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Vacuum Drying of Advanced Gas Reactor Fuel

James B. Goodea, David Harbottlea, Bruce C. Hansona,∗

aSchool of Chemical and Process Engineering, University of Leeds, Leeds, LS2 9JT

Abstract

The UK will shortly cease reprocessing spent advanced gas reactor (AGR) fuel in favour of direct
disposal, however since a permanent geological disposal facility is not envisaged as being available until
2075 interim storage will be required. The initial intention is to continue wet storage but it is possible
that this may not be viable for as long as is hoped. Dry storage is commonly used worldwide for the
interim storage of zirconium clad spent nuclear fuel however AGR fuel is stainless steel (SS) clad and
as such a new safety case will be required to ensure that fuel can be adequately and safely dried.

A rig has been designed to allow a comparison of the two main drying techniques in use; vacuum
drying and flowed gas drying. This paper looks primarily at the design and development of the rig.
Some of the initial data is presented to indicate how the rig was developed as a result of early results
and is followed by some of the later test data to illustrate the improvements made.

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

1. Introduction

In 1956 the United Kingdom opened Calder
Hall the worlds first commercial nuclear power
plant. The Calder Hall plant utilised a graphite
core as the moderator, natural uranium fuel and5

pressurised carbon dioxide as the coolant with the
name, Magnox, being derived from Magnesium
Non-Oxidising in reference to the special magne-
sium alloy used for the fuel cladding. The de-
sign was very similar to the first reactors built in10

France, the UNGG (Uranium Naturel Graphite
Gaz) with the key difference being the use of a
magnesium-zirconium alloy for the cladding. When
the second generation of reactors were being de-
signed the CEA and Framatome changed course15

with France now developing water cooled and mod-
erated reactors which had initially been developed
by GE and Westinghouse in the United States,
while the British continued with gas cooled reac-
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tors developing what is known as the Advanced20

Gas-cooled Reactor or AGR.
Like Magnox, AGR reactors were graphite mod-

erated and carbon dioxide cooled however the ther-
mal efficiency of the reactor was increased from
32% to 45% by increasing the coolant temperature25

at the outlet (and in turn the steam temperature)
from 370◦C to 650◦C [1]. In order to deal with
the increased temperatures metallic uranium was
replaced with ceramic uranium dioxide and mag-
nesium alloy cladding was replaced with stainless30

steel (SS).
In order to prevent radiolytic oxidation of the

graphite core by the carbon dioxide coolant cor-
rosion inhibitors were used. In the early Mag-
nox reactors the addition of carbon monoxide was35

sufficient however as the coolant pressure was in-
creased in the later Magnox reactors it was found
that hydrogen was more effective. The AGR’s
required yet another change and the addition of
small quantities of methane was adopted along-40

side carbon monoxide and water[2]. Unfortunately
the use of inhibitors leads to carbon deposits on
metal surfaces such as fuel cladding leading to
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a reduction in heat transfer, however to prevent
core damage such deleterious effects must be ac-45

cepted.
A fuel element used in the AGR reactors is

shown in fig. 1a. Each element consists of thirty
six pins held together by SS grids and surrounded
by a graphite sleeve. A SS tie bar is threaded50

through the guide tube of eight elements (seven
in the case of Dungeness B) to produce what is
known as a stringer and these are in turn low-
ered into one of 308 channels in the graphite core
[2]. Each pin is approximately 1 m in length and55

15.5 mm in diameter. The pins are manufactured
from 20wt% Cr, 25wt% Ni and 2wt% Nb stainless
steel[3] and are machined to form grooves on the
surface to increase heat flow leaving a wall thick-
ness of 400 µm. The fuel pellets are annular with60

an outside diameter of around 14.5 mm and an
inner diameter 6.4 mm. The pellets are fed into
the pins, which are backfilled with helium and end
caps are welded in place. Following welding the
pins are annealed in hydrogen at 980◦C.65

Following irradiation and removal from the core
the spent nuclear fuel (SNF) is initially held in
cooling ponds at the reactors for a short period,
typically six month (based on the safety case for
fuel acceptance) before being transferred to Sell-70

afield for reprocessing. Upon arrival at Sellafield
the graphite sleeve is removed and the individual
pins are removed from the grids. The pins from
three elements are placed into a slotted can and
then transferred to cool before reprocessing.75

The cooling ponds at Sellafield were initially
filled with demineralised water, however in the
early years of operation (from 1978) it was found
that failures were taking place (see fig. 2)[5] lead-
ing to the release of soluble caesium and other80

radionuclides. An investigation into this found
that such failures were due to intergranular attack
(IGA) combined with stresses within the cladding
leading to intergranular stress corrosion cracking
(IGSCC) and that in demineralised water failures85

would occur within 200 days [5].
IGA normally occurs due to thermal sensiti-

sation, when chromium carbides form at grain
boundaries leading to localised chromium deple-
tion, leaving the SS more susceptible to corrosion[6].90

(a) AGR fuel element.

