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ABSTRACT 

Experiments have been conducted to validate 
the Idaho National Engineering Laboratory (INEL) 
drying procedures for preparation of corroded 
aluminum plate fuel for dry storage in an existing 
vented (and filtered) fuel storage facility. A mixture 
of hydrated aluminum oxide bound with a clay was 
used to model the aluminum corrosion product and 
sediment expected in these Department of Energy 
(DOE) owned he1 types. Previous studies 
demonstmted that the current drying procedures are 
adequate for removal of fke water inside the storage 
canister and for transfer of this fixel to a vented dry 
storage facility. However, using these same drymg 
procedures, the simulated corrosion product was 
found to be difficult to dry completely from between 
the aluminum clad plates of the fuel. 

Another related set of experiments was designed 
to ensure that the fix1 would not be damaged during 
the drying process. Aluminum plate fuels are 
susceptible to pitting damage on the cladding that 
can result in a portion of UA1, fuel meat being 
disgorged. This would leave a water-filled void 
beneath the pit in the cladding. The question was 
whether bursting would OCCUT when water in the 
void flashes to steam, causing separation of the 
cladding fiom the fixel, and/or possible rupture. 
Aluminum coupons were fabricated to model 
damaged fuel plates. These coupons do not rupture 
or sustain any visible damage during credible drying 
scenarios. 

John C. Crepeau 
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University of Idaho 
Department of Mechanical Engineering 
P.O. Box 50778 
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I. INTRODUCTION 

The Idaho National Engineering Laboratory 
(INEL) currently stores a wide variety of spent 
nuclear fuel. The fixel was originally intended to be 
stored underwater for a short period of thermal 
cooling, then removed and reprocessed. However, 
it has been stored underwater for much longer than 
originally anticipated. During this time dust and 
airborne desert soil have entered the oldest INEL 
pool (ICPP-603), accumulating on the fixel. Also, 
the aluminum fuel cladding has corroded 
compromising the exposed surfaces of the fuel. 
Plans are now underway to move some of the more 
vulnerable aluminum plate type fuels into dry 
storage. 

In preparation for dry storage of the fuel a 
drying and canning station is being built at the 
INEL. Experiments to validate the drying' 
procedures to be used in this drylng station are 
ongoing. Initially, there were three experimental 
objectives specifically designed to support dryrng 
operations: to determine the influence 'of corrosion 
products on the bymg process, establish 
temperature distribution inside the canister during 
heating, and evaluate the potential for fuel damage 
during drymg. 

Residual moisture contained within hydrated 
corrosion products between the fuel plates may be 
difficult to remove during normal drylng practices 
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due to the tenacity of the chemidy bound waters of 
hydration. Any remaining moisture may lead to 
additional degradation of the €bel and canister 
materials and eventual build up of excess pressure 
in a sealed storage system. 

Experimental determination of the temperature 
distribution throughout the vessel and the mock fuel 
during heating was needed Accurate measurements 
of the fuel element and canister temperatures are 
necessary to ensure appropriate drying conditions. 
Practical considerations restrict the ability to 
monitor the canister contents. The data fiom these 
experiments provide a baseline reference for 
projection of fuel temperature during the drying 
process based on the available vessel air 
temperature. 

Concern for possible bursting problems arose 
fiom visual inspections of the fuel elements 
indicating extensive pining corrosion on the external 
cladding of the outer fuel plates. The UAJ fuel 
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matrix between the aluminum cladding may have 
been disgorged with water filling the subsequent 
voids beneath the pitted surface.'. 
aggressive dryrng procedures additional damage to 
the thu~.I~ clad fuel plates was anticipated due to the 
rapid exit of water from any existing voids. 
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II. EXPERIMENTAL SET-UP 

A fill-size mock-up of the dryrng and caMing 
station has been designed, built and tested at the 
INEL to perform experiments on drytng mock 
aluminum plate fuel elements. A number of mock 
Advanced Test Reactor (ATR) fuel elements, 
representative of the aluminum plate types, have 
been constructed for this work. Figure 1 shows a 
schematic diagram of the drying station along with 
a sketch of the mock ATR fuel elements. 

