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" Abstract
DEVELOPMENT OF DYNAMIC PRESSURE SENSOR FOR HIGH
TEMPERATURE APPLICATIONS |
Alfin Leo

Concordia University

August 2010

Pressure measurement under high temperature environments is required in many
engineering applications and it poses many practical problems. Pressure patterns are
highly desirable for health monitoring for improved performance and accurate prediction
of remaining life of systems used in various applications.

Data acquisition in harsh environments has always been a major challenge to the
available technology. Sensing becomes more intricate in case if it has to operate under
extreme conditions of temperature. Propulsion system applications represent one such
area that requires a sensor that is absolutely accurate and has utmost sensitivity coupled
with the ability to withstand high temperature. The need for such sensors is driven by the
dependence of the performance of propulsion system on pressure pattern encountered
along the gas path. Associated with that, high resolution, small size, low time dependent
drift and stable range of measurement will complete the performance of such
Microsystems

Sensors using the current technology are capable of reliable measurement for a
limited time at an extremely high cost and are bulky thereby preventing online
monitoring. Improvement in the durability of the sensors requires new technology and

will definitely open new areas of research. A number of technologies have been lately
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investigated, these technologies targeting specific applications and they are limited by the
maximum operating temperature.

The objective of this research is to develop a dynamic pressure measurement
system that would be capable of operating at high temperatures with the technology of
the device based on Silicon Carbon Nitride (SiCN). The principle of operation is based
on the drag effect.

Silicon carbon-nitride (SiCN) is a material that has been little explored. The
service temperature of SiCN is in the range of 1400°C. The structure is produced from a
liquid polymer precursor that could be originally formed into any shape.

The proposed micro sensor can measure dynamic pressure and detects flow which
is very important to know as the flow continuity is critical in many applications.
Furthermore pressure measurement can be used as a base for many aspects. For example
the proposed micro sensor could be designed and packaged to be fitted in the gas turbine
engine. The correlation of the acquired data from the sensors may provide valuable
timely information on imminent instability in the gas flow, detect leakage, improve

efficiency etc.
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Chapter 1 : Introduction and Literature Review

1.1. Introduction

Pressure plays a key role in many engineering applications. History of pressure
measurement dates back to early 1643 when Evangelista Torricelli used mercury in tube
to measure pressure for the first time. Later Blaise Pascal studied fluids, and clarified the
concepts of pressure and vacuum by generalizing the work of Evangelista Torricelli.
Torricelli also postulated Torricelli's Law, regarding the speed of a fluid flowing out of
an orifice, which was later shown to be a particular case of Bernoulli's principle.
Bernoulli addressed compressible and incompressible flows and éstablished the base for
modern day’s pressure measurement. Present day instrumentation for pressure
measurement has refined itself but still when technology changes the need for pressure
measurement under complex environmental conditions and inaccessible spaces become

acute.

Measurement of pressure becomes more complex if the zone of interest
experiences high temperature. The gas turbine engine is an example where an extensive
study of pressure patterns along the flow path of air is needed. Continuity of flow needs
to be monitored closely since any interruption of flow would cause flow reversal that

would require the engine to be stopped and started again.

Gas turbine engines employed in civilian and military aircrafts have been very
important means of transportation which continues to demand outrageous amount of jet
fuel. The increasing energy consumption attributed to this industry demands extension of

operating envelopes of gas turbine engines to their limits to achieve higher thrust, better



efficiency, lower emissions, improved reliability and longer engine life. The industry
consensus is that these goals can be achieved by strategic measurements at various
locations in an engine for design optimization and real-time diagnosis during service [1].

Instrumentation at high temperatures has always challenged the available
technology. Gas turbines used in the aerospace industry operate at very challenging levels
of performance that require the stable operation of the compressor at all times. The
operating environment within the engine is characterized by strong Electro Magnetic
Interference (EMI) and high temperature, pressure, corrosion and turbulence, which
greatly impede the implementation of most of the currently available sensors. However,
during takeoff and landing, transient pressure fluctuations normally arise, resulting in
surge that is propagated to adjacent blades through the various stages of the compressor
which, in mere fractions of a second, leads to engine stall for high speed turbines,
resulting in the destruction of the engine [2].

Compressor surge generally occurs as a result of unsteady pressure fluctuations,
such as when the airflow on the airfoil has a positive angle of incidence. When this
occurs, there is a tendency for flow to separate, which creates a constricted passage for
further incoming air. As a result, reverse flow conditions are established and propagated
back through the engine, giving rise to compressor surge [2]. These conditions emphasize
the need for the study of these pressure fluctuations and means to measure them during

operation.



1.2. Motivation

Gas turbine engine uses air as a working fluid to generate thrust. These engines
have a superior thrust to weight ratio, unlike the IC engines and hence are used for
aviation purposes. The basic components of this propulsion system are fan, compressor,
combustion chamber, turbine and nozzle. There is a need to measure pressure at all these

components.

AR INTAKE COMPRESSION COMBUSTION EXHAUST
Continuous

Figure 1.1: Working cycle of gas turbine engine {3}

A detailed description on design and components of gas turbine engine is
available from various resources [3, 4]. Modern gas turbine engines are complex systems
that handle large quantity of air that convert chemical potential energy into useful thrust
safely, reliably and efficiently and it operates on Bryton cycle [3].

The working cycle of gas turbine engine in its simplest form is represented by the
figure 1.2. Process 1-2 1is isentropic compression where in the air from atmosphere is
compressed by multi stage rotary compressor (500°C, (965 kPa) 140 psi, 120 m/s at 2).
Process 2-3 involves the addition of heat to the compressed air (flame temperature

2000°C, Metal temperature 1100°C, 110 psi (758 kPa), 90 m/s at 3). In process 3-4



(500°C, 75 psi (517 kPa), 220 m/s at 4) the combusted gases expand through the turbine
and exhaust to the atmosphere [3]. The values of temperature, pressure and velocity could

vary based on the size, model and make of the engine, however, they follow the same

trend.
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Figure 1.2: Simplified Bryton cycle [3]

In order to make gas turbine engine more intelligent, with online condition
monitoring there is a need to embed more sensors to measure temperature, pressure
(static and dynamic), vibration, emission species, tip clearance, flow and acquire data
online. The present system has a control loop based on 6 sensors but the latest diagnostic,
prognostic and health management (DPHM) requirements demand many more sensor-s to
be incorporated. The measurement requirements for gas turbine engine applications are
technically very challenging as the sensor environment is more hostile. Gas turbine
engines are operated at increased pressure ratios, higher temperature, higher centrifugal

and aerodynamic loads. A sensor that would suit such conditions should be durable as



they have to withstand extreme conditions, remain functional at all temperature and
pressure cycles, minimize thermal drift and should be non-intrusive and easily installable
and replaceable.

Present day development in Micro Electro Mechanical Systems (MEMS) opens
up new rooms to embed micro sensors in complex systems such as gas turbine engines.
The widely used semiconductor pressure sensors have several major drawbacks in terms
of maximum possible operating temperature. MEMS is an enabling technology that
yields micro-machines that have the size of a grain of salt, integrating mechanical
elements such as those used for sensing and actuation, with electronics, such as those
required for measurements and control circuits, on a common silicon substrate. This
technology results in substantial cost benefits, directly through low unit pricing, or
indirectly by cutting service and maintenance costs. However, conventional silicon-based
technology produce components that cannot function at temperatures exceeding 200°C.
Beyond this temperature, the doped impurities get diffused within the silicon. This would
result in the failure of the electronic components of the sensor. At 600°C, silicon
mechanically softens there-by failing structurally and is unsuitable for high temperature
applications. Using silicon at temperatures of up to 250°C requires the utilization of long
wires to connect the sheltered electronics to the hot area sensors. Both of these
approaches result in serious setbacks in terms of implementation. Another drawback is
the bulky packaging that would be required to keep a Si-MEMS device operating in high
temperature environments since it would not only be impractical in cost but also in

weight and size.



Just to push the limit of operation Silicon on Insulator (Sol) based sensors could
go a little higher, however below 300°C [5]. Sol is based on the use of Silicon dioxide as
insulator on silicon substrate instead of conventional silicon substrate. The insulator layer
could be silicon oxide or (less commonly) sapphire. The primary barrier to SOI
implementation is the drastic increase in substrate cost, which contributes an estimated 10
- 15% increase in total manufacturing costs due to additional insulator deposition [5].
This Sol implementation does not provide too much gain in operating temperature as
well. Further Sol technology induces differential stress in the topmost silicon layer.

In order to overcome this drawback, extensive research is currently in progress to
use Silicon Carbide MEMS technology (SiC-MEMS). A silicon carbide pressure
transducer has been developed based on SiC-MEMS technology that can operate up to
500°C. However, the primary technique used to pattern SiC thin film is reactive ion
etching (RIE) and this is known to be time consuming, expensive, and technically very
challenging due to poor etch rate of SiC [6]

There is a vital need for sensor that would work in a high temperature regime.
Adaptability to the operating environment without intervention in the normal operation is
more important for online monitoring and hence mere capability to measure pressure at
high temperature without size advantage will not be enough. Hence it is highly desirable
that such a sensor is a micro sensor that would utilize the advantage of microsystems
such as low mass, high reliability, low energy consumption, low cost and option to
replace than to maintain. This is possible only when the sensor is made from a material
that would withstand high temperature without the need for cooling and most importantly

could be implemented with ease.



Recent results of research have overcome these problems by the exploitation of a
new class of polymer-derived ceramics, which essentially consist of amorphous alloys of
silicon, carbon and nitrogen, and is known as Silicon Carbon Nitride (SiCN). SiCN can
be derived from powder or liquid precursor and céuld be moulded into any shape. SiCN
has exceptional properties enabling it to be one of the best candidates for sensing
application at higher temperature [7]

Table 1-1: Physical properties of SiCN, SiC, Si;N4 and Si.

SiCN SiC Si3Ny Si
Max témpgrature O 1900° 1100° 1500° 600°
[Density (g/cm’) . 2.20 3.2 3.19 2.3
E modulus (GPa) 158 700 314 190
[Poisson’s ratio 0.17 0.19 0.24 0.27
oefficient of thermal

lexpansion CTEx10-6 (m/mK) 0.5 3.3 3.5 2.33
Hardness (GPa) 25 30 28 11.2
Fracture Strength (MPa) 500-1200 418 700 175
Fracture Toughness (MPa m'?) 3.5 4-6 5-8 0.9
Thermal Shock (Fom) 1100-5000 270 890

It should be noted from table 1.1, that SiCN ceramics have good properties to suit
high temperature applications and also they exhibit excellent creep and oxidation
resistance, which makes it one of best materials for harsh working conditions. SiCN is a

fullerene and resist oxidation to a greater extent. Hence, the main purpose of this work is



to enhance the knowledge of building a dynamic pressure sensor and develop a process
for fabricating hard, crack-free SiCN ceramics, which can successfully serve as the body
of pressure sensors, which could be used for online dynamic pressure monitoring in the

harsh environment of a gas turbine engine.

1.3. Gas turbine engine — instabilities

In gas turbine engines compressor surge and stall events are problematic as they
results in flow reversal, which requires the engine to be stopped completely to resume
operation. Compressor surge is an instability that results in a sharp reduction of airflow
handling ability of the engine or a flow reversal (flow reverses its direction and flows
from exit to inlet for short time intervals). Surge, if allowed to survive would result in
permanent damage to the engine. Surge may be accompanied by excessive vibration and
audible sound, however, surge can damage the system even without these symptoms.
Repeated compressor surge can result in the cracking of stator vanes and blades in the
compressor. Compressor clearances can also be affected with a resulting decrease in
efficiency and further reduction in engine stability. Stall consists of airflow instability in
the area of several adjacent blades. Stall may precede surge and can be detected as
precursors [1]

Performance map of a compressor (Figure 1.3) shows the variation of pressure
ratio as a function of corrected mass flow rate through it for a series of corrected speed
lines. The mass flow rate and speeds are corrected to compensate for variations in inlet
temperature and pressure conditions. Relative equivalent flow in x-axis is the ratio of

corrected mass flow rate to the real flow rate. Corrected flow is the mass flow rate that



would pass through a device if the inlet pressure and temperature correspond to ambient
conditions. Complete avoidance of the initiation of conditions that will lead to surge or
stall, requires engine designs to conservatively determine operational stability margins

that are far from the stability limit of the compression system.
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Figure 1.3: Performance map conditions |3]

The compressor operating line is the locus of points at which the compressor
operates. The surge line is the locus of points above which the airflow is unstable and
compressor surges. The locus of points that represents maximum efficiency operation

point is the maximum possible efficiency that compressor could attain without 1nitiating



stall/surge. Due to the proximity of the maximum efficiency line to the surge line and due
to lack of real time monitoring to locate the point of the operation at any given time in air
on the compressor map, compressors are normally operated at a point well below the
maximum operating line.

Compressor has to operate at a point well below the maximum efficiency point so
as to prevent the chance of slipping into surge line. The distance maintained to prevent
surge between the compressor operating line and the surge line is known as compressor
surge margin. These margins are achieved during compressor design so that the
compressor can be safely operated close to but lower than the maximum efﬁciéncy» point.
The design of the compressor should include this margin that results in over design of the
compressor. The total amount of margin is in the order of 35% [1]. This means that the
engine is carrying 35% more compressor capacity by design than it needs for steady state
operation. Compressor designers build in margin for engine acceleration, inlet distortion,
clearance changes, engine deterioration, and other factors. The penalties associated with
this extra margin are cost, weight, compressor length and number of parts.

Combustion instability is another type of instability that is prominent in gas
turbine engines. Combustion processes are associated with intrinsic instabilities, In
addition to this, combustion instability is also created in response to super-imposed
oscillations among which pressure oscillations are the most common [8]. The combustion
flames reach temperatures as high as 2000°C which is way higher than the capability of
sensors. Combustion process heats up fluid element and the expansion due to addition of
heat produces a weak wave that radiates around. This pressure wave could get reflected

by the walls of combustion system to affect flames there-by serving as a source of
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pressure disturbance. Combustion instability produces intense vibrations, structural
damage, high burn rates and can propagate upstream to cause a change in atomization

and vaporization process in the system [8].

1.4. Active control

Modern air-craft engines face challenging environment to satisfy customer needs
and these are hostile and still out of reach of instrumentation. Gas turbine engines are
expected to have high operational range while maintaining a very high level of operating
efficiency at low operating cost. Real time control can help to meet future engine
requirements by active improvement of the component’s characteristics. This concept
relies heavily on sensing of actual operating conditions and initiating actuator action.
Real time control can improve engine characteristics such as performance, durability,
emission control, and control of unsteady phenomenon that occurs mostly during
exceptional operating conditions such as inlet distortion, combustion instability, flow
separations, vibration and noise [9]. Current engines are open loop devices because of the
existence of operating gap between current instrumentation and the conditions that
prevails in some parts of the engine. Limited onboard computational capability and
relatively poor sensor technology do not allow active control [10] and these engines are
unable to respond to changing conditions during operation. This forces engine design to
be governed by large safety margin and restricts the exploitation of the engine capability
to the maximum possible extent. To minimize large safety margins it is necessary to
make the engines more intelligent by installing sensors for active control. The concept of

active control can be extended to different areas in gas turbine engine.
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Active inlet control to control flow distortions at the engine intake can improve
intake efficiency by minimizing inlet distortion problems and maintain flow conformity
upstream of compressor. This could possibly reduce the chance of compressor stall [10].

Active flow control involves the control of the air flow and combustion gases
through the engine to dynamica]ly alter its performance during flight. This would make

- the engine more fuel-efficient, and would lower emission of gases. Active flow controls
are yet to be realized as it requires further research on technologies to achieve intelligent
and embedded control at strategic locations along the flow path. Some techniques that
could be used for active flow control are pulsed jet (synthetic jets), vortex generator, air
foil morphing with shape memory alloys [11].

Active clearance control is another area of importance as improper clearance has a
negative impact on efficiency. Active clearance control helps to maintain stability and
efficiency by maintaining optimum clearance. Current clearance control is based on
thermal expansion of the casing which can be controlled by modulating cooling air [9].
But change of clearance with time is still an issue as this kind of control system does not
measure the actual clearance. The thermal inertia of casing prevents the linking of the
actual clearance and the amount of cooling air. Another type of active clearance system
has been suggested in [11] where-in there will be sensor that would measure the
clearance and an actuator that would adjust the position of the casing. The actuator may
be thermal, mechanical/pneumatic system. It is possible to control compressor stability
by the modification of local tip clearance using magnetic bearings [12]. The main
advantage of clearance control would be the capability to react on any clearance change

and counteract accordingly.
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Active combustion instability control monitors combustion process and controls
the input into the combustion process using a dynamic hardware component. Active
control in realistic combustors can be done using off phase fue] injection, to suppress
instability. A complete closed loop control of combustion instability suppression is
possible only with sensors and actuators that would sense and act in appropriate places
which is characterized by high temperature, high frequency vibration and corrosive
environment.

Active surge control is possible by measuring high frequency pressure and
velocity fluctuations as these waves or pressure spikes are the precursors of surge. Active
surge control could give a direct benefit by enhancing stability of the compressor. In
addition, it would reduce the surge margin by allowing the compressor to operate close to
the maximum operating point. This additional margin could enhance overall
performance and efficiency.

Gas turbine engine is no exception as any other application that comes with
requirement to measure temperature, pressure at high temperature etc. Sensors play an
inevitable role in real time control by providing a signal that characterizes the current
condition of the system and provides input to the controller. This task could be
accomplished only by placing sensors at correct locations that would provide a reliable
measurement. Active control technology while sensing different parameters such as static
pressure, dynamic pressure, temperature, distance, emissions, jet direction etc., is aimed
at improving overall efficiency and reliability of the gas turbine engine. Active controls

for different parts of the GTE are cited in table 1-2.
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Table 1-2: Generic sensor requirements {13-17}

Technology / sensed variable

Required sensor specifications

Combustion instability control

Thermo acoustic instabilities

~+1 psi (6.9 kPa)dynamic pressure measurements
~ 700 Hz bandwidth
+ 5 % accuracy

1540 °C, + 400 psi (2759 kPa) combustor

environment [13]

Emissions species monitoring

Array of emission species (CO,CO,,NO) and dynamic

pressure measurement (with above specs) [13, 14]

Active flow control

Flow separation

~ £5 psi (34.5 kPa) dynamic pressure measurements
~ 1 Hz bandwidth
+ 0.5 % accuracy

95 °C, ~35 psi (241.3 kPa) environment [15]

Active stall control

+5 psi (34.5 Kpa) dynamic pressure measurement
~ 5 kHz bandwidth
+ 0.196 % accuracy

~95 °C, ~35 psi (241.3 kPa) environment

Active turbine clearance control

Blade to case clearance

0-100 mil (milli inch) distance measurement
~ +1 mil accuracy
50 kHz bandwidth

~ 1370 °C HPT environment [13]

Burmner pattern factor control

~ 1540 °C temperature measurement

+ 2 % accuracy

14




<1Hz bandwidth [13]

Structural health monitoring

Vibration

Multiple low cost, light weight, vibration sensors

Band widths up to 50 kHz [13]

Structural health monitoring

Blade health

Tip clearance accuracy of 1 -5 mils (higher resolution
as clearance is reduced).

Temperature upto to 1540 °C in turbines stages.

Band width of 100 — 500 kHz dependent on blade
speed

Vibration environment upto 300 g peak

Prognastics and life usage

monitoring

Metal temperature sensors (1095°C in turbine section)

Component stress strain measurement

Active inlet control

Pressure sensor array
37.5 psi (258.5 kPa) nominal operating pressure

+ 0.1 % accuracy [16]

Performance diagnostics

Gas path debris

Capability to detect debris of size 40 p and larger.

Inlet (-50 to +65 °C) [17]

Certain sensors for use in GTE have to satisfy high frequency and wide range

requirements, and sensors available today can deal with those requirements to some

extent. One of the problems is the exposure to high temperature that demands new

materials and sensing scheme that would make real time control possible in certain areas

facing high temperature above 500°C. Today’s GTEs are reliable and safe but they are

expensive to operate and maintain [18] .The sensors used in active control systems should
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be affordable, light weight, readily installable and accessible. Real time or active control
is expected to enhance engine functionality, reduce emissions and noise, however, this

comes with increased complexity.

1.5. Dynamic pressure measurements

Dynamic pressure is one of the important information that is required for real time
control. Dynamic pressure measured at various sections will give different information.
For example in compressor section the pressure would provide details about the rpm of
the compressor blades, the change in clearance between the blade and the shroud (change
in shape of the shroud due to its self weight) and detect blade failure.

Dynamic pressure measurements in the compressor have a direct role in the
detection of compressor stall events. The need for accurate high temperature dynamic
pressure measurements is an integral step in implementing active control system for
performance enhancement of gas turbine engines. Frequency response will be a major
issue of such a sensor and the desired frequency response will be around 100 kHz. In
today’s large gas turbine engine the exit temperature of the compressor is as high as 650
°C—-760°C [11.

Dynamic pressure sensors for real time sensing and control are required at
different parts of the gas turbine engine. In order to avoid catastrophic instabilities it is
important to have a reliable control system for early detection of incipient surge. This
generally relies on accurate pressure measurements using dynamic pressure transducers
located on the stator of the various stages of the compressor. Stall margin management

and active surge control requires measurement of dynamic pressures as high as 35 kPa
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and combustion instability suppression requires 10 kPa dynamic pressure measurement
[19]. There are sensors that would deal with the above requirements provided those
measurements are done at ambient conditions but there are other environmental factors
like high pressure and temperature that restricts the use of those sensors.

The normal technique to handle such a high temperature is air or water cooling.
However, even with temperature compensation the accuracy of the pressure component is
usually compromised [20]. In GTE a dynamic pressure transducer capable of operating at
high temperature with a high bandwidth would have multiple applications of interest. for
example 1) surge/stall measurement i) individqal blade pressure iii) combustor instability
and iv) pressure distributions on rotating hardware.

