UNIVERSITY OF OXFORD

MENG 4YP REPORT

Gas Sensing for Cooling and Combustion using
Micro-Electro-Mechanical Systems:

A Proof of Concept Study

Author: Supervisors:
Kazuki TOJjO Professor Kam CHANA

Professor John COULL

Oxford Thermofluids Institute

Department of Engineering Science

May 16, 2023

]ﬁ DEPARTMENT OF

]D ENGINEERING [P
SCENCE AL



https://www.ox.ac.uk/
https://oti.eng.ox.ac.uk/
https://eng.ox.ac.uk/

UNIVERSITY OF OXFORD

Abstract

Oxford Thermofluids Institute, Department of Engineering Science

Gas Sensing for Cooling and Combustion using Micro-Electro-Mechanical Systems:

A Proof of Concept Study

by Kazuki TOjO

Currently, there is a gap in the market for high frequency gas sensing. The fastest methods of gas
sensing operate at 0.1 Hz, whereas for turbomachinery applications, we are interested in frequencies
of up to 100 kHz or more.

A novel approach to gas sensing through heat transfer is introduced, utilising the principle of
thermal products—a thermal property unique to every material, calculated by ,/pcpk, where p is
density, ¢, is specific heat capacity and k is thermal conductivity. It is possible to identify the material,
or the composition of a mixture of materials, by quantifying the thermal product at a sufficiently
high signal-to-noise ratio. By pulsing a thin-film, which is essentially a resistor, with a step current,
heat is generated and the heat transfer between the film and its surroundings can be measured.
This heat transfer is dependent on the thermal product of the surroundings, which varies with gas
concentration. Therefore, the response of the thin-film can be used to measure gas concentration.

The thin-film concept is developed into a microscale sensor package with the Flusso FLS110
MEMS gas flow sensor, which implements two tungsten resistors that can be operated as thin-films.
Its miniature size allows for high frequency and sensitivity, although it also means that internal con-
duction and convection occurs rapidly. Therefore, the sensor was modelled through a finite-elements
approach as a network model in MATLAB to capture the unique heat transfer of the specific sensor.

The Flusso sensor showed good sensitivity to air, argon and exhaled breath, revealing a 8.39 K
(4.66 %) difference between final temperatures of ambient air and argon—around 100 times larger
than the maximum uncertainty of 0.0539 %. The sensor also operated at 200 Hz, improving measure-
ment frequency by three orders of magnitude compared to the fastest gas analysers currently on the

market.
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Impact Statement

Title: Gas Sensing for Cooling and Combustion using Micro-Electro-Mechanical Systems: A Proof

of Concept Study
Team: Kazuki Tojo, Professor John Coull, Professor Kam Chana (University of Oxford)

Issue: The aviation industry is responsible for a significant fraction of global carbon emissions. To
mitigate these emissions, we can increase jet engine thermal efficiency by raising the temperature
of combustion, which is achieved through the use of coolant air to maintain the integrity of parts.
Therefore, blade film cooling is a significant area of research to achieve higher efficiency in the indus-
try. However, current gas analysers lack the sufficient measurement frequency for instantaneous and
unsteady measurements. The fastest gas sensing techniques operate at 0.1 Hz, whilst measurement

frequencies of up to 100 kHz would be useful.

What Has Been Done: Gas analysis technology is in continuous development. Amongst various
gas sensing methods including infrared, electrochemical and gas chromatography techniques, calori-

metric sensing performs fastest with response times of 10s to 15s.

Impact: We investigated a novel approach to gas sensing through heat transfer by measuring a
fluid’s heat transfer with a thin-film gauge using the principle of thermal products. We successfully
tested this concept with the Proxisense handheld thin-film sensor and further developed it into a
sensor package with the Flusso FLS110 MEMS gas flow sensor. This exploits the miniature size of
the sensor (1300 x 1600 um) to achieve high sensitivity and measurement frequency. Ultimately, we
managed to operate the sensor as a gas analyser with sufficient sensitivity and achieved a measuring
frequency of 200 Hz, three orders of magnitude faster than current gas analysers.

We also identified ideas to further develop this technology into a sensor with even higher fre-
quency that can be directly embedded into turbomachinery experiments. This will enable novel
methods of conducting and analysing turbomachinery experiments, allowing for significant im-

provement in the development of an increasingly efficient aviation industry.

Contact: Kazuki Tojo, St. Hilda’s College, Cowley Place, Oxford, OX4 1DY, England
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1 Introduction

In turbomachinery, cooling remains one of the most important aspects to be considered. On
a fundamental level, the second law of thermodynamics states that the efficiency of a heat engine
increases with temperature—the maximisation of temperature is, therefore, desired and achieved
through the use of coolant air to maintain the integrity of parts. As such, experimental testing of
cooling technologies is critical in turbomachinery development, allowing for better understanding of
cooling phenomena such as turbine blade film cooling (Fig. 1.1). With such applications, temperature

ratios (% ~ 1 in Figure 1.1) and density ratios are of particular importance.

1.1 Motive

During research and development, it is common to emulate the coolant-to-mainstream density
ratios in a high-pressure turbine by exploiting the varying properties of different gases. In particular,
CO, or argon are often used as a tracer gas, with recent studies also implementing SF, [2], allowing
for the simultaneous use of dual gases. Such tracer gases must be experimentally tracked to obtain
their concentrations for the purpose of understanding cooling effectiveness through the mass/heat
transfer analogy. Currently, several gas sensing techniques are widely applied in engineering, in-
cluding optical methods, semiconductor sensing, calorimetric methods and gas chromatography [3].
However, there still persist major drawbacks, particularly in the form of long response times and
high costs. For example, a CO, analyser on the current market takes ~ 20s for CO, sensing by in-
frared and ~ 60s for O, sensing by electrochemical cell [4]. Another SF, analyser quotes a response

time of ~ 9 min for sensing by electrochemical reaction [5].

1.2 Principle of Measurement

We introduce heat transfer as a novel approach to gas sensing. Every material, and thereby any
mixture of materials, carries a unique thermal property—this is the principle of the measurement.

In fluids, this thermal property can be expressed by ,/pcyk, hereinafter referred to as the "thermal
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FIGURE 1.1: Basic concept of turbine blade film cooling. Extracted from Figure 1 of Li
etal. [1].

product”, where p is density, ¢, is specific heat capacity and k is thermal conductivity. By quantifying
this at a sufficiently high signal-to-noise ratio (SNR), it is possible to identify a single material, or the
composition of a mixture of materials.

Whilst slow methods of gas sensing can obtain averages, there is a need in turbomachinery for
measurements of instantaneous or unsteady states. As an example, a 60-blade turbine operating at
9500 rpm would have a 9500 Hz blade pass frequency, thereby requiring a measurement frequency
of 95kHz to obtain at least 10 data points at each blade pass frequency. Fundamental experiments
may need lower frequency. Through gas sensing by heat transfer, we seek whether it is possible to
develop a high frequency gas analysis system for such applications. The thermal products, /pc,k,
of air, CO, and argon are 5.6295, 5.0380 and 3.8676 respectively [6]—relative to air, CO, has a 10.5 %
smaller thermal product and argon has a 31.3 % smaller thermal product. We attempt to exploit these

differences by measuring the heat transfer properties of gases using thin-film gauges.

1.2.1 Goal

Ultimately, we aim to develop the thermal product approach into a microscale sensor package
through micro-electro-mechanical systems (MEMS) technology. Such a sensor would have a length
scale of under 2mm, allowing it to be directly embedded in experiments for gas analysis. MEMS
sensors also enable high measurement frequency and sensitivity, as well as low-cost and large-scale

manufacturing.



2 Literature Review

This literature review will begin by exploring techniques to measure film cooling effectiveness,
followed by a more thorough investigation of current gas sensing methods and their suitability to
analyse tracer gases in film cooling. The concept of thin-film gauges will then be introduced, along
with current applications and manufacturing methods. Finally, a novel use of thin-film gauges is

discussed as a potential solution to achieve high frequency gas analysis.

2.1 Measuring Film Cooling Effectiveness

There are various methods used in industry to measure turbine blade film cooling. Pressure-
sensitive paint (PSP) is widely used as a non-intrusive method of visualising film cooling, as it is
a photoluminescent material with light emitting characteristics proportional to the partial pressure
of the surrounding oxygen [7]. The method is specific to oxygen, as the photoluminescent effects
are a result of an oxygen-quenching process and a charge-couple device (CCD) camera is used to
capture the variation in light intensity [7]. The pressure information, and thereby the film-cooling
effectiveness, is obtained by calibration using four images in different, but specific, conditions [7].

