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Project Background

Current Spent Fuel Strategy:
With the UK deciding to cease reprocessing, spent fuel is being interim stored pending a decision on

whether to classify the spent fuel as waste for disposal [2].

This is expected to be a Geological Disposal Facility in 2075 with wet interim storage being the preferred
option with dry storage being investigated as an alternative as well as a prerequisite for disposal.
While in wet storage there is a risk of the cladding corroding and leading to water seeping in.

To reduce the risk of corrosion the storage ponds are dosed to pH 11.4

Why Do We Need To Dry Spent Fuel?
If water that has become entrained in the fuel is not removed then radiolysis will occur.

This will produce H, and H,0,. Hydrogen is flammable and explosive while the hydrogen peroxide will further
corrode the cladding and exacerbate the issue.

Cracking Stainless Steel

In order to corrode samples and produce representative cracks in

stainless steel a drop evaporation test is being performed. Factors being considered for the 1.0 -
process model — o |
Samples of 304 stainless steel were sensitised at 600°C for 5 hours T
before being furnace cooled. £ 1. Vacuum pump down of the % -
Os,; N chamber 2
35g/L NaCl dripped onto the sample which is heated to 180°C allowing the Opn Of 5 AGR‘\)Q\ £ 04-
previous drop to evaporate before the next drop falls [5-8]. 2. Flow through the crack
0.2- Experiment
. - Code
Tests so far have had durations of 14, 21 and 28 days, with longer tests planned N flzaporatllon OREIEREES 0.0 4———————————————
with NaCl and other salts such as FeCl; and AICI,. - Time (min)
4. Heating of the sample , , ,
Fig 7. Code vs Pinhole Experiment
Corrosmn EX seri mental Set U . Whefl .conSfde.rmg the evaporation of Yvater the vapour pressure is fou.nd for the
= : : : conditions inside the sample at each time step value. The water mass is then reduced
Clean samples showed minimal signs of corrosion following 14 by the number of moles required to reach the vapour pressure.

days of exposure under test conditions.
The vapour pressure is calculated using the Clasius-Clapeyron equation given as [9] :

To try and increase the corrosion rate a centre punch has been

used to create small pits in the surface. In ﬁ N AHyqp : l i l
P, R T T,

The flow velocity, u, is given by the following equation where inertia becomes more
important as the flow takes a less tortuous route through the crack corresponding to
regime 2 in the paper [10].

Multiple pits of around
50um have been
observed and CT scans

are being looked at. E ' = , p ) 12 bory
However, due to the o V[ 2 d P deff
dimensions of the 'f — . : : _
expected cracks (1-10um) - - With the volumetric flow then given by
this is proving hard. Fig 5. Drop Evaporation Test rig set up Q=u-dg

_ e

Flow Rate

To obtain the flow rate through various sizes of pinholes) a rig has been constructed to

2.5- . . .
remove as many factors that could affect the flow. The final set of experiments being
,olé carried out is to conduct vacuum drying
The diameters of the pinholes being investigated are 100um, 50um, 20um, 10pum, =" of samples.
5um & 1pum. Current results suggest that below 20um the flow rate becomes so low E - i
as to be impractical for testing. § A ) Currently pinhole tests have been run
. . o 104 v . . . 1 L T
1.0 The experimental set-up consists of a 7 N - with a view to providing initial
— os sample cylinder connected to a vacuum = 05 a validation of the process model.
E’ ' pump on one side and a Swagelok® fitting N -
o 0.6 housing the pinhole disc. e o A S e re Once cracks have been produced they
? . . . Time (min) will be used to create samples to be
g 04 These discs are 0.025n.m3 tthl.( stamless. . sooC 60°C A 70°C v 80°C used in this experiment.
0 steel sealed into the fitting with an 0-f|ng Fig 8. Drying Rig Mass Removed Graph
and backed by a steel plate to prevent it
0 a0 40 %0 s 70 from deforming. As the experiment is being carried out the sample can be weighed to track the mass

Time (min) . lost over the course of the run.
Tests to measure the evaporation of

water in a vacuum are also being
Fig 6. Comparison of different pinholes  onducted

m—100um S50pm —20um
In addition to this the mass flow rate, pressure and dew point are all recorded which

can allow for additional validation points.
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What is Electrokinetic Remediation?

The use of electricity to migrate and concentrate pollutants around an
electrode in order to minimise the volume of contaminated material.

e
Electromigration:
+ ﬂAnode Cathode ﬂ - Cations - cathode
Anions = anode

Electrophoresis:
+ charged particles = cathode
- charged particles = anode

Electro-osmosis
Water > cathode

The advantages of electrokinetic remediation include its adaptability to
different waste matrices and the potential to be combined with other
waste minimisation techniques such as bio/phyto remediation, in-situ
barrier formation or colloidal grouting.

e
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Difficult-to-measure radionuclides
in cementitious materials

For more information on this project, including some preliminary results,
please visit Shaun Hemming’s poster

In this project, we are investigating whether an embedded electrode can be used
to move five disparate radionuclides through cementitious material. To simplify
the system, we cast a mortar using cement powder and water only and used
graphite as the embedded electrode. Future work could therefore look at the
effect of grain boundaries within concrete by introducing aggregate or sand into
the solid matrix as well as utilising features commonly found in building
structures (e.g. steel rebar) as an electrode.

Experimental set-up

* Radionuclides added: 37Cs, 3H, 236U, 129], 0S¢
¢ Cylindrical block dimensions:
diameter = 12 cm, height =7 cm
* Central electrode: graphite (diameter = 1 cm)
* External electrode: steel wire mesh fence
(2 cm away from face of cementitious block)
¢ Curing time = 28 days
* Applied voltage density = 0.5 V/cm
* Electrolyte = 0.1 M NaOH
* EKR experimental duration = 6 weeks ;\\\

We split the tests into two sets to simulate two types of radionuclide
contamination. For one set, surface adsorption of radionuclides was achieved by
soaking uncontaminated blocks in a solution containing a known concentration
of analytes. In the other set, radionuclides were incorporated homogenously
throughout the block by introducing them

into the cement powder and water mixture Data to be obtained

prior to casting into the moulds. Information recorded during EKR trials:

L * pH * Appearance
Within each set, two blocks were « Current

subjected to an applied voltage (anode  Analysis after EKR trials:

in centre and cathode in centre), one « Concentration of radionuclides in
block was left in the electrolyte solution soaking solutions and electrolytes
with no applied voltage to monitor « Radial distribution of radionuclides
diffusive transport, and a final block within C'—’tt‘:et')t't'ius b'OCE ]
was left untreated to quantify initial © Quar? e ive (1 cm su sampling)
radionuclide distribution © Qualitative (autoradiography)

Working with two external SMEs, we are exploring
the potential to use a low applied voltage to
remove invasive plant species from radiologically
contaminated sites where disturbing soil could lead
to redistribution of activity and/or physical removal
of soil is not possible.

Electrical treatment is also more environmentally friendly than traditional
elimination methods using chemical herbicides and is effective throughout the
annual growing cycle of the target weed.

Electrical treatment of weeds is already
commercially available using the RootWave™
hand-held and tractor powered systems. This
technology uses a high AC voltage at frequencies
of 18kHz and above, converting electrical energy
into thermal energy within the plant and boiling it
from the inside out. In this project, we are instead
focusing on much lower variable voltages that
could be powered in-situ over short periods of
time and is expected to have a different effect on
the target weeds. Results are not yet available due
to IP sensitivities.

Image copyright: rootwawve

Argoed site 2019

Independent review of
electrical treatment of weeds

Study carried out by RSK ADAS Ltd on behalf of
the Welsh Government:

* Dock investations in grass at 3 farms I I
* Compared the RootWave Pro™ hand-held 00

Bectalil  Gocthlid  Decald Wt sow Bicktz

% reduetion from urireated contral

system with conventional herbicide
treatment (and 90mbmed) ) The mean % reduction from the untreated control for all
* Found that a series of 3 electrical treatments  treatments in experimental year one at Argoed site.
performed as well as herbicide treatment Figure from: Electrical Weed Control of Docks Final Report (30
e 1or?2 electrical treatments was less effective  November 2021) - ADAS for Welsh Government / EIP Wales

Electrokinetically @, University of
enhanced migration
of soil contaminants into silica grouting

Strathclyde

For more information on this project, please visit Gea Pagano’s poster |

We have been working with the University of Strathclyde to combine
electrokinetics with their expertise in the use of colloidal silica grouting to
penetrate contaminated soil, safely containing radionuclides and generating a
waste form suitable for in-situ or ex-situ vitrification.

