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Abstract

The spent nuclear fuel from the Chernobyl nucldantpis designed to be stored in Double Walled
Canisters (DWC) at the ISF-2 Interim Storage Fgcillo provide a high degree of confidence in the
results predicted by the FLUENT CFD computer camteshfety evaluation of fuel storage at the ISF-2
facility a full scale prototype DWC was manufactirend tested for it's thermal performance at the
Holtec Manufacturing Division in Turtle Creek, PBAhe DWC was instrumented and fuel heat simulated
by inserting electrically heated rods in the fudbds under two extreme heat distribution scenafips:
Peripherally heated test wherein the heat is agibiethe outermost storage cells; (i) Core hedbmt
wherein the heat is applied to the innermost stoElls. The heater tubes, storage cells, DWC shell

lid were instrumented to measure and record teryres during the testing. To validate the FLUENT
CFD code the thermal tests were simulated on FLUBNTonstructing geometrically accurate 3D model
of the DWC with all internals significant to mimihe thermal-hydraulic state in the DWC. These
included heated rods, fuel tubes, support platdstag DWC shell. The test measurements and FLUENT
results were compared and the predictability of Fh&JENT CFD code for safety evaluation of fuel
storage in double-walled canisters confirmed.

1. INTRODUCTION

The ISF-2_hterim Sorage_facility is designed to store Chernobyl’'s Spent MaclFuel (SNF) in the dry
state in Double Wall Canisters (DWC). The DWC istainless steel canister engineered with two
independent welded barriers (two shells, two bdstep and two lids) to the release of radioactive
material. Fuel is stored in an array of METAMIC luebes supported by a disk-and-spacer assembly.
The heat generated by the SNF is dissipated thrtheglfuel tubes and support structures and extgrnal
to the environment. To evaluate the safety of thiéand stored fuel the Computational Fluid Dynamics
(CFD) code FLUENT is deployed for all thermally @baging scenarios. Although the FLUENT CFD
code is a robust program relied upon by cask design the United States and elsewhere for licgnsin
storage and transport casks, its use is a novedtéip for the Ukrainian Regulator SNRE&hd ChNPP
(Chernobyl Nuclear Power Plant). Furthermore thed basket design consisting of an array of fuektub
supported in a disk-and-spacer cage departs frentrdiditional integrally welded baskets. To provale
high level of assurance to the Ukrainian Regulatat the Chernobyl Plant Operator a full scale FLUEN
validation test is designed as described below.

1. One full scale prototype DWC is designed and mastufad under the Holtec’s quality
assurance program for nuclear grade equipment.

2. The prototype DWC is powered by instrumented eletieater rods inserted in fuel tubes. The
heater rods power bounds Chernobyl fuel asseméiéeay power by conservative margin (See
Table 1). During the test all critical temperatuaes recorded.

3. The thermal test is modeled by deploying the FLUEBHD code and the DWC temperature
field is computed.

! Acronym for The State Nuclear Regulation Commitié&lkraine.



4. The suitability of FLUENT is evaluated for relialdad conservative prediction of critical DWC

temperatures.
Table 1: Thermal Test Heat Input
Thermal Test DWC loaded with Chernobyl fuel
Max. Storage Cell 1 kW 9W
DwWC 12 kW 10 kW

2. TEST APPARATUS AND ITS INSTRUMENTATION

2.1 Description of Test Apparatus

In accordance with the FLUENT validation test pkaticulated in Section 1 a full scale instrumented
prototype DWC is constructed and thermally testedha Holtec Manufacturing Division located in
Turtle Creek, PA. The principal DWC characteristize provided in Table 2. A cutaway view of the
DWC with the internals is shown in Figure 1. Thetptype DWC is tested under a thermally bounding
scenario wherein the DWC is loaded with fuel in afrthe ISF-2 hot cell equipped fuel processing
building with the lid closed. Fuel heat was simethaby inserting twelve electrical heater rods orage
cells under two extreme heat distribution scenarios

Case 1: Peripherally heated DWC
Case 2: Core heated DWC

The heater layout under the two scenarios is shiowiigures 2 and 3. A typical heater assembly is
shown in Figure 4. The heater tubes are instrurddoteneasure the heater rod and fuel tube tempesatu
near the bottom, mid-height and top of the acterggth (See Figure 5). To maximize local temperature
the power input to the heated cells is substangtiallexcess of the maximum decay power of Chernobyl
fuel (See Table 1).

