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Abstract

A drying rig has been constructed to allow detailed comparison of both vacuum drying and flowed
gas drying of spent nuclear fuels in response to the upcoming closure of the Thorp reprocessing facility
at Sellafield, UK. Drying will be needed ahead of disposal possibly ahead of dry interim storage of
stainless steel clad Advanced Gas Reactor fuel.

A large number of tests have been carried out using the same small scale simulated fuel pin. The
overall results suggest that the drying rate obtained from vacuum drying is significantly higher than
when carrying out flowed gas drying. When energy usage is accounted for the drying efficiency is
increased still further.

Testing also considered different defects; pinholes and stress corrosion cracks. Despite the theo-
retical open area of the crack being potentially greater than for a pinhole, the pinholed samples were
found to have a considerably higher drying rate.

Keywords: nuclear fuel, dry storage, stainless steel, AGR, pinholes, cracks

1. Introduction

The usage of interim dry storage for spent nu-
clear fuel (SNF) has been practiced for over three
decades and in this time two methods of dry-
ing fuel have been routinely used; vacuum drying5

(VD) and flowed gas drying (FGD).
Various different vacuum drying methods are

reported. At the Hanford site pond stored zircaloy
clad uranium metal fuel has been dried by heating
a fuel canister to 50◦C and evacuating from 13 to10

0.7 mBarA over 24-48 hours [1]. This method was
developed to allow the use of a vacuum rebound
test to confirm dryness [2] and to avoid thermal
excursions during drying.

At Idaho National Laboratory a number of15

experiments were carried out [3, 4] to develop a
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method of drying aluminium clad uranium metal
fuel from materials test reactors covered with dust
and corrosion products leading to the eventual
implementation of a method using a 50◦C vac-20

uum drying step followed by a high temperature
(150◦C) purge with argon +2% oxygen to remove
uranium hydride [1].

At Chalk River Laboratory in Canada a num-
ber of experimental drying tests were carried out25

on aluminium clad, uranium metal fuel that had
been stored in dry wells which were thought to
have suffered water ingress. The method used
was similar to that at Hanford but at slightly
higher temperatures (<100◦C) and with the addi-30

tion of higher pressure heating cycles to increase
heat transfer and prevent freezing [5].

The most deployed method of flowed gas dry-
ing for spent nuclear fuel (SNF) is Holtec’s forced
helium dehydration (FHD) system for drying LWR35

fuel (although other methods do exist). Hot he-
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lium is pumped through a storage cask before be-
ing dried, reheated and returned to the cask. The
parameters are not publicly available but temper-
atures are below 250◦C [6] to prevent damaging40

the fuel cladding. Pressures are elevated and flow
rates are in the region of 100’s of kg hr−1.

A hot flowed gas method was used to dry mag-
nesium alloy clad uranium metal fuel in France
however this involved mechanical stripping of the45

cladding. The bare uranium was then heated in
argon first at 100◦C to remove water and then at
430◦C to pyrolyse any uranium hydride. A final
drying step was carried out at 250◦C with an in-
creasing oxygen concentration to partially oxidise50

the uranium metal.

2. Anticipated Drying Process for Failed

Pins

While fuel was traditionally vacuum dried, flowed
gas drying was developed in part to prevent over-55

heating shorter cooled fuel with greater decay heat.
Under vacuum, when convection is greatly reduced,
there is the potential for high temperatures to
cause hydride re-orientation in Zircaloy clad fuels
leading to premature failure during dry storage.60

We can assume that in both cases pins start
containing liquid water and the first step in dry-
ing is to vaporise this water. When vacuum dry-
ing this is achieved by lowering the vapour pres-
sure so, much of the energy required to vaporise65

the water is already within the system and adia-
batic cooling takes place as the water vaporises,
within the pin and expands when passing through
the defect. This could lead to ice formation. To
prevent this additional energy can be supplied by70

heating the drying vessel itself, however due to
the low pressure and gas density there will be lit-
tle convective heat transfer. Heat must instead
be transferred by conduction and radiation. In
contrast, flowed gas drying relies upon supplying75

additional heat to the system to vaporise water.
This is achieved by forced convection which is, in
this case, a more effective manner of heat transfer
than conduction and radiation. The rate of con-
vection can be increased further by increasing the80

pressure and hence the gas density. While this in-

creases the boiling point of water it will also lead
to a lower enthalpy of vaporisation thus poten-
tially increasing the rate of vaporisation.