Graphite electrodes Experi mental set-u p

Experiments carried out so far (Strathclyde):
Anode (+) Cathode (-) *  Soil matrix = sand

* Analytes added: Cs and Sr

* Applied voltage density = 0.25 - 1 V/cm

* Electrolyte =0.17 M CaCl,

* EKR experimental duration up to 1 week
Future experiments (Southampton):

* Explore differently charged analytes

* Add clays/organics into the sand

/ * Incorporate sand/clay into the silica gel
) * Simulated Sellafield groundwater as
Sampling wells Silica gel electrolyte

Experimental design and diagram by Arianna (Gea) Pagano, University of Strathclyde/Glasgow
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Colloldal silica grout may greatly reduce risk of icture for
contaminant release In nuclear decommissioning :

Here, CS Is modified to support its use in decommissioning applications

Properties:
‘ Water-like viscosity

1. Background Colloidal Silica grout 2. What Is Colloidal Silica (CS)?

Aged nuclear sites: could solve key * Suspension of silica nanoparticles

e Contaminated soil & concrete

challenges * Forms rigid gel when mixed with NaCl sol. Controllable gel time

nm particle size

€\ Non-toxic, environmentally
friendly

» Deteriorated containment structures :
AIms:

 |dentify applications for CS
* Modify it to best fit these

» Waste to classify & -
store / dispose

@ Low hydraulic conductivity
N

=

0.015 um

Decommissioning risks
contaminant release via...

Fine rdinary

« Groundwater ‘ . Outcomes: = E
» Airborne particulate ‘8  Cost & time savings
- Reduced risk to workers, N : _ . .

Difficult, costly with current oublic & environment * Can injectinto soil * Used for in situ hydraulic
tech. at low pressure so  barriers. But also...

ho ground — Increases soil strength

disruption — Chemically traps
3. My Research contaminants
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Blind tube monitoring instrument to improve the
characterization of underground radioactive plumes
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2. Focus

Magnox Swarf Storage Silo
(MSSS) at Sellafield site (UK)

1 ) MOti\Jati on Methods to assess radioactive contaminants
r— underground using monitoring wells

Migration of contaminated
water into the ground from
legacy nuclear facilities

.

Possible contamination
of groundwater &
other water receptors

Monitoring well

A. Groundwater sampling

Laboratory based instruments,
technigues and analysis.
Laborious, time consuming and
expensive technique.
Radiological risk to workers.
Secondary wastes produced.

Gamma-ray logging measurements to assess
contamination trends near the silo where the
greatest activity is present

o

The probe under development shall (1) be compact to fit in
the existing array of carbon steel blind-tubes (inner diameter
75 cm); (2) resilient to be left in situ; (3) hold long-term
functionality for high doses (< 1 Gy/h); and (4) hold a dual-
mode system, that can discern 3/Cs and ®9Sr.

Groundwater

> _

Radiological risk to
public health &
environment

Continuous, real-time assessment
of vertical soil profiles.

Significant challenge to detect a
and B emitting radionuclides.
Intrinsic limitations of available
logging probes.

Assessment of subsurface

contaminated ground

3. The Concept & Hypothesis S
Detection of ionizing radiation *’m&-

. § Tripod + winch Logging probe prototype and respective components
present in the ground 7

system
surrounding a blind-tube. S e G KR e r Sensing element A

A. 10 mm x 9 mm Cerium Bromide (CeBr;)

detector

137Cs Direct Detection Sl Commercialized
\ 137mBg crystal - |
YES \/ by Scionix
Developed prototype #2
* y (0.662 MeV) (Netherlands) PEC P p
*’Ba Signal conditioning £

~ / o Tt R ‘
g N 3 4
i\ ‘.“&4/ " F GAM E
- \ .
\ \ . -\\\
B\ .

< B. TOPAZ-SiPM digital Multi-Channel Analyser
PM6660-SiPM A
| v | CHANGERS

Direct Detection

+ Preamplifier
90G, T - e </
\89(()3'546 MeV) NO >< Commercialized by - Xz ‘ N ;':fjl
+ ; (2.28 MeV) Signal processing I BrightSpec NV \ H y b r Id
0Zr | ﬂ l Digitizer MCA ‘ / Instruments

Visualisation of data

detectoras ABACUS
project

Detection of produced
bremsstrahlung photons

Ll E).(pe r| m e nta | WO rl.( The logging probe may detect ionizing radiation caused by a variety of sources of radiation

Obtained Gamma-ray spectra*: and output complex gamma-ray spectra.
o o137 at Pl In the present model (f;) the plurality of sources is particularly categorised into a first
® Cs-137 at P1 & Sr-90 at P2 source of radiation, 13’Cs the predominant radionuclide, and a secondary contribution

Detector response for

contamination via 2

137 90 20001 AR Dackscatter peak ® Sr90at P2 : L
Cs and/or ?°r. <+ bremsstrahlung representative of background radiation + scattered photons + bremsstrahlung photons.
< J (measurement time: 1h)
=00 Bitockscotter peak Example of an obtained photopeak !3’Cs @ 662 keV and fitting analysis:
c 354 ROI '
S 1000 300 A —(xz_%)z e nll) SR xu il 1 o
3 275 .4 e o erjc e 16 erjc
; 5 +7Cs photopeak 2504 . ::“ _® / oV 2 / ov2 TV2
- . “Omypr k _____ | 15 ot ll'l — )
5001 . 5 - 1T rov+u —
: crahlung . Um ROI ‘ i *EEUW *-‘:_._-; ‘1 _ -~ x = channel number
. bremss JF | o175 ?'-f:;i \ -
| ~

® ";\;.;.f o ‘-’-" {3\ I+ 15[} T
0 I |

125 1

_______________

——
- -

0 250 500 750 1000 1250 1500 1750 2000 1004 \/ The quantity of a principal radionuclide is
annel number 75 - . . )
*Spatial source distribution (simplified scenario): disk point 501 simply obtained calculating the area under

25 1
0

- —

sources surrounding the blind-tube but close to its wall. the obtained Gaussian peak.

1500 1600 1700 1800 1900 2000
Channel number

1300 1400
To infer 13’Cs photo depth profiles it is crucial to analyse each obtained gamma-ray spectrum individually.

Focus: We're looking for changes in the shape and intensity of successively recorded spectra. : :
5 5 P Y Y P ‘ Point-spread analysis of photo-depth spectra
Experimental setup to obtain Obtained total gamma-ray depth Obtained gamma-ray spectra at
. o . i 137 - ile:
137Cs gamma-ray depth profile.  A. profile for a 137Cs point source: g specific depth positions in the pipe: Obtained **/Cs @ 662 keV gamma-ray depth profile:
depth=30.6 .
0 00 ago o@l#Coums A 1o P o 45000 Data was found to be well described
Data A go— i . . .
07— ‘ ' | | = 0l . — Bedgfoumd prove e mathematically by a continuum point
' ¢ ata ol ata : i
i | g1s{ S % e spread function. Model (f) is a Moffatt
| (measurement time: 2 ST 0 35000 - , . _
0l 1h each data point) 107, 2o 9 X; =030 function with a skew component.
| S Q30000 1 Gr=o9
| S1= e L s
b Grr————————————— —.° "2 e T NE W R > ! : T : :
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2. Holes to introduce sources 1001 ! 2250 depth =81.6 cm d 2 -B 2 Blurred NIR images of
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; : 17501 - Background 2 _
5. USB cable P 1500, ¢ s(x) 1+ eY(x—d)
6. Rope 120 4 i % 1250 -
7. Laptop : o 12{53'3‘ ! x = depth (cm)
P1 — Position of 137Cs (304 kBq) l 1
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| fonth mpamum "ol v~ | Accurate location of a source of radiation
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Background & Introduction

Use of acoustic backscatter to characterise high concentration sediments in the
near-field, and characterisation of bi-disperse systems is not yet fully
understood.

Application of these techniques is being introduced to monitor the PSDs of
legacy nuclear waste sludge which are currently undergoing processing and
disposal.

The processing utilises polymeric behaviour modifiers which aid settling, but
are shear dependent.

As such Machine Learning (ML) will help to automate and improve the analysis
of the backscatter data so the concentration and PSD can be characterised
relatively easily, and the changes of these measurements can be tracked
through time with varying shear.

¢ Size Characterisation of virgin vs. sieved size fractions and bimodal size
fraction mixtures of spherical glass particles.

** Development of Machine Learning code to characterise size and
concentration of spherical glass particles.

¢ Application of aforementioned research to flocculated systems.

Fig 3 — Schematic of calibration rig
used in this project for collecting

acoustic data, modified from Hussain
et al. (2020).

Fig 2 — Python logo
(Wikipedia, 2021).

Fig 1 — Backscatter G-function vs. distance from transducer, at 2MHz (/eft), and
4MHz (right); for 25:75 (top), and 50:50 (bottom) wt.% mixes of large : small
glass. Vertical black lines show where the gradient of each plot was taken.

G-Function v r, Large:Small 25:75 wt.%, 2MHz G-Function v r, Large:Small 25:75 wt.%, 4MHz
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Conclusions & Further work

* More work needed to match measured and calculated SACs of bi-modal
systems.

* SACs larger for 4MHz than 2MHz, but more complicated when comparing
between bi-modal mixes.

