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Introduction to WP4
 Overall aims
- The aim of this work package is to develop and implement methods
for monitoring the infrastructure of radioactive waste repositories
and also the stored wastes. It will involve further development of
the gas monitors developed in the JRP ENV09, research into novel
temperature measurement methods (e.g. radiation-resistant optical
fibres and acoustic thermometry), and research into calorimetric
methods for measuring the thermal power of waste packages..
- A variety of strategies will be investigated
(i) gas monitoring of 3H and 14C via radiometrics,
(ii) measurement of 14C by mid-infrared spectroscopy,
(iii) temperature monitoring with optical fibre technology,
(iv) temperature monitoring by acoustic measurement, and
(v) thermal out put of waste packages using air-flow calorimetry

Tasks within the work package
 Radioactive gas monitors for waste repositories (NPL, ENEA)
- Produce a prototype gas monitoring system for 3H and
trapping and liquid scintillation counting

14C

using gas

 On-line measurements of radiocarbon emissions (VTT, NPL)
- Monitor 14C gaseous emissions using mid-infrared spectroscopy
combined with cavity enhanced techniques

 Temperature/thermal monitoring of repository sites (LNE)
- Measurement of temperature by installed (and hardened) optical
fibre/digital sensing as well as calorimetry

 Acoustic thermometry (NPL)
- Robust temperature measurement by monitoring the speed of sound
in contained gas
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Task 4.1 - Radioactive gas
monitors for waste repositories
The aim of this task is to produce prototype radioactive gas
monitoring systems for 3H and 14C ready for commercial
development and marketing by a manufacturer. Two
instruments are being developed:

- Integrated bubbler-liquid scintillation counter for online measurement of 3H and 14C (LabLogic, NPL)
- Cryogenic CO2 gas separator for real-time 14C
monitoring (ENEA, NPL)

Integrated bubbler-liquid
scintillation counter for on-line
monitoring of 3H and 14C
 Collaboration
between LabLogic
(Sheffield, UK) and
NPL
 Based on LabLogic’s
WILMA on-line
radioactivity-inwater monitor

WILMA – On-line Water Monitoring System
http://lablogic.com/radiation-safety/instruments/wilma

Integrated bubbler-liquid
scintillation counter for on-line
monitoring of 3H and 14C
 The new instrument
will be merger of
WILMA and a bubbler
built by SDEC
(France)
 Capable of
monitoring both
gaseous and aqueous
streams

Haque/Marc – H-3/C-14 Bubbler
http://www.southernscientific.co.uk/catalog/products/
hague-7000-c14-sampler

Integrated bubbler-liquid
scintillation counter for on-line
monitoring of 3H and 14C
Operation:
 Gas is trapped in fluid through bubbler and automatically
mixed with scintillant before being passed to LSC for
measurement
 Furnace for conversion of methane, HT and organics
 Option to monitor aqueous stream (3H, 14C, 99Tc, 137Cs,
90Sr/90Y, 241Am)

Cryogenic CO2 gas separator for
real-time 14C monitoring
 Instrument for
cryogenic gas
separation
developed by ENEA

 To be integrated
with commercially
available real-time
14C monitor at NPL

Cryogenic CO2 gas separator for
real-time 14C monitoring
Operation:
 Air is cooled just below
liquefaction temperature
of CO2 (194.7 K)
 CO2 condenses on walls
of chamber
 Remaining air is
evacuated and the
chamber is heated
 Pure CO2 is passed
pumped to monitor

Gas
CO2
Xe
Kr
CH4
O2
Ar
N2
Ne
H2
He

Percentage
in air by
volume
0.03
9 × 10-6
0.0001
0.0002
20.95
0.933
78.09
0.0018
0.00005
0.0005

Liquefaction
Temperature (K)
194.7
165.1
119.8
109.15
90.2
84.2
77.4
27.2
20.3
4.2
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On-line on-site measurements of radiocarbon
emissions using a mid-infrared spectroscope

Real-time
monitoring

Waste monitoring

Health and occupational safety during
decomissioning

Available techniques for radiocarbon
detection

Liquid scintillation counting

New alternative: Laser spectroscopy
+ Compact, low cost
+ Real time measurement
+ Gas samples
+ No complex sample preparation

Accelerator mass spectrometry
→ Laboratory based techniques

Measurement principle

Beer-Lambert law:
Iout = Iine-σLN

High reflectivity mirrors around the measurement cell
allow for an absorption path length of several kilometers