Once vaporised, the water must be removed,85

first through the defect and then from the ves-
sel itself in a mass transfer step. In both cases
(vacuum and flowed gas drying) the water passes
through the defect due to a pressure gradient,
with a higher pressure formed when the water90

vaporises inside the pin. When vacuum drying,
water vapour is removed from the vessel by a fur-
ther pressure gradient towards the vacuum pump
while when flowed gas drying the water vapour is
removed in the gas flow. In both cases once all95

liquid water is removed from inside the pin the
system is considered to be dry.

Both vacuum drying and flowed gas drying
have been used successfully to dry SNF however
there has been no consistency in terms of scale,100

the type and condition of the fuel used or the
way in which the outcome was measured. As re-
sult it is not possible to ascertain which of the
two drying methods is most effective. In order
to address this a drying rig has been constructed105

which is able to carry out both flowed gas and vac-
uum drying in controlled circumstances and col-
lect detailed data of the drying behaviour. This
is being done as the UK’s stainless steel (SS) clad
AGR fuel will require drying ahead of disposal110

to a geological disposal facility and may be re-
quired if dry interim storage is adopted. This fuel
is likely to have relatively little decay heat with
much of the fuel having been pond stored for sev-
eral decades based on current plans[7]. The ma-115

jor concern when drying SNF is failed fuel, that is
fuel pins that have become flooded over decades
under water. Historically a small proportion of
AGR fuel has failed due to intergranular stress
corrosion cracking during wet storage [8], prior to120

the introduction of NaOH as a corrosion inhibitor
in the late 1980’s. As such microcracking is the
recognised form of failure in AGR fuel.

The expectation, and thus a hypothesis that
could be tested, was that on this scale vacuum125

drying will be more effective than flowed gas dry-
ing, due to the higher pressure gradient formed
by the vacuum pump leading to an increased flow
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of water vapour from the system. While it is ac-
knowledged that the rate of heat transfer will be130

lower, with a single pin in direct contact with the
vessel walls, the difference is likely to be min-
imal in comparison to the benefit gained from
the greatly reduced vapour pressure. Furthermore
the reduced pressure in the system and resultant135

lower fluid density, will lead to a higher rate of
mass transfer across the defect. The work pre-
sented here is intended to address this hypothesis
by carrying out drying tests with identical simu-
lant fuel pins and as near to identical conditions140

as is possible. This paper presents the results
of all tests carried out as part of the experimen-
tal programme with detailed data of specific dry-
ing methods presented elsewhere [9]. This pro-
gramme also compares simulated pins with pin-145

hole defects, as may be formed in the event of
pitting corrosion, with microcracked pins.

3. Methodology

The rig used consisted of a heated drying ves-
sel (see fig. 1) with a total volume of ∼500 cm3, an150

inlet line with a dip-tube and an outlet line from
the top of the vessel. When vacuum drying the
inlet line was isolated while the outlet line ran to a
vacuum pump via an iced water cooled condenser
(HX) and a molecular sieve. The ultimate vac-155

uum achievable by the system when dry was ∼3.5
mBarA although during most tests the recorded
pressure was typically higher (>6 mBarA) due
to the presence of water vapour. When flowed
gas drying the vacuum pump was replaced by a160

circulation pump which fed the gas back to the
vessel via a circulation heater. The vessel con-
tained thermocouples that could record the vessel
gas temperature (VT) and be attached to the test
piece to record the surface temperature (ST). The165

rig is described in greater detail in Goode et al[9].
The majority of tests were carried out with a

pinholed stainless steel test piece (SSP TP-fig. 2a).
This was made from a short length of stainless
steel AGR cladding with a stainless steel plug170

welded into one end, a stainless steel tube welded
into the other end and a Swagleok cap fitted to
allow water to be sealed inside. A 300 µm hole