Weigl et al. [21] demonstrated that stable operation could be achieved over a
wider range of flow conditions with a minimal loss in performance through active or
passive control of the flow conditions. If active surge control could be achieved it is
possible that a stage of compression could be eliminated from an engine with the
following benefits for a typical military type of engine [22].

+ 5 % Thrust

-1.5 % Thrust specific fuel consumption

-3.2 % Acquisition cost

-1 % Operating cost

Surge free operation

Extension of maintenance intervals

Passive control incorporates a design that results in self-correcting flows as

reported by Crook et al. [23] and Saha et al. [24]. On the other hand active suppression is
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generally considered more effective being a response to a measured anomaly in the flow
as reported by Paduano et al. [25] Weigl et al. [21] Suder et al. [20]. However, the
effective implementation requires the use of sensors, actuators, and controllers to detect
and rectify the incipient instabilities of the system. This would generally result in an
increased weight and consequently cost offset any benefits derived from an enhanced
engine performance.

Clearance management is also an important parameter that requires measurements
between the blade and the shroud. Change in clearance can be caused by self weight of
the engine under non operating conditions and could go intﬁcat¢ and highly time

dependent due to thermal expansion of shroud and centrifugal forces due to rotation.

Blade

Figure 1.4: The change in clearance due to the self weight of the engine

Pressure and temperature measurement is thus of great importance as the first step
towards active turbulence monitoring and control. Online condition monitoring of the gas

turbine engine requires a sensing system that would withstand temperatures above 500°C
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and it is highly desirable that it is a micro sensor. Once in place, the sensor relays
information to a control system that can automatically adjust the engine for smoother

operation, which will improve the engine operational performance and reliability.
1.6. Pressure measurement at high temperature and applications

Pressure is the second most sought parameter after temperature in various
industrial applications and is one of the most important physical quantities that drives
various engineering applications. Pressure measurement techniques have grown to a level
where different sensing methodologies are available for different applications and
different ranges of pressure. Pressure measurement has reached another dimension as
some applications come with a harsh environment that impedes the use of traditional

pressure measurement devices.

1.6.1 High temperature regime

Most of the applications demand measurement of temperature and pressure at the
same time and at the same location. These locations often are under extreme conditions.
Some of the applications require information at the operating temperatures exceeding the
nominal limits (125°C or 155°C). Under such circumstances, there may be other
challenges associated with the high operating temperatures.

High temperature is a general term that is benchmarked based on the application.
For domestic purposes even 100°C could be considered as high temperature, whereas in
gas turbine engines 500°C is quite common. The high temperature regime (at which the

dynamic pressure is intended to be measured) targeted in this work is above 500°C which
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is more than the sensing capability of most of the commercially available sensors.
Leading sensor manufacturers like Kulite Inc and Vibrometer Inc have reached limited
success in measuring pressure at 750°C but this sensor is bulky, expensive and restricted
to one time use due to very high thermal drift. Pressure measurement at this temperature
is performed using these expensive pressure sensors only in test rigs.

Pressure measurement, unlike temperature measurement, does not yield for non
contact type measurement as in pyrometers for temperature measurement. Pressure
measurement at high temperatures is extremely difficult due to the following factors

< Above 200°C lateral thermal diffusion affects micro electronics.
<+ Lack of existence of wires or need for high insulation to withstand high

temperatures in flexible and compliant conductors.
¢ Thermal oxidation and scale formation.
+» Excessive thermal expansion/mismatch challenges the integrity of the structure.
¢ Thermal stress and drift limits the operation.
++ The signal transmission, wiring, packaging and maintenance issues.

Currently available technologies (like Sol, SiC) to measure pressure at high
temperatures in the range of 300°C - 500°C [26] [27] do not satisfy the acceptable
lifetime requirements to be used in engine environment. Also these pressure sensors
designed to work at this temperature range cannot be used in temperature regimes and the
harsh environment in engines due to issues related to implementation and packaging. In
case the sensor is designed to address the above issues they become expensive, bulky and

most of the time is restricted to single use.
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Pressure measurement for active inlet control involves measurement at
compressor inlet with impurities like ice, sand and dust. Also temperature is in the range
of -60°C to +65°C [19] due to air preheating and exhaust gas recirculation. Pressure
measurement is necessary to predict noise, complete / incomplete combustion and to
study the inlet distortion detection in order to manage inlet stability etc.

Surge and stall detection requires dynamic pressure sensor with a frequency range
of 5-40 kHz and 35 kPa, and these requirements could be met by currently available
MEMS sensors [19]. But high temperature environment prevents the use of these sensors
to ranges below 250°C while temperatures can reach in the range of 500°C and up to
700°C depending on the type of compressor used [19]. Hence Si and Sol sensors cannot
be used and there is a need for SiC or SiCN based sensors as these materials are
compatible with MEMS technology and could be potentially embedded within the
system.

In addition, thermo acoustic instability detection requires dynamic pressure
sensors with a minimum of 10 kPa dynamic pressure, atleast 1 kHz bandwidth and
operating temperature of 1700°C [19]. Dealing with temperatures in the range of 1700°C
is out of discussion at this time. There is a gap in pressure measurement when it has to be
extended to a high temperature application. This gap could be addressed by materials
such as SiCN even though there are serious issues like sensing concepts that could
operate at very high temperatures, data transmission from high temperature zones, wiring,
packaging and high temperature electronics.

Pressure measurement at high temperature is not only an issue in engines, but also

is important in oil industry as downhole pressure measurement 1s an important parameter
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for oil reservoir prognosis. The conditions are high temperature (300°C), high pressure,
vibration, shock, confined space etc [28]. Other high temperature pressure measurement
applications would include geo thermal power plants (300 -1000°C), nuclear reactors
(300-700°C), coal gasification plants (500 -1000°C) [29]). All these applications require
drift and maintenance free sensors and are to be placed at locations that may not be easily
accessible.

1.6.2 Sensors for high temperature applications

Aecrospace industry has a great need for sensors that can be installed and
practically operated at any location and temperature conditions on a modern engine for
intelligent control and health monitoring [30]. It is highly desirable that the sensor is
small, wireless, has little or no integration impact on the performance of the engine,
power consumption is low, and is able to withstand high temperature and corrosion
induced by flames apart from the regular requirements of a sensor in terms of accuracy,
resolution, stability etc.

The above requirements could be met with advances in enabling technologies
such as Micro Electro Mechanical Systems (MEMS) or MOEMS (Micro Optical Electro
Mechanical Systems). As of today there is a void in MEMS based sensors that would
operate at high temperatures and there are still significant technical challenges related to
materials, fabrication technologies, data acquisition from zone of interest, packaging and
high temperature electronics. The failure mechanisms normally found in micro systems
such as material incompatibility, stiction, creep, and environmentally induced stress are

aggravated with temperature [31]. Further screening, qualification and testing of MEMS

22



for these applications are very essential due to high factor of safety and reliability issues
[31].

MOEMS uses optical techniques which can take the advantage of optical systems
such as high temperature operation, immunity to Electro Magnetic Interference (EMI),
high bandwidth, small size and weight. Currently the gas turbine engines do not have
optical sensors integrated in it since controller for gas turbine engine Full Authority
Digital Engine Control (FADEC) does not have an optical interface. The interest for such
a sensor is so high that this technology cannot be ignored. The only issue in using optical
means is that FADEC (Full Authority Digital Engine Control) would have to incorporate
opto-electronic interface [32].

Locating internal sensors in various parts of engine may be labour intensive in
terms of positioning while getting leads out of the engine might be intricate. Moreover
significant work is required so as to enable engine hardware to permit applications and
lead wire routing. Also wiring these sensors will be a real challenge as it needs special
wires that would sustain extreme temperature conditions. Ni-30%cr-16%S1 alloy is used
as material for construction for these wires which could work at 815°C with insulation
[33] but the wires themselves are bulky and in certain case the diameter would be larger
than the size of sensor itself.

Telemetry system may be used to achieve trouble free data acquisition but
transmitter frequency drifts with change in temperature and that poses a problem. In spite
of compensation for thermal drift currently available telemetry systems can only transmit
data from an environment that is exposed to temperature of around 290°C [34]. Power

supply to those systems is also a major problem which needs to be addressed in case of
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using telemetry systems. Use of wireless sensors would reduce the complexity of lead
wires and other means of data transportation accessories. This may exempt the engine
from unnecessary instrumentation for wired data transfer system. Realising a data
acquisition and transmission system would be an issue as aerospace components have to
undergo meticulous qualification criteria. Various sensors that could be used for pressure

measurement at high temperature are discussed below.

1.6.2.1 Thin film sensors

Thin film sensors are mostly used in view of their light weight, minimally
intrusive nature and low power consumption. However due to high temperature
conditions and cycles of temperature the use of these sensors is limited in gas turbine
engines.

Thin film sensors were mostly used as gas sensors (which are based on adsorption
by thin film oxides that produce a conductance change) and have a long history [35].
Also gallium and titanium oxide based thin film sensors could operate at higher
temperatures in the range of 80°C -120°C for oxygen sensing [36].

Miniaturization of sensors and electronics eliminated large classical sensors in
many applications related to aerospace. The thin film sensors have several advantages
over classical sensors [37]. They are considerably thinner than wire/foil strain gauges.
The thin film sensors offer fewer disturbances to the operating environment, and have a
minimal impact on the physical characteristics of the supporting components. In addition
several thin film sensors have been tested in different engine conditions up to a

temperature of 1100°C in NASA Glenn research center [38].
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Platinum deposited as thin film maintained the property of bulk material except
for shight difference in density. Thin platinum films produce a very stable and constant
resistivity over thermal cycles from 100°C in steps of 100°C for 1 hour up to 1400°C. The
results indicate that at 1200°C the platinum film resistivity changes [39]. Aerospace
applications have much more intense and transient cycles of temperature. Thermal
scaling due to oxidation at high temperature is another issue that has to be addressed.

Metals may form thin films on their surface when exposed to high temperatures
due to the reaction of the surface of hot metal with the atmosphere. Some metals like
platinum are more resistant to oxidation. Film loss via oxidation on platinum thin films
exposed to temperatures in the range of over 900°C is reported [40]. For temperatures
above 900°C a film loss model was developed predicting a loss rate of 62 A/hr at 1000°C
and 2500 A/hr at 1500°C through volatile oxidation. Volatile oxidation of metals at
higher temperature poses serious issues if the body of the sensor is made up of metal.
Hence it is desirable to fabricate the sensor with a material which is more resistant to high
temperature oxidation.

Advanced thin film strain gauge and thermocouples are reported by Lei et.al. [41].
The strain gauges are made up of Palladium - 13% chromium alloy and the
thermocouples are platinum — 13% rhodium versus platinum. PdCr dynamic strain gauge
is stable and repeatable between thermal cycles of 1100°C. Also thin film thermocouple
could provide surface temperatures up to 1100°C. However, in high pressure high
temperature conditions, it is difficult to obtain temperature data [42]. Reliability and
durability of these sensors have to be developed and the lead wire attachment techniques

to both the thin films and substrate materials need to be improved.
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Fabrication of thin films to suit high temperature application is discussed in [43].
Reactively sputtered process is used to develop a multilayer thin film strain sensor for
large temperature range. Two multifunctional sensors were fabricated using Tantalum
nitride (TaN) and palladium chromium (PdCr) thin films. The sensors are fabricated in
fine line widths utilizing the sacrificial layer lift off process that is used for micro
fabricated noble — metal sensors. These films are suggested to be suitable for temperature
applications in the range of 20°C to 120°C due to the low temperature coefficient of
resistance of the thin films.

The feasibility of utilizing photo]ithogaphy techniques for durable measurement
processing for patterning thin film sensors is discussed by Lisa C Martin et al. [44].

Rajanna et al. [45] have reported a pressure sensor with Au-Ni (89:11) alloy thin
film strain gauge. With a thickness of around 650 A it has been reported that maximum
non-linearity and the hysteresis is improved from 0.92% FSO to 0.06% FSO after 1000
pressure cycles. But these sensors are intended to work in normal temperature conditions.
Further, 1000 pressure cycles could be attained in few seconds in aerospace applications
and a pressure sensor with higher capability to resist pressure cycles is desired.

Chung {46] reported a thin film pressure sensor for static pressure measurement
based on chromium nitride Cr-N, and tested till 200°C. Cr-N sensor showed decrease in
sensitivity from 1.21mV/V/Kgf/em® at room temperature to 1.097mV/V/Kgf/cm® when
temperature is increased to 200°C due to negative co efficient of resistance. Thin film loss
would be a problem apart from thermal drift caused by change in resistance due to

change in temperature.
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Chromium silicide and Tantalum carbide CrSi; / TaC ceramics are better in terms
of high stability and robustness [47]. CrSi, and TaC is used for 650°C and CrSi, and Pt is
linear up to 600°C.

Thin film sensors have inherent advantages in terms of minimal interference,
easy installation, good repeatability, and have disadvantages in terms of lead wires to
transfer data from high temperature zone and loss of film thickness at extremely higher
temperatures. Thin film loss even though in the range of 2500A / hr at 1500°C is
significantly higher and it is not suitable for prolonged use at high temperatures. The

current work suggests the use of a polymer based SiCN based sensor.

1.6.2.2 Optical sensors at high temperature

Optical sensors employed for pressure measurement are based on various
principles, among which the most common are
1) Reflection of light from an elastic element that deflects due to pressure signal.

11) Fibre grating based sensors selectively reflects one wavelength while transmitting
others. Under pressure there is a change in location of the filter band, specifically
the peak in the spectrum reflected from the fibre grating.

Optical sensors use optical beams characterized by several variables such as
intensity, spectrum ;;hase, wavelength and state of polarization to measure an external
physical quantity including temperature, pressure, strains etc. An optical measurement
system consists of two parts. Optical sensors in reflection mode uses a fiber optic cable
that could sense the deflection of a sensing element which deflects based on the intensity

of pressure that has to be measured. Thus optical sensor needs a fibre optic cable and a
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sensing element which is a diaphragm or a cantilever beam in most cases. The change in
the property of optical beam has to be processed by signal conditioning unit.

Temperature is the most sought physical quantity followed by pressure. Optical
sensors for measurement of high temperatures is an area of extensive research and new
materials such as sapphire based fibre optic cable are used for this purpose [48]. Fibre
optic sensors are characterized into major groups including intensity based fibre optic
sensors, color modulated fibre optic sensors, phase modulated (interferometric) fibre
optic sensors, polarization modulated fibre optic sensors.

Fibre optic based sensors are also used to measure pressure in view of the
advantages they offer [49, 50] such as

Immunity to electromagnetic interference (EMI)

Low noise

Wide range of measurand

Remote sensing capability

High resolution and reliability

Safe operation as no chance of spark generation

High frequency response

In addition to these advantages due to improvement in MOEMS / MEMS
technology the optical sensors also yield themselves to miniaturization [51].
Miniaturization also imposes the need for new / special materials that would withstand
rugged conditions and yield itself for micro fabrication.

Fibre optic sensors have been demonstrated using different optical techniques

such as interferometry [52], micro bend created by pressure [53] and photo elasticity [54]
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and grating based sensor [55][56]. Even though fibre optic based sensing was mostly
propagated for pressure measurements in room or low temperatures recent advances and
industrial requirements have extended their use for higher temperatures.

For pressure measurement in various temperature levels different types of fibre
optic cables are used. Metal (aluminum, stainless steel, nickel) coated fibre optic cables
are used for pressure measurement in the range of room temperature to 600°C and fused
silica cladding with Germanium doped fused silica as core based fibre optic sensors are
used for pressure measurement from 200°C up to 700°C [57][58]. This could be possibly
extended to higher temperature by using different coating material. Also fiber optic
cables based on sapphire and cubic zirconium could prove operable at 1093°C and
1026°C, respectively [59][60]. Sapphire has excellent optical qualities with a melting
point of about 2000 °C. These fibre optic cables that could function at higher
temperatures could effectively function as wires at high temperature that would carry
optical signal [60].

Performance of fibre optic sensors has been tested for dynamic cylinder pressure
measurement in spark ignition engine and the results are in good agreement with those
from temperature compensated piezoelectric sensor [61]. The amplitude and frequency
encountered in engine cylinders are up to 12 MPa and 20 kHz, respectively. However, the
tests were done for a maximum of 4000 rpm with a peak pressure of 80 kPa. The use of
optical sensors for dynamic pressure measurement is encouraged by using a diaphragm
based high bandwidth optical sensor to measure rapidly changing pressures in an
explosive air blast [62], thereby demonstrating the application of high band width fiber

optic sensor for the measurement of explosive shock waves.
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One of the major problems and limitations of fibre optic type of pressure sensor
used for pressure measurement at higher temperature is the thermal expansion / thermal
mismatch and creep of the material of the sensing element (mostly diaphragm). This
induces thermal stress caused by thermal expansion since this stress fluctuates with
ambient temperature and disturbs the sensor signal. In addition optical sensors require
clean environment which is not achievable in most of the applications that comes with
harsh conditions.

Research carried out in this area, for more than 30 years have greatly enhanced
the capacity of optical sensors and have increased the application potential of these types
of sensors. The cross sensitivity to temperature of fibre optic pressure sensor could be
minimized by the use of single deeply corrugated diaphragm (SDCD) [63]. SDCD has a
flat suspended region that is suspended all around with free side walls. SDCD consist of
i) sensing region ii) corrugated region and iii) outer region. The corrugated region
(suspending side walls) is to transform loads (especially thermal loads) at outer region
into local transformations with a small impact on sensing region, thus having a stress
releasing and buffering effect on the sensing region of the diaphragm. Even though
SDCD could minimize the temperature effects when compared to normal diaphragm
sensors, the thermal effects cannot be completely ignored. Hence materials to resist high

temperatures have gained importance.

1.6.2.3 Microwave sensors

Microwaves are used for sensing applications in the form of transmission sensors,

reflection sensors, radar sensors, radiometer sensors. The basic transmission sensor
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consists of two horn antennas configured in such a way that microwaves pass through the
object. The attenuation or phase shift is measured. The reflection sensors are based on
the measurement of the reflection coefficient, for example from the open end of the
transmission line. Radar sensors measure the flight time or the frequency of the echo
from an object. The sensor may be a pulse, impulse, FM or Doppler radar or an
interferometer or a combination of those. Microwave radiometers receive the blackbody
radiation emitted from an object.

Micro wave sensors are a type of sensors that have grown with the industrial
automation. Microwave sensors are used for a variety of applications in the industry, in
medicine, and for research purposes. Microwave sensors are based on interaction
between microwaves and matter. This interaction may be in the form of reflection,
refraction, scattering, emission, absorption, or change of speed and phase which could
classify them into different types. They can form different types like resonator sensor,
transmission sensor, reflection sensors, radar sensors, radiometer sensors which have
solved new measurement problems faced by modern industries [64]. Microwave sensors
are used for various applications involving measurement of distance, measurement of
movement, shape and particle size and measurements related to material properties. In
general micro wave sensors have the following advantages and disadvantages [65]

Advantages

»

% They do not need mechanical contact which facilitates easier online
measurements with minimum or no interference.

% Microwaves can penetrate all materials except metals

5

*

They are selectively insensitive to environmental conditions such as water vapour,

dust and high temperatures.
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They are less sensitive to build up than capacitive sensors.

At power levels used for measurement with microwave sensors, microwaves (non
ionizing radiation) are safer than radioactive radiation.

They can have associated electronics away from the measurement zone.

They do not affect the material under test in any way.

Disadvantages

The electronic components that operate on high frequency are more expensive.
Must be calibrated separately for different material and in addition every
microwave sensor is specific with respect to a specific application.

Sensitive to more than one variable and it has to be compensated in some cases.
Achievable space resolution is limited due to its higher wave length.

Considering the advantages and disadvantages of micro wave sensors and its key

characteristic of being insensitive to high temperature it is fair to expect this type of

sensors to be used for high temperature applications. ASIC technology will make these

sensors smaller, less expensive and more applicable for different fields. Falling prices and

higher availability of components for higher frequencies will open new application for

these sensors. The possibility of moving the signal processing units from the zone of

measurement could make measurements in high temperature zone easier.

1.6.2.4 MEMS candidates for high temperature

Harsh environment applications represent an exciting new frontier, challenging

the capabilities of micro technologies. Micro-machined sensors gained importance in

sensor market due to the following advantages [66] apart from conventional benefits.
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¢ Small form factor — Some applications have size and weight constraints, smaller
systems tend to move more quickly than larger systems because of lower inertia
of the mass. Minute sizes of small device encounter fewer problems in thermal
distortion and resonant vibration of a system as natural frequency is inversely

proportional to the mass. Smaller system has higher natural frequency.

o
%

s Leveraging from IC industry — Manufacturing processes are borrowed from IC
industry, this ensures low cost of MEMS devices due to possibility of batch
fabrication and monolithic integration — integrating electronics and micro sensors
on same substrate.

+»+ Low power consumption and low noise

O/
X4

L)

Possibility of wireless approach and energy harvesting.

MEMS based micro pressure sensors use capacitive [67] Piezo resistive [68] and
optical [69] methods of pressure measurement. Even micro machined pirani gauge
capable of measuring vacuum pressure down to 107 torr is reported [70]. Piezo resistive
sensors as compared with other types of sensors are in high demand due to its enhanced
performance. In spite of being successful in normal conditions of temperature, silicon
based micro sensors fail at temperatures higher than 200°C.

MEMS devices are mostly made of silicon and are capable of withstanding
200°C. A novel high temperature sensor based on Silicon on Insulator (Sol) technology is
developed by implantation of oxygen (SIMOX) and due to its good linearity it is
recommended for pressure measurement in high temperature applications [71]. Sol
technology makes possible monolithic integration of sensors with complex high

performance electronics [72] which makes it a successful sensor technology. But Sol
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technology is found to be ideal for applications with temperature in the range of 250°C -
300°C. Applications demanding more than this range have to be met with some other
method of measurement. This triggered the research in the area of Silicon Carbide (SiC)
to be used for sensing applications.