The drying chamber is fabricated fiom an 18 
inch, schedule 40 stainless steel pipe approximately 
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Figure 1. Left: Mock Drying Station; Right: ATR Fuel Element 
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57 inches tall. A companion chamber is available to 
accommodate longer samples in a stacked chamber 
configuration. Three heating bands on the exterior 
of each chamber enable strict control of the 
temperature and heating rate while a vacuum pump 
can attain chamber pressures down to -0.5 torr. 
Two side ports are installed in the chamber mock- 
up to allow visual confirmation of interior status 
through a quartz window and to provide access for 
the instrumentation leads. Thermocouples, pressure 
transducers and heat flux monitors are available to 
record data fiom each experiment. 

III. RESULTS 

A, Simulated Corrosion Product 

Since the predominant corrosion product is 
expected to be a hydrated aluminum oxide, initial 
tests were intended to determine if the drying station 
could remove a measured amount of water that is 
physically mixed with a simulated corrosion 
product. The mixing allowed the majority of the 
water to be physically, not chemically, bound to the 
exterior surface of the corrosion product particles. 

For simplicity, initial tests were conducted using 
commercially available pseudo-boehmite powder, 
A1,0,-1.3&0. Dqing this pseudo-boehmite 
resulted in powder being lost in the vacuum system 
and chamber. The aluminum oxide particulate was 
so fine that it was driven out of the sample dish by 
boiling, modest pressure decreases, and even 
through sublimation. Consequently, dust was 
spread throughout the chamber and vacuum system 
making correlations between weight loss and 
remaining moisture levels difficult. 

Further observation of the ICPP-603 &el 
storage basin environment and pool sludge indicated 
that actual materid on the &el will be a combination 
of components rather than pure aluminum corrosion 
product. Elemental analysis of corrosion on the 
aluminum coupon exposed to ICPP-603 basin water 
supports this as~essment.~.~ Airborne dust and silt 
is blown into the ICPP-603 facility fiom the desert, 
and this sediment drifts into the open cooling 
channels in the fuel forming a mixed deposit of 

sediment and aluminum oxide. 

A mixture of clays, aluminum oxide and water 
was determined to be a more accurate representation 
of the actual deposit expected in the plate fuels, 
This mixture also creates a product that has 
improved experimental properties with the clay 
acting as a binder for the aluminum oxide powder 
avoiding loss to the system as mentioned previously. 
This mixture was developed to parallel the INEL 
soil analysis with measured amounts of pseudo- 
boehmite added.'. 6* ' Table 1 shows the nominal 
weight percent of the materials used in the simulated 
corrosion product mixture. Note that commercially 
available bentonite was used in place of 
montmorillonite, the dominant constituent in INEL 
soils. Bentonite is composed mostly of 
montmorillonite and typically includes some of the 
illite and kaolinite also present in soils at the INEL. 
The water was blended with the dry mixture to 
achieve a thin putty. This putty was spread between 
the plates of the mock fuel elements, and the entire 
assembly was subjected to a series of temperature 
ranges, heating rates, and pressure levels to support 
INEL drying parameters. 

Table 1. 
Composition of Simulated Corrosion Product 
Mixture. 

3rJominaI Weight "/p 

Bentonite 
Kaolinite 
Pseudo-boehmite 
Water 

31 
27 
42 - 

11 
10 
15 
64 

B. Vacuum Pressures and Drying Procedure 

The current drying procedure at the INEL is 
limited by time constraints and safe handling 
practices. The proposed drying procedure consists 
of two distinct parts; vacuum drying to remove the 
fke water in the canister and high temperature bake 
out to ensure all the fiee water has been removed 
fiom the system. Previous work has shown that for 
relatively simple fuel configurations with little or no 
corrosion product on the exposed surfaces, vacuum 
drying will remove all fie water in the canister:. 