Table 2: Principal DWC Characteristics

Diameter 73.811in
Length 160.5 in
Shell thickness 0.5 inch (inner), 0.375 inch (outer)
Fuel tubes
Number 186
Diameter 4.063in
Length 149.76 in
Wall thickness 0.094 in
Support disks 4 (intermediate), 1 (bottom)




Figure 1: Cutaway View of the DWC (fuel tubes omritfor clarity)
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Figure 2: Case 1: Peripherally Heated Test Conditjom
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Figure 3: Case 2: Core Heated Test Configuration
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Figure 4: Fuel Tube and Heater Rod Assembly
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Figure 5: Heated Fuel Tube Instrumentation

2.2 Instrumentation Details

The prototype DWC is instrumented to measure thepégature field during thermal tests. Precision
thermocouples are installed to measure the tempesadf Important to Safety (ITS) components within
the DWC. The thermocouples are NIST calibratedrtsure temperature measurement uncertainties are
within £1°C. The measurement data is recorded using LabVIE&& DAcquisition software. The
instrumentation installed at the test facility esdribed below.

Power Measurement:

The power supply to the electrical heaters is adetl by Watlow Silicon Controlled Rectifier (SCR).
The power is supplied through an array of 12 pogadles wired in parallel from the Watlow junction
box. The 12 kW total power output is controlledtbg SCR. The output power is shared equally by the
12 parallel-wired heaters wired by virtue of thigientical design and construction. The output gowe
reading from the SCR is monitored and recorded.

Tube Instrumentation:

As shown in Figure 3.4, all 12 heated tubes hagentbcouples installed to measure the heater rbé, tu
and fluid temperatures at three elevations. At edelation there is a sheathed thermocouple embedde
at the inside of the tube wall, a fluid thermocaujadcated half-way between the inside of the tub#d w
and the outside of the heater rod, and a thermdedopated on the inside surface of the claddinthef
heater rod (See Figure 5). The three elevatiarstipned within the active length of the heateis;care

at 21 in, 81in, and 141 in from the bottom of thé&/O. The heated length starts 9 in from the bottdm
the DWC and ends at 153 in. Two unheated tubeBumsented with the fluid and tube wall
thermocouples are included in the test (tubes #i31dnshown in Figures 2 and 3).

Cask Instrumentation — Outer Shell:



To measure the temperature of the outer shell@bWC sheathed thermocouples are located at 3
elevations coincident with the heated tube therraptoelevations in four directions designated “INgrt
“South”, “East”, “West” shown in Figures 2 and 3.

Cask Instrumentation — Inner Wall:
Four sheathed thermocouples embedded in the inakroivthe storage cask outer shell at each of the
four designated “directions” (North, South, Easig &/est) at 147 in elevation from the DWC bottom.

Test Lid Instrumentation:

The DWC is equipped with a test lid placed on th&/® top having openings for heater rods and
thermocouples access. Five thermocouples are thcatehe top of the test lid. The thermocouples are
located midway between the center and perimettreolid in each of the four orientations (Northu8g
East, West), with an additional thermocouple lodakethe lid center.

Ambient Air Instrumentation:

Five fluid thermocouples are installed to meashezambient air temperature. Four are distributezr ov
the DWC height a short distance from the cask petem One is located approximately 3 ft above dipe t
of the lid center.

Data Acquisition System:

The Data Acquisition System (DAS) hardware suppbgdNational Instruments utilizes a USB control
module to create a complete plug-and-play systdm.cbmponents consist of a slot chassis to howse th
modules, a USB control module that communicateh thié computer, five 32-channel input modules to
produce a 160-channel system, five correspondiegrtbcouple connectors, and the required cabling to
connect the thermocouple connector accessoriéetimput modules. The DAS is connected to the DWC
test facility as shown schematically in Figure 6.
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3. DWC THERMAL MODEL

To demonstrate adequacy of the FLUENT CFD codepttotype DWC thermal test configuration is
modeled, temperature field computed and evaludtee principal features of the prototype DWC and the
thermal model constructed for this purpose arerd®stin the following.