SiC based sensors have been found suitable for high temperature applications due
to its excellent mechanical and electrical characteristics. SiC is a semi conductor which is
also famous for its chemical inertness. This makes it very hard to etch. These properties
make SiC based sensors suitable for use in 1) high temperature applications ii) extremely
harsh environments [73].

SiC 1s a semi conductor that also possesses excellent electrical characteristics
such as wide band gap (3.0 €V) and high electron saturation velocity (2x10” cm/s) [74].
SiC apart from being body of sensor is also found suitable for transistors due to the above
mentioned characteristics [75]. SiC' sensors for various applications like drag force
transducer, and gas sensing application has been successfully fabricated and tested in
[761{771.

The problems (for example lateral thermal diffusion) associated with silicon based
sensors when exposed to high temperature was minimized by having a layer of SiC
uniformly deposited on silicon wafer and using phosphorous silicate glass (PSG) as an
insulation layer as well as bonding material [78]. The pressure sensing diaphragm is
made from SiC and the silicon substrate is isolated from the high temperature zone. This
kind of approach could push the temperature limit to 400°C with a linear response
between 1100 and 1760 torr at 200°C with a sensitivity of 7.7 fF / torr [79] for a

capacitance based SiC diaphragm based pressure sensor. Poly-SiC films when doped
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with nitrogen could exhibit piezo resistivity and this characteristic was used to make
piezo resistive high temperature pressure sensor using silicon nitride as insulator between
the piezo resistor and the diaphragm [80]. Piezo resistive SiC pressure sensors could
withstand up to 400°C and exhibit a sensitivity of 177.6 mV/V*psi at room temperature
and 63.1 mV/V*psi at 400°C. Detailed study of temperature dependency of output of
piezoresistive SiC pressure sensor is reported in [81] in which temperature  coefficient
of resistance changes from -3.07 %/ 38°C at 82.5°C to +4.24 % / 38°C at 260°C.

Electrical mode (measurement using electrical signals) of measurement is more
suitable for dynamic pressure measurement as the data is time Variapt and may occur with
high frequency. SiC piezo resistor that could operate at 500°C is reported [82] for
dynamic pressure measurement with a sensor natural frequency of 30 kHz. However, it is
highlighted that the pressure sensor is sensitive to temperature. Detailed test for
temperature sensitivity is described in [83], in which the SiC sensor is compared with a
reference piezo electric pressure transducer, that is commercially available which is
bulky, expensive and a single use type used for test rig measurements. It is reported that
at highest temperature (420°C) the output was lower than the reference transducer.

SiC films have been investigated for applications targeting high temperature,
where most of these applications require SiC to be in contact with metal electrodes.
Metals at high temperatures diffuse into SiC and control of quality in the interface is a
crucial issue. Metallization contacts of a SiC based device intended for high temperature
degrades because of factors like inter-diffusion between layers, compositional and
structural changes, thermal and / or structural induced stress that can take place at the

metal / semi conductor interface [84].
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SiC sensor backed up by its material properties to withstand harsh conditions
provides chances of direct insertion into high temperature environment with the need for
external cooling. However devices of this capability fail with prolonged usage. There are
two possible reasons for failure. The first is associated with changes in resistance at
metallurgical junctions between sensors and wire bonds which weaken the bond, and also
change in bridge resistance with temperature [85][86]. The second mode of failure is due
to thermal stresses developed due to mismatch in coefficient of thermal expansion
between the sensor and the package components [87]. These failure modes reduce the
reliability of these sensors based on evaluation of SiC sensor to be in satisfactory
operation for around 130 hours at 300°C [88].

Although SiC based sensors pushed the limit of operation of pressure sensors to a
higher temperature, they pose inherent problems in terms of high thermal stress due to
higher CTE (table 1.1), and complex fabrication issues [89]. Many applications require
sensing at temperatures beyond 500°C and SiC cannot be used for pressure sensing in
environments above 500°C. Special technology and material is required for sensors to
operate at a temperature higher than 500°C. The challenge for a high temperature sensor
resulted in the new class of ceramic Silicon Carbon Nitride (SiCN) made directly from
liquid precursors called poly silazanes. SiCN with operating temperature of 1400°C is
comparable with pure chemically vapour deposited SiC in terms of oxidation resistance
[90]. SiCN when compared with SiC provides advantages in terms of withstanding higher
temperature, ease of fabrication as innovative precursor based processing leads to low

cost and flexible manufacturing and reduced coefficient of thermal expansion. In addition
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SiCN has the functional advantages over SiC such as chemical inertness, oxidation

resistance, and corrosion resistance at higher temperature.

1.7. High temperature considerations

Pressure measurement in high temperature environment poses certain complex

problems. A list of few is provided below

)
o

Change in structural, electrical and mechanical properties of materials.

Cd

.
»

Creep

®,

5

A

Thermal drift

L)
0.0

Thermal expansion and stress developed due to thermal expansion and
thermal mismatch.
s Diffusion of doped impurities especially in micro electronics.
¢ Softening of materials thereby challenging structural integrity.
% Scale formation due to thermal oxidation

Most of the problems discussed above are related to the material that is used as
the material for the sensor. This triggered the exploration of ceramics for high
performance engineering. Ceramics are better in withstanding high temperature with low
thermal expansion and negligible scale formation due to thermal oxidation and better
resistance to corrosive environment. The main difficulties to overcome in using ceramics
are brittleness of the material, fabrication complexities, and creep. The next section will
discuss the possibility of using Silicon Carbon Nitride (SiCN) for high temperature

applications, which is polymer derived ceramic that can be moulded into any shape.
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1.7.1 Silicon carbon-nitride (SiCN) as sensor material

MEMS technology has not yet come up with sensors for high temperature (higher
than 500°C) or harsh corrosive environment applications, specifically for gas turbine
engine applications. This is because MEMS technology uses materials that are not
structurally stable at temperatures above 500°C. High temperature requirement comes
with challenges associated with thermal expansion, thermal shock, oxidation as
temperature acts as a catalyst to corrosion and also promotes structural rearrangement.
Ceramics could properly operate under these extreme situations. New MEMS systems to
withstand higher temperatures are required that would be made from various materials
including ceramics since they can withstand high temperature, are chemically inert and
abrasive resistant, and have low degree of reactivity with oxygen and water.

Material that would form the body of the sensor to be used in high temperature
application must have the following characteristics
¢ Chemical inertness and abrasive resistance
¢ Ability to stay functional at high temperature
% Low coefficient of thermal expansion
¢ High figure of merit value for thermal shock resistance

SiCN is a class off recently derived ceramics that remain mechanically stable at

temperatures in the range well above 1000°C. At high temperatures around 1000°C SiCN
is stable but there is a structural re-arrangement with negligible changes in chemical
composition [90]. SiCN aroused interest due to its wide band gap and good field emission
characteristics in addition to the high bond strength and short bond length of SiCN, which

is comparable to those of diamond [91]. Chen et al. [92] have reported hardness and
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effective modulus of crystalline SiCN to be 30, 321.7 GPa, respectively, and amorphous
SiCN to be 22 and 164.7 GPa, the value of hardness of crystalline SiCN to be as high as
cubic boron nitride. SICN apart from being popular as a thin film, is also used as an etch
stop due to chemical inertness exhibited by SiCN. The use of SiCN as an etch stop
improves etch selectivity, manufacturability of etching processes and enables the use of
thinner etch stop layers [93]. -
SiCN having high temperature capability could incorporate other features that are
listed above that make them a suitable candidate for fabrication of
«» MEMS that can operate in high temperature environment, such as sensors for gas
turbine engines.
s MEMS that can handle high temperatures, such as micro mirrors for high energy
laser systems.
«» Micro combustor and micro power sources
SiCN has the advantage of fabrication using many methods based on the
requirement (discussed in chapter 2). It was initially identified as SiCN thin films since
they exhibited interesting properties. The electrical resistance of SiCN films changes with
temperature and the presence of certain gas species change the resistance [94]. SiCN thin
films was formed by plasma enhanced chemical vapor deposition at temperatures of 473—
1173K (200-900°C) using hexamethyldisilazane (Si,NH(CH;)s), ammonia and helium.
The crystalline structure was with grain size of about 2 nm above 700K (427°C) and
hardness 30 GPa [95].
If sensors have to be made out of SiCN it is highly desirable that it could be made

of different thickness. The versatility of SiCN fabrication is enhanced by the fact that
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SiCN can be obtained from liquid or powder-based polymer precursors. SiCN fabrication
can be performed in many different ways:
<+ Thin film fabrication by deposition techniques
+»+ Fabrication by photo polymerization of liquid precursor
+» Sintering based fabrication from powder precursor
Mostly liquid based polymer precursors are used because powder based
fabrication uses specific techniques that cannot be easily integrated along with the
existing micro fabrication techniques. In addition powder based SiCN shows relatively
low strength and hardness. The reason behind this inferior performance of powder route
when compared to the liquid route is due to the high porosity of powder derived ceramic
in the range of ~10% by volume porosity [71]. Another advantage of SiCN fabrication is
that it can be formed to any shape because it could be moulded to any shape from the
liquid precursor.
SiCN fabrication has three major sub processes i) Thermo setting ii) Cross linking
1ii) Pyrolysis. There are issues related to each process as it heavily depends on the
specific temperature and pressure of the process phase. These issues will be addressed in

the chapter 2 that would deal with the fabrication of SiCN.

1.8. Objective of the proposed research

Even though there are some sensors that could perform pressure measurements at
750°C that would operate under the conditions at the compressor intake, compressor exit
and in few cases low pressure turbine of a gas turbine engine, do not satisfy other

essential conditions such as longer lifespan, higher time between maintenance, reliability,
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non intrusiveness and small volume and mass. Hence they are mostly present in test
stands because of the fact that they are bulky, expensive and limited operating time [19].

The overall objective of the present thesis is to develop a SiCN based dynamic
pressure sensor that would operate in a temperature range normally encountered in gas
turbine engine applications and would be implementable without disturbing the normal
operation of the engine. It is highly desirable that the sensor will be a micro sensor. The
research work in this dissertation is focused on the following:

1) Development of Silicon Carbon Nitride (SiCN) as sensor material.

2) Testing of the sensor material and checking for the properties to evaluate the material
as a candidate for high temperature application. One fundamental advantage of SiCN
is that it does not initiate scale formation at the operating temperature condition that
diminishes the dimensions of the sensor.

3) Analysis of various designs for sensing elements and sensing schemes, that would
measure dynamic pressure in a high operating temperature capability providing
adequate protection to sensing element.

4) Address integrated measurement scheme for dynamic pressure and temperature using

acoustics sensing scheme for the same application.
1.9. Organization of the dissertation

The thesis is presented in 8 chapters. The layout of the thesis is provided below.
Chapter 1 is a detailed literature review that focuses on the conditions prevailing
in different parts of the gas turbine engine (GTE) and the need for active control based on

the input from the sensor. Sensor being the weak link of the control system for high
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temperature application needs more attention and research effort. The discussion on the
instabilities along with the temperature and pressure regimes associated with gas turbine
engine provides an insight of the operating environment especially operating temperature
that the sensor has to address.

In order to successfully measure in harsh environment regime, the sensor should
be backed up with the enabling material. Silicon carbon nitride (SiCN) is the material of
choice by virtue of its excellent properties and ease of fabrication.

Chapter 2 provides a detailed description of fabrication of SiCN and its
characterization at high temperatures. SiCN is a polymer derived ceramic and could be
made from liquid or powder precursor. SiCN fabrication consists of thermosetting,
crosslinking and pyrolysis. All the three processes include precise control of temperature
and pressure and the influence of these parameters on the mechanical and structural
properties are studied.

Thin and thick films of SiCN are fabricated in rectangular and circular shapes.
These shapes provide the flexibility to choose diaphragm or cantilever beam as the
configuration of the sensitive element.

Chapter 3 addresses the rationale for choosing diaphragm as the preferred
sensitive element for pressure sensing application. Dynamic pressure sensors operate
with annular diaphragm as sensitive element. Study on the annular diaphragm as a
prospective sensitive element demonstrates that the proposed sensor cannot be used for
high frequency application.

As the annular diaphragm configuration that is used to measure dynamic pressure

in oil wells in low frequency application cannot be used for high frequency application,
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other option emerges towards using aero-elastic phenomenon for sensing application,
which is further addressed.

In chapter 4 different aero-elastic phenomena are described and the possibility of
using such phenomena for sensing application for high temperature high flow application
is discussed. Diaphragms with multiple holes are analysed for their frequency response
and it is studied and identified as a possible configuration. Even though it is proved that
the natural frequency could be trimmed based on the location of the perforation, other
parameters such as space limitation and thermal expansion limits the usage of perforated
diaphragms as sensitive element.

Also there are over loading issues that have to be addressed, diaphragm based
sensors might not handle high temperature due to issues like buckling associated with
high temperature. Cantilever based sensors might not deal with high flow due to
overloading issues. This calls for a new sensing scheme that would provide overload
protection along with the possibility of handling high temperature.

Chapter 5 presents a new sensing scheme which uses indirect drag effect. This
scheme has protection in the form of a blocking element, which would protect the sensing
element from the possible impingement from suspension particles and over loading. This
phenomenon of indirect drag effect that causes the deflection of sensitive element is
experimentally studied.

Cantilever configuration that uses deflection as a means to measure pressure.
There are some instances wherein insight of temperature would be very beneficial. An
integrated sensing scheme to measure temperature and pressure is also investigated in the

next chapter.
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Chapter 6 provides a brief discussion on integrated measurements and describes a
novel method to perform integrated measurements of temperature and pressure using
acoustic signals. A resonant tube is used to indicate the temperature by measuring the
shift in the resonant frequency of the tube as the resonant frequency depends on the
velocity of sound in air, which in turn depends on the temperature. The strength of the
acoustic signal captured by the microphone is proportional to the dynamic pressure and
the FFT analysis on this signal would provide a measure of temperature. The solution to
the proposed research problem would not be complete in case if the issues associated
with implementation are not addressed

Chapter 7 enumerates different issues associated with implementation on GTE.
Sapphire based optical measurement is suggested based on the capability of sapphire to
withstand high temperatures in the range of 900°C — 1000°C. Problems associated with

cladding of the fibre and bending loss is also included in the study.

Chapter 8 presents the conclusion of the work and scope of future work.
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Chapter 2 : Silicon Carbon Nitride (SICN)
Fabrication Processes, Structures and Properties

2.1. Introduction

Electromechanical systems subjected to high temperature have to overcome
temperature induced problems which could fall under two main categories: i) problems
associated with properties of materials ii) problems associated with integration and data
transduction. None of these factors can be compromised in order for the sensor to
successfully operate at high temperatures.

Properties related to materials can be classified as mechanical properties,
(hardness, ultimate / yield stress, thermal expansion, creep resistance) micro-structural
properties, (grain size, grain structure, crystallization) and chemical properties (oxidation
resistance, corrosion resistance, chemical inertness). Integration issues are related to the
space availability, shape of the sensitive element to achieve better functionality under
geometrical constrains imposed by fabrication methodology, constraints provided by
packaging issues (thermal mismatch between parts of sensor, usage of glues for joining
materials etc). Data transduction issues include type of transduction methodology used to
transmit data from high temperature zone (electrical / optical etc), problems associated
with diffusion of doped elements that are associated with micro electronics.

Silicon Carbon Nitride (SiCN) as the sensor material is under present
consideration due to the advantages in terms of fabrication and reliability offered when
exposed to rugged conditions.

SiCN is a class of recently derived ceramics that remain mechanically stable at

temperatures such as 1500°C, as well as in corrosive environment [96]. Fabrication
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processes of SiCN comprises of three processes 1) thermosetting, 1i) cross linking and iii)
pyrolysis.

For SiCN the commercially available CERASET™ from Kion Corporation is
used as a starting polymer. CERASET™ is poly-urea-methyl-vinyl-silazane (“PUMVS”)
which has to undergo thermosetting, cross linking and pyrolysis during the process of
conversion from liquid polymer to Ceramics. CERASET™ is a transparent, pale
yellowish liquid inorganic thermosetting resin. The material contains repeating units of
silicon atoms bonded in alternating sequence to nitrogen atoms, forming a ring structure.

The ring structure is as shown in figure 2.1.
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Figure 2.1: Ring structure of CERASET™

The material contains vinyl group (CH,=CH-) bonded to Si outside of the ring
structure through a vinyl cross linking mechanism that converts liquid CERASET™ into
a solid upon the application of heat [97]. The thermosetting mechzinism is ensured by
reaction between vinylsilyl group (CH,=CH-Si) and reactive hydrosilyl group (Si-H)
[98]. During thermosetting the viscosity of the polymer increases continuously forming a
gel like followed by rubber like and finally rigid solid. The process is accompanied by 1 -

3% weight loss. The weight loss is caused by evaporation of light isomers or rings
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without vinyl group [98]. The ring structure in CERASET™ remains after thermosetting,
but is broken in the cross linking reactions evidenced by the evaporation of NH; and H;
gases at temperatures in the range of 400°C - 500°C as only the ring contains nitrogen.
The reaction between the alkyl group R (basically hydro carbon group) and silane group
(CH;-Si) results in the evolution of methane gas during cross linking at 600°C during the
process of cross linking [98].

SiCN can be made from two different precursors, from liquid precursor / casting
route or from powder precursor/powder route. Powder route, even though facilitates easy
handling of CERASET™, poses problems in structural uniformity. In addition the
density of casting route is higher than that of powder route [96]. SiCN developed from
liquid precursor has shown superior properties in terms of strength and hardness than its
powder-made counterpart [99]. Liquid precursor is widely used as it integrates easily to
the existing micro fabrication techniques. Due to the inherent advantage of the casting

route the casting route is used to fabricate the specimen.

2.2. State of the art

Silicon carbon nitrate (SICN) is a polymer derived ceramic (PCD), which is a new
class of ceramics derived from liquid precursors, called polysilazanes. The processing
route for SiCN is micro casting that favours the fabrication of low cost, mass fabricatian
of MEMS devices [100]. The process consists of the following steps

Thermal Setting - The liquid precursor is cast into a mould of desired shape and

undergoes thermal treatment (with or without thermal initiator) to create a rigid polymer
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Crosslinking — Rigid polymer is crosslinked at higher temperature and pressure.
Cross linking creates bonds that link one polymer chain to the other.

Pyrolysis — The free standing forms are pyrolyzed at 400°C-1100°C under a
controlled atmosphere yielding SiCN at 1000°C.

SiCN is suggested for high temperature applications mainly because of its
oxidization resistance at high temperatures. The oxidation behaviour of SiCN is studied
at temperature range of 900°C -1200°C [101] and the results suggest that at these
temperatures the oxidation of SiCN is similar to that of Silicon Carbide (SiC) in spite of
the presence of nitrogen in SiCN. The oxidation resistance of SiCN resulted in
exploration of new type of PCD called silicoaluminum carbonitride (SiAICN). SiAICN
possesses high resistance to oxidation and high corrosion [102]. Polyaluminasilazanes
were used as the precursor for SiAICN and tested for oxidation resistance upto 1400°C
[103]. The oxidation of SiCN is similar to SiAICN till 9000C, however, at higher
temperature the oxidation rates of SiAICN decrease with annealing time [104].

The electrical properties possessed by PCDs are also an important factor that
enables PCDs to be used as body of the sensor. The addition of thermal initiator has
significant effect on conductivity (thermal conductivity) which first increases and then
decreases with increasing concentration of thermal initiator [105]. SiCN ceramic when
doped with boron leads to p type conductivity which could be increased dramatically by
annealing treatments [106,107]. Addition of manganese powder results in SiCN —Mn
which has magnetic properties [108]. SiCN also exhibits piezoresistive behaviour with

piezoresistive coefficient of ~ 1000-4000 which is much higher than that of any existing

. . .. . dR/R . .
ceramic [109]. Piezoresistive coefficient is defined as —s—/— where R is the resistance and
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€ is the strain. It is also observed that the resistivity of SiCN decreases steeply with the
applied stress (0-2 MPa) and then decreases slowly with higher applied stress (2-8 MPa)
[110]. These characteristics of SiCN make it a valuable material for sensing at high
temperatures. The proposed sensor application deal with dynamic pressure sensing and

temperature regime addressed is above 500°C.
2.3. Fabrication of SIiCN using liquid precursor CERASET™

Sensors for high temperature applications require that all the parts of the sensor be
made with a material capable of performing predictably at high temperatures. SiCN is
one such material that qualifies for the purpose as discussed earlier. To be successfully
implemented as the body of the sensor it is highly desirable that SiCN could be made and
patterned in any size shape and thickness. The following section deals with how SiCN is
fabricated as thick film, thin film and patterned film. There are differences in terms of
mould preparation for thermo setting associated with thin film, thick film and patterned
SiCN fabrication processes, as the process after thermosetting is the same except for
temperature rate involved in crosslinking and pyrolysis.

The fabrication of SiCN using casting route can be outlined as follows

¢ Mould design and fabrication

o

L)

Polymer preparation and casting

*,

¢ Thermosetting of polymer
%+ Cross linking of polymer

s Pyrolysis

)
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The fabrication of a fully dense monolithic ceramics from liquid precursor

involves high temperature and pressure and has the following major difficulties [111,

112]
i) Bubble formation / foaming during thermosetting
ii) Gas evolution during cross linking and pyrolysis

ii1) Material shrinkage
Bubble formation occurs during evaporation of the liquid precursor, the extent of
evaporation is limited by vinyl cross linking mechanism and is determined by the
maximum temperature, rate of heating, polymer viscosity and pressure involved [113].
Evolution of gases mostly occurs in cross linking that contributes to the major weight
loss. Both gas evolution and material shrinkage issues are discussed in the forthcoming

sections in the same chapter.

