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A B S T R A C T

We have developed ultrasonic instrumentation to simultaneously monitor flow and composition in a variety of
gas mixtures. Flow and mixture composition are respectively derived from measurements of the difference and
average of sound transit times in two opposite directions in a flowing process gas blend. Gas composition is then
determined from an automated comparison of the measured sound velocities with a velocity/composition da-
tabase.

Continuous, real-time precision measurements of binary gas mixtures are required in many applications.
While the most natural application of this instrumentation is in the analysis of such mixtures, analysis of mix-
tures with additional components is also possible, as discussed in this paper.

In the ATLAS experiment at CERN, several instruments are presently used in the Detector Control System.
Three instruments monitor octafluoropropane (C3F8, R218) and carbon dioxide (CO2, R744) coolant leaks into
the nitrogen-purged envelopes surrounding elements of the inner silicon tracker. Precision in molar con-
centration of better than 2.10−5 is routinely seen in mixtures of C3F8 in nitrogen in the presence of known
concentrations of the third party gas CO2.

Two further instruments are used to monitor the new 60 kW thermosiphon C3F8 evaporative coolant re-
circulator which exploits the 90m depth of the ATLAS pit to circulate coolant without the need for pumps or
compressors in the primary loop. These instruments are used to verify the absence of air leaks in the thermo-
siphon cooling circuit and to measure the vapour-phase coolant flow in real-time.

This instrumentation is also used to measure zeotropic fluorocarbon blends containing C3F8 and up to 25%
hexafluoroethane (C2F6, R116), achieving a precision around 0.16% in the range 0–25% C2F6. We also report on
measurements of heat transfer coefficient in these blends: our experimental data were compared to several
empirical correlations, with typical differences less than 10%.

This analysis technique, targeting binary pairs of gases of dissimilar molecular weight, is particularly pro-
mising for mixtures of anesthetic gases, including in the developing area of anesthesia using xenon. The in-
strument and its various applications will be discussed.

1. Introduction

The ultrasonic instrumentation is based on the measurement of
sound transit times in opposite directions in a flowing process gas to

determine its characteristics in real time. Measurements are made using
pairs of 50 kHz bi-directional ultrasonic transducers [1] placed within
flanged envelopes through which different mixtures flow. Synchronous
with the emission of an ultrasound pulse a transit time clock is started.
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The clock is stopped by an above-threshold signal at the receiving
transducer. Sound velocity is deduced from the average of the pairs of
bi-directional transit times and is used to evaluate the concentration of
the two principal components in a gas blend through real-time com-
parison of measured sound velocity with a stored concentration vs. sound
velocity database, which takes into account the measured process tem-
perature and pressure, as well as the known concentrations of back-
ground contaminant gases. The instrumentation exploits the physical
phenomenon whereby – at known temperature and pressure – the
sound velocity depends on the molar concentrations of its components
and the known concentrations of third-party gases. The related data-
base can be generated from theoretical models and/or from previously-
made calibration mixtures [2,3].

Simultaneously in the same instrument the flow rate can be com-
puted from the difference in transit times in the opposite directions and
the geometrical parameters of the tube.

2. Principle of operation

The gas analysis algorithm is based on the general equation for
sound velocity, c, in a gas:

=c
γRT
M (1)

where R is the molar gas constant (8.314 J∙mol−1∙K−1) and T is the
absolute temperature in degrees Kelvin. The adiabatic index γ for the
mixture is given by the ratio of the weighted sums of molar specific heat
at constant pressure C( pi) to that at constant volume (Cvi) of the n
components:
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where wi are the molar fractions of the components (i = 1→ n).
Similarly, the molar mass of the mix in kg∙mol−1 is given by the
weighed sum of the molar masses of each component, Mi
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Fig. 1 illustrates as an example the variation of sound velocity with
the concentration of C3F8 in N2 (m.w.= 28) in the range 0→ 1%; a gas

pair of interest in the ATLAS inner tracker cooling application. The
added horizontal and vertical indicators illustrate the relationship be-
tween the uncertainties in measured sound velocity, ∂c, and mixture
determination, ∂(mix). At any concentration of the two components;

∂ =
∂mix c
m

( ) (5)

where m is the local slope of the sound velocity vs. concentration curve.
For each pair of gases of primary interest a (sound velocity, con-

centration) database is generated, covering the expected ranges of the
primary gas mixture, process temperature and pressure and (where
present) independently-measured concentrations of known third-party
gases. The sound velocity, concentration data is stored as a series of
polynomial fit parameters calculated at grid values of temperature,
pressure and third-party gas concentration. In this regard, the effect on
the mixture sound velocity of third-party gases can be calculated using
Eq. (4) with the Cpi and Cvidata for the individual gas components de-
rived from equations of state: for example in [4].

