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Abstract

In this thesis, the potential of the gap discharge transducer is investigated as both a
sound pulse emitter and a sound pulse receiver in a gas flow measurement setup. The
main objective is to use the gap discharge transducer as an integral part in a gas flow
measurement system developed for harsh environments. The idea for the method consid-
ered in this study to determine the flow was taken from the time-of-flight technique used
in ultrasonic flow measurements. The gap discharge transducer should then be used as
both an emitter and a receiver in a setup that somewhat mimics those in ultrasonics.

Earlier studies with the gap discharge transducer has shown that it is both very
durable and a potent sound pulse emitter. This thesis continues these studies by incor-
porating the transducer into a measurement system as an emitter and also investigates
its capabilities to be used as a sound pulse receiver.

As an emitter in a flow measurement system the transducer was placed in a pipe with
a variable flow in a laboratory environment. The transducer was set to generate sparks
to create the sound pulse and standard piezoelectric receivers were used to capture the
signal.

To determine the possibilities to use the transducer as a receiver the transducer was
placed in a vacuum chamber to test the dependence between breakdown voltage and
pressure. Since a sound pulse is a change in pressure the pulse might cause breakdown
in the gap between the electrodes of the transducer if an initial voltage between the
electrodes is set close enough to breakdown.

The investigation shows that the gap discharge transducer is a potential sound pulse
emitter in a flow measurement system and, with some small calibration and more precise
alignment, is capable to determine the flow quite accurately. On the other hand, to use
the transducer as a receiver is concluded to be very difficult. The breakdown voltage
is too unstable to allow an initial voltage close to breakdown to be set without risking
spontaneous breakdown due to random events.
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professor Torbjörn Löfqvist for their support, opinions, and constructive and imaginative
ideas making the project even more interesting and fun than it already is. I would also
like to thank both Dr. Johan Borg and Mikael Larsmark for their help with questions
about the electronics and other general questions I might have had.

None of this work would have been possible if not for Pär-Erik Martinsson at Proces-
sIT which has been funding and planning the project. Also, I would like to thank Jörgen
Marklund, Carl Carlander, and Mats Lindgren at D-Flow for their help and support with
everything from the transducer hardware to the computer software used in the experi-
ments. Thanks also to Jan Björkman and Eva-Lena Johansson at LKAB in Kiruna for
providing a possible environmental test site and assistance during the visits I have made
there.

Also, thanks to Monica Almqvist at the University of Lund for all the help during
the experiments with the sound pressure from the transducer that I performed at their
department at two occasions, and Lars Frisk at Lule̊a University for all the help with the
vacuum chamber.

/Kristoffer Karlsson

ix



x



Part I

1



2



Chapter 1

Thesis Introduction

Reliable flow measurements are of great importance in the industrialized world, since
a measurement of the flow in many instances are a way to measure the quantity or
quality of a product. For an industry, the flow measurement can be used to determine
the amount of gases or liquids that are produced in the process, transported between sites
and/or released from their exhausts. Flows can in some cases be difficult to measure,
either due to their content or due to extreme surroundings. It is in these scenarios that
the measurement system should not only be accurate, but also very durable. Such a
scenario can for example consist of corrosive elements that destroy sensitive materials,
lots of dust and dirt particles that obstructs moving parts or high temperature that can
burn or melt a sensor.

A particular situation classed as a harsh environment is an exhaust chimney at a
process plant. There are often several exhaust chimneys through out the plant and the
environment within them varies depending on where in the process they are placed.
The most common situation is an environment that is fairly hot, lots of dirt and dust
particles, moisture, and a gas mixture mainly consisting of air and carbon dioxide. A
common measurement system in these situations are the differential pressure meters, like
e.g. venturi tubes. The biggest disadvantage with these kinds of tubes is that they are
expensive and very cumbersome to install and maintain. The venturi tubes rely on precise
geometry to maintain their reliability and accuracy, and in an environment where lots of
dust and dirt is present maintenance is required quite often. Also, with pipe diameters
of several meters the venturi tubes become very expensive to produce and install in an
already existing process plant, even if the required process stop is not taken into account.
To minimize the installation costs, the venturi tubes can be installed at the time when
the exhaust or chimney is built/placed in the plant, but this is not always an option.

In other parts of the plant there might, for example, be pipes leading a fluid between
two processes that needs to be monitored. Between these situations the environment
inside may vary a great deal more. There can be extreme temperatures and corrosive
substances that wear down sensors quite quickly.

Due to the lack of alternatives in these measurement scenarios it is of great interest to
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4 Thesis Introduction

find other methods to determine these flows. When a suitable method has been chosen
the environment has to be taken into account since regular measurement equipment are
either unable to function properly or even destroyed. If there are no available sensors a
new kind might need to be constructed.

1.1 Thesis objective and motivation

In a pre-study performed at Lule̊a University, it was concluded that there was a lack
of measurement systems for gas flows in combination with a harsh environment. As
stated above, the current method is often the differential pressure meters, the venturi
tubes, which has big disadvantages but is basically the only option available. Therefore,
interest grew in finding a new kind of measurement system for this task. The idea was
to create a new kind of transducer to use in a setup similar to the system in figure 2.2.
With such a system it will in many cases be possible to install the instrument, even after
the exhaust or chimney have been constructed, with relative ease.

For the environmental part, the following conditions were identified to be of interest:

• High temperatures, up to 1200◦C

• Excessive dust and dirt contaminations

• High moisture levels

• Corrosive elements, to some extent

In most scenarios only one or two of these conditions are relevant, but situations
combining most or all of them can not be entirely excluded.

Aside from the environmental issue, the measurement system should satisfy most, if
not all, of the following criterion:

• Function in low pressures, around atmospheric

• High accuracy, preferable within ±2%

• Durable, long maintenance intervals

• Inexpensive installation and startup

To realize such a flow measurement system, new kinds of transducers must be con-
structed. They must be able to withstand the harsh environment but at the same time be
accurate enough for industrial purposes. The work in this thesis is oriented to evaluate
and expand on a tranducer built in a previous project [1, 2] as a part of another licentiate
thesis [3]. The sound properties of the transducer and its capabilities as a pulse emitter
in a flow measurement is here studied further. Also a method is tested that incorporates
the same kind of transducer as a sound pulse receiver.
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1.2 Thesis outline

This thesis consists of two parts. The first part is an overview of the work that has
been done within this project. It briefly describes the investigations of the gap discharge
transducer that has been performed and ends with an overall conclusion of the project
this far and what is needed to be done in the future.

The second part is the publications that have been made through this project and
they are the basis for this thesis.
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Chapter 2

Background

2.1 High temperature transducers

One of the most basic requirements for a transducer in this project was the ability to
withstand high temperatures. Therefore, it was important to investigate the available
technologies in this field to find suitable candidates for the task. Also, the use of protective
systems for the transducers were considered.

2.1.1 Piezoelectric-based

Kazys et. al. [4, 5] have developed ultrasonic transducers able to withstand temperatures
up to 450◦C and still maintain functionality for the use in flow measurements in heavy
metal liquids. They investigated several different kinds of piezoelectric materials and
found that bismuth-titanate was the most favorable. The bismuth-titanate has a curie
temperature (Tc) of approximately 650◦C, while the operating temperature (To) is about
550◦C.

Figure 2.1: A basic piezoelectric transducer.

7



8 Background

Schmarje et. al. have worked with lithium niobate [6] and they report that the
material has a Tc of up to 1200◦C. However, the operating temperature is only about
650◦C. This is explained by the loss of oxygen from the material to the environment at
temperatures around 600◦C [7].

Worsch et. al. [8] has investigated a material called gallium orthophosphate for use
in high temperature ultrasonic applications. They report that the material has high
thermal stability up to 970◦C and a To of at least 700◦C.

The company Ferroperm [9] has a commercially available high temperature ultrasonic
transducer called PZ46 that is specified to have an operating temperature up to 550◦C.
However, the specified temperature range of operation is 500 − 550◦C which limits the
transducer considerably.

2.1.2 Piezofilm-based

Koboyashi and Ono et. al. have been working with piezoelectric materials that can be
very flexible and applied to different surfaces [10, 11]. They reported that some of these
films are able to operate at temperatures up to or even above 500◦C [12, 13]. Kobayashi
et. al. later reported that a piezofilm was tested and proven capable of withstanding
temperatures up to 700◦C but signal strength dropped linearly with temperature. [14]

2.1.3 Capacitive-based

Capacitive ultrasonic transducers uses a membrane and a conducting back plate sepa-
rated by an insulating layer. As the membrane vibrates a changing voltage between the
membrane and the back plate can be observed. By instead applying an oscillating voltage
the membrane can be forced into motion creating a sound pulse. Schroder et. al. have
studied this technology and developed transducers capable of working at 500 − 600◦C
[15, 16].

