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Abstract: Custom ultrasonic instruments have been developed for continuous monitoring and real-time
measurement of composition and flow in binary gas mixtures. These characteristics are derived from
measurements of sound transit time along two opposite directions - parallel or tilted to the gas flow direction. The
flow rate is then calculated from the transit time difference while the average is used to compute sound velocity
by comparison with a sound velocity/composition database. Five devices are integrated in the Detector Control
System of the ATLAS experiment at the CERN Large Hadron Collider. Three instruments monitor C3Fsand CO,
coolant leaks into the nitrogen-purged envelopes of the inner silicon tracker; respectively with precisions better
than +2 x 107 and £10**. Two further instruments are used to monitor the new thermosiphon C;Fg evaporative
coolant recirculator. One of these measures C;Fg vapour return flow to the condenser while the other tracks air
ingress into the condenser with a precision better than 107, The precision of these instruments highlights their
potential in other applications requiring continuous binary gas composition monitoring.

Keywords: Ultrasonic binary gas analysis, ATLAS Detector Control System, Sonar, thermosiphon, Evaporative
cooling system.
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1. Introduction

Custom ultrasonic (“sonar”) instruments have been
developed for real-time monitoring and measurement
of binary gas mixtures in the ATLAS experiment, one
of the major experiments at the CERN Large Hadron
Collider (LHC). ATLAS is a particle physics detector
consisting of a series of concentric sub-detectors
arranged around one of the LHC proton beam collision
points [1]. The innermost sub-detector - the ATLAS
Inner Detector (ID) - tracks charged particles in a
solenoidal magnetic field using gas-based tracking
elements and high resolution silicon detectors in
microstrip and pixelated configurations. The silicon
sub-detectors are closest to the beam collisions and

must be kept at low temperature (-10 °C or lower) to
mitigate radiation damage. They are evaporatively
cooled using CsFg (octafluropropane) and CO,. Three
of five ultrasonic instruments monitor coolant leaks
into the nitrogen-purged envelopes of these silicon
tracking detectors. Two further instruments form part
of the control system of the new thermosiphon CsFs
evaporative cooling recirculator plant [2], being
commissioned to replace the present compressor-
driven system. One (angled acoustic path) instrument
was built to measure the Cs;Fs vapour flow returning to
the thermosiphon condenser while another detects and
eliminates (“degasses”) ingressed air from the
condenser. The locations of the five instruments are
shown in Fig. 1.
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Fig. 1. Installations in the ATLAS Inner Detector. Three sonars monitor the N2 envelopes of the (“Pixel”, “SCT” & “IBL”)
silicon sub-detectors, while a degassing sonar and an angled flowmeter monitor the thermosiphon recirculator.

2. The Instrument and its Operating
Principle

The instruments contain facing pairs of 50 kHz
capacitive ultrasonic transducers [3] within flanged
envelopes through which gas flows. When
transmitting, a transducer is excited by (3000V)
square pulses, generated from low-voltage precursors
in a dsPIC33F microcontroller. A 40 MHz transit time
clock is started synchronously with the leading edge
of the first transmitted pulse. The acoustic signal
received by the other transducer is passed through
amplifiers and a comparator, stopping
the clock when a wuser-defined threshold is
crossed (Fig. 2).

The micro-controller also reverses the
transmission direction for the transit time to be

measured in both directions (Fig. 2). These transit
times are then used with geometrical parameters to
evaluate the gas flow rate.

The ultrasonic instruments can be used for
simultaneous gas flow measurement and composition
analysis, exploiting the physical phenomenon
whereby - at known temperature and pressure - the
sound velocity in a binary gas mixture depends on the
molar concentration of its components. For binary gas
analysis, the sound velocity is calculated from the
average of the transit times in opposite directions and
then compared in real-time to a stored concentration
vs. sound velocity database for a given temperature
and pressure. This database can be generated from
theoretical models and/or from previously-made
calibration mixtures [4].
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Fig. 2. Principle of operation of bi-directional ultrasonic
transmission and detection in the instrument.

