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ABSTRACT

Currently, to prevent unacceptable degradatiomndustiorage, spent nuclear fuel temperature
calculations are focused on maximum temperaturesnmpliance with the limits specified in
the Interim Staff Guidance of the NRC ISG-11 reviBese calculations can be extremely
conservative in some cases and non-realistic iarstlespecially when material ductility is an
important factor.

Therefore, a long-term collaboration project bemvdeNUSA Industrias Avanzadas S.A.,
S.M.E and Universidad Politécnica de Madrid (UPM3 been launched in order to obtain more
realistic cladding temperature results during tpantsand storage, and its evolution with time.

Thermal analysis have been developed for the TNs?drage cask configured for PWR with
helium backfill gas. The main reason to chooseliNe24P cask is that experimental data are
available and simulation results can be comparedgasured test data.

Two computer codes, COBRA-SFS and STAR-CCM+, haanlused. This paper is focused
in COBRA-SFS, a thermal-hydraulic analysis codeettgyed by PNNL specific for spent fuel
storage and transportation casks.

Considering the following parameters (velocity,hatpy, temperatures, mass flux ...), good
agreement between the experimental thermocoupdeatiat COBRA-SFS code predictions are
obtained. Additionally, different sensitivity analg for key parameters have been performed:

(1) Gaps between the basket and the inside wall afdBk. Results show an important
impact in the simulations.

(2) Helium flow rate distribution. The analysis shomegligible effect by this factor
due to the low velocity and low pressure the helhas inside this cask.

Additionally, several scripts that process COBRASSRput and output data have been set. As
a conseqguence, the results are shown as heat nagpagraphic. The user can choose the
parameters and/or the assembly from which to shewsdsults.

Creating different simulation cask models and dgvielg a methodology to obtain useful
understanding of thermal behaviour of spent fuelagie and transportation systems is one of
the main objectives of this project, therefore utufe works other storage casks designs are
going to be analysed.
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1. INTRODUCTION

The COBRA-SFS (Spent Fuel Storage) code [1] pravitie capability for thermal modeling
of the entire storage module (including fuel asdespcanister internals and overpack). This
code performs thermal-hydraulic analyses of mudfeanbly spent fuel storage and
transportation systems. It uses a finite differeapproach to predict flow and temperature
distributions in spent fuel storage systems and &ssemblies, under forced and natural
convection heat transfer conditions, in both stestdye and transients.

The TN-24P cask has been chosen to be modeleddbe extensive literature available and
the published testing results performed by EPRI [2]

1.1 COBRA-SFS basic structure

COBRA-SFS code calculates the fuel temperatureugiool in a container. This input is highly
structured and organised into five basic categanegoups:

1. The physical properties of the solid materiald working fluid
2. The flow channel geometry and solid node stmectu

3. The constitutive models for the flow and heahsfer solutions
4. The boundary conditions

5. Solution control parameters and output options

The COBRA-SFS model is constructed by dividing tlhsk into a set of finite volumes or
nodes, consisting of assemblies which are madef ghannels that represent the fluid flow
paths and rods that represent the fuel. The charamelbounded by solid conduction nodes
(slabs) which represent the solid structure ottek (canisters, support baskets, shield yielding
and structure shells).

Figure 1 is a scheme of the TN-24P storage castaican, meanwhile Figure 2 represents the
cross-section of the node map resulting of 365dsotides and 44 assemblies, 24 with fuel
assemblies inside meanwhile 20 are empty chanoetoblant (helium) recirculation.
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Figure 1. TN-24P cask structure Figure 20€5-section of the COBRA-SFS model
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1.2 Conservation equations

The governing equations for flow of a single-comgminmixture can be formulated on an

arbitrary fixed Eulerian control volume [1]. Thip@oach is used to develop the conservation
equations solved in the COBRA-SFS code. Integrérzes for mass, energy, and linear
momentum are formed on the arbitrary Eulerian adntolume, then applied to subchannel

modeling with appropriate definitions and simpHions (see [1]), and converted to partial

differential equations over the subchannel contablime.

2. TN-24P MODEL

2.1 Test conditions

The test consisted of loading the TN-24P cask 24tPWR spent fuel assemblies from Virginia
Power’s Surry reactor. Testing was performed wabuum, nitrogen and helium backfill

environment in horizontal and vertical cask oriéota In this paper only the vertical

orientation cask with helium backfill is analysediwan ambient temperature of 20°C.