* Same systems were tested using Aquascat ABS, data to be analysed.

» Develop the acoustic backscatter model to incorporate bi-modal particle size
distribution coefficient/factor.

» Gather data on number distributed bi-modal mixes in the same way.

» Investigate the effect of radiation on ultrasonic acoustic probes.

» Development of ML code package for determination of PSD, from acoustic
backscatter data.

Fig 1 — PSD of bi-modally distributed

small and large, data gathered using a
Malvern Mastersizer 3000. Spherical
silica glass beads of different sizes,
d50=41pym and d50=81um, were
mixed at 25:75, 50:50, and 75:25 wt.%
and tested over a concentration range

14 to 68g/L.

Acoustic data was collected using in o F
situ probes with the UVP-DUO on 10°

homogenised suspensions.

Material & Methods

16

(] (] (]
o N =
1 1

Volume density (%)
[0¢]

| arge(25%) Small(75%)
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| arge(75%) Small(25%)

Data were analysed
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Results & Discussion

Fig 5 — dG\dr (gradient

collected.

Mixing

10t
Particle diameter(um)

ssem  gcripts  and  the
independent sediment attenuation
s coefficients (SAC) for all mixes at

x4

Draining literature,

Point

P using the

which

attenuation losses
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2MHz and 4MHz were calculated
G-function method
outlined in Bux et al. (2019).

Comparison of these measured
“aaem SACs against values
from the acoustic
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models in
Incorporate

from both

scattering

mechanisms, are plotted below.
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(Urick, 1948), ratios on the
X-axis show wt.% mixes of
large : small glass.

The complexities of the
attenuation mechanisms in
systems  are
highlighted here, since the

2MHz signal attenuates

more from the small glass, whereas the 4MHz signal attenuates more from the
larger glass, the higher attenuation of the 4MHz compared to the 2MHz signal is
still apparent from the mono-dispersed systems.
Calculated values are linear weighted, with respect to the relative wt.% mixes,
summations of the mono-dispersed small and large glass SAC values, more work
is required to develop the acoustic backscatter model to more accurately
incorporate the bi-modal particle size distribution.
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University of Electrokinetic remediation of difficult-to-

Southampton measure radionuclides at nuclear sites
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Anode Cathode

What is Electrokinetic Remediation (EKR)?

e (Clean-up of the UK’s nuclear legacy is estimated at ~ £200 billion over 100 years
e There is an urgent need to reduce decommissioning costs - could new approaches to remediation help?

e Technique must work in soils, sands, concretes, cements, groundwater, etc., AND be site-scalable,
cheap, energy efficient and sustainable

EKR involves decontamination by electrocution, concentrating pollutants within cell or at electrodes. H,0 = 2H" + %0 H,0 + 2e- —» 20H +H,

2()

It is an adaptable and low-energy waste minimisation technique E°=-1.229V E°=-0.828 V
Figure 1: A typical electrokinetic cell. C+are cations and A are anions

Cements - Ongoing Work

e Collaborative work with lan Burke (University of Leeds) and the NNUF-EXACT facility (Southampton) into whether electrokinetics
can remediate cement containing **°U, *’Cs, **°I,°°Sr and *H

e Cement was chosen instead of concrete to simplify the system. Consequently, only cement and water were added, in a 2:1 ratio
e (Cement cores were contaminated in 2 different ways:

— Homogeneous Set - radionuclides were added as the cement and water were mixed (RNs are homogeneously distributed
throughout core, simulating concrete biosheilding)

— Soaking Set - cores were left to harden (known as curing) for 28 days and, afterwards, placed in a bath containing radionuclides  Figure 2: Above - trial cement core

: : ndergoing electrokinetic treatment.
(RNs are bound to the surface or near-surface, simulating storage pond concretes) Hnaergomg et
Below - graphs showing the proportion of

e Cores have been treated and are currently being analysed. Preliminary data from electrolytes (below) shows that overall mobility ;%}’gr“g’%fgfjg IC;-’{Ze;tecggj;’o’g/ig’gﬁﬁg

differed between each radionuclide, as well as a strong indication that a greater degree of mobilisation occurs in the Soaking Set the 6 week treatment period.
compared to the Homogeneous Set

3H QOSr 129| 137Cs 236U

35 2.0 20 100 15.0

©
c
-
P
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£
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o>
<9
53
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S ul
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- Soaking Set - Homogeneous Set Soaking Set Homogeneous Set Soaking Set . Homogeneous Set
lefusmn Only Diffusion Only Cathode in Core Cathode in Core Anode in Core Anode in Core
e |nvestigation into the application of electrokinetics for 54 hour remediation of stable Sr, | e Evaluation of whether electrokinetics can ) O 200 4000 30000 60000 0 250000 500000
and Re (as an analogue for Tc) in Sellafield groundwater simulant migrate the radionuclides present in a 55 cm
e ‘ sediment core from the Ravenglass saltmarsh
* 3types of cell were created: (~9 km south east of Sellafield)
— sand only (simplified setup) 120
— 80% sand and 20% clay, homogeneously mix e Sellafield discharges into the Irish Sea have
(more representative of Sellafield subsurface) = accumulated in the saltmarsh
— sand with 2 biochar barriers (charcoal Percentage Reduction in Middle Yell
. Concentrations Between 5 Minutes and 54 e Historical discharges are buried over time by new 240
derived from sewage sludge; proof of Hours After Addition of Contaminant Solution
5 25 sediment, creating a discharge profile in the core < =
concept for a system that utilises both EKR S c
. . .EA O —
and permeable reactive barriers (PRBs) -EEO’ZO e Radionuclides may have been remobilised . |
£ : : .
e EKR impact is most notable in middle wells, 5% 5 over time due to changes in conditions
where concentrations of Sr, | and Re decrease 2= L
, 5= 10 e [trax XRF scan shows stable element composition
over time Z o
3 E throughout the core. Key elements are: 480
cO 5
e The percentage of post-EKR target nuclide - — S indicates whether the sulphidic zone of
concentrations is, on average, 10% higher in 0 g — e respiration has been reached
the EKR cells compared to the control cells. - ContmllSr - m Con:OFlee TE conto — Mn and Fe mark sub-oxic zone of respiration ; ical i di h and
This implies EKR is migrating ions away from Figure 3: Top - photo of cell with biochar barriers. Figure 4: Optical image, radiograph and Itrax XRF

Bottom - Graph to show concentration reductions scan of key stable elements in the Ravenglass

the centre quicker than by diffusion alone of Sr. 1 and Re in the middle well of each cell e Radionuclide analysis will follow soon sediment core before EKR treatment

Acknowledgements: GAU Radioanalytical; NERC, INSPIRE DTP and TRANSCEND consortium project (EPSRC grant number EP/S01019X/1) for funding; the British Ocean Sediment Core Research Facility (BOSCORF) for supporting XRF core
scanning; the National Nuclear User Facility EXACT laboratory and team, via the UK EPSRC (grant EP/T011548/1), for support with cements work.
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Development of Composite Zeolites for
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Background

“»Decommissioning at the Sellafield site is expected to last ~100 years and cost 10’s billions of pounds to the UK taxpayer — it

therefore needs to be efficient to minimize cost and environmental impact.! > X I oY I° 1 partial Interzeolite
<+ Key challenge is removal of Cs-137 and Sr-90 from aqueous waste streams. ODODO Transformation
“*The anionic framework, uniform channels, resistance to radiation and physical durability make zeolites ideal for this '8 '8 o —

purpose.! ST NaOH
“*A clinoptiliolite (clino) zeolite, sourced from Mud Hills, California, has been utilized on site for >30 years due to its high

affinity for both cesium and strontium — however, supply is only expected to last into the 2030s. : i

<+ Other clinoptilolites have been shown to not match the performance of material sourced from Mud Hills, particularly its HEU
ability to capture strontium.!
“*Innovative materials capable of dual Cs and Sr uptake must therefore be sourced to help us meet future decontamination

® gEm &
cniEls

efforts.
< This work looks at the g : of - 1. through partial transformations to the atomic framework Figure 1: Remediation of aqueous nuclear decommissioning waste using a zeolite composite.
K structure and subsequent use for Cs and Sr encapsulation (Figure 1). /

Generation of Zeolite Composites Cs and Sr uptake experiments

<+ Chemical modification of natural zeolite materials was achieved via hydrothermal treatment with NaOH