The software employssound velocity vs.
concentration look-up tables using the general
formalism for the speed of sound in a gas mixture,
combining the thermodynamic properties of pairs of
component gases:

(M

where R is the molar gas  constant
(8.3145 J-mol'!'K™!), T is the absolute temperature in
Kelvin, M,, is the combined molar mass of the mixture
and y,, is the adiabatic index for the mixture.

M,, and y,, are given respectively by

_ X wiCp,

M =Zw~M~ and =——7>>" (2

where w; is the molar fraction of component i in the
mixture while Cp, and Cy, are the component’s molar
specific heats at constant pressure and volume
respectively. The Cp and Cy values for the individual
mixture components are calculated using the NIST
REFPROP package [5] over the expected range of

operating temperature and pressure. Examples of these
calculations are shown in in Fig. 3, Fig. 4 and Fig. 5
for C3Fs and No.
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Fig. 3. Molar specific heat at constant pressure vs.
temperature for N2 (left vertical axis) and C3Fs (right
vertical axis) at a range of temperatures and pressures.

For each pair of gases a database is created of
sound velocity vs. concentration of the components,
covering the expected range of temperature and
pressure. Sound velocity vs. concentration is stored as
a series of polynomial fit parameters at each
temperature and pressure. These fit parameters can be
thought of as being vertically-suspended above the
intersections of a 2-D grid of temperature and pressure
points. For the C3Fg/N; and CO,/N, gas combinations
this grid runs from 13-25°C in 1°C steps and from
900-1100 mbarys in 20  mbar  steps.
In the case of the degassing sonar of the thermosiphon
condenser (Section 3) the range is from 10-45°C in
1°C steps and from 300-1500 mbarys in 100 mbar
steps.
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Fig. 4. Molar specific heat at constant volume vs.
temperature for N2 (left vertical axis) and C3Fs (right
vertical axis) at a range of temperatures and pressures.
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In practice the temperature and pressure (measured
simultaneously with transit times) will fall between
the grid: sound velocity vs. concentration fit
parameters are first interpolated to intermediate values
corresponding to the measurement temperature at grid
pressures immediately above and below the
measurement pressure. In a second step a linear
interpolation between the intermediate fit parameters
is made along the orthogonal (pressure) direction to
calculate the final parameters corresponding to both
the measured temperature and pressure. From these
parameters the relative concentrations of the two
components are calculated.

The precision of the instrument for measurements
of sound velocity is better than 0.05m.s™.
Contributions to this uncertainty, dc, are due to:

e £0.2 °C temperature stability in the sonar tube

(equivalent to £0.044 m.s™);

e 4 mbar pressure stability (£0.012 m.s™);

e 0.1 mm transducer inter-foil measurement

uncertainty (£0.018 m.s™!);

e  +100 ns electronic transit time measurement

uncertainty (0.002 m.s™).

The precision of mixture determination, d(mix), at
any concentration of the N, and C3Fs components is
given by:

3(mix) = % 3)

where m is the local slope of the sound velocity vs.
concentration curve (m.s[%C;Fs] ™).

As an example, the average gradient of the sound
velocity vs. concentration curve is -12.55 m.s’.
[%C;3Fs]! for C;Fs concentrations in the range
0-0.1 % in N,. The intrinsic sound velocity
measurement uncertainty of +0.05 m.s! yields,
via Eq. (3) a corresponding mixture uncertainty
of £0.004 %.

To accurately measure the distance, L, between the
membranes of the ultrasonic transducers a calibration
based on two gases with different sound velocities can
be used. This method takes into account the possibility

that the measured transit times (#f) in the two gases
might include a transit time offset, ., for the time
taken for the signals from the detected sound pulses to
rise sufficiently to cross the comparator thresholds
(Fig. 2). The real transit time (#¢’) in each gas has
therefore to be corrected with an offset time (e.g.
tt'c3pg = tteapg — tloppser). It is also necessary to
know the true sound velocity, V;, in each component
gas at the temperature and pressure where the
calibration is carried out. These can be also calculated
using the NIST-REFPROP package [5].