2.3.1 Mould preparation and polymer casting

SiCN has an advantage of being fabricated into any shape as it is made from
liquid. Thus successful fabrication of SiCN components depends heavily on the
fabrication of the mould. The type of mould depends on the nature of the final product
required. The proposed dynamic pressure sensor requires SiCN in terms of thin films
with thickness in the range of 70 to 100 microns and thick films in the range of 2-3 mm.
Further SiCN could be patterned by adding photo synthesizer by traditional photo
lithography. Few types of moulds used to fabricate different specimens are as follows

¢ Poly dimethyl Siloxane (PDMS) based moulds — Thick SiCN

¢ Gelatine based sacrificial moulds on silicon substrate — Thin film SiCN
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< Sacrificial gelatine coating on glass substrate — Patterned thin film SiCN
The mould fabrication defines the shape and thickness of the SiCN specimens,
whereas other processes like thermosetting, crosslinking and pyrolysis yields the
structure of the material that defines the mechanical and structural properties of the
obtained specimen. The thermosetting, cross linking and pyrolysis are the same for all the
specimens with minor differences in temperature rate, maximum temperature and

pressure and are discussed in the subsequent sections in this chapter.

2.3.2 Thermosetting

CERASET™ is a clear, colorless, viscous inorganic thermosetting resin that has
repeating units of Silicon atoms bonded in alternating sequence to nitrogen atoms,
forming a ring structure as illustrated in figure 2.1. The vinyl group bonded to Si is
important for thermosetting as these vinyl group reacts with hydrosilyl group to form
solid polymer at the end of thermosetting process. CERASET™ can be thermally set in
its raw form by heating it to a temperature in the range of 200°C — 240°C with a heating
rate of up to 4°C/min in the presence of inert atmosphere (N, or Ar) to avoid reaction
with oxygen at high temperature. Addition of heat increases the viscosity of the liquid
polymer continuously forming a gel like, rubber like substance and then rigid solid
polymer. The solidification is a function of temperature rate experienced by the liquid
polymer, and is achieved as soon as the temperature reaches the desired range. Figure 2.3
shows the thermally set CERASET™, made from a mould made up of PDMS (poly
dimethylsiloxane), and the resulting thermally set solid polymer is colorless, transparent

and could be easily machined.

51



: ’Ihefmosetﬁng
'909C-150°C {with catalyst)
2002C-2402C (pure form):

Crosslinking .
3002C-7002C, 1800-2000 PS
Temprate: 0.5 to 12C /min

t o . Pyrotysis :
7002C-12005¢, 200 pS1 .. 700°c—1zooﬂc 200ps1 -
ate; 0:52Cmin;. | Temp rate: 0.5 10 12C /min

“Thick film SiCN

Figure 2.2: Layout of SiCN fabrication

?attemed SICN flms £
. addmg photo initiato

= Crosslink)ng A
00°C—700°C 1800- 2000 £s
: Temp fatey OSQC /i

. patterned sicn

52



Thermosetting temperature could be drastically reduced to 90°C — 150°C by
adding a catalyst with free radical initiator such as dicumyl peroxide. The influence of the
thermosetting temperature has a major influence on the properties like hardness which is
discussed in the forth-coming section. Also addition of catalyst greatly reduces the
temperature involved in thermosetting process there by reducing thermal stress developed
between the mould that holds the liquid polymer before thermosetting and the solid

thermally set polymer after thermosetting.

Figure 2.3: Thermally set polymer

Thermosetting process results in a weight loss of 1 - 3% in thermally set
CERASET™ [98] while the volumetric shrinkage values of around 6 % [97] is caused by
the evaporation of light isomer without vinyl group. The thermosetting process is carried
out in a mould, which are made of different materials such as gelatine, PDMS, etc.
Further to facilitate easy removal of the solid polymer aluminum foils are used on interior
parts of the mould that is in contact with the liquid polymer. Only thermosetting process
;equires moulds and these moulds have to be made in a way so as to accommodate these
volume losses.

Thermosetting was performed in a tube furnace in nitrogen atmosphere. The

thermosetting temperature is reduced to 120°C (while preparing the specimens) with the
preparing

53



addition of free radical initiator like dicumyl Peroxide. Normally dicumyl Peroxide is
added 1 % by weight. This addition enables lower thermosetting temperatures thereby
simplifying the mould design [114]. Higher temperature of thermosetting means higher
stress due to thermal mismatch between the mould and the CERASET™, requiring more
complex mould in order to withstand higher temperatures and a solid CERASET™
becomes more prone to micro pores and cracks.

The maximum temperature is based on the type of the specimen. and the
temperature rate was selected as 1°C/min during heating and a dwell of 90 minutes was
practiced once the temperature reaches the maximum (i.e. 120°C) while the cooling is
furnace controlled. Thermosetting was performed using Barnstead thermolyne 21100
tube furnace with the specifications of maximum operating temperature of the furnace to

be 1000°C at the atmospheric pressure.

Figure 2.4: Barnstead Thermolyne 21100 tube furnace used for thermosetting

2.3.3 Cross linking and pyrolysis
Cross linking is a process of creating bonds that link one polymer chain to the
other. Cross links are created by chemical reactions that are initiated by heat and /or

pressure that result in the linking of polymer chains and are mostly performed in inert
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atmosphere. When polymer chains are cross linked they lose some of their ability to
move as individual polymer chains. Cross linking reaction could result in changing a
liquid polymer to solid or could result in denser solid.

CERASET™ if heated to a temperature of around 400°C results in reaction within
the polymer which is called cross linking. This process induces a change in physical
properties and is irreversible. The ring structure of CERASET™ retains its shape after
thermosetting but with higher temperature results in the breakage of ring structure during
cross linking. The evaporation of NH; gas could be considered as an evidence for
breakage of structural ring since only the ring contains nitrogen [98].

Cross linking is performed at a temperature in the range of 400°C. This process
releases NH3 gas and could create micro pores in the specimen. The formation of micro
pores could be avoided by applying isostatic pressure during cross linking. The pressure
of about 2000 psi (13.789MPa) is maintained till the end of cross linking. At around
400°C the cross linking is complete and the furnace is purged with fresh nitrogen along
and the NH; gas is removed by scavenging. The obtained cross linked polymer is
infusible, does not dissolve in any organic solvent and does not melt. However the cross
linked material would not face temperatures higher than 180°C. Further heating the cross
linked specimen in an oxidizing environment would only result in burning. Hence in
order to achieve further thermal decomposition it is necessary to perform pyrolysis.

Pyrolysis is a process of decomposition of a condensed substance by heating in
atmosphere that lacks Oxygen. Pyrolysis of the specimen is performed in the presence of
heat and in the absence of oxygen. Once the cross linking is performed and the

temperature is further increased, the cross linked specimen undergoes thermal
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decomposition and becomes a ceramic at 1000°C [72]. With the rise of temperature the
specimen’s color changes from transparent to yellow between 500°C — 600°C, to red —
brown between 650°C — 750°C, to dark brown above 800°C and finally becomes black at

~1000°C [98].
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Figure 2.5: Combined cross linking and pyrolysis temperature and pressure vs time

Heating between 600°C and 700°C results in higher weight loss of the specimens,
as gases like CH4 and H are released. Pyrolysis involves higher temperature as compared
with thermosetting and cross linking and results in up to 25 % weight loss during
pyrolysis [115] and linear shrinkage of 15% - 20% [116]. Scavenging is carried out
between 600°C and 700°C using nitrogen to facilitate removal of the evolved gases. At
around 1000°C the pyrolysed specimen results in a black amorphous solid ceramic called
SiCN. SiCN is stable up to 1600°C in air. SiCN has excellent mechanical properties,
qualifying it to be a suitable candidate for high temperature applications.

The furnace used for high temperature high pressure crosslinking and pyrolysis

is custom made by Thoughtventions Unlimited LLC. The specifications of the furnace
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are maximum pressure 2500 psi (17.24 MPa) and maximum temperature is 1200°C.
The furnace has a cubic boron nitride core along with alumina refractory and is water
cooled at the exterior. The temperature rate of 0.5 — 4°C/min is achievable and is
electronically controlled. However the pressure control and purging of nitrogen is

manually performed.

o

Figure 2.6: Custom built high-pressure, high temperature furnace (Thoughtventions Unlimited LLC)

2.4. SiCN in different forms

The proposed sensor whose details are described in detail in chapter 5 requires
SiCN as thin film with thickness in the range of few microns for sensitive element as well
as thick films of 2-3 mm thick that would be used as blocking element. Both the blocking
and sensitive element are in shapes of flat strips (cantilever beam configuration). Further,
in this case if SiCN has to be used to build micro sensors it is mandatory that it is batch
fabricated so as to reduce the cost per unit. The following sections deal with the
fabrication of SiCN in different forms as illustrated in figure 2.2 so as to form the body of

sensing unit at higher temperature.
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2.4.1 Thin film SiCN

Thin film SiCN would form the sensitive element of the proposed sensor. Thin
film fabrication involves handling the samples in different stages, CERASET™ as liquid,
thermally set solid polymer, and in its last stage as a SICN ceramic.

Thin film SiCN needs thin moulds that would define the shape and thickness of
the SiCN film. These micro moulds are made from different micro fabrication techniques.
Photolithography using SU-8 photo resist on silicon substrate is popular [117]. The micro
mould has to have the desired shape of the SICN micro structure but should be larger than
the SiCN microstructure so as to compensate for shrinkage during cross linking and
pyrolysis.

Meanwhile thin films could be made as described below. Silicon wafers are used
as the substrate for deposition of thin films, the substrate is coated with a thin layer of
gelatine (Bovine skin type B). This gelatine coating acts as a sacrificial layer, which will
assist in removing the thermally set CERASET™ from the silicon substrate. Further
silicon wafer can easily withstand the thermosetting temperature. The major advantage of
using gelatine based sacrificial layer is that it facilitates easy removal of the thermally set
CERASET™ by melting the mould in warm water. Gelatine mould is prepared by spin
coating of gelatine on a silicon wafer. This gelatine acts as a sacrificial layer which will
assist in removing the polymerized CERASET™ from the silicon substrate. The gelatine
hardens in air after less than one hour, at which point the CERASET™ can be applied on
top of the gelatine. Both the gelatine and the CERASET™ are deposited onto the silicon
substrates using a process called spin-coating, whereby a single wafer is held in place

with a vacuum force and spun very quickly.
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Droplets of gelatine are dropped onto the wafers, and the lid is closed. The
spinning motion spreads the fluid evenly over the surface and excessive fluid flies off the
edges. The speed of rotation, angular acceleration, duration and the viscosity of the fluid
all affect the thickness of the film. The speed of rotation that is used for applying the
gelatine is kept relatively low at 1000 rpm for 30 seconds in order to ensure that the

wafer is well-coated.

FRELE
S

Figure 2.7: The Laurell Spin-Coater, Model WS-400B

On the other hand, the rotational speed for applying the CERASET™ is varied
between 2000 rpm and 4000rpm for 60 seconds to obtain a very thin coating. Any speed
higher than 4000 rpm produces thin SiCN film that is difficult to handle after
thermosetting.

The substrate is subjected to thermal setting (60 min at 120°C in tube furnace in
nitrogen gas flow) which makes the polymer solid and transparent. Substrate with
gelatine sacrificial layer and CERASET™ polymer layer is immersed in warm /hot water
which releases a thin film of CERASET™ in the order of desired thickness. Thermoset

thin film is shown in Figure 2.8. The shown dimension of the films is 150 X 100 microns,
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the surface impurities that are visible on the surface are the peroxide particles. The
peroxide particles are ground manually to fine powder and these peroxide particles are
mixed with liquid CERASET™ 50 as to reduce the thermosetting temperature. The
mixing is done by mechanical stirrer and it is found that the dispersion of the particles is

not uniform. A regular industrial process would overcome this defect.

iy
1

Figure 2.8: Microscopic image of the surface of thermally set polymer thin films

The resulting thin film CERASET™ is crosslinked and pyrolysed to produce a
thin film SiCN ceramic. One major problem during this process is warping of thin film.
Warping occurs due to high temperature involved and also because of high rate of
heating. Thinner samples experience warping more than crack development [113].
Different approaches were followed to reduce warping. When placed on flat graphite
block with the top surface open to the controlled environment in the furnace specimen
- showed warping into a dish shape. Hence thin films are sandwiched between two flat
graphite blocks to reduce warping as graphite is inert and does not attack thin films. The
weight of graphite keeps the film flat and prevents wrinkling. However, sometimes it is
noticed that the samples are cracked when sandwiched between graphite blocks. Use of

powder bed techniques with graphite, Si3N, and BN powders was tried by Janakiraman et
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al. [113] but still could not avoid crack formation. It is also suggested to wrap thermally
set CERASET™ in silica wool so that they could be pyrolyzed free of cracks [113]
Figure 2.9 shows the surface of thin film SiCN under microscope. There were no visible
cracks on the surface of the SiCN, however, small non uniformities on the surface are

visible. The hard spots on the image are due to the presence of peroxide particles.

Figure 2.9: Image of the surface SiCN thin films X 100

The thickness of the SiCN specimens produced varies mostly with the rotational
speed during the spin-coating process. When the CERASET™ is applied at 6000 rpm,
the specimens are very thin (10-15 pm) and subsequently are also extremely fragile.
Specimens made at lower speeds between 2000 rpm and 4000 rpm are thicker, whose
thickness are about 30pum. Drying these films without creases or folds is much easier and
results in flatter, smoother specimens. These specimens are stronger and easier to handle.

SiCN thin film specimen is shown in figure 2.10.

Figure 2.10: Thin film SiCN with Canadian cent for size comparison
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If the thickness of CERASET™ layer is more than 30 pm, it is possible to burn
the sacrificial gelatine layer before pyrolysis process (at about 400°C — 600°C) without
mechanically damaging SiCN ceramic film as in this range gelatine burns out facilitating
removal of SICN film. Thin films less than 30 um thickness requires more attention while
removing gelatine layer. This is due to the fact that removal of gelatine layer would
damage the thin film SiCN.

The maximum size of uniform thin films obtained using this method is about 10 X
10 mm and the thickness is around 30 microns. Any thickness less than' 30 microns poses
a serious problem in handling the thin films. Surface roughness properties of thin film
SiCN are studied with the optical profiler Veeko NT 1100 which has a capacity to
measure three dimensional, non contact surface measurements using white light
interferometry and is shown in figure 2.11.

The average surface roughness of the 100 X 100 pm area is 114.18 nano meter.
The peak to peak variation is around 1.07 pm. This could be considered as fairly good
surface finish. The small visible spots in figure 2.11 are caused by the tiny peroxide

particles.
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Figure 2.11: Surface roughness

Thin films that could be used as sensitive elements for the proposed sensor were
fabricated in different thickness between 30 pm — 70 pm. The proposed sensor also needs
SiCN as a thick form so as to form the blocking element in the range of 2 -3 mm. Unlike
thin films, thick films require different type of mould as the maximum thickness is very

much limited by spin coating

2.4.2 Thick film SiCN

Thick film SiCN will be used as a blocking element which requires thickness in
the range of 2 — 3 mm. The desired thickness is much higher and hence it is easier to
handle and cast the liquid CERASET™. Fabrication of thick SiCN films will come with
large shrinkage ratio especially during pyrolysis but still shrinkage during thermo setting
cannot be ignored. When thick films are pyrolyzed they result in evolution of gases at a
higher rate and the chance of micro pores and cracks are also higher in thick films [113].
Using soft, flexible mould is an effective way of compensating for the shrinkage as well

as to conform to the stresses developed during thermosetting of CERASET™. SiCN is
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mostly fabricated as thin films and attempts to make thick films are sparsely reported in
the literature. The elastomer proposed for the fabrication of mould is
Polydimethylsiloaxane (PDMS) commercially named as Sylgard 184 (Dow Corning
Corporation). PDMS are easily moulded, optically transparent, durable, low cost and
chemically inert and provide possibility of small sized moulding and stable over wide
temperature ranges [118, 119]. Even though the usability of PDMS is suggested in the
range of -50°C to +200°C [120], PDMS moulds have been used to cure CERASET™ in
the temperature range of 240°C while making specimens. It is mandatory to separate the
solid CERASET™ after thermosetting from the PDMS mould as PDMS cannot
withstand crosslinking temperature (400°C -700°C). PDMS is made by mixing two
chemicals (elastomer base and elastomer curing agent) and thermosetting the mixture.
The ratio of elastomer base to the curing agent is made in the range of 10:1 so as to make
a mould hard enough to withstand thermosetting temperature. The time for thermosetting
PDMS is temperature dependent but to ensure full curing, the thermosetting is carried out
for 8 hours at 60°C. It is important to point out that thermosetting of PDMS is different
from thermosetting of CERASET™. The PDMS mould made following the procedures

described above is shown in figure 2.12.

Figure 2.12: PDMS mould used to cast CERASET™
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The thermally set polymer (CERASET™) can be removed either by sacrificing
the mould by dissolving it in into 1.0 tetrabutylammoniumfluoride (TBAF) solution in
THF [121] or by spreading aluminum as a thin sheet over the mould thereby making the
mould reusable. Aluminum is used to release thermally set CERASET™ in micro level
using micro forging technology [122]. The reusable mould was used to prépare
specimens. Stress development and crack formation has been a major problem in the
fabrication of both thin and thick films of SiCN. Attempts have been made to reduce
cracks formed due to stress developed and the usage of fillers is suggested [123] and
prepyrolysis of the precursor. The thermally set polymer extensively undergoes shrinking
during cross linking and pyrolysis due to high temperature involved in these processes.
Figure 2.13 shows the size difference between a thermally set polymer and ceramic
pyrolysed at 1100°C which originated from the same disk split before pyrolysis. It is
found that there is 29.83 % weight loss during transformation from thermally set polymer
to SiCN ceramic and this weight loss is predominant in case of thick films than in thin

films (as in thin films the maximum weight loss reported was up to 25 % during

pyrolysis) [115].

Figure 2.13: Thermally set polymer along with the ceramic
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If SiCN has to be used for different applications it is highly desirable that SiCN
could be fabricated with different thickness and different dimensions. Attempts have been
made to make SiCN ceramics with different thickness and the results are as shown in
Figure 2.14. The maximum size of the samples shown in around 6 mm? and the thickness

is in the range of 0.5 mm to 2 mm.

Figure 2.14; SiCN chips of different thickness

2.4.2.1 Shrinkage issue and mould design

Figure 2.13 shows the SiCN in comparison with thermally set CERASET™ made
of circular mould shown in figure 2.12. The dimensions of the mould are 1.85 mm deep
and 21.17 mm diameter. Thermal setting of CERASET™ results in volume loss as the
liquid CERASET™ solidifies due to evaporation of light isomers. It is found that there is
a significant reduction of thickness in thermally set CERASET™ compared to its
diameter. The thickness reduced to 1.63 mm during thermosetting without any
measurable change in diameter.

The thermally set polymer is subjected to pyrolysis. The dimensions are measured
after pyrolysis. The SiCN ceramic formed had a thickness of 1.08 mm and the diameter

of 15.13 millimetres. Considering the initial mass of CERASET™ (before thermosetting)
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is mass loss plus the final mass (after thermosetting). Below, the amount of mass lost is

evaluated for one of the experiments

py. =m+py, 2.1
where

pc 1s the density of CERASET™ =1.02 g/cc [124]

ve 1s the volume of CERASET™ = volume of the mould =
-;5*(2.117)2*0.185=0.65118cm3
pt is the density of thermally set CERASET™ =1.12 g/cc [124]

viis the volume of thermally set CERASET™ = %*(2.1 17)° #0.163 = 0.5737cm’

my 1s the mass loss due to thermosetting process

1.02*.65118 =m, +(1.12*0.5737)

The mass loss due to evaporation during thermosetting m=0.0216 g.
Considering the initial mass of thermally set CERASET™ as mass loss due to

cross linking and pyrolysis and the final mass (after pyrolysis).
OV, =m, + PoeyVsien (2.2)

where

ptis the density of thermally set CERASET™ =1.12 g/cc [124]

viis the volume of thermally set CERASET™ = %*(2.1 17 )2 *0.163=0.5737cm’
psicn 18 the density of SICN =2.4 g/cc [124]

vsicn is the volume of SiCN = -;5* (1.513)° ¥0.108 = 0.1942¢cm’

my, 1s the mass loss due to crosslinking and pyrolysis.
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1.12*.5737 =m, +(2.4*0.1942)

The mass loss due crosslinking and pyrolysis m;=0.1765 g.

The total mass loss is = 0.1765+0.0216 =29.83%
1.02*%0.65118

The value coincides the ones reported in open literature

[ ] Volume of moldrequired
Ml SiON Ceramic
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Figure 2.15: Mould design for thick SiCN

_

Certain applications may demand not only thin and thick SiCN films, but also

SiCN in different complex shapes [125]. This could be possible if CERASET™ is made
photosensitive. Photosensitivity is a property which could be inculcated by addition of
certain photo-sensitive agents by which the liquid CERASET™ can be made sensitive to
UV light by addition of photosensitive agents thereby enabling photolithography.
Fortunately there are agents that could make CERASET™ photosensitive like 2,2
Dimethoxy-2-phenyl-acetophenone (DMPA). CERASET™ was added with photo
sensitive agent and patterned SiCN was fabricated which is described as follows.
2.4.3 Patterned SiCN

CERASET™ when added with a sensitizing agent becomes photo sensitive. The
sensitizing agent in this case is 2,2 Dimethoxy-2-phenyl-acetophenone (DMPA) which is
added with the CERASET™ to be suitable for photo lithography. The UV light has a

wave length of 370 nm which corresponds to the excitation frequency of the rédical
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(radicals are species with a single, unpaired electron) bond in photo initiator molecules
[98]. When UV light with specific frequency hits the bond in DMPA molecule, the bond
breaks down into a radical bond. This turns DMPA molecule into a radical monomer,
which attacks the vinyl group (CH,=CH-) to initiate the polymerization reaction in
CERASET™ [98]. The mixtures of liquid CERASET™ with DMPA acts like a negative
photo resist and cures on exposed areas.