Alongside PSP exists temperature-sensitive paint (TSP) as a similarly non-intrusive but more di-
rect method. It is also a photoluminescent material but the light intensity is proportional to temper-
ature rather than pressure. Images are captured using a CCD camera as well, and calibrated results,

generally of high resolution, are obtained by normalising against a reference image with no flow [8].

2.2 Current Techniques for Gas Analysis

Observation of physical fluid flow allows for further study into areas such as sealing effectiveness.
Clark et al. achieve this with the use of CO, as a tracer gas [9]. The tracer gas is injected upstream
and samples are taken at various locations along the system, with the concentration of the tracer gas

at each sample location being measured by a gas analyser [10]. Such gas analysers often operate by



Chapter 2. Literature Review 4

optical methods such as infrared (IR), as is the case with the study by Clark et al., where the variation

in IR absorption is correlated to CO, concentration [9].

2.21 Non-Dispersive Infrared Gas Sensing

Specifically, this method of gas analysis is known as non-dispersive infrared (NDIR) gas sensing.
As implied in the name, NDIR does not require optical dispersion of IR radiation, omitting the need
for dispersive elements such as diffraction gratings [11]. The NDIR technique is fundamentally sim-
ple—a source emits IR radiation, interacts with the gas and the results are obtained by comparing
the transmitted IR radiation. The results provide both quantitative data on concentration, as well as
qualitative data on the gases present [11]. Relative to other gas analysis systems, NDIR, as well as
optical methods in general, have good selectivity and sensitivity [3]. However, sophisticated optical
components still pose a challenge in the form of high costs [11]. In addition, response times still re-
main in the region of minutes, with a study by Yasuda et al. finding response times of ~ 3 min for

commercial NDIR CO, sensors [12].

2.2.2 Electrochemical Gas Sensing

Electrochemical gas sensing is another common form of gas analysis. The method works by
chemical reaction of the target gas, followed by measurement of the induced current which would
be proportional to the gas concentration [13]. Similar to NDIR sensors, the measured current is
then post-processed to obtain both quantitative (concentration) and qualitative results for the tar-
get gas. Whilst electrochemical gas analysis is simple in nature and allows for low cost as well as
good sensitivity and selectivity, liquid-electrolyte electrochemical gas sensors experience electrolyte
evaporation and solid-electrolyte sensors are held back by limited lifetime [14]. Most significantly, a
study by Wan et al. quotes a measurement time in the order of 10? s [14] which is too long for most

turbomachinery applications.

2.2.3 Calorimetric Gas Sensing and Gas Chromatography

Other gas analysis methods include calorimetric sensing, which measures the heat generated
from combustible gases to quantify its concentration, as well as gas chromatography. Calorimetric
sensors are advantageous with their low costs and small size [15], however, they still suffer from in-

sufficient measurement frequency, with response times of 10 s to 15 s for commercial devices [15]. On
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the other hand, gas chromatography exists as a high cost and logistically complex form of gas sens-
ing. Despite its excellent selectivity and sensitivity [3], analysis generally takes minutes to complete

[16].

2.3 Thin-Film Gauges

Whilst all of the above methods hold their respective advantages and disadvantages, it is clear
that no method executes measurements at a frequency sufficient for turbomachinery purposes. Thin-

film gauges (Fig. 2.1) provide an alternative to gas analysis through a heat transfer approach.

(A) Front view. (B) Diagonal view.

FIGURE 2.1: A thin-film gauge developed and manufactured by Proxisense, consisting
of two thin-film circuits.

2.3.1 Principle

Thin-film gauges are conceptually simple—a microthin film of metal is laid on top of a non-
conductive base, and the change in temperature is obtained through various methods. These include
the use of PSP or TSP, as well as surface thermocouples [17]. Regardless of the method, however,
the principle remains largely consistent, and in this report the focus will be on a resistance-based
approach to quantifying the temperature change.

The resistance of a system, a thin-film in this case, varies proportionally with temperature as

follows, where « is the temperature coefficient of resistance (TCR):

R = Ro(1+ aAT). 2.1)

Under constant current conditions and using V' = IR, Equation 2.1 can be converted to:

V = Vo(1+ aAT), (2.2)
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which can be rearranged such that:
AV

AT = —.
VQDC

(2.3)

As shown, it is a relatively simple method of determining the temperature change using the
setup’s TCR. The TCR is unique for every setup and is obtained by water bath calibration, which

will be explained later in this report.

2.3.2 Sensor Structure, Construction and Manufacturing

A thin-film must be thin enough so as not to affect the temperature history of the base underneath,
nor to contribute significant additional mass [17]. Essentially, the effects of the thin-film on the base
must be negligible. As such, the microthin layer of metal is sensitive and the construction of a thin-
film gauge requires attention to detail.

In terms of the material, nickel and platinum are commonly used for thin-films. Platinum in par-
ticular possesses desirable properties, as it remains relatively inert in oxidising surroundings [17].
The film is initially deposited onto the substrate as a liquid containing "fine metallic particles in sus-
pension and chemical agents which lightly attack the surface of the substrate to give a high adherent
film" [17]. Whilst the deposition technique will only be described in this report on a fundamental
level, note that it is a sensitive process and good practice should be followed in optically polishing
and degreasing the substrate surface. Upon deposition, the film and substrate are heated in a furnace
for up to 1.5 h, at a temperature dependent on the substrate material, but in the region of 650 °C
to 680°C [17]. The substrate is cooled in the furnace and rapid quenching should be avoided as it
results in internal stresses [17]. This painting and firing process is generally repeated to build up the
thin-film until a final thickness of 0.1 um to 1.0 um [17]. In case of unstable resistance during use of
the thin-film, the gauge can be annealed to reduce such instability by heating at 160 °C for 12 hours
[17].

It must also be ensured that the thin-film can be easily attached to electrical leads, which them-
selves should be thermally and electrically inert [17]. The electrical leads must be of as low resistance
as possible, so are often constructed with significant width and occasionally increased thickness as
well. The thickness, however, must not interfere with the boundary layer for applications in fluid
flow experiments [17]. With regards to material, gold and copper are two of several materials used
for electrical leads.

This conventional method of thin-film manufacturing is labour-intensive and the resultant device

is inevitably large due to wide electrical leads. The width can be reduced by either increasing the
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thickness or shifting to a four-wire measurement system. The four-wire system, however, introduces
additional and undesirable complexities [18]. As such, Collins et al. developed a novel thin-film
fabrication technique to maximise the electrical lead thickness by "etching a pre-laminated sheet of
copper and polyimide using a dry film photoresist" [18]. The process has resulted in the production

of smaller and more robust thin-film gauges compared to conventional methods [18].

2.4 Thin-Film Gauge Heat Transfer Measurements

Thin-film technology has historically been used in various applications, particularly in the field
of aerospace due to its minimally intrusive nature and ability to operate in hostile environments
[19]. It was first utilised to capture heat transfer in shock tunnels [18], and is still used for the same
application to this day [20]. Thin-film gauges are also widely used to measure heat transfer in film

cooling [21] and nozzle guide vanes [22].

24.1 Measurements by Thermal Product

A novel application of thin-film was developed by Chana [23] in detecting the contamination of
oil and fuel. The method makes use of the thermal product principle introduced in Chapter 1 to
measure the concentration of contaminants up to a sensitivity in the order of 0.01 % or 10 PPM [23].
The working principle is that the thin-film is pulsed with a step change, generating heat in the metal
film, and the heat transfer between the film and its surroundings is quantified. The heat transfer is
dependent on the thermal product of the surrounding, which in itself varies with the concentration

of contaminants in the surrounding fluid [23].

2.4.2 Application to Gas Sensing: MEMS Thin-Films

This concept can also be applied to gas sensing, where the heat transfer is influenced by the
thermal product of the gas, or mixture of gases, surrounding the thin-film. However, as thermal
product variations in gases are of significantly smaller magnitude than that of liquids, this report
looks to combine thin-film technology with MEMS to achieve sensitivities sufficient to detect gas
composition. Flusso Ltd. has developed the world’s smallest flow sensor [24], which senses flow
rate using a small-scale thin-film. On a fundamental level, two tungsten resistors are embedded: one
for flow anemometric-based measurements and the other for temperature compensation [24]. Gas

flows through the sensor and power is passed through the anemometric resistor so as to maintain a
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constant temperature of 230 °C. The power required to maintain the constant temperature is tracked
and post-processed to obtain results for the flow, such as flow rate and fluid velocity [24]. This report
studies the possibilities of adapting such a sensor for gas sensing purposes, potentially allowing for

a high frequency and low cost solution to the gap in current gas analysis technologies.



3 Research Question

This report examines the research question, "How could we exploit thin-film and MEMS tech-
nologies to measure gas composition at high frequencies?"