[ Coesiom

“»Zeoclere clinoptilolite (HEU topology) and mordenite zeolite (MOR topology) underwent transformation Inactive batch testing in K/Ca 0
into Na-P (GIS topology). matrix (Figure 3) "
< Degree of transformation controlled through the manipulation of NaOH concentration (Figure 2). § w
o<
<+ High level of control exhibited: optimised blend of phases can be prepared. N e ppf" Cs/sr, 50 ;?pm K/Ca. ¢ o
P ——— " — - R ——— 10/12 i <+ Strontium uptake increases
&
5 ha mgI ma ;rr:? ;(c $7Aa|n~4n;or enite) good for caesium encapsulation due to larger ring at expense of caesium uptake =
channels and higher Si/Al (~4.5). as transformation proceeds. . A/ LA
< New Na-P phase better for strontium due to smaller 8 ring channels and more aluminium enriched < Composites show T
frameworks (Si/Al ~2.5). improvement in removal Figure 3: Cesium and strontium batch uptake data for materials derived from
< Composites good dual-uptake materials in principle. rates (good dual Cs/Sr mordenite MOR (left) and Zeoclere HEU (right).
<« Control over composite phases gives potential to ‘tune’ material to a given waste stream e.g more Na-P exchange materials). -
° X N — 74 2 |—— Z-HEU (R*= 0.996)
phase developed to remediate high strontium feeds. o s commatie (2= 0.958) ™ s comacane (= 0.9%8)
. —— I-MOR (R?= 0.997) I-MOR (R?= 0.997)
- ST (O 1o = Zeoclere (Raw Si/ AL 47 £0.1) Active Flow testing (Figure 4) = MORIGIS composite (%= 0.9%9) 2 MOR/GIS composit
N W\:J Lo » s Mud Hills cinopioite (Re= 0.993) S —— Mud Hils dinoptiol
[~ SRR ] - ]
R -LJ»|~_,~|'A,*~,W. Soe oo « Using RIX method developed %m g
i o3M ] £ by NNL with no competing £ g °
H 030M gos s . <n
il ] cations (0.017 ppm Cs-137,
o P
W 50 0.0005 ppm Sr-90). o .
” - . % Composites displayed T e T o m s
BB . Y o T enhanced Cs-137 removal v Y/t
o NaOH treatment concentration /M rates. 100 [T e (- 0t - —— ZHEU (Ré= 0.988)
o ) - o . — composite (R%= 100 - .
Ll hose % Adrastic improvement in Sr- —oR (¢-0%0, iR (ocomany o
D MORJGIS composite (R*= 0.997)  MORIGIS 2=
E"““M“«'“——mm | 9(; remo;/al rate was also £ | Mud Hils cinoptiole (R%= 0.987) 2, et s cmattte (i 0067
. I - 055M observed. 4 2
] - & 2
L NN fo ¢
~ ——Mordenite| | " g %
e o) % 50:50 composites generated <, 2
- from natural mordenite and
- e B e o -
v s m e % = R R R R ] HEUorMOR ~ GIS Zeoclere clinoptilolite S
el degres ot o outperformed industry-used ° P o LI
Figure 2: PXRD patterns of NaOH treated zeolites (left). Weight fractions of parent and resultant phase as a function of d Hills cli iloli /ml \AL'S
[NaOH] (centre). Si/Al ratio of treated zeolites (top right). Preferential encapsulation of cesium and strontium cations in a Mud Hills clinoptilolite. Figure 4: RIX uptake curves of Cs-137 (top) and Sr-90 (bottom). Plots on the right

variety of zeolite frameworks (bottom right). focus on the first 250 mL column throughput.

«“*Granular materials derived form mordenite were
selected for further characterisation at K11 DIAD,
Diamond Light source?.

«»DIAD facilitates quasi-simultaneous imaging and
micro-diffraction. This allows for the collection of
diffraction patterns at regions of interest (e.g the MOR
edge of the granule).

% Cross-sectional tomography imaging (Figure 5)
revealed formation of an outer shell during
interzeolite transformation.

« Diffraction data confirmed this outer shell to be
zeolite P (GIS).

< Interior then recrystalises into zeolite P until
transformation is complete.

% Core-shell model also supported by diffraction
tomography (Figure 5, bottom centre).

Outer shell formation
attained by surface
dissolution-recrystalisation

Base penetrates shell resulting
in dissolution-recrystallisation
of the interior

0 : diffraction beam trajectory

MOR signal GIS signal Overlayed

Figure 5: ic displaying proposed ism of

(top). Computed images idating the ism of
transformation (centre row). Local diffraction patterns of selected
regions (A = 0.0597 nm, bottom left and right). Spatially resolved
diffraction tomography of composite particle (bottom centre). MOR
and GIS phase i iti i through i tion of MOR
(620) and GIS (200) reflection peaks.
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In-situ Corrosion Tests of Stress Corrosion Cracking using a Novel
Small Punch Test Design
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Aim Comparisons

To develop a new small punch test (SPT) setup for spent AGR cladding with To compare the correlation quality of two patterns, rigid body movement test
surrogate material (thermally sensitised 304 stainless steel) that can initiate SCC have been done by moving the micro DIC cameras horizontally by 100 pum.
(stress corrosion cracking) of stainless steel in a short period time for DIC (Digital Due to the corrosive environment, two tensile samples, which were prepared

image correlation) observation. in the same two ways, were loaded and place in the same corrosive condition
for 105 hours to find out the effect on the patterns.

§ 3 E y [ e ]
. “f"'r,
© X : b »

Two DIC pattern methods are compared for the special corrosive environment.

Fig. 1. DIC strain mapping of the development of a stress corrosion crack*

Background
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. Punch

Sealing

Pin > ey
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Fig. 5. (a) painted surface before corrosion, (b) etched surface before corrosion;
(c) painted surface post corrosion, (d) etched surface post corrosion.

) C) /" Flow of the corrosive solution Specimen Holder

1 |

' s S | The paint spots are much larger than the etched features. After corrosion
Ausailary Holes tests, the painted surface is heavily corroded by pitting, but the etched
surface remains intact.

Observation Window  §

Mirror Fig. 2. (a) Schematic of the new SPT design and
(b) the loop system

A SPT setup has been designed and built to allow the SPT held at a constant
load while a loop of heated corrosive solution (1000 ppm sodium
thiosulphate) is circulated around the sample for accelerating the initiation of
SCC. A mirror is also placed below the sample to allow observing with a
Lavision stereo micro DIC, which has a magnification from x2.4 to x30.

A trial test was conducted without DIC to prove that the new setup can
successfully initiate SCC. A 1000 ppm sodium at 60 °C was circulated in the
loop, and a constant load of 1.5 kN was applied. After 113 hours, SCCs were
observed on the surface of the SPT sample.

111111

111111

111111

111111

111111

i (] (]
i ;
,"l‘. /’ - - / & § ’ ‘*0'- . . . . .
e axd| Lk e 3 Fig. 6. Correlation of (a) painted surface before corrosion (x10), (b) etched surface before corrosion (x20);
=30. Signal A = AsB Date :11 Jun 2022 =30. Signal A = AsB Date :11 Jun 2022 . . .
WD = 8.4 mm Mag= 685X Time 15:49:17 | | WD= 8.1 mm Mag= 879X Time 16:7:67 w (c) painted surface post corrosion(x10), (d) etched surface post corrosion (x20).

F r 3N :qu N - - S ‘ -

Fig. 3. Stress corrosion cracks observed on the small punch test sample The rigid body movement tests showed that the quality of the painted
Pattern Preparation surface deteriorated after the corrosion tests as many missing spots are
o i showing on the surface. The error for the painted sample increased from 9 ps

Both the samples were electro polished in to 84 s, but the error of the etch sample only increased from 39 ps to 85 ps.

92% acetic acid and 8% perchloric acid at

42v for 60s beforehand to give a fine

surface.

 Painted: black dots painted by an
airbrush with high temperature primer

* Electro etched: in a 92% acetic acid and

Conclusions

Two patterns for DIC under the corrosive condition has been compared, and
etching will be used as the preferred method for patterning in the DIC of SPT.
Similar correlation will be done in the SPT to see the effect of fluid on DIC.

8% perchloric acid solution at 13v for References
" *Stratulat, A., Duff, J., Marrow, J. (2014), Grain boundary structure and intergranular stress corrosion crack initiation in high temperature
20s Fig.4. painted (left) and etched (right) SPT samples water of a thermally sensitised austenitic stainless steel, observed in situ, Corrosion Science, 85, 428-435
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Electrokinetic in-situ decontamination of entrained radioactivity within a

b National Nuclear Laboratory, Workington Laboratory, CA14 3YQ

Introduction

Concrete is ubiquitous on nuclear sites as
construction (Figure 1), shielding and
plant/pond material and may be readily
contaminated by exposure to a/f3/y emitters.

There are four common techniques used for the
decontamination of intact concrete structures:

e Scarifying
* Abrasive blasting
* High-pressure liquid jetting

e Laser ablation

However, each of these have limitations and
vield secondary waste.

This project will investigate the efficacy of a
decontamination technique previously used to
remediate contaminated soils named
Electrokinetic remediation [1].

Electrokinetic remediation is the application of
an electric field as a means of migrating
contaminants in a heterogeneous solution
through the porous network present within the
concrete matrix.

Figure 1: Concrete storage pond at Sellafield, UK [2]

Project Aims

There are three main aims of the project:

1. A survey of the properties of commercial
concrete compositions, inc. their porosity,
surface pH & crystal structure to establish
a database of concrete chemistries.