Taking as an example a two-gas calibration based
on real component sound velocities and measured
transit times in pure C3Fsand pure N:

L L
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Each of the five sonar instruments integrated into
the Detector Control System (DCS) of the ATLAS
experiment (Fig. 1) has local electronics consisting of
an acoustic timing module, analog input modules for
the acquisition of temperatures and pressures and an
external communication module, communicating with
each other through a local bus running a custom 2-wire
communication protocol. A schematic of the 2-wire
protocol electronics is shown in Fig. 6 and an
implementation photograph in Fig. 7. The 2-wire bus
can also house additional modules for 4-20 mA DAC
outputs and for the control of sampling valves and
aspirating pumps. The external communication
interface is based on an MBED module [6]. Due to the
long distances (hundreds of meters) between the
dispersed instruments, communication to the central
Dell R610 SCADA (Supervisory, Control And Data
Acquisition) computer uses the TCP/IP Modbus
protocol over Ethernet (Fig. 8).

The data acquisition software is implemented in
Siemens Symantic WINCC-OA version 3.11 [8]
running on Linux. The WINCC project runs the
Graphical User Interface (GUI) and also handles the
continuous archiving of speed of sound, transit time,
concentration, temperature and pressure data from
each sonar to the ATLAS DCS oracle database. The
software also controls the system through a finite state
machine (FSM). Out-of-range alarms can be generated
and are propagated through the FSM to an external
GSM and e-mail alert system.
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Fig. 6. Diagram of the 2-wire protocol electronics [7].

Fig. 7. Electronic implementation in weatherproof cabinet
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Fig. 8. Readout architecture of the full sonar system [9].

Fig. 9 illustrates part of the WINCC-OA GUI
which handles the gas selection for the sonar tubes
used to monitor coolant leaks into the N»-purged
volumes surrounding the sub-elements of the ATLAS
silicon tracker.
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Fig. 9. Part of the sonar system graphical user interface
implemented in Siemens Symantec ® WinCC-OA [8].

3. Application and Commissioning
of the Instruments in the ATLAS
Thermosiphon Cooling Recirculator

3.1. Degassing Sonar

Two instruments are directly implemented in the
new ATLAS thermosiphon C;Fs evaporative coolant
circulation system shown in Fig. 1. The thermosiphon
takes advantage of the typical configuration of the
LHC experiments located around 100 m underground.
It is based on the physical phenomenon of natural
circulation: C3;Fs is condensed at the lowest
temperature/pressure (-60°C, 309 mbar,s) but at the
highest elevation in the system. In ATLAS the driving
force of the circuit is given by the 92 m liquid column,
starting from the condenser. The C;F; refrigerant exits
the detector as a vapour at -25°C and 1.67 bara,s and
returns to the condenser against gravity due to pressure
differential. The thermosiphon system must provide
60 kW of on-detector cooling capacity, and guarantee
a vapour pressure of 1.67 barys at the end of the on-
detector cooling loops for stable operation of the
silicon tracking detector components in the high
radiation zone near the LHC beams. To achieve 60 kW
cooling capacity 1.2 kg-s™! of C;Fs must be circulated
and condensed. A diagram of the thermosiphon plant
is shown in Fig. 10. The purpose of the new cooling
system is to replace the compressors of the present
cooling plant recirculator, removing “active”
(reciprocating) components from the primary cooling
loop, leading to a more reliable system requiring
less maintenance.
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The “degassing” sonar (Fig. 1) represents the key
tool for the detection and elimination of air leaks into
the thermosiphon plant. The instrument is placed on
the top of the thermosiphon condenser, at the lowest
temperature and pressure of the cooling system, and
therefore at the point where any air leaks will
accumulate. The ingress of air must be avoided since
an increase in condenser pressure will erode the
pressure differential needed to circulate the 1.2 kg-s™!
CsFg vapour flow back to the condenser against
gravity. Fig. 11 illustrates the sound velocity
dependence on air concentration in Cs:Fg vapour at
three temperatures of the degassing sonar and a