Our instruments give a typical sound velocity measurement error of
better than±0.025ms−1, due to the following contributing un-
certainties:

• ±0.1 °C in gas temperature (± 0.02ms−1);

• ±1 mbar in gas pressure (± 0.003ms−1);

• ±0.1mm in transducer spacing, based on prior calibration in at
least two pure gases [5] (± 0.002ms−1);

• ±25 ns transit clock frequency (± 0.002ms−1);

In the example from Fig. 1 the average slope of the sound velocity vs.
molar concentration curve is around −12.25ms−1 per percent of C3F8 in
the range of interest of 0–1% molar C3F8. The± 0.025ms−1 instrument
uncertainty in sound velocity results in a corresponding mixture un-
certainty of± 2.10−5.

3. Applications of the instrument

Five ultrasonic instruments are currently integrated into the ATLAS
DCS (Detector Control System) [3]. In the present implementation gas
mixture analysis and flow are calculated in scripts running under Sie-
mens SIMATIC WinCC v3.1.5 on Linux in a DELL Poweredge R610
SCADA (Supervisory, Control & Data Acquisition) computer. In future
implementations this analysis could be carried out in firmware em-
bedded in the microcontrollers of individual instruments.

Most of the instruments are used in the analysis of gas blends con-
taining octafluoropropane (R218: C3F8), a fluid chosen for its non-
flammability, dielectric and radiation-resistant properties. Zeotropic
blends with up to 25% hexafluoroethane (R116: C2F6) are being con-
sidered as a means of reducing the operating temperature (and re-
tarding the radiation damage) of the ATLAS silicon tracker. These
blends have been set up with the aid of ultrasonic gas analysis, their
evaluation is discussed in Section 4.

3.1. Real-time monitoring of the ATLAS C3F8 thermosiphon cooling
circulator

Two ultrasonic instruments (also simply referred to as ‘sonars’) are
used in the primary coolant loop of the new C3F8 ATLAS 60 kW ther-
mosiphon (TS) evaporative coolant recirculator (Fig. 2) [5,6] at the
CERN LHC (Large Hadron Collider).

This external plant exploits the (∼90m) height difference between
the ground surface and the ATLAS underground experimental cavern to
drive the natural circulation of the coolant, avoiding any active com-
ponents in the C3F8 primary coolant circuit.

One instrument is configured as an angled flowmeter [2,7] and used
to measure C3F8 vapor return mass flow (up to 1.2 kg·s−1) to the con-
denser. A second instrument monitors air ingress to the condenser – the

Fig. 1. Variation of sound velocity with concentration of binary C3F8/N2 mix-
tures in the range 0→ 1% C3F8. The added indices illustrate the relation be-
tween the uncertainties in measured sound velocity and mixture determination
[3].
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lowest pressure and highest part of the circulator allowing accumulated
air to be “degassed”.

Both instruments are located on the low pressure side of the cycle,
as highlighted in the thermodynamic cycle in Fig. 3:

• The vapor flowmeter in the ATLAS experimental cavern at the base
of the superheated vapor column returning to the condenser;

• The “degassing” sonar at the headspace of the condenser on the
surface.

3.1.1. The angled ultrasonic flowmeter
In the vapor flowmeter illustrated in Fig. 4 the ultrasound transit

times tup, tdown, are measured in opposite directions at 45° to the di-
rection of gas flowing in a 131mm diameter main tube. The acoustic
path is composed of component lengths;

• DMain/sinα, (α=45°); where the gas is in laminar motion in the
main tube of internal diameter DMain;

• L′; where the gas is considered static in the acoustic side-arms.

• The flow velocity, v (ms−1), is expressed as:
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with volumetric flow obtained by multiplying v by the cross sectional
area of the main tube.

