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ABSTRACT

The performance of commercial nuclear spent fugl slorage casks is evaluated through
detailed analytical modeling of the system’s thérperformance. Therefore, a thermal
modeling subcommittee has been created in the Heteibtorage Collaboration Program
(ESCP), which consists of different phases.

The purpose of Phase | was to produce validati@itgudata that can be used to test the
accuracy of the modeling presently used to determlimdding temperatures in modern vertical
dry casks. To produce these data sets under waltatled boundary conditions, the dry cask
simulator (DCS) was built at Sandia National Labaras to study the thermal-hydraulic
response of a single boiling water reactor (BWR) assembly under a variety of heat loads,
internal vessel pressures, and external configunsati

In this paper, the modeling results of ENUSA-UPM aompared to a select set of the DCS
tests. An explicit model has been created usingFSCALM+, a computational fluid dynamics
(CFD) code, and representing fuel rods and watds no the assembly in detail, which results
in the advantage of the cladding temperature feryerod being calculated discretely. To define
the test boundary conditions, the basic geometny,naaterial properties, a handbook with the
required information was provided by Sandia Natidrzoratories.

The results for a selected number of cases (5 kW¥#F0 kPa and 800 kPa; 0.5 kW for 100 kPa
and 800 kPa) show good agreement with the expetahéata, with a maximum relative peak
cladding temperature (PCT) error of 3%. Note thighr@ssures are absolute.

Regarding the air mass flow rate results, a maximelative error of 10% compared to the test
measurements is obtained, except for the low pre$$00 kPa) and low power (0.5 kW) cases,
where the relative error is higher (20%). This @aged error is likely related to the high
sensitivity observed in setting the inlet boundaoydition as a jump in air pressure.
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1. INTRODUCTION

The purpose of the Aboveground Dry Cask SimuldlfZ$) test was to provide data set that
can be used to test the validity of the modelingspntly used to determine cladding
temperatures in vertical dry storage casks. Toywedhese data sets under well-controlled
boundary conditions the DCS was built at Sandiaddat Laboratories to study the thermal-
hydraulic response of fuel under a variety of heatls, internal vessel pressures, and external
configurations. In this work 4 cases have been kited for different helium pressure vessel
and powers: 100 kPa and 5 kW; 100 kPa and 0.5 0 k®a and 5 kW; and 800 kPa and 0.5
KW.

In Figure 1 the general design of the Abovegrou@BDs represented. It consists of a single
9x9 boiling water reactor (BWR) fuel assembly dgplb inside of a representative storage
basket and a cylindrical pressure vessel that septe the canister filled with helium.
Externally to the canister, air flow is buoyantigluced in the annulus between the canister and
the outer shell. The four air inlets at the bottpant of the DCS have honeycomb elements
inserted to straighten the flow, see [1].

The 9x9 BWR fuel assembly has 74 rods, 66 fullfleragnd 8 partial length rods with two water
rods.
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Figure 1. Aboveground DCS general design (righgnpriew (upper left) and internal helium flow (lemleft)

2. MODEL DESCRIPTION

To simulate this DCS test, an explicit model hasrbereated using STAR-CCM+ version
13.02.011, a computational fluid dynamics (CFD) omercial code. CFD codes use finite
volume numerical methods that solve an integrainfaf the fluid governing equations for
mass, momentum, and energy using body-fitted me#lmesmore information about STAR-
CCM+ CFD, see [2].
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The mesh of the simulation model extends from thdding of each rod to the outer shell (see
Figures 2 and 3).

Figure 2STAR-CCM+ explicit model FigureSSTAR-CCM+ explicit model ¥4 symmetry mesh
2.1 APPROXIMATIONS AND TREATMENTS

To reduce computational cost and modeling eff@groximations and additional hypothesis
have been applied to the DCS model.

As the model is symmetric, half of the geometry hasn modeled to reduce meshing and
modeling efforts. Invoking symmetry leads to a éased number of cells in the mesh and
directly reduced computational cost.

The test assembly has been modeled starting atrtbecladding and extends to the outer shell.
Each fuel rod and water rod are modeled as holldinders, see Figure 4. Heat flux is applied
at the inner face of the cladding. Helium flovcédculated inside the water rods and interstitial
spaces between the fuel rods. The spacers weresimatlated due to the additional
computational cost.