3.1 Prototype DWC Physical Characteristics

The prototype DWC is engineered with a fuel basttentical in design to the Double-Wall Canister for
storing the separated upper and lower bundles dfliRBuel assemblies. The prototype DWC is tested
under a bounding ISF-2 fuel loading scenario wimetke DWC is oriented vertically, the cavity is air
filled and the lid is installed. A cutaway view tife DWC is shown in Figure 1. The principal design
features are:

(1) The fuel basket is engineered with 186 Metamic $ufbe storing the half-length fuel
assemblies.

(i) The cylindrical tubes are laterally supported hijlati-hole steel plates. The cylindrical
tubes bottom is contoured to rest inside chamferedsheet holes. The tubesheet is
positioned above the baseplate so that a plenwvebatthe baseplate and the tubesheet
is created.

(iii) The tubesheet and the array of support platesaaterfed to each other by six tie rods.

(iv) The central tube required during fuel drying opera is included in the prototype
DWC.

(V) The bottom plenum baffle plate required to direas §ow during drying operations is
included in the prototype DWC.

(vi) The tubes are capped with a removable top covertdjhcover and tube bottom are
equipped with vent holes to enhance fuel coolingeuriuel loaded conditions and
facilitate fuel drying operations.

(vii)  The fuel basket is enclosed by a double-wallechgss steel confinement vessel.

3.2 DWC Thermal Model

The prototype DWC is essentially an array of Metamil tubes laterally supported by steel diskse Th
fuel basket is confined inside the cylindrical ¢awf the DWC. To ensure an adequate representafion
the fuel basket a geometrically accurate 3D modehe array of fuel tubes is constructed using the
GAMBIT pre-processor. The 3D model explicitly indes the DWC components. All physical
components, including the fuel tubes, support platettom tubesheet and stainless steel enclosseelM
are included in a 1/12-Symmetric thermal model (Sigere 6.1). The essential features of the model a
presented below:

» The fuel tubes, support plates, bottom tubesheet,dmuble walled stainless steel enclosure vessel
are explicitly modeled.

* The heater rods in the locations under Case 1 ask @ scenarios (See Figures 2 and 3) are
explicitly modeled in the fuel tubes.

* The heater power is modeled as volumetric heatsaduarthe heated length.

» Convection in the DWC spaces, which is intrinsi¢h® fuel basket design, is enabled in the model.

* Conduction and radiation heat transfer are enahléte model.

* The bottom surface of the DWC is conservativelyassd to be insulated.

* Heat dissipation by radiation and natural convectio still air from the DWC shell and lid are
included in the model. Convection heat transfemeled in accordance with Jakob & Hawkins
correlation [1] for natural convection cooling frdmeated surfaces in the turbulent regime (Ra% 10
as given below:



h. = 0.19AT"? (heated vertical surfaces)
h. = 0.22AT"? (heated horizontal surfaces)

where, R is convection coefficient and\T is surface-to-ambient temperature differential in
conventional US units.

To ensure a robust representation of the signifitasheat transfer features of the DWC the fueleyb
heater rods and fluid regions are fine meshed.afvgl view of the FLUENT mesh is shown in Figure 7.
The 3D model was generated by extruding the plaresh in the axial direction with a large number of
cells (over one hundred). An isometric view of thermal model is shown in Figure 8. Thermo physical
properties of structural steel used in the DWC 888} are obtained from the ASME Code [2]. Thermo
physical properties of air obtained from RohsenowH&rtnett [3] are applied to the model. Thermo
physical properties of Metamic fuel tubes charao¢erin a proprietary Holtec test program are aupto

the thermal model. The thermal model is solveditaio the steady state DWC temperature field under
the two test configurations defined in Figure 2ripteeral Heating Test) and Figure 3 (Core Heating
Test). The FLUENT results are presented and etexdua Section 4.

Figure 7: Planar View of 1/12-Symmetric DWC Therriviidel



Figure 8: Isometric View of 1/12-Symmetric DWC Thel Model

4. THERMAL TEST DATA

The prototype DWC thermal tests were conducted wutisetwo bounding scenarios defined in Figure 2
(Peripheral Heating Test) and Figure 3 (Core Healiest). The thermal tests were conducted at the
HMD’s South Shop in accordance with written tegigedures. Test data was recorded electronically by
the Data Acquisition System (DAS) and post procgs$sebtain the maximum measured temperatures of
critical components (rod, fuel tube and DWC shell).

