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Overview
• Part 1: Simple Model and Complex Physics Behavior 

–HEU Solution stored in sloped bottom tanks
–Projected Areal Density 

• Function relationship
• Part 2: Complex Model and Simple Behavior 

–Section 6 Hot of H-Canyon
• Dissolver Operations

–Do dissolvers see each other?
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Part 1
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Motivation for Inquiry
• Investigation was made to establish a mass limit for H-

Canyon vessels based on areal density 
–Most vessels have sloped bottoms
–In some cases, areal density based mass limits were still 

usable 
• Is there a functional relationship between slope of the tank 

and the use of an areal density based mass?
• What does areal density mean in light of sloped tanks?
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Background
• Areal density projects the mass of a 3-D system onto a single plane

– Physically comparable to infinite slab of certain thickness
– Well-understood, experimental basis, easily modeled in computational 

codes
• Assumes that the surface of projection is orthonormal to the 

remaining dimensions of the system 
– Most commonly project vertical axis onto x-y plane to reference material 

staged on a floor, tank, table, etc. 
• In sloped bottom tanks, the bottom plane is not orthonormal to the 

remaining dimensions! 
– Flat is not always economic, convenient, available, or safe from a 

chemical or processing hazard aspect
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Background
• Is there a relationship between slope, area, and what may 

be called a projected areal density (PAD) where the plane of 
projection is not orthonormal to the other dimensions?

• Remember: Areal density is a mathematical construct 
–Modifying the construct in this work, the projection surface is 

sloped  PAD
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Analytical Approach
• Computational modeling performed in KENO-VI of SCALE 

6.1 
–Validated internally for use in HEU aqueous systems 

• Calculations parallel data available in LA-10860
–pure 235UO2(NO3)2 

–no excess nitric acid (removes poisoning effect)
–full reflection modeled by 60 cm of water in all directions 
–reflective boundary conditions.

• Used the KENO macrobody of a rotated wedge to simulate 
sloping of the bottom head. 
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Analytical Approach
• Tank Radii

– 51.4, 70.5, 121.0, and 150.5 cm
• Slopes

– 0, 3.15, 5, 7.5, 10, 15 %
• For fixed slope and radius, vary the 

solution height from 6.35 cm to 300 
cm

• Critical concentration search
– within 1.000 +/- 0.001 
– statistical uncertainty less than 0.001 
Δk

• Can back calculate fissile mass, 
H/fissile, etc. 
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Presenter
Presentation Notes
Tank radii are not random. The numerical precision is an artifact of converting inches to cm not an indicated of measurement tolerance. This effectively bounds the dimensions of most of the process vessels used in H-Canyon. The slopes are meant to span what was perceived to be a reasonable rangeThe 3.15% is close to the actual slope of H-Canyon tanksSolution Height variable is not random. This represents a minimum of 2.5” (compare to 2” always safe slab) up to a point where many of the H-Canyon tanks begin to have mechanical overflow devices. 



Analytical Approach
• PAD presented here is defined as projected onto the 

solution surface
–Data could easily be renormalized to project onto the sloped 

tank bottom. 
• Similar results are obtained from this approach 

• When solution height is less than depth of the “shallow 
end”, solution takes on shape of a truncated wedge. 
–No reason limiting PAD would not occur in these conditions
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Methodology – Partially Filled Sloped Bottom 
• Volume requires numerical integration

– Integrate area over height
• If deep end depth is h and fraction slope of 

the tank is l, then volume of the solution is:

• Line a is the line solution makes with the 
shallow end of the tank
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Methodology – Partially Filled Sloped Bottom 
• As is the surface area we are interested in
• Area of the yellow segment is 

• Knowing 2r = Q + L
• L is determined by depth of solution and 

fractional slope
• At a solution depth of h’