Thin-films present a novel method of gas analysis by quantifying the varying thermal product of
its surroundings. MEMS devices operate at high frequencies, and their miniaturised size allows for
increased sensitivity to heat transfer.

We start by studying a handheld thin-film gauge manufactured by Proxisense, a spin out from
the University of Oxford [25]. The device is currently used in a wide range of fields including phar-
maceutical, aerospace, oil & gas and power generation. Specifically, it is used to detect contamination
and degradation levels in fuel and pharmaceutical production [26]. It can also identify counterfeit
drugs and vaccines [26], and more recently has been used to detect skin cancer. The Proxisense sen-
sor will be used to gain a better initial understanding of implementing heat transfer as a method of
identifying materials through thermal product. A 1D semi-infinite model will be used to capture the
heat transfer of the thin-film gauge.

We explore further with a MEMS gas flow sensor manufactured by Flusso Ltd. [27], a spin out
from Cambridge University. As a low cost but accurate solution to flow sensing, its applications
include smart inhalers, industrial pneumatics & automation, as well as aerial drones and household
electronics [28]. The MEMS sensor outputs reliable and robust data on mass flow, volumetric flow,
air speed and differential pressure [28]. Due to its microthin internal structure, the device allows for
increased sensitivity, improved SNR and higher frequency relative to the Proxisense thin-film gauge.
The Flusso sensor will be used to further investigate the use of thin-films to capture heat transfer for

gas sensing by exploiting the high frequency and high sensitivity nature of MEMS technology.



10

4 Experimental Methods

4.1

Experimental Setup

As both the Proxisense sensor and the Flusso sensor operate on the same fundamental thin-film

principle, they are largely operated the same way experimentally. The sensors are connected to a

Proxisense control box (Fig. 4.1a), serial number 3103A003, via a 9-pin D-sub connector (Fig. 4.1b).

The control box itself is connected to a computer via two USB Type A to USB Micro B cables, one

of which serves to power the system and the other to transmit data. The system is run by software

developed by Proxisense, that allows the user to input settings for the control box to drive step

currents to the sensor. The software interface is as shown in Figure 4.2 and allows the step currents

to be customised with the following settings:

1.

N.B.

Pulse current. For each of two channels that the control box can pulse, this sets the magnitude

of the current for the step current.

. Sample rate. This is the frequency of data recording and can be increased up to a maximum of

4.8 kHz for the control box used in this project.

. Pulse length. The number of samples to run a step current for. For example, 24 samples at

4.8kHz would equate to ;335 = 5 ms.

Pulse repeat rate. The length of interval between consecutive pulses. This is important as
systems need sufficient time to return to their original state, at ambient temperature, after being

pulsed.

. Pulse count. How many pulses to execute in one run.

Bias length, output start and output length influence data collection lengths and start points.
Target voltage and target % window are for calibration purposes and are not significant for

general pulsing purposes.
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(A) Proxisense control box. (B) Entire setup including Proxisense thin-film sensor.

FIGURE 4.1: Identification of the starting point to omit starting processes.

@ Thinfilm Settings

Proxisense
back Channel 1 Channel 2
Pulse Cumrent (mA) 200 Pulse Current (mA) 10
Sample Rate (kHz) 4.8 Output Start (Sample) 5
Bias Length (Samples) 5 Output Length (Samples) 24
Pulse Length (Samples) 24 Target Voltage (V): 3.0
Pulse Repeat Rate (ms) 10000 Target % Window 3.0
Pulse Count 10 Save Seftings

FIGURE 4.2: User interface of Proxisense software.

4.2 Data Collection

With the sensor, control box and computer all connected, the sensor is exposed to the testing fluid
and the setup is ready to run experiments. Using the software, a set number of pulses of constant
current are executed in intervals. These settings vary depending on the sensor that is in use. Note
that, whilst the pulses are of constant current, this is not equivalent to constant power since the
resistance of a thin-film increases as the sensor heats up through pulsing and P = I?R. During
pulsing, the voltage across the thin-film is measured and recorded at a set sample rate.

Data is recorded by the software and output as a CSV file containing both the settings used and
voltage data points. As data is captured from several sample points before the start of the pulse, the
starting point of the pulse must first be identified from the obtained data. By plotting the measured
voltage against time, the starting point can be identified as the first data point at which spacing be-
tween consecutive sample points become consistent. Figure 4.3 visualises this procedure for clarity
and demonstrating the omission of the effects of starting processes present due to the nature of the

pulsing method. Such starting processes occur when stepping up to the desired current of the pulse.
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FIGURE 4.4: Final curve after omitting starting processes.

Figure 4.4 shows the curve after the starting process is omitted. The starting point is generally consis-

tent for a single sensor but varies between sensors. For example, the starting point for the Proxisense

sensor is the 11" data point but the starting point for the Flusso sensor is the 5t data point. The

Proxisense sensor is significantly larger in size, inevitably requiring a longer duration for the step

current to run through the system and reach starting equilibrium. This results in starting processes

of larger time scales.

4.3 Water Bath Calibration

With the starting point identified, the starting voltage, Vj, can also be identified. All other voltages

are taken relative to V) and Equation 2.3 can be applied to obtain the temperature change. This,

however, is almost entirely dependent on the TCR of the thin-film. Whilst TCR values are available
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FIGURE 4.6: Proxisense sensor
FIGURE 4.5: K-type thermocou- made water-tight with two lay-
ple. ers of plastic sleeves.

in literature for bulk materials, the value can vary depending on the size and structure of the thin-
film. Therefore, it is critical that the TCR is determined for each unique system—this is done through

a water bath calibration.

4.3.1 Principle

The principle of water bath calibration relies on measuring the resistance of two nodes within the
system as the temperature is varied. Water baths allow the temperature variation to be carried out
in a stable and consistent manner, although the approach does limit testing to temperatures in the
liquid phase of water, 0°C to 100 °C.

Water bath calibrations for both the Proxisense and Flusso sensors were conducted. First, K-type
thermocouples (Fig. 4.5), made with a thermocouple welder, were attached as close to, but not in
contact with, the thin-films as possible. The thermocouples were secured using Kapton® Tapes (Fig.
4.7). The Kapton® material isolates the thermocouple from surrounding air so that the temperature
measurement is solely that of the sensor. The sensors were then wrapped in two layers of plastic
sleeves—one thin internal layer and one thicker external layer, both respectively secured at the top
to provide water-tight seals (Fig. 4.6). This was particularly important for the Flusso sensor, as the
sensor was prone to water damage due to its design as a gas flow sensor.

The water bath contained two thermocouples along with one internal temperature sensor, mean-
ing 5 measurements were made simultaneously: three temperature readings at different locations in
the water bath, one temperature reading at the sensor itself and one resistance reading across the sen-

sor thin-film. For the calibrations, several settings were adjusted to ensure results were of maximum
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(A) Top view. (B) Diagonal view.

FIGURE 4.7: Thermocouples secured onto each side of the Proxisense sensor’s MA-
COR® substrate using Kapton® tape.

accuracy and reliability whilst completing the calibrations in reasonable time. Water bath calibrations

can take multiple days to complete.

4.3.2 Settings and Procedure

For calibrations of both sensors, identical settings and procedures were followed. Between a
range of 35°C and 50 °C, measurements were taken at 5K intervals. Three cycles were conducted,
where one cycle consists of measurements from 35 °C up to 50 °C and back down to 35 °C. Ideally,
a larger range starting from room temperature (= 25°C) would have been studied, however, the
cooling system had malfunctioned and each cycle would have taken days due to slow natural cooling
of the large body of water. In addition, there were settings to ensure thermal equilibrium at each

measurement temperature, which were as follows:

1. Bath temperature tolerance: 0.8 K. This is the tolerance for the temperature difference between
the set bath temperature (35°C, 40°C, 45°C or 50 °C) and the average of the two water bath

thermocouples.

2. Bath internal temperature tolerance: 0.2 K. This is the tolerance for the temperature difference

between the set bath temperature and the water bath internal temperature sensor.

3. Specimen temperature tolerance: 1.0K. This is the tolerance for the temperature difference
between the set bath temperature temperature and the thermocouple on the specimen (thin-

film).

4. Convergence monitoring time period: 3 min. This is the minimum duration for which the above

conditions must be continuously held for a measurement to be taken.
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5. Bath temperature convergence tolerance: 0.4 K. This is the tolerance for the temperature vari-
ation throughout the convergence monitoring time period, for all four temperature measure-

ments.