2.1.4 Protective systems

Lynnworth et. al [17] have used a buffer rod design where thin metal rods are tightly
packed that acts as a buffer between the transducer and the high temperature fluid. They
report transducer functionality for temperatures up to 600◦C.

2.1.5 The Gap Discharge Transducer

A different method to generate acoustic pulses is the use of sparks created between two
electrodes. Sparks have been investigated and used to create sharp, broadband and
intense sound pulses [18, 19, 20]. They are not common in flow measurements but e.g.
Beck et. al. have developed a method where a spark generated sound pulse is used
in determining the gas flow from the exhaust of a combustion engine [21] where the
temperature was as high as 800◦C. However, there are no information on using the gap
discharge transducer as a receiver of a sound pulse.
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2.2 Choice of transducer technology

Here the only criterion investigated has been high temperatures. Even at this stage
the most commonly used piezoelectric transducers fail to function at required levels.
Also the capacitive transducers, which according to Schroder et. al. is favorable to the
piezoelectric counterpart in high temperature gas flows, can not withstand high enough
temperatures. The more exotic piezofilm-based technology, although interesting, are not
capable of working in the specified temperature either.

The gap discharge transducer was mentioned to be used in 800◦C which in it self is not
on par with project specifications. However, there are several possibilities to construct
electrodes from materials that can withstand temperatures above 1000◦C and probably
even higher. The major drawback is of course that it is only documented to be used as
an emitter. It will hence be necessary to investigate its capabilities as a receiver or find
a different kind of receiver altogether.

If another condition were to be introduced in the study, for example high amounts
of dirt deposits, the gap discharge transducer is the only emitter capable of enduring
the environment. The other methods rely on the active part of the transducer to have
contact with the fluid in the system. High amounts of dirt deposited on the transducers
will directly affect their performances. On the other hand, the gap discharge transducer
have no moving parts where dirt deposits might impair performance.

2.3 Ultrasound techniques in flow measurement

Flow measurement techniques based on ultrasound is very common in liquid flow mea-
surements and there are two major methods in use. The first is the time-of-flight or transit
time method [22] that utilizes the transit times between two transducers. Schematics of
a typical setup can be seen 2.2.

Figure 2.2: Time-of-flight ultrasound flow measurement system

By letting the two transducers alternate between emitting and receiving the transit
time can be determined for a sound pulse both upstream and downstream. The transit
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time depend on the flow as [22, 23]

t =
L

c± V cosα
, (2.1)

where t is the transit time, L is the distance between the transducer and the emitter, c
the speed of the sound in the media, V the flow speed and α is the angle between the
flow and the sound pulse path. With the two different transit times it is possible to solve
for the flow since c is the same in both cases:

V =
L

2 cosα

(
1

t1
− 1

t2

)
, (2.2)

where t1 and t2 are the transit times for the upstreams and downstream sound pulse
respectively.

The other common technique used to determine flows with ultrasound is the doppler
shift method [22]. A sound pulse that is sent into a flow is scattered by particles in
that flow. A scattered sound pulse has a different frequency than the emitted signal if
the particle is moving. The scattered sound is captured by a receiver and the change in
frequency is recorded and can be used to determine the current flow.

The method of choice for this project was the transit time method. However, if the
gap discharge transducer is not capable of receiving a sound pulse the setup has to be
changed to only incorporate it as an emitter. Fortunately, the gap discharge transducer
omni-directional in the radial plane due to the cylindrical symmetry of the spark and
can be used to send a signal to several receivers at once. By constructing a situation as
in figure 2.3 the gap discharger transducer is used as an emitter and two receivers are
placed at the same angle and distances from the emitter at the other side of the pipe.

Figure 2.3: The alternative flow measurement arrangement used in these experiments.

With this alternative setup equation 2.2 is still valid.

A common technique that is used to get an average flow measurement is the sing
around method [22, 24, 25]. The major advantage of the sing-around method is improved
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time measurement resolution and accuracy. Most important for liquid media and small
pipe diameters. One sound pulse is sent from one transducer and another sound pulse is
triggered to be emitted as the first sound pulse is received by the other transducer. This
procedure is then set to repeat as many times as one would like. The total time for N
loops is measured from which the transit time can be calculated. As one loop process is
completed the roles of the transducers are reversed. The second transducer is set to emit
sound pulses and the first is to receive and the loop is performed again.
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Chapter 3

Properties of the Gap Discharge
Transducer

3.1 Spark generation

There are several forms of electrical breakdown and discharges that can occur where the
spark probably can be one of the more complicated due to its transient nature. Other
kinds are the dark discharge, the glow discharge, the corona discharge and the arc dis-
charge. The physics behind the generation of a spark can be quite complex depending
on the conditions and here is a brief description on how a spark might take form. Infor-
mation is taken from [26] and for further information it is recommended to read this or
some other book on the subject.

3.1.1 Basic concepts

When applying an electric field over a gap between two metal surfaces they will acquire
different charges. The negative side is called the cathode and will attract positive ions,
and the positive side is called the anode and will attract electrons (in general also negative
ions will be attracted towards the anode but in this scenario they might as well be
ignored). Free electrons and positive ions are created when a neutral atom receives
enough energy to release an electron.

3.1.2 Electron avalanche

Almost all breakdowns start of with something called electron avalanche. Electrons and
ions are produced all the time due to random events and in an electric field they will
drift towards their respective electrode. If the electric field is strong enough electrons
can be ripped out of the cathode material or electrons can be knocked loose from the
cathode by impinging ions that have been created in the gap at some point. Ions might

13



14 Properties of the GDT

also be created at the anode, but they generally move too slow due to their heavy mass
to contribute significantly to the current.

A freed electron will accelerate in the electric field and if the field is strong enough the
electron will gather enough kinetic energy to knock loose another electron from an atom
in the gap. The first electron will lose a lot of kinetic energy but will be accelerated once
again by the electric field. Also the second electron will be accelerated in the field and
eventually they will both reach high enough energies to knock loose one more electron
each. This is how the electron avalanche works. One electron knocks loose another, the
two electrons knocks loose two others and so on. An easy visualization can be seen in
figure 3.1.

Figure 3.1: The basic principle of an electron avalanche. One electron knocks loose another,
the two electrons knocks loose two others...

As the electrons move further and further towards the anode, knocking loose more
and more electrons, they also diffuse radially. By this process the head of the avalanche
can reach a diameter in the millimeter range by the time it reaches the anode.

The avalanche mechanism is present at comparable low voltages and as the voltage
between the electrodes are raised the greater the number of electrons knocked loose in
the gap becomes. It is the primary mechanism for creating the spark channel at low
pressures and/or small gaps (about pd < 250 mBar cm with plane-to-plane electrodes
in mono-atomic gas). For high pressures and/or larger gaps (about pd > 5000 mBar
cm) something called the streamer theory is applicable. In between there might be an
intermediate state where neither of these are realized and another method is valid [27].
At even larger gaps the streamer theory might be replaced by a leader theory. However,
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here the focus will be on the avalanche and the streamer.

3.1.3 Streamer theory

The streamer is a process that takes place after an initial avalanche. If the electric field
is strong enough there will be a lot of knocked loose electrons at the end of the gap (near
the anode). Each electron leaves behind a positive ion that has relative large mass and
can in this situation be considered to be at rest at the point where the atom lost one of
its electrons. Thus, close to the anode there will be a large amount of positively charged
ions in the avalanche trail. If the electric field produced by these ions are comparable to
the external electric field the streamer might take form from these ions.

Another product of the initial avalanche is atoms that has become excited rather
than ionized. If these excited atoms release an energetic photon that manages to ionize
an atom close to the avalanche trail/streamer the freed electron will be pulled in to the
streamer (exciting some atoms on the way) by the ions and drift to the anode while the
newly formed ion will extend the streamer towards the cathode. The atoms excited by
the new electron as it made its way to the positive ions release a photon that might ionize
another atom and thus the streamer is growing. See figure 3.2.

Figure 3.2: Close to the anode there is an abundance of positive ions. An electron that is
knocked loose close to these ions, by e.g. photo-ionization from photons (with energy hf), will
be drawn into the ions and drift toward the anode. The new ion, with its heavy mass, will be
immobile and instead extend the newly formed streamer towards the cathode.
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3.1.4 Spark channel

The streamer is a pretty weakly ionized plasma and does not conduct that well. An ideal
streamer that is in contact with the anode is at the anodes potential. As the streamer
then gets close to the cathode the electric field between the streamer and the cathode
becomes enormous. Even in a non-ideal scenario the potential at the streamer tip will
be much higher than the external potential at that point.

By the time the streamer touches the cathode the electric field is so high that electrons
and ions are separated at an extremely high rate. These great number of electrons will
follow the streamer back to the anode and leaving a highly ionized plasma in its wake.
As this “back streamer” reaches the anode the spark channel is formed with a highly
conducting plasma between the electrodes that can transport an intense current.

