
FR0200650

INNOVATIVE ELECTRONIC ANALYSIS DEVICE FOR NUCLEAR
e FUEL REPROCESSING

D. C. Ash (1), Dr M.J. Joyce (2), Dr G. W. Garnham (3), Dr C. Barnes (4), Dr S. N. Port (5)

(1 & 2) Engineering Department, Lancaster University, Lancaster, Lancashire LA1 4YR,
England.

(3 & 5*) BNFL Research and Technology, Salwick, Preston PR4 OXJ, England.

(4) Oriel Systems, Bangor, Gwynedd LL57 3LE, Wales

Key Words : Innovative, Efficiency, Fuel.

Introduction
Nuclear reprocessing uses a fluid interaction to recover unused fuel from the waste
stream. A mixture of tri-n-butyl phosphate (TBP) and odourless kerosene (OK) is
used to extract the unused plutonium and uranium from the aqueous waste stream.
It is not surprising then that the liquid physical properties play an important role in the
efficiency of the reprocessing process. Viscosity of the TBP/OK mixture used is a
crucial area and the Quartz Crystal Microbalance (QCM) lends itself well to the
function of testing this viscosity with minimum wastage of fluids and fluid samples. In
this paper, we report on the latest results of this novel application of the QCM
associated with the viscosity measurement of TBP/OK.

Quartz crystals are elementary electronic components with a diverse range of
applications associated with high-frequency timing in electronic systems. A less
well-known application of these components, but arguably more elegant, is the QCM
in which the quartz is used as a highly-sensitive mass detector. This manifestation
of the quartz crystal oscillator was originally pioneered for the analysis of thin
metallic films1. The sensor consists of a thin slice of quartz crystal with an electrode
on each side. The piezoelectric property of quartz is exploited, formally in terms of
the converse piezoelectric effect, by applying an alternating voltage across the
electrodes. This induces a shear oscillatory deformation of the crystal.
When matter is deposited on the crystal surface, the wavelength of the shear
oscillation is increased and thus the oscillation frequency decreases. A direct
proportionality between the mass of the deposit Am and the induced frequency
decrease A/ is widely-known as the Sauerbrey relationship which assumes the solid
deposit is wholly-coupled to the QCM by virtue of its material stiffness:

where f0 is the resonant frequency of shear oscillation, A is the area of the deposit
and JUQ and pQ are the shear modulus and the density of the quartz, respectively.

* Amersham Pharmacia Biotech, Nycomed Amersham pic, Cardiff Laboratories, Forest Farm Estate,
Whitchurch, Cardiff CF14 7YT.
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The high sensitivity of these devices has rendered them useful for chemical and
biological sensing applications, in which selective coatings are often added to the
surface in order to sequest specific analytes from the liquid and gas phases2'3'4.
In such applications, mass changes in the nanogram range have been reported on
the basis of the Sauerbrey relationship described above and the binding efficiency of
the selective coating concerned. Thus, whilst the application of the QCM is
somewhat more complicated in these approaches than trivial mass measurement,
the fundamental requirement of a rigid-coupled body remains and sequested
analytes are believed, with reasonable foundation, to be held within a coating that
validates this assumption in most cases.

The application of the QCM to liquids, most often submerged in liquid media, has
proved more challenging56. In this condition, matter is no longer rigidly-coupled to
the surface of the QCM in entirety, but is believed to influence the crystal oscillation
via the effects of mass-trapping in surface features7'8'9, viscous coupling10'11'12,
interfacial slip13'14, and compressional wave generation15'16'17. In general, a
reasonable interpretation of the coupling of a Newtonian fluid to an oscillating
surface for this system arises from elementary fluid mechanics18, in which the shear
oscillation extends into the fluid according to an exponential relationship with
distance, characterised by the penetration depth S. Consideration of the effect of
damping, for most fluids, leads to the approximation that, over dimensions ~S/2, the
fluid can be justifiably understood as being in rigid contact with the QCM. For the
majority of the fluid beyond this limit, little effect is expected, other than the
compressional effect of the fluid pressure on the crystal structure, which is small.

As an alternative to the submerged QCM system, the properties of fluids in droplet
form can also be investigated with the QCM19. This is particularly advantageous
because it enables the complexities of the solid-liquid-vapour triple line to be probed
with relative ease, in terms of the response of the crystal quality factor Q curve.
Further investigation is possible if dynamic processes are present, such as
evaporation or capillary-driven surface spreading20'21.

Experimental
Unpolished quartz crystals with a resonant frequency of 10 MHz, were driven and
monitored by a Hewlett Packard 8753C network analyser. This displayed the Q
curve of the crystal in terms of admittance against frequency and enabled the
resonant point, characterised by the frequency of the peak admittance, to be
extracted. The frequency information was recorded at a sample rate of 5Hz via a
GPIB (General Purpose Interface Bus) link to a PC hard-disk, through the National
Instruments Labview software.