4.3.3 Results: Flusso MEMS Sensor

The Flusso sensor returned a very linear temperature-resistance relationship. As seen in Figure
4.8, the line of best fit overlays well on the data points, all within error bars, with an R? value of 0.999.
The gradient and y-intercept are found to be 0.275 and 121.840 respectively. Rearranging Equation

2.1, it is possible to determine the sensor’s TCR, a:

R%—l_ AR grad

YT AT T RoAT y-intercept’

(4.1)

For the Flusso sensor, this evaluates to 2.257 x 1073 K~1. In the literature, the TCR for tungsten
in bulk is quoted as 4.5 x 1073 K1 [29]. The two values are in the same order of magnitude, and the
discrepancy appears to be due to the differences in shape and size between bulk tungsten and the

Flusso sensor’s tungsten filament.

4.3.4 Results: Proxisense Thin-Film Gauge

The Proxisense sensor, on the other hand, showed less linear results (Fig. 4.9), exhibiting effects
of hysteresis. Hysteresis is a general phenomenon relating to a "characteristic looping behaviour
of the input-output graph" [30]. Specifically, with the water bath calibration, the resistance across
the Proxisense thin-film appears to vary at different rates depending on whether the temperature is
rising or descending. Whilst further study is required to pinpoint the multiple factors contributing
to this effect, one likelihood is that it is due to a lack of annealing during the manufacturing process.
Another possibility is that it may be due to imperfections in the joints between the platinum thin-film
and gold circuit. Considering their different thermal properties, and the sensitive nature of thin-film
manufacturing, it is challenging to eliminate such flaws.

Despite the hysteresis, the method of TCR calculation remains identical to that of the Flusso sen-
sor. Applying linear regression to the data yields a gradient and y-intercept of 0.0029 and 3.3678
respectively. The R? value of the line of best fit is 0.777. Applying Equation 4.1 returns a TCR of
8.611 x 10~* K~!, which is comparable to the bulk platinum value in the literature of 3.927 x 103
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K1 [29]. Again, this variation can be attributed to the differences in size and shape between bulk

platinum and the Proxisense sensor’s platinum thin-film.
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5 Proxisense Thin-Film Gauge

The Proxisense sensor is a handheld device consisting of two thin-film circuits (Fig. 5.1). The
substrate is made of MACOR®, a type of glass ceramic, and the thin-films are made of platinum.
During manufacturing, they are deposited thicker than required and hand-polished to increase the
resistance up to 3.44 (). They are connected to the rest of the sensor by a gold circuit of negligible

resistance.

(A) Front view. (B) Diagonal view.
g

FIGURE 5.1: Proxisense thin-film gauge, displayed again for reference.

5.1 1D Model

5.1.1 Derivation

The heat transfer of this sensor can be captured by a 1D model (Fig. 5.2) since the MACOR®
substrate can be assumed to be a semi-infinite solid. The model can be derived [31] by starting with

the unsteady heat transfer equation in 1D, where T(x, t) is temperature, x is distance into substrate,

tis time and B = %:
2
o°T(x,t) _ laT(x,t)‘ (5.1)
dx? g ot
This can be solved by Laplace transform, where T(x,0) = Ty and T(0, t) = Ts:
—T(x,t) —To _ erf—> (5.2)

-7 am
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Fourier’s law of thermal conduction states that the heat flux density, g(x), can be given by:

oT
g(x) = —kg. (5.3)

Taking the partial differential of Equation 5.2 leads to:

a—T _To— T ex —x (5.4)
ox /Tt Bt p 4pt ' '
Combining and rearranging Equations 5.2, 5.3 & 5.4 gives:
2‘15@ —x%  gsx x
T-Ty)= p P 1Bt —T(l—erf ). (5.5)

2\/pBt
As it is sufficient to observe the temperature of the thin-film at the surface, take the solution at
x = 0 and substitute = é:

T—Ty4+—2% i (5.6)

NN

Due to the symmetry of the model, it is possible to obtain temperatures on either side of the
thin-film (fluid or substrate). Whilst the two problems do collapse into one at the surface, one must
still choose to study either the fluid side or the substrate side in order to reach a full solution. The

following solution takes the fluid approach (g;, is the total heat flux into the system by the thin-film):

Jin = qfiuid t Gsubstrates (5.7)
VPR 14

9fluid = qin ’
V PcPkfluid + pcpksubstrate

29 f1uid
Thuia = To + ——24___ /5. (5.9)
e VT 0k g

(5.8)

Substituting Equation 5.8 into Equation 5.9 yields:

2%1
T, = To+ VH. (5.10)
\/E( V pcpkfluid + V pcpksubstmte)
The final solution at the surface (Eq. 5.10) considers the different heat flux on the fluid side and
the substrate side. It is important to highlight two key takeaways. First, the temperature change,
T — Ty, is proportional to the square root of time—a Vit shape should be expected of the heat curve

when pulsing the Proxisense sensor. Second, the gradient of T — Ty plotted against /t is inversely



Chapter 5. Proxisense Thin-Film Gauge 19

fluid
T s

1,

T(x) substrate

FIGURE 5.2: 1D semi-infinite model, visualised at the cross-section of a thin-film struc-
ture. Note that, in this specific case, gs represents heat flux into the substrate.

proportional to the sum of the thermal products of the fluid and the substrate. This means that the
heat curve is affected solely by the two thermal products, as the other terms involved in the gradient

are constants.

5.1.2 Limitations

The 1D model is simple, which also means it inevitably fails to capture some of the heat trans-
fer processes involved when pulsing the Proxisense sensor. Due to its one-dimensional nature, it
assumes zero convection in the fluid and ignores the lateral conduction of the driving electronics in
the solid substrate. This limits the model’s use to small time scales where such assumptions can be
reasonably made. The theoretical model also omits real-life phenomena such as starting processes,
which introduces the need to manually determine the starting point, as demonstrated in Chapter 4.
The substrate must also be of one single material, and of sufficient size and depth to maintain the
semi-infinite assumption.

Despite these limitations, it was determined that the assumptions could reasonably be applied to
the Proxisense sensor and its pulsing method. The MACOR® base is uniform and deep enough for
the semi-infinite assumption and the pulsing is of a time scale small enough to omit effects due to

convection and lateral conduction.

5.1.3 Alternative Options of Modelling

Beyond the 1D model, there were several other options for modelling the Proxisense sensor, in-
cluding commercial finite-elements codes such as ANSYS [32]. ANSYS is "a general-purpose finite-
element modeling package for numerically solving a wide variety of mechanical problems" [33].
These include structural, heat and fluid problems, but also extend to acoustic and electromagnetic

problems [33]. Solutions to such problems are generally obtained through three main steps [33]:
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1. Define the problem: define the geometry of the object and its material properties, as well as the

mesh.
2. Specify boundary conditions: assign loads, constraints, thermal conditions, etc.

3. Solve and view results: displacements, stress distributions, temperature maps, etc.

Thermal analysis of the Proxisense sensor using ANSYS would have had its own advantages
and disadvantages. ANSYS simulation allows the user to specify the exact geometry of an object
by importing CAD files. With accurate geometries, ANSYS'’s finite-elements method would have
captured minute details of the heat transfer taking place, including fluid convection and lateral con-
duction. However, such advantages are the result of additional complexities. Defining the problem
requires more effort, such as creating CAD models of the sensor. The required computational power
and duration are also significantly larger. Furthermore, in the case that tuning is required, the extra
intricacies in geometric variations and material properties may lead to difficulties. The tuning of
low-order models is significantly easier.

For the purpose of understanding the concept of thin-film, the 1D model was found to have
sufficient accuracy and gives good insight into the key physics and design sensitivities. The simple
structure and large size of the Proxisense sensor combined with the pulsing method’s small time
scale to realise experimental conditions similar to that of the 1D semi-infinite heat transfer model in

Figure 5.2.

5.2 Experimental Procedure

The experimental procedures for the Proxisense sensor are as detailed in Chapter 4. The pulse
current was varied between experiments, from 200 mA to 400 mA. The suggested limit was 400 mA as
there was risk of breaking the thin-film line due to its fragility. The sample rate and pulse length were
set to 4.8 Hz and 800 sample (= 167 ms) respectively. Due to its significant size and the MACOR®
material’s high heat retention property, the pulse repeat rate was set at a generous 10s. 10 pulses
were executed each run.

The experimental setup was as shown in Figure 5.3. A stand and clamp was used to hold the
sensor still, sufficiently submerged in a beaker of deionised water. Deionised water was used as the
fluid, since its thermal product is well-documented in the literature, as well as for logistical reasons.
Furthermore, liquids were preferred to gases as they possess significantly higher thermal products

and therefore retain more heat from the thin-film, keeping overall temperatures lower. As a reference,
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FIGURE 5.3: Experimental setup of the Proxisense sensor in deionised water.

the thermal product of air at 300 K was calculated in Chapter 1 as 5.6295, whereas the thermal product
of water is 1595.0 [34]. For MACOR® at 25°C, p = 2520 kgm ™3, ¢, = 790 Jkg 'K 'and k = 146
Wm 1 K~! [35]. This equates to a thermal product of 1704.9.