4.1 Peripheral Heating Test

The Case 1 Peripheral heating test was conduct&tbwember 2008 with the DWC initially at room
temperature. The power was turned on and rampdap0-12 kW over a 24 minute period. The test
was terminated next day after approximately 28 sairfull power operation. Steady-state conditions
were reached after approximately 25 hours of falker operation. During the tests all twelve heaber
temperatures at the three elevations, El. 21 in8Elin, and EIl. 141 in were monitored and recordéx
test observations are as follows:

1. The heater rod and tube temperatures ramped quiakbyved by monotonic approach to
steady state.

2. The temperatures of the heater rod, fuel tube awfCDshell were higher at the upper
elevation loactions. Highest temperature was medsupy the top EI. 141 in
thermocouples. These observations are consistémtupivard flow of heated gases due to
buoyancy forces on the heated fuel tubes.

3. The heater rod temperatures exhibit bounded-to-rod variations. The highest
temperature was recorded by the Heater Rod #1&tdeauples.

For post processing and evaluation of thermalttestDAS sampling rate during approximately the last

two hours of the thermal test was increased froms@@ to 1 sec under two 15 minute steady state
windows defined as SS#1 and SS#2. Time-averaged tarnperature plots of critical components during

the SS#1 and SS#2 windows are plotted as follows:

Hottest Heater Rod#12: Figure 9



Hottest Fuel Tube#12: Figure 10
Hottest North Location DWC Shell: Figure 11

The FLUENT predicted temperatures of the heater foe tube and DWC shell are plotted in these
figures to facilitate evaluation of results in Seat5.
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4.2 Core Heating Test

The Case 2 Core heating thermal test was condurctsidvember 2008. The test was conducted at full
power and terminated the next day after approxilp&@ hours of operation. Steady-state was reached
after approximately 25 hours of full power operati®uring the tests all twelve heater rod tempeestu

at the three elevations, El. 21 in, El. 81in and 1 in were monitored. The test observationsaare
follows:

1. The heater rod and tube temperatures ramped quidtlpwed by monotonic
approach to steady state.

2. The temperatures of the heater rod, tube and sivellincreasing function of
elevation. Highest temperature is measured by tpe dlevation (El. 141 in)
thermocouples.

3. Highest temperatures are reached in the innerroasof rods (See Figure 3).

4. Highest temperature is recorded by the Heater RBatiérmocouples.

For post processing and evaluation of thermalttestDAS sampling rate during approximately the last

hour of the thermal test was increased from 3Q®dcsec for two 15 minute steady state windows1SS#

and SS#2. Time-averaged temperature plots of @riicmponents during the SS#1 and SS#2 windows
are plotted as follows:

Hottest Heater Rod#3: Figure 12
Hottest Fuel Tube#3: Figure 13
Hottest North Location DWC Shell: Figure 14

The FLUENT predicted temperatures of the heater foe tube and DWC shell are plotted in these
figures to facilitate evaluation of results in Seat5.
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5. CONCLUSIONS

The test measurements and FLUENT computed resldtseg in Figures 9 through 14 supports the
following observations:
1. The FLUENT computed heater rod temperatures traekrieasured temperatures of the
hottest rod from above under all tested configoreti(See Figure 9 and 12).
2. The FLUENT fuel tube temperatures track the meastamperatures of the hottest tube
from above under all tested configurations (Seerfed.0 and 13).
3. The FLUENT DWC shell temperatures track the hottemtasured North location
temperatures from above under all tested configurat(See Figure 11 and 14).

The following conclusions are drawn from the testd observations above:

1. The FLUENT code yields conservative temperaturediptiens of critical
components.

2. The FLUENT code is a suitable vehicle for perforgnisafety evaluations of
Chernobyl fuel stored in Double Wall Canisters.

3. The validationwork undertaken herein provides additional asswariche veracity
of thermal calculations supporting safety evaluatwd Chernobyl fuel storage at the
ISF-2.
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