Instrument schematic

Compact instrument,
ideal for field measurements

+
Quantum cascade laser:
compact light source

Absorption line selection

12CO
2

13CO
2
14CO
2

12C16O18O

• Most suitable line at 4.5 µm or 2209 cm-1
• Strong line + minimum interference from other isotopes

Absorption spectrum with 14CO2 peak
13CO

14CO

2

2

50 ppt detection limit




14C/C=

50 ppt → 5 kBq/m3 in air
14C/C= 50 ppt → 2 Bq/m3 after extraction of CO from air
2

Current and future work
 Development of sampling and extraction method
 Adapt instrument for field measurements
 Perform field measurements
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Nuclear waste management in France
 Highly radioactive long-lived (HLW) and intermediatelevel long-lived (ILW-LL) waste
 French Parliament chose deep disposal for ensuring the long-term safety of radwaste
 Cigéo geological disposal facility will serve as a repository for radwaste in 2025
 Wastes will be buried some 500 m below ground in an impermeable argillaceous rock

Task 4.3: Ensure the safety of underground repository sites
 Monitor temperature and integrity of the infrastructures of
repository sites  Detection of cracks or damages
 Distributed Temperature Sensing techniques (DTS) associated to new radiation
resistant optical fibres can be used for this application

- Principle: Detection of the Raman backscattering in optical fibres
- Long term in-situ measurements (100 years) over long distance (up to several km)
Necessity to improve the metrology for accurate and traceable measurements of
temperature
techniques with
fibre sensors
 Lack ofdistributed
metrological
means for by
theDTS
characterisation
andoptical
traceability
of DTS techniques

Task 4.3: Raman distributed temperature sensing (DTS)
 Principle of Raman scattering
 Inelastic collision (photon vs. crystal lattice)
 Energetic transition between two vibrational states of the lattice
 Emission of a Stokes radiation and an Anti-Stokes radiation (depends on temperature)

Stokes component

Energy level

Anti-Stokes component

Virtual energy levels

Intensity

The ratio of Stokes and Anti-Stokes intensities
depends on temperature

Excitating
photon

Dl

E1

Dl
l0

Anti-Stokes
photon

Wavelength

E0

Vibrationnal states

T

Stokes
photon

Task 4.3: Sensors for monitoring of repository sites
 Scientific and technical objectives
 Study the metrological performances (spatial resolution, temperature performance,
influencing factors, durability…) of DTS systems

 Description of the main activities
 Define and design metrological means (furnaces, thermal chambers… )
 Perform experimental study of the performances of DTS systems
 Write guidelines for the characterisation of DTS
 Propose in-situ temperature calibration methods for DTS systems

 Partners

Task 4.3: Development of specific facilities for DTS metrology
 Spool heating enclosures
 Enables the temperature control
of the DTS
 Assessment of the influence
of the environmental conditions

Insulating material
Radiator

 Enables the temperature control
of an optical fibre wound on a spool

Circulating water

Optical fibre wound
on a spool

 Test of the trueness of DTS systems,
and the optical fibres stability over time

Fan
Monitoring temperature
probe (Pt 100)

Temperaturecontrolled water
bath

Task 4.3: Development of specific facilities for DTS metrology
 25 m horizontal furnace
 Horizontal thermalized furnace used to assess:
-

the trueness and spatial resolution of DTS systems for temperature measurement

-

the curvature effect of optical fibres on temperature measurement (by comparing
the results with those obtained with optical fibre wound on a spool)
A
Water
Water outlet
inlet

Insulating material
Backward water flow

Air gap
Central tube
Double annular space

Inward water flow

25 m of length
A

Radial cross-section A : A
Insulating material
Outer annular space (guard, backward water flow)
Central tube
Inner annular space (inward water flow)
Air gap

Task 4.3: Optical Fibre Thermometry
 Next steps
 Complete the development of the furnace and the thermal enclosures
needed to study the metrological characteristics of DTS systems
 Perform the metrological characterization of DTS systems provided
by EDF and Andra

 Prepare a guideline describing methods for characterising the performances
of DTS systems
 Study in-situ calibration methods of DTS systems
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Task 4.4 Practical Acoustic Thermometry
 Principle
- Uses acoustic waveguides ~ 10 mm diameter
- Acoustic pulses sent from one end and reflections detected
- Speed of sound directly related to temperature

Acoustic Pulses

 Advantages
-

Extremely robust against mechanical and radioactive attack
Lifetimes of thousands of years is feasible
Simple, cheap technology.
Principle previously demonstrated up to 1000 °C

Task 4.4 Practical Acoustic Thermometry
 Questions
- What is maximum length?
- 25 m is demonstrated: is 100 m possible?
- How is accuracy affected by:
- Length?
- Bends?
- intervening temperatures?
- Sensitive zones:
- What is the minimum length?
- How many zones can be read distinctly?

