pipe before the settler tank section 
is lowered into place.  As the section is lowered, the paste will fill gaps between the half-pipe and 
tank section.  The thermal conductivity of the paste/grease must be ≥0.67 W/(m·K).  Thermal 
stability was examined with a paste thickness of up to ¼ inch.  High-thermal-conductivity 
paste/grease is available and will provide additional robustness to the configuration stability. 

 After the settler tank section is in place, the upper half of the disposal box should be filled with 
cool dry sand.  The sand will provide shielding and insulate the settler section from solar heating 
while the box is awaiting burial at ERDF. 

 For this configuration to be effective, the settler tanks must be marked such that they are oriented 
in the box with the uranium sludge layer on the bottom of the tank and in contact with the heat 
sink.  Such alignment should be readily observed because of the presence of strengthening ribs on 
the bottom length of the settler tanks. 

 Tolerance in thermal stability for a gap size wider than ¼ inch with a higher-thermal-conductivity 
paste (e.g., greater than 1 W/m·K) may be possible.  However, additional modeling would be 
required to determine the sensitivity among the other critical parameters (including thickness of 
cradle, reaction rates, etc.). 

 At the baseline uranium metal reaction rate (1×), simulations with initial outside ambient and 
interior temperatures of 50 °C show that with the recommended waste disposal box configuration, 
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thermal stability will be maintained for a 4.25-ft worst-case section with a 1-in-thick cradle, 
during severe top and side solar heating.  In addition, a 1.25-ft section configuration remains 
stable even with an air gap of 1/16 in between the tank and half-pipe. 

 At a rate multiplier of 3× and a 2-in-thick cradle, thermal stability is maintained for the worst-
case 1.25-ft section with initial outside ambient and interior temperatures of 50 °C.  However, 
with a 4.25-ft section and solar heating from the top, thermal stability was not demonstrated, even 
with a 4-in-thick cradle and 1/8-inch gap. 

The suggested waste box configuration is sufficiently robust to handle to a 4.25-ft settler tank section 
loaded with uranium metal at the maximum depth estimated for a single location with a conservative 
treatment of solar heating.  However, when additional conservatism was stacked on (e.g., reaction rate 
multiplier of 3×) thermal stability was not shown when the length of tube section was increased from 1.25 
to 4.25 ft. 

Further Considerations.  STP D4 staff and designers must weigh-in on potential refinements to the 
implementability of the recommended waste box configuration, including the use of nominal vs. safety 
basis sludge parameters.  There are many areas for potential refinement and optimization, but waste box 
designers must guide the focus for future optimizations.  Also, with refinements, some of the 
conservatism could be reduced. 

Key areas of input for designers and D4 staff consideration include: 

 What is a readily achievable gap between the settler tank section (whose shapes may be distorted 
by shearing) and the cradle? 

 What are the implications/restrictions on the overall weight of the package?  Should refinements 
be focused on reducing the heat sink mass or even the mass of the high-conductivity grout heat 
sink? 

 What are the benefits of the use of an even higher-thermal-conductivity grout? 

 Are there benefits to adjusting the grout fill level in the box? 

 Instead of a half-pipe heat sink cradle, should a ⅓- or ¼-pipe section be considered? 

 Should end pieces of the cradle be designed with a closure or be left open? 
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Appendix A 
 

Condensed Output for COMSOL Models 
 

Nomenclature and Overview of Cases Modeled 

Case 
Number Description 

Case 0 Benchmark  To verify correct functioning and installation of COMSOL, the analyst programmed and 
evaluated the case, “Heat Conduction in a Cylinder” (which was taken from a NAFEMS benchmark 
collection and shows an axisymmetric steady-state thermal analysis). 

Case 1 Underwater grouting of highest U metal-content tank section (2D Model, Tank S5, Location B).  Grout 
pumped into the settler tank, and stability examined with the ensuing heat of hydration from grout-
former reactions.   This case also includes an adiabatic test case with no heat flow beyond the settler 
tank walls to evaluate thermal stability with the wall of settler tank perfectly insulated. 

Case 2 Grouted settler tank array backfilled with sand.  2D model of highest U metal-content cross-section in 
the settler tanks (located 2 to 2.75 feet into settler), water removed from the basin, and Weasel Pit 
backfilled with sand. 

Case 3 Grouted settler tank underwater plus 14 inches of grout added to floor of Weasel Pit.  2D model of 
highest U metal-content cross-section with grout pour submerging bottom 2 inches of tanks S5 and 
N5. 