Qutlet

Figure 4. Model partial and full length rods

2.2 STRUCTURES AND BOUNDARY CONDITIONS

A detailed structure of the model in STAR-CCM+apresented in Figure 5. The outside vessel
Heat Transfer Coefficient (HTC) has been obtaimedhfcorrelations and takes into account
the radiation with the environment. The top anddiatof the canister have been considered
adiabatic (as insulated walls), as suggested itetespecifications.

3
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Figure 5. Detailed DCS modeling structure

For boundary conditions, pressure outlets have beéned and the inlet honeycomb elements
have been modeled as a pressure jump betweereds/dutlets (stagnation inlet) calculated on
the basis of data provided by Sandia National Lalooies [1].

The flow regime inside the DCS has been estimatdzbtturbulent, and therefore it has been
modeled as RANS turbulent model: the Realizable KShear Driven), chosen by taking into

account sensitivity studies done by ENUSA IndustAaanzadas S.A., S.M.E and UPM for

other containers [3].

The physical and numerical models used in the sittaul are summarize in Table 1.

Table 1 STAR-CCM+ physical and numerical scheme
STAR-CCM+ physical and numerical scheme

Pressprevelouty Coupled flow and energy
coupling

Discretization 2" order

Time discretization Steady State

Gas model Ideal gas (helium, air)

Solid material properties Defined in the DCS handbook
Variable with temperature (for both

Thermal properties fluids and solids)

Turbulence model Realizable ke (Shear Driven)
Wall function Two layer all y+ wall treatment
Radiation model S2S

83.3 kPa (Ambient pressure in

Reference pressure Albuguergue, NM)
Mesh Directed Mesh + Automated Mesh
3. RESULTS

Results obtained for the four cases simulated@/5and 100 kPa; 5 kW and 100 kPa; 0.5 kW
and 800 kPa; and 5 kW and 800 kPa) using the nuehalribed in this work are included in
this section.

In Tables 2 and 3 air mass flow rate and peak atlad@mperature (PCT) results obtained for
the four simulations compared to the test resuésammarized.
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Table 2 Air mass flow rate results

Power Pressure Test air mass ENUSA-UPM air Absolute air mass  Relative air mass
(kw) (kPa) flow rate (kg/s) mass flow rate flow rate error flow rate error
(kg/s) (kg/s) (%)
5 800 0.0660 0.0600 0.006 9.1
5 100 0.0721 0.0642 0.008 11.0
0.5 800 0.0243 0.0252 0.001 3.5
0.5 100 0.0288 0.0215 0.007 255

Regarding air mass flow rate results in Table 2 thinimum difference between test
measurements and simulation results are for theplawer (0.5 kW) and high pressure (800
kPa) case with a relative error of 3.5%.

In a previous simulation, the error obtained fa& libw power (0.5 kW) and high pressure (800
kPa) case gave an error of 80%, so reviewing apdawing this simulation was one of the first
goals. After checking different parameters inclgdooundary conditions and meshing, the air
pressure differential between the pressure inldt@essure outlet (both initially set to 0 Pa
absolute) was found to be incorrect. Although tbdeccalculates hydrostatic pressure in the
computational domain, the boundaries do not congien®r the hydrostatic pressure. This
results in certain downward flow from the outletthe inlet (if the vessel had not been heated
the flow would flow from outlet to inlet). This cde fixed by initializing the pressure inlet
with a pressure of 4.4 Pa (approximately the hyidt@spressure), with this the 800 kPa and 5
kW case went from an error of 80% in mass flow toae reasonable value of 3.5%.

In Table 2, the low power (0.5 kW) and low press(t®0 kPa) case relative error is
approximately 25%. It should be noted that thisiitesorresponds to the value obtained before
the correction of the pressure inlet explainedhia previous paragraph had been taken into
account. The results are expected to improve bgdating this pressure inlet in the simulation.

Table 3 PCT results

Power Pressure PCT axial Test PCT ENUSA-UPM Absolute PCT Relative PCT
(kw) (kPa) level (m) (K) PCT (K) error (K) error (%)
5 800 3.93 659.00 648.26 10.7 1.6
5 100 1.05 716.00 737.14 21.1 3.0
0.5 800 4.00 359.00 358.05 0.9 0.3
0.5 100 1.94 376.00 380.10 4.1 1.1

In Table 3, PCT results show good agreement wigreBmental measurements yielding a
maximum relative error of 3% for the high poweki®), low pressure (100 kPa) case. Due to
setting an air pressure jump, the PCT resultsedatively unaffected compared to the effect on
air mass flow rate. When setting a pressure antbe the relative error in PCT improved from
2.6% to 0.3% for the 800 kPa and 0.5 kW, as showiable 3.