LIAPYS S R T T
TaniagK

pressure of 300 mbar 5. For example, for 0-10 % air
contamination in CsFg where the average slope of the
velocity/concentration curve is ~0.56 ms™![%air] ", a
sound velocity measurement precision of +0.05 ms'!
would yield an uncertainty in air concentration
0f £0.09 %.

During the commissioning of the thermosiphon
with C;Fs circulation through a dummy load in July
2016 several tests were performed on the degassing
sonar. Fig. 12 shows a direct shot taken from the GUI.
The variation of air concentration in Cs;Fg and the
speed of sound during a condenser cool-down test

(July 08-11, 2016) are displayed.
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Fig. 10. Schematic and thermodynamic phase diagram of the new thermosiphon cooling system [2].
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Fig. 11. Sound velocity dependence
on air concentration in C3Fs vapour at three temperatures
of the degassing sonar and a pressure of 300 mbarabs.

The pressure in the degassing sonar envelope is
also shown, which reflects that of the condenser since
both volumes are connected. During the test the

condenser temperature was decreased from -20 °C
to -55 °C leading to a decrease in the saturated vapour
pressure of the C;Fs liquid in the condenser. A
consequent increase in the speed of sound and
apparent air concentration is therefore noticeable. Air
is not entering the condenser but the ratio between
C3Fs vapour and air is changing in the headspace
above the CsFg liquid. The regular fluctuations of
speed of sound are related to the day/night temperature
variation. The rise in apparent air concentration is
however not affected by these fluctuations, and is
indicative of the robustness of the air-in-C3Fs
concentration-finding algorithm.

Fig. 13 illustrates results with the condenser
containing liquid Cs;Fs with a starting pressure of
410 mbarps.

Around 12.00 on July 12,2016 20 normal litres of
N, were injected into the lowest point of the vapour
side of the thermosiphon recirculator (around
90 metres below the condenser) to simulate an air
ingress. A rise in apparent air concentration of 2.6 %
in the vapour seen by the degassing sonar was
observed over the next 24 hours as the N, gas migrated
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through C3Fs vapour in the chicane and baffle
structure of the condenser toward the degassing sonar.
This increase was relative to a baseline level of around
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26 % from previous N, injections and the unvented
accumulation from small leaks encountered and
repaired over several weeks of running.
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Fig. 12. Variation of concentration and speed of sound during the cool-down test (July 08-11, 2016).
Sonar pressure is also shown.
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Fig. 13. Effect on concentration (in green), speed of sound
(in black), of adding 20 litres of N2 to the vapour side
of the ATLAS thermosiphon system (July 11-14, 2016).

As mentioned above, the main purpose of the
degassing sonar is to detect and eliminate air ingress
to avoid an increase in the condenser pressure which
would reduce the return vapour flow to the condenser.
Due to their density difference, N> (or air) will
accumulate in the headspace of the condenser volume
(N2: MW = 28, C3Fs: MW = 188). If air accumulates
in the degassing sonar a sequence of valves is opened
to evacuate or “release” it. The results of releasing
tests made on July 14, 2016 are shown in Fig. 14. The
starting apparent air concentration of 30.6 % is due to
the N, introduced in previous tests, including those
shown in Fig. 12 and Fig. 13. While N is diffusing
into the degassing sonar volume, the air concentration
is seen to be slightly increasing. In order to remove the
N, from the condenser, a release of the system is
required.