Case 4 Grouted settler tank underwater plus 6 inches of grout added to floor of Weasel Pit.  Same as Case 3 
except top of grout floor pour is 6 inches below bottom of S5 and N5. 

Case 5 Settler tank section in IP2 Waste Box 3D model.  1.25-foot section of the worst-case settler tank 
section placed into the IP2 waste box (10 ft × 20 ft × 10 ft) filled with wet or dry sand.  This case is not 
a realistic disposal option; however, it illustrates 3D thermal behavior of settler tank section 
surrounded by fill. 

Case 6 Settler tank section in 4 ft × 6 ft × 4 ft box with carbon steel cradle surrounded by sand.  Carbon steel 
cradle is used as a heat sink.  To provide good thermal connection, a thermal conductivity grease fills 
the space between the settler tank and the cradle. 

Case 7 Settler tank section in box with carbon steel cradle embedded in high-conductivity grout, with top 
filled with sand.  Use of high-thermal-conductivity grout in the 4 ft × 6 ft × 4 ft box improves 
robustness of the heat sink concept. 

Case 8 Same as Case 7, but with reasonably bounding solar heating on top of box.  Maximum solar heating 
rate, 24-h per day, imposed until steady state is established and then uranium metal reactions are 
initiated in model.  Sand fill in top of box helps insulate settler tank section from solar insolation. 

Case 9 Case 9 is Case 1 with substitution of convective cooling for the constant-temperature boundary 
conditions.   This case examines the condition when the basin is dewatered, or if/when sections of 
settler tanks are stored in air. 

Case 10 Same as Case 8 but with settler tank section increased to 4.25 ft. Depth of uranium-rich sludge 
maintained at 2.35 cm, and length of cradle increased to 5 ft with solar heating on top of box and on 
one side. 

 
*Note:  PNNL has provided electronic versions of extended output for each case modeled to CHPRC. 
 



QA case study same results obtained for both 4.3b license and computers tested us

file: heat conduction in cylinder V&V

Evaluation of results

For the point r = 0.04 and z = 0.04 I obtained 332.957 K 557 elements

Finer mesh

Benchmark result was 332.97 K at the same location  (Summary), NAFEMS, 1986

Reference: A. D. Cameron, J. A. Casey, and G. B. Simpson, 

NAFEMS Benchmark Tests for Thermal Analysis 
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ing this V&V model test

Comsol 4.3b Same as the expected result of 332.957K from the Comsol literature
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Case 1

file: K basin time dependent4.mph

file: K basin time dependent4.docx

r=f(Temp) r=f(Temp) r=3*f(Temp) r=3*f(Temp)

U Thermal Conductivity
Baseline U 

depth

2X Baseline U 

depth

2X Baseline U 

depth

Baseline U 

depth

3.9 90 77 60 79

1.8 83 65 49 68

0.5 65 46 30 48

0.3 58 39 21 41

Basline U depth is 2.23 cm

insulating boundary condition case

Goes unstable in  7 hours

Stability Limit Temperature

A.4



Baseline

A.5



Parameters

Name Expression Description

radius 0.254 m

wall 6.35E‐03 m

depth 0.0223 m

Twall 273.15 + 25K

ksludge 3.9 [W/(m*K)]

rhosludge 9.60E+03 [kg/m^3]

Cpsludge 290 [J/(kg*K)]

kwall 16.2 [W/(m*K)]

rhowall 8.03E+03 [kg/m^3]

Cpwall 5.00E+02 [J/(kg*K)]

kgrout 0.5 [W/(m*K)]

rhogrout 1.72E+03 [kg/m^3]

Cpgrout 1165 [J/(kg*K)]

tstop 14400 at tstop grout heating becomes Qgrout2

Tinital Twall

Tsludge Twall

Qgrout2 2.51[W/m^3]
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Case 2

file: K basin all tubes.mph

file: K basin all tubes.docx

Wet sand conductivity (ksand=1.3 W/mK)

Uranium rate 1X

A.7



1.95916 degree increase in maximum uranium sludge temperature
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Dry sand conductivity (ksand=0.13 W/mK)

Uranium rate 1X

A.9



4.31721 degree increase in maximum uranium sludge temperature
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Increasing starting temperature until stability limit is reached

Stable up to 44C

Dry sand conductivity (ksand=0.13 W/mK)

Uranium rate 1X

A.11



Increasing starting temperature until stability limit is reached

Stable up to 26C

Dry sand conductivity (ksand=0.13 W/mK)

Uranium rate 3X
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Increasing starting temperature until stability limit is reached

Stable up to 39C

Wet sand conductivity (ksand=1.3 W/mK)

Uranium rate 3X
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Increasing starting temperature until stability limit is reached

Stable up to 56C

Wet sand conductivity (ksand=1.3 W/mK)

Uranium rate 1X
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Case 3

file: K basin all tubes with 14in grout.mph

file: K basin all tubes with 14in grout.docx

Uranium heating normal (1X)

Walls at 25C

Changing slope with time is due to Comsol automatically verying its time step size.