The ultrasonic transducers were positioned in side arms to minimize
pressure drop and turbulence in the main tube. Quarter-turn ball valves
with 40mm diameter orifices allow the sound to pass but can be closed
for transducer access without interrupting the C3F8 vapor flow or ex-
posing it to air pollution. A pressure transducer and three thermistors
monitor each side arm to allow the density of the circulating C3F8 vapor
to be calculated for logging mass flow. Multiple thermistors are in-
stalled for redundancy. The average of the three readings in each side
arm is logged, with the on-line algorithm configured to reject any
sensor whose value deviates from the average of the three by more than
a specified amount. The flowmeter demonstrated linearity in air flows
up to 10ms−1 (131 l·s−1) before installation, with an rms precision
of± 2.3% of full scale [7].

Fig. 5 illustrates flowmeter measurements in C3F8 vapor during
commissioning tests of the ATLAS TS in April 2017.

During these commissioning tests the ATLAS SCT and Pixel sub-
detectors were evaporatively cooled with C3F8 at power levels of
20 kW. With only the ATLAS “barrel SCT” sub-detector powered (a) the
dissipation of nearly 22 kW required the circulation of around
0.4 kg·s−1 of C3F8. The corresponding mass flow with the full SCT

Fig. 2. Positions of the five ultrasonic instruments installed as part of the de-
tector control system of the ATLAS tracking detector.

Fig. 3. Positions of the ultrasonic vapor flowmeter and condenser “degassing”
instruments in the context of the C3F8 thermodynamic cycle in the ATLAS
60 kW TS coolant recirculation plant.

Fig. 4. The angled ultrasonic flowmeter installed in the ATLAS thermosiphon
vapor return line.
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(“barrel” and “endcaps”) powered (b) was around 0.75 kg·s−1, while
that required to cool the combined SCT and Pixel trackers (c) was
around 1.1 kg·s−1, as illustrated in Fig. 5. The mass flow resolution of
the ultrasonic flowmeter during these runs was around±0.05 kg·s−1.

During the commissioning tests repeated transitions (cold “swaps”:
red arrows in Fig. 5) were made between the TS and the compressor-
driven recirculator that it will replace. During these swaps the tem-
perature fluctuations on powered silicon modules were less than 2 °C.
Note: during compressor operation zero flow is seen in the C3F8 vapor
return line to the condenser since the vapor is redirected to the com-
pressor inputs.

3.1.2. The “degassing” sonar
The “degassing” sonar (illustrated in Figs. 2 and 6) detects and

eliminates ingressed air from the TS plant. It is mounted on the top of
the TS condenser, at the highest point (also the lowest temperature and
pressure region of the TS) where ingressed air would tend to accumu-
late.

The accumulation of ingressed air must be avoided since an increase
in effective condenser pressure will erode the pressure differential
needed to return the 1.1 kg·s−1 C3F8 vapor flow to the condenser
against gravity.

The degassing sonar monitors the concentration of air through
changes in sound transit time for a given temperature and pressure. In
order to correctly measure the temperature of the gas, the sonar tube is

protected by an external heating jacket. Due to their molecular weight
(m.w.) difference (m.w. air= 29; m.w. C3F8= 188), air will tend to
accumulate in the collection tank above the instrument, decreasing the
transit time over the acoustic path. When this falls below an operator-
definable threshold known to be equivalent to a certain air concentra-
tion, the sonar tube and collection tank are isolated from the condenser
vapor volume and evacuated to “release” the incondensable air.

Fig. 7 illustrates the variation of concentration of air in C3F8 vs
measured sound velocity at three different temperatures for a pressure
of 300 mbarabs.

The large dynamic range of interest for air infiltration into C3F8
requires quadratic (3-parameter) fits of concentration vs. sound velocity.
These are based on 100 points (in 0.3% increments of concentration)
generated in a temperature-pressure grid from 10 to 45 °C (step 1 °C:
nT=41 points) and 300–1500 mbarabs (step 100mbar: nP=13 points),
resulting in 1599 stored parameters (3·nT·nP).

The axis inversion, compared with Fig. 1, avoids the requirement of
quadratic root finding that would be necessary in fits of sound velocity
vs. concentration. Indeed, where higher order fits are required no ana-
lytic solutions might exist. Sound velocity is the measurement variable
and the natural choice of abscissa. Axis reversal also implies a re-
definition of Eq. (5) as:

∂ = ∂ ∗mix c m( ) ( ') (7)

where m′ is the slope of the concentration vs. sound velocity curve. For an
example from Fig. 7, at a measured sound velocity of 122.75ms−1,
corresponding to around 10% air contamination the local curve slope
(at 20 °C) obtained by differentiating its polynomial form is around
1.73% air/ms−1: a sound velocity measurement error of± 0.025ms−1

would yield an uncertainty in air concentration of ± 0.04%.