The degassing sonar volume is evacuated and a
new mixture from the condenser headspace enters the

10

sonar. The abrupt increase in concentration
corresponds to the entry of additional N, from the
condenser headspace. Each subsequent release shows
a decrease in the measured ‘“‘air” concentration,
confirming that the degassing sonar is working
properly by removing the accumulated N». If more
releases had been made, the concentration would have
continued to decrease.
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Fig. 14. Measurement of the apparent air concentration
in the degassing sonar during the “releasing” tests made
on July 14, 2016.

3.2. Angled Flowmeter

The precise measurement of high CsFg vapour
return flows (up to 1.2 ms') to the ATLAS
thermosiphon condenser is ensured with a custom
angled ultrasonic flowmeter (Fig. 1 and Fig. 15).

The device was constructed in stainless steel with
the acoustic path crossing the gas flow at 45°. Quarter
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turn ball valves in the acoustic tubes can be closed to
allow ultrasonic transducer replacement without
interrupting the main gas flow. The instrument has
been calibrated against an anemometer in air (Fig. 15)
and has demonstrated a flow precision of £2.3 % full
scale for flows up to 10.5 m.s'[4]. Operation of the
device in high returning flows of C;Fg vapour is
planned soon.

The difference between the transit times in
opposite directions is used to calculate the gas flow
rate. In the angled ultrasonic flowmeter the acoustic
path segment is at an angle o of 45° to the gas flow,
with a “moving gas” length, L, defined as Dy /sina,
where Dyain 1s the diameter of the return gas tube (135
mm). The remaining length of the sound path, L’, is in
static gas, and has components L, and L, on either side
of the flow tube (Fig. 16).

-
L

—
o
—

Ultrasonic Flowmeter (ms)

S N 2 O o

0 2 4 6 8 10 12

Anemometer (ms)

Fig. 15. Calibration in air of the 45° angled ultrasonic
flowmeter prior to installation in the ATLAS thermosiphon
recirculator (vs. an Amprobe TMA10A anemometer) [4].

%
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Fig. 16. Geometrical layout of the angled flowmeter.

The gas flow velocity, v, (ms™), can be calculated
using the measured sound velocity, vs, as

Dyai ,
Us (M +L - vstdown)

v = sina : 9
9 cosa(Vgt gouwn — L)
and
DMain ’
ve (vet,,, — =L — L
vy = S( STUP - sina ) (10)

cosa(Vstyy, — L")

The sound velocity can be calculated as the
physical root of:

! ! D .
A+ \/AZ —16Lt ptaown (L + SILWT‘IZ;I) (11)

V. =
s 4'tup tdown

where the definition of 4 is:

D, .
A=ty + aoun) (20 +-220) (12)
The algebra of equations (9)-(12) can be adapted
to ultrasonic flowmeters in the other common
geometries illustrated in Fig. 17. In each case the total
acoustic path length can be expressed as distances, L,
in moving gas and L’ in static (or closed circulating
vortices of) gas. In some cases these lengths are best
found in Computational Fluid Dynamics (CFD)
calculations. Fig. 18 illustrates such a study made with
the OpenFoam® CFD package [10] for a pinched axial
flowmeter geometry built by this group [11].

(a) “Pinched Axial”

Q—L—.‘

(h) 561.5!5

4, »
(d) Reflex U™

Fig. 17. Illustration of four principal geometries
of ultrasonic flowmeters with illustration of the acoustic
path segment, L, in uniformly moving gas.

11
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Fig. 18. Stream lines and contours of the axial component
of gas flow velocity (ms™) in a pinched axial geometry
flowmeter geometry [11].

4. Measurements in the Triple Sonar
Instrumentation

The triple sonar instrumentation (Fig. 1) monitors
coolant leaks from the ATLAS SCT, Pixel and IBL
silicon tracking subsystems into their separate
N,-purged anti-humidity envelopes.