The substrate used is glass on which a thin layer of gelatine is spin coated in order to
prepare the surface for easy detachment of thermally set CERASET™ from the
substrates. The speed of rbtatiqn that is used for applying the gelatine is kept relatively
low at 1000 rpm for 30 seconds (as gelatine is less viscous in comparison with
CERASET™) in order to ensure that the wafer is well-coated. The sole objective of
gelatine is only to enable easy detachment of patterned SiCN as gelatine dissolves in hot
water.

After gelatine is dried on the glass substrate, CERASET™ is mixe;d with Dimethoxy-
2-phenyl-acetophenone (DMPA) (10% by weight), is spin-coated and treated with the
UV (using EFOS Lite UV curing system). Optimum UV treatment time is 900 seconds
based on trial and error (this exposure time was established after experimenting with
several CERASET™ substrates starting with 100 seconds treatment up to 1000 seconds,
with 50 seconds increments). The washing agent is ethanol which perfectly removes the
uncured CERASET™ leaving behind a clean surface of UV cured CERASET™. The
cleaning should be done after 24 hour drying in air at normal atmospheric conditions.

The only problem in the CERASET™ patterning is to be able to create a sufficiently

thick CERASET™ layer in order to be able to convert it into a ceramic chip after high
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temperature treatment. Shrinkage of CERASET™

after heat treatment requires a pre-
treated substrate to be more than 100 micro meters thick in order to be able to obtain a
chip that is thick enough to be handled after final heat treatment. Since the spin-coating
provides only around 30 micro meters thickness, the obvious solution is to create a multi-
layer structure of CERASET™, after drying each layer either by means of UV or heat

treatment. The method above enables fabrication of SiCN layers. However the main issue

is to combine these layers with very minimal thermal expansion characteristics.

AN

Figure 2.16: Patterned CERASET™ on the glass substrate

Figure 2.16 shows the glass substrate and a zoomed in view of the patterned
CERASET™. The proposed sensor does not necessarily require patterned SiCN and
hence this aspect is not elaborately discussed. Regardless of the type of structure — thick,
thin or patterned SiCN, the fabrication process from thermosetting to pyrolysis follow the
same protocol with small differences in temperature and pressure sequences. As a
general note, the processes are not performed in a clean room as required by
photolithography, and hence it is expected to have structural imperfections in the

patterned specimen.
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2.4.4 Machinability of SiCN

SiCN could be made into any shape using the patterning process discussed before.
In addition the thermally set CERASET™ is easy to machine and could be made into any
shape by machining at this stage. SICN has serious issues in terms of machining as SiCN
after pyrolysis becomes very hard and brittle which makes it very difficult to machine by
conventional machining processes. Attempts have been made to ablate SiCN ceramic

using femtosecond laser.

Figure 2.17: Laser ablation in SiCN ceramic using femtosecond laser

The specifications of the Ti-Sapphire femtosecond laser (Hurricane Spectra
Physics Lasers) are that it emits 120 fs FWHM (Full width at half maximum), has a
wavelength of 800 nm and maximum energy of 1 mJ/pulse with a pulse repetition rate of
1 kHz. In femto-second laser machining ablation occurs in vapour phase. The absorbed
laser energy is converted into the thermal energy and is transferred to the lattice in a pico
second time scale [126]. Thermal diffusion into the material is minimal, leading to an

insignificant amount of liquid phase, absence of which allows better control of machining

process [127].
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In the illustrations shown in figure 2.17 a) there is a circle ablated by
Femtosecond laser. Due to the very fragile nature of ceramics the thickness of the ablated
line is a much larger than optimal (10-100p compared to the optimal line thickness of
5pn). Any type of opening is possible to create in SiCN ceramic and local heat generated
by laser ablation could be resisted by SiCN due to its ability to withstand high
temperature. Figure 2.17 b) shows a square hole on the SiCN ceramic.

The ablation rate depends strongly on the properties of ceramic, the power and the
beam spacing / width. For a given beam width a higher beam power would cause deeper
cuts and based on the overlapping of the beam the surface would be rougher [128]. Figure
2.17 b) shows the laser ablated surface and the surface rregularities in left and top side of
the ablated square hole. Higher power produced more distinct and deep grooves than that
with lower power. When the distance between two beam spots is equal to the machined
width there is neither beam overlapping nor bridges (refers to the non machined regions
between the beam lines). This produces a finer texture on the cutting lines.

The property of the SiCN ceramic is defined by the constituents of the ceramic.
As a preliminary attempt elementary analysis was done on a SiCN ceramic to know the

constituents.
2.5. Elementary chemical analysis of SiCN

Elementary Chemical Analysis shows different content of C, N, and H (for
specimens treated at different temperature) in these compounds. They were measured
with Fisons Instruments SPA, (model EA1108 available at university de Montreal,

Department of Chemistry). Elementary analysis could only provide the content of
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Carbon, Nitrogen and Hydrogen in percentage of weight and not the content of silicon. In

this analysis the content of silicon and other substances (which is available only in very

minute quantity) is assumed to represent the balance.

Table 2-1: Composition of SiCN ceramics (4°C/min heating rate)

Pyrolysis temp C (wt.%) N (wt.%) H (wt%)
1000° C 22.1940.13 20.54+0.18 0.67+0.01
1050° C 21.80+0.81 15.68+0.56 0.27£0.13
1100° C 20.8910.56 16.56+0.81 0.26+0.03
1150° C 19.9443.4 16.45+0.97 0

1200° C 20.0616.6 12.20+4.5 0

These specimens were obtained with a rather high heating rate (4°C/min). It is

found that the specimen if annealed or pyrolysed above 1100°C results in the elimination

of H atoms. It is also observed that there is no significant change in constituents of

ceramic formed by pyrolysis and annealing.

Table 2-2: Composition of SiCN ceramics (heating rate 1°C/min) with different pyrolysis and

annealing conditions

Pyrolysis Annealing C (wt %) N (wt %) H (wt%)

1000°C - 21.4540.20 18.99+2.00 0.62+0.12
1000°C 1100°C 21.98+0.25 19.82+0.41 0.3240.01
1100°C - 21.6910.50 20.07+0.39 0.27+0.18

Table 2.2 shows the comparison between two specimens that varies only in the

maximum pyrolysis temperature. First specimen pyrolysed at 1000°C and annealed to

1100°C and another specimen pyrolysed till 1100° C. The result shows that the
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composition remains more homogeneous if the specimen is pyrolysed or annealed and the
composition is more dependent on the temperature of pyrolysis or annealing. The carbon
content has been related to the hardness of the ceramic such that more carbon is

associated with higher hardness.
2.6. Influence of thermosetting temperature

Thermosetting is an irreversible process in which the liquid CERASET™ is
converted to solid polymer in the presence of heat. The vinyl group bonded to Si is
important for thermosetting as these vinyl group react with hydrosilyl group to form solid
polymer at the end of thermosetting process. The thermosetting is carried out at
temperatures in the range of 90-150°C if the CERASET™ is mixed with catalyst or in the
range of 200-240°C for pure CERASET™ in the presence of nitrogen atmosphere.

The influence of thermosetting temperature on the mechanical properties of the
specimen is studied for two specimens.

Specimen 1 — Pure CERASET™ (without catalyst) thermally set at 240°C

Specimen 2 — Pure CERASET™ (without catalyst) thermally set at 200°C

The specimens differ only in the thermo setting temperature (200°C and 240°C)
with temperature rate being 6°C / minute and a dwell period of 90 minutes, the solid
polymer is treated under the same conditions of temperature and pressure during cross
linking and pyrolysis.

The crosslinking is performed at 400°C with a dwell period of 90 minutes and a
pressure of 1800 psi. The cross linked specimen is heated to 1100°C with a temperature

rate of 0.5°C / min at a much lower pressure of 200 psi.
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The hardness test reveals that specimen 2 is softer than the specimen 1. The
specimen 1 is tested for hardness with MST (CSEM) micro-scratch tester using the

standard indentation method of the Vickers type diamond stylus.

.
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Figure 2.18: Hardness test performed using MST (CSEM) micro scratch tester

Indentation force was limited to 1 N since an excessive cracking and even
specimen rupture was noticed at higher (2N) load. The hardness of specimen 1 is
evaluated to be 23 GPa. Figure 2.18 shows the field view of the indentation done at 1 N
force.

The hardness test on the specimen 2 is done with Hysitron Nanoindentator
Berkovich tip. Figure 2.19 shows the indentation created by the Berkovich tip at two
different forces for specimen 2. The test is repeated at several locations of the specimen 2
with two different loads and the average value for indentation forces of 2500uN and 4000

uN is documented in Table 2.3

Table 2-3: Hardness of SICN without catalyst (specimen 2) at different forces

2500 uN 4000 uN
Reduced Young’s Modulus 623 68.6
E, (GPa)
Hardness (GPa) 7.38 7.71
Contact Depth (nm) 90.7 135.2
Contact stiffness (uN / nm) 40.3 61.8
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Max force (uN ) 2427.2 3908.6

Max Depth (nm) 136.2 194.9

Contact Area (nm?) 3.288¢° 6.371¢°

Figure 2.19: Image of Indentation marks on SiCN using Hysitron Nanoindentator

The indentation marks caused by 4000 pN and 2500 pN are easily recognizable in
figure 2.19. The average hardness value obtained is 7.5 GPa. Sufficient space between
the indentations is given to record the data, as very close indentation marks may cause
errors in the data obtained during the second / later indentation.

The thermally set CERASET™ at 200°C (specimen 2) has a much lower hardness
compared with the specimen 1. Specimen 2 was still soft (flexible solid) after
thermosetting, as 200°C is not sufficient for CERASET™ in pure form (without catalyst)
to completely set into a solid polymer. This is the reason for a relatively low hardness 7.5
GPa as compared to 23 GPa of specimen 1. This proves that thermosetting temperature

must be sufficiently high (240°C) in case if ceramic of reasonably higher hardness has to
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be fabricated. It also emphasizes the importance of addition of a catalyst that would
drastically reduce the thermosetting temperature to 120°C.

It is observed that the thermosetting temperature has a major influence on the

hardness of the SiCN made from pure CERASET™.
2.7. Influence of catalyst

The addition of catalyst is directly related to reduction in thermosetting
temperature and hence it is worthwhile to study the influence of the catalyst on the
properties of the material as well. Dicumyl peroxide is used as a catalyst and is a strong
free radical source, which is used as a polymerization initiator, catalyst and vulcanizing
agent. [129]

CHs CH,

Figure 2.20: Chemical structure of Dicumy! peroxide [129]

Figure 2.20 shows the chemical structure of dicumyl peroxide [129], which shows
peroxy group (-O-O-), chainlike structure containing two oxygen atoms, each of which is
bonded to each other and to a radical or some element. The most valuable property of
hydrogen peroxide is that it breaks down into water and oxygen and therefore does not
form any persistent, toxic residual compounds. Organic peroxides are powerful oxidizing
agents releasing oxygen and are widely used as intiators, catalysts and cross linking

agents for polymerization process.[130] For this study, CERASET™ is added with 1%
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by weight of dicumyl peroxide, which is a free radical initiator that will act as a catalyst.
The thermo setting temperature goes down to 120°C. The specimens were crosslinked

and pyrolysed with the same temperature and pressure as in figure 2.5.

Figure 2.21: Surface topology between SiCN without and with catalyst

Dicumyl peroxide is in crystal form that melts at 39°C - 41°C [130]. Prior to the
thermosetting process dicumyl peroxide crystals are powdered manually and mixed with
liquid CERASET™. These crystals get deposited in the SiCN ceramic at micro level to
form surface irregularities. Atomic force microscopic (AFM) studies were done on the
surface to check for the homogeneity of the surface. The results indicate the deposition of

the catalyst on the surfaces.

Figure 2.22: Dicumy! peroxide on the (5 X 5 pm) surface of SiCN ceramic
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The 3-Dimensional topography of an area (5 X 5 pm?) of the SiCN with and
without the catalyst shows the peroxide crystals on the surface (as shown in figures 2.21
and 2.22). The phase diagram generated by the AFM that is operated in tapping mode
clearly indicated the dispersion of the peroxide on the surface of the ceramic. The scan
size (area of observation) is 5 X 5 pm” with the scanning frequency of 1 Hz with a
resolution of 256 lines per image.

The comparison of the nano indentation results done with two specimens with and
without catalyst proves to be very interesting. The addition of catalyst provided hard
thermally set polymer at a lower temperature (from 200°C to 1'200(;). The hardness of the
specimens varies because of the addition of catalyst (and also the thermosetting
temperature). All other conditions of fabrication (crosslinking and pyrolysis) are the
same. The nano indentation results are documented as in table 2.4 for a force of 2500
uN. The results point out that the value of the hardness and reduced Young’s modulus is

improved at the expense of surface homogeneity and surface roughness.

Table 2-4: Comparison of properties of SICN with and without catalyst at 2500 uN force

SiCN (with catalyst) | SiCN (without catalyst)
120°C 200°C
Reduced Young’s Modulus E; (GPa) 76.3 ' 62.3
Hardness (GPa) _ 9.18 7.38
Contact depth (nm) 79.8 90.7
Contact stiffness (uN / nm) 44.6 40.3
Max force (uN) 2461.7 2427.2
Max depth (nm) 121.7 136.2
Contact area (nm°) 2.681¢ 3.288¢°
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The role of the catalyst is essential in establishing the structure of the ceramic

material when lower temperature is used for thermosetting.
2.8. Influence of annealing temperature

CERASET™ thermally set in a condition similar to specimen 1 is crosslinked
with higher isostatic pressure (2000 psi) and pyrolysed and annealed at higher
temperature of 1200° C. This resulted in a higher hardness 28 GPa as in Fig.3.23. This is
the motivation for the study of the influence of the annealing temperature on the

properties of SiCN.

Figure 2.23: Image of hardness test mark for the specimen with highest hardness. H = 28 GPa

SiCN forms a hard solid ceramic when pyrolysed at a temperature of 1000°C.
After pyrolysis the resulting SiCN is amorphous. It is highly desirable to anneal the SiCN
at a higher temperature to obtain good crystal structure, higher hardness improves

mechanical properties [131] and to inculcate some electrical properties [132].

2.9. X-ray powder diffractograms of SiCN ceramics

The SIEMENS diffractometer, model D5000 (UQaM, Department of Earth and

Atmosphere Science) and Rigaku D/MAX 2400 12kW rotating anode diffractometer
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were used for performing x-ray diffraction testing. Common scheme of the X-ray

diffractometer is shown below.

Detector

Divergence sit

-

o

v Recsiving sit

Source

Figure 2.24: XRD principle of operation

For the powder which represents many small crystallites with random orientation,

X-ray pattern is averaged over all crystallite orientations and measures the scattered

intensity as a function of the angle of diffraction.
Information can be obtained from:

1) Peak position
a) Crystal system

b) Unit cell size.

2) Peak intensity
a) Unit cell contents

b) Quantitative phase determinations.
If the pattern consists of many sharp peaks, the specimen has crystalline structure

The X-ray powder diffractograms show amorphous state of SiCN ceramics for

pyrolysis temperature of 1000°, 1100°, and 1200°C.
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Figure 2.25: XRD peaks for a SICN at different temperatures

SiCN specimens annealed at temperatures of 1000°C, 1100°C, and 1200°C does
not show visible peaks confirming the amorphous status at those higher temperatures.
Further investigation on SiCN revealed that it is predominantly amorphous at temperature
below 1400°C [133] X-Ray diffraction testing was carried out on SiCN which are
thermally set at 120° C with temperature rate of 4°C / minute for 90 minutes, cross linked
at 400°C at a pressure of 2000 psi with a temperature rate of 1° C/minute and pyrolysed
till 1100°C with a temperature rate of 0.5°C and annealed to 1500°C.

For studying the influence of annealing temperature two specimens were considered

Specimen 3 — CERASET™ (with catalyst) annealed to 1500°C

Specimen 4 — CERASET™ (with catalyst) annealed to 1200°C
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X-Ray diffraction testing is performed on specimen 3 and specimen 4 which are
thermally set at 120°C with temperature rate of 4°C / minute for 90 minutes, cross linked
at 400°C at a pressure of 1800 psi with a temperature rate of 1°C/minute and pyrolysed
till 1100°C with a temperature rate of 0.5°C. The only difference between specimen 3 and
specimen 4 is the annealing temperature.

XRD tests on specimen -4 could not provide visible peaks as SiCN did not
crystallize in specimen 4. The results from the XRD testing for specimen 3 are shown in
figure 2.26. Analysis of the peaks revealed that the Silicon is available in the form of SiC

and P-SisN4 and the crystallization occurs at a temperature higher than 1400°C. This

corresponds to X-ray patterns of SiCN ceramics, pyrolysed at 1450°C, and ascribed to -

Si3N4 with hexagonal structure [134].
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Figure 2.26: XRD peaks for a SICN annealed to a temperature of 1500°C
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For the specimens pyrolyzed at 1700°C, Li et al. [135] found the existence of only
three peaks near 20 = 35°. They ascribed these peaks to SiC crystallites. It implies that
for the specimens pyrolysed here, if annealed above 1600°C the crystallization of SiC
would occur completely, as this phase exists in our specimens, pyrolyzed at 1500°C to
lesser extent, than Si3N4 crystallites. It is interesting, that no peaks definitely
corresponding to crystalline graphite were found in our specimens as graphite was used
as a base to hold the specimens during cross linking pyrolysis and annealing.

The width of X-ray diffraction peaks can be used for determination of the size of
SiCN crystallites. The larger the width of X-ray diffraction peak, the smaller is the size of
the crystallite. The simultaneous analysis of XRD peaks at 26 = 21°, 26°, 31°, 35° 36°,
38°, 42°, 63°, 65° and 73° gives the average size of 40 £ 5 nm for Si3N4 crystallites in our
SiCN specimens pyrolysed at 1500°C. It is to be noted that formation of Si3(N;Cx)a
crystallites is quite possible , where a part of N ions replaced by C ions with almost the
same structure as SizNjy.

The overall grain size of SiCN is dependent on annealing temperature. The SEM
tests were conducted on specimen 3 and 4. Specimen 4 does not show clear grains. The
results reinforced the XRD results at 1200°C the SiCN is still amorphous and there is no
clear evidence of grain structures or boundaries. On the other hand grain structure in the
range of 40-50 nm is found in specimen 3. The SEM image of specimen 3 is shown in

figure 2.27.
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Figure 2.27: SEM image of SiCN ceramics annealed at 1500°C

The results obtained from XRD patterns and SEM patterns support each other and
give an estimation of the grain size of SiCN ceramics annealed at 1500°C to be 40 -50
nm. The estimations of grain size of SiCN ceramics, obtained by Fainer et al. [95], also

support our results on grain size of SiCN ceramics annealed at 1500°C.

2.10. Summary

This chapter focused on the fabrication aspect of the sensor to perform at high
temperature. The suggested material for the body of the sensor is Silicon Carbon Nitride
SiCN. SiCN is a polymer derived ceramic and could be made from liquid or powder
precursor.

A brief introduction on the structural details and properties of SiCN is provided.
The fabrication consists of thermosetting, cross liking and pyrolysis. Different shape and

size of SICN demands different type of moulds. All the three processes require high
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temperature and it poses problems such as shrinkage, warping, gas formation and micro
pores / cracks. It is also discussed to minimize / eliminate these high temperature issues.

Mould design is discussed for thin, thick and pattern-able SiCN along with
machinability issues of these ceramics. Hydrogen peroxide is used as catalyst so as to
reduce the thermosetting temperature and the influence of these peroxides on surface
roughness is analysed.

In order to be used for high temperature application it is desirable to study
mechanical and structural properties along with the constituents. Study of mechanical and
structural properties revealed the dependency of these properties on fabrication
temperature to a large extent. SICN is pyrolysed and heated to temperature as high as
1200°C and is annealed up to 1500°C. X-ray diffraction and scanning electron
microscopy are used analyse the constituents and the grain size, respectively.

Fabrication of thin and thick films of SiCN is possible in the rectangular and.
circular shapes. The possibility of sensor configuration has to be addressed. The

following chapter address the configuration of the sensitive element.
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Chapter 3 : Static and Dynamic Pressure
Measurement Using Diaphragms

3.1. Introduction

Instruments measure a parameter by converting the measurand into a readable
form. This transduction is done by a sensing element. The measurand in an instrument
makes its first contact with the primary sensing element. This Primary sensing element
produces sufficiently large strain or displacement from pressure signal. Different
varieties of configurations of primary sensing element, which is usually a mechanical
structure such as bellows, bourdon tube or diaphragm, are available for different
measurands. The deflection created by the primary sensing element has to be converted to
an equivalent electrical or other type of useful signal. The following section presents and
discusses different possible ways of measuring pressure by transduction of deflection /

strain.
3.2, Pressure sensing by electrical transduction

Measurement of strain could be performed by measuring change in resistance and
change in capacitance. Resistance gauges measure strain by measuring the change in
resistance. When used in high temperature environments, these resistance gauges require
thermal compeilsation as temperature also influences the change in resistance. This
temperature compensation is carried out on the range of temperature for which the sensor
is designed to operate. Even with thermal compensation resistance strain gauges are
restricted to 675°C and in case of prolonged use the upper limit should be limited to

315°C [136]. Most of strain gauges are made up of alloys of platinum, gold or chromium
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which when exposed to higher temperature has to face problems such as variation of
resistance with temperature and scale formation at higher temperatures. Metallurgical
stability and oxidation are prominent and critical issues in resistance gauges and hence
the use of this type of gauges is strictly not recommended at high temperature
environment {136].