3 
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The p r e f d  means of remotely determining if 
the free water has been removed is to monitor the 
pressure inside the chamber. Once the pressure has 
dropped below 3 torr (and stays at this same 
pressure after isolation from the pump) the canister 
can be assumed to be *.lo However, for fuels 
containing hydrated material (i.e. hydrated 
aluminum corrosion product) the moisture is only 
gradually liberated during the vacuum drying 
process. This reaction is very slow at ambient 
temperature, but enough moisture remains 
physically or chemically bound to the hydrated 
material to obscure the vacuum drying endpoint. 

This work demonstrates that vacuum d@ng 
does not remove bound water in the simulated 
corrosion product between the plates in aluminum 
clad plate fuels. Table 2 shows data for d y n g  a 
simulated corroded aluminum plate fuel element 
under several variations of proposed drying 
procedures. Depending upon the length of time 
under vacuum, a greater or lesser amount of 
moisture remains within the simulated corrosion 

Table 2. Averaged Results from Various Drying Procedures. 

product. Note that the first 16-17 percent of the 
estimated wata removed is driven off with minimal 
vacuum time. Additional vacuum time ody 
removes up to about 28 percent of the estimated 
water present; continuing to apply vacuum beyond 
four hours does not achieve significantly more water 
removal. The two hour bake period after the 
vacuum step drives off more of the water. To date, 
the maximum length of time spent vacuum drying 
one element to a qualitative state of dryness (based 
on visual appearance) is about three days. 

C. Heating Rates and Temperature Ranges 

After satisfactory vacuum drymg, the chamber 
is vented and heated to a nominal inside air 
t e r n e  of 100°C. This temperature is held for 
a period of two hours to drive off any residual water. 

Physical and operational limitations of the 
drylng station do not allow for thermocouples to be 
directly attached to any of the fuel elements. This 
100 "C inside air temperature will be measured by 

V = Vacuum time V=OShr V = 2 h  V = 4 h  V=6hr v = 2 h r  
H=Ohr H=Ohr H=Ohr H=Ohr H=2hr 

Weight percent 
change of simulant 10% 11% 18% 18% 29% 
after drying, % 

in Simulan~ g 
Estimated total water 414 444 387 405 405 

Estimated water 
removed from 
SimUlanL g 

Estimated weight 
percent of water 
removed from 
simulant &er drying, 

16% 

% II I I I I 

39% 40% 

61% 62% 

Only 1 test run for these conditions 
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thermocouples located in the top portion of the 
canister. Projections must be made to ensure that 
the fuel elements actually reach the desired 
operating temperature for the bake out period. 
Temperatures throughout the drymg station 
mock-up and various locations on the mock fuel 
have been monitored for different bake-out 
temperatures to provide a baseline. Figure 2 
shows all of the thermocouple locations used in the 
mock-up. 

Inside canister air and mock fuel element 
temperatures at several locations are presented for 
several potential operating temperatures in Figure 3. 
These are typical temperature profiles that are 
expected in the actual drymg station during the 
bakeat. Note that for the nominal vessel inside air 
temperature of 100°C the exterior mock fuel 
element temperature reached 100 O C and the center 
interior of the mock fuel element also reached a 
temperature of 100°C after two hours. Note in 
Figure 4 that when the simulated corrosion product 
is in place for the same nominal vessel interior air 
temperature of 100°C the exterior mock corroded 
fuel element t e m w  ody reached 95 O C and the 
center interior of the mock corroded fuel element 
only reached a temperature of 90 O C after the same 

two hour period. 

D. Potential Damage to Fuel During Dryrng 

Aluminum coupons were fabricated to simulate 
voids within the fuel plates to help determine the 
bursting characteristics of the fuel plates during 
drying. The intent was to establish a safe 
temperature and pressure limit for the drying 
protocoI to ensure that the plate fuels are not 
damaged during the drying operations. 

The coupons have small cavities (a 0.79 inch 
diameter hole, 0.015 inch deep) machEned into a 
solid album plate 0.035 inch thick to imitate the 
cavities expected in the actual fuel elements. A 
0.006 inch thick aluminum foil (the minimum 
cladding thiokness allowable by manufacturing 
specifications for ATR fuel plates) was attached by 
epoxy over the machined cavity in the coupon to 
simulate the cladding, and water was then injected 
into the void This con@uration adequately models 
a water pocket trapped in an aluminum spent fuel 
plate before drying occurs. Various heating rates 
and pressure changes inside the canister were 
employed to establish conditions which could result 
in rupture of the foil. 