5.3 1D Model Validation

The Proxisense sensor was pulsed 26 times at 300 mA for 167 ms in 10s intervals. All 26 pulses
were converted to temperature using Equation 2.3, and the standard deviation was calculated for
every data point. Figure 5.4 shows the experimental data on a temperature-time plot. Figure 5.5
shows the same data, except the temperature is plotted against the square root of time for better
comparison with the 1D model, which is linear against v/t. As seen on the figures, the 1D model
holds well against experimental data until approximately 30 ms. This is expected because, beyond a
certain point, several assumptions imposed in deriving the model begin to break down. For example,
there comes a point where the sensor begins to observe convection in the fluid and lateral conduction
in the substrate. Note that there are slight misalignments between the experimental data and the 1D

model at early times which is due to starting processes as explained earlier.

5.4 1D Model Predictions

54.1 Air-CO, Mixture

With the 1D model validated against experimental data up to 30 ms, it is possible to predict flu-

ids with different properties—i.e., the model can be run to predict the response with other fluids,
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FIGURE 5.6: 1D model prediction of a range of compositions of an air-CO, mixture.

with gases being of particular interest. Simulations were first run for a mixture of air and CO, for
a range of compositions in 10% intervals. The pulse length was set to 30 ms as that was the maxi-
mum duration for which the 1D model held up against experimental data, and the current was set to
400 mA to maximise the final temperature differences. As seen in Figure 5.6a, the difference between
each composition is practically invisible when viewing the entire pulse length. When zooming into
the very end of the pulse (Fig. 5.6b), where the differences are largest, it is possible to see the exact
temperature differences that separate the compositions. Even so, the model prediction shows that
experiments for 100 % air and 100 % CO, only vary by 0.114 K, equivalent to a 0.0322 % difference.
Such temperature variations will not be able to be differentiated from signal noise—it is safe to say
that, in this experiment, the Proxisense sensor would not be able to identify the gases. Also note the
significant increase in temperature relative to experiments with water, even whilst considering the
33.3 % increase in current. With a pulse length under a fifth of that of the water experiments, the
temperature rise would be approximately 2.6 times larger. This may be a limiting factor for some

sensors depending on their maximum operating temperature.

5.4.2 Enhancing Temperature Differences

There are several ways to enhance the temperature difference beyond looking at the raw differ-
ence at the end of the pulse. Rather than simply looking at the difference in the Celsius scale, taking
the difference from the starting temperature will return a slightly larger change. However, such a
change would see minuscule effects, particularly for this Proxisense sensor in these operating condi-
tions, since the starting temperature is very small compared to the temperature difference. Another

approach would be to calculate the differences in gradient. However, the most effective method is to
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FIGURE 5.7: Integral of the air-CO, heat curves in Figure 5.6.

obtain the integral of the heat curves. Figure 5.7 is the result of the area integral process, displaying
the area under each of the curves in Figure 5.6. With the area integral method, the temperature dif-
ference increased to 0.0345 %, which is a slight improvement from the initial method. However, it is

still insufficient to differentiate between different gases.

5.4.3 Air-Argon Mixture

As mentioned in Chapter 1, the thermal product difference between argon and air is larger than
that between CO, and air. Simulations were run to investigate the greater thermal product difference
between argon and air, and the results are presented in Figure 5.8a. Once zoomed into the end of
the pulse (Fig. 5.8b), it is noticeable that the temperature differences are larger than those of Figure
5.6b. Quantitatively, the difference between 100 % air and 100 % argon after 30 ms is 0.339 K. This
equates to a percentage difference of 0.0958 %. On the other hand, using the area integral approach, a
percentage difference of 0.103 % is obtained. Whilst both of these values are significantly larger than

that of the air-CO, experiments (Fig. 5.6), they are still insufficient for gas differentiation purposes.

5.5 Improvements for Increased Sensitivity

The 1D model can be used to explore potential changes to increase these temperature differences.
It is obvious that increasing the overall temperature change, T — T, leads to a larger temperature
difference between varying gases at the end of the pulse. By looking at Equation 5.10, it is possible
to see another simple way to achieve this—increasing the heat flux, g;,, which can be attained by
increasing the power input or decreasing the filament area. However, it is more desirable to enhance

the temperature difference relative to the magnitude of the overall temperature change. Therefore, it
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is important to look at the total thermal product term, /pc,k fluia + PPk, poirarer I Equation 5.10.
Recall that MACOR®’s thermal product, 1704.9, is significantly larger than that of gases, which are in
the region of 3 to 6. Implementing a substrate with a lower thermal product should allow the sensor
to become more sensitive to changes in the fluid’s thermal product.

As such, it is critical to investigate higher sensitivity alternatives to the Proxisense sensor that
builds on its thin-film fundamentals. The Flusso MEMS sensor provides exactly that by utilising the
high sensitivity and high frequency nature of MEMS technology whilst retaining the thin-film heat
transfer approach to gas sensing. More specifically, the sensor’s filament has a significantly smaller
area and the thermal product of its substrate is lower—both changes earlier identified as potential

improvements to the Proxisense sensor.
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6 Flusso MEMS Sensor

The Flusso FLS110 MEMS sensor (Fig. 6.1) is a miniaturised gas flow sensing system which analy-
ses gas flow by implementing two tungsten resistors across the length of the device [24]. The resistors
are embedded in a SiO, membrane of 4.5 pm thickness [24], and they are both of 128.7 () resistance.
The sensor’s overall dimensions are 1300 x 1600um and the etched membrane has a diameter of
1100 um [24]. The sensor has two operating methods as shown in Figure 6.2. In this project, only the

through-flow method was used. Its basic features can be seen in Figure 6.1, where overall structures

of the nodes, membranes and resistors, as well as the scale of the sensor’s size, are shown.

(a) A Holes (b) x’j\M

Resistors (for flow and
temperature measurement)

(©)
-‘ >
w3

FIGURE 6.1: Basic structure of the Flusso sensor, along with its size scale. Extracted
from Figure 1 of Gardner et al. [24].

There are several key differences compared to the Proxisense thin-film gauge. First, the length

scale of the Flusso device is an order of magnitude smaller. Second, the resistors are of wire structure

Through-flow FLS110 FLS110 Bypass
All of the Through-flow Due to a pressure drop
systemflow | = element (the dashed
goes through line) in the main pass,

A : SystaRi B N a fraction of the
A ‘ ‘ L : 1 system flow goes
System flow - o> flow Malnipass thyrough the FgLS1 10

the FLS110

FIGURE 6.2: Two flow configurations of the Flusso mass flow sensor. Extracted from
Figure 2 of the FLS110 Miniature Gas Flow Sensor Datasheet [36].
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rather than a thin-film. The resistors” interactions with surrounding fluid is also different, as spaces
both above and below the wire resistors of the Flusso sensor are occupied by gas. Third, the Flusso
sensor’s membrane thickness (4.5 um) is three orders of magnitude smaller, resulting in a completely
different pattern of vertical conduction. Finally, the membrane is made of SiO,, a material with a

smaller thermal product than the Proxisense sensor’s MACOR® substrate.

6.1 Network Model

Due to such differences in the physical nature of the Flusso sensor, the 1D model (Eq. 5.10) can
no longer be applied to capture its heat transfer. Mainly, the small length scale of the device means
that heat transfers rapidly throughout the system, which must be accounted for. A two-dimensional
finite-elements approach was proposed to model the sensor. By discretising the sensor on a cross
section along its length, a network model (Fig. 6.3) was developed to reproduce the rapid conduction
and convection occurring at each element, capturing effects of heat transfer that were previously

ignored by the 1D model used for the Proxisense sensor.