As the current then rushes through the spark channel the temperature rises extremely
fast, resulting in an radial expansion of the spark channel. It is basically due to this
thermal expansion that the characteristic “cracking” is produced. At a larger scale it is
the thunder to lightning.

As stated previously, the spark generation can be a quite complicated phenomenon.
In this case the streamer is called a cathode-directed streamer since it grows towards the
cathode. It is probably the most common if plate-to-plate electrodes are used. In other
situations the streamer can start to take form close to the cathode resulting in a anode-
directed streamer. In other cases the streamer can start to take form somewhere between
the electrodes and grow in both direction. The processes have similarities between them
but are still a bit different.

3.2 Spatial fluctuations in the spark path

One of the most apparent features in the generation of a spark is the characteristic
“zig-zag” pattern it can produce. With a gap size of only 1 cm there is rarely enough
space to form any intricate pattern but the spark still travels different paths between the
electrodes when sparking as can be seen i figure 3.3.

For these experiments was a gap discharge transducer built for laboratory purposes
used. The transducer can be seen in figure 3.4a and schematics of the electronic circuit
can be seen in 3.4b.

Due to this phenomenon the arrival time at a receiver will vary. This is studied with
more depth in [2] and a plot of several sound pulses received by a standard piezoelectric
transducer can be seen in figure 3.5a that clearly shows these variations in arrival time.
In figure 3.5b the signals has been synchronized and it shows that the different sparks
are very consistent in amplitude.

As this phenomenon seems to be a random process it should be possible to average
this effect out over several sparks.
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Figure 3.3: Picture of several sparks showing the spatial fluctuations due to different spark
paths.

Figure 3.4: a) The gap discharge transducer built for laboratory experiments. b) Schematics of
the electric circuit connected to the gap discharge transducer for laboratory purposes.

3.3 Sound properties

The sound properties of sparks has been investigated by for example Wright et. al. [19,
20] and numerical simulations have been performed by Plooster [28]. The general results

1.85 1.855 1.86 1.865

−0.1

−0.05

0

0.05

0.1

0.15

Time [ms]

V
o
lt
a
g
e
[V

]

Unsynchronized

1.85 1.855 1.86 1.865

−0.1

−0.05

0

0.05

0.1

0.15

Time [ms]

V
o
lt
a
g
e
[V

]

Synchronized

Figure 3.5: a) Plot of several sound pulses received by a piezoelectric transducer showing the
different arrival times due to spatial fluctuations in the spark path. b) Plot of several sound
pulses received by a piezoelectric transducer where the signals have been synchronized.
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were of great interest and shows that the spark produced N-waves are consistent in their
pressure profile and magnitude with each spark. However, the transducer used in [1] uses
a different kind of electronic circuit to achieve breakdown than commonly used in these
kinds of experiments. A simplified schematics of the circuit with the key components can
be found in figure 3.7. In this circuit the sparking is triggered by an electrical impulse.
The electrical impulse triggers a thyristor to close the circuit, and keeps it closed until
the current through it falls below a threshold. As the circuit is closed, the capacitor
discharges across the primary side of the transformer. The voltage on the secondary
side rises rapidly until breakdown voltage is reached. Because of this alternative setup,
experiments were designed to test the sound properties of this particular system with the
same kind of transducer as seen in figure 3.10.

Figure 3.6: Schematic N-wave profile.

Figure 3.7: Simplified schematics of the circuit used in the experiments.

The transducer was placed at several distances between 50−340 cm from a microphone
and each sound pulse was recorded onto a computer via a oscilloscope. In figure 3.8 are
25 different sound pulses together with an average sound pulse with the transducer placed
100 cm from the microphone.
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Figure 3.8: 25 sound pulses together with an average sound pulse with the gap discharge trans-
ducer 1 m away from the microphone.

From these plots the maximum over- and under-pressure values at each distance
where extracted as the pressure amplitudes the transducer managed to produce. The
sound pressure amplitude versus distance together with curve fits from 3.1 can be seen
in figure 3.9

Figure 3.9: Sound pressure amplitude versus distance. Different markings are different mea-
surement series.

The curve fits were made with the Gauss-Newton linearization method which yielded
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Punder =

(
61.5

L1.050

)
, Pover =

(
134

L1.217

)
, (3.1)

where Punder is for the under-pressure, Pover is for the over-pressure and L is the distance
from the transducer.

3.4 Environmental studies

Since the gap discharge transducer is supposed to be used in harsh environments it was
crucial to test its capabilities after exposure to such an environment. The gap discharge
transducer constructed for environmental tests were placed in a gas exhaust chimney at
an iron ore refinery for about six weeks. The signal strength was measured before and
after the exposure with a piezoelectric receiver at different angles to the spark. The
transducer before and after exposure can be seen in figure 3.10.

Figure 3.10: a) The transducer before environmental tests. b) The transducer after the tests.

The transducer has two pair of electrodes. One of the pairs were active and set to
spark regularly during the exposure, via the electronic circuit with the transducer, while
the other pair was passive. This method was used to investigate a self-cleaning potential
in the active pair. Since the spark is very hot the idea was that the heat would burn
off dirt deposits. The results show no significant changes between the active and passive
electrodes, neither before nor after the environmental exposure. Results from sound tests
(performed as shown in figure 3.12) before and after the environmental exposure can be
seen in figure 3.11 that shows the signal strength at different angles.
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Figure 3.12: Signal strength measured at different angles to the spark.

3.5 High temperature studies

The project is performed together with the company D-Flow. They have tasted the gap
discharge transducer in high temperatures where they put the transducer in a small oven
and heated it to 400, 800 and 1200◦C. The tests where performed while the transducer
was sparking and it performed very well at 400 and 800◦C. However, at 1200◦C the
materials of the transducer succumbed to the heat. The metal parts were damaged to
such a degree that they could be split in half by hand. This is not considered a problem.
If the expected environment is at temperatures that high the materials in the transducer
can be chosen accordingly.



22 Properties of the GDT



Chapter 4

The Gap Discharge Transducer in
Flow Measurements

The basic transit time flow measurement can be used with the previous mentioned
setup seen in figure 2.2. By taking the property of the gap discharge transducer not being
able to receive sound pulses into account the alternative setup in figure 2.3 can be used.
This alternative setup has been tested, and with the use of an hot-wire anemometer as
reference the capabilities of the gap discharge transducer as a sound pulse emitter in
a flow measurement system seems to be good. Such a flow measurement can be seen
in figure 4.1 where the flow measurement with the gap discharge transducer is plotted
against the reference flow meter. There are still alignment issues and these experiments
are investigated more thoroughly in paper A and paper B.

Figure 4.1: Plot of the flow measurements versus the anemometer reference measurements.
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4.1 Flow measurement architecture

However, a more intricate methods to measure the flow of a gas is the multipath design.
In such a system emitters and receivers are placed at several positions in the pipe. In
e.g. figure 4.2a several transducers are placed as in the standard flow measurement setup
but positioned so that the sound paths together cover a much bigger part of the actual
flow. Due to the sound properties of the gap discharge transducer it is possible to use
just one emitter to send a pulse to several receivers at once. As indicated in figure 4.2b,
the gap discharge transducer is placed on one side of the pipe and several receivers are
placed on the other. Even though the gap discharge transducer is not a perfect spherical
sound pulse emitter the sound pulse is quite intense in a rather large range of angles. As
can be seen in figure 3.11 the signal strength drops about 5 dB at about 45◦. With these
conditions it would definitely be possible to construct a multipath flow meter with a gap
discharge transducer as a sound pulse emitter.

Figure 4.2: Example of multipath solutions with a) traditional transducers and b) the gap dis-
charge transducer as an emitter and traditional transducers as receivers.

The big advantage with such a setup compared to the simple flow setup is that the
flow in a pipe is not always symmetric and the flow profile can be different depending on
the situation. A few examples of flow profiles can be seen in figure 4.3. By incorporating
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a multipath solution into the flow measurement it is possible to access different parts of
the flow profile and determine the mean flow by choosing different weight coefficients for
the different paths, as is mentioned in [29]. Solutions and benefits with multipath flow
measurements have been discussed in [22, 23].

Vp FlowVp FlowVp Flow

a) b) c)

Figure 4.3: Example of different flow profiles. a) Laminar flow. b) Turbulent flow. c) Distorted
non-symmetric flow.

4.2 Determining the flow profile

A turbulent flow is in many cases the most desired since the flow profile is both symmetric
and evenly spread out over the diameter of the pipe. Even though a turbulent flow locally
might be quite chaotic the overall flow front moves at basically the same speed through
out the pipe diameter. In order to estimate the flow profile in a pipe the Reynold’s
number can be calculated.