Figure 1: The drying vessel used in the drying tests with
various parts labelled.
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was drilled into the centre of the section of AGR
cladding to represent a pinhole. A second cracked175

stainless steel test piece (CSS TP-fig. 2b) was used
for a smaller number of tests. This consisted of
a length of stainless steel tube treated to induce
four stress corrosion cracks running axially along
the TP (see fig. 2c) with a width of ∼20 µm with180

such cracks believed to be representative of the
failures observed in AGR fuel. The production of
this TP is described elsewhere[10] but was essen-
tially carried out by compressing a length of tube
radially while boiling in magnesium chloride. The185

total volume inside each TP is similar being close
to 7 cm3. Since the TP’s were not heated inter-
nally they simulate fuel with zero decay heat. The
temperature of AGR fuel in dry storage would
depend on the quantity of fuel in the canister,190

the burnup and cooling time, however modelling
suggested that a typical dry storage cask contain-
ing 96 fuel elements with 25 GWd teU−1 (slightly
lower than would be expected for future arisings)
peak clad temperatures could be up to 108◦C af-195

ter three years cooling, dropping to 68◦C after ten
years.

Following a number of initial trials, vacuum
drying tests were carried out with the vessel wall
heater (VH) set to 30◦C for the majority of tests200

although some tests were carried out at 60◦C. For
the SSP TP the test length was typically 1 hour
although a small number of other times were used
to investigate the impact of test length. For the
CSS TP the test length was between 1 and 6205

hours.
For the flowed gas drying testing the set point

of the vessel wall heater was typically 125◦C al-
though a very small number of tests were car-
ried out at 135◦C. The temperature of the circu-210

lation heater for the flowed gas was set to the same
value. The gas pump was capable of pumping 11 l
min−1 of air at atmospheric pressure. The flowed
gas drying tests typically lasted 6 hours using air.
Sequences of 125◦C flowed gas drying tests were215

carried out at pressures ranging 1-2.1 BarA.
The TP was weighed at the beginning and end

of each test and the mass of water lost was calcu-
lated. A drying rate was then calculated by divid-
ing the mass change by the actual test time thus220

(a) SSP TP with pin hole highlighted

(b) CSS TP

(c) The tube used to produce the CSS TP showing
one of the four cracks.

Figure 2: The test pieces used in the drying tests.
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allowing a comparison of different drying tests.
The tests were typically carried out as part of a
sequence that began with the TP full of water for
the first test in a sequence. The TP was not re-
filled with water for the next test until the TP225

was completely dry.
For the flowed gas drying tests power meters

were fitted to the vessel heater, circulation heater
and circulation pump. This allowed the energy
usage and a drying efficiency to be calculated for230

each test. Two extended (∼6 hours) 30◦C vac-
uum drying drying tests were carried out of sim-
ilar duration to the flowed gas drying tests with
power meters fitted to the vacuum pump and ves-
sel heater.235

4. Results

Figure 3 shows the drying rates for the SSP TP
when vacuum drying at 30◦C and 60◦C. The data
is plotted in relation to the mass of water that was
inside the TP at the beginning of the test. Unsur-240

prisingly the 60◦C tests produced higher drying
rates than 30◦C degree drying tests. The vari-
ation in drying rates is substantially greater at
60◦C than at 30◦C. On the whole the drying rate
at 60◦C is roughly twice that at 30◦C.245

At both temperatures the greater the start-
ing mass the higher the drying rate. At 30◦C the
drying rate remains relatively constant when the
TP contains <4 g of water. The drying rate ap-
pears to be related to the mass of water within250

the TP at both temperatures with a high drying
rate when the TP is full, levelling out as lower
starting masses are reached with this mass vary-
ing from around 4 g for 30◦C tests to 3 g for the
60◦C tests.255