(b) Slotted can

Figure 1: An AGR fuel element and slotted can (taken
from [4]).

In AGR fuel cladding the niobium is present to ef-
fectively mop up carbon by preferentially forming
niobium carbides thus preventing chromium car-
bide formation and chromium depletion. Conse-
quently chromium depletion in AGR fuel cladding95

is attributed to radiation induced segregation (RIS)[7].
RIS is the diffusion of an element, in this case
chromium, against the concentration gradient when
in the presence of radiation[8, 9] and has been
found to be most serious between 400◦C and 420◦C100

[10]. Temperatures in this range are experienced
by the cladding of the first two elements on each
stringer (at the base of the core) [11] and in test-
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ing 50% of pins from elements 1 and 2 were found
to fail by IGSCC[5, 4].105

Figure 2: Failed cladding pre caustic dosing with signifi-
cant IGA on the outer surface. The crack width is approx-
imately 50 µm (taken from[4]).

In order to address this problem a series of cor-
rosion tests were undertaken in the early 1980’s to
find a corrosion inhibitor and sodium hydroxide
(caustic) was identified as most suitable[5]. This
led to the dosing of the AGR storage pond to110

pH 11.4 since when there have been no reported
failures. Up until 1993 post storage examination
(PSE) was carried out regularly and found evi-
dence of limited IGA [11]. Since then there has
been only limited PSE and that has found no sig-115

nificant degradation beyond that found upon re-
moval from the reactor[4].

In recent years the decision has been made by
the Nuclear Decommissioning Authority (NDA)
that reprocessing of AGR fuel will cease with the120

fuel being sent for direct disposal to a geologi-
cal disposal facility (GDF). The expectation is
that a GDF will not be available until 2075[12].
Sellafield Ltd intend to continue reprocessing un-
til 2018 with future arisings being put into in-125

terim storage. Operating experience has shown
that fuel can be stored safely for 25 years if caus-
tic conditions are maintained, however it is un-
known how fuel behaves beyond this or whether
the higher burnup fuels of recent and future years130

will be suitable for extended pond storage. Con-
sequently Sellafield Ltd will try to extend pond
storage beyond this time frame. If this is not pos-
sible a second option should be available and the
next best option is dry storage.135

When spent fuel is placed into storage, either
wet or dry, the conditions must be controlled to
prevent negative impacts on criticality, general
containment of radionuclides, the ability to re-
trieve the fuel at the end of the storage period and140

final disposal options[13]. The geometry of fuel is
such that without a moderator, criticality is not
possible, however in extreme cases when temper-
atures escalate there is a minor chance of critical-
ity due to changes in fuel geometry due to creep.145

Such changes may also lead to cladding damage
releasing otherwise contained radionuclides, or a
change in shape that prevents fuel being removed
from whatever storage container has been used or
makes the final disposal option non viable.150

Similarly corrosion can lead to failure of the
cladding and radionuclide release, or in extreme
cases geometry changes. Equally the final form
may no longer be suitable for the disposal option
or corrosion may lead to the formation of poten-155

tially dangerous corrosion products, such as hy-
drogen gas or uranium hydride which complicate
recovery[14].

The impacts of creep and other temperature
related issues can be negated almost entirely by160

water storage since the water carries away de-
cay heat. Water will at the same time provide
shielding and trap released radionuclides which
can be later removed by filtration. While water
can be somewhat corrosive, careful control of wa-165

ter chemistry means that corrosion can be held
in check for significant lengths of time with some
AGR fuel having been stored without failure since
1986[11]. Water storage does however require on-
going monitoring and continual control which im-170

pacts running costs and there are limits to the
quantity of fuel a pond can hold before it has
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reached capacity.
When the United States stopped reprocessing

nuclear fuel in 1976 the expectation was that the175

government would provide a repository for spent
fuel disposal however over forty years later such
a facility is still not available. As ponds reached
capacity this led to the development of dry stores
with the first being licensed in 1986[15]. The basic180

concept of dry storage is to place the fuel in a
sealed canister which provides the shielding from
radiation and contains any released radionuclides.