Re =
ρV D

μ
, (4.1)

where Re is Reynolds number, ρ = 1.2 kg/m3 is the density of air and mu = 18.4 · 10−6

kg/m·s is the dynamic viscosity in air at atmospheric pressure and room temperature.
Laminar flow is restricted to low flows and small pipe diameters with a Reynold’s number
below 2000 while a turbulent flow is generally present at Reynold’s numbers of 4000 or
larger [23]. Between laminar and turbulent flow is a flow region called transient since it
can show characteristics from both laminar and turbulent flows at different parts of the
pipe diameter. The turbulent flow is the most desired profile since it is easy to predict
and measure due to its flat profile, while a transient flow profile is the most unpredictable
of the three.

With a pipe diameter of 0.5 m Reynold’s number passes 4000 at a flow around 0.122
m/s. Considering that the gap discharge transducer in many cases are supposed to be
installed in pipes with diameters of a few meter and expected flows of a few meters per
second it should in most cases be turbulent flow. LKAB expects flow speeds of 20− 30
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m/s and pipe diameters of 1.4 m, generating a Reynold’s number above 2 · 106. In such
a scenario the flow profile is very turbulent.

There are many contributions to the art of flow profile averaging. One example is a
topography method used by Kurniadi and Trisnobudi [30]. They determine flow profiles
via simulations and to verify their results they perform an experiment as well. It is
concluded in that their tomography method is better to determine the flow profile than
the diametrical and quadrature configurations in asymmetric flows.



Chapter 5

Conclusions and Future Work

5.1 Conclusions

The gap discharge transducer has been investigated and it shows great potential as an
ultrasound pulse emitter in a transit time flow meter. Its functionality has been tested and
proven to be durable in a harsh industrial environment with high amounts of dirt deposits
and, separately, temperatures up to 800◦C. Functionality at higher temperatures, up to
1200◦C, is expected if appropriate materials are used when constructing the transducer.

The feasibility of a gap discharge transducer as a sound pulse receiver has a theoretical
possibility but it could not be proven by this work. A number of improvements has been
identified for further investigations.

5.2 Future work

There are still things that need to be tested and implemented in order to establish this
kind of system as a flow measurement device. The most obvious being that a receiver
needs to be developed that is as durable as the emitter. Since it seems improbable to
cause a spark with a sound pulse another idea will be tested. It still incorporates the
gap discharge transducer but instead of sparking the voltage over the electrodes are to
be set so that something called a dark discharge takes place. The dark discharge, as its
name implies, does not radiate any visible light but there will be a current over the gap.
It should be possible to manipulate this current with a sound pulse since the pressure,
and hence the density, in the air between the electrodes changes. The current in a dark
discharge is directly affected by the density and the change in density from the sound
pulse should be possible to detect in the current.

Another test that needs to be performed is to set up the system in a real flow mea-
surement scenario in the environment where it is supposed to be used. Without a durable
receiver this will become difficult, but at the moment it should be possible to use the
transducer as an emitter together with commercial sound pulse receiver if the system
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is place in a somewhat nicer environment, as has been done in the flow measurement
experiments in the lab. The main test then would be to improve and compliment the
flow measurement experiments already performed and compare it to other measurement
devices. For this, there is a test site built at LKAB in Kiruna where it will be possible
to compare measurements against their venturi tubes.

It might also be appropriate to revisit the experiments with the sound pressure and
the capacitors in the circuit if there arise a need to alter the sound pulse. If it is found
that the pulse amplitude needs to be much greater it might even be possible to consider
changing the electrode gap size.



Chapter 6

Summary of Papers

6.1 Paper A - Low-pressure gap discharge ultrasonic

gas flowmeter

Authors: Jerker Delsing and Kristoffer Karlsson

Published: Presented at The 15:th International FlowMeasurement Conference: FLOMEKO,
Taipei, Taiwan, October 2010.

Summary: In this paper the gap discharge transducer was tested in two ways. The
first was to integrate it in a flow measurement setup to determine its capabilities to
distinguish between different flows, and the second was environmental/durability
tests in an exhaust chimney at LKAB in Kiruna, Sweden. The flow measurement
tests shows that the gap discharge transducer is capable of distinguishing between
different flows. The environmental test show that the transducer performed well
in the environment but there is a need to investigate the encapsulation of the
electronics.

6.2 Paper B - The Gap Discharge Transducer as a

Sound Pulse Emitter in an Ultrasonic Gas Flow

Meter

Authors: Kristoffer Karlsson and Jerker Delsing

Published: To be submitted

Summary: In this paper the gap discharge transducer is further tested in a flow mea-
surement system in laboratory environment. A hot-wire anemometer was used as
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a reference to determine if the gap discharge transducer is capable of determining
a flow. The results show that the transducer is quite capable of determining the
flow but additional care might be needed in installing an aligning the instruments.

6.3 Paper C - Gap Discharge Transducer as an N-

wave Sound Pulse Receiver

Authors: Kristoffer Karlsson and Jerker Delsing

Published: To be submitted

Summary: In this paper the gap discharge transducer is investigated as an N-wave
sound pulse receiver by sparking. The breakdown voltage is dependent on pressure
and if the voltage is set close to breakdown a strong sound pulse might cause the
gap between the electrodes to break down and produce a spark. The transducer
was placed inside of a vacuum chamber to determine its dependence on pressure.
The results show that the breakdown voltage vs. pressure is very unstable and the
possibilities to use it as a sound pulse receiver with the current equipment are very
small.
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Low-pressure gap discharge ultrasonic gas flowmeter

Jerker Delsing and Kristoffer Karlsson

Abstract

Ultrasound flow measurement techniques have many advantages for such industrial mea-
surement problems. Currently, a major problem is the lack of transducer technology that
is sufficiently robust to operate in the presence of the above given industrial components.
For the purpose of producing more robust technology, a gap discharge sound transmitter
has been developed [1, 2]. Theoretical and experimental studies of the gap discharge
transmitter indicate that flow measurement performances in the range of 1-2% of the
actual flow is achievable [3].

Based on this gap discharge transmitter, an experimental ultrasound gas flowmeter
was designed. The design features a gap discharge transmitter and piezo-based receivers.
The design was tested in a real industrial environment. The test environment included
heavy dust and water vapor in an exhaust pipe at a pelletization plant at LKAB, Kiruna,
Sweden. The pipe diameter is 3 m, the pressure is ambient, and the gas flow speed is in
the range of 5-20 m/s. The flow conditions were highly turbulent, using a straight pipe
length ten times the pipe diameter in front of the experimental flowmeter. This paper
presents the experimental gap discharge ultrasonic flowmeter design, the experimental
setup and some measurement data. These data indicate that the gap discharge trans-
mitter is feasible for operation in an industrial environment. Further preliminary flow
measurement data demonstrate the feasibility of using a gap discharge transmitter as the
sound-emitting source in an ultrasonic gas flowmeter.

1 Introduction

Low-pressure gas measurements are of increasing interest in the process industry for
both control purposes and emission measurements. Industrial measurement environments
involve some very challenging components, such as:

• Dust, particles, vapor, water droplets, etc.

• Temperatures up to 1200 oC

• Pipe diameters of 1 to 10 m

Currently, the most commonly used flow measurement approach for such conditions
is the Venturi meter. Numerous short comings of the Venturi meter are well known, see
for example [4].
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Flow measurement technology that can operate in an industrial environment will
require transducers that can withstand such conditions. One technique that has many
advantages for such industrial measurement problems is ultrasound [5]. For a widespread
usage of an ultrasound flowmeter in harsh conditions, we need to address the problem of
robust transducer technology. For the purpose of producing technology that can fulfill
industrial requirements, a gap discharge sound transmitter has been developed [1, 2].
Theoretical and experimental studies of the gap discharge transmitter have indicated
that flow measurement performances in the range of 1-2% of the actual flow is achievable
[3].

Based on this gap discharge transmitter, an experimental ultrasound gas flowmeter
was designed. This paper presents the design and initial experiments in a harsh indus-
trial environment. This paper also presents the experimental gap discharge ultrasonic
flowmeter design, the experimental setup and some measurement data. Finally, a discus-
sion of the reliability of the experimental design is given, based on a shorter test period
in a real industrial environment.

2 Experimental setup

Figure 1: The experimental gap discharge transmitter. For evaluation purposes, two discharge
gaps were built: one for use and one as a reference.
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2.1 Gap discharge transducer design and setup

The designed gap discharge transducer is shown in Figure 1. For the endurance experi-
ment, the discharge gap was duplicated, thus allowing for one discharge gap to be used
in operation and one to be maintained as a reference. This type of gap discharge trans-
ducer was used both for the environment endurance experiment and for preliminary flow
measurement tests.

