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Overview ) .

— = Purpose: Validate assumptions and
calculations used to determine steady-state

N Tem- (9 cladding temperatures in dry casks
I675 = Needed to evaluate cladding integrity
650
X - throughout storage cycle
600 = Measure temperature profiles for a wide
25 575 range of decay power and helium cask
550
B o pressures
2T | s00 = Mimic conditions for above and below ground
Aboveground Storage j:; storage configurations of vertical, dry cask
Source: www.nrc.gov/reading-rm/doc-collections/fact- 1.5 Systems Wlth Canisters
sheets/storage-spent-fuel-fs.html 425
400 =  Simplified geometry with well-controlled
' 375 boundary conditions
:zz = Provide indirect measure of mass flow rates
0.5 . -
300 and convection heat transfer coefficients
. = Use existing prototypic BWR Incoloy-clad test
el -~ assembly
Underground Storage 0,075 0.075
Source: www.holtecinternational.com/productsandservices/ y(m)
wasteandfuelmanagement/hi-storm/ 2





Past Validation Efforts ) e,

Laboratories
Unconsolidated Fuel

BEAE Rea oo STARRE Y = Full scale, multi-assembly
- i X =3 Tl - ] i
-‘..-.;‘] e o = Castor-V/21 cast iron/graphite with polyethylene rod
shielding
¥ nstrumeni Cabe = 1986: EPRI NP-4887, PNL-5917
= 21 PWRs

95 Thermocouples (TC’s) total

— 60TC's on 10 lances deployed in 8 guide tubes and 2 basket
void spaces

— 35 TC’s on outer surface of cask

Haold Down Cable

Unventilated

Sub-atmospheric (air and He) and vacuum

= REA 2023 prototype steel-lead-steel cask with glycol
water shield
= 1986: PNL-5777 Vol. 1
= 52 BWRs

= 70TC's total
— 38 TC’s at 8 axial levels in the basket and 7 assemblies

— 32 TC’s on outer cask surface
= Unventilated

= Sub-atmospheric (air & He) and vacuum 3





Past Validation Efforts (cont.) Al

Laboratories

Unconsolidated Fuel

= Small scale, single assembly
= FTT (irradiated, vertical) and SAHTT (electric, vertical & horizontal)
= 1986 PNL-5571
= Single 15x15 PWR

= Thermocouples (TC's)

\.m rue — FTT: 187 total, 105 TC's distributed at 7 levels in 15 guide tube
“\\\ thermowells, 29 on canister and lid, 53 elsewhere on test stand

“mgses pwen st — SAHTT: 98 total, 57 TCs distributed over 7 axial levels in assembly, 20 on
cask inner wall at 5 axial levels, 21 on fuel tube wall, at 7 axial levels

= Controlled cask outer wall temperature

= Atmospheric (air & He) and vacuum
=  Mitsubishi test assembly (electric, vertical & horizontal)
/o - = 1986 IAEA-SM-286/139P
R = Single 15x15 PWR
= 92 TC’s total, all distributed over 4 levels inside tube bundle

FIGEE 4-1. SAWTT Assembly = Controlled outer wall temperature of fuel tube (also pressure
boundary)

= Atmospheric (air & He) and vacuum
4






Current Approach

= Focus on pressurized canister systems

= Qver 20 bar internal pressure possible
= Current commercial designs up to ~8 bar

Ventilated designs
= Aboveground configuration

= Belowground configuration
= With crosswind conditions

TC attachment allows better peak
cladding temperature measurement

= (0.030” diameter sheath
= Tip in direct contact with cladding

Sandia
National
Laboratories





Prototypic Hardware ) .

Upper tie plate

= Most common 9x9 BWR in US

= Prototypic 9x9 BWR hardware

= Full length, prototypic 9x9 BWR
components

= Electric heater rods with Incoloy
cladding
= 74 fuel rods
= 8 of these are partial length

= Partial length rods end 2/3 the
length up assembly

= 2 water rods

"/,

Nose piece and BWR channel, water tubes
debris catcher and spacers

= 7 spacers






Thermocouple Layout ) .