Sindelar et al.[13] have described dry storage
existing as either unsealed or sealed systems. In185

an unsealed system fuel is generally placed into a
concrete vault or silo through which gas can flow
to provide cooling and allows monitoring of the
fuel condition, however the need to do this in-
creases the costs and sealed systems are the pre-190

ferred option. As the name suggests in a sealed
system the fuel is sealed inside a cask with the
expectation that it will remain there until final
disposal. Being a sealed system means that it is
difficult to remove decay heat and as such these195

systems are not suitable for fuel that has not un-
dergone several years pond cooling, however such
systems require no ongoing monitoring, are mod-
ular in nature and as such can be increased in size
as required with the addition of new casks. How-200

ever the risks of degradation are heightened as the
presence of only a small amount of water in a po-
tentially hot, sealed, radioactive environment can
lead to the formation of various aggressive species
such as hydrogen and hydroxide radicals, and hy-205

drogen peroxide[16]. As such the drying of spent
fuel prior to loading is of critical importance. In
the United States dry storage of SNF has been
carried out for many years prior to which signifi-
cant experimentation was undertaken to establish210

a safety case for all aspects of dry storage and this
has led to the development of ASTM C-1553 A
Standard Guide for Drying Behaviour of SNF[17].
The standard identifies two methods for drying
SNF; vacuum drying and Forced Helium Dehydra-215

tion. Various authors[18, 19, 20, 21, 22, 23, 24, 25]
have presented work on vacuum drying using dif-
ferent parameters and fuels however it is not pos-
sible to make a comparison between these investi-

gations due to differences in the fuels being dried220

such as cladding material, fuel geometry, fuel form
(metallic or ceramic fuel) and the presence (or
not) of crud or organic materials. The forced he-
lium dehydration method is patented by Holtec
and while other companies use similar methods225

there is insufficient detail published as organisa-
tions are keen to protect there proprietary IP.

Whichever drying technique is used, dryness
is confirmed with the use of a vacuum rebound
test in which the sealed container is required to230

maintain a pressure of 3 torr (∼4mBarA) for at
least 30 minutes. While a small amount of work
has been conducted to try and match the dry-
ness to a specific dew point this has as yet been
unsuccessful[26].235

While dry storage of spent fuel has been ex-
amined in significant detail, this work has been
carried out almost exclusively on zirconium and
aluminium clad fuels and it is not certain that
the same safety case and drying techniques can240

be used for SS clad fuels. With dry storage being
considered for future interim storage of AGR fuel
it was felt necessary to begin to investigate dry
storage in relation to SS clad AGR fuels. This
paper looks at the development of a drying rig245

which is to be used to compare vacuum drying
(VD) with flowed gas drying (FGD) methods such
as Holtec’s Forced Helium dehydration, and assess
the impact of different gases on drying behaviour.

2. Drying Requirements250

Dry storage of SNF is used as an interim stor-
age option for fuel that has been previously pond
stored to allow decay heat to reduce to an accept-
able level. In the early days of dry storage fuel
had often been stored for decades and as such255

had little decay heat but more recently hotter
fuel has begun to go into dry storage. Whatever
the age and decay heat of the fuel, the important
point is that water must be reduced to a level low
enough to prevent unacceptable levels of corro-260

sion. A secondary requirement is to reduce the
potential for hydrogen build up from radiolysis of
water remaining in the cask during storage.

ASTM C-1553 identifies two forms of water
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that are liable to be a concern; bound water specif-265

ically chemisorbed water and trapped water. Che-
misorbed water is defined as being “water that is
bound to other species by forces whose energy lev-
els approximate those of a chemical bond” while
trapped water is defined as “unbound water that270

is physically trapped or contained by the surround-
ing matrix, blocked vent pores, cavities, or by the
nearby formations of solids that prevent or slow
escape”.

The presence of trapped water is a concern275

with two possibilities. One concern is the pres-
ence of water within the pore network of carbona-
ceous deposits and the danger posed by such wa-
ter is being investigated elsewhere but is yet to
be reported. Whatever the case, the second con-280

cern is expected to be more serious. For AGR
fuel, the concern is a fuel pin that has become
flooded. As described above the historical fail-
ures of AGR cladding were due to IGSCC. While
caustic dosing of the pond water appears to have285

stopped failures there is evidence of minor inter-
granular attack. Since the detection of failures
is detected primarily through the measurement of
the pond water caesium content there is a concern
that some pins may have micro cracks which are290

too small for caesium to be released in sufficient
quantities for detection yet have allowed pins to
become flooded over many decades under water.
If such a pin was then placed into dry storage the
trapped water may then be released.295

Since there could eventually be millions of in-
dividual fuel pins it is not practical to analyse a
sufficiently large sample to be able to rule out the
possibility of a flooded pin and as such the pres-
ence of such a pin is regarded as the worst case,300

but realistic possibility. In order to investigate
whether it is possible to remove water through
such cracks it was felt that an experimental rig
would need to be constructed that would allow
a direct comparison between vacuum and flowed305

gas drying. The remainder of this paper discusses
the development of the rig and presents the ini-
tial data collected. It then discusses the changes
and improvements that the initial data prompted
and shows the data the rig and instrumentation310

is able to record and what that may indicate.