11

𝑟𝑟2

2
𝜃𝜃 − sin𝜃𝜃

𝜃𝜃 = 2aco s 1 −
2𝑟𝑟 − ⁄ℎ′ 𝑙𝑙

𝑟𝑟



Results - PAD
• For each radius and slope, determined the minimum PAD 

that would result in a critical configuration
–As would be done with areal density on flat bottoms tanks 
–Critical heights are measured from the “deep end” of the 

solution, i.e. the point that would be tangent to the low end 
tank wall
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Results – PAD
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Presenter
Presentation Notes
Each data series represents a different slope of the tank bottom The horizontal axis is the critical height of the solution The minimum or limiting PAD, which is the lowest point on each curve, clearly shifts based on slope of bottom head. The smallest height for which a critical configuration can be achieved (i.e. the left most end points of each curve) also varies with the slope of bottom head. At that end point, the unusual truncated wedge shape, even with full water reflection, has sufficient neutron leakage out of the surface area of the solution such that no concentration of fissile material will go critical. Note, the limit of this analysis is the material remaining a homogenous solution, i.e. the concentration of uranium analyzed is kept less than the precipitation limit. For each radius of solution, the behavior followed the same trends but the values varied. Each curve on Fig. 2 represents a different slope and each slope has a unique minimum for the PAD. 



Results – PAD 
• Minimum PAD (g U-235/cm2) for various conditions

• Can be translated into more physical quantities
– Mass (g): 3580 to 31400 depending on tank size
– Concentration (g U-235/L): 25.5 to 44.0, average 31.6
– H/U-235: 575 to 1015, average 825
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Slope
51.4

cm radius
70.5

cm radius
121.0

cm radius
150.5

cm radius
0% 0.4919 0.4669 0.4456 0.4414

3.15% 0.4904 0.4588 0.4022 0.3677
5% 0.4868 0.4476 0.3507 0.2845

7.5% 0.4781 0.4219 0.2886 0.2651
10% 0.4685 0.3887 0.2753 0.2627
15% 0.4305 0.3335 0.2803 0.2713



Results – Overall Behavior Fitted
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Presenter
Presentation Notes
Parabolic fitting was chosen due to its level of accuracy versus the complexity of the equation. Parabolic fitting of the curves (PAD as a function of slope) gave fit R2 values between 0.957 and 0.999 even if some of the curves do not appear parabolic from observation.



Results – Coefficient Fitting 
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Presenter
Presentation Notes
Again, parabolic fitting limited the complexity of the equation while still returning fit R2 values between 0.938 and 0.984. 



Results – Function Fit
• PAD = (6.199*10-8)s2r2 + (8.786*10-7)sr2 + (2.126*10-6)r2 + 
(9.071*10-6)s2r – (5.674*10-4)sr – (8.537*10-4)r –
(1.086*10-3)s2 + (2.919*10-2)s + (5.262*10-1)

• Fit Predicted PAD Percent Different with Calculated:
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Slope
51.4

cm radius
70.5

cm radius
121.0

cm radius
150.5

cm radius
0% -0.81 2.08 1.89 1.02

3.15% 0.06 -0.85 -5.67 -5.30
5% 0.29 -1.50 -1.91 7.70

7.5% 0.36 -0.33 6.13 1.21
10% -0.60 2.47 1.71 -4.38
15% -2.35 4.59 -6.60 3.24

Presenter
Presentation Notes
Therefore, reasonable agreement is expected from an equation with only nine coefficients. 



Conclusions – Part 1
• PAD relationship found to be approximately parabolic in 

radius and slope
• Could be used to adjust down the ANS 8.1 single parameter 

areal density by this trend (function or data) 
–apply lower PAD to the cross-sectional area of the tank in 

question
–some small additional margin

• Could select the lowest PAD and apply that value 
–Provided radius and slope are bounded by the available data
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Part 2
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Section 6 Hot – Complex Model for Simple Question
• Canyon is divided into warm and hot sides based on 

intensity of radiation from the processes
• Divided into 18 sections
• Section 6 Hot contains dissolution operations
• Primary objective to generate highly detailed model of 

Section 6 Hot
–Beyond single vessel, homogenous fuel simplified models

• Do the vessels communicate neutronically? 
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Presenter
Presentation Notes
As the ORNL saying goes, if you can do it, why not over do it? 