. Determine analogue adsorption into the
concrete microstructure through use of
analytical techniques.

. Utilisation of electrokinetic methodologies

developed by Parker et al. to understand
the factors influencing the efficiency of
decontamination (Figures 2 and 3) [3].

Concrete puck

/

Figure 2: The 3D CAD model of the phantom
designed by Parker [3] with the following
internal dimensions as indicated: A) 55 mm, B)
130 mm, C) 145 mm, D) 110 mm. [3-7]

Figure 3: Analytical phantom, designed by
Parker [3-7]. Platinum sensing electrodes have
been omitted for clarity

Engineering and
Physical Sciences
Research Council

‘®
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concrete matrix

T. McCarthy 22, C. Boxall ¢, M. Joyce ¢, A. Banford ?
@ Department of Engineering, Lancaster University

Electrokinetic Technique

 Concrete was fabricated to a composition of
1:1.5:0 (Ordinary Portland Cement (OPC),
siliceous sand and aggregate).
For these initial studies, aggregates were
omitted from the mix in order to:

» Limit the number of variables studied.
> Yield more homogeneous samples.
Concrete samples were cut into 25-, 35- and

65-mm sections from a 150 mm long
concrete cylinder of 110 mm in diameter.
The electrokinetic apparatus was running
continuously at 30 V and 35 mA.

A stainless-steel electrode was used as the
cathode and a Pt/Ti mesh as the anode.

The cathode and anode compartments were
filled with 1.38 L of doubly deionized water
to remove the K* ions entrained within the
concrete samples.

Effects on Concrete

Key observations of ICP-MS (Figure 4):

* Concentration of K*ions in the
compartments for the first days are
determined on the diffusion of K* ions.
After 10 days, effect of electromigration can
be seen through the concrete sample.

One compartment was monitored with the
assumption of diffusion being the dominant
transport mechanism.

N
]

N
o

ntration (mg /L)

Potassium ion Conce

Figure 4: ICP-MS results of the change in potassium ion concentration in the cathode and anode
compartment under electrokinetic treatment compared to no electrokinetic treatment is
applied where the only ion transport mechanism is diffusion.

Figure 5 shows the pH vs. t data where there is

no application of electrokinetic technique that

can be attributed to the movement of ions

through passive diffusion.

e Qver time, ions will not move between
compartments as there is no concentration
gradient.

The acidic front generated in the anode
compartment can cause corrosion to the
concrete surface.

0 200 400 600 800 1000 1200 1400 1600 1800

A Time / Hours

Figure 5: Comparison of pH vs t data obtained in the absence of the electrokinetic
driving voltage (5a) vs. that obtained in its presence (5b).
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Gamma Irradiation Study

This investigation seeks to determine the
effects of prolonged y-ray exposure from wet
samples [8-10]. This will:
» Be comparable to dose levels experienced
by concrete at the FGMSP.
» Give an indication of the rate of uptake
into radiation-damaged concrete [3-7].
Concrete samples were run through the
electrokinetic process to remove any
removable ions from the concrete samples.
The samples were crushed and dried at 50°C
for 3 days to remove any excess water
64, 1 g cubes of concrete were soaked in 10
ml of 0.1M CsCl solution for 1 week under
ambient conditions, purged under argon.
Samples were irradiated under a *°Co y-ray
source for 30 hours and were exposed to a
total dose in the range 0.061 — 0.455 MGy.
[Cs*] was shown to decrease at higher total
dose rates, plateauing after a dose of ~0.195
MGy, indicating that the concrete samples
had become saturated with [Cs*] after 30
hours of irradiating.

0.25
Total dose / MGy

0.2 0.3

Figure 6: ICP-OES results of the change in cesium ion concentration after irradiation under a

60Co gamma-ray source for 30 hours

Conclusions

The electrokinetic technique at 30 V and 35
mA was found to be more effective than
through solely passive diffusion for the
removal of K* ions.

Irradiation causes an increased rate at
which Cs is absorbed into concrete samples.
Solution [Cs*] decrease plateaus after a
total dose of ~0.195 MGy to samples.

Future Work

Characterise irradiated samples to
understand the interaction of Cs on the
concrete microstructure.

Irradiate samples whilst conducting the
electrokinetic process to determine the
effects of radiolysis.

Repeating experimental techniques to
determine the origin point of the plateau.
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1. Introduction

nuclear industry.

capabilities.

* Langevin dynamics simulations
are performed in both staghant
and shear flows.

* The geometry considered in
this study is a 1.35um X
1.35um X 2rp  cuboid cell,
with particles fixed inthe z =0
plane, with r, = 25nm.

dup

‘5. Stagnant behaviour

* These figures demonstrate the effect
of increasing the surface potential on
the stagnant nanoparticulate
suspension.

* |t is observed that increasing the
potential beyond Y=5mV reduces the
mean radius of gyration of particle
clusters.

* The coordination number, defined as
the mean number of connected
neighbour particles, also decreases as
the surface potential is increased,
with the majority of particles
possessing no immediate neighbours
for the Y=30mV system, indicating
stabilization.

3. Langevin dynamics simulations

ANIMATION

RADIUS OF GYRATION
Ro/Rp

Effect of shear rate and surface potential on particle

interaction and aggregation in nanofluids

L. F. Mortimer & M. Fairweather
School of Chemical and Process Engineering, University of Leeds, Leeds, LS2 9JT

|.f.mortimer@Ieeds.ac.uk, m.fairweather@l|eeds.ac.uk

* Decontamination of legacy nuclear waste storage ponds and silos is of great .
importance and stands as a matter of increasing urgency throughout the

* |n facilities around the UK, waste suspension flows transport legacy material
from historic ponds to other interim locations where they are safely stored.

* The modification of multiphase flows to instigate settling behaviour is a
promising technique, although the dynamics associated with variation of the
surface potential and subsequent stability conditions are presently not well
understood on the micro- and nano-scales.

* Since the macro-scale properties and behaviour of nanofluids depend on the
underlying micro- and nano-scale interactions, development of understanding
of the interaction physics is paramount to full predictive and behaviour control

* The challenges associated with generation of understanding surrounding
nanoparticulate interaction dynamics in various particle-laden systems will be
addressed through use of high-fidelity multiscale simulation techniques.

DEMONSTRATION OF LANGEVIN DYNAMICS PREDICTION OF NANOFLUID
UNDER SHEAR. COLOUR INDICATES CLUSTER SIZE.

* The nanoparticle motion is solved for using the Newtonian force balance equation below
with constant timestep of At = 0.01ns. Simulations were performed for ty = 10us.

mPF: Fp + Fypy + Fgpp + Fgs + Fp

Ar, 2o 4
p Pp-C _xé 3/2
Fp=—((up —ur) F = Frn, = e KT F .. == [TorrE 0T
D P F VDW SS effLCe
12572 EDL €0E K 3 fr-effr
FLUID DRAG VAN DER WAALS ELECTRIC DOUBLE LAYER SOFT SPHERE INTERACTION

—
— W=1mV ]
— W =5mV
—— W =15mV _
—— W =20mV 1

U= 30mV |

t(us)
o b a -Ilp':]_mlv
' Y = 5mV
[ 1If=20r‘n"'ul":
05 1F=3Um"#_:

COORDINATION NUMBER

.l.ﬂp.._l..:
4 5 6

Cn

* Below we demonstrate the effect of increasing the surface potential, |, on
aggregation dynamics in a stagnant flow field by studying instantaneous
conformities of particles suspended in a stagnant flow.
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2. DLVO theory

* (Calculations of intersurface forces responsible for
aggregation are conventionally described by the well-
known DLVO theory (Derjaguin and Landau 1941, Verwey
and Overbeek 1948), which accounts for the van der Waals

and electrostatic double layer forces.
10.0 ———1—————————1——

— ~™"  Vander Waals: A short-

— ° 1 range attractive

— ToTAL 1 Interaction, a
conseqguence of

guantum dynamics.

7.5 ¢

5.0

2.5

0.0 | E—
1 Electric double layer:
1 Accounts for the
i electrostatic repulsion
otvvvvi....1 ofthedouble layer,

>0 “0 *® which aids to stabilize

r(nm)
the suspension.

U(kpT)

—2.5F

_5.0%

751

~10.0 L
0

4. Simulation setup
25 25 25 25 25

22.3 22.3 22.3 22.3 22.3

1 5 15 20 30
0.01 0.01 0.01 0.01 0.01
72.35 7/2.35 72.35 72.35 /2.35

0.31 0.31 0.31 0.31 0.31

* Simulation parameters are chosen to match calcite in water, a
commonly used experimental simulant for nuclear waste
material.

1,: Particle radius I: lonic strength

6(Tkpg A: Hamaker constant E: Elastic modulus

\JAt

FB:

W: Surface potential

2% Poisson’s ratio
BROWNIAN MOTION

6. Shear behaviour

* The below figures demonstrate the effects of shear rate on nanoparticle clustering
dynamics within the system.