For the reliability tests, two gap discharge transducers with associated excitation
electronics were installed in a real industrial environment. The test environment included
heavy dust and water vapor in an exhaust pipe stack at the KK3 pelletization plant at
LKAB, Kiruna, Sweden. Two stacks, the DDD stack and the PH stack, were used, each
with a pipe diameter of 3 m, at ambient pressure with a gas flow speed in the range
of 5-20 m/s. The flow conditions were highly turbulent, using a straight pipe with a
length ten times the pipe diameter in front of the location of the experimental sound
transmitters. The gas used was mainly air (O2 and N2) with the addition of carbon
dioxide, sulphur dioxide, fluorides, chlorides and NOx.

The dust in the PH stack has a density of approximately 1.2−1.3mg/m3. The particle
sizes are less than 10 μm. Here, the temperature is about 75oC. For the DDD stack, we
have a temperature of about 60oC and a humidity of nearly 100% with a lower particle
concentration.

For the reliability tests, we measured the actual number of generated discharges.
These results were compared to the number of trigger pulses sent to the discharge elec-
tronics. The trigger frequency was set to 15 pulses/s. The trigger pulses were counted
by a battery-operated counter, and the discharges were detected by an inductive pickup,
located at the connector of the transmitter, and counted in the same way as the trigger
pulses. A successful gas discharge, and thus sound transmission, was determined as one
with an output from the inductive sensor larger than 5 volts.

For first flow measurement tests, one gap discharge transducer was installed in a lab
flowmeter as described below.

2.2 Gas flowmeter design

The experimental ultrasound flowmeter is based on traditional transit time theory [5, 6].
The general equation is:

v = k(Re)L
2
( 1
t1
− 1

t2
)

where v is the fluid velocity, L is the transducer distance and t1andt2 are the transit
times in the downstream and upstream directions, respectively.

The experimental gas flowmeter has a pipe diameter of 0.63 m. As a sound transmit-
ter, we used a gap discharge transmitter [2], see Figure 1. As sound recievers, we used
piezo-based transducers with a center frequency of 200 kHz. The general setup is shown
in Figure 2. The experimental setup for the gas flow measurements consists of a 3 m long
and 63 cm in diameter sheet metal pipe, fitted with three holes (at 0.5, 1.5, and 2.5 m)
on one side and three on the opposite side, where the gap discharge transducer can be
placed. The flow was generated using an industrial fan controlled by a power converter.
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Figure 2: Experimental gas flowmeter design.

The electronics used for the gap discharge excitation are shown in Figure 3 and 4.

Figure 3: Schematics of the electronics used for the experimental flowmeter design, comprising
both the gap discharge excitation electronics and the electronics necessary for the flow measure-
ments.

3 Experiments

Two types of experiments were conducted. First, an endurance test of the gap discharge
sound transmitter was carried out. Here, the number of successful gas discharges was
measured for a period of several days.

Second, an initial flow measurement trial was conducted using the lab flowmeter de-
scribed in Section 2.2. Thus far, the experiment is limited to verifying that the flowmeter
is capable of tracking flow variations. Flow variations of roughly 1:20 were generated us-
ing the power converter control of the fan. This experiment was repeated six times. Due
to the very stable gas temperature and pressure conditions employed, we expect that the
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Figure 4: Schematics of the electronics used for the experimental flowmeter design, comprising
both the gap discharge excitation electronics and the electronics necessary for the flow measure-
ments.

test rig had a fairly good repeatability.

Stack Excitations Generated sound pulses % Note
DDD stack 7,316,270 6,663,198 91% malfunction after 135 hours
PH stack 2,875,187 2,311,935 80% malfunction after 53 hours

Table 1: Reliability test data showing the number of generated pulses and the number of actual
sound pulses.

4 Results and discussion

For the reliability test, the results are summarized in Table 1. The results clearly indicate
that both transducers performed reasonably well. The cause of the unsuccessful excita-
tions is currently unknown. Both experiments were terminated due to malfunction of the
electronics. The major reason for this was insufficient encapsulation of the electronics.

For the experimental lab flowmeter, the flow tracking results are shown in Figure 6.
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Figure 5: Appearance of one of the tested transmitters after one week of operation in the DDD
stack.

Here, it is obvious that the flowmeter is capable of tracking flow variations over the tested
flow range of about 1:20. For each flow setting, 100 velocity measurements were taken.
In total, ten flow settings were used, with each of them repeated six times.

Repeatability for the flow meter is for these experiments indicated with 2σ bars, see
figure 6. We have identified the following sources for these spread in the measurements:

• One source found for the rather high spread is that the generated spark was not
always fired between the electrodes. Sometimes the spark was generated from the
base of the metal bars, leading up to the electrodes, and the metal pipe itself,
cf. figure 1. Thus giving the sound longer travel distances than designed. This
phenomena can generate velocity errors of up to many meters per second. Thus
indicating that additional development is needed on the transmitter design.

• Another source for errors is the time jitter associated with the sound generated
by a spark. The time jitter is random and caused by the spark taking different
paths between the electrodes. This jitter is in the ballpark of a few μs according
to Martinsson [2]. By averaging this error should be reduced to practically zero.

• Supersonic behaviour of the sound burst can be another source. The sound gener-
ated by a spark is supersonic as it leaves the gap discharge transducer. The sound
speed is then reduced towards the small linear region normal speed of sound as it
progresses. Yielding a non linear sound speed over the sound path. Variations over
time in this phenomena can be canseled using more advanced velocity calculation
algorithms [7]. The influencies of supersonic phenomena is yet to be investigated
in more detail.
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Figure 6: Gas flow velocity measured with the gap discharge flowmeter versus fan speed. No
real reference data are available for the present setup.

• Geometrical uncertanties. Resulting in e.g. zero flow errors. This type of error can
be reduced to low levels enough by proper calibration.

• Sound arrival time detection. The current arrival time detection technique used
is a zero crossing technique. Studies of our data indicates that this might be a
major contributor to the current data spread. By proper tuning of zero crossing
detection circuitry stable arrival time detection down to ps resolution is possible,
see for example [8].

5 Conclusion

A gap discharge sound transmitter has been successfully used in an experimental ultra-
sonic gas flowmeter. Preliminary tests indicate its functionality as a flowmeter. However,
no real calibration data are available at this time. The reliability test of the gap discharge
transmitter indicates that the gap discharge design is feasible and that the electronics
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design needs further improvement to survive an industrial environment, yet this is not
seen as a major problem.

Future work will include full flowmeter tests in a real industrial environment as well
as calibration and comparison to Venturi meters in a real industrial environment.
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[6] O. Rütten, “Ultrasound,” German patent 520,484, filled 1928 granted 1931 1931.

[7] J. Delsing, “A new velocity algorithm for sing-around-type flow meters,” I E E E
Transactions on Ultrasonics, Ferroelectrics and Frequency Control, vol. 34, no. 4, pp.
431–436, 1987.

[8] ——, “The zero-flow performance of a sing-around ultrasonic flowmeter,” Flow Mea-
surement and Instrumentation, vol. 2, no. 4, pp. 205–208, 1991.



Paper B

The Gap Discharge Transducer as
a Sound Pulse Emitter in an
Ultrasonic Gas Flow Meter

Authors:
Kristoffer Karlsson and Jerker Delsing

To be submitted.

47



48



The Gap Discharge Transducer as a Sound Pulse

Emitter in an Ultrasonic Gas Flow Meter

Kristoffer Karlsson and Jerker Delsing

Abstract

In this paper the gap discharge transducer is used as a sound pulse emitter in an ultrasonic
flow measurement setup to determine its capabilities to measure a gas flow. An industrial
fan and a 3 m long pipe with diameter 62 cm was used to create a flow scenario. The gap
discharge transducer was placed between two standard piezoelectric receivers to mimic
an ultrasonic flow meter setup. A hot-wire anemometer was used as reference. The gap
discharge transducer shows good potential as a sound pulse emitter in a flow measurement
setup if more care is taken in aligning the system.

1 Introduction

Measurements of the flow of gases and liquids are being performed routinely everywhere in
the world. Be it air in a ventilation or gasoline trough a gas pump, flow measurements are
an integral part of society. For most flow scenarios there are at least a couple of solutions
how to perform the measurement with one or two of them being more advantageous
depending on the situation. For example in some liquid flow measurements ultrasonic
transducers are used to determine the flow through the time-of-flight method and in gas
flows a venturi pipe might be used that determines the flow through differential pressure
[1].

However, in some situations there are no definite choice of method and the decision
then falls on the method that is “least bad”. One such scenario can be the exhaust pipes
at a process plant. The environment is so harsh that available technology in many cases
fail to function for even a short while. The best choice at this point has been concluded
to be the venturi pipes but they rely on precise geometry to maintain good accuracy and
with an environment filled with dust and dirt particles the geometry is sooner or later
compromised and the pipe will need regular maintenance.