144 e
e

ey
Py
1 2 O" EEEERREE

96” [
R

7 2”

48”

24 Femmned
R

Internal Thermocouples
— Radial Array

24" spacing

11 TC’s each level

66 TC's total (details below)

® Axial array Al
6” spacing
20 TCs
m Axial array A2
12” spacing—7 TC’s
Water rods inlet and exit—4 TC’s
Total of 97 TCs

24” & 96” levels
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= 97 total TC's internal to assembly

= 10 TC's mounted to channel box
= 7 External wall
= 24 in. spacing starting at 24 in. level

= 3 |nternal wall
= 96, 120, and 144 in. levels

48" & 120" levels 72" & 144" levels
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CYBL Test Facility ) i,

= Large stainless steel
containment

= Repurposed from earlier
CYLINDRICAL BOILING Testing
sponsored by DOE

= Excellent general-use
engineered barrier for isolation
of high-energy tests
= 3/8 in. stainless steel

= 17 ft diam. by 28 ft cylindrical
workspace

= Part of the Nuclear Energy
Work Complex (NEWC)






Aboveground Configuration ) ..

BWR Cask Simulator (BCS)
system capabilities
= Power: 0-5kW

= Pressure vessel
= Vessel temperatures up to 400 °C

= Pressures up to 24 bar
(anticipated)

= ~200 thermocouples throughout
system

= Calibrated and in-situ air velocity
measurements at inlets






Belowground Configuration ) ..

= Modification to aboveground
configuration
= Additional annular flow path

" Final design nearly complete

= |nlet and outlet based on prototypic
configuration

= Scaling analysis completed

= Favorable comparisons

= Modified, channel Rayleigh number
(Rag’)
= Reynolds (Re) number

rdLus






Crosswind Conditions ) e,

= Crosswind conditions imposed on
belowground configuration
= Speeds of 0 to 15 mph

= Air forced across inlet and outlet
ducts

= Push/Pull system currently
considered for use in CYBL

= Vessel size limitations / Minimization
of vorticity

= Ducting not shown

= CFD modeling indicates reduction
in cooling air flow rate at

sustained crosswinds of 5 mph
= NUREG -2174

11
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Internal Dimensional Analyses

= |nternal flow and convection

©]0]0)
Q0O
0000

= Downcomer and external cooling
flows matched using elevated decay
heat (5 kW)

= Downcomer dimensionless groups
BCS

rototypic

335858589 P P

BOO000000 = Near prototypic geometry for fuel and
8886)888 basket

000 00O aske

Q0O @10]0)

000 00O

O OO OO0

High Power

NAC TSC-87

Holtec 100U

ReDown

290

220

220

*

Ra,,

4.7E+11

4.7E+11

5.6E+11

Nu,,

220

210

220
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External Dimensional Analyses

cooling
flow path

External

Belowground
inlet annulus

Sandia
"1 National
Laboratories

= External cooling flows matched using
elevated decay heat (5 kW)

= External dimensionless groups

HighBlszwer NAC TSC-87|Holtec 100U
External Cooling
Reg, 11200 7300 7700
Ray,’ 4.7E+09  3.0E+09 2.0E+09
(D4, cooling/ Hpv) X Rapy” 1.9E+08  1.2E+08 6.9E+07,
Nug,, 29 26 23
Aboveground Inlet Duct
Rejpove, et 10700 11200 --
Belowground Inlet Annulus
R€4eiow, nlet 8300 - 8600






BCS Status )

= Projectis on schedule and budget

= 2 of 24 months elapsed
= |nitial safety analysis conducted May

= Pressure vessel FEA analysis complete
= Final pressure rating will be based on a hydrotest at 1.3x of MAWP

= Qverpack and inlet channel dimensions were optimized to
match Ra;” and Re

= Refinements of design ongoing with NRC staff
= Current configurations are likely final

= Remaining tasks include layout of instrumentation

= Draft test plan anticipated before end of FY15

14
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Used _
Fuel 5 Questions and a Strategy

Disposition

1. What are the possible gases?

2. Could detection limits impact the gas sampling frequency
strategy?

3. Could gases segregate within the cask?

4. What are the degradation mechanisms that could change the
gas composition?

5. Can changes in gas composition provide information about
these degradation mechanisms that may be useful for
iInforming component performance predictive capabilities?