The low value observed for 30◦C with a start-
ing mass of ∼0.2 g is a result of the all water
being removed during the test thus giving an ar-
tificially low value. This is seen again periodically
in further tests.260

A number of 30◦C tests were carried out at 0.5
and 2 hours using a full TP to investigate the im-
pact of test time (fig. 4). This found that shorter
drying tests gave higher drying rates and the vari-
ation was considerably greater at shorter times.265

Figure 3: Vacuum drying rates for the SSP TP at 30◦C
and 60◦C.

Figure 4: Vacuum drying rates for the SSP TP with a full
starting volume (∼7 ml) at 30◦C and different test times.
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Figure 5: Vacuum drying rates for the CSS and SSP TP
at 30◦C.

The effect of the defect is seen in fig. 5. The
drying rate for the SSP TP is around 0.15 µg s−1

while for the CSS TP the drying rate is reduced
to 0.1 µg s−1 and lower. The step observed at 2.5
g of water for the CSS TP is a result of the test270

time being extended.
Figure 6 shows the drying rates for the SSP

TP at different pressures and temperatures. At
the highest pressures (1.9-2.1 BarA) the drying
rate is typically higher than at the lower pressures275

(1-1.5 BarA). Temperature is clearly seen to be
the greatest factor as the hottest tests yield the
highest drying rate despite higher pressures being
used at lower temperatures.

A comparison of the drying rates for the CSS280

and SSP TP under vacuum drying and flowed gas
drying is in fig. 7. It is clear that for both TP’s the
drying rate when vacuum drying is much higher
than when undertaking flowed gas drying.

The drying efficiencies and rates for the two285

extended vacuum drying tests are shown in fig. 8
alongside the drying efficiencies for the two flowed
gas drying tests with the highest drying rate (125◦C
and 135◦C at1.9 BarA). The drying rates for all
four tests is roughly similar at ∼0.2 µg s−1 how-290

ever the drying efficiency which accounts for en-
ergy usage is significantly higher for the vacuum
drying tests than the flowed gas drying tests.

(a) Pressure

(b) Temperature

Figure 6: Flowed gas drying rates for the SSP TP at dif-
ferent temperatures and pressures.
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(a) SSP TP

(b) CSS TP

Figure 7: A comparison of vacuum drying and flowed gas
drying for the CSS and SSP TP.

Figure 8: Vacuum and flowed gas drying rates for the CSS
and SSP TP at 30◦C.

5. Discussion

The vacuum drying tests at different temper-295

atures unsurprisingly show that higher tempera-
tures lead to higher drying rates as heat transfer
is improved with a greater temperature gradient.
The temperatures used are however low and allow
plenty of room for increase.300

The reduction in rate as the mass of water
within the TP drops is due to liquid water be-
ing displaced from inside the TP and then boiling
away from the vessel walls. This is a somewhat
chaotic process leading to the variation in drying305

rates between tests. The reduction in rate as the
test time is increased when vacuum drying is due
to predicted adiabatic cooling of the TP as water
is vaporised, reducing the rate of further vapori-
sation. In this system energy is only replaced by310

conduction due to contact from the vessel walls to
the TP. Real fuel will be self heating and as such
there will be less impact from increasing drying
time. In flowed gas drying tests the drying rate
would be expected to increase with time as the315

system warms however since the time taken to
reach the set point for the circulated gas (as op-
posed to the vessel walls) was several hours run-
ning tests of variable length was not practical.

The initial loss of liquid water from the system320

is followed by the removal of water by evaporation
only and this scenario is more likely when drying
real fuel. The drying rates during this phase of
drying are typically more consistent.