Capacitance strain gauge measures strain by accurate detection of the distance
between gauge points which is mechanically related to the spacing or area between two
plates. Capacitance type of strain measurement is more capable of dealing with high
temperature upto 593°C and if equipped with water cooling system it could operate up to
1093°C [137]. The advantage of using capacitance strain measurement consists of the fact
that the device is more stable at higher temperatures than resistance strain gauges,
however, capacitance based measurement is not completely immune to the influence of
temperature [138]. Capacitive pressure sensors measure capacitance in the range of 0.1 -
30 pf with a resolution in the order of 1 {fF [139]. Small capacitance changes are more
difficult to measure than small resistance changes, as small capacitance measurement
requires the use of charge amplifier [136] and or special circuitry [140]. Further the small
capacitance value cannot accommodate any transmission loss due to the stray capacitance
in the wires. Hence the associated circuitry for small capacitance measurement should be
close to the sensor to avoid unnecessary loss. Proximity of associated circuitry to sensor
implies exposure to high temperature for certain applications which would impede the
use of these sensors.

Microwave based sensors have been suggested by Woike et al. to measure tip

clearance as they can operate at high temperature [141]. Microwaves used in tip clearance
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measurement systems are phase based as in few radar systems [142]. In phase based
system a high frequency electromagnetic wave is generated by a source that is reflected
off a target and the echo is collected back by the receiver. The reflected signal is
compared with an internal reference signal and change in phase corresponds to the
change in displacement of the target. Microwave-based sensors are designed to operate in
temperatures up to 900°C with a resolution of about 5 pm and bandwidth up to 25 MHz.
However, there is a need for associated electronics capable of operating at high
temperatures. The sensor can effectively operate in dirty environments and has the ability
to “see” through oil, combustion products, and other common contaminants [143]. The
same type of sensing scheme could be also used to measure deflection caused by

pressure.

3.3. Pressure sensing by optical transduction

Pressure measurement is also performed by optical means using pressure sensitive
paints (PSP). PSP technique has gained attention from the aerospace community and is
also used to measure instantaneous pressure field of models in wind tunnel [144]. The
principle used is that oxygen in the air flow around the surface quenches the
luminescence from an oxygen sensitive dye in the paint, and by imaging the illuminated
surface with a CCD camera, the oxygen concentration profile and hence the static
pressure profile is mapped [145]. The oxygen sensitive dyes used in PSPs are sensitive to
temperature as well. This temperature dependency arises from both the temperature
sensitivity of dye luminescence and the oxygen diffusivity of the binder [146]. Pressure

measurement in an environment with temperature requires compensation. Comparison of
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acquired intensity with calibrated intensity patterns for known temperature and pressure
conditions could provide pressure details but this needs the measurement of temperature.
Temperature compensation of PSP uses binary paints that utilize two components where
one would be sensitive to temperature and pressure while the other would be insensitive
to pressure but would nullify the temperature insensitivity of the other component.
- However, these binary paints could only minimize the impact of temperature over a very
small range between 5°C to 45°C [147]. PSPs are widely tested in the range of -3°C to
24°C due to higher sensitivity at higher temperature [148]. Even temperature sensitive
paints are used in the range of -196°C to 200°C with an accuracy of 0.2°C to 0.8°C [149]

Even though PSP have an advantage in terms of producing static pressure patterns
without using pressure probes it poses problem in terms of temperature sensitivity and
inability to measure pressure at temperatures even at around 100°C. In addition PSPs
cannot be used to measure dynamic pressure or pressure variation with time as it gives
instantaneous pressure. PSPs provide visual output that cannot be reproduced or used as
an input for control purposes.

There are methods to measure strain using optical technique. Optical method
gained importance due to issues associated with electrical strain gauges such as 1) limited
temperature range, ii) susceptibility to electromagnetic interference i) long term
durability. Fibre optic sensors provide improvements in terms of electromagnetic
interference and it has been demonstrated in labs for high temperature operation and long
term durability [150]. Fibre optic based sensors are also used for structural monitoring by
measuring the strain using an embedded fibre optic cable [151,152,153]. Normally

embedding a fibre optic cable creates fabrication complexity at the micro scale level as
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photolithography is the core fabrication process of making micro sensor. Both packaging
and signal modulation raise significant problems that rarely make the optical detection as
the method of choice for strain measurement.

On the contrary, measurement of pressure through deflection seems to be a
convincing idea as sapphire based fibre optic cables and microwave sensors can measure
deflection at high temperatures in the range of 900°C. Furthermore deflection

“measurement unlike strain measurement by resistance is not affected by temperature and
hence it would be a better method to quantify pressure. Using fibre optic sensors, even
though is a good approach to measure deflection and / or strain, has some other issues
associated with the availability of optical interface in Full Authority Digital Engine
Controller (FADEC) which is the only decision making block with regards to today’s gas

turbine enginef154].

3.4. Sensitive element configurations

While the primary transduction results in deflection proportional to pressure the
next task would be to choose the configuration of the primary detection element.

Pressure sensing element is exposed to contaminants when expected to function in
gas/air flow path. The air intake in the compressor is prone to dust particles and the
incomplete combustion of aviation fuel in engine forms carbon deposits on the walls
[155]. The dust particles would cause erosion and forced random vibration by collision of
dust / suspended particles on the sensitive element if proper protective measures to isolate
sensitive element are not taken. Furthermore carbon deposits would change the geometric

and structural properties of the sensitive element. In addition use of optical sensing
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requires a reflecting surface and carbon deposits impede reflection. High temperature
corrosive attack of ash constituent is in a different category than pure deposits [156].
Smoking and carbon deposits could be reduced by the use of additives like barium,
manganese, iron or copper [155]. These carbon deposits along with the high temperature
énd flow conditions prevailing in the gas flow path demands design of new sensors
rugged enough to withstand these difficult conditions over an extended period of time

[157].

3.4.1 Micro bellows / bourdon tube as sensitive element configuration

Micro bellows and micro bourdon tubes are not popular for use in pressure
sensors as it is more difficult to make such a micro devices with high resolution using 2D
based micro fabrication processes [158]. Micro bellows are seen more as successful
actuators than as sensing elements due to its large achievable deflection and they do not
require moving parts [159]. Bourdon tube behaves in a geometrically non linear manner
and hence it is difficult to solve the non linear model. Only approximate mathematical
models have been developed for bourdon tubes that use circular and elliptical cross
sections [159]. Micro bellows also require rims of additional materials at the joints of two
layers to resist stress concentration and this adds up the intricacy of fabrication [160].
Hysteresis effects and non linear deflection are more prominent in bellows and bourdon
tube configuration due to the fact that the deflection caused by pressure is higher in these
configurations. Hysteresis study on macro steel bellows indicated strain hardening of the
bellows on prolonged use and it is also reported that there is a variation in axial spring

rate in the range of 2000 N/mm to 3000 N/mm {161].
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3.4.2 Diaphragm as sensitive element configuration

Micro pressure sensors use diaphragm or cantilever configuration as they are easy
to fabricate and readily compatible with micro fabrication technologies. Diaphragms and
cantilever configurations are desired for sensing applications due to the following reasons
¢ High design flexibility and ease of micro fabrication
% No special arrangement needed to compensate for stress concentration as in the

case of micro bellows
¢+ More suitable for prolonged use
¢ Accurately defined mathematical model for linear deflection.

Diaphragm is the most popular configuration for pressure sensing due to the
advantages in fabrication and by its simple configuration. Deflection of diaphragm is the
measure of pressure and this dependency is desired to be linear. Diaphragm allows
measuring pressure by either accommodating pressure to be measured on one side and
vacuum or a reference pressure or vented to atmosphere on another side.

The pressure diaphragm is mostly circular or rectangular in shape. Pressure
sensors fabricated with bulk micromachining methods that use anisotropic etching are
normally rectangular / square in shape. Circular diaphragms have advantages over square
or rectangular diaphragms due to the absence of stress concentration at the corners [162].
Figure 3.1 shows the loading scheme most commonly experienced by the diaphragm
based pressure sensor. The pressure to be measured 1s placed on one face and other face
is vented to the atmosphere or kept in atmospheric pressure or a known reference

pressure conditions.
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Figure 3.1: Uniform pressure loading model on a fixed diaphragm

3.5. Static and dynamic analysis of diaphragm subjected to

pressure loading

The analysis below will focus mostly on diaphragm deflection under static and
dynamic pressure. Static analysis is performed to evaluate deflection sensitivity and
dynamic analysis provides frequency response, these are the most important parameters
that have to be considered.

Deflection sensitivity is the ratio of deflection to load. It giVes the displacement of
the diaphragm produced by unit load. The overall sensitivity of a sensor would be
determined by deflection sensitivity, and the resolution of the deflection measurement
technique. The high sensitivity of a sensitive element will hint towards a limited
measurement range but with a higher resolution.

Frequency response is the response of the transducer to a sine wave of different

frequencies applied to it. Most of the instrumentation systems are subjected to a time
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varying signal of a complex nature, where these complex waveforms could be composed
using different sinusoidal signals of different émplitudes and frequencies. High frequency
response is highly desirable when measurement has to be done on a rapidly varying input.
In case of low frequency response the transducer can no longer respond as rapidly as its
input if it changes very rapidly (which is defined by the application). This would result in
loss of information.

The sensing element in the form of circular plate is found in many applications
including the sensing application. Therefore it is interesting to study the bending of
circular plate.

The governing differential equation for deflection of circular plate, subjected to a

static pressure P, in polar co-ordinates is given by

2 2 2 2 (3.1
vy = 5_2+12+L2 32 Q_{+l_‘9_y_+iz5yz _r
or- ror r-o00 or- ror r°o00 D

D — Flexural rigidity

The deformation is independent of the angular co-ordinates only when the boundary
conditions, matenial properties, and loading are also axisymmetric. Considering
axisymmetric bending wherein the deflection of the plate will depend upon radial

position r only, the differential equation of the surface deflection reduces to

i, & 1oy 1oy P (3.2)
y= 2 2 -
or ¥ or j\ Or r or D

The complete solution of equation 3.2 for the solid circular plate subjected to an

WT'4

64D

axisymmetric distributed load is given by y = C37% + C4 +
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Applying boundary conditions for clamped edges, the linear deflection of the diaphragm
loaded by transverse pressure P is given by [163].

y - 3P0- 1) (3.3)

2
= e (K )
The tangential and radial stress involved is discussed in the forth-coming section.
In equation 3.3, Y, is the deflection of the diaphragm at radial distance (m)

P is the pressure (Pa)

4 1s the Poisson ratio = 0.17 for SiCN

E is the Young’s modulus = 158 GPa for SiCN
h is the thicknesé (m)
R is the radius of diaphragm (m)
r is the radial distance from the center (m)
Most of the sensor applications target the maximum deflection of the diaphragm, which

occurs at the center. The maximum deflection of the diaphragm at the center is given by

_3P(1-)R? (3.4)
Center 16Eh3

The restrictive assumptions made to deduce equation 3.3 include
¢ The diaphragm is flat and is of uniform thickness
¢ The material is isotropic and homogenous
% Maximum deflection is not more than 30 % of the thickness
%+ All forces, pressures and loads are applied normal to the plane of the diaphragm
+«+ The diaphragm is operated within elastic limit
% The diaphragm is not too thick, (thickness < 20% of the diameter)

<+ The deflection is mostly due to bending
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The deflection pattern for a circular diaphragm clamped along the contour is illustrated in

figure 3.2
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Figure 3.2: Deflection curve of a diaphragm under pressure

Deflection curve under pressure is given by

2 2 P 2 7 (3.5)
)Ir :MRZ‘ 1— L :YCCYHCV 1— L
16FEh R R

The above equations are based on restrictive assumption that the maximum deflection is

no more than 30 % of the thickness of the diaphragm [163], i.e. ¥,

mer < 0.3 % thickness .
- The diameter of the diaphragm is defined by the application and the size that enables the
installation within the packaging space. Now with the knowledge of the diaphragm’s

diameter, the thickness could be expressed (using equation 3.4) as

2y T4 (3.6)
;,:R{M]
48*F
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Equation 3.6 expresses the correlation between the thickness and the maximum
pressure to ensure a safe deflection of the membrane. The deflection is limited not to
exceed 30 % of thickness to avoid non linearity. Figure 3.3 shows the relationship
between thickness of a diaphragm and radius with respect to pressure and could be used

to choose the required thickness based pressure to be measured and the diaphragm radius.
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Figure 3.3: Thickness vs pressure for specific radius for SiCN diaphragm
Diaphragms capable of linear deflection are needed in many pressure sensors. In
order to obtain high sensitivity the thickness of the diaphragm should be as small as
possible to maximize the load — deflection responses. But at the same time thin
diaphragms subjected to normalised high pressure may yield large deflections and non
linear deflection might result in plastic deformation. The relationship between pressure
sensitivity based on the deflection at the center of the diaphragm and the thickness for

different radius is as shown in figure 3.4.
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Figure 3.4: Theoretical sensitivity for different radius for SICN diaphragm

3.6. Stress analysis

Diaphragms experience stresses due to the bending that increases linearly over the
thickness of the diaphragm to the outer surface where they reach their maximum values.
At small deflections there are no stresses in the mid plane of the diaphragm, however the
stresses increase linearly over the thickness of the diaphragm to the outer surfaces where
they reach their maximum value. The diaphragm when exposed to pressure is bent in the
shape of a double curve and the stress analysis should take into account the radial and
tangential stresses. The maximum value for radial stress is at the edge of the diaphragm
and the maximum value of tangential stress is at the center of the diaphragm whose value
is equal to the radial stress at that point [163]. The variation of tangential and radial
stress along the radius of the diaphragm for an applied pressure of 10 MPa is depicted in

figure 3.5
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The radial stress o, at any distance r from the center may be obtained as [163]

r~—(1—,u2) dr’  rdr

where z 1s the distance from neutral axis considering z = 3 Using equation 3.3

2 2 (3.8)
o, =+ LK [(3+y)%2-—(1+,u)}

H

8*h’
The maximum radial stress is at the edge of the diaphragm

3PR? 3.9
o =%
T T 4xp?

The tangential stress o, at any radial distance r may be calculated from the expression

- E*z lfi}i+ ,dl (3.10)
’_—(l—yz) rar Ny

where z — distance from neutral axis considering z = 5 Using equation 3.3

3PR? r (3.11)
o,=* PeyE [(3/1+1)-R—2—(1+,u)}
The maximum tangential stress o, is at the center where r=0

3PR? (3.12)
o=t T [(1+,u)]

In order to operate within linear range, the pressure must be limited to (from equation

3.6)

16*0.3ER" (3.13)

R (s)

P
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Figure 3.5: Radial and tangential stresses for SiCN diaphragm

Since the maximum pressure would be known, the stress at the linear limit could be

calculated by using the pressure at linear limit and is given by

16*0.3ER ” ] (3.14)
o =% 3u+l)——(1+
z 8*R2 *(1_#2)[( H )R2 ( ﬂ)—
16*0.3ER? % ) (3.15)
o, =% 3+pu)——(1+
r 8*R2 *(1_#2)|i( 'LI)RZ ( ﬂ)J

3.7. Frequency response

For the purpose of dynamic pressure measurement, resonant frequency is also an
important parameter. It is therefore important to characterize the relationships among
diaphragm thickness, diameter, and resonant frequency in order to establish design

guidelines for diaphragm based dynamic pressure sensor [69].
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Frequency response and high frequency cut-off are the two specifications that
describe the response of a transducer to a variable frequency sine wave input applied to it.
At low frequencies a sine wave input yields a sine wave output. As the frequency of the
sine wave input increases, the transducer is expected to respond faster and faster. Beyond
a particular frequency the transducer can no longer respond as rapidly as its varying
sinusoidal input. This creates a phase shift between input and output and the output of the
transducer falls. This roll off of amplitude with an increase in input frequency describes
the frequency response. The cut off frequency indicates the lowest or highest frequency
of stimulus that the sensor can process. The upper cut-off frequency shows how fast the
sensor reacts. The lower cut off frequency shows how slow the sensor can process
changing stimuli. At lower frequency the concern is not only response but also noise
which could be considerably higher than the signal.

However frequency response is provided by two different parameters in a
pressure sensor. First parameter is the dynamic response due to inertia of the moving
mass that could be evaluated on a lumped mass model. The second parameter which
reduces the frequency response is the fluid flow itself.

Considering a diaphragm of uniform thickness fixed at its periphery and
considering the deflection is symmetric about the center the maximum potential energy
and maximum kinetic energy of the diaphragm are [69]

U:ﬂDJ. —+

5 or* r or

R(aZZ 1 az)z (3.16)
——— | rdr

X (3.17)
T:;z'pha)zj'erdr
0
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Considering a deflection function Z in terms of » (as deflection is symmetric no 0
term is involved) that would satisfy the boundary conditions for a diaphragm fixed at the

periphery. Taking deflection function as a series (Rayleigh Ritz method),

5 \2 » \3 (3.18)
zzal[l_%) (lﬁ_)

*
and applying this in the Rayleigh Ritz method, with 7 = a)szax we get

U oT * (3.19)
max _a)Z max _ _ ()
Oa, Oa,
R 2 2 2 (3.20)
_‘?_ af.,_la_z _@_22 rdr =0
oa, |\ Or" ror D

Substituting equation 3.18 in equation 3.20, we get

. T2 (3.21)
_o|(&g*D
m"_Rz[(h*wH

where

a is the constant related to vibrating modes of diaphragm o = 10.21 first mode
o is the frequency

g is the gravitational constant

E*p’

D is the flexural rigidity = ———
# a2

E is the Young’s modulus
h 1s the thickness
R is the radius of diaphragm

w is the specific weight of the material
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Natural frequency is an important characteristic that evaluates the performance of
the sensor under dynamic conditions. In order to faithfully respond to the dynamic
pressures, the natural frequency of the sensor should be kept well above the highest

frequency to be measured.
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Figure 3.6: Theoretical natural frequency for SiCN diaphragm

Generally the operating frequency range of these sensors should be kept less than 60 % of
the natural frequency of the sensing element [164]. Figure 3.6 shows the variation of the
natural frequency of the membrane only, in relation with the thickness for different radii.
Smaller the radius higher will be the natural frequency.

Diaphragm is normally used to measure static pressure due to the fact that
measurement of static pressure requires pressure on both sides of the diaphragm. The
pressure on one side is the reference and the other side is the measured pressure. Sealed

diaphragm provides this feature by virtue of its configuration.
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In the case of dynamic pressure sensing, annular diaphragms is one of the options
as it allows the flow of fluid through the annulus. Sensitivity comes as a major issue for

this type of sensors.
3.8. Annular diaphragms for pressure measurement

Flat circular diaphragms exhibit lower sensitivity at low pressure application. At
low pressure sensitivity has to be increased either by increasing the radius or by
decreasing the thickness. However both these approaches would enable non linearity
creep in if the maximum deflection exceeds 0.3 times the thickness of the diaphragm. In
order to improve sensitivity and linearity simultaneously particular geometries in
diaphragm such as diaphragms with rigid center or boss are introduced in sensing
applications [165,166].

Sensitivity issue was the motivation for the use of bossed diaphragm for low
differential pressure. Higher sensitivity could be achieved at no compromise in the
capability of the structure to undertake load. Annular diaphragm with center boss
supported by quadruple beams to measure low dynamic pressure in the range of 500-
2000 Pa with a resolution of 0.01 Pa is proposed by Tilmans et.al [167]. Pre-stressed
annular plate with a rigid boss is used as an approach to deal with excessive deflection
[168]. Pre-tension tends to stiffen the plate and thereby plays an important role in
determining deflection. Large pre-tension increases the plate stiffness which yields in
increase of the load bearing capability, but this ability comes by trading off the

sensitivity. The natural frequency of the annular diaphragm can be designed based on the
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above specified requirement but the response would be greatly diminished by the
interaction of the fluid flow.

Annular diaphragm for use in a down hole pressure transducer for oilfield
application is reported in oil wells [169]. The frequency of pressure wave pulses for such
applications that the sensor is exposed to is in the range of 0.1 Hz to 30 Hz and the
transducer only needs to sense dynamic pressure changes of relatively small amplitude
[169]. The natural response of the annular diaphragm is a key parameter in case it has to
be used for high frequency pressure change applications.

Aerospace applications mostly require dynamic pressure measurement at very
high frequency. If the dynamic pressure has to be measured on the clearance between
blade and the shroud, the frequency will be approximately 17.6 kHz for a compressor
with 23 blades rotating at 46,000 rpm. Even though it is possible to design an annular
diaphragm to a natural frequency higher than 17.6 kHz, the response of the sensor is
limited by the natural response of the system in conjunction with air flow. This is the
reason that the annular diaphragm based sensor reported by Atkinson et.al [169] is
suggested for an application that requires a very low frequency response of 0.1 to 30 Hz.
The frequency response of an annular diaphragm in conjunction with air flow could be
significantly improved by increasing the diameter of the annulus in the diaphragm. But
this could be achieved at the cost of significant reduction in sensitivity.

The frequency response is given by the membrane as well as the inertia of the gas
flow through the annulus in the diaphragm from high to low pressure. The annular
diaphragm with different pressures on either side could be considered as a pressurized

tank that discharges through a flow restriction which has the behaviour of a fluid
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resistance. This system could be modelled through analogy as electrical system where the

pressurized tank is the charged capacitor that is discharging through a resistor.

Resistance

_ P+ p
P+pn — g b

L

Capacitance
Figure 3.7: Electrical analogy with capacitance and resistance
Consider the pressure system as shown in figure 3.7, where the gas flow through

the restrictor is a function of pressure difference P;-P,. Considering the temperature being
constant and the absolute pressure P is high compared to P and P, such a system could

be characterized in terms of resistance and capacitance.