Fig. 19 illustrates the change in effective CsFg
concentration in the N,-purged envelope surrounding
the ATLAS Pixel subsystem following the start-up of
its CsFg evaporative cooling on January 28, 2016. The
sensitivity to molar concentration changes was better
than 2.107. An increase in Cs;Fs concentration was
seen, from < 5.10° to around 1.3.107, allowing
identification of leaking cooling sub-circuits.

The four zones of the much larger N»-purged
environmental volume of the ATLAS SCT sub-system
are sequentially monitored in a 16-hour supercycle by

aspiration through a single sonar instrument. Sample
extraction points (“End-caps “A” &“C”); “Barrel
levels” “1” & ““7”) are chosen to maximize sensitivity
to expected localized hydrostatic pooling of heavy
CsFs vapour.
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Fig. 19. C5Fs concentration sampled from the N>-purged
volume of the ATLAS Pixel detector before and following
cooling system turn-on: January 28, 2016.

Fig. 20 illustrates the apparent C;Fs concentration
preceding and following the SCT cooling system re-
start on January 27" 2016. This restart occurred while
zone “Barrel 77 was being measured: the sharp spike
here is due to the higher evaporation pressure at which
the evaporative cooling was initially operated. After
the cooling system start-up a significant change in
concentration was also visible in zone “Barrel 17, as in
the Pixel detector (Fig. 19).
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Fig. 20. Increase in the C3Fs concentration sampled at four points from the N2 purged volumes of the SCT detector following
turn on of its Cs3Fg evaporative cooling on January 27, 2016 [6].

The sampling sequence continues to “End Cap C”,
then to “End Cap A”, then “Barrel level 7”. No
significant increase was seen for the zones “Endcap C”
and “Endcap A”. In the latter zone, however, there was
already a high apparent Cs;Fg concentration due to

12

known dry air ingress from the ATLAS ID external
envelope purge system at this time. Since binary gas
analysis is a rapid hypothesis-dependent diagnostic,
contamination increases in a heavy “search” gas can
be mimicked by higher concentrations of a lighter
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contaminant. Warnings given by a continuously-
sensitive sonar instrument can however indicate the
need for further investigation with more expensive
multi-gas sensitive instrumentation, including gas
chromatography.
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Fig. 21 illustrates the time history of the molar
concentration of Cs;Fg coolant leaks into the N2
environment of the SCT and Pixel sub-detectors over
a 4-day period in May 2016.
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Fig. 21. Variation of the C3Fs concentration in the N2 environment surrounding the ATLAS Pixel and SCT
sub-detectors recorded for a period of 4 days in May 2016.

For the SCT, the highest CsFs concentraton is seen
at the lowest of the points monitoring the SCT N2
environmental volume (“Barrel level 1°°) where more
heavy CsFg vapour leaking from the evaporative
cooling circuits has had more time to pool after several
months of operation. The increased apparent CsFs
concentration, particularly in the “Endcap A” zone is
also in part due to a change of the ATLAS ID external
envelope purge gas from nitrogen to heavier CO,.

5. Conclusions

We have developed ultrasonic instruments that
have provided high-precision real-time measurements
both for flow measurement and binary gas
composition analysis.

For binary gas analysis, the precision of mixture
determination also depends on the difference between
the molecular weights of the two components: the
larger the difference the greater the precision. In the
case of C;Fg (m.w. = 188) leaks into N> (m.w. = 28)
envelopes of the ATLAS Pixel and SCT
silicon tracker subdetectors a mixture precision is
+0.002 % was demonstrated for C3;Fs concentration
for the 0 — 0.1 % range, of most interest in
leak detection.

A pair of ultrasonic instruments is included in the
controls of the new ATLAS thermosiphon CsFg
evaoprative  cooling  recirculator. ~ Numerous
measurements were performed before and during the
recent commissioning of the thermosiphon plant. For
flow measurement, a precision of <2.3 % for flows up
to 10 m.s' was measured in a custom angled
flowmeter. Another instrument built to measure air

ingress into a Cs;Fs condenser operating below
atmospheric pressure has demonstrated a precision
better than 1073,
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