3. Experimental Setup

As described above the purpose of this work
is to compare vacuum drying (VD) methods with
flowed gas drying (FGD). To this end it was felt315

that a multi purpose drying rig would be required
which would minimise the variations between sys-
tems. The following sections discuss the key parts
of the rig. For VD the main requirements are a
drying vessel and a vacuum pump. FGD is gen-320

erally carried out by recirculating gas in a sealed
system. Such a system is therefore much more
complicated requiring a gas pump and heater in
addition to the vessel as well as a method of dry-
ing the gas to be recirculated. Figure 3 shows the325

completed drying rig and fig. 4 shows the P&ID
of the rig.

Figure 3: Latest iteration of the drying rig. 1-Flowmeter,
2-condenser, 3-molecular sieve, 4-circulation pump, 5-
circulation heater, 6- drying vessel and 7-heater controller.

3.1. Drying Vessel

The system was developed around a single dry-
ing vessel (fig. 3). The vessel was constructed330

from a length of 2.5” 316 stainless steel pipe. A
domed cap was welded to one end and a flange to
the other. A blank flange was used as a lid with
multiple lines fitted. One of the two main lines
had a dip tube in place to allow a flow of gas from335

the bottom the vessel. Both an analogue pressure
gauge (PG) and digital pressure transducer (PT)
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Figure 4: P&ID of the drying rig.

were fitted. Two Omega PXM319 pressure trans-
ducers were obtained; one with a 0-2 BarA range
and the second with a 0-15 BarA range. One or340

other transducer was used depending upon the
pressure being used. Two k-type thermocouples
(TC) were fitted; one for recording the tempera-
ture of the gas in the vessel (VT) and a second
flexible TC which could be attached to the sur-345

face of the object being dried (ST). The vessel was
heated with a 4” Mineral Insulated band heater
purchased from Watlow Ltd and then insulated.
The band heater had an integrated TC which was
used for temperature control (VH). Temperature350

controller was purchased (also from Watlow) and
made into a temperature control unit in-house.

3.2. Gas Pump and Heater

For FGD a TCS D10Kmicropump was sourced
which was designed to pump gas at a maximum355

flow rate of 11 lm−1 of air at atmospheric pressure
with a differential pressure of 6 psi (∼400 mBar).
The pump was set to run at full power.

Gas heating was provided with a Cast-X 2000
240V, 1kW circulation heater. The control ther-360

mocouple was located at the inlet to the vessel
(Vin). The circulation heater and controller were
purchased from Watlow Ltd.

3.3. Gas Drying

A two stage gas drying system was utilised.365

The first stage was a water cooled condenser/plate

heat exchanger to remove the bulk water for con-
ditions about the dew point while the second stage
was a scrubber column packed with molecular sieve.
The condenser was set up with a twin valve drain370

system so that bulk water could be removed while
the system was in operation. The drying system
was put in place primarily for FGD to ensure that
dry gas was returned to the vessel but also played
a role in protecting the vacuum pump from water375

vapour.

3.4. Further Instrumentation and Pipework

Numerous K-Type TC’s were fitted around
the rig in addition to those mentioned above to
give a good temperature profile around the rig.380

The level of instrumentation was intended to give
the operator a clear view of where water is present
(and to what degree) in the rig during operation.
These were placed at the vessel outlet (Vout),
mid way to the condenser (T1), at the inlet to385

the condenser (HX), between the condenser and
molecular sieve (T2) and between the pump and
circulation heater (T3). T1, 2 and 3 all had ana-
logue pressure gauges alongside. TC’s were also
fitted to the cooling water flow (CWf) and return390

(CWr).
A Michell Easidew dew point meter (DPM)

was fitted into the system. This had a range of
-100◦C to +20◦C. The system was designed such
that when FGD operations were in operation gas395

could be fed to the DPM either directly from the
heater to measure the dry gas dew point (DP) or
from the vessel (wet gas), It was also possible to
bypass the DPM when carrying out 150◦C tests
to avoid exceeding the DPM’s operating temper-400

ature and damaging the instrument.
A Bronkhorst El-Flow mass flow meter (FM)

was fitted in the line between the condenser and
molecular sieve. It was specified using the maxi-
mum pump flow rate (11 l min−1) and the max-405

imum pressure that was expected to be used (11
BarA).