The fluid flow resistance is defined as the ratio of change in gas pressure
difference to the change in fluid flow rate. Considering small values of pressure
difference, the resistance may be assumed as constant [170]

_P-P (3.22)

When a specific mass of gas is stored in a vessel there is a well established
relationship between the volume of the gas, pressure and temperature of the fluid. If the
tangent to pressure versus volume curve is drawn at some point, then the reciprocal of the
slope is defined to be the hydraulic capacitance [170].

3.23
Fluid capacitance = Ll (3.23)

dp
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The gas removed from the chamber during an infinitesimal time dt is equal to

infinitesimal variation of pressure dp times the capacitance.

dp, P-P (3.24)
C*dp, =q*dt or CZL="t_"2
Py =4 dr R

P
where q - is the flow .
Equation 3.24 can be written as

(3.25)

[+ i

rRc%e p_p
dar

Considering P; and P, as input and output respectively then the transfer function

of the system is

P(s) 1 (3.26)

H(s)= P,(s) Bl 1+RPCS

The inertial effect of the travelling fluid due to the reduced amount of flow is

ignored making this a first order system. Comparing equation 3.26 with the standard

AR (s) _

where the time constant 1, which is a
AP(s) l+st

equation for first order system,

measure of system’s speed of response is the product of fluidic resistance and

capacitance.

3.9. Pneumatic capacitance

The compressibility of air makes the analysis far more complex than its hydraulic
counterparts. The essential difference between the pneumatic system and hydraulic
system is that gases possess high compressibility and hence change in small volume of

gas results in change in pressure without any change in the volume of the chamber. The
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capacitance can be defined as the change in mass of air in the vessel required to make a

unit change in pressure.

C dm _ v dp (3.27)
dpP dpP
where m is the mass of air (Kg)
¥ is the volume of chamber (m")
P is the ab-solute pressure of air (N/m?)

p 1s the mass density of gas (Kg/ m’)

If the expansion process is expressed as polytropic process then

3.28
in = Pp~" constant (3.28)
p
From equation 3.28 ap = iP (3.29)
n

where n is the polytropic index n=1to 1.2

p*v V.V (3.30)
n*P—n*y_n*R. *T
p arr

Pneumatic capacitance C =

3.9.1 Pneumatic resistance

As the fluid flows through a pipe, a valve or an orifice, there is a drop in the

pressure of the fluid. The change in pressure associated with flowing fluid results from

the dissipation of energy and obeys a non linear relationship between the flow rate q and

the pressure difference Ap. Hydraulic resistance which was modeled as a linear resistance

becomes non linear with a compressible gas flowing through it [171].

g=k2p (3.31)

where k is the conductance factor.
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Considering a steady flow of perfect gas through an orifice as shown in figure 3.8,
the cross section 1 is the upstream of the flow, the cross section 2 is at the “vena
contracta” where the jet area is minimum. The cross sectional area of “vena contracta” is
smaller than the cross sectional area of the orifice. The ratio of 4,/4, =C,, where C, -

coefficient of contraction.
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Figure 3.8: Flow through an orifice [172]

C \/ ?’\Y -

Let Py, v, T; and Py, v, T, be the pressure, velocity and temperature at section 1

and section 2, respectively. Considering the flow to be isentropic and it could be written

Bw/ = Pw,” =constant where 7y is adiabatic index w, and w, are specific volume and

. 1
which can be expressed asw = —.

™

R=p'Bp,” (3.32) ,
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The equation of motion for steady flow considering constant temperature, single

phase, steady and frictionless flow is

vdv+£)—+gdz=0 (3-33)
ye,
Neglecting elevation change equation 3.33 becomes
3.34
vdv + ar =0 (3-34)
P

Differentiating equation 3.32 with respect to p, and noting that F,p,”” =constant, results
n

dB, =yp/ " dpPp,” (3.35)

Substituting equation 3.35 in (vldv] + i 0)

e
vy, + 0/ " Bp, 7 dp, =0 (3.36)
Integrating equation 3.36 and considering P,p,”” = B p,”” constant

2 2 3.37
Xl__+_7__PL:vL+—}—/——§=constant ( )

2 y=lp 2 y-lp

From continuity equation p,4v, = p,4,v, which implies

1y 3.38
1 2
A4\ B 4
Substituting equation 3.38 in equation 3.37
L[ﬁ-&) (3.39)
v, _ry=l\pa p

2y 2
2 (B) (4
R 4
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From the figure 3.8 area 4, is sufficiently smaller than 4 and P,/F, <1 therefore

1_(2)2/7 Eiy . (3.40)
R) 4

So equation 3.39 becomes

v Z_Z_(ﬁ_,iJ G4
2 y-Wp p

Substitution of p, = (B, /P, )l/’v 0, in equation 3.41 yields

y-1 (3.42)
- |2 B 1{&)7
2 _
y—=1p A

Mass flow rate g= p, 4,v,

r-1 (3.43)

2Zr A&

=p A
q=p4 y—1p, P

Substituting o, =(B,/F, )W p, and 4, =C A4

2 74l (3.44)
qZCcAo —ZLBPI i 7'— i '
y—1 A A
Considering coefficient of discharge C, that would include frictional effect and

. . . B . .
contraction coefficient C, and knowing that p, = ﬁ equation 3.44 modifies to
1

7+ (3.45)

2
gocoa |2 BNBY (B
“Ay-1RG|\R) R
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_— E(R-F)
ultiplying 3.45 by m
2 1 2
y+1 (3.46)

2
2y B B(R-B) [Pz)r_(g)r

A

=C,A
1= V1R, B(R-B)

, b
Considering expansion factor &= 4 h (% —(i) ’ [172] the
1

ly-1B,(R-F)

modified mass flow rate becomes

) (3.47)
0= Co P (R P)
Referring to figure 3.7 P, =1_’+Eand VA =I_’+B, we have mass flow rate
> 3.48)
2 = Ll2peop (
=C,A¢ |—|\P+P)(P-P)=C,A L [— | 1+=2 |(P-P
q d og\/RT;( o)( i o) d ofJR]—;( P)( i o)

As P, is sufficiently smaller than Fby approximating {1 + % ~1. Hence

= (3.49)
2P
qg= CdAoé:\}R_T;(B -P)

Comparing equation 3.49 with the general form g = k, /E -P

= (3.50)
k = CdAoé —gz
T,

Pneumatic resistance can be defined as the change in differential pressure between the
upstream and downstream of a flow restricting device required to make a unit change in

mass flow rate
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R _dAP (3.51)
P dq

The mass flow rate is proportional to the square root of the pressure difference. The curve

that would relate the flow rate and the pressure difference is depicted in figure 3.9.

Pressure difference

Flow rate g

Figure 3.9: Resistance as a slope of pressure difference and mass flow rate

The slope of this curve at an operating point gives the value of pneumatic
resistance provided by the orifice. Normally pneumatic resistance offered at an operating

point is calculated using a similar graph experimentally obtained.

3.10. Response of the system

Since the main application in the present work is measurement of dynamic
pressure in gas turbine engine, a case study is selected that is associated with gas turbine
engine. Two types of compressors are used in today’s gas turbine engine. They are the
axial compressor and the centrifugal compressor. The axial compressor is used primarily

in medium and high horsepower applications, while the centrifugal compressor is utilized
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in low horsepower applications [4]. Axial compressors used for aerospace applications
has a pressure ratio of 1.15 — 1.6 per stage [4].

For calculation purpose, an axial compressor that has a pressure ratio of 1.25 per
stage is considered. Considering the inlet pressure to be 14 psi and the required exit
pressure is approximately 130 psi. So approximately in 8" stage the pressure difference
would be around 16.75 psi. Considering this pressure difference in the model illustrate in
figure 3.6, the resistance provided by diaphragms in three different openings is as shown

in figure 3.10.

12 3 - T e
Dia =30 p Dia /-35 p
10 L T T ’ / Dia =40 (p.

o«
-
s

Pressure difference N/mf
i
.
N
N

0 0.2 0.4 0.6 0.8 1 12
Flow rate kg/s -6

Figure 3.10: Resistance provided by orifices of different diameters
From figure 3.10 it is clear that the pneumatic resistance is higher with decrease
in orifice diameter. The resistance values for the orifices with diameters 30 microns, 35
microns and 40 microns are 3.4214 X10'' N-s / Kg — m?, 1.8468 X10'' N-s / Kg — m? and

1.0825 X10' N-s/ Kg —m”.
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Considering the sensor is based on an annular diaphragm configuration, the high
pressure compressed air has to flow through the orifice in the diaphragm, also causes
deflection of the annular diaphragm. The natural frequency of the structure will be higher
at a higher diameter of the orifice on the annular diaphragm for same diameter and
thickness of the diaphragm. However, higher diameter of perforation reduces the
sensitivity of the diaphragm which cannot be traded off as less sensitivity would engulf
valuable pressure data.

Consider an annular diaphragm of diameter 2000 microns with a perforation of 30
microns. The pneumatic resistance offered by the perforation of 30 microns is
3.4214X10'"' N-s / Kg — m®. A diaphragm of 2000 microns with a finite volume (volume
is formed by the wall of the shroud as the sensing element will be housed within the

shroud) at its back, considering a gap of 1 mm, the total volume formed by the diaphragm

will be ﬂ'*(lX 10‘3)2"‘1X10'3 =3.14X10%°m’. When the blade crosses above the

sensing unit, the sensing unit is loaded and the volume behind the sensing unit is filled
with compressed air. This causes a deflection of the diaphragm and it tends to regain its
flat position by attaining equilibrium. It is mandatory that pressure equilibrium is attained
before the increase of pressure caused by the passing of the next blade. It is impossible to
allow all the flow in the clearance to pass through the orifice in the annular diaphragm,
also a situation like this (a vibrating diaphragm with a back volume) requires a large back
volume for better sensitivity [173]. Considering the volume if 3.14X10"° m®, the

pneumatic capacitance by substituting R, =287 N-m / Kg K, and considering

temperature 273 K and n =1 equation 3.30 yields
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_3.14X107 (3.52)

S rryererre 4.0076 X10kg-m* N

Considering the resistance value 3.4214X10'' N-s / Kg — m? the time constant is
0.0137 seconds, which corresponds to a frequency of 72.9 Hz. In actual case the
frequency would be little higher as the volume that actually participates in the fluid
exchange will be a fraction of the total volume. Taking the inverse Laplace transforms of

equation 3.26 the pressure

(3.53)
ﬂt_) =7 1 ="
(1)

s+—
T

The resulting graph would be an exponentially decaying graph. With the
knowledge of the pneumatic capacitance and resistance, time constant can be found,
which would give the response of the system. If the discharge characteristic curve is
found experimentally, the time constant can be found out from the time taken by the
response to fall approximately 63% of the initial value.

By calculating the slope at a point where the response becomes one third of the
initial pressure, we get the time response of the system to be 0.013707 seconds. In case of
an annular diaphragm being used for dynamic pressure sensor the frequency response of
the system is the lowest frequency between the natural frequency of the annular
diaphragm and the frequency corresponding to the time constant of the first order system
that is generated by the flow of air through the orifice. The natural frequency of the
diaphragm could be made much higher than the frequency corresponding to the response
of the diaphragm with fluid interaction (reciprocal of time constant).The response of the

system is determined by lowest of the two frequencies.
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As the response of a pressure sensor obeys the coupling between fluid flow and
mechanical response, the configurational arrangefnent of the sensor is essential in
obtaining the best dynamic performance of the sensing system. Hence an attempt to build
a dynamic pressure sensor based on annular diaphragm would result in sensor system that
could be used only for a low frequency application. Further suspended particles in the
input flow would form a layer of deposition on the diaphragm and also these particles
might produce random vibration by colliding on the diaphragm and add mass to the

membrane. There is a serious need to protect the sensitive element from the invading

particles.

Pressure ratio
o
(4, ]
i

0.4~
0.3 |\

02~ |\

0.1+
: : L
10013707 >~

0 002 004 006 008 01 012 014 0.16 018 02
Time in seconds

Figure 3.11: Time response of first order system of annular membrane

To protect the sensing element from the invading particles, it is mandatory to
make sure that those particles do not reach the sensing element. Most of the pressure
sensing applications connects the sensing element (diaphragm) to the pressure source by
tubing [163]. These narrow access tubes, even though could reduce the invading

particles are out of discussion for certain applications with space restriction as this would
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evade the usage of access tubes. Further these tubes would reduce the natural frequency
of the system and to prevent this degradation the tubing diameter should be as high as

possible while its length should be at its minimum as practicable [163].

3.11. Summary

In this chapter pressure measurement is discussed with different types of signal
transductions. Emphasis is on electrical and optical system as they are suitable for high
frequency application. The frequency response of a transducer is dependent on
configuration, size and gas-structure coupling. The importance on the configuration of
sensitive elements is emphasized along with the design considerations for diaphragm
based sensitive element which is a major configuration in pressure sensor design. It is
also illustrated that the diaphragm based configuration mostly is used for static pressure
measurement and for dynamic pressure measurement annular diaphragms are used.

Annular diaphragm used for dynamic pressure measurement is used for only low
frequency application. An annular diaphragm based system is formulated based on
electrical analogy and the resulting system is a first order system whose time constant
reveals that annular diaphragm based system cannot be used to measure dynamic pressure
of high frequency.

As the annular diaphragm configuration that is used to measure dynamic pressure
in oil wells cannot be used for high frequency application, the possibility of using
aeroelastic phenomena for sensing application is analyzed in chapter 4. Aeroelastic
phenomenon use lift, drag or shear force generated by moving fluid on a surface as the

working principle.
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Chapter 4 : Different Configurations of Sensitive
Element

4.1. Introduction

Microsensors use different configurations depending on the application. The most
common configurations are the cantilevers and diaphragms. Annular diaphragm is used
as sensing element configuration for low frequency, low temperaturé applications as
described in chapter 3. This chapter will deal with the different configurations for GTE
application with high temperature and high frequency environment. Since it is necessary
to measure the fluctuating pressure also the possibility of using diaphragms with multiple
holes is studied in this chapter. Multiple holes in a diaphragm will enhance its response
when the sensitive element interacts with the flowing fluid.

Cantilever configuration is mostly used in aeroelastic based sensors which have
flow parallel to the sensitive element as in lift based sensors or flow perpendicular to the
sensitive element as in drag based sensors.

Cantilever configuration in lift based sensors is generally used for very low
velocities as this configuration has problems of flutter which become significantly high at
higher flow conditions [174,175]. To accommodate higher sensitivity and higher loading
conditions special arrangements to the cantilever sensitive element is made as shown in
figure 4.1.

Drag based sensors that use cantilever beam as sensing element has serious
overloading issues due to the direct exposure of the sensitive element perpendicular to the

flow.
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Figure 4.1: Top view of sensitive elements for lift force based sensing {174,175}

Diaphragms are also used for shear force based sensing as it has a larger surface
area, but the stiffness is being reduced by special arrangements. Square diaphragms with
120 X 120 pm sufface area is used as sensing element for a sensing scheme that uses
flow induced displacement caused by shear force [176].

Diaphragm based flow induced shear stress measurement devices are stiffer than
their cantilever counterparts and hence special arrangements to reduce the stiffness is
required to make them more sensitive [177].

Circular diaphragms could be made less stiff by adding perforations to them.
However, perforations also reduce the mass. Perforations closer to the clamped edge at
the periphery of the circular diaphragm will have significant effect on the stiffness. The
following study will focus on the change in natural frequency of the disks with the

position of the perforations.
4.2. Analytical formulation using Bessel’s function

Consider a homogenous and perfectly flexible circular plate that is assumed to
move only in a direction perpendicular to the plane of the plate. With the origin of the

polar coordinates fixed at the center of the circular plate, its displacement w(r, 9, t) is
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assumed to be very small when compared to the dimensions of the membrane. The

equation of motion for the free transverse vibration of the plate is

2 4.1
DV*w+ ph S =0 “D

ot
Viw = VH(Vi(W)) (4.2)
where

2 2 4.3)
2 (w(r, H,t)) _ 0 w(r;H,t) +l[6w(r,9,t))+_12—[6 w(r,zﬁ,t)J
or v or r o6

and D is the flexural rigidity, p is the density, h is the thickness, and V?is the Laplacian
operator.

Then equation 4.1 becomes
(V'-p)w=0 (4.4)

ho? . :
where g = £ Equation 4.4 could be written as

(V'+8) (V-8 )w=0 (4.5)
whose solution can be obtained as the superposition of the solutions of the two linear

differential equations

(VZ “‘,52 ) w, =0 (4.6)
(V2 + 47 )w, =0 (4.7

Let w; and w; be corresponding solutions of equations 4.6 and 4.7. Superposition of these

solutions will give original solution w=w,+w, of equation 4.5.
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The solution for equation 4.6 can be expressed asw(7,0,1)=R(r)©(8)7(1).

Method of variable separation yields the following equations

2 4.8
25_+02ﬁ2T=0 (48)
&R(r) 10R(r) ( , o (4.9)
- ~Z|R(r)=0
or? +r or nG r (r)
2 4.10
Zt?mz(a:o (4.10)

where o is a constant that must yield displacement as a periodic function of 8 with a
period of 27 such that a must be an integer, 1.e., considering a=m and m=0, 1, 2...

The solutions of equations 4.8 and 4.10 could be expressed as

T(t)=L, cos Bt +Qsin pt (4.11)
0O(8)=G, cosmb + H, sinmb (4.12)

Equation 4.9 can be written as
d*R(r dR(r)
2 drg )+r - +(r2ﬂ2—-m2)R=0

(4.13)

v

Equation 4.13 can be identified as Bessel’s equation of order m with parameter .

The solution of equation 4.13 could be expressed as
R(r)=4J, (Br)+BY, (Br) (4.14)

where A and B are constants that could be determined from the boundary conditions and
Jm and Y, are Bessel functions of first and second kind, respectively.

The solution can be expressed as

w, (r,0,1) =W, (r,0)(L, cos Bt +Q, sin Bt ) (4.15)
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where W, (r,0) =(AJ,, (Br)+BY, (Br))(G, cosmb+ H,sinmd) . Similarly
w, (r,6.t)=W,(r.0)(L, cos B +Q, sin ft) (4.16)
where W, (r,0) = (CI,,( fr)+ DK, ( Br))(G, cosmf + H, sinmg).

Combining W(r, 8) and W, (1, 0), the complete solution is obtained as

w, (r,0)= [AmJ,,, (Br)+B.Y, (Br)+C,1,(Br)+D,K,( ﬁr)}(cosmg) @.17)
+[2[m*‘]m (,Br) +BY, (ﬁr) + (:‘m*]m (Br)+ DK, (ﬁr):i (sin ml9)

where ;Im,/ylm*,ﬁm,gm', C.C’

m?>» ~m >

D, and D, are constants and J;, , Iy and Yy, , Ky, are

Bessel functions of first kind, modified first kind, second kind and modified second kind, -

respectively.

4.2.1 Circular plate
Consider a circular plate of radius ‘a’. Let the origin of the polar co-ordinate

system be at the center of the circular plate. For a circular plate
w(r,0,t)=R(r)®(6)T(t) must be finite. Since Yy, (Br) and K, (Br) approach infinity,

the constants B,, D,, B, , and D, must be zero. If the boundary conditions possess
symmetry with respect to one or more diameters of the circular plate, it is possible to

discard sin m0 term. Therefore equation 4.17 reduces to
w, (7, )= [ﬁan (ﬂi) + CN'nIn (,Br):!(cos nd) (4.18)

where the subscript n will denote nodal diameters, the coefficient /~1,, and C~’” determine

mode shapes and could be solved from the boundary conditions.

4.2.1.1 Circular plate with clamped boundary condition
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Consider a circular plate with outer radius ‘a’ with the edge of the plate

axisymetrically clamped, such that the deflection and slope are zero at the clamped edge.