As a step towards a new measurement system for these harsh environments the gap
discharge transducer has been tested and proven durable and a potent candidate as a
sound pulse emitter [2, 3, 4]. In this paper the gap discharge transducer is studied further
by incorporating it as a sound pulse emitter in an ultrasonic flow measurement setup.
The purpose is to test its ability to determine the flow of a gas.
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1.1 The gap Discharge Transducer

The gap discharge transducer is basically two metal electrodes connected to a high volt-
age power supply. When the voltage between the electrodes is great enough to cause
breakdown in the gap a spark is produced. Accompanying the bright light produced by
the spark is also an intense sound pulse [5].

2 Theory

The method used takes advantage of the fact that a sound pulse travels with different
speeds in different flows. By determining the time it takes a sound pulse to travel a
certain distance it is possible to calculate the flow speed of the fluid from [1]

t =
L

c± V cos(θ)
(1)

where t is the time, L the distance, c the speed of sound in the medium, V the flow
of the medium, and θ the angle between the flow velocity and the sound pulse path. The
plus/minus depends on if the pulse travels with or against the flow. In some ultrasonic
flow measurement devices it is common to place two transducer as in figure 1. In this
setup the transducers alternate between the first transducer emitting a pulse while the
second is receiving and the second emitting while the first is receiving. By doing this
it is possible to determine the travel time for sound pulses both with and against the
flow. From equation 1 it is then possible to solve for V without knowing c. By adding
a possible calibration coefficient k(Re) (eg. to be used to calibrate against changes in
viscosity as in [6]) the relationship can be expressed as:

V =
L

2cos(θ)

(
1

t1
− 1

t2

)
, (2)

where t1 is the travel time when the pulse travels with the flow and t2 when it travels
against it.

Figure 1: Setup of a flow measurement device used in some cases in ultrasonic flow measure-
ments.
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However, the gap discharge transducer is only used as a sound pulse emitter. There-
fore the measurement setup must be changed. By placing the gap discharge transducer
between two receivers, as in figure 2, it is still possible to use equation 2 to determine
the flow.

Figure 2: Alternative setup when using the gap discharge transducer as a sound pulse emitter.

3 Experiment and setup

The gap discharge transducer that was used can be seen in figure 3 and schematics of
the electronic circuit with the key components can be seen in figure 4.

To create a basic flow measurement scenario an industrial fan that could be set to
different speeds was used to generate the flow and a 3 m long pipe with 62 cm diameter
was used to contain the flowing air. The gap discharge transducer was placed in the
middle on one side and the two receivers on the opposite side on either side of the
transducer. Schematics of the setup can be found in figure 5. A hot-wire anemometer
was used as a reference by measuring the flow speeds at three different positions from
the pipe wall for each fan speed according to the “Log-linear” method in [7] for pitot
tubes. The anemometer was placed directly opposite of the gap discharge transducer in
the pipe.

The electronic circuit and computer software used for the transducer and receivers
only allows for one receiver to be active at each time. Therefore they are set to alternate
in such a way that one receiver was active for several transit time measurements before
it was turned inactive and the other was turned active. For each set of transit times,
while a receiver was active, the mean is taken and is considered to be one measurement.
The gap discharge transducer was then allowed to generate at least 400 transit times,
generating more than 200 time measurements at each receiver. The time measurements
were stored on a computer for later analysis.



52 Paper B

Figure 3: The gap discharge transducer used in the experiments with two pair of electrodes.
Only one of the pairs is active during the measurements.

Figure 4: Schematics of the electronic circuit with the key components.

4 Results

To get a perspective on what type of flow that is expected in the pipe Reynold’s number
can be calculated for the setup:

R =
ρV D

μ
, (3)

where ρ = 1.2 kg/m3 is the air density at atmospheric pressure, V is the flow, D is
the pipe diameter and μ = 18.4 ·10−6 kg/m·s is the dynamic viscosity of air. A turbulent
flow usually occurs at a Reynold’s number larger than 4000 [8] and by using this and
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Figure 5: Schematics of the flow measurement setup used in the experiments.

solving for V yields

V ≈ 0.099 m/s, (4)

to be the lowest flow required for a turbulent flow.

Anemometer measurements versus fan value at four occasions are plotted in figure
6. The measurements have been shifted somewhat around the fan value to prevent the
error bars from overlapping with each other.

Figure 6: Plot of anemometer measurements from different measurement series. The mea-
surements have been shifted somewhat around the fan value to prevent the error bars from
overlapping.

4.1 Discrimination of outliers

A typical set of a 100 transit time measurements without any flow present can be seen
in figure 7. In figure 8 is a plot of 100 transit times at zero flow where values diverging
more than ±20 μs from the median has been removed.

The reason why the outliers in figure 7 are present is not investigated much further
here, but we have considered a few hypotheses which are stated at the end of this section.
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Figure 7: Plot of transit times to one receiver at zero flow.

Figure 8: Plot of transit times diverging less than ±20 μs from the median value at zero flow.

In any case, the outliers have to be dealt with. The method for sorting out the outliers
is motivated as follows: the travel time is

t =
s

c
, (5)

where s is the distance the sound pulse has to travel and c is the sound speed. According
to error propagation analysis [9] the error in t (assuming there is no covariance between
s and c) can be expressed as

Δt =

√( δt
δs

)2
· (Δs)2 +

( δt
δc

)2
· (Δc)2, (6)

where Δt, Δs and Δc are the errors in t, s and c respectively. The error in s stems
from the fact that the spark in general do not follow the closest path between the two
electrodes. By visual inspection it was determined that the spark deviated at most 5
mm from the straight line path between the electrodes. The error in sound speed is
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assumed to depend on the fluctuations in the actual flow. By using the error bars in
the anemometer measurements in figure 6 it was estimated that the flow variation was
about ±1 m/s. The sound speed was taken as 345 m/s, which is the approximate sound
speed at room temperature [10], even though sound pulses from sparks are shock waves
[11] and shock waves travel at supersonic speeds [12]. The standard v = s/t results in
a sound speed at about 390 m/s for zero flow, so the 345 m/s is used as a “worst case
scenario” in estimating Δt. With this the estimated error becomes

Δt =

√(1
c

)2
· (Δs)2 +

( s

c2

)2
· (Δc)2 ≈ 20 μs. (7)

This error is then the error that can be expected due to the different distances the sound
pulse has to travel and the fluctuations in the flow. It is used to sort out the outliers by
removing values that deviates more than 20 μs from the median value.

False trigger hypotheses

First thought was that a portion of the sound pulse enter and travel through the pipe
wall which manages to trigger the receiver. This feels unlikely since the faulty triggers
appear so seldom and at different arrival times. The receiver is set to expect a trigger
no earlier than after 2 ms (and to wait at most 10 ms). Because the gap discharge
transducer radiates almost spherically there is always a point where the sound pulse
enter the pipe wall. Due to the high sound speed in (sheet) metal, compared to air,
sound pulses traveling through the wall should start reaching the receiver well before 2
ms and then be present at all times until the sound pulse in air reaches the receiver. If
sound pulses would go through the wall they should trigger the receiver almost directly at
this point and not later since the sound strength should become smaller with time. The
first sound pulse reaching the receiver after 2 ms should be the strongest and if this is
not capable of triggering the receiver the later sound pulses should not be able to either.
Hence, “faulty” arrival times due to sound through the pipe wall should appear close to
2 ms every time or not at all.

Another thought was that sound pulses from a previous spark is reflected in the
pipe walls long enough to interfere with the next emitted pulse. This might be hard to
discard completely since the pipe wall is not a smooth surface and reflections might find
strange paths to the receiver. The simplest case is studied non the less. A sound pulse
that reflects a total of two times (emitted from transducer, reflected in the lower wall,
reflected in the upper wall, and then reach the receiver) would travel approximately 2.1
m. With a sound speed of 345 m/s this would give a transit time of about 6 ms. A
direct transit time is in the order of 3.4 ms. The reflected sound pulse would then reach
the receiver at about 2.6 ms into the next measurement. Consistent with the shortest
transit time measured in figure 7 but if a sound speed of 390 m/s is used instead the
pulse reaches the receiver before the expected time range. This would be more likely
since the pulse from the spark is a shock wave and the pulse speed is expected to be
greater than the regular sound speed. In any case, the reflection hypothesis can not be
discarded completely but it still seems unlikely since there are so few measurements that
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causes false trigger events. Returning a little bit to the pipe wall hypothesis, if triggers
were caused by reflections they should trigger the receiver close to the 2 ms mark since
obscure reflection angles would cause pulses to arrive “all the time” during the next
measurement and the first ones to arrive should be the strongest and most capable to
trigger the receiver.

4.2 Calibration

The only varying terms in equation 2 is t1 and t2. Therefore, the entire L/2cosθ is
replaced as a single constant K

V = K

(
1

t1
− 1

t2

)
(8)

which can be used to calibrate the system against the anemometer. For each measurement
series (fan values 0 to 20) a K was determined at each fan value by

K =
Va(

1
t1
− 1

t2

) , (9)

where Va was taken as the anemometer measurement at that fan value. A mean K was
then determined for each measurement series and then a mean was taken from those as
the final K value to be used. The K for each measurement series and the final mean
value can be found in table 1.