* Similar aggregation rates are observed for low shear rates 10° < y < 10° ), whereas

by y = 10° s71 the aggregation rate almost doubles.

* The hydrodynamic trajectories of the particles induced by the shear lead to more
frequent interactions, providing enough energy to overcome the electric double-
layer repulsion.

* Beyond, increased shear rates hinder the process, greatly reducing the rate and
leading to much lower mean coordination numbers.

7 —
F— y=10%s"! ] 0.47
6 [— p=10%s"1 =
[ —— p=107 571
Z  5F—— y=10°s" - 0.3
E : y=107 571
o ) 4r ] =
CHESUN S 0.2
S & 3 - g
> N 3
D - -
< ] 0.1

o 0.0 !

t(s) Cn
COORDINATION NUMBER

6. Conclusions

® Calcite-water nanoparticulate suspensions have been simulated using Langevin dynamics
and DLVO interaction in order to study the effect of surface potential and shear rate on
aggregation dynamics.

® |t has been demonstrated that reducing the surface potential instigates increased
aggregation in stagnant flows. Under shear conditions, particles undergo aggregation up

toy = 10° s~ ! beyond which the clustering processes are hindered.
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Introduction

Radiogenic helium gas generation naturally occurs in the ageing of PuO, due to the spontaneous alpha decay of Pu isotopes, creating self-radiation
damage to the lattice [1]. The accumulation of helium atoms into bubbles could lead to pressurisation of storage cannisters. As such, it is crucial to
develop understanding of helium diffusion in PuO,. This study uses molecular dynamics to investigate the diffusion of helium in PuO, for the first
time. The system sizes were 8x8x8 supercells, with simulation times of 5 ns over a 1000 — 3000 K temperature range.

T (K) Diffusion Regimes

3333 2500 2000 1667 1429 1250 1111 1000 A PuO, system with 0.5% He in interstitial sites was evolved using molecular dynamics at 100 K
| | ' ' | | | | intervals; the diffusivity was calculated via the Einstein relation. Fig.1 plots the diffusivity of He, O

-10 1 and Pu calculated at each temperature. Three regions of interest (R1, R2 and R3) are highlighted:
: CH)e - R1(1000-1500 K): There is no diffusion. Here atoms only vibrate around their lattice sites over
A P the simulation time scale.

15 - 4

- R2 (1500-2500 K): The diffusivity of He and O increases with increasing temperature, with
their diffusion closely aligned. This suggests the main helium diffusion mechanism is oxygen
vacancy assisted. Fig 2. displays an example of oxygen vacancy assisted diffusion at 2100 K.

He t’% - R3 (>2500 K): The oxygen diffusion levels off, which may be due to the oxygen sub lattice going

Cto"’at through a Bredig phase transition and becoming amorphous [3]. Also in this region plutonium
2

®
e K4 % 100 diffusivity increases. It is possible that the helium diffusivity plateau could be due to
] A 9, : e K plutonium vacancies becoming available and trapping helium.
A K
A - ~
A
-30 -
R3 R2 R1
3 4 S 6 14 8 9 10

1/T (10* K

Fig 1: Diffusivity as a function of temperature for helium, m

oxygen and plutonium in PuO, with 0.5% He concentration.

Structures with different
concentrations of Schottky trios
were generated, Fig. 3 displays
the He diffusivity results. As the
number of vacancies in the lattice
increases, the diffusivity is greatly
increased at lower temperatures.
This is likely due to the reduction
in energy barrier given by oxygen

T (K)
3333 2500 2000 1667 1429 1250 1111 1000

-8 . . . . . . .
10 | '_..;. | | | | | | vacancy assisted migration, as.O "
- ®a o vacancies are already present in
-12 - Al A ® the system. Helium diffusion
14 - v g4 N energy barriers were calculated
e l! v A from the Arrhenius behaviour
D v )4 v exhibited in R2 in Fig. 3. The E,
g 18- - ¢ R values calculated were 5.3, 1.7, | | | | >
2 20 - " 1.1 and 1.0 eV for Schottky >14 °15 >16 2Y
2 o] |Schottky concentrations of 0, 0.5, 2 and 4% Time (ps)
{ |concentration . respectively. Although PuO, is
24 - = 0% . stored in the lower temperature () He { ) Vo~ Hetrajectory
-26 - : g;‘;@ = = " regime (R1), vacancies will be Fig 2: Trajectories of He atoms in initially defect-free
8 - v 4% - _ naturally be present due to PuO, at 2100 K. a) displays the trajectory of all He
e I |rrad|.at|on gvents so that He atoms over a period of 1ns. b) displays a snapshot of
3 4 5 5 2 8 3 10 diffusion will occur at a faster an inter-site hop by a He atom from the area circled in
4 rate than in the vacancy-free green in a). The time period in b) is 514-517 ps. It can
1/T (10* K) .
system. be seen that at 515 ps an oxygen vacancy is generated

Fig 3: Helium diffusivity as a function of temperature for four
different Schottky defect concentrations in PuO, with 2% helium
concentration.

in the vicinity of the helium and the helium uses this to
migrate to a neighbouring OIS.

Conclusions

In defect free PuO,, He exhibits limited diffusive behaviour until the temperature exceeds 1500 K. However, we have found that when vacancies are present within the
lattice, the He diffusion energy barrier is significantly reduced and He atoms exhibit diffusive behaviour at lower temperatures. Therefore whilst the storage of PuO, will
be at temperatures well below 1500 K, due to the presence of defects within the lattice we suggest that He will be mobile during storage. The main He diffusion
mechanism proposed is oxygen vacancy assisted inter-site hops with helium and oxygen having comparable diffusion rates.

References: [1] W. G. Wolfer, Los Alamos Sci., 2000, 26, 274-285, [2] H Mehrer, Diffusion in Solids, Springer, 2007, [3] M. W. D. Cooper, S. T. Murphy, M. J. D. Rushton and
R. W. Grimes, J. Nucl. Mater., 2015, 461, 206-214. The computations described in this poster were performed using the University of Birmingham's BlueBEAR HPC service.
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Radiation effects on nuclear waste forms: How does the
crystallinity of glass composite affect radiation tolerance?
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1. Introduction 2. Materials & Methods

The washout of the Highly Active Storage Tanks at Sellafield during the post-  Mo-rich non-active waste simulant glass composites were produced by
operational clean out (POCO) will generate a radioactive waste stream rich in National Nuclear Laboratory in the Vitrification Test Rig (VTR).

Mo-containing solids [1]. This waste will be converted into a solid and durable Nickel and gold ion irradiation experiments were performed to induce
form for long-term disposal. The final waste form is a Ca/Zn borosilicate glass changes similar to alpha recoil nuclei. The average total dose was ~ 1.4
composite material containing powellite (CaMoQ,) crystals. displacements per atom (dpa) in powellite, equivalent to 1.0-1.3 GGy dose.

4 )

Sellafield | Ni ions AU ioNs Ni irradiation in powellite Au irradiation in powellite

Powellite _ I 6l e
(CaMoO,) 22 b | sy Py o5y

N oy ' ', — 1.0 MeV — 3.5 MeV
RN gf/ m -] — Total e — Total
e 141 ‘ Ca/Zn glass P Y S N N ol NN N
Vitrification of matrix / 1 2 3 4 1 2 3 4 5
POCO waste _ _ | Depth (um) Depth (um)
ngh-leve| waste gIaSS C0mp03|te CalZn gIaSS Powellite Fluence: 3.35x10" ions/cm? Total dose: 1.0 GGy

Fluence: 9.1x10" ions/cm? Total dose: 1.3 GGy

J - J

Goal of research: Characterise Mo-rich nuclear waste simulant glass « X-ray diffraction (XRD), scanning electron microscopy (SEM), electron
composites and evaluate their long-term radiation tolerance by performing backscatter diffraction (EBSD), and transmission electron microscopy
heavy ion irradiation experiments. (TEM) (with In situ Ar & Xe irradiation) were used for characterisation.