<

Gas Sampling Frequency Strategy

June 11, 2015 Evaluation of the Frequency for Gas Sampling





Used _
Fuel Questions

Disposition

1. What are the possible gases

— Expected - helium backfill at 2.2 atm
« 233 moles (930 g) in project cask

— Possible —residual water vapor and/or its decomposition products
(H, and O,) at less than 0.25 volume % (suggested limit in NUREG-
1536).

« Equivalent to 10.5 ml of liquid water.

— Not expected —residual air, residual water vapor in excess of 0.25
volume %, fission product gases

June 11, 2015 Evaluation of the Frequency for Gas Sampling 4





Used Table 2-2. Calculated 8°Kr and 134Xe content of
Fuel the 25 Sister Rods at possible loading and
Disposition unloading times

Assembly Rod 2/1/2016 2/1/2027 Stable
Burnup i 85 85 134
D | Enrichment | wwor | .. Cooling ID Kr Kr Xe
Time (years) (Ci) (Ci) (9)
MTU)

G-9 22.540 11.092 4.255
K-9 22.496 11.072 4.244
30A 4.55 52.0 5.4 D-5 22.924 11.284 4.351
E-14 22.980 11.312 4.365
P-2 21.432 10.548 3.984
P-2 16.472 8.108 4.119
C-5 17.800 8.760 4.562

5K7 4.55 53.3 9.9
K-9 17.152 8.440 4.343
O-14 16.852 8.296 4.244
-7 15.164 7.464 4.360
M-9 15.312 7.536 4.416
K-9 15.216 7.488 4.380
6U3 4.45 52.7 11.7 L-8 15.328 7.544 4.422
O-5 15.928 7.840 4.655
M-3 15.792 7.772 4.603
P-16 14.180 6.980 3.993
N-5 12.620 6.212 4.361
3F9 4.25 52.3 14.4 D-7 12.288 6.048 4.210
P-2 11.692 5.756 3.943
E-14 10.992 5.412 4.717

3D8 4.20 54.9 17.4
B-2 9.796 4.824 4.044
B-16 7.236 3.562 3.884

3A1 4.00 50.0 21.4
F-5 7.572 3.726 4.124
P-17 5.572 2.743 4.620

F35 3.59 57.9 26.9
K-13 5.572 2.743 4.620

June 11, 2015 Evaluation of the Frequency for Gas Sampling





Used _
Fuel Questions

Disposition

2. Could detection limits impact gas sampling frequency
strategy?

> NoO

— Evaluated ®°Kr, 134Xe, H,0, H, and O,

— Modern detection efficiency is orders of magnitude better than
needed for all of these gases

« 134Xe can be measured using modern gas mass spectroscopy with a
detection efficiency as low as 10 ppb. Release of 1% of 134Xe from a
single rod would result in a mass concentration of 46 ppm.

« 8Kr can be measured using gamma spectroscopy, mass
spectroscopy, and liquid scintillation with a detection efficiency on
the range of one pCi/cm3. Release of 1% of 8Kr from a single rod
would result in a concentration of 22 nCi/cm3,

« H,O detection limits are in the ppm-range. 0.25% water vapor
equates to 11 parts per thousand.

June 11, 2015 Evaluation of the Frequency for Gas Sampling 6





Used |
Fuel Questions
Disposition

3. Could gas segregate due to gravitational settling or thermal
diffusion?

> No

— Minimal gravitational settling may occur
immediately after gas release, but a
compositional gradient cannot be maintained
even in a static gas column, let alonein a
cask with a convecting gas column.

— Significant compositional gradients due to
thermal diffusion require comparable initial
concentrations of the two gas components,
large thermal gradients, and a geometry that
allows gas diffusion between the rising and
falling arms of the convection cells. None
of these exist in the project cask.