3.2. Real-time monitoring coolant leaks

Three further instruments illustrated in Fig. 2 monitor coolant leaks
from the ATLAS SCT, Pixel and IBL (Insertable B-Layer) silicon tracker
subsystems, which are presently cooled by evaporation of C3F8 (SCT &
Pixel) and CO2 (IBL). Gas is aspirated from their separate N2-purged
anti-humidity envelopes into three sonar tubes. The intrinsic sound
velocity measurement uncertainty of± 0.025ms−1 results in re-
spective precisions better than±2.10−5 and±10−4.

The dynamic (alarm) ranges of interest for C3F8 and CO2 coolant
leak concentrations into N2 lie in the molar interval 0–0.1%. Over this
relatively short range linear (2-parameter) fits based on 100 sound
velocity – concentration points (for example in Fig. 1: generated in
10−5 increments) have been found sufficiently precise.

These parameters are generated at points in a temperature-pressure

Fig. 5. C3F8 volumetric and mass flow measured in the angled ultrasonic
flowmeter in the ATLAS TS vapor return line (April 2017) under different load
conditions (a), (b) (c): see text.

Fig. 6. Left: The degassing sonar installed on the thermosiphon condenser; right:
the automatic response matrix for valve control to vent air accumulated in the
degassing sonar, based on sound transit time.

Fig. 7. Sound velocity dependence on air concentration in C3F8 vapor at three
temperatures of the degassing sonar and a pressure of 300mbarabs.
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grid from 13 to 25 °C (step 0.5 °C: nT=25 points) and
900–1100mbarabs (step 20mbar: nP=11 points) using NIST-REFPROP
[4]. In the case of the IBL sub-detector this results in a database of 550
stored parameters (2·nT·nP).

In the case of the Pixel and (particularly) the SCT sub-detectors the
N2 envelopes can become contaminated with CO2 from adjacent sys-
tems. Parameters for fits to C3F8 concentration vs. sound velocity are
therefore generated points on a 3-D temperature-pressure-CO2 grid from
13 to 25 °C (step 0.5 °C: nT=25 points) and 900–1100 mbarabs (step
20mbar: nP=11 points) and 0-10′000 ppm (step 1000 ppm: nCO2=11
points) using [4], resulting in a database of 6050 stored parameters
(2·nT·nP·nCO2). In these circuits CO2 concentration is measured with
Telaire® infra-red sensors [8] with 10′000 ppm full scale output.

In practice the temperature, pressure and CO2 concentration (mea-
sured simultaneously with acoustic transit times) will fall between the
grid values: a multi-step interpolation is followed, as illustrated in
Fig. 8:

• sound velocity – C3F8 concentration fit para-meters are first identified
from the database at the eight nearest grid points in (Pressure,
Temperature, CO2_ppm) space defining the smallest cuboidal volume
encompassing the process measurable Pmeas, Tmeas and CO2_meas. For
clarity these eight core grid points are represented by their projec-
tions on the (Pressure, Temperature), (Pressure, CO2_ppm) and
(CO2_ppm, Temperature) facets, as shown in Fig. 8(a):

• sound velocity – C3F8 concentration fit para-meters are then inter-
polated to intermediate values corresponding to Tmeas at grid pres-
sures immediately above and below Pmeas, as illustrated in Fig. 8(b),
collapsing the search at the core of the grid to a 2-D search between
4 grid points in (Pressure, CO2 ppm) space;

• an interpolation between these intermediate sound velocity – C3F8
concentration fit para-meters is then made along the orthogonal
(pressure) direction to calculate the parameters corresponding to
Tmeas, as illustrated in Fig. 8(c), further collapsing the core search to
a final interpolation between 2 adjacent grid points the CO2_ppm

direction:

• an interpolation between these intermediate sound velocities vs. C3F8
concentration fit parameters is then made along the CO2_ppm direc-
tion to calculate the final parameters corresponding to Pmeas, Tmeas,
and CO2_meas, as illustrated in Fig. 8(d). From these parameters the
relative concentrations of the C3F8 and N2 components in the mix-
ture of interest are calculated. In the case where no third-party gas
can contribute to the primary mixture, the interpolation reduces to a
2-D search between 4 grid points in (Temperature, Pressure) space as
in the case of the IBL system.