3. Radiation tolerance of glass composites 4. TEM with in situ Ar and Xe ion irradiation on powellite
The main crystal phases in the waste simulant samples were powellite, * Ar, Xe and Pb irradiations published in the literature suggest that powellite
zircon, cerianite, zincochromite and ruthenium dioxide. Microcracks formed IS highly radiation-tolerant as it remains crystalline at high fluences [2-4].
around large powellite and zircon crystals, presumably due to a thermal + However, our in situ Ar and Xe ion irradiation experiments show that
expansion mismatch between the glass and these phases. amorphisation could occur depending on the temperature and ion type.
BEFORE IRRADIATION ¥ . M =
< [ o R T ) s Critical amorphisation doses in powellite
L = ' ‘ 1.2x10" —————————— BERES
| @ 500 keV Ar 5'
—~ 1x10%°r M 600 keV Xe o
c : ;
O 14 |
E o0 : 200.0i0 amorphised | RUISUERE R
9 14| ; i
. g 6x10 | ‘:, - - G amorphous
. 95 * S RE 2 4x1 014 5 ; ® . - .
BSE | HT 15.0kV | Magnification 2000 x | b 50 UM st 5 _ = ‘ Rew 2 ‘ s : s @
| | | | T 2 o e e @ 0y
Powellite and zircon swelled considerably after Ni and Au irradiation. The N - m  pristine || 1.0x10" Arionsiem [ 2.0x10" Arionsiem® | 2:5%10% Ar onsion
radiation damage was greater in the Au irradiated sample. 160 160 140 120 100 50 6040 - o |
Temperature (°C) Bright-field (A,B), diffraction (D-G) images and
/ . _ o \ thickness map (1 A = 159 nm) of Ar-irradiated
EBSD analysis shows the relative radiation tolerance of phases. TEM analysis above -80 °C was not  powellite. Diffraction pattern with bright spots
~ -~ o U — _ ~ possible because of the electron represents crystalline structure, diffuse rings
ik il o > e Kbeam-induced recrystallisation. correspond to amorphous material. y
before Ni
irradiation
| 5. Conclusions
_afte_er
R S - Ni and Au ion irradiation experiments reveal insights into the relative
nochange partia| amorphisation Comp|eteamorphisation j rad|at|0n tOIerance Of CryStaIS (Cerlanlte > ZInCOChrOmlte rUthen|Um
. N dioxide > powellite = zircon).
ianit i h it theni dioxid powellite [ . . . g - g
o e ——— , ke We presented the first evidence of powellite amorphisation under heavy-ion
before Au irradiation. Powellite Is less radiation tolerant than previously thought [2-4].
irradiation
The amorphisation of powellite In the previous studies was not observed
either due to the recombination of intracascade close-pairs [2,4] or due to
I the ionisation-induced damage recovery [3-4].
radiation The radiation-induced swelling of powellite and zircon is likely to cause
. — S ————— P y considerable stress in the glass composite that might lead to the formation
\ / of continuous extensive cracks on geologically relevant time-scales.
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Problem Introduction MICP Cycles Monitoring

- e e
Nuclear Decommissioning % X
A
* Most of the UK’s nuclear power stations were built from late 1970 to late 1980, with most of = B " xR N
them closing by 2030. = O x X B B @ . D B m
* The harsh environment and conditions these assets are exposed to, leads to degradation and > X A A
cracking of concrete. > 10% : X x " X =
 We must guarantee the safety of the structures, until the decommissioning process is é i X - — A IC1
completed. c X v AC2
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% 10_6; X MC5
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T X
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Treatment cycle

the existing structures and infrastructure.
After the MICP treatments, Cores 1, 2 and 3 were subjected to XCT-scanning and image analysis (Figures 10, 12 and 14
respectively) to investigate the distribution of contact points in the fractures. White pixels represent the contact points that bridge the
initial gap and black pixels represent the regions where there is no contact. Comparing the processed XCT images with the

observed distribution of calcite after the specimens’ failure (Figures 11, 13 and 15), common features can be noticed confirming the
validity of the image analysis conducted.

Microbially Induced Carbonate Precipitation (MICP) is a novel concrete repair method that takes
advantage of bacteria like S. Pasteurii where together with urea and a calcium source can form

calcium carbonate (CaCO,) crystals.

- A
. B T e :
pd -,.;;u -
i -- 3 L - r s

% of contact Tensile Tensile
16
1 points inthe strengthof  strength of
: _ . fracture the core calcite
Figure 1: Schematic of the MICP method. (MPa] (MPa]
Figure 2: SEM image presenting calcite crystals with encapsulated bacteria. [1] Core 1 20.16 0.45 723
Figure 3: SEM image showing the growth of calcite crystals in layers. [2] Core 2 22.98 - -
Core 3 26.89 0.59 2.19
Core 4 Tobeanalyzed  To be tested To be tested
Core 5 Tobeanalyzed To be tested To be tested
Meth OdOIogi - W - 12 1 Five degraded concrete cores have been repaired using
Five degraded concrete cores with an initial fracture aperture of 0.5mm with the use of glass beads on the - . .

. . . . 10 | 17 Core 3 the MICP technique (Figure 16). Cores 1, 2 and 3 have
comers, were tre_ated with MICP. Core 1 had no fill material (Figure 4), _Core 2 had six patches of.glags beads been analyzed using image analysis software to
in the middle (Figure 5) , whereas Core 3 (Figure 6) was packed with sand (150um-212um in diameter). = 8 r Repale tlur observe the distribution of calcite crystals. The next step
Cores 4 and 5 were packed with glass beads (Figure 7). — o is to analyze the reconstructed images of Cores 4 and 5

S Repair failure and subject them to tensile testing.
L i ore C 1 . .
CO re * core 1 o 1 The force-time graph of the tensile tests for Cores 1, 2
O | 2 and 3 display that due to iregularities/cracks on the outer
- h OI d er utiet | Cl°rezl IIIIIIIIIIIII 1 | surface, Core 2 was not able to develop enough
S ° 0 5 10 15 20 95 30 Mechanical resistance during the Brazilian tensile test.
= ] ; o I Time [min] (Figure 17) .
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the repair

Each MICP freatment involves the injection of a bacterial = _
solution, followed by a cementing solution (calcium chloride  fracture
and urea). Afterwards, hydraulic conductivity measurements S—
monitor calcite precipitation (Figure 9). stick——
Subsequently, when the core is repaired, characterization of
the sealed fracture includes X-Ray Computed Tomography
(XCT) scanning and tensile strength quantification via the
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Electrokinetic Remediation (EKR) of radioactively contaminated soils
Electro-kinetic remediation: remediation technique using a low-voltage, direct-current electric COLLOIDAL SILICA GROUT TREATMENT

field applied across a section of contaminated soil to move contaminants. : —__— : s : . : :
Colloidal silica is an aqueous suspension of silica nano-particles (SiO,). The creation of siloxane

bonds (Si — O — Si), triggered by the addition of an electrolyte accelerator, leads to the
formation of a network of silica nanoparticles in the form of a hydrogel.

A: Electro-migration
B: Electrophoresis

C: Electro-osmosis ‘Purge & trap’ concept
The pH gradient helps mobilise surface-
Anode (+) Cathode (-) Pound contaminants into pore water in d EXCAVATION . DISPOSAL
.. 0 . O )
DC source soluble ionic form. The movement of Reduced risk Of\g (e.g. ex-situ
: : radionuclide vitrification)
_ I water (eIgctrqosmgsw) f':md oth?r |f)ns — = > migration
A (electromigration) in this electric field or

helps concentrate contaminants in EKR: Sr2+
Reduced volume of

specific  regions, usually around cl : | L ~ — Sr** g2+
A C electrodes, thus minimising the total ::> cr solid material T{ Cs*
_"’ volume of contaminated soil. This jluirine disposgy
4_ technique works well with a wide range cr / \ﬁ . Volun]e
of inorganic contaminants and metals. Colloidal silica - : Le):;f:;?;
grouted soil  ‘mmobilisation  jmmopbilisation

Experimental trials

1. EKR run for 4 days (96 hours) at 1 V/cm o T T T ~ 0 The alkaline front generated at
" e 4 7 the cathode (pH measured
after 24 hours: 12.5) induced

CAESIUM

-©-Sampling wellc O Sampling wella O Sampling well b

/E'ectmdis 1000.0 the dissolution of the silica

\ 800.0 " gain Water i hydrogel after 48-72 hours.
600.0 Caesium - - , . . .

Anode (+)/ | Cathode (- i sampiing After silica dissolution, the

wellin

400.0
et solution within the well is in
spnds pore direct contact with the sand’s

pore water, thus undermining

the validity of the results.

200.0

0.0
1000ppm
Cs,CO,

-200.0
-400.0

-600.0
-800.0 Gel dissolution

Sampling wells Silica gF_‘l Strontlum

Cumulative change in concentration [ppm]

11000.0 (d The concentrations of Cs and

0 24 48 72 96 . - . .

time [hours] Gel dissolution as the alkaline front evolves Sr prior to silica gel dissolution

Initial condition: Potential mechanisms of ionic indicate a loss of Cs and Sr

>TRONTIUM | 1000ppm 1000ppm transport: from the sampling, which is in

Electrodes 000 -©-Sampling well c O Sampling wella O Sampling well b I 8 Sr(NO3)2 or Sr(NO,), or COI’]traSt Wlth the expected

i B cscos Cs,CO, L
/ \ 2000 | gain / trend for electro-migration.

- 300.0 :
Anode (+)/ \\Cathode (-) .