Time to instability  50.6 hours
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Uranium heating at thee times normal (3X)

Walls at 25C

Time to instability  12.20194 hours
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Uranium heating normal (1X)

Adiabatic wall boundary conditions

Changing slope with time is due to Comsol automatically verying its time step size.

Time to instability  29.825 hours

A.17



Uranium heating at thee times normal (3X)

Adiabatic wall boundary conditions

Changing slope with time is due to Comsol automatically verying its time step size.

Time to instability  13.03583 hours

A.18



Case 4

file: K basin all tubes with 6in grout.mph

file: K basin all tubes with 6in grout.docx

Uranium heating normal (1X)

Walls at 25C

Time to instability  Never

A.19



Uranium heating at thee times normal (3X)

Walls at 25C

Time to instability  Never
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Uranium heating normal (1X)

Adiabatic wall boundary conditions

Changing slope with time is due to Comsol automatically verying its time step size.

Time to instability  4.201389 days
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Uranium heating at thee times normal (3X)

Adiabatic wall boundary conditions

Changing slope with time is due to Comsol automatically verying its time step size.

Time to instability  2.511574 days
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Case 5

file:  K basin Box.mph

file:  K basin Box.docx

Moist sand k =0.78 W/mK

cut off at 2.145E6 J/kg

Normal Uranium heating 

starting at 50C and is not stable

stable at 54C unstable at 55C
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Moist sand k =0.78 W/mK

3X Uranium heating 

starting at 50C and is not stable

stable at 37C  unstable at 38C

results below are at 31 initial and wall temperature

A.25
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dry sand k =0.13 W/mK

cut off at 2.145E6 J/kg

Normal Uranium heating 

stable at 376C unstable at 38C

A.27
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dry sand k =0.13 W/mK

3X Uranium heating 

starting at 50C and is not stable

stable at 17C  unstable at 18C

A.29



A.30



Case 6

file:  K basin Box HeatSinkTube.mph

file:  K basin Box HeatSinkTube.docx

dry sand k =0.13 W/mK

paste k = 0.67 W/mK

cut off at 2.145E6 J/kg

1/4 inch paste thickness

4 inch cradle thickness

1X Uranium rate: is stable At 3X Uranium is not stable
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1/4 inch paste thickness

2 inch cradle thickness

1X Uranium rate: is stable

A.32



1/4 inch paste thickness

1 inch cradle thickness

1X Uranium rate: is stable
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1/4 inch paste thickness

1/2 inch cradle thickness

1X Uranium rate: is stable

A.34



1/8 inch paste thickness

4 inch cradle thickness

1X Uranium rate: is stable At 3X Uranium is not stable
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1/8 inch paste thickness

2 inch cradle thickness

1X Uranium rate: is stable

A.36



1/8 inch paste thickness

1 inch cradle thickness

1X Uranium rate: is stable

A.37



1/8 inch paste thickness

1/2 inch cradle thickness

1X Uranium rate: is not stable
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Case 7

file:  K basin Box HeatSinkTube Grout in box.mph

file:  K basin Box HeatSinkTube Grout in box.docx

dry sand k =0.13 W/mK

paste k = 0.67 W/mK

cut off at 2.145E6 J/kg

1/4 inch paste thickness

4 inch cradle thickness

1X Uranium rate: is stable

A.39
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At 3X Uranium is stable

A.41
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1/4 inch paste thickness

2 inch cradle thickness

1X Uranium rate: is stable

A.43



1/4 inch paste thickness

2 inch cradle thickness

3X uranium stable

A.44



1/4 inch paste thickness

1 inch cradle thickness

1X Uranium rate: is stable 3X uranium is not stable
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1/4 inch paste thickness

1/2 inch cradle thickness

1X Uranium rate: is stable
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1/4 inch paste thickness

1/4 inch cradle thickness

1X Uranium rate: is stable
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1/8 inch paste thickness