The ambient temperature and relative humidity, although not controlled by any other means
than simple air-conditioning, were monitored and recorded as 20±0.5°C and 45±5%
respectively. AT-cut crystals were chosen because of their low temperature response22.
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For each experiment, a droplet of the fluid of volume 0.5 mm3 was introduced to the
surface of an oscillating quartz crystal by means of a digital adjustable pippetor,
using disposable tips that were changed between different mixtures to prevent
contamination. A new crystal was used for each experiment. A sessile droplet of the
fluid is thus formed on the surface of the crystal fully covering, but not extending
beyond, the electrode on the crystal surface. The frequency response was recorded
throughout the initial fall in frequency due to the introduction of the droplet and for a
further time to allow for spreading to have occurred and a steady maximum
frequency drop to have been established. Various mixtures of TBP and OK were
applied to the crystal and allowed to settle before the data were introduced to the
spreadsheet in order to graph and analyse the frequency response of the crystal.
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Figure 01 Experimental setup

TBP is not a volatile fluid and does not evaporate from the crystal surface leaving it
clean and dry, as do fluids that are more volatile. Due to this, the crystals need to be
cleaned, if they are to be re-used, or disposed of. Cleaning is performed by agitation
of the used crystal in bath of hexane and toluene before being left to evaporate off.
It has been found that for the best cleaning results, the hexane and toluene should
be renewed for each crystal and the crystal should be washed immediately after
experimental use, in this way the crystals can be restored to the resonant frequency
seen before experimentation. Figure 2 shows the variation of crystal resonant
frequency for fresh crystals and after cleaning.
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Figure 02 Crystal frequency variations for fresh and cleaned crystals.

Results

30

CO

> 20
"55

10

7
Carbons

10

Figure 03 Viscosity rji versus carbon number for 1-butanol, 1-pentanol, 1-hexanol, 1-heptanol and 1-octanol, accepted values
(triangles) with values measured with QCM

Figure 03 demonstrates the ability of the QCM to differentiate between the
homologous series alcohols through the fluid property of viscosity. Although not
producing data to match the accepted values of viscosity, at this time it is suspected
that the disparity is due to the surface roughness of the crystals and a calibration
curve would compensate. The experiment was repeated using pre-prepared
mixtures of TBP/OK.
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Figure 04 Viscosity Vs % mixture of TBPIOK using unpolished crystals.

As can be seen from figure 04 the overall trend of decreasing viscosity is observable,
however, the spread of datum points is considerable and in conjunction with the
small viscosity change, differentiation of each % mix from the surrounding %
mixtures is difficult.

From earlier work, it was thought that surface roughness was a contributing factor in
the errors between the accepted viscosity values and the actual measured viscosity
values. For this reason, the TBP/OK mixtures were applied to the surface of crystals
with surfaces polished to within tolerances of <1 micron. Due to the polished
surfaces, more uniformity exists between crystals and therefore it is expected that
repeatability will be increased.
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Figure 05 Viscosity Vs % mixture of TBPIOK using polished crystals.

The improvement in repeatability is very clear from observation of figure 05 and due
to this improvement, a clearer distinction between the % mixtures can be made.
Further experimentation followed to produce data including all % mixtures of OK in
TBP in 10% increments. The viscosity variation between each mixture however is
not as uniform as would be expected, see figure 06.
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Figure 06 Viscosity Vs full range % mixture of TBPIOK using polished crystals.



oooo
Discussion
It has been found that, due to the ready absorption of moisture into the TBP, it is not
expected to achieve a viscosity reading within tolerances of 1.4 - 3.8%, depending
on the moisture content of the sample . From the data it has been calculated that
the grouping of datum points from the polished crystal dataset represent a 3.63%
error which compares favourably with other techniques reported on. The samples
used are of an industrial nature and therefore not refined to the same degree as
laboratory samples. This is necessary, as the technology would be expected to
perform on industrial samples in practice.

The errors between accepted values and measured values are thought to be an
advantage as a larger variation between the most dilute (lowest viscosity) and the
least dilute (highest viscosity) mixtures of TBP. This enables small variations to be
more clearly observable in a graphical format. If the actual viscosity value is
required then post processing can be used to produce these figures.

Conclusion
A method of measuring the viscosity of TBP/OK mixtures using very small quantities
has been shown. Very high repeatability of experimental results is demonstrated
and the simplicity of experimental procedure shown. The ability to clean the crystals
after use offers a very inexpensive system to operate with reuse of crystals being
possible. Surface features are known to play a part in the discrepancy between
accepted values and measured values and this is currently being addressed. It is
possible however, that this may present a situation where small variations can be
more clearly depicted.
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