Inside lid TC 

Outlet Air TC 

12' below top 

Mid Vessel TC 

Middle dr TC 

Mid hater TC 

Bottom heater TC 

vTop 

band 

Drying Vessel ATR Fuel Elelment 

Figure 2. Thermocouple Locations In Drying Vessel And Mock Element. 
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Figure 3. Temperature Inside Aluminum Plate Fuel Without Corrosion Product. 
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Figure 4. Temperature Inside Aluminum Plate Fuel Element With Corrosion Prduct. 
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None of the proposed drying temperature and 
vacuum combinations caused any deformation or 
damage to the coupons. Observations indicated that 
the liquid water was rapidly expelled from the cavity 
through the breach. Even the most extreme 
combination of conditions, where the coupon was 
heated first to 93 "C and then exposed to a sudden 
pressure drop, did not cause visible damage to the 
coupon. 

IV. CONCLUSIONS 

Clays seem to be eff'ective additives for 
simulating the combination of materials expected to 
be associated with the fuel after extended periods of 
underwater storage at ICPP-603. They improve the 
level of confidence in the muck-up tests by 
providing a hydrated mixture which bounds the 
corrosion product drying problem. The clays 
provide a binder which mitigates the previously 
observed difficulty of mass loss due to disturbance 
of dust particulate from the pure pseudo-boehmite 
simulated aluminum corrosion product. The clay 
mixture also adheres to the mock fuel plates better 
than the pseudo-boehmite alone. 

The current drying procedures are adequate to 
remove the fiee water from the fuel canisters for 
eventual transfer to a vented storage facility. 
However, the current drying procedures are not 
adequate to remove bound water from hydrated 
corrosion products inside the fuel elements. A more 
aggressive drying procedure must be established for 
the corroded fuel. 

that the geometry and volume of water pockets 
anticipated would not lead to damage to the fuel 
under any combination of the proposed operating 
parameters. 

. 

v. FUTURE WORK 

Results h m  this study indicate that the current 
INEL drying procedure can be improved for 
corroded aluminum plate fuels. The simulated 
hydrated corrosion product material will be analyzed 
to determine the quantity of moisture remaining 
after the drying process. An optimized drymg 
procedure using vacuum and heating processes in 
combination will be established. 

A more reliable means of remotely determining 
the moisture level inside the canister must be 
established. The addition of a Residual Gas 
Analyzer (RGA) to the exhaust piping will be 
explored as an option to provide real time 
monitoring of the exit gas during drying. 
Correlation of RGA data to the optimized drying 
procedure may be used to indicate moisture content 
throughout the drying process. The RGA may also 
be used to detect other gases released during drymg. 

The true temperature profiles of the elements 
and Canister during drying will be influenced by the 
decay heat generated by the radionuclides in the 
spent fuel. By ant5cially heating the mock elements 
within the Canister, the temperature distribution will 
be monitored to generate a refined temperature 
profile for the canister and contents during the bake- 
out. This data can be applied to the drying process 
and eventually to the fuel storage environment. The t e m w  in pristine fuel elements can be 

expected to closely follow the inside air temperature 
within the drying station (neglecting any heat from 
the radioactive fuel components). If the fuel ACKNOWLEDGEMENTS 
channels contain corrosion product and sediment, 
the temperature in the fuel element may lag behind 
the temperature within the drying chamber by as 
much as 10°C. If the process objective is to hold 

accounfed for in the operating procedure. 

Work supported by the U. S. Department of Energy, 
Assistant Seaetary for Environmental Management, 
under DOE Idaho Operations Office Contract 

the fuel at a specific temperature, this lag should be DE-AC07-94IDI3223. 

, 
Rupture of cladding or damage to the fuel due to 

occluded water flashing to steam appears not to be 
an issue. The aluminum coupon tests established 
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