4 inch cradle thickness

1X Uranium rate: is stable

A.48



1/8 inch paste thickness

4 inch cradle thickness

3X Uranium rate: 
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1/8 inch paste thickness

2 inch cradle thickness

1X Uranium rate: is stable
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1/8 inch paste thickness

2 inch cradle thickness

3X Uranium rate: is stable
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1/8 inch paste thickness

1 inch cradle thickness

1X Uranium rate: is stable

A.52



1/8 inch paste thickness

1 inch cradle thickness

3X Uranium rate: is stable
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1/8 inch paste thickness

1/2 inch cradle thickness

1X Uranium rate: is stable
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1/8 inch paste thickness

1/2 inch cradle thickness

3X Uranium rate: is unstable
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1/8 inch paste thickness

1/4 inch cradle thickness

1X Uranium rate: is stable
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Normal Uranium heating 

starting at 50C is stable

dry sand 0.14 W/mK grout the tube cradle is sunk into is at 1 W/mK

cradle walls 1/2 inches 1/8 inch gap

air in gap at a conductivity at 0.0299 W/mK
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Normal Uranium heating  3X Uranium heating unstable

starting at 50C is stable

dry sand 0.14 W/mK grout the tube cradle is sunk into is at 1 W/mK

cradle walls 1/2 inches 1/16 inch gap

air in gap at a conductivity at 0.0299 W/mK

A.58



other parameters for the paste are found under base case report

air parameters

Parameters

Name Expression Description

radius 0.254 m

wall 6.35E‐03 m

depth 0.0223 m

Twall 273.15 + 50 K

ksludge 3.9 [W/(m*K)]

rhosludge 9.60E+03 [kg/m^3]

Cpsludge 290 [J/(kg*K)]

kwall 16.2 [W/(m*K)]

rhowall 8.03E+03 [kg/m^3]

Cpwall 5.00E+02 [J/(kg*K)]

kgrout 0.5 [W/(m*K)]

rhogrout 1.72E+03 [kg/m^3]

Cpgrout 1165 [J/(kg*K)]

tubeLength 0.381 m

BoxWidth 1.219 m

BoxDepth 1.219 m

BoxHeight 1.829 m

ksand 0.5 ‐ .36 [W/(m*K)]

rhosand 1.90E+03 [kg/m^3]

Cpsand 1400 [J/(kg*K)]

qsun 990.541 W/m^2

Tex Twall[K]

heattransferco 7.9[W/(m^2*K)] W/m^2K

heat 2.15E+06 J/kg maximum heat generated by uranium

kshot 30 [W/(m*K)]

rhoshot rhowall [kg/m^3]

Cpshot Cpwall [J/(kg*K)]

Gap 6.35E‐3/4 m

kpaste 0.0299 [W/(m*K)]

rhopaste 1 [kg/m^3]

Cppaste 1009 [J/(kg*K)]

subtract ‐0.1

tubethick .102/8

tubedist 1.219 ‐ .219

kpHighTCgrout 1 [W/(m*K)]

rhoHighTCgrou 2.62E+03 [kg/m^3]

CpHighTCgroutCpgrout [J/(kg*K)]
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dry sand k =0.13 W/mK

paste k = 1 W/mK

cut off at 2.145E6 J/kg

1/4 inch paste thickness

2 inch cradle thickness

3X Uranium rate: stable

A.60



dry sand k =0.13 W/mK

paste k = 1.5 W/mK

cut off at 2.145E6 J/kg

1/4 inch paste thickness

2 inch cradle thickness

3X Uranium rate: stable
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dry sand k =0.13 W/mK

paste k = 2 W/mK

cut off at 2.145E6 J/kg

1/4 inch paste thickness

2 inch cradle thickness

3X Uranium rate: stable

A.62



dry sand k =0.13 W/mK

paste k = 0.67 W/mK

cut off at 2.145E6 J/kg

1/4 inch paste thickness

1 inch cradle thickness

3X Uranium rate: unstable
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dry sand k =0.13 W/mK

paste k = 1.0 W/mK

cut off at 2.145E6 J/kg

1/4 inch paste thickness

1 inch cradle thickness

3X Uranium rate: stable 
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dry sand k =0.13 W/mK

paste k = 1.5 W/mK

cut off at 2.145E6 J/kg

1/4 inch paste thickness

1 inch cradle thickness

3X Uranium rate 
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dry sand k =0.13 W/mK

paste k = 2 W/mK

cut off at 2.145E6 J/kg

1/4 inch paste thickness

1 inch cradle thickness

3X Uranium rate 
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Case 8

file:  K basin Box HeatSinkTube Grout in box solar3.mph

file:  K basin Box HeatSinkTube Grout in box solar3.docx

dry sand k =0.13 W/mK

paste k = 0.67 W/mK

cut off at 2.145E6 J/kg

1/4 inch paste thickness

2 inch cradle thickness

1X Uranium rate: is stable

A.67



Before uranium sludge temperature dependent heating is turned on

after uranium sludge temperature dependent heating is turned on
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1/4 inch paste thickness