The major lines were constructed with 12 mm
OD SS tube and 1/2” BSP SS fittings. The pipework
between the circulation heater and vessel and the410

vessel and the condenser was all lagged and heat
traced to prevent heat loss and minimise con-
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densation prior to the dew point meter and con-
denser.

The system was initially designed to use mains415

water with an expected temperature of <10◦C
but was replaced with water at room tempera-
ture pumped from a tank since the mains water
was found to be approaching 27◦C.

3.5. Early Design and Operational Changes420

When the design for the system was initially
conceived the intention had been to mount the
vessel onto a balance to allow real time measure-
ment of mass loss. It was found that it was not
possible to keep the vessel steady enough in oper-425

ation for useful data to be collected and this was
abandoned.

A 5g heel of water was placed into the vessel at
the beginning of each test. This was to represent
the water that will be left behind when bulk water430

is pumped from a spent fuel cask.
The dew point meter which was fitted was

found to be unsuitable. It was found that the
humidity of the system quickly overwhelmed the
DPM with two DPM’s failing during commission-435

ing. The use of a DPM was therefore abandoned
and water loss determined primarily by mass loss
from the TP with a mass balance using the mass
change of the molecular sieve and condenser.

Perhaps the greatest challenge is the produc-440

tion of samples for testing. In order for this to be
possible the test piece (TP) must allow water to
be sealed inside and yet be known to have cracks
of an appropriate size. Early work to produce
such a sample suggests that this is possible how-445

ever that work is ongoing. The trials discussed
here were carried out with a TP containing a ma-
chined hole of 300µm diameter to simulate a pin-
hole.

4. Initial Drying Tests450

Initial drying trials were carried out at three
nominal pressures; 30 mBarA (vacuum), 1000 mBarA
(ambient pressure, AP) and 11,000 mBarA (high
pressure, HP). Three temperatures were used; room
temperature (RT) when no heat was supplied,455

60◦C and 150◦C with the temperatures relating

Figure 5: The test piece. The pinhole is just visible as a
small black dot in the area highlighted.

to the set point of the heater and were an approx-
imation of the vessel wall temperature. For vac-
uum tests there was no gas flow. The AP and HP
tests were FGD tests and the circulation heater460

was set to the same temperature as the vessel. In
the initial tests different gases were also used; air,
nitrogen, carbon dioxide and argon. This meant
that a total of 36 different tests conditions were
initially tested. Each test began with three cycles465

of evacuation followed by backfill with the test
gas.

For each test the TP shown in fig. 5 was filled
with 2-3 g of water. The TP is constructed from
a SS plug welded into a short length of AGR470

fuel cladding with a pinhole drilled through it.
A length of SS tube is welded into the other end
a Swagelok cap fitted. The TP was weighed be-
fore and after each test. An overall drying rate
was calculated for each test by dividing the mass475

change by the length of the test. The test dura-
tion was nominally 60 minutes for RT and 60◦C
tests. It was reduced to a nominal 30 minutes for
the 150◦C tests since a quantity of water needed
to remain at the end of the test to allow a rate480

to be calculated. The work produced two main
data outputs; a drying rate based on the rate of
mass loss and a data plot based on instrumenta-
tion readings.

4.1. Vacuum Drying Plot485

A typical data plot for a 150◦C vacuum dry-
ing test is shown in fig. 6. The data in the bot-
tom right hand corner shows the test ID and the
overall drying rate. From the data in the plot it
is possible to get an idea of what is happening490

within the system. Some of the events discussed
are not visible in the plot due to the scale but are
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discussed to provide an idea of what can be seen.
Multiple large scale plots for fig. 6 are available
in the addendum which shows these events.495

0-300 seconds. The vessel begins the test at full
temperature (150◦C) and as such ST (TP surface
temperature) begins relatively high as it has been
warming in the delay between being placed in the
vessel and the beginning of the test. The flow rate500

and pressure spike several times as the system un-
dergoes gas flushes to replace the air in the sys-
tem with the test gas, during which time ST and
VT (vessel gas temperature) fluctuate. Following
the gas flushes VT and ST drop due to adiabatic505

cooling as the pressure is reduced to vacuum con-
ditions. VT levels out at 27◦C. This is the boiling
point of water at the vessel pressure of 37 mBarA
suggesting the vessel is now full of saturated wa-
ter vapour. The TP is sitting in a pool of wa-510

ter but is also in contact with the vessel walls so
is warmed by conduction so the behaviour of ST
changes somewhat during this period as the water
level drops. As the water level drops ST begins
to rise quicker than VT (the vessel gas temper-515

ature). Flow rate begins to rise around 200 s as
the water begins to boil.