The impact of pressure on the drying rate when325

flowed gas drying is likely due to a combination
of faster heating and reduced enthalpy of evap-
oration. At lower pressures the gas density is
lower and the gas is therefore less effective as a
heat transfer medium leading to the time taken to330

reach the maximum recorded surface temperature
of the TP being reduced in higher pressure tests.
The increased pressure also leads to a reduced en-
thalpy of evaporation. The surface temperature
of the TP indicates that only the 1 BarA test335

led to a surface temperature equal to that of the
boiling point with the higher pressure tests being
hotter overall but cooler than the boiling point.
Since the highest drying rates were for the higher
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pressures this suggests that a lower enthalpy is340

more important than ensuring boiling takes place,
something that was considered to be a possibility
before testing.

The highest rate overall came at the one test
sequence carried out at 135◦C rather than 125◦C345

but not at the highest pressure. This suggests
that temperature is a more important factor.

The drying rate for the CSS TP is significantly
lower than that for the SSP TP. Calculations show
that the open area of a 20 µm wide crack run-350

ning along the length of the TP (∼40mm) would
theoretically be greater than that of a single 300
µm diameter pinhole and since the production
method would lead to up to four cracks forming if
the drying rate is based purely on the open area of355

the defect then it would be reasonable to expect
that the two drying rates would at least be sim-
ilar. For the purposes of this work it is however
enough to be aware that the drying rate through
the crack is considerably lower yet drying is still360

achievable.
As discussed above one of the reasons for the

the use of flowed gas drying for LWR fuel is that
it prevents overheating. For stainless steel clad
AGR fuel with an upper operating temperature of365

850◦C the maximum allowable temperature dur-
ing drying is significantly higher and unlikely to
be reached. This danger is reduced further since
current plans do not envisage AGR fuel with sig-
nificant decay heat being placed into interim dry370

storage.
The drying efficiencies for the two methods,

which accounts for energy usage has shown that
for comparable drying rates vacuum drying has
a much greater efficiency. Higher temperatures375

would increase vacuum drying rates considerably
and would be unlikely to have a major impact on
overall energy usage thus increasing vacuum dry-
ing efficiencies further. There is a thought that
despite insulation the pipework from the circula-380

tion heater to the vessel suffered significant heat
loss and the temperature of the gas entering the
vessel may not have been as hot as would have
been liked. Since the circulation heater was the
major contributor to energy use it may be that385

heating the vessel only and flowing cool gas would

lead to similar rates and to an overall efficiency
greater than that for vacuum drying but further
work would be required to confirm this.

The primary components of a vacuum dry-390

ing system are a vacuum pump to remove wa-
ter vapour and a heated vessel although fuel with
high decay heat may not require an external heat
source. A flowed gas drying system requires a
heat source, gas circulation system and gas drying395

system as well as additional pipework. Since the
current recognised method for confirming dryness
consists of a vacuum rebound test[11] a flowed
gas drying system would also require a vacuum
system. This need for additional system means400

that a flowed gas drying system would likely be
more expensive from a capital standpoint. Run-
ning costs may also be impacted by the likely need
for large quantities of helium even on a recircu-
lating system with gas scavenging capabilities.405

6. Conclusions

The purpose of this work was to establish which
of the recognised methods of drying spent nuclear
fuel is most effective for drying failed fuel with
low decay heat. The expectation was that based410

on the scale vacuum drying would be more ef-
fective and the data presented has shown that
vacuum drying removes water at a much greater
rate than flowed gas drying. Since the tempera-
tures used for the vacuum drying tests were low415

there is significant room to increase vacuum dry-
ing temperatures should that be wished. When
energy usage was considered vacuum drying be-
came even more advantageous. The use of real
fuel producing its own decay heat, even in only420

small amounts, would likely increase this advan-
tage further, particularly in the case of AGR fuel
where overheating is unlikely. This decay heat
would also be in the area required, i.e. inside a
flooded pin.425

Defect size and morphology has been shown
to have a significant impact on drying rate with
rough calculations indicating that this is not re-
lated to the open area of the defect. Nevertheless
it is possible to remove water vapour through de-430

fects similar to those expected to be present in
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failed fuel using both vacuum and flowed gas dry-
ing methods.
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