2 inch cradle thickness

3X Uranium rate: is stable

A.69



A.70



1/4 inch paste thickness

1 inch cradle thickness

1X Uranium rate: is stable

A.71
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1/8 inch paste thickness went to lower paste thickness because 1/4th inch case

1 inch cradle thickness was not stable in case 7 with 3X Uranium rate and 1 inch 

3X Uranium rate: is stable cradle thickness

This simulation proved to be unstable with .67 W/mK paste conductivity

A.73



changing the paste conductivity to 2 W/mK causes a stable solution

A.74



changing the paste conductivity to 1 W/mK also causes a stable solution
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Parameters

Name Expression Description

radius 0.254 m

wall 6.35E‐03 m

depth 0.0223 m

Twall 273.15 + 50K

ksludge 3.9 [W/(m*K)]

rhosludge 9.60E+03 [kg/m^3]

Cpsludge 290 [J/(kg*K)]

kwall 16.2 [W/(m*K)]

rhowall 8.03E+03 [kg/m^3]

Cpwall 5.00E+02 [J/(kg*K)]

kgrout 0.5 [W/(m*K)]

rhogrout 1.72E+03 [kg/m^3]

Cpgrout 1165 [J/(kg*K)]

tubeLength 0.381 m

BoxWidth 1.219 m

BoxDepth 1.219 m

BoxHeight 1.829 m

ksand 0.5 ‐ .36 [W/(m*K)]

rhosand 1.90E+03 [kg/m^3]

Cpsand 1400 [J/(kg*K)]

qsun 990.541 W/m^2

Tex Twall[K]

heattransfe7.9[W/(m^W/m^2K

heat 2.16E+06 J/kg maximum heat generated by uranium

kshot 30 [W/(m*K)]

rhoshot rhowall [kg/m^3]

Cpshot Cpwall [J/(kg*K)]

Gap 6.35E‐03 m

kpaste 0.67 [W/(m*K)]

rhopaste 2100 [kg/m^3]

Cppaste 1000 [J/(kg*K)]

subtract ‐0.1

tubethick .102/2

tubedist 1.219 ‐ .219

kpHighTCgr 1 [W/(m*K)]

rhoHighTCg 2.62E+03 [kg/m^3]

CpHighTCg Cpgrout [J/(kg*K)]

emis 0.84 picked and emisivity of 0.84

picked a lowish heat transfer coefficent  (see heattransfercoefficent parameter)

http://www.engineeringtoolbox.com/overall‐heat‐transfer‐coefficients‐d_284.html

heat transfer coefficients are generally between 10 to 100 W/m^2*K for air to metal

http://www.engineeringtoolbox.com/overall‐heat‐transfer‐coefficient‐d_434.html
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Case 9

file: K basin time dependent4 with convective cooling.mph

file: K basin time dependent4 with convective cooling.docx

Stability Limit Temperature

r=f(Temp) r=f(Temp) r=3*f(Temp) r=3*f(Temp)

U Thermal Conductivity Baseline U depth 2X Baseline U depth
2X Baseline U 

depth

Baseline U 

depth

3.9 55 43 25 39

1.8 54 41 23 38

0.5 53 39 20 36

0.3 52 37 18 35

heattransfercoefficent = 7.9 [W/m^2*K]

Basline U depth is 2.23 cm

Convective boundary with ambiant temperatures at 25 C
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heating rate equation

q(T)= (10^(9.9752‐3565.8/T))*(65*2156.3/3600)*1000

qtotal = q(T)+.9E3 W/m^3

A.79



Stability Limit Temperature

r=f(Temp) r=f(Temp) r=3*f(Temp) r=3*f(Temp)