3.2.1. Measurements in the pixel sub-system
Fig. 9 illustrates the change in effective C3F8 concentration in the

N2-purged envelope surrounding the ATLAS Pixel subsystem following
simultaneous start-up of its 88 C3F8 evaporative cooling sub-circuits in
January 2018. A similar increase in C3F8 concentration was seen in the
envelope cooling start-ups in 2016 and 2017 [2], rising from<

Fig. 8. Schematic showing the sequence of successive interpolation of sound velocity vs. C3F8 concentration fit parameters from nearest stored grid values to determine
the fit parameters corresponding to the measured pressure, temperature and CO2 contamination (see text).

Fig. 9. C3F8 concentration from the N2-purged volume of the ATLAS Pixel de-
tector before and following cooling system turn-on: Jan. 2017 & Jan. 2018.
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5.10−3% to around 0.13%, with sensitivity to molar concentration
changes better than 2.10−3%. These comparison of leak rates after
cooling start-ups indicated that no new leaks had developed in around
two years’ running of the detector. The coolant leak rate from four
identified sub-circuits is presently considered acceptable.

Fig. 10 illustrates the reduction in C3F8 concentration preceding and
following a reduction of the Pixel detector operating temperature from
−5 °C to −20 °C on February 27, 2018.

This reduction in temperature is due to a reduction in the set-point
of the evaporation pressure from 3.51 to 2.04 barabs. The corresponding
leak rate from known leaking circuits was consequently reduced.

3.2.2. Measurements in the SCT sub-system
The anti-humidity envelope surrounding the much larger SCT sub-

detector is divided into four zones from which gas is sequentially
monitored in a 16-h supercycle by aspiration through a single sonar
instrument. Sample extraction points are chosen to maximize sensitivity
to expected localized hydrostatic pooling of heavy C3F8 vapor.

Fig. 11 illustrates the variation of C3F8 and CO2 concentration in gas
aspirated from the four zones of the ATLAS SCT N2 anti-humidity en-
velope during a recent period in February-March 2018.

Importantly, here the relative concentrations of a primary gas pair
of interest (C3F8 /N2) are demonstrably measured in 4 different streams
of mixture containing known concentrations of a third-party gas, using
a data base including that gas, constructed using the formalism of Eqs.
(1)–(4).

4. Measurements of heat transfer coefficient in C2F6/C3F8 blends

The evaporative coolants currently used in the ATLAS silicon
tracker sub-detectors are radiation-resistant, non-flammable and di-
electric, as required in the extreme working environment. The semi-
conductor materials in the tracker are subject to radiation damage ef-
fects which can be mitigated by reducing the operating temperature.
Since the sub-detectors and their supply tubing are mostly in in-
accessible areas we have investigated the use of a “drop–in” replace-
ment blend for the current C3F8 containing up to 25% C2F6. Previous
studies in representative thermal models of the silicon tracker [9]
showed that a temperature reduction of 9 °C from the present −20 °C
would be possible using a zeotropic blend containing 25% C2F6.(R116).
More recently, measurements of the heat transfer coefficient (HTC) in
C2F6/C3F8 blends have been made [10] in 5% steps from 0% to 25%
C2F6. These blends were prepared by mass mixing and verified in the
superheated vapor phase by speed of sound measurements. Fig. 12 il-
lustrates the variation of sound velocity with % molar C2F6 con-
centration in C3F8 over the range of interest 0–30%. For example, in a
blend with 20% C2F6 where the slope of the concentration vs. sound
velocity curve is ∼5.25%[C2F6]−1.ms−1 the intrinsic sound velocity
uncertainty of± 0.025ms−1 yields via Eq. (7) a concentration un-
certainty± 0.16%.

For measurements of HTC all physical parameters, tube cross sec-
tion, flow rate and input power were chosen to correspond to those
within the ATLAS tracker. The blend density is calculated from com-
ponent densities, calculated at the measured temperature and pressure
[4], then weighted according to the blend ratio determined ultra-
sonically. The measurements were made in an electrically-heated 4mm
ID copper-nickel tube with 70 μm wall tube at heat fluxes from 3.5 to
10 kW.m−2, mass fluxes from 91 to 264 kg.m−2.s−1 and vapor quality
from 0.35 to a superheated state (dry-out condition) at evaporation
pressures from 0.142 to 0.205MPa. These tests demonstrated that the
temperature reduction of 9 °C with 25% C2F6 was furthermore achiev-
able at modest values of HTC values (∼3500W.m−2.K−1). Fig. 13 il-
lustrates typical data.