Acoustic Pulses

Task 4.4 Practical Acoustic Thermometry
 Development of
specific facilities
- Two-Zone
Environmental
Chamber

Acoustic Pulses
T1

1 metre

T2
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Background  HLW and ILW-LL quality control
 Inspection on radwaste package before storage in Cigéo
 Safety of radwaste repository underground facilities depends on waste thermal power
 Avoid temperature above 100 °C in geological medium to maintain argillite properties

 Acceptance criteria for repository
 Intermediate-level long-lived waste (ILW-LL) : Thermal power from 1 W to 50 W
 Highly radioactive long-lived (HLW) : Thermal power up to 500 W per package
HLW
175 l
h = 1.015 m
 = 0.498 m
300 kg to 450 kg
Stainless steel


ILW-LL
2 m3
4500 kg to 6500 kg
h = 1.300 m
 = 1.400 m
Concrete

Thermal power should be known with an uncertainty better than 5 %

Thermal power measurement of radioactive
waste packages - State of the art
 Evaluation by non-destructive radioassay methods
 Calculation of the thermal power of the packages from their radioactive spectra
 Methods sensitive to attenuation and heterogeneity problems due to matrix effects

 Evaluation by direct measurement methods (calorimetry)
 Some measurements are already performed using commercial calorimeters
 Optimized for low thermal power (less than 1 W)
 Not designed for large samples

 Uncertainties of measurements are not known
Necessity to improve the metrology of thermal power measurements by calorimetry
for this type of applications

Task 4.5 - Meas. of thermal power of radioactive
waste packages before repository
 Scientific and technical objectives
 Design a calorimeter for the measurement of thermal power of nuclear waste packages
- Calorimetric method for real size packages
- Thermal power range : 1 W to 500 W

- Uncertainty of measurements : < 5 %

 Description of the main activities
 Design prototypes for thermal power measurement of packages of at least 0.175 m3

 Develop measurement and calibration procedures
 Assess uncertainty for thermal power measurements

 Partners

Design of an air-flow calorimeter
 Meas. of the temperature variation of
a fluid circulating around the package
T2

 Calculation of the thermal power
from the increase of air temperature

Insulated
chamber

  Cpair (T3 )  (T2  T1 )  K  (T3  Tamb )
Qm
T3  (T2  T1 ) / 2

 Assumption of a constant power
dissipation of the package during
the measurements
 Calibration of the calorimeter by
electrical substitution (Joule effect)
Q  U heat  I heat  (U heat U s ) / Rs

Compressed
air

Q

Thermostated
bath

Waste
package
T1

Mass flow controller

Design of an air-flow calorimeter
 Versatile prototype  for different sizes of package
 Design of “power reference packages” for calibration by Joule effect

ILW-LL

Calorimeter

Power reference package

Design of an air-flow calorimeter
 Versatile prototype  for different sizes of package
 Design of “power reference packages” for calibration by Joule effect

HLW

Calorimeter

Power reference package

Task 4.5 - Meas. of thermal power of radioactive
waste packages before repository
 Next steps
 Completion of the development of the air-flow calorimeter
 Metrological qualification and calibration of the air-flow calorimeter by using
the “power reference package”

 Development of a second calorimeter based on another metrological approach:
“heat-flux” calorimeter
 Assessment of the uncertainty associated to thermal power measurements
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Final comments
 Approaches
- To achieve the aims of this work package, a number of novel
techniques are being developed
- All will allow in situ real time monitoring of waste repository sites
for a number of key parameters
Off gas measurements using both radiometric and non-radiometric
techniques
Temperature measurements using digitally based and acoustic
measurements
Thermal output of waste packages using calorimetry

- These measurement solutions will be developed in the course of the
project and deliver relatively strategies that are relatively
insensitive to radiation dose

Thank you.
Any questions?