U Thermal Conductivity Baseline U depth
2X Baseline U 

depth

2X Baseline U 

depth

Baseline U 

depth

3.9 46 33 12 29

1.8 46 32 11 29

0.5 45 31 9 28

0.3 45 30 8 27

heattransfercoefficent = 3 [W/m^2*K]
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Case 10

file:  K basin Box HeatSinkTube Grout in box solar long tube and cradle.mph

file:  K basin Box HeatSinkTube Grout in box solar long tube and cradle.docx

cut off at 2.145E6 J/kg dry sand k =0.13 W/mK

1/4 inch paste thickness paste k = 0.67 W/mK

1 inch cradle thickness 1X Uranium rate: is stable
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cut off at 2.145E6 J/kg dry sand k =0.13 W/mK

1/4 inch paste thickness paste k = 0.67 W/mK

2 inch cradle thickness 3X Uranium rate: unstable

A.83



cut off at 2.145E6 J/kg dry sand k =0.13 W/mK

1/8 inch paste thickness paste k = 0.67 W/mK

2 inch cradle thickness 3X Uranium rate: unstable

cut off at 2.145E6 J/kg dry sand k =0.13 W/mK

1/8 inch paste thickness paste k = 1 W/mK

2 inch cradle thickness 3X Uranium rate: simulation crashed

cut off at 2.145E6 J/kg dry sand k =0.13 W/mK

1/8 inch paste thickness paste k = 1.5 W/mK

2 inch cradle thickness 3X Uranium rate: unstable

A.84



cut off at 2.145E6 J/kg dry sand k =0.13 W/mK

1/8 inch paste thickness paste k = 1 W/mK

4 inch cradle thickness 3X Uranium rate: simulation crashed

cut off at 2.145E6 J/kg dry sand k =0.13 W/mK

1/8 inch paste thickness paste k = 1.5 W/mK

4 inch cradle thickness 3X Uranium rate: simulation crashed
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cut off at 2.145E6 J/kg dry sand k =0.13 W/mK

1/8 inch paste thickness paste k = 0.67 W/mK

4 inch cradle thickness 1X Uranium rate: is stable
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‐0.5 z direction

‐0.5 y direction

cut off at 2.145E6 J/kg dry sand k =0.13 W/mK

1/4 inch paste thickness paste k = 0.67 W/mK

1 inch cradle thickness 1X Uranium rate: is stable

A.88
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‐1 z direction

‐0.5 y direction

cut off at 2.145E6 J/kg dry sand k =0.13 W/mK

1/4 inch paste thickness paste k = 0.67 W/mK

1 inch cradle thickness 1X Uranium rate: is stable

A.90



A.91





PNNL-24200 
53451-RPT21, Rev. 0 

 

 

Appendix B 

Report Review Documentation 





PNNL-24200 
53451-RPT21, Rev. 0 

 

B.1 

Appendix B 
 

Report Review Documentation 
 
 

1 Software Quality Assurance Plan for Uses of Console  
2 Technical Review of COMSOL Modeling – Paul Humble 
3 Technical Review of Report and Spreadsheets – Sergey Sinkov 
4 Technical Review of Parameter Selection – Calvin H. Delegard 





Software Quality Assurance Plan for Use of COMSOL Multiphysics in Project 64078

Revision History

Rev. # Effective Date Description of Change

0 Initial release.

Approvals

Name and Title Approval Signature Date

David E. Stephenson,
Analyst 9rnL^s.rr{ t

'Ar,) 3/23/15

Andrew J. Schmidt.
hoject Manager MLJJh.,l 3/23/15

William C. Dey,
hoj ect Quality Engineer "hf;!!^#- u, fu^, 3/241r5

Kary M. Coolq
Software' Subj ect Matter Expert

3n4/15

Steve N. Schlahta
Project Management Office Director,
Nuclear Science and Legacy Waste

./."/ *

Page I of5

D3G711
Typewritten Text

D3G711
Typewritten Text

D3G711
Typewritten Text

D3G711
Typewritten Text

D3G711
Typewritten Text

D3G711
Typewritten Text

D3G711
Typewritten Text

D3G711
Typewritten Text

D3G711
Typewritten Text
March 25, 2015

D3G711
Typewritten Text



Software Quality Assurance Plan for Use of COMSOL Multiphysics in Project 64078 Rev.0

I Software Quality Assurance Plan for Use of COMSOL Multiphysics in Project 64078

This section documents the rigor deterrrination for PNNL software quality assurance (SQA) requirements, p€r the HDI
Use or Develoo Software workflow. The purpose is to provide adequate confidence that a softwaxe process has been
identified and that the use, modification, and/or development ofsoftware will meet established requirements, as
applicable.