6.1.1 Derivation

For the purpose of utilising the sensor’s thin-film properties, it is sufficient to use just one of
the two resistors. The middle resistor is chosen to allow for symmetry, somewhat simplifying the
modelling process. To start the modelling process, a cross section is taken on a plane orthogonal
to the x-axis in Figure 6.1. Due to the microthin nature of the membrane, it is sufficient to assume
the thickness as one layer. Figure 6.3 shows the underlying intuition behind the network model.
Qo represents half the heat entering the system by power input through the resistor—essentially,
Qo = 3I?R. The  term accounts for the fact that the model considers only one half of the sensor due
to symmetry. Note that Qp is not constant since temperature rise induces resistance rise, resulting
in increased power input during the constant current step. Q, represents lateral heat transfer by
conduction and Q, represents vertical heat transfer by convection. The assumption is made that the
convection above and below the membrane is identical. More precisely, Q» and Q, are calculated

as follows, where k is the membrane’s thermal conductivity and h is the convective heat transfer
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FIGURE 6.3: Finite-elements network model, visualised at the cross-section orthogonal
to the x-axis in Figure 6.1. The discretisation is kept low to n = 10 for clarity. In the
actual MATLAB model, the sensor is discretised beyond n = 60.
coefficient:
ko
Qq = 5o (Ti= Tisa), 6.1)
Qy; = hoy(T; — To), (6.2)
Incrementally, the total energy transferred during one time step is:
dQ = Qt, (6.3)
therefore, the net heat transfer during a given time step is:
AQuet; = (Qo — Qx, —2Qy,)dt fori =1, (6.4)
AQuet; = (Qx;, — Qx, — 2Qy,)dt for i > 1. (6.5)

Converting the energy change to temperature change, with ¢, and p being the specific heat capac-

ity and density of the membrane, respectively, yields:

dTl — dQnetl- — dQnetl- ,
cpom  cppdxdy

(6.6)

The network model operates by calculating the temperature change for each element (Eq. 6.6) at
every time increment, then adding the temperature contribution to the current temperature state. dx
and Jy are, respectively, the width and height of the elements. The height, Jy, is 4.5 um as mentioned

, where w is

earlier. The width, Jx, is dependent on the number of elements, n. Specifically, éx = %%
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the total width of the membrane, 1100 pum. The model was developed using MATLAB.

The model relies on one key parameter to differentiate fluids—*h, the convective heat transfer
coefficient between the membrane and the surrounding fluid. The convective heat transfer coefficient
is known to be extremely difficult to calculate. Many have studied various methods to calculate the
value, from computational methods such as Computational Fluid Dynamics (CFD) [37] to iterative
methods [38], but there is no single widely agreed-upon method as of yet. However, it is often related
to the Nusselt number—a dimensionless number that captures the convective and conductive heat
transfer at a solid-fluid boundary, dependent on the "problem geometry and flow conditions" [39]. A

study by Roncati defines the value as h = ¥ z'k [38], where Nu is the Nusselt number, k the thermal

conductivity and L the characteristic length. For a given sensor, and thereby a constant length scale,
the expression describes a proportional relationship between h and k, the thermal conductivity of
the fluid, with Nu being constant for a given solid-fluid boundary. In this project, this proportional
relationship is combined with the thermal product heat absorption logic from Equation 5.8 to define
a proportional relationship between / and /pc,k, the thermal product of the fluid. Despite defining
such a relationship, calculating an appropriate magnitude of the convective heat transfer coefficient
remains a significant challenge. For the purposes of this project, an initial value of 25 W m 2K 1 was

taken from Kosky et al. [40] as the upper bound in air under free convection.

6.1.2 Limitations

Limitations of the network model should also be discussed. As mentioned earlier, the model as-
sumes identical convective heat transfer both above and below the membrane. This is not entirely
true due to the asymmetric geometry as seen in Figure 6.1. The model also simplifies the convec-
tive heat transfer to a single heat transfer coefficient, whereas there are more complex phenomena
taking place in actuality. In addition, it is assumed that the membrane is thin enough to collapse
the model down to one layer. Whilst this is a relatively good assumption, it is an area for improve-
ment with future updates to the model. Furthermore, the convective heat transfer calculations are
performed by assuming a constant external temperature of Ty. In reality, however, the temperature
of the surrounding fluid will vary. Finally, the model only captures heat transfer in two dimensions.
Essentially, it assumes an infinite length across the sensor, ignoring lateral conduction. However, the
length is actually limited to 1100 pm and lateral conduction is certainly present. Figure 6.4 visualises

this phenomenon.
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FIGURE 6.4: Network model assumes infinite length of sensor and ignores lateral con-
duction.

The thermal conductivity, k, is also set as a constant in the model. It is known, however, that
the thermal conductivity of a material can vary for several reasons, such as porosity, but particularly
temperature and thickness [41]. As Zhu et al. found that "thinner films [of SiO,] are less sensitive
to temperature" [41], the value of thermal conductivity used in this project was 1.4 Wm 1K™, the
bulk value for SiO, published by Touloukian et al. [42]. In the future, this model can be improved by
experimentally measuring the thermal conductivity for the particular SiO, membrane in the Flusso

sensor.

6.2 Experimental Procedure

6.2.1 Soldering Connections

To conduct pulsing experiments with the Flusso sensor, the sensor had to be adapted beyond
its conventional use as a gas flow sensor. The sensor is normally operated using a microcontroller
through a 10-pin host interface connector. For the purposes of this project, the sensor was used
without the microcontroller, but rather soldered for connection to a 9-pin D-sub connector (Fig. 6.5)
to allow for pulsing through a Proxisense control box. The pin and port position on the Flusso sensor
are as shown in Figure 6.6. It is important to note the connections of the two resistors. The first
resistor, conventionally used for flow rate measurements, is connected across pins 2 and 5. The
second resistor, conventionally used for flow temperature measurements, is connected across pins 3
and 4. Pins 1 and 6 are also internally connected to the flow rate resistor between pins 2 and 5 using
a separate set of sensing wires (Fig. 6.1). Whilst only the middle resistor was be used for the thin-
film pulsing experiments, all pins were soldered to allow for flexibility in future experiments. More

specifically, the flow rate resistor (pins 2 & 5) was connected to channel 2 and the flow temperature
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(A) Bottom view. (B) Top view.

FIGURE 6.5: Flusso MEMS sensor with soldered connections to a 9-pin D-sub connector.
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View from above
Not to scale

FIGURE 6.6: Pin and port positions on the Flusso sensor. Extracted from Figure 8 of the
FLS110 Miniature Gas Flow Sensor Datasheet [36].

resistor (pins 3 & 4) was connected to channel 1 of the 9-pin D-sub connector. This was to maintain

consistency with the connections of the Proxisense thin-film channels.

6.2.2 Settings and Procedures

As with the Proxisense sensor in Chapter 5, experimental procedures with the Flusso sensor were
consistent with those described in Chapter 4, although the settings were different. Due to its minia-
ture size, the Flusso sensor is significantly more fragile than the Proxisense sensor and physical limits
of the sensor must be followed strictly. The absolute maximum ratings for parameters relative to this
project are listed in Table 6.1. In particular, the voltage and power limits must be observed with extra
caution. As such, initial settings were extremely conservative to ensure the sensor would not be dam-
aged—considering the 128.7 () resistance, the current was set to 10 mA to aim for a safe power input

of 129 mW. A voltage of 2.0V was aimed to stay well below the limit of 3.6 V. During execution of
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Parameter Min | Max | Units Notes
Ambient temperature || -40 +85 °C
Flow temperature -40 +85 °C
Mass flow rate -2000 | +2000 | sccm | Through-flow, from inlet port to outlet port
Differential pressure || -5000 | +5000 | Pa | Inlet port pressure minus outlet port pressure
Flow pressure 200 kPa Above ambient pressure
Voltage between pins 3.6 \% Between any two functional pins
Flow sensor power 50 mW

TABLE 6.1: Absolute maximum ratings of the Flusso MEMS sensor for relevant param-
eters. Adapted from Table 2 of the FLS110 Miniature Gas Flow Sensor Datasheet [36].

the experiment, the current setting was further halved to 5mA for caution and short pulses of 5ms

were run.

6.3 Preliminary Investigations

The first set of experiments were conducted in air under ambient conditions. Upon running
some pulses at 5mA, it was deemed safe to increase the current up to 10mA. However, as seen in
Figure 6.7, the data would plateau at 5V. Whilst different parameters were adjusted to single out
potential causes of this phenomenon, it was unsuccessful and the decision was made to try pulsing
the sensor through a different control box—this solved the plateauing issue. Upon consultation with
the developers at Proxisense, it was later realised that different versions of the control box operate
in slightly different manners. More specifically, the newer versions, which were initially being used,
stepped up the voltage by 5 times. However, the user interface graph was only set to plot up to 5V
and thereby returned results as if the data was plateauing at 5 V. Once switching to an older version
of the Proxisense control box, this issue was eliminated.