In Figure 6, the temperature distributions for & kW and 800 kPa and 5 kW and 800 kPa
cases are presented.



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

0.5 kKW - 800 kPa

Figure 6. Temperature distributions (K)

In Figures 7 and 8, flow velocity vectors are ragreged at the inlet of the DCS, outlet and at
the mid-height of the cask, respectively, for thee K0V and 800 kPa case. As can be seen in the
Figures, air flow enters through the honeycomb el&s) modeled as a pressure jump, and rises
up the height of the cask via natural convectioth® outlets at the top of the cask where it
exits at a higher temperature and velocity. It @lao be seen that the flow near the canister is
at higher velocity than the air next to the shedllw

052657
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Figure 7. Flow velocity vectors outlet (m/s) Figure 8. Flow velocity vectanget (m/s)

Due to paper extent limits, only the most represtare results have been included in this
section. Figures 9 and 10 represent the maximunaeachge fuel temperature results obtained
for 0.5 kW and 800 kPa and for 5 kW and 0.5 kW1f0® kPa cases compared to experimental
results. Temperature profiles show good agreemeiiita maximum difference of 9 K between
the model and experiment results for Figure 9. Tenapire comparisons to the experiment in
Figure 10, show slight deviations in the modelieguits at the top of the fuel axial level, which
is directly related to the top of the canister geaonsidered adiabatic and will be discussed
later. All four cases present this approach, withd kW and 100 kPa case showing the largest
discrepancy.

0.0015610
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Axial Level versus Average Fuel TC
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Figure 10. Average Fuel Tempera (K)

In Figures 12 and 13 temperatures on the othettses of the test assembly such as the basket
and the outside shell are shown. Both Figures st@asame behavior between the model
results and the thermocouple (TC) measurementsdiffiérences at the top of the fuel axial
level related to the adiabatic assumption maddhfese cases. Despite these differences, the
results show good agreement between model resultmaasured data.
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Model to experiment comparisons included in Figurésand 15 show the deviations detected
between ENUSA-UPM model and the test measurements.

Axial Level versus Minimum Fuel TC Axial Level Versus Maximum Fuel TC
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Figure 13. Minimum Fuel Temperature (K) Figure 14. Maximum Fuel Temgture (K)

Temperature comparisons to the experiment givdfigare 14 show a slight deviation in the
modeling results at the top of the fuel axial lewehich is directly related to the top of the
canister being considered adiabatic due to anatstilwall (as stated in the DCS Handbook,
[2]). This approach has proven to significantly erestimate heat transfer near the top of the
assembly. This can be seen in the rest of the cabésh is most evident for the high power (5
kW) cases.

Figure 15 shows a large discrepancy between theriexent and the simulation model. One
hypothesis for this discrepancy is that treatirgghtelium as an ideal gas at high pressures might
not be correct and lead to the significant errmvai above. The absence of the spacers in the
assembly might offer another explanation for thiféedences found between the model and the
experiment data. Future work is needed to tesethgpotheses.

4. CONCLUSIONS

In this work, it is shown that realistic results RCT and overall temperature distribution using
CFD calculations can be obtained successfully. Natess, there is still work to be done. The
simulation results have good agreement with thentesisurements as can be seen in Figures 9
to 12. Peak cladding temperatures in particulaeas in Table 3 show good agreement, where
the maximum relative error is 3% for the high poiEekW) and low pressure (100 kPa) case.

One of the main advantages of using an explicit ehaglthe ability to obtain the cladding
temperature on a rod-by-rod basis in the simulat@adding temperature is a key parameter



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

to prevent unacceptable cladding degradation dustogage, such as creep and hydride
reorientation that can appear at high cladding txatpres. This detailed approach also allows
the use of fewer assumptions, such as fixing artaeconductivity or a pressure drop in the

fuel area. As a disadvantage, creating an exptiodel requires more work regarding meshing
and geometry modeling for the user.

As main areas for improvement, sensitivity studegdurbulence models that have been done
for other works (see [3]). In addition, addressoampressibility issues for the helium gas
model at high pressures and introducing the spatceéhe model are some areas of interest for
further exploration.
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