Table I - Software Risk & Classification Determination

EPR Software Risk Source (rating): HighAvledium/Low: Medium - Project 64078
01126/201sSchmidt. Andrew J

Select your software work activity, per the HDI Use or Develop Software workflow (Check all that apply):

X Use or Develop Software for Analysis (EPR Software Risk: MEDIUM)

n Develop Software for Delivery (EPR Software Risk: MEDIUM)

n Develop Prototvpe (EPR Software Risk: LOW)

8 Not Safety Software (go to Section 3)

X Safetv Software (per DOE Order 414.1D) (EPR Software Risk: HIGH):

For Safety Software, the following is required:

G r a d e :  n A  n B  n C

Categorv:

tr Safety System Software

J HazardAnalysis and Design Software

n Management and Administrative Controls Software

SQP Name: (last name, first name, middle initial)
A Sofiware Quality Practitioner (SQP-H) is required (go to Section 4)

E Not High Assurance Software

n High Assurance Software (EPR Software Risk: HIGH):

SQP Name: (last name, first name, middle initial)
A Soft-vvare Quality Practitioner (SQP-H) is required

Description and Intended Use

COMSOL
Multiphysics

Description: COMSOL Multiphysics is a finite
element analysis, solver, and simulation software / finite

R&D SQ Summary Planning Template Rev. I .0 (December 2014), as adapted for project 64078 by AJ Schmidt on 25 Jan 2015.
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element analysis (FEA) software package for various
physics and engineering applications, especially coupled
phenomena, or multiphysics. The software is cross-
platform (Windows, Mac, Linux). In addition to
conventional physics-based user interfaces, COMSOL
Multiphysics also allows for entering coupled systems
of partial differential equations (PDEs). The PDEs can
be entered directly or using the so-called weak form. In
this case, heat transport equations came from the heat
transfer module, which has preprogramed boundary and
transport equations.

Intended use of software/analysis/results : Model
various scenarios in the solidification and subsequent
handling of the KW Basin settler tube material to
investigate thermal stability. From the client ME
Johnson, Senior Technical Adviser (CHPRC),
(111912015): I believe the COMSOL model will be used

for "Key input to decision making (quatitative)" andfor
Waste Management. The model output is not being used

for Nuclear Safety decisions which have been addressed
through separate analyses.

COMSOL Heat
Transfer Module

5

Version includes the full heat transfer module which
among other things, allow efficient handling of heat
transfer via convection and radiation.

Intended Use: Same as above, but allowing for greater
complexity of heat transfer modeling.

Use

Software Quality Assurance Plan for Use of COMSOL Multiphysics in Project 64078 Rev.0

R&D SQ Summary Planning Template Rev. 1 .0 (December 2014), as adapted for project 64078 by AJ Schmidt on 25 Jan 201 5.
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Software Quality Assurance Plan for Use of COMSOL Multiphysics in Project 64078

1.1 fJse or Develop Software for Analysis

The table below specifies how software quality requirements will be met:

Table 2 - Use or Develop Software for Analysis; Software Quality Requirements

Rev.0

Describe if software needs to be acquired and/or developedfor the analysis.

Response: Licensed COMSOL software is available at PNNL; procurement was not required.

Document what the soffiitare is supposed to do and how well it's supposed to do it (features/functions. Don't
describe the intended use as described above in Table I).

For our application, a model is set up to represent the geometry of the scenario being investigated. Boundary
conditions are set by the user. Thermal properties are set by the user (density, thermal conductivity, heat
capacity). Heat generation sources, exothermic reactions, and radioactivity decay heats are input into the
model. The model is then used to determine temperature of the system as a function of time and location. To
compensate for uncertainties in how well thermal properties are known, bounding conditions for the properties
and heat sources are evaluated during modeling. The goal is to understand conditions that lead to a
temperature greater than 100 oC in the uranium sludge layer. If 100 oC is reached, the configuration is
considered thermally unstable. The model must give reliable predictions within established bounding
conditions (example: for uranium reaction rate, the bounding condition is 3x the nominal rate).

Explain how you will control and version your items (evidence) such as tests, test plans, reports, publications,
sofl'vvare versions (use and/or development) so that the work is reproducible and no one else can inadvertently
make changes to your data, etc.

o How will you version or uniquely identifu items?:

A11 work with COMSOL for this project is being performed by a single analyst (David E. Stephenson) on
two workstations). Code version is specified as 4.3b and 4.3b with heat transport module.

o Documentation, to include data:

A complete model report that documents model definitions, geometry,heattransport equations, meshing,
study configurations, and results will be preserved as a project QA record for each scenario evaluated.
Input parameters for each series of cases evaluated will be preserved as a project QA record.