This problem also meant that the sensor was overpowered significantly. The maximum voltage
rating is 3.6 V, as shown in Table 6.1, and the sensor was being pulsed at well over 5V. As a result,
the sensor was being damaged every time the new Proxisense control box was used. Interestingly,
its resistance was decreasing with each run. Quantitatively, the sensor’s resistance fell from 128.7 ()
to 100.0 ) in approximately 6 () increments over the course of several weeks. Initially, the decreasing
resistance could not be explained, as any damage to a resistor typically results in a resistance increase
rather than a drop. It is believed, however, that this is the result of an annealing process, similar to
that mentioned in Chapter 2. Again, this finding was only later revealed after consulting with the de-
velopers at Flusso. Nonetheless, the results with the damaged sensor show some useful preliminary

data.
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FIGURE 6.7: Pulses with the Flusso sensor at 10 mA would initially completely plateau
at5V.

6.4 Initial Tests

Once the control box was changed, pulsing experiments returned heat curves without plateauing.
Figure 6.8 shows the results, in both a linear scale as well as a V't scale. The data collection and
processing, such as the identification of the starting point, were identical to the procedures explained
in Chapters 4 & 5. Notice that the plot follows a square root shape extremely well. Whilst this was
expected, since the Flusso MEMS sensor fundamentally operates on the same thin-film principle as
the Proxisense thin-film gauge, the degree to which the results align was surprising. Also note the
lack of starting processes, which were more prominent with the Proxisense sensor, likely due to the
Flusso sensor’s miniature size allowing for almost instant startup processes. A model could not be
fit to these results since an accurate measurement of the sensor’s resistance had not be obtained.
As mentioned earlier, the sensor’s resistance had been dropping and it took several weeks for the
phenomenon to be pinpointed and quantified.

With the 10 mA pulses, the voltage stayed below 1.5 V. Therefore, it was determined that it would
be safe to raise the current to 15mA. Figure 6.9 shows the heat curve from the 15 mA pulses. Overall,
the data maintains a strong square root curve, with temperature changes close to three times that of
the 10 mA pulses (Fig. 6.8). The highest voltage reached by the heat curve is 2.67 V, which equates to
40.0mW under a current of 15mA. This is sufficiently high, but still below the maximum rating of

50mW. As such, a benchmark of approximately 15 mA was used for the current setting.
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FIGURE 6.8: Pulsing of the Flusso sensor at 10 mA for pulse lengths of 5ms. Error bars
for all plots in Section 6 were placed at one standard deviation from the data point.
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FIGURE 6.9: Pulsing of the Flusso sensor at 15mA for pulse lengths of 5ms.
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6.5 Preliminary Results: Ambient Air and Flowing Breath

The initial experiments at 10 mA and 15mA served to check proper operation of the Flusso sen-
sor during pulsing, as the sensor is not conventionally designed for such use. It was also significant
to see the square root behaviour of the sensor to confirm thin-film principles. Having gained basic
understanding of the Flusso sensor, the next step was to test its ability to differentiate between dif-
ferent gases. The first test conducted was between air and breath. For logistical and safety reasons,
these were the easiest gases to test to obtain quick initial data on the Flusso sensor’s potential as a
gas analyser. Air in the atmosphere contains 78 % nitrogen and 21 % oxygen by volume, along with
minimal amounts of other gases such as argon and CO, [43]. In comparison, exhaled human breath
contains 79 % nitrogen, 13.6-16.0 % oxygen, 4.0-5.3 % CO,, as well as minimal amounts of other gases

and 5.0-6.3 % water vapour [44].

6.5.1 Setup

A plastic tube was connected to the inlet port for the user to exhale into the sensor. Experi-
ments were conducted by starting in ambient air conditions, then flowing breath through the system
halfway through the experiment at the 6 pulse (out of 10). Such methods ensure the experiment

starts under controlled conditions, highlighting the difference when changes are made to the system.

6.5.2 Results

Figure 6.10 shows the comparison between ambient air and flowing breath. At first glance, it is
clear that there is a significant difference between the two gases. Quantitatively, the final temperature
for air is 188.077 °C and the final temperature for breath is 165.598 °C. This equates to a percentage
difference of 14.8 % which is substantially greater than the differences found with the 1D model for
the Proxisense sensor in Chapter 5. Surprisingly, with the implementation of the integral method,
the difference falls to 10.3 %. Either way, these differences are significant enough to differentiate the
gases beyond signal noise.

However, it should be highlighted that this experiment between air and breath was preliminary
for several reasons. First, the thermal properties of breath are highly varying as each run is conducted
with newly exhaled breath that is inevitably different to the previous exhalation. Each exhalation can
vary across numerous factors, including, but not limited to, temperature, humidity, density, flow rate

and gas composition. These inconsistencies are reflected in Figure 6.10, where the data points for
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FIGURE 6.10: Result comparison of Flusso sensor pulsing experiments at 15mA for
pulse lengths of 5ms in air and breath.

breath have significantly larger error bars than those of air. Second, whilst the difference in gas com-
position between inhaled to exhaled air is known, it is difficult to quantify other contributions such
as changes in temperature, humidity and density. In particular, humidity change has a significant
effect due to water’s high thermal product. Finally, the ambient state of air is inherently different to
the flowing state of breath. Despite the low flow rate, it will inevitably influence the nature of the

heat transfer occurring within the sensor.

6.6 Preliminary Results: Flowing Air and Flowing Argon

6.6.1 Setup

Having briefly explored the Flusso sensor’s capability to differentiate gas composition, a more
robust and controlled experiment was set up to compare its performance in air and argon. Since
argon was flowed into the system from a high pressure gas cylinder, air was also flowed from a
compressor into the system at the same pressure to ensure consistency in flow rate. Specifically, both
gases were flowed into the system at 100 kPa gauge pressure and 20 °C fluid temperature. Pressure
parameters were set to stay below the absolute maximum ratings displayed in Table 6.1. In particular,

a long tube was connected to the outlet port to ensure differential pressure relative to the inlet port

remained within limits.
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FIGURE 6.11: Result comparison of Flusso sensor pulsing experiments at 15mA for
pulse lengths of 5ms in flowing air and argon.

6.6.2 Results

The results are as shown in Figure 6.11, where it is possible to see a clear difference between the
two gases. Pulses with argon reached 156.449 °C, whereas pulses with air reached 132.303 °C, equat-
ing to a 24.1 K difference. This is a percentage difference of 20.2 %, as well as a 14.9 % difference with
the area integral method. Similar to the air-breath experiments, these differences are large enough
to differentiate from signal noise. Furthermore, argon’s higher final temperature is consistent with
the thin-film principal that argon would absorb less thermal energy and result in a higher tempera-
ture due to its smaller thermal product. As mentioned in Chapter 1, argon has a thermal product of

3.8676, which is 31.3 % smaller than air’s thermal product of 5.6295.

6.7 Undamaged Sensor Results: Ambient Air vs. Argon

6.7.1 Setup

Whilst the results were promising, the air-argon experiments were conducted with a finite fluid
velocity through the sensor. Since the Flusso sensor is sensitive to flow by nature, it is critical to
conduct experiments in ambient conditions to test its full capability as a gas analyser. Practically, this
posed a challenge as argon was only available from a high pressure gas cylinder. Several ideas were
raised to overcome this challenge. The first was to build a reservoir system between the cylinder and
the sensor. Another idea was to create a sealed container to encapsulate the entire setup. The third

option was to purge the system, equalise to atmospheric pressure and shut off the system using a
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FIGURE 6.12: Result comparison of Flusso sensor pulsing experiments at 15mA for
pulse lengths of 5 ms in ambient air and argon.

valve. Another similar solution using one way valves was also proposed. For logistical reasons, all
of these ideas were deemed impractical for the timescale available. The system was instead purged
with the test gas, equalised then shut off by manually compressing the tubes rather than using valves.

In addition, it was at this point during the project that the exact cause of the Flusso sensor’s
resistance decrease had been identified. After several weeks of testing, singling out variables and
discussions with Flusso and Proxisense developers, it was realised that occasional use of a newer
version of the Proxisense control box had been overpowering and possibly annealing the MEMS
sensor. Therefore, from this experiment onward, a new Flusso sensor, with its original resistance of

128.7 (3, was soldered and set up with a 9-pin D-sub connector.

6.7.2 Results

The results for the ambient experiments between air and argon are presented in Figure 6.12.
Whilst the difference is not as large as the previous experiment with flow, it is still noticeable. Quanti-
tatively, air and argon had final temperatures of 195.9023 °C and 204.2901 °C, respectively, amounting
to an 8.39K (4.66 %) difference. The area integral method returns a percentage difference of 3.62 %.
With respective uncertainties of 0.0291 % and 0.0539 % at the end of the pulse for air and argon, the

temperature difference is substantial enough to detect beyond noise.
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FIGURE 6.13: Original, untuned network model plotted with the initial constant heat

flux setting against the updated constant current setting. The network model was exe-

cuted in 5 ps time increments with 120 discretisations along half the sensor length. Note
that the there are two pairs of separate model curves that are overlapping.