Presenter
Presentation Notes
The journey north (and canyon north is not true north) begins with a view of the canyon super structure. Moving top to bottom, I did not model the crane that runs along this ledge and actually there is a opening on the top of the west wall where the crane shielded cab overhangs. It is remote, the cab is only for manual operation if needed. The process cell is in this area and you can see it does have a sloped floor. Cell covers, 4 interlocking concrete slabs per section, sit on the ledges above the process cell. The ledge here is where the transfer piping lays and some storage. The two man-tunnels here are the sample and the valving aisles. I did not model every pipe and valve. 



Presenter
Presentation Notes
Here is with most of the air removed.



Presenter
Presentation Notes
Here is with the top half hidden. Cells are usually separated by a fire curtain, which is stainless steel



Presenter
Presentation Notes
Encased concrete



Presenter
Presentation Notes
The first vessel is the 6.1 dissolver, which we use for our research reactor fuel bundle disposition. The top part is the column which features a condenser on each side. The condensers mainly recirculate nitric acid fumes and steam evolved during the dissolution process. The column contains a column insert, which is a passive device that feeds the fuel to the dissolver in a controlled geometry.



Presenter
Presentation Notes
The tanks have a sloped bottom and an air gap between them and the floor to allow floor flushing. 



Presenter
Presentation Notes
The condensers were modeled with acid vapors inside, but the cooling coils were neglected. The cooling and heating coils in the dissolver were not however. 



Presenter
Presentation Notes
These were simulated as a series of ~200 cylinders; SCALE 6.1 does not have the ring geometry. The blue is air and the purple is bulk solution at about 4 g U-235/L.



Presenter
Presentation Notes
The current 6.1 insert has 10 wells, and we have a passive device installed to let us charge only 5 wells. The off tan-gray color is concentrated fissile solution ~150 gU/L and cross flow holes in the insert are simulated with partial volumes of stainless steel and solution. 



Presenter
Presentation Notes
The fuel assemblies are a bounding version of the Missouri University Research Reactor fuel, where we took three assemblies, ignored the inert aluminum part and combined them into one long assembly. The bundles are an aluminum charging tube containing the assemblies. 



Presenter
Presentation Notes
The fuel is fully detailed in the MURR geometry down to the meat and the cladding.



Presenter
Presentation Notes
Next up are 6.2F and 6.2R which sit on this frame work. 



Presenter
Presentation Notes
6.2F is a filter currently filled with a fiberglass weave and surrounded by a cooling jacket. The filter is mainly to help recapture hydrogen evolved in the dissolution vessels. In older days, when short cooled fuel was processed, it also served to capture gaseous fission products. It is not expected to contain fissile and the components are homogenized. 



Presenter
Presentation Notes
The larger 6.2R is the off-gas reactor. It’s purpose is to recombine hydrogen. Vapors are directed into the internal chamber. Top and bottom heating coils have not been modeled. It is not expected to contain fissile and the components are homogenized.



Presenter
Presentation Notes
The cell contains a sump where spills may collect and be flushed to a downstream tank. It is modeled with a few inches of dilute fissile solution.



Presenter
Presentation Notes
Next up is the 6.3 electrolytic dissolver. This has not been run since the late 1980s but is capable of dissolving stainless steel, zirconium, and other alloyed cladding materials. A potential new mission may reactivate it soon so I modeled it. 



Presenter
Presentation Notes
Unlike the other two dissolvers, 6.3’s condenser sits off to the side of the tank so as to make room for electrical connections.



Presenter
Presentation Notes
Being an electrolytic dissolver, the ~10,000 amp current is sufficient to heat the solution so the coils are for cooling, as is the water jacket unique to this dissolver. The chute is a like the column and column insert on other dissolvers and feeds the fuel in a controlled manner.



Presenter
Presentation Notes
The cathode and anode structures are made of niobium. The actual cathode and anode plates are also coated in platinum to minimize chemical damage while current is applied. The current passes through this niobium basket where the fuel is located. All electrical connections and component interfaces are plated in 24-carat gold to maximize conduction. It is currently empty, the dilute fissile solution is in the model so that 6.3D has a k-effective to calculate. 