The Surry spent fuel assemblies used during teatia@f a standard Westinghouse 15x15 rod
design with fuel assembly decay heat generati@s tatalled 20.6kW at the start of testing and
20.3 kW at the end of testing for an average of Bb(er assembly. Figure 3 shows the
predicted axial decay heat profile assumed for éaehassembly.
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Figure 3. Axial decay heat profile [2]
2.2 Input Python scripts

Due to the non-user friendly interface COBRA-SFRlecdias, Python scripts have been
developed to help the user create the input fitekta post-process the results so they can be
analysed easily.

Therefore, each group described in section 1.Jalssipt to create that part of the input code.
This is done by writing a matrix using an Excet fihat defines each group of the input:

* Channel: specifies flow field geometry.
* Rods: defines fuel rod geometry and thermal conorestbetween fluid channels and
rods.
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» Slabs: specifies slab node geometry, defines biatmal connection types, assemblies
and the map of solid conduction nodes.
* Radgen: specifies the thermal radiation exchangierimfor rod arrays and slab nodes.

The rest of the input must be written directly hg user, but since these input groups are the
most tedious, having these scripts makes work neasker and reduces user errors.

Figure 4 is an example of the process followed¢ate the input file needed for COBRA-SFS.
First, the user has to create different node mapgxcel to define all the contacts between slabs
and each assembly, then the user runs the scdgireaily the script process the Excel data and
provides a .txt file with the input needed for egcbup defined previously.

Excel map node definition COBRA-SFS input

Python script

Figure 4. Input generation using Python scripts

To calculate the exchange factors of assemblieb watls inside, COBRA-SFS has an
additional code RADGEN where defining the geomefrthe assembly, emissivity and number
of rods inside, provides the thermal radiation hestsfer coefficients in a new .txt file called
tapelO that can be read directly by COBRA-SFS.

Whereas for assemblies with no rods inside, thbéaxge factors must be calculated by hand
using the cross-string correlation approach (Hdi@d7). Depending on the cask model, these
calculations can become quite tedious. To sole #iPython script has been created. It consists
of different geometries depending on the assemébneetry definition and with an option for
the user to introduce any geometry not pre-defimethe script, as well as the option to
introduce a curve segment correction in each phie@tk geometry, very useful as most
peripheral assemblies have curved sections (F@ure

2.3 Output Python scripts

Processing the output file is not simple nor usentlly. The user has to import the data to a
post-processing tool (Excel, Matlab,...) region bgioa. Therefore, Python scripts have been
developed to process these results easily andsepréne data of interest as a profile plot or



Proceedings of the 19th International Symposium on the
Packaging and Transportation of Radioactive Materia  Is
PATRAM 2019

August 4-9, 2019, New Orleans, LA, USA

coloured map. These scripts allow the user tolsenin variables such as pressure, enthalpy,
temperature, density, mass flux, volume flux andcitgy at different heights.

Figure 5 shows temperature values in the assendig@solid structures of the canister, using
Python post-processing scripts and temperaturessemably 9 (assembly with the highest
temperature in the cask).
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Figure 5. Post-processing of temperature resultagi®ython scripts

3. TN-24P RESULTS

Figure 6 shows the peak temperature results ohdtiest assembly (assembly 9, in the center
location in the basket, in the hottest rod, numbgéB) obtained with COBRA-SFS code,
compared to the measurements of the thermocouggi(ilthis assembly. The code predicts
very good results regarding maximum temperaturestéal in the center of the axial height of
the rod (220°C), but in the upper and lower hewjhthe rod these temperatures have some
differences compared with the measurements of e This could be a result of several
possibilities, one the boundary conditions of tkpegiment, there is no precise information
about where the cask was located when the experwesnperformed in the warm shop, and
the other option is due to how COBRA-SFS modelsigiyeer and lower plenum (a single node
where the gas pressure and temperature is instantld), this might explain the difference
between temperatures at the bottom of the caskhendpper parts of the assembly.
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Figure 6. Temperature (°C) vs TC (interiesambly) Figure 7. Temperature (A]CTC (peripheral assembly)
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For the peripheral assemblies, predicted tempearatane slightly different compared to TC. In
Figure 7, temperature results for assembly 1 gseesented compared to TC measurements
where COBRA-SFS predicted results have a differefd®-15 °C in temperature.