6.8 Network Model Validation

As these experiments were conducted with a brand new, undamaged Flusso sensor of known
thin-film resistance, 128.7 (), it is possible to fit the network model to the obtained data. Recall that
the model sets an initial value of 25 Wm 2K~ to the convective heat transfer coefficient, .

With initial parameters set, the generated model clearly overestimates the temperature and only
continues to deviate from experimental data as time passes. Furthermore, the difference between air
and argon in the model is almost negligible and significantly less than reflected in test data. It was
clear that the network model was failing to capture significant aspects of the Flusso sensor’s heat
transfer. Upon reflection, a major flaw was discovered where initial predictions assumed constant
heat flux rather than constant current.

Figure 6.13 shows the initial model predictions of constant heat flux plotted against updated
predictions of constant current. With the initial predictions, the heat transfer is captured well in early
times but underestimates the temperature in later times. The constant current update considers the

rising thin-film resistance and improves the model’s predictions at later times.

6.9 Tuned Network Model

Despite changes made to amend such flaws, the model still required the tuning of parameters to

match the experimental results. The adjustments were as follows: convective heat transfer coefficient
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FIGURE 6.14: Flusso sensor pulsing experiments at 15mA for pulse lengths of 5ms in

ambient air and argon, plotted against the tuned network model. The tuned network

model was executed in 5 ps time increments with 120 discretisations along half the sen-
sor length.

from 25 to 350 Wm~2K~!, membrane thickness from 4.5 to 4.2 pym, membrane density from 2400 to
2700 kg m ™3, membrane thermal conductivity from 1.400 to 0.525 W m~! K~! and membrane specific
heat capacity from 700 to 1200]kg_1 K.

Whilst extensive studies must be conducted on the material properties and internal heat transfer
of the Flusso sensor to justify these modifications in a robust manner, it was ensured that each mod-
ification was within reasonable range. The adjustment for the convective heat transfer coefficient
enlarged the effect of a test gas’ thermal product on its heat curve, and accounts for the inclusion

of complex convection phenomena, such as buoyancy, present due to the microscale nature of the

MEMS sensor. Recall that the coefficient can be defined as h = ¥ z"k [38]—the significant increase
from its original value of 25W m~2K~! may also be attributed to the miniature length scale of the
sensor. The membrane thickness modification is also within range of possible discrepancies dur-
ing manufacturing. As for adjustments to the membrane density, thermal conductivity and specific
heat capacity, these are consistent with large uncertainties in the material properties of silicon diox-
ide as mentioned earlier. Such properties can all vary depending on numerous factors but notably
crystal structure, manufacturing processes, thickness and temperature. Empirical measurements of
each property is necessary to obtain values unique to the Flusso sensor. The tuned network model is

presented in Figure 6.14 and aligns significantly better with experimental data.
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7 Conclusions & Future Work

In this project, we investigated the research question of how thin-film and MEMS technologies
could be exploited to measure gas composition at high frequencies. Using the Flusso MEMS sensor,
we were able to significantly improve on current gas analysis technologies, particularly in terms of
measurement frequency. However, we have also identified future action items to further develop

this technology to reach standards necessary for turbomachinery applications.

7.1 Conclusions

On the current market, the fastest methods of gas sensing require several seconds to obtain data,
whereas frequencies of up to 100 kHz would be useful to understand unsteady phenomena in turbo-
machinery.

To address this deficiency, a novel approach to gas sensing is introduced, utilising the principle of
thermal products as a method of identifying unique materials. Specifically, by quantifying thermal
products at a sufficiently high SNR, it is possible to identify individual gases, or the composition of
a mixture of gases. By pulsing a thin-film, which in itself is essentially a resistor, with a step current,
heat is generated and the heat transfer between the film and its surroundings can be quantified.
This heat transfer is dependent on the thermal product of the surrounding, which varies with gas
concentration. Therefore, the response of the thin-film can be used to measure gas concentration.

To better understand this concept, the Proxisense thin-film gauge was studied. A 1D model,
based on a semi-infinite assumption, was introduced to capture the heat transfer at the surface of the
thin-film, revealing a proportional relationship between temperature difference and the square root
of time. The gradient involved dependency on the thermal products of both the base and the fluid.
Alternative modelling techniques were discussed but the simplistic nature of the Proxisense thin-film
gauge meant the 1D model was sufficient. Experiments were conducted in water and the data was
plotted against the model, which remained accurate until approximately 30 ms. The assumptions
in the 1D model, such as zero lateral conduction and zero fluid convection, were no longer true

beyond that point. The validated model was used to simulate heat curves of air and argon for pulses



Chapter 7. Conclusions & Future Work 43

of 30ms, leading to a conclusion that the Proxisense sensor lacked the sensitivity to differentiate
between gases.

The focus shifted to MEMS technology as an approach to further develop the thin-film concept
for gas sensing. A MEMS device’s miniature size allows for increased frequency and sensitivity. The
Flusso FLS110 miniature gas flow sensor was studied as its two tungsten resistors could be treated
as thin-films on a fundamental level. Due to key differences in size, structure and material, the 1D
model could not be applied and a finite-elements approach was proposed. A network model was
developed to discretise the sensor and reproduce the rapid conduction and convection occurring at
each element. Whilst the network model was a significant improvement to the 1D model, it remains
a challenge to predict the correct response a priori.

The concept has been demonstrated experimentally, with the sensor showing good sensitivity
to air, argon and exhaled breath. Ambient experiments between air and argon resulted in a 8.39K
difference in final temperatures, equivalent to a 4.66 % difference during the step. This difference is
around 100 times larger than the maximum uncertainty of 0.0539 %.

Finally, it is noted that the Flusso sensor ran pulse lengths of 5ms, equating to a measurement
frequency of 200Hz. As discussed in Chapter 2, the fastest gas analysers on the current market
operate at 0.1 Hz, meaning the measurement frequency was increased by three orders of magnitude

in this project.

7.2 Future Work

There is significant scope to develop the concept and better understand the behaviour.

First, it would be beneficial to test the current network model on an additional set of data points.
The most logical progression was to experiment with different gases, in particular CO,, although
logistical difficulties with hazardous gases proved challenging. Whilst experiments in vacuum con-
ditions were looked into as an alternative, a setup for such tests could not be constructed within the
timeline of this project. In addition to being an opportunity to investigate the model’s performance
in a drastically different thermal product environment, vacuum tests would still be worthwhile as,
on the current market, there exists no technology to measure vacuum pressure at high accuracy and
frequency. It may allow for a completely different use of the Flusso MEMS sensor as a high frequency
vacuum sensor.

With the current network model, the convective heat transfer coefficient varies proportionally

with the thermal product, \/pcyk, of the fluid. However, this can further be improved using more
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sophisticated technology such as ANSYS. By modelling the exact geometry of the Flusso sensor, it is
possible to accurately simulate the convective heat transfer within the sensor. It would be significant
to investigate complex convective phenomena such as buoyancy that may be present at the miniature
length and time scales the Flusso sensor operates with.

In addition, better understanding of the SiO, material of the Flusso sensor’s membrane would
improve on another parameter of the network model in the form of thermal conductivity, k. As men-
tioned in Chapter 6, the thermal conductivity of the membrane can vary depending on its thickness,
temperature and crystalline structure. An investigation into these factors will return critical data for
better approximation of the k value.

The network model itself could also be developed from 2D to 3D, capturing more dimensions of
heat transfer with greater accuracy. This can realistically be approached in two ways: building on the
current model in MATLAB, or setting up a finite-elements or conjugate simulation. Either way, the
required computational power and duration will significantly increase. However, to obtain the most
accurate model for post-processing curve fitting, it is likely that such a process ultimately becomes
necessary.

Beyond the model, there are physical improvements that could be made to the sensor itself. De-
spite a significant increase in measurement frequency, the 200 Hz achieved in this project is still short
of the ~ 100 kHz desired in turbomachinery. The frequency can be increased by decreasing the pulse
lengths but such a change also lowers sensitivity. There are two approaches to maintaining sensi-
tivity with shorter pulse lengths: a more robust sensor that can withstand higher maximum voltage
and power ratings or a physically smaller sensor that experiences a larger temperature rise with the
same power settings.

Finally, the physical design can also be adapted for turbomachinery applications. Currently, the
Flusso sensor can only operate in two flow modes as shown in Figure 6.2. A more non-intrusive
method of gas sampling is desirable for measurements in blade film cooling, where the sensor can be
directly embedded into experiments.

The changes above would enable full practical application of the thin-film heat transfer approach

to gas sensing in obtaining instantaneous and unsteady turbomachinery measurements.
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