Presenter
Presentation Notes
The basket surface is partially covered by aluminum oxide insulators.  I modeled the platinum as W-184 since Pt is not in the ENDF 7.1 238 group library.



Presenter
Presentation Notes
The final dissolver is 6.4. It is currently fitted with a special column and column insert designed for the HFIR cores. It is also good for another type of fuel from France but that is not currently in our mission scope anymore. 



Presenter
Presentation Notes
The lime green solution is bulk solution at about 4 g U/L.



Presenter
Presentation Notes
The condensers serve the same function and are molded the same as 6.1. Coils are also modeled in this tank. 



Presenter
Presentation Notes
The HFIR insert has two wells. One will only fit the inner core element, which is charged on an aluminum carrier, and the element and carrier sit down in a positioning post in the insert. 



Presenter
Presentation Notes
The other well will fit the outer element, but if an inner is charged there, it will not sit on the post. 



Presenter
Presentation Notes
The HFIR core model, courtesy of Oak Ridge National Lab, is simulated with a high degree of axial



Presenter
Presentation Notes
and radial discretization but is not fully detailed. Here you can see it modeled backfilled with bulk solution



Presenter
Presentation Notes
and with the carrier



Presenter
Presentation Notes
and post.





Presenter
Presentation Notes
Finally, a second fire curtain separates us from Section 7 Hot.



Results Part 2 – As Modeled 
• 6.1D k-effective:    0.6628
• 6.2R/F k-effective: 0.0000 (No fissile assumed)
• Sump k-effective:  0.2673 
• 6.3D k-effective:    0.4167
• 6.4D k-effective:    0.7587

• 6 Hot k-effective:  0.7592

• Communication: No
–As expected
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Questions
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Additional Slides
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Results – Overall Behavior – Wedge Limited 
• Height at which Solution Breaks Plane of Shallow End

• Highlighted cases are where minimum PAD occurred in truncated 
wedge shape
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Slope
51.4

cm radius
70.5

cm radius
121.0

cm radius
150.5

cm radius
3.15% 3.24 4.44 7.62 9.48

5% 5.14 7.05 12.10 15.05
7.5% 7.72 10.57 18.15 22.57
10% 10.29 14.10 24.19 30.10
15% 15.43 21.15 36.29 45.15



Results - PAD
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Results - PAD
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Results - PAD
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Results – Overall Behavior 
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Presenter
Presentation Notes
Minimum PAD values were plotted as a function of slope for each radius of tank. 



• Fitted PAD
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Slope
51.4

cm radius
70.5

cm radius
121.0

cm radius
150.5

cm radius
0% 0.4879 0.4766 0.4540 0.4459

3.15% 0.4907 0.4549 0.3794 0.3482
5% 0.4882 0.4409 0.3440 0.3064

7.5% 0.4798 0.4205 0.3063 0.2683
10% 0.4657 0.3983 0.2800 0.2512
15% 0.4204 0.3488 0.2618 0.2801







• Height at which Solution Breaks Plane of Shallow End

• Highlighted cases are where minimum PAD occurred in truncated 
wedge shape

Slope
51.4

cm radius
70.5

cm radius
121.0

cm radius
150.5

cm radius
3.15% 3.24 4.44 7.62 9.48

5% 5.14 7.05 12.10 15.05
7.5% 7.72 10.57 18.15 22.57
10% 10.29 14.10 24.19 30.10
15% 15.43 21.15 36.29 45.15









Presenter
Presentation Notes
Minimum PAD values were plotted as a function of slope for each radius of tank. 



Slope
51.4

cm radius
70.5

cm radius
121.0

cm radius
150.5

cm radius
0% 0.4879 0.4766 0.4540 0.4459

3.15% 0.4907 0.4549 0.3794 0.3482
5% 0.4882 0.4409 0.3440 0.3064

7.5% 0.4798 0.4205 0.3063 0.2683
10% 0.4657 0.3983 0.2800 0.2512
15% 0.4204 0.3488 0.2618 0.2801
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