June 11, 2015 Evaluation of the Frequency for Gas Sampling





Used |
Fuel Questions
Disposition

4. What are the degradation mechanisms that could change the
gas composition?

— Corrosion of internal components can consume H,O and O,

— Presence of water logged components can increase H,O and O,
concentration

— Breach of cladding can release fission gases - not expected

- Early degradation mechanisms: DHC, fission product attack,
creep, oxidation

* Long-term degradation mechanisms: fuel
restructuring/swelling, hydride embrittlement and reorientation

June 11, 2015 Evaluation of the Frequency for Gas Sampling





Used |
Fuel Questions
Disposition

5. Can changes in gas composition provide information about
these degradation mechanisms that may be useful for
Informing component performance predictive capabilities?

— Can provide total consumption rates of H,0O, H, and O,

— Cannot provide the fraction that is consumed by each component
or the amount of degradation experienced by each component

— Can indicate cladding breach and provide changes in total
concentration of fission gases.

— Cannot indicate number of failed rods or mechanism(s) that
caused breach

June 11, 2015 Evaluation of the Frequency for Gas Sampling





Used
Fuel
Disposition

Gas Sampling Frequency Strategy

B Adaptive

— based on measured temperatures, initial (in-building) sampling,
and one early sampling (within a year).

M If conditions are as expected

— then the sampling frequency is not driven by a predictable
technical basis, and an operationally based interval is
recommended.

B Sampling strategy should be reevaluated if:
— Fission product gases are detected
— Cladding temperatures are above 400° C
— 20.25 volume percent water and/or oxygen is present at 1 year
sampling
— Any off-normal, accident, or natural phenomena event occurs

June 11, 2015 Evaluation of the Frequency for Gas Sampling
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Used
Fuel

Gas Sampling Frequency Strategy

Disposition

Initial
sampling
indicates

presence of
fission gases

Cladding
temperature is
significantly
higher than
expected

Initial
sampling
indicates

presence of
H,O, H,, or O,

Cladding is
below ductile-to
brittle transition

temperature

(DBTT)

Recommended Sampling Frequency

Yes

No

Yes

June 11, 2015

No

Yes

Yes

No

Evaluation of the Frequency for Gas Sampling

No

Develop an alternate Sampling Plan due to the
unexpected presence of failed rods

Sampling frequency is based on potential for early
DHC, Creep, and FP Attack. Recommended
sampling frequency is once a year until cladding
temperature is below the threshold of these failure

Recommended sampling within the first year to
evaluate free water consumption. If free water
remains after one year, then a new sampling
strategy would need to be developed

Sampling frequency based on potential for low
temperature creep and embrittlement. These are
slow processes, sampling frequency need not be
higher than once every ten years

Sampling frequency is not driven by predictable
technical bases and should be performed based on
operationally based intervals

11





Used One Proposed Operationally

Fuel Based Sampling Frequency
Disposition

B Sample the cask a minimum of four times

— Shortly after loading
— At about one year
— Approximately three years after the one year sampling

— At ten years prior to shipping the cask

M If there are any indications of a fuel rod breach from the first
sampling after loading, more samples may be taken while the
cask is in the North Anna decontamination building.

June 11, 2015 Evaluation of the Frequency for Gas Sampling






Introduction

e Sandia’s role in US nuclear weapon transportation
- Design of US DOE transportation assets for over 50 years
- Design and evaluation safety and security subsystems
- Safety and security assessments in support DOE and DoD programs

 Rolein US-Russian Cooperative Programs

- Supportto US DTRA CTR Program
* Design and implementation of VG-124A railcar upgrades
 RF MOD railcar maintenance program
» Technical advisors

- Initial lead DOE laboratory for US DOE MPC&A program efforts to upgrade
Minatom railcars

Sandia Nuclear Weapons Program Integration & Studies Center
National _________________________________________________________________________________________________________________________|

Laboratories

Page 1





An Abbreviated History of the
Rail Transport of

U.S. Nuclear Weapons
(1948 — 1986)

John Franklin
Sandia National Laboratories

Sandia Nuclear Weapons Program Integration & Studies Center
National _______________________________________________________________________________________________________________________________|

Laboratories
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Periods of Interest