300-800 seconds. Around 300 s the heel water has
been removed and VT begins to rise. There is a
small drop in pressure and flow rate drops. After520

the drop in flow rate it begins to rise again as ST
rises and greater quantities of water vapour are
able to evaporate from inside the TP.

800-1200 seconds. Around 800 s the water in the
TP begins to boil vigorously leading to sharp rises525

in flow rate and pressure and a change in the
rate of change of ST as slugs of water are ejected
through the pinhole. The sharp rises in flow and
pressure are accompanied by spikes in CWout, T1
and HX as the greater mass of water vapour car-530

ries more heat.

1200-1300. Around 1200 s the water inside the
TP appears to boil less vigorously. The belief is
that the water level has dropped such that it is
more difficult for the water to be ejected. This is535

thought to relate to the welded joint on the TP

where the AGR cladding meets the tube. This
also allows ST to begin to rise more rapidly as
the ST TC is attached to the cladding section.

1300-end. The test is ended just after 1300 s and540

the vessel is brought to atmospheric pressure. This
leads to a sharp rise in VT and ST. VT and ST
drop again as the vessel lid is removed and the
TP is removed.

4.2. Flowed Gas Drying Data Plot545

A typical data plot for 60◦C AP FGD test is
shown in fig. 7. The ST clearly rises with time.
A shoulder is clearly visible in ST around 250 s
when the gas backfills have been completed and
the pump speed was set. The flow rate fluctuates550

somewhat with time and in places it would seem
that these fluctuations can be paired with changes
in pressure and TC readings but this is far from
certain.

All FGD plots were broadly similar in this be-555

haviour and provided limited information as to
what was happening.

4.3. Results of Initial Drying Tests

The maximum rate for each of the 36 condi-
tions used is shown in table 1. It is clear that that560

150◦C vacuum drying is by far the most effective
method with values between 35 and 50 mg min-1.
60◦C vacuum and 150◦C ambient pressure drying
are next most effective at 12.5-16.6 mg min-1. In
almost all cases the type of gas used had no no-565

ticeable impact, the exception being 150◦C high
pressure drying where air and nitrogen were con-
siderably higher than argon and carbon dioxide.
This is thought to be due to the greater volumet-
ric flow rates achieved with these gases due to the570

lower gas density.
Figure 8 shows the variation in drying rates for

different tests during the first set of drying tests
(discussed above) and the second set (discussed
below). The first set of drying tests (Hot Vac 1,575

Warm Vac 1 and Hot AP 1) seem to show that the
Hot vacuum conditions produce more variation
even allowing for the greater number of tests in
these conditions. This was attributed to difficul-
ties in consistently controlling temperature and580

errors introduced when carrying out gas flushes.
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(a) Full test data.

(b) 0-300 seconds.

(c) 300-800 seconds.

4.4. Learning Points from Initial Testing

The initial tests brought to light several issues;

• Minor differences in the starting tempera-
ture appeared to have a significant impact585

on overall drying rate.

• The gas flushes were thought to exacerbate
this.

.

(d) 800-1200 seconds.

(e) 1200 seconds-end.

Figure 6: Typical data plot for initial vacuum drying tests.

• The heat tracing that had been used was
not suitable.590

• The gas pump was found to produce fluctu-
ations and regularly tripped out. This was
due to the pump controller which was later
replaced with a new model.

• In FGD it was difficult to obtain the re-595

quired inlet gas temperature for 150◦C dry-
ing. This was attributed to low flow rates
(low heat transfer) and the length/mass of
SS pipework between the circulation heater
and vessel (heat loss).600

• No water was collected in the condenser since
the cooling water temperature was above
the dew point. This led to the molecular
sieve being overwhelmed and water condens-
ing out into the vacuum pump oil.605
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Figure 7: Typical data plot for flowed gas drying.