. Wtll you use any tools to control your items (e.g., will you use SharePoint, date/time stamp, CVS, or a
controlledfile share)?

Each complete model report will have time/date stamp.
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Describe how you intend to verily your work (analysis). This mry be veriJied by reviews (see Reviews section
below); if so, state that herc.

COMSOL Multiphysics provides "A Model Library Manual, Heat Transfer Module, 5.0 COMSOL". This
library contains numerous solved benchmark COMSOL Cases. To veri! correct functioning and installation
ofCOMSOL, the analyst programmed and evaluated the case, "Heat Conduction in a Cylinder" (which was
taken flom a NAFEMS benchmark collection and shows an axisymmetric steady-state thermal analysis).
Results: David Stephenson obtained a result of 332.957 K, which matches the results stated in the benchmark
case of 332.957 K at the same location of r= 0.04 m and z= 0.04 m. David used 557 elements, which was
slightly more than the 540 elements in the benchmark simulation. The 557 elements is the standard finer mesh
in the 4.3b version used here, vs. the benchmark use of the 5.0 venion. The test asainst the benchmark will be
included in the project QA records.

The sarne bench mark was set up an executed on the second workstation. Results were exactlv the same.

Describe how you intend to review the analysis which is produced by the sofiware (e.9., independent review,
technical review, etc.).

Paul Humble, a senior analyst/engineer in the Thermal and Reaction System Group, who is also the lead of the
PNNL COMSOL users group, will perform and document an independent technical review of the COMSOL
modeling performed by David Stephenson.

Cal Delegard (Staff Scientist) and Andy Schmidt (Chief Engineer), both with more 10 years of experience on
the K Basin Sludge Treatment Project, will provide independent technical review of input parameters to the
model.

Signed independent technical review forms will be included in the project QA records.

Summary-level results of the COMSOL modeling will be delivered to the client in a formal PNNL report.
This report will also describe the development of the model input parameters. The formal report will be
reviewed by the client (CHPRC), the project QE (William Dey), independent peer review (Sergey Sinkov or
Randle Scheele), and the PMOD (Steven Schlahta). The software quality assurance management plan, as
documented here, will be reviewed by the PNNL Software Quantity Assurance Subject Matter Expert, Kary
Cook.

Software Quality Assurance Plan for Use of COMSOL Multiphysics in Project 64078 Rev.0
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Report Checklist for Project 53451 -RPT21Rev0. 

Document Title: "Evaluation of Settler Tank Thermal Stability during Page 1 of 1 
Solidification and Disposition to ERDF" 53451-RPT-21 Rev 0. 

Independent Technical Reviewer: Paul Humble 

P~2L~ f4t. Z.l.,, 2..0 I? 
Signature Date 

Scope of Review: COMSOL models used for 10 cases described in 53451-RPT-21 Rev O; 
benchmark case "Heat Conduction in a Cylinder'' used to verify correct functioning and 
installation of COMSOL; - and Sections 8.3 of 53451-RPT-21 Rev. 0. This section of report 
prepared by DE Stephenson and AJ Schmidt. 

If correct: 

initial and Criteria 

date 

l"'1it.U1f'" Pl-4. Are the heat transfer models set up correctly, with appropriate equations and boundary conditions? 

~-,J,/,;;- ()~ Using the model parameters described in the report, are the report results reproducible? 

•l~!J• p~ Are the model results consistent with the analysis and conclusions in the report? 

Comments: My review included opening a copy of each finite element (COMSOL) model described in the report. 

I checked how each model was set up insuring that the heat transfer equations and boundary conditions were 
implemented as intended. I went through the parameters used in the heat transfer equations for the different 
material domains to make sure there were no transcription errors. I also examined the parameter values including 
the thermal conductivities and heat rates, by solving the model with the parameters used for select cases described 
in the report and comparing the solution to the reported results. 

Figures 8.12 and 8.16, show some discontinuity in the slope of the temperature profile with time at longer times. 
This is a numerical artifact due to automatic time stepping procedure used by COMSOL. Using a shorter time step 
would remove these discontinuities in the maximum temperature profiles. However, these discrepancies do not 
impact the conclusions of the report. 
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