Measurement K
1 0.5738
2 0.5789
3 0.5912
4 0.5852

Mean: 0.5823

Table 1: The different K values and the mean K value.

In figure 9 are two measurement plots calibrated against their respective anemome-
ter measurements. The flow measurement with the gap discharge transducer is plotted
against the anemometer measurement.

In figure 10 are the same measurement plots as in 9 but calibrated using the mean K
value.

The difference between the gap discharge measurement and the anemometer reference
measurement plotted against the anemometer measurement in figure 11.

The reason for different flows between measurement series can be explained by the
fact that the alignment of the pipe and the fan had to be performed between each mea-
surement occasion. Due to external circumstances the setup had to be taken away when
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Figure 9: Plots of flow measurements using the gap discharge transducer (GDT) versus the
anemometer measurement. The measurements are calibrated against their respective anemome-
ter measurement. The error bars only account for the gap discharge transducer measurements
and does not include the variations from the anemometer measurements.

Figure 10: Plots of flow measurements using the gap discharge transducer (GDT) versus the
anemometer measurement. The measurements are calibrated with the mean K value. The
error bars only account for the gap discharge transducer measurements and does not include the
variations from the anemometer measurements.

the measurement was complete for the day and realigned the next time a measurement
was performed.

The anemometer measurements were performed at about 2, 8 and 20 cm from the
wall for each fan speed. The measurements closest to the wall was the biggest contributer
to the error since the flow is noticeably slower that close to the wall and fluctuates more.
Especially at larger flows. Also the actual hole in the pipe wall where the anemometer
was put in might have altered the flow profile a little.

The calibrated gap discharge transducer measurements align very well with the anemome-
ter measurements at the lower flows and fairly good at the higher. The most obvious
reason why they deviate is probably the alignment of the receivers. If the receivers are
not placed at the same distance from the transducer the calculated flows will of course
include errors. This error might also become greater as the flow increases if, for example,
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Figure 11: The difference between the gap discharge transducer measurement and the anemome-
ter reference measurement. The results are plotted against the anemometer measurements.

the sound pulse has to travel up streams slightly longer than expected. Then the increas-
ing flow will generate longer delays due to the misalignment and the error in the flow
measurement becomes larger. Also the non-zero flow measurement at no flow indicates
that there might be an error in the alignment.

A potential error in the K value is not investigated at this stage.

5 Conclusions and discussion

The use of gap discharge transmitter in an ultrasound flow metering set up has been
investigated. The experimental results confirms theoretical considerations [3] that gap
discharge transducers are feasible as sound transmitters for having pipe diameters larger
then 0.5m.

6 Future work

To improve the flow measurements, apart from more precise alignment, a couple of areas
have been identified to be of interest for further investigation.

The first is the sound path architecture. A more reliable measurement can be per-
formed if a multipath solution is designed [13].

The second is to allow the system to receive a sound pulse at both receivers at the
same time. This will minimize the risk of the flow changing between switching the active
receiver during a measurement.

Future work also involves testing the gap discharge transducers in pipes with even
larger diameters. Some in the order of 2− 3 m.
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Gap Discharge Transducer as an N-wave Sound

Pulse Receiver

Kristoffer Karlsson and Jerker Delsing

Abstract

In this study the gap discharge transducer with pin-to-pin electrodes is considered as an
N-wave sound pulse receiver by sparking. To determine the practical possibilities for this,
two main experiments were designed where the first investigates the breakdown voltage
vs. pressure and the second pressure vs. breakdown voltage. The breakdown voltage
experiment shows about 500 V spread with 2 standard deviations in breakdown voltage
at each pressure and a sensitivity for the transducer at 10.9 V/mBar. The pressure
experiment show that it is possible to cause breakdown by lowering the pressure and
that the spread in pressure when breakdown occurs is large and varies significantly in
this system. Even if it seems theoretically possible, it is concluded that the gap discharge
transducer is impractical to use with current equipment and setup.

1 Introduction

In a typical ultrasonic measurement setup an emitted sound pulse is only half of the
problem, the other is to receive sound from the object under study. There are several
different methods to receive a sound pulse and between them numerous available de-
vices. In ultrasonics, for example, different kinds of piezoelectric material are often used
as receivers. For audible sound, condenser microphones are probably the most typical
example. However, these devices can rarely withstand the harsh environments within,
for example, a process plant and maintain their functionality for long.

On the other hand, the gap discharge transducer has already been proven to be able to
withstand a demanding environment and to be very potent as a sound pulse emitter [1].
However, the gap discharge transducer uses electrical breakdown to generate the spark
and the corresponding sound. Sensors based on electrical breakdown does not seem to
be all that common, with the exception of vacuum circuit breakers, but there are cases
where the breakdown voltage is used to determine mixtures of a gases [2, 3, 4]. Since
there is no previous work done in this particular field information has to be taken from
other sources.

The breakdown voltage for a gap depends on the ambient pressure. The voltage
required between two parallel-plate electrodes to cause breakdown has been studied ex-
tensively and is governed by Paschen’s law [5, 6]. Basically it states how the breakdown
voltage depends on the pressure and gap size. A lower pressure (down to a certain limit)
requires a lower voltage for breakdown, and the same goes for the gap size. Therefore,
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a sound pulse might be able to lower the required voltage for breakdown by altering the
pressure between the electrodes during the rarefication part of the pulse. Sparks caused
by electric breakdown have been investigated earlier as emitters for acoustic sound [7, 8]
and show great potential for this application with the sharp N-shaped sound profiles they
create. This would of course allow for the use of the gap discharge transducer both as a
sound emitter and a sound receiver in a potential measurement system.

By taking into account the specific environment where the receiver will be used and
the signal properties given by the gap discharge transducer as a sound emitter, the gap
discharge transducer is here considered as a receiver for sound pulses with N-shaped
sound profiles.

2 Theory

2.1 Paschen’s law

The basic principle behind the idea of using the gap discharge transducer as a sound
pulse receiver in a measurement system is Paschen’s law. Paschen’s law states that the
required voltage needed for breakdown to occur between two parallel plate electrodes
varies with pressure and gap size according to

V = a
pd

ln(pd) + b
, (1)

where p is the pressure, d is the gap distance, and a and b are constants depending on
the gas and the materials of the electrodes. For pressures close to the atmospheric the
voltage required for breakdown decreases with decreasing pressure, if the gap size is fixed.

2.2 Hypothesis

The idea is to set the voltage between the sensor electrodes slightly below breakdown.
Then, a sound pulse is emitted by a spark at a source point, the sound pulse travels to
the sensor electrodes, and due to the pressure change in the low-pressure (rarefication)
part of the sound pulse the gap experiences breakdown and sparks, indicating that the
sound pulse has arrived.

2.3 Expected sound pressure levels

Studies of the sound profile from a pulse created by a spark shows that it has an N-wave
pressure profile [7].

Sound pressure peak levels from a spark appear to be in the order of 130 dB at 3
m according to [8], which converts to about 70 Pa. Experiments with a prototype gap
discharge transducer (same as in [1]) show similar results and the over/under-pressure
plots for different distances can be seen in 2.
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Figure 1: Schematic N-wave profile.

Figure 2: Plot of over and under-pressure from a gap discharge transducer as a sound pulse
emitter at different distances.

The expected pressures generated by the sound pulses is thus chosen to be around
100− 200 Pa for the over-pressures and 50− 70 Pa for the under-pressures at a receiver
about 1 m away from the source. According to Paschen’s law the rate of change in
breakdown voltage versus pressure at atmospheric pressure is approximately 54.3 V/mBar
or 0.543 V/Pa. With the expected pressure levels from the sound pulse the breakdown
voltage would be lowered with about 25 − 35 V during the “peak” in the rarefication
part.

2.4 Sound pulse length

Another concern is if the pressure change from the sound pulse is long enough to extend
over the entire electrode diameter of the gap discharge transducer. If the sound pulse
duration is assumed to be about 30 μs for the entire N-wave (half duration of 15 μs at 1
m in [9]) and the pulse travels with 340 m/s the sound pulse stretches out about 1 cm.
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Further assuming that the under-pressure part occupy half this distance and only half
of that distance has significant pressure changes the sound pulse is still in the order of
2.5 mm. Thus, if the electrodes are 1 mm in diameter the pressure profile from a spark
produced N-wave should suffice.

3 Experimental setup

3.1 Gap discharge transducer

The gap discharge transducer is, in its core, two metal electrodes connected to a high
voltage power supply. As the voltage between the two electrodes become high enough to
cause breakdown in the gap a spark is produced. Accompanied by the spark is a sharp
N-wave sound pulse [7]. In figure 3 is a gap discharge transducer built for laboratory
experiments, while a transducer used in environmental experiments can be found in [1].