3.1 Helium flow rate distribution sensitivity analysis

Trying to find the reasons for such difference,liebum flux behaviour inside the canister was
analysed in detail, it was found that all the haliflux comes down only through two specific
assemblies as shown in Figure 8. This is not asteasolution due to the symmetrical initial
and boundary conditions in the system, so the mmeflux behaviour should be symmetrical
too. It was expected that all outside assembliesefablies without rods) would act as channels
for the thermo-syphon closing the helium loop. Téffect has been proven to appear only using
helium as coolant, other simulations with nitrogemd vacuum have been studied with no

unusual behaviour in the flux.
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Figure 8. Helium flux velocity (mm/s)

Therefore sensitivity studies have been done comugthis unusual flux behaviour. To do this,
the same simulation has been simulated in STAR-C@MMere the flux distribution is obtained
and introduced in COBRA-SFS. Figure 9 represemséw symmetric helium flux distribution

in different planes of the cask.

Figure 9. Helium flux velocity (mm/s) lower planeft) and upper planes (right)
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Figure 10 shows the results obtained with COBRA-88 the new helium flux distribution
compared with the case with the unusual flux betawwhere the maximum differences are
3°C.

It can be concluded that this unusual flux behavioasn’'t shown an important effect on
temperature, main parameter of interest in thesalations, due to the low velocity the helium
flux has inside the TN-24P cask.
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Figure 10. Temperature comparisons results with BTlAx distribution in COBRA-SFS

3.2 Gap effect

To estimate the temperature impact of the contaetiseen the canister and the inside wall of
the cask (Figure 11) sensitivity analysis consitgdifferent gap values have been developed
for the TN-24P model.
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Figure 11. Gaps in TN-24P

Since no information regarding tolerances for thgeas are included in [2], three main cases
have been analysed: a full contact case, an adiabase and finally a half contact case.
Although the full contact and the adiabatic casesan-realistic, they give the results on both
edges. These results give a temperature range whemmal expansions are going to be
produced, therefore a half gap contact has also inekided due to the symmetry of the cask.
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Table 1 represents the Minimum Cladding TemperattWM&T) and Peak Cladding
Temperature (PCT) impact for these three casesenthe difference between the full contact
case and the adiabatic case is 20°C in PCT. RegalliC T, temperature differences are not so
high, with 5°C of difference between the two exteerases.

Full contact | Half contact | Adiabatic
PCT (°C) 215.7 225.9 234.8

MCT (°C) 75.4 78.5 80.3
Table 1. PCT and MCT (°C)

In Figures 12 and 13 temperature profiles compawe@C measurements are shown in an
interior assembly (9) and in a peripheral assertlyResults show the adiabatic case increases
a maximum temperature of 20°C compared to the TRlgare 12, and 30°C compared to TC
measurements in Figure 13 where the differencegdeet the full contact case and the adiabatic
case are 18°C.
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Figure 12. Temperature in assembly 9 Figure 13. Temperatin assembly 1

Gap sensitivity studies show high differences mgerature results for the small regions the
gaps represent, therefore two cases should besada{gdiabatic and full contact) to obtain a
temperature limit range. As a best practice, ifedhsk is symmetric, establishing half contact
gaps can be a solution for COBRA-SFS temperatstse

4. CONCLUSIONS

COBRA-SFS code has very low computational time @nolvides good results for fuel
temperature during dry storage. However, buildiataded thermal models with COBRA-SFS
IS not a trivial process but can be extremely Usefuiterms of obtaining deeper understanding
of thermal behaviour of spent fuel storage andsjpartation systems. To help the user generate
the input file and post-process the results, séueython scripts have been developed at
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ENUSA-UPM, these scripts save time and avoid usersethat can be easy to make while
writing the input file.

The results obtained for the TN-24P cask filled wiph helium, compared to measured
temperature data shown accurate temperature reggigisre 6) and have particularly good
agreement in the center of the assembly, wherantdd@amum temperature is located, with
maximum differences of 15°C in peripheral assersblie

The post-process scripts make the results lecagierewith graphics and coloured maps, thank
to these scripts, parameters such as helium flaxbeaanalysed. This lead to the unusual
behaviour that the helium flux showed (Figure 8).dnalyse this impact, sensitivity studies
have been made, coming to the conclusion that teahpes are not affected by this unusual
flux distribution due to the low helium velocitysitde the cask.

To complete the simulations, the effect of the bajween the canister and the inside wall of
the cask has been analysed, proving the high impase parameters have in temperature
results, as shown in Figures 12 and 13. To obtafstic temperature solutions, analysing an
adiabatic case and a full contact case shoulddastgpractice to do in any thermal calculation.

Creating different simulation cask models and dewelg a methodology with the aim of
obtaining useful understanding of thermal behavimiuspent fuel storage and transportation
systems is one of the main objectives of this mtofherefore currently other storage casks are
being developed at ENUSA using COBRA-SFS as we8 BAR-CCM+.
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