« From an historical perspective, there are four distinct periods
of interest:
- 1946 — 1958
- 1959 - 1968
- 1969 - 1977
- 1978 — 1986

« Each period represents a different approach regarding:
- Transportation safety measures
- Transportation security measures

 Evolution in practices and equipment primarily driven by
changes in external factors

Sandia Nuclear Weapons Program Integration & Studies Center
National _________________________________________________________________________________________________________________________|

Laboratories Page 3






Earliest Period (1948 — 1958)

« Rail was primary method of transport for weapons and some

types of weapon production material
- US system of highways not yet highly developed
- Transport by road considered unsafe for transporting weapons

« Weapon assemblies shipped separately from nuclear
components

« Weapon and weapon material shipped by regular railroad

freight service
- Use of regular freight railcars adapted for weapons

* Protection of weapon shipments
- 4 to 5 guards would accompany in separate coach
- No special training for guards in tactics
- No means of constant communications

Sandia Nuclear Weapons Program Integration & Studies Center
National _________________________________________________________________________________________________________________________|

Laboratories Page 4






Safety Concerns (1959 — 1968)

« Development of “sealed pit” weapons

- Increased safety concerns
» Scattering of radioactive material in an accident
« Detonation of weapons in adjacent railcars

« Weapons now transported only by “special trains”
- Not transported with regular freight shipments
- Locomotives and train crews provided by commercial carrier
- Train speed restricted to 56 km per hour (35 mph)

 No significant enhancements to transportation security

 Design of new special rail car to safely transport nuclear weapons

- ATMX railcar
Sandia Nuclear Weapons Program Integration & Studies Center
National I

Laboratories Page 5





Safety Features of ATMX Rail Car

o All-steel construction (fire-proof interior)

« Heavy cast-steel undercarriage to resist twisting and buckling
 Sloped ends to deflect projectiles from explosion in adjacent car
e Superstructure resistant to crush if car rolled over in accident

e Trucks permanently attached to railcar
- Unlike normal railcars, did not separate if car was elevated

 Use of passenger car couplers
- To prevent railcars from uncoupling in the event of an accident

* Roller bearings for wheel axle assemblies
- For reliability and safety

« Weapon containers bolted directly to railcar carriage
- More secure in event of an accident

Sandia Nuclear Weapons Program Integration & Studies Center

Laboratories
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Internal View of Railcar

Removal of top hatch in preparation for loading

ATMX543

External View of Railcar

= i 3 s oo ALl -
L1128 1006SS _— - .
mwr  1iBkS A3 7 8T -

Sandia Nuclear Weapons Program Integration & Studies Center
National
Laboratories
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Typical Train Configuration During the 1960s

Sandia Nuclear Weapons Program Integration & Studies Center

National
Laboratories
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Security Concerns: Late 1960s — Early 1970s

 Late 1960’s and early 1970’s — a time of civil and political unrest
- In US and elsewhere

Airplane hijackings

Domestic anti-war protests and violence

International terrorist incidents

Massacre at Munich Olympics (1972)

« Grave concern regarding security of nuclear weapons and
weapon materials

e Joint Department of Defense & Atomic Energy Commission

(AEC) Study of Transportation Security — 1969
Recognized transport environments as the most vulnerable from a
security perspective
- Recognized transport safeguard measures at that time were
Inadequate against contemporary threats
- Recommended specific improvements in transportation security

Sandia Nuclear Weapons Program Integration & Studies Center

Laboratories
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Conclusions from Joint DoD/AEC Report

e ...itisimpractical to provide enough guards/couriers to guarantee
against seizure in transit. Any reasonable increase in guard strength
could be countered by any group determined to seize a shipment.