11 BarA 1 BarA 20 mBarA

CO2

RT 0 0 0
150◦C 0.15 0.5 15
60◦C 2.96 12.5 42.5

Argon
RT 0.34 0.33 0

150◦C 1.02 1.8 15
60◦C 1.48 16.6 26.6

air
RT 0 0 0.33

150◦C 0.48 0.71 13.4
60◦C 7.72 15.2 49.5

N2

RT 0 0 0
150◦C 0.82 0.34 15.2
60◦C 13.6 16.4 35

Table 1: Maximum drying rates under different conditions.

• Heel water complicated the system with lit-
tle benefit. It could be removed easily and
obscured more interesting data.

4.5. Initial Minor Changes

For some of the later FGD tests the pipework610

was changed so that the hose from the circulation
heater went directly to the vessel. This was found
to have some improvement by reducing the length
of pipework from which heat could be lost but the
temperature was still somewhat below what had615

been hoped.
Since the gas being used seemed to have lit-

tle impact a decision was made to repeat the 60◦C
and 150◦C vacuum drying tests using air and there-
fore eliminating the need to carry out gas flushes.620

Figure 8: Variation in drying rates for different tests.

Finally ice was added to the cooling water
tank to improve the efficiency of the condenser.

The results of these changes are shown in fig. 8
(Hot Vac 2, Warm Vac 2). The results now show
much closer grouping of the data and an increase625

in drying rate. The 150◦C drying tests still show
more variation but the variation between tests is
greatly reduced. The rates for all of the second
set of 150◦C vacuum drying tests are greater than
that for the first set of tests. This is due to a630

higher initial starting temperature dictated by a
more controlled testing methodology.

It was also found that significant quantities of
water could now be collected from the condenser.
By recording the mass change of the molecular635

sieve it was also found to be possible to carry out
a mass balance for the water loss which accounted
for all of the water (within the limits imposed on
measurements).

5. First Modifications640

Having completed the initial drying tests above
the rig was now reconfigured based on some of
the issues found. The updates to drying rig are
shown in fig. 4. The most significant change was
the movement of the flowmeter. The flow meter645

was initially placed beyond the condenser to pre-
vent gas above the flow meter operating tempera-
ture causing damage. After the initial tests it was
clear that the gas temperature would not exceed
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the operating temperature so could be safely fit-650

ted upstream of the condenser where more precise
measurements could be found.

Since the pipework was being modified, re-
dundant pipework (primarily from the removal of
the DPM) was removed where possible, however655

to simplify construction process several lengths
of unnecessary pipework were left in place but
blanked. These did however allow temporary in-
struments to be fitted during early testing.

One of the major concerns was related to the660

flow rate and reliability of the pump. The man-
ufacturers informed us they were aware of the is-
sue and in the process of designing a new con-
troller. To allow this the rig was initially con-
structed without the recirculation pipework for665

FGD with these lines blanked after valves which
had originally been fitted to isolate this line dur-
ing vacuum drying.

An additional TC was fitted to the base of the
drying vessel (VB) to give a further indication of670

the temperature of the vessel walls at the base.
Initial commissioning following the first modi-

fications found that the ultimate pressure recorded
was less than 3 mBarA which was considerably
lower than the 20 mBarA that had previously675

been obtainable. The lower pressure resulted in
lower dew point so the condenser was no longer
able to condense out any water despite the use
of iced water, however a mass balance could be
achieved through the mass change in the molecu-680

lar sieve although with some difficulty.
The use of heel water was abandoned for mul-

tiple reasons. It was found that heel water could
be removed with relative ease and as such little
was learnt from it’s inclusion. It also complicated685

the data plots and potentially hid more useful
data relating to trapped water. Also with the
reduced pressure making the water cooled con-
denser ineffective the molecular sieve was quickly
overwhelmed so reducing the quantity of water690

being removed was beneficial.

5.1. Modified Rig Vacuum Drying Data

Figure 9 shows a typical data plot for the mod-
ified rig when vacuum drying. The key difference
between this test and that shown in fig. 6 is the695

(a) Full test data.

(b) 0-100 seconds

(c) 100-500 seconds.

quantity of water within the test piece. For this
test the TP was full of water (around 7 g), with
the exception of an unavoidable air space when
the lid was fitted. The vessel heater had been
turned on for at least 30 minutes before the test to700

ensure that the wall temperature had stabilised.
Multiple large scale plots for fig. 9 are available
in the addendum.
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(d) 500-1500 seconds

(e) 1500-2500 seconds

(f) 2500 seconds-end

Figure 9: Typical data plots for vacuum drying tests after
rig modification.