3.2 Experiments and equipment

To determine if it is practically possible to cause breakdown by lowering the pressure
with an N-wave sound pulse, two experiments were designed. One to test the breakdown
voltage vs. pressure and one to determine pressure vs. breakdown voltage for the gap
discharge transducer. The first experiment is performed to determine the sensitivity
of the transducer with respect to pressure and the second to qualitatively establish that
breakdown will occur as the pressure is lowered. The first experiment was also performed
with a small fan placed inside the chamber to get some circulation of the air.

In the first experiment the transducer was placed in a vacuum chamber and the pres-
sure was adjusted with a vacuum pump to a desired value. The breakdown voltage was
then set to ramp up until sparking occurred and the voltage at breakdown was recorded.
After a hundred measurements the pressure was changed and new measurements were
performed. At a later stage, a small fan was placed in the chamber and the same mea-
surement procedure was performed.

In the second experiment, the voltage between the electrodes were set to a fixed value
and the pressure was lowered by the vacuum pump (in combination with a valve) until
sparking occurred. The pressure was recorded by reading the display of the vacuum
gauge. A couple of repetitions for each voltage were performed before it was changed to
another value.

The gap discharge transducer that was used can be seen in picture 3 and the vacuum
chamber is shown in picture 4. A basic schematics with the key components of the
discharge circuit in the experiments is shown in figure 5. The high voltage device is a
Matsusada Precision AU-30R2-LC. To determine the pressure an STW S04-HT pressure
transmitter from STW Technic was used. The voltages were collected using a computer
with a data acquisition card.

In a smaller separate experiment, the breakdown voltage was tested against the volt-
age ramping rate of the power supply. This experiment would determine if the breakdown
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Figure 3: The gap discharge transducer used in the experiment. Gap size=1 cm, total height=16
cm, length and width of the base plate=20x20 cm.

Figure 4: The vacuum chamber used in the experiment. Height without lid=35 cm, inner
diameter=40 cm.

voltage would change as the ramp up speed was changed. The spark rate was determined
by setting the current on the power supply to different values and then timing the 100
pulses. The breakdown voltage for each rate was then taken as the average of the pulses.
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Figure 5: Schematics of the electric circuit used in the experiments. C = 8 μF, HV is the high
voltage power supply and Sw is a switch. The resistor Rs is only used when there is a need to
drain any remaining charges in the capacitor

4 Results

Figure 6 shows the plot of the breakdown voltage versus pressure for some of the different
measurement series.

In figure 7, the average value at each point is plotted together with error bars that
are 2 times the average standard deviation of that point. Also, a line fit was made and
plotted to this data together with its equation.

A plot with the pressure as a function of breakdown voltage can be seen in figure 8
together with a line fit based on an average of line fits from each measurement series. A
plot of the series with error bars can be seen in 9.

In the figures 10 and 11 are breakdown voltage as a function of pressure plotted when
a small fan was placed inside the chamber. Figure 10 displays the different measurement
series and 11 shows the average breakdown voltage. Together with the average are the
error bars showing 2 standard deviations based on the average standard deviation at each
point taken from each series.

The experiment regarding the breakdown voltage versus the sparking rate can be
found in table 1. It was performed at 1 Bar pressure.

5 Conclusions and discussion

The breakdown voltage depends on atmospheric conditions. Apart from the ambient
pressure, the humidity is also one of the factors that are the most obvious [10]. The
difference in humidity at the different measurement occasions might be one contribution
to the difference in breakdown voltage between the series.

As expected, the measurements show that the required voltage for breakdown is
reduced as the pressure is lowered in both experiments. We expected this behavior
that replicate the Paschen curve for high pressures, but since Paschen’s law is derived
with several assumptions (for example homogeneous field between the electrodes) we also
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Figure 6: Plot of several measurement series of breakdown voltage versus pressure.

Figure 7: Plot of the average breakdown voltage from the measurement series versus pressure,
together with error bars (2 times the average standard deviation at each point in the measurement
series) and a line fit y = 10.9x+ 1.07e3.

expected the measurements to differ in the actual values. For instance, breakdown at
atmospheric pressure occurs at about 35.5 kV according to Paschen’s law, whereas our
setup produces breakdown at about 11.5− 12 kV.

The more interesting part for our experiment is, however, the slope of the curve. Since
the idea is to use the gap discharge transducer as a sensor by sparking as the sound pulse
passes by, the voltage level of the transducer must be set slightly below breakdown to
allow the under-pressure in the sound pulse to trigger the breakdown, but at the same
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Figure 8: Plot of pressure versus breakdown voltage with a line fitted to the average of the
individual line fits. The line fit is y = 0.0998x− 404

Figure 9: Plot of pressure versus breakdown voltage with 2 standard deviation error bars. The
series are shifted somewhat around the measurement point for clarity.

time the stability of the transducer is reduced the closer to breakdown level the voltage
is set. Seemingly random events can trigger a breakdown if the voltage across the gap
is too close to breakdown and that is an unwanted feature. Hence, we need to trim the
system so that a spark does not occur by itself but still allows for the sound pulse to
trigger it.

According to Paschen’s law the slope at atmospheric pressure is around 54.3 V/mBar
but for our system it is only about 10.9 V/mBar. The error bars in figure 7 is used as a
guide line for setting the initial voltage between the electrodes so that the transducer will
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Figure 10: Plot of breakdown voltages versus pressure with a fan placed inside the chamber.

Rate [Hz] Voltage [kV] 2σ
0.6 12.030 0.359
0.9 12.026 0.301
1.1 12.079 0.383
1.3 12.060 0.424
1.5 12.076 0.396
1.7 12.099 0.306
2.0 12.072 0.325
2.1 12.032 0.343
2.3 12.083 0.434

Table 1: Table of sparking rates and break down voltages at 55% humidity and 1 Bar pressure.
Third column shows 2 standard deviations.

be in a stable state while awaiting a sound pulse. With no more complicated argument
than that, the plan is to set the initial voltage to about 300 V below breakdown. For
the sound pulse to cause breakdown in such a scenario the under-pressure from the pulse
needs to lower the pressure with about 30 mBar. However, as was mentioned earlier,
the expected under-pressure is in the order of 50− 70 Pa. This corresponds to 0.5− 0.7
mBar.

The idea to perform the experiment where breakdown voltage was tested against
spark rate arose during the main experiments when the breakdown voltage appeared to
decrease as the spark rate increased. The experiment was then performed and as can
be seen in table 1, there seems to be no connection between the spark rate and the
breakdown voltage at rates around 1− 2 Hz.

The experiment using a fan was performed because we wanted to investigate the
stability of the transducer in an environment a little bit closer to the actual environment
we want to place it in, where there is a constant flow present. As can be seen in figures
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Figure 11: Plot of average breakdown voltage versus pressure with a fan placed inside the cham-
ber. The error bars are estimated as 2 times the average standard deviation at each point from
each measurement series.

10 and 11, the breakdown voltage stability suffers greatly from the presence of an air
flow.

Taking all this into consideration, we find the current experimental implementation
not sufficiently stable to realize an gap discharge sound pulse receiver. The current
spread in breakdown voltage in combination with the recorded sound pressures that the
emitter produces, the spontaneous sparking close to breakdown and the instability of the
breakdown voltage, with even a small flow, calls for further investigations of the detection
approach.

Regarding the experiments where the voltage was fixed and the pressure changed,
we mostly wanted to determine that it was possible. The results show that the spread
at each point is very large, but have a clear tendency towards lower pressures for lower
voltages and the slope of the line fit is basically the inverse of the slope of the line fit in
the voltage measurements, so that

V

mBar
= 10.9 ≈>

mBar

V
= 0.0998, (2)

which at least provides some insight that the measurements are consistent.

These measurements were also difficult to perform since the pressure gauge/display
is not connected to the computer to store the data. Instead the procedure was to slowly
lower the pressure and wait for breakdown to occur. As the transducer sparked, the
pressure was recorded manually.
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6 Future work

We have a few ideas on how to proceed with the gap discharge transducer as a sound
pulse receiver. The first is to improve the setup in general and the high voltage power
supply in particular. They current power supply does not have an output voltage stability
matching the theoretical determined range. A target for the next experimental design is
a high voltage stable to the level of 1 V. Hence, it would also be valuable to determine
how stable the voltage in the system is, basically answering the question if it is only the
breakdown voltage that is unstable or if the power supply adds to the instability.

A third option is to use another method altogether. By applying a voltage between the
electrodes there will be small currents passing between them. Such a state is known as a
dark discharge and the resistance that the air produces is related to the density/pressure
of the gas. A sound pulse would in this case alter the density between the electrodes
which would change the currents.
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