 (SNM) moving by highway and rail offer the greatest exposure to
diversion.

o ...establish as the ultimate objective the requirement to provide radio
telephone, transponder system, or some other equally effective means
of ensuring continuous position and surveillance of vehicles and rail

cars.
Sandia Nuclear Weapons Program Integration & Studies Center
National _________________________________________________________________________________________________________________________|
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1969 - 1978

« Partial measures to address new security concerns
- Constrained, in part, by existing types of railcars

* Increase in security forces accompanying shipments
- Two guard coaches typically accompanied each rail shipment
- Number of guard personnel increased

 Addition of long-distance communications capability
- HF radio network capable of reaching any point in U.S,

 Construction and use of Safe-Secure Transport (SST) for
shipment on roads

Sandia Nuclear Weapons Program Integration & Studies Center
National _________________________________________________________________________________________________________________________|
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Typical Train Configuration During the 1970s with Two Guard Coaches

Sandia Nuclear Weapons Program Integration & Studies Center
National |

Laboratories
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Safe-Secure Railcar (SSR) Program

 Safe-Secure Railcar (SSR) program begun in 1975
- Significant modification of ATMX cargo railcars
- Development of specialized armored guard coaches
- Placed into service beginning 1979

« Major enhancements to security
- Special tactics training for guard personnel

- ‘Force-on-force’ exercises and simulations to develop and improve
tactics

- Emphasis on survivability and dispersal of guard personnel
- Improved communications

Sandia Nuclear Weapons Program Integration & Studies Center

Laboratories
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DOE ESCORT COACH

Escort Coaches
Ballistic armor protection
Enhanced radio communications
Elevated cupola for enhanced visibility
Emergency escape hatches

Remote control from coach of:
- Generators
- Floodlights on each cargo railcar
- Loudspeaker on each cargo railcar

SAFE - SECURE RAILCAR

-
I ﬂ

INSULATION
CONTROLLER STEEL ARMOR

BARRICADE (SOME CARS) INSULATING LINER

Safe Secure Railcar
Modification of ATMX railcar
Ballistic armor protection
Thermal insulation from fire
Active and passive delay features
Protective locking system
Upgraded trucks and running gear
Loudspeakers
Floodlights

Sandia Nuclear Weapons Program Integration & Studies Center

National

Laboratories
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Secure Locking System for Cargo Car

Lighting and Loudspeakers Controlled from Guard Coach Radio Systems in Guard Coach
Sandia Nuclear Weapons Program Integration & Studies Center
National
Laboratories
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Typical Train Configuration During the 1980s with Three Guard Coaches

Sandia Nuclear Weapons Program Integration & Studies Center

National
Laboratories
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Problems with Anti-nuclear Protesters

 Inearly 1980's, large protests
against trains

Protestors would track and follow
trains

Acts of civil disobedience, blocking
of tracks

Concerns that protests might
evolve into sabotage and violence

 Measures taken to minimize
interference by protestors

Increased speed of train
Minimize delays and number of
stops

Cars painted different colors to
resemble regular commercial
freight

Use of alternate rail routes

Prior coordination with local law
enforcement agencies

Measures were generally ineffective
against organized opposition

Sandia Nuclear Weapons Program Integration & Studies Center

National

Laboratories
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Decision to Stop Train Shipments (1986)

« All weapon shipments by train were stopped in 1986
- A ‘temporary’ measure that became permanent

e Reasons:

- Security concerns:
» Fear of escalating protests and potential violence
» Cost of additional railroad and local law enforcement
« Excessive publicity by television and press

- Cost:
» Deregulation of US railroads (1980) resulted in high tariffs

- Adequate means of alternate and less costly transport available
* Extensive inter-state highway system well developed by the 1980s
« Development of ‘Safe-Secure Transporter’ trucks

Sandia Nuclear Weapons Program Integration & Studies Center
National _________________________________________________________________________________________________________________________|

Laboratories
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Security Lessons Learned Over 50 Years

o Security during transportation: significant differences in security of
fixed storage sites
- Detection times are significantly shorter
- More constraints on implementing physical delay and denial
- Cannot rely on secondary (off-train) response force to arrive in time

« Significant emphasis must be placed on primary (on-train) security
force
- Numbers must be adequate to engage and interrupt attackers
- Must be dispersed to preclude neutralization in early phase of attack
- Require special training and tactics for transportation environments
- Training and tactics validated through simulation and realistic exercises

 Physical delay and denial systems must be sufficient to allow time for
primary security force to respond and interdict attackers

Sandia Nuclear Weapons Program Integration & Studies Center

Laboratories
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