200.0

J The loss of Cs and Sr is
potentially associated to a
diffusive mechanism from the
sampling well into the silica
hydrogel, due to the absence
of Cs and Sr ion within the
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Sr(NO,), -200.0
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Gel dissolution

Sampling wells  gjjica gel
-500.0

Cumulative change in concentration [ppm]

=> Electro-migration

0 24 48 72 9% eo ' silica hydrogel.
time [hours] 1.4 M NaCl => Diffusion Compe?mg yarog
(diluted) mechanisms!
2. EKR run for 6 days (144 hours) at 0.5 V/cm 3. EKR run for 6 days (144 hours) at 0.25 V/cm
CAESIUM
—2—Sampling wella —8-Samplingwellb —©-Sampling well c
Electrodes = 250 A Halving the voltage (from 1
Q' N .
/ \ 2 200 || gain to 0.5 V/cm) allowed to STRONTIUM
/ \ S 50 . —A—Sampling well a -&-Sampling well b -6-Sampling well c
Anode (+)/ | Cathode (- = prevent silica  hydrogel 100
b 100 . . —
0.17M CaCl, 5 dissolution over the full 3
in 1000ppm & 50 . . =
a0 5 duration of the experiment. Electrodes 0
g /N 5
£ 100 3 The mobilisation of Cs is in PRy, N Gthode & -
VAR s 150 line with the expected ’ | el &
sampling well S 200 | [0SS et ‘1000ppm D
ampling wells Silica gel = o trend for electro—mlgratlon, St(NO,), 00
~ 0 4 48 72 96 120 144 Wlth d gain Of Cs at the CALCIUM
time [hrs] cathode (well c) and a loss e
of Cs at wells a and b over - ———— = 800
STRONTIUM . \ 2 100
time. Sarmoling well E
—A—Sampling wella —-=-Samplingwellb —-©-Sampling well c ampling welis 1R
Electrodes — o P P Pne Silica gel E o
£ : -
/ \ 8 40 [ gain J On the other hand, Sr is T 400
anodev)/ \ Cathode (] % 300 barely mobilised, with a < 500
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7\ Simulation of behavioural modification effects

TRANS@D Bisrat Wolde

In suspension waste pipe flows.

School of Chemical and Process Engineering, University of Leeds

ombw @ |eeds.ac.uk

Introduction:
The ability to predict particle dispersion, particle-particle interaction, deposition and
agglomeration effectively within fluid flows can improve nuclear waste management operations,
and in particular the retrieval of such waste and post-operational clean-out (POCO) operations.

In the present work, by using high-accuracy and robust simulation techniques, the impact of

pbehavioural modification techniques on particle dispersion and agglomeration is investigated

using a fully-coupled DNS-LPT approach.

Motivation and Objective:
The overall aim is to establish a predictive tool to support POCQO operations through

improvements in the flow, mixing and separation of wastes during| retrieval and POCO

operations. In particular, the impact of behavioural modification on particle agglomeration, and

hence the likely deposition of particles during processing.

Methodology:
To solve the descriptive equations in a direct numerical simulation the computational fluid
dynamics solver Nek5000 has been used. This solver is based on the spectral element method
that is a high-order weighted residual technique. It is favourable due to its high accuracy, and low
numerical dispersion and dissipation, and is easily and efficiently parallelisable. A Lagrangian

particle tracker has been developed to model large quantities of dispersed solids which runs

concurrently with Nek5000. And then, a fourth order Runge-Kutta method implemented to solve

the particle equation of motion for each particle within every time-step.

2.5e-01

The computational mesh  The instantaneous [
topology: streamwise velocity

 Acircular pipe of diameter, D, [gzgem

* Length, L=12.5D,
 Partitioned into 36,576
spectral elements.

> The instantaneous velocity in x-direction

Fluid and Particle Results:
The predictions have been validated and compared with literature simulations and experimental
datasets — Fig.1. The outcomes are in good agreement with literature results. Using the fully
developed Re, = 720 fluid flow computation noted above is being used to simulate one-and four-
way coupled flows, and four-way coupled flows with agglomeration, at high concentration with a
volume fraction of 10-3. Such a high concentration is required to encourage particle collisions and
ensure sufficient agglomeration of particles. Fig.2 to Fig. 4 are the the [results obtained using

150,000 randomly injected particles initially assigned the local fluid velocity. 100 um particles with

a density ratio (with the fluid) of 2.71 are being used for all the high concentration simulations.
The effect of particle Stokes number on particle deposition within a wall-bounded turbulent flow

also investigated — Fig.5.
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Fig. 1: LPT validation, effects of particle in one-way and four-way coupling. (a) - Mean and (b) - RMS of axial, U s,
radial, uy ;-n5, and azimuthal, uarms, and Reynolds shear stress, < u, u, >*.—: present one-way and - —: present

four-way coupling. +: and o are Rani et al. (2004) one-way and four-way coupled respectively.
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Fig. 2: (a) The Particle mean axial velocity profiles, (b) normal and shear stress profiles (axial, zy,,, radial,

Trms, azimuthal, 6, and Reynolds shear stress, < u, u,, >" as a function of 0.5 —

r*.

one-way coupling, - -, dashed lines are four-way coupling and ---, dotted lines are four-way coupling with

agglomeration.
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Fig. 3: Influence of the normal restitution coefficient — top left , Hamaker constant — top right, Reynolds number (Re) — lower left

and linear plots for all — lower right. The total number of agglomerates of size N as function of t*.
—:e,= 0.4, Re =360, A = 36.767]

doublets; red: triplets; black: N = quadruplet; green: N = quintuplet and brown: N = sextuplets. ;
,——:ep,=0.2,Re=720,A=7.84z] and ——: e,= 0.6, A= 22.3z].
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20.0

N =02 e=04 Bl =06 N =02
2500 17.5 -
15.0 -
2000
12.5
S 1500 &
o D 10.0
@) @)
75
1000
5.0
500

0.0 0.1 0.2 0.3 0.4 0.5 . 0.1 0.2

e=04 I =06

03 04 05

0.5-r" 0.5-r"

Fig. 4. Effect of variation of coefficient of restitution on the collision and agglomeration concentration

at t* =70, normalised by volume.
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Fig. 5: Instantaneous plots of particle position in the near-wall region of the lower half of the pipe for

StT = 5.5 (left) and St* = 16.78(right.)

Planned work:

« Finalising the behavioural modification techniques using first principles which has been used to

examine effects of flow and solid property changes on particle-laden flow characteristics.
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Understanding caesium's effect on the CAS system

7~ O\
TRANSCEND

N

due to vitrification

Lucas-Jay Woodbridge
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- Following on from the success seen from vitrification of IONSIV [E-911
an attempt to replicate this result was attempted with the CAS system
Therefore suitable pristine glasses were identified that melted at 1450°C.

- Lighter green marks succesful glasses made at 1450, darker green

glasses made at 1500 and red failed attempts.
SIO2

Anorthite

Corundum
(a—AIZOB)

\\ \ ALO.

- 5 pristine glasses were achieved. However, once loading of even 1 Mol%
Cs the glasses would either pour with significant crystallisation or wouldn't
vitrify at 1450 which is problematic as if attmpting to vitrify loaded
Clinoptilolite which has Cs in it this could have a detrimental effect on the
wasteform. As a result, a scoping test was done for time effectiveness.

Lime
(Ca0)

CaO

B 4

IRRR RN T
U -» |

| 1‘; i
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N
b

- This gave an insight into what the system required to form a melt with
all 5 glasses being attempted at 1, 5 and 10 Mol% Cs loading with mixed
results. T

- Melts were seen to go at low Cs loading
but higher loadings inhibited melting.

Intensity (a.u.)

- To investigate what (chemically) was causing this further scopes were
undertaken using CAS 50 10 40 as a base and loading 1, 5 and 10% of
all the alkali metals into the system to see if it was an element group
effect or a size effect/ moving down the group effect.

- As can be seen above lighter group 1 elements go into the system well
and the Rb melts, although, 10% failed the 5% one didn’t indicating
element size/ mass could play a role in inhibiting melt.

« Once these melts were conducted (also with a 1600 Rb and Cs loaded
second attempt to get 6 glasses (only 10% Cs didn't go)) XRD and Raman
analysis was conducted on all the samples.

XRD analysis of CAS 50 10 40 Cs loading

e B CAS 50 10 40 1% Cs

i w 40 5% Cs Fused

”\ ﬁ i CAS 50 10 40 10% Cs Powder

' h CAS 50 10 40 10% Cs Green
e osen

Intensity (a.u.)
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- XRD analysis indicated the formation of Pollucite and like minerals
which are the Cs ore mineral and have some quoted melt T of 1900°C

Raman analysis of CAS 50 10 40 Na loading

- When the alkalis went into the glass
the Raman displayed a sharpening of
the peak towards lower wavenumber
around 925, a loss of the diffuse area
around 700 and an increase in the
signal seen at 550.

CAS 50 10 40 1% Na

CAS 50 10 40 5% Na

CAS 50 10 40 10% Na

. —
100 200 300 400 500 600 700 800 900 1000 1100 1200

Wavenumber /cm™’
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