Our HTC measurements were compared with the predictions of
several models of flow boiling heat transfer [11] and with the Kattan-
Thome-Favrat flow regime map. The results were in average agreement
to around 10% with the Shah, Liu-Winterton (L-W) and Kandlikar
models; best agreement (within 5%) being seen with the L-W model
incorporating a suppression factor for boiling zeotropic mixtures.

Fig. 10. Change in C3F8 concentration in the Pixel detector envelope following
a reduction of operating temperature from −5 °C to −20 °C on February 27,
2018.

Fig. 11. Variation of the C3F8 and CO2 concentration in gas aspirated from the
surrounding the four zones of N2 anti-humidity envelope of the ATLAS SCT sub-
detector over a recent period, February-March 2018.

Fig. 12. Variation of sound velocity with molar % C2F6 concentration in C3F8
over the range 0–30% at several temperatures of the superheated zeotropic
blend: pressure 0.1MPa.
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5. Conclusion and prospects

We describe several implementations of custom ultrasonic in-
strumentation for real-time monitoring of flow and binary gas mixtures.
One instrument configured as an angled flowmeter demonstrated a
precision better than±2.3% full scale for air flows up to 10.5m.s−1

and a resolution better than ± 0.05 kg.s−1 in C3F8 flows around
1 kg.s−1. Other instruments have demonstrated a precision in compo-
sition measurement of± 2.10−5 in N2/C3F8 and± 0.16% in C2F6/C3F8
blends, allowing the creation and monitoring of C2F6/C3F8 zeotropic
blends with well-defined mixing ratios for HTC measurements. Our
HTC measurements were compared to several well-known empirical
correlations, showing good agreement.

This instrumentation is expected to find use in various industrial
and medical applications were accurate and simultaneous real-time
flow and gas analysis are required. The ultrasonic instrument is based
on commercial transducers controlled by an electronic system. This
device can be therefore assembled quite easily and this represent one of
the force point for the diffusion of this tool in different application. As
an example it can be used to precisely monitor the concentration bal-
ance of the anesthetic gas mixtures during the surgical operation
Although ultrasonic gas analysis is primarily a binary gas analysis tool,
we have demonstrated that it can be successfully used with higher order
gas mixtures if the concentration of the additional component is known
from another source and the reference database includes the third-party
gas.

The combination of ultrasonic binary gas analysis with other mea-
surement technologies allowing a multi-gas analysis capability is useful
in many applications: - for example in clinical anesthesia where gas
mixtures contain more than two components. Similarities can be drawn

between our studies in C3F8/N2 (m.w. 188/28) with third party CO2

(m.w. 44) and the mixtures of similar molecular weight difference en-
countered in the developing area of xenon-based anesthesia (Xe/O2:
m.w. 131/29).

Preliminary ultrasonic studies in Xe/O2 blends were recently re-
ported [12]. Fig. 14 illustrates the composition/sound velocity depen-
dence at atmospheric pressure for several temperatures.

The steep dependence (average around 0.52% per m.s−1 over the
clinical range from 20 to 100% O2) typically requires a 5th order
polynomial representation, with mixture precision depending on the
sound velocity measurement uncertainty according to eq. (7).

Fig. 13. HTC measured at top (upper row) and bottom (lower row) of a representative tube in various C2F6/C3F8 blends vs. vapor quality and heat flux [10].

Fig. 14. Composition/sound velocity dependence in xenon–oxygen mixtures at
atmospheric pressure and several temperatures.
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A target precision of± 0.1% Xe implies a sound velocity measure-
ment precision of± 0.19m.s−1. While precisions of 0.025–0.05ms−1

are achieved in the CERN instruments using exposed foil capacitative
transducers [1], such precision is more challenging over shorter
acoustic paths using piezoelectric transducers mounted in sterilisable
enclosures having reduced acoustic coupling to gases. New custom ul-
trasonic instrumentation is currently under development to improve the
precision of xenon delivery during anaesthesia [12] and to reduce
wastage in the post-operative environment by allowing xenon to be
extracted from recovered breathing gas mixtures for recycling.
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