0-100 seconds. Upon its initial evacuation the flow
rate spikes and then drops away. The pressure be-705

gins to stabilise around 26 mBarA giving a boiling
point of water of around 22◦C. T1 and VT initially
drop due to adiabatic cooling. As the warm air
removed from the vessel passes T1 and HX they

rise.710

The vessel is evacuated leading to a drop in
flow rate down to a minima. As the vessel is evac-
uated a jet of water is forced from the pinhole
which is below the water level in the TP as the
airspace expands. This water then begins to boil715

upon contact with the vessel as VB is recorded as
33◦C. This leads to an increase in flow rate which
then levels out.

100-500 seconds. The water ejected from the TP
boils away leading to a drop in flow rate and pres-720

sure. ST also drops as the heat is used boil the
ejected water.

500-1500 seconds. Throughout this period there
are large spikes in flow rate from below the level of
detection with each spike accompanied by a spike725

in pressure. This is believed to be due to small
drops of water being ejected from the pinhole as
it boils. These spikes also lead to slight rises in
T1 and HX as does ST.

1500-2500. Similar behaviour to 500-1500 seconds730

but with smaller but more frequent spikes in flow
rate and pressure accompanied by spikes in Vout
and HX but ST remains relatively constant.

2500-4000 seconds. Spikes in pressure and flow
rate become less frequent as the level of water735

drops away. ST begins to rise.

5.2. Overall Vacuum Drying Rate

In fig. 10 the change in overall drying rate as a
function of the mass of water in the TP is shown.
When the TP is full the rate is considerably higher740

than when it has been reduced to containing only
4 g of water. Below 4 g there is very little varia-
tion in the drying rate despite the fact that this
is the region that showed considerable variation
during initial testing. This would suggest that745

the modifications, both physical and operational
have greatly increased the confidence and reliabil-
ity of the data obtained.

5.3. Modified Rig Flowed Gas Drying Data

The second tranche of drying tests was car-750

ried out using the new pump controller. During
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Figure 10: Drying rate at different masses of trapped water
for the second tranche of vacuum drying tests.

the second tranche of vacuum drying tests it was
decided that it would be possible to safely rein-
troduce a DPM for the second tranche of FGD
tests. A Michell SF52 DPM was now used with755

a range of -40◦C to +60◦C. It was fitted adjacent
to the Vout TC.

5.4. FGD 2

A data plot from the second tranche of FGD
drying is shown in fig. 11. This was carried out760

in identical conditions to the the 60◦C AP tests
in the initial tests.

The overall drying rate was found to be 0.01
mg s−1 which is of the same magnitude to that
found in the initial tests. The dew point drops ini-765

tially as the air dries levelling out at -40◦C which
is the lower limit of the instrument. It then begins
to fluctuate between -40◦C and -38◦C indicating
that water is beginning to be removed from inside
the TP.770

The pressure within the system can be seen to
increase and decrease in line with the cycling of
the circulation heater and this in turn affects the
flow rate. Within this general behaviour there
does however appear to be some minor fluctua-775

tions which match the fluctuations in dew point.
Once again the pressure and flow rate data

seem to provide limited information since they are
influenced by the cycling of the circulation heater.
On the whole the data is more stable than before780

the modifications and as a result it is felt that

Figure 11: Plot of FGD after initial rig modifications.

useful data may be obtainable from temperature
and dew point data.

6. Conclusions

While the drying of spent nuclear fuel has been785

undertaken for over three decades little system-
atic research as been undertaken to compare the
two drying methods commonly used. This paper
has described the development of a rig that it is
hoped will be able to provide clear evidence of the790

most effective method. While the emphasis and
driving force has been to find a method for dry-
ing SS clad AGR fuel there is no reason that the
learnings can not be applied to other fuel types or
indeed other specialist drying applications. Fur-795

thermore it is hoped that this rig will allow dif-
ferent methods of online measurement to be ex-
amined to see how parameters such as pressure,
temperature and flow rate may be used to anal-
yse the behaviour within a sealed canister in real800

time.
The initial work has shown that vacuum dry-

ing appears to be considerably more effective than
FGD. While the two sets of tests produce roughly
the same results in terms of the drying rates ob-805

served the improvements made to the rig have
greatly reduced the test to test variation.

The tests carried out so far have shown that
minor temperature changes can be detected when
vacuum drying which may be used to infer what810

is happening within the drying vessel. Similarly
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variations in the flow rate, pressure and dew point
may also prove useful. Work with the drying rig
will continue to try and assess the whether any of
these parameters may be measured in sufficient815

detail to be if any practical benefit.
Several further changes are planned including

a flow meter with a lower limit of detection and
the addition of energy metering to allow the rela-
tive cost of each drying method to be assessed.820
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