W(r, 9) = 0 (4.19)
ow(r.0) (4.20)
or -

r=a

Substituting the boundary conditions in equation 4.18, one has

AJ,(pa)+C,I,(Ba)=0 (4.21)
i dJ,(pa) o dl,(Ba) _ 0 (4.22)
dr dr

Writing equations 4.21 and 4.22 in matrix form

J, ('Ba) I, (,Ba) }in 0
a7, (fa) dI,(pa) {é}:{o}
dr "

dr

(4.23)

{ _"} # 0, and hence for a non trivial case, the characteristic determinant must be zero.
C

n

Accordingly
J,(Ba) I,(Ba) (4.24)
dJ,(Ba) dI,(Ba)|=9
dr dr |
The frequency equation is given by
dl,(pa) dJ,(Ba) (4.25)

J,(Ba) 1,(pa)=0

dr dr

Using recurrence relation, Bessel function of higher order can be converted to Bessel

function of lower order as
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f‘_’zc@ = 20, (Pa) =11 () (426
r a

dl,(Ba) n (4.27)
— _,E;I" (pa)+1,,(pa)

Substituting in equation 4.25, the frequency equation is given by
J,(Ba)l,,,(pa)+1,(pa)J,, (Ba)=0 (4.28)

where the eigen value is the frequency parameter and is given by

(4.29)
fa* =do, /ﬁ’l sao=p |2
D ph

4.2.1.2 Annular plate with outer edge clamped and inner edge free

Consider a annular plate with an outer radius ‘a’ and with an inner radius ‘b’.
There will be additional boundary conditions at the inner boundary. The deflection

corresponding to this case will become

w, (r, )= [%Jn (ﬂr) + 1§nY; (ﬁr) + C"n]n (ﬂr) +DK, (ﬂr)] (cos n@) (4.30)
The boundary conditions corresponding to outer edge clamped and inner edge free will
be

_awme) (4.31)

W(r,@) . ™

M, (r.0) _ =V,.(r.0)_ =0 (4.32)

Based on boundary conditions when r =a, equation 4.30 will become

A4,J,(Ba)+BY,(Ba)+C,I (pa)+D,K,(fa)=0 (4.33)

n-n
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i dJ, (Ba) +B dr,(pa) 5,, 1,(Ba) v dK, (Ba) _, (4.34)
dr dr dr dr

=0, equation 4.30 becomes
r=b

Considering bending moment M, (b) =-D
ar’* v dr

d’w ,udw:’

43
i {d J,(Pb)  p ,,(ﬂb)}+ B { Y.(Bb)  p Y, (ﬂb)}+ (4.33)
ar’ ﬂb dr ar’ ,Bb dr
a’l (,Bb) e dl (,Bb) d’K, (pb) _li_dKn (Bd) _
“ dr* ,Bb dr b, dr’ ﬂb dr
Considering shear force V,(b)z—D—a—[Vzw] 0 [d w+l@) =0
or b Cor\ dr v dr .
(,Bb) 1 dan(ﬂb)_ 1 dJ,(pb) N (4.36)
4 ar’ ,Bb dr’ p’v’  adr

dr? ﬂb dr? L dr
G &I (,Bb) 1 dzln(ﬂb)_ 1 dI,(pb) .
” ar’ ,Bb dr’ By’ dr

5 |TK(P0) 1 &°K,(Bb) 1 dK,(Bb)| _
! ar’ ,Bb ar’ By dr

B,,{f v, (8b) 1 &Y, (BE) 1 dYn(ﬂb)}Jr

Equations 4.33 to 4.36 are four homogenous equations in four unknowns 4 , B, , C

m?

and

l~)m _For a non trivial solution, the determinant of coefficients will be zero. The frequency

determinant will have higher order Bessel functions and these are reduced to first and
zeroeth order by using identity relations of Bessel functions.
The frequency determinant for an axisymmetric case (n=0) with a clamped outer

edge and a free inner edge is {178}
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Jo(Ba) Y,(Ba) 1,(Ba) K, (Ba) (4.37)

Ji(Ba) Y, (Ba) ~I,(Ba) K, (Ba) —0
Jo(ﬁb) Yo(ﬂb) _Io(ﬁb)'*'QI](ﬂb) "Ko(ﬂb)"QKl (,Bb)
L(BB) (p)  L(BB) K, ()

where Q = z—(lﬁ—_b’l—‘z

4.3. Analytical formulation using the Rayleigh Ritz method

The Rayleigh Ritz method is used to obtain the approximate natural frequencies
and the natural modes of a structure. In this method an approximate expression for the
deflection of the structure is assumed that satisfies at least the geometrical boundary
conditions. This approximate deflection is used to obtain the maximum values of the
potential and kinetic energies. In a conservative system the maximum potential energy
must be equal to the maximum kinetic energy

The maximum strain energy of the deformed circular plate is given by

W AW N IWY O (LW 1w (#3%)
Dj- o’ ror r’ oo’ o o' \r or 186’ 5y
"2y o (1ow\Y
2(1-p)| 2 = 2=
( ﬂ)(ar(r oe })
E 3
where W is the deflection of the plate, D=mis the flexural rigidity , £ is the
—H

Young’s modulus, 4 is the thickness of the plate and p is the Poisson’s ratio.

The maximum kinetic energy is given by

T. - % pher® [WdA (4.39)
A
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where, p is the mass density per unit volume and w is the natural frequency of the plate.

Substituting the deflection function as W(r,0) =Y ¢, (1> (4, cosnd + B,, sinnd) into the
m=1

n=0
above expressions for maximum kinetic and potential energies will result in:

T,. = % pho’ | (ZZ;W)(A,] cos j@ + B sin ja)J(ZZqﬁm (r)(A,, cosnd + B, sin nH))dA (4.40)

A\ =l j=0 m=) n=0

U = ?‘[H _ (4, cos j@ + B, sin 16’)) > >V (A, cosnd+ B, sin nﬁ))

m=1n=0

¢i"(r)(A,j cos j& + By sin j0) [ZZ v:(4,,cosnd+B,, sin nﬁ))
=0

m=1n=0

(4.41)

(Z (4, cos jO+B;sin j6) || 5" 41(r)(4,,cosnd + B, sin n&))]

m=1n=0

m=1 n=0

+2(1- y)((z V;}(~4;sin jo + B, cos jO) (ZZV”?" (—4,, sinnd + B,, cos nﬁ))HdA

where

r2¢,:: (r)+ r¢m' (r)—n’g, (r)

r

Vi =g+ (N g () =
r 14

ré, (r)=n’4,(r)

> b n’
V2==¢,(0-"54,()=
mn r¢m (r) rZ ¢’” (r) (442)

s _meey o g, (r) = ng (1)
an——r¢m (r) rp_ ¢m( ) }"2

The Rayleigh quotient is given by

(4.43)

*

where T =a’T,

max

Applying the condition of stationarity of the natural frequencies with respect to the

2 2
ow _ Oand ow
oB

i i

arbitrary constants A;j and Bj;, one has =0

These equations yields in an eigen value problem as follows
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[X ]{g’l} =’ [M ]{—g'i} (4.44)

where the elements of matrices [K] and [M] are given by

oU., / 8Tma/ (4.45)
oA,
= and =) — 7
or ..
53,, A?ij

The terms in the mass and stiffness matrices are

(4.46)
GA, = J’¢ (r)cos;é’(z > ¢,(r)(A4,,cosnd + B, sin nQ)JdA

(4.47)
_I¢(r)sm]6(z > 8, (r)(4,,cosnd + B, smn@))

m=1 n=0

OB,

I[V COS_]H(Z V,u (A, cosnf +B,, sinn@))

j A m=1 n=0
-(1- y)[¢ "(r)cos jQ(Z > Vi (A,,cosnf+B,,sin ne))
m=1 n=0 (4.48)
~-(1- y)(lx;f cos jﬁ[z > #n(r)(4,,cosnb + B, sin nﬁ))
m=1 n=0
+2(1- y)[V;’ sinje(z >v,:.(4,,sinn6~B,, cosne)D dA
m=1 n=0
U _ V1 9 6 + B, sinnd
5 _I sin j Vo (4, cOsnb + B, sinnd)
ij A4 m= ] n—()
-(1- #)[‘é'"(r)sin jé’(z Z 2 (A, cosnd + B, sin ng))]
m=) =0 (4.49)

~(1- ,u)[Vljz sin ]'H(Z > #n(r)(4,,cosnb + B, sin n¢9)n

m=1 n=0

+2(1- y)[V; cos jﬁ(z > V. (-4,,sinnd + B,, cos nﬁ)JHdA

m=1 n=0
With a’ as the outer radius of the plate, the following dimensionless values are defined in

order to help us to compare the results with the available literature.
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_ pha'e’ (4.50)
D

24292

4.3.1 Generation of boundary characteristic orthogonal polynomials

The deflection functions @(r) are assumed in the form of a set of boundary characteristic
orthogonal polynomials [178]. The first member of the boundary characteristic
orthogonal polynomial set is constructed to satisfy the boundary conditions of the plate.
For plate with clamped conditions given by #(R) =¢'(R) =0, the first member may be
constructed as

s =d(’ —R*)’ . (4.51)
such that the displacement and the slope vanish at the outer edge of the plate. The Gram-
Schmidt process [178] has been used to generate the higher order members of the

boundary characteristic orthogonal polynomial set.

$.(r)=d,(r = )¢ (r) (4.52)

¢, =d, [(r-b,.)8,.,(")—c,¢,,(")] Vm=3 (4.53)

where

by = f: g, (r)dr (4.54)
(4.55)

€t = J a1V ()

The set of boundary characteristic orthogonal polynomials is normalized such that in
equations 4.50 -4.52 the constant d,, can be identified by using the following equation.

j}:ﬁ(r)rdr -1 (4.56)

resulting in ortho-normal functions. It should be mentioned that R; refers to the inner

radius of the plate and in the case there is no hole at the center, it is equal to zero.
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4.3.2 Coordinates of perforations in plates

When there are eccentric perforations over the plate, first the potential and kinetic
energies are estimated for a plate without any perforations. Then, the amounts of energies
corresponding to the holes are calculated and subtracted from the total energy. Referring
to figure 4.2, kinetic and potential energies of a circle off the center are calculated in this

region r(6)<r<r(0) and 6, —a <6 <6, +a . It should be noted that:

. a (4.57)
Smo =—
e

7(0)=ecos@—a’ —e’sin’ (4.58)
(@) =ecos@+~a’ —e’ sin’ § (4.59)

Figure 4.2: Coordinates of the perforation
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4.4. Experimental Investigation

Exact solution using Bessel functions is not possible for disks with multiple

‘perforations located at different distances from the center. Approximate solutions are
obtained using the Rayleigh Ritz method. In order to validate these approximate results
experimental investigations on perforated disks are performed.
7 The setup consists of a disk assembly, shaker (Model S062), signal conditioner
and accelerometer. The shaker is excited from frequency 10 Hz to 1000 Hz. The disk
assembly consists of a thick base plate, two rings and the disk. The rings sandwich the
disks and are used to clamp the disks using nut and bolt assembly.

The vibration is picked up by B & K Accelerometer, amplified and fed to the
signal analyser. The FFT analysis of the amplified signal shows the peak corresponding

to the natural frequency.

Power Signal
amplifier analvzer
Model 482 A04 Model 2035
B&KASS0B
Acceleromerer
Disk \
% / %
& N Clamp
Ll Z -
T Baseplate

Shaker S062

Figure 4.3: Schematic layout of experimental setup
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FFT
Analyzer

Figure 4.4: Experimental setup

The experimental setup is shown in figure 4.3 and figure 4.4. An accelerometer is
placed on the shaker and disk assembly, and the signal is amplified through amplifier
(Model 482-A04) and fed to the signal conditioner (FFT Analyzer K&B model 2305).
The accelerometer 4580 B 001 can be used for measurements between 10 Hz to 8 kHz.
The position of the accelerometer is very crucial when searching for higher modes as care
must be taken to avoid positioning the accelerometer on a nodal circle. The experiments
are repeated by placing the accelerometer at different positions for confirmation. The
experimental investigations are performed on 4 different disks made of the aluminum
sheet metal of same thickness, the outer radius of the disks are 150 mm. All the holes
made in the disks have the same radius of 12.7 mm. The disks are clamped at the

periphery and the holes have free boundary conditions.
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4.5. Test cases

Four cases are considered for experimental investigations in order to validate the results

from analytical methods.

Case 1. Full circular plate

Case 2. Plate with a perforation positioned at its center (annular plate)

Case 3. Plate with 1 perforation at its center and 8» perforations closer to the center (at a

distance of 50 mm from the center)

Case 4. Plate with 1 perforation at its center and 8 perforations closer to the outer edge (at

a distance of 100 mm from the center)

Case 5. Plate with 1 perforation at its center and 8 perforations at a distance of 50 mm
from the center and 16 perforations at a distance of 100 mm from the center.

In the cases from 2 to 5 the ratio of perforation radius to the plate radius (b/a) is taken to

be 12.7/150 = 0.085 based on the limitation offered on the maximum possible perforation

radius by the in house machining facility. Only first 5 frequencies are considered in the

experiment due to the limitation of maximum excitation frequency in the shaker.

4.5.1 Case 1 and 2 Full circular Plate and annular plate

Case 1 and 2 could be considered as a standard, as it is possible to validate both
the experiment and Rayleigh Ritz’s method with analytical approach using Bessel’s
function. Table 4.1 and 4.2 describes the comparison of the Rayleigh Ritz method and
experiment with Bessel function approach for full circular plate and annular plate with
clamped periphery and the results are in good agreement except for the first and fourth

mode.
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Table 4-1: Comparison of the dimensionless natural frequencies Q of a circular plate with clamped boundary using M=10 orthogonal polynomials with
Bessel function

n 0 1 2 3
—
b Bessel | Rayleigh | Experiment Bessel Rayleigh | Experiment Bessel Rayleigh | Experiment Bessel Rayleigh | Experiment
numf € ! function Ritz function Ritz function Ritz function Ritz
o method method method method
radial
nodes
0 102128 | 10.2158 7.9407 21.2544 21.2603 21.0114 34.8838 | 34.8768 34.0726 51.0338 51.0298 51.3613
1 39.7751 | 39.7711 41.8967 60.8283 60.8289 N/A 84.5894 | 84.5829 N/A 111.0231 | 111.0221 N/A
2 89.0900 | 89.1041 N/A 120.0832 | 120.0790 N/A 153.8282 | 153.8160 N/A 190.2951 | 190.3286 N/A
3 158.1746 | 158.1852 N/A 199.0427 | 199.0929 N/A 242.7286 | 242.9415 N/A 289.1615 | 289.4017 N/A

Table 4-2: Comparison of the natural frequencies Q of a circular annular plate (b /a =0.085%) in clamped free BC using M=10 orthogonal polynomials
with experiment and Bessel function

n 0 1 2 3
—_—
b Bessel Rayleigh | Experiment | Bessel | Rayleigh | Experiment | Besse] | Rayleigh | Experiment | Bessel Rayleigh | Experiment
numf ] function Ritz function Ritz function Ritz function Ritz
o method method method method
radial
nodes
0 10.1649 10.1645 9.3384 21.22 21.2243 20.9483 34.8661 | 34.6235 34,4512 51.0332 51.0039 51.7399
1 39.4164 | 39.4255 42.4014 60.3846 | 60.3993 N/A 84.5342 | 83.7496 N/A 111.0231 | 110.892 N/A
2 89.4585 | 89.4669 N/A 118.1841 | 118.2072 N/A 153.456 | 151.959 N/A 190.2537 | 189.8584 N/A
4 8
3 161.398 | 161.3979 N/A 194.2888 | 194.3155 N/A 241.235 | 239.348 N/A 289.0085 | 288.1837 N/A
3 1

" The value of b/a = 0.085 is chosen on the basis of limitation offered by the experimental facility.
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Table 4.1 compares the values with the exact solution using Bessel function with the
Rayleigh Ritz method and the experiment for a full circular plate. The Rayleigh Ritz
method is in good agreement with the exact solution. There are some errors between the
experimental investigations as compared with the Bessel function approach, which could
be attributed to the fact that perfect clamping condition is not possible in experimental
setup.

The disk is sandwiched between two rings made of plexiglass. The entire setup is
clamped to the base plate using 16 equally spaced clamps. The distance between these
clamps is approximately 62.5 mm. The restriction offered by the clamping condition is
not perfect as in the analytical model. However, the clamping makes the plate stiffer than
simply supported condition. It should be noted that the fundamental frequency parameter
for simply supported condition is 4.977 and the same for a perfect clamped condition is
10.2158 [178]. The experimental result for the fundamental frequency is 7.9407. This
error is because of the lack of perfect clamping.

It is interesting to note that the lack of perfect clamping condition in experiments
do not provide a closer result to that of the perfectly clamped boundary as in the
analytical solution, for the first and fourth modes, which are axisymmetric. However, in
antisymmetric modes i.e. second, third and fifth modes, experimental results match with
the analﬁical solution. From the experimental results it could be inferred that the non
compliance to perfect clamping condition has affected the axisymmetric modes to a

greater extent than the antisymmetric mode shapes.
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4.5.2 Case 3: Disk with 1 perforation at its center and 8 perforations closer to the
center (at a distance of 50 mm from the center)

Figure 4.5: Circular plate with 9 perforations close to center in clamped free boundary condition

Case 3 has 9 perforations as shown in figure 4.5. The perforations are close to the
center of the plate, and hence there is an effective reduction in mass. There is a noticeable

difference in the frequencies when the results (in table 4.2 and table 4.3) are compared.

Table 4-3: Comparison of the natural frequencies Q of a circular plate with perforations case 3 (b /a

=0.085%) in clamped free BC with experiment

Distance =50 mm Figure 4.5
Rayleigh Ritz

Q method Experiment
1 10.5847 12.6195
2 21.1379 22.3996
3 34,4872 34.8298
4 38.7089 43,8527
5 49.9968 49.9100
6 60.4258 N/A
7 68.2305 N/A
8 84.8114 N/A
9 86.7696 N/A
10 89.5255 N/A
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4.5.3 Case 4: Disk with 1 perforation at center and 8 perforations closer to the outer
edge (at a distance of 100 mm from the center)

Figure 4.6: Circular plate with 9 perforations in clamped free boundary condition

Case 4 has 9 perforations as shown in figure 4.6. Case 4 differs ﬁom case 3 only
in the positioning of the perforations. The perforations are close to the outer edge,
causing an effective reduction in the stiffness as compared to the case 3. Comparing the
tables 4.3 and 4.4 the frequencies for this case are lower than those of case 3. Hence

positioning of the perforations is quite important in controlling the natural frequencies.

Table 4-4: Comparison of the natural frequencies & of a circular plate with perforations case 4 (b /a
=0.085%) in clamped free BC with experiment

Distance e =100 mm Figure 4.6
Q Rayleigh Ritz

method Experiment
1 10.1648 10.4742
2 21.5376 21.2007

3 34.9697 34.7036

4 39.9376 41.0133
5 51.7232 51.8861
6 60.8489 N/A
7 69.2284 N/A
8 73.1309 N/A
9 84.014 N/A
10 89.4748 N/A
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4.5.4 Case 5: Disk with 1 perforation at center and 8 perforations at a distance of 50

mm from the center and 16 perforations at a distance of 100 mm from the center.

Figure 4.7: Circular plate with 25 perforations in clamped free boundary condition

Case 5 corresponds to superposition of case 3 and case 4 with additional 8 holes

distributed evenly at a distance of 100mm that would contribute for both mass and

stiffness loss. There is a change in mass as well as stiffness, and the reduction in mass

increases the natural frequency whereas the presence of additional holes close to the

clamped edge reduces the frequency.

Table 4-5: Comparison of the natural frequencies © of a circular plate with perforations case 5 (b/a

=0.085%) in clamped free BC with experiment

Q Rayleigh Ritz
method Experiment

1 10.5243 11.8623
2 21.8869 21.4531
3 35.5827 33.8202
4 39.8545 40.8871
5 51.7732 49.4684
6 61.1589 N/A

7 71.1655 N/A

8 85.5563 N/A
9 86.75 N/A
10 93.9313 N/A
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4.5.5 Discussion

Considering the four cases there is a possibility of using diaphragms for sensing
application. Case 3 and case 4 clearly depict the change in stiffness for the same mass
reduction evidenced by change in natural frequencies. The position of perforations will
influence the sensitivity of the sensitive element and proper positioning could be
considered as an option to improve sensitivity on shear sensing.

The diaphragm based shear sensing concept is a potential candidate for dynamic
pressure application. Diaphragms with multiple perforations when used as a sensitive
element will respond faster to the pressure changes than its annular counterpart. However
if the sensitivity of the sensing element has to be improved, the diameter of the
diaphragm has to be increased. Smaller diameter diaphragms are stiffer and less sensitive
to the input pressure change. Sensitive element with large diameters cannot be
accommodated by the proposed application due to its space restrictions. Furthermore,
high temperature sensing applications may pose some problems related to thermal
expansion of the sensitive element [179]. The following section analyses the influence of
temperature on sensitive element configurations such as diaphragms and cantilever

beams.

4.6. Influence of temperature on sensitivity

The configuration of the sensitive element even though plays a role in making the
structure resistant to high temperature, high temperature regime still demands the need

for materials that would effectively withstand high temperatures. The influence of
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temperature in sensor systems is defined by two parameters i) Thermal coefficient of
modulus of elasticity ii) Coefficient of thermal expansion.

The following study is a comparison between the sensitivity of a diaphragm and
cantilever beam at higher temperatures
4.6.1 Diaphragm

The maximum deflection of diaphragm under uniform load pressure would be

_3P(1— )R (4.60)
Center 1 6Eh3 or

PR’ (4.61) -

Y. fulldlll
ER’

Center

:K‘

where 7Y, is the deflection of the diaphragm at radial distance r (m)
P is the pressure (Pa)
4 is the Poisson ratio
E is the Young’s modulus
A is the thickness (m)
R is the radius of diaphragm (m)

3(1-p%)

K;is a constant K; = s

Expressing thickness h in terms of radius, h =€ R in equation 4.61, sensitivity at room

temperature to could be expressed as

Y KR} (4.62)
P),  EFR
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Sensitivity due to temperature change from ty to t (At)

( y) ) K[R (1+a*ar)] (4.63)
P 1—Eo(l+Ce*At)[gRo(Ha*At)T

where C, is the thermal coefficient of modulus of elasticity per degree change in
temperature,

a is the coefficient of thermal expansion per degree change in temperature

Change in sensitivity due to temperature change At may be expressed by the ratio of

sensitivities at t, and t as

Y (4.64)
(F), (1+a*ar)
(2’_] T (1+C,*Ar)

P .

which becomes

(Z) _ (1+a*ar) (_}:J (4.65)

P), (1+C*a)\ P

4.6.2 Cantilever beam
Considering the deflection of the cantilever beam due to an uniformly distributed load

with W as total load on the cantilever beam, we have

W (4.66)
C—
8*E* —
12
, KW (4.67)
" E*bh’

Expressing thickness h and width b in terms of length (multiplied by constant), equation

4.67 could be expressed as sensitivity at room temperature t
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Y, K’ (4.68)
w) B E *eleg]’l}

Sensitivity due to temperature change from tg to t (At)

( ¥ ) ) K [L(+a*an)T (4.69)
W) E,(1+C*M)&l,(1+a*at) e, (1+a*ar) |

Change in sensitivity due to temperature change At may be expressed by the ratio of

sensitivities at t, and t

Y (4.70)
Wl
(z_) T (1+a*An)(1+C *Ar)
W "
which becomes
7 T -
W), (1+a*A)(1+C *a)\w ),

Figure 4.8 depicts the dependency of sensitivity ratio which is the sensitivity at a
given high temperature to the sensitivity at reference (room) temperature. The coefficient
of thermal expansion and thermal coefficient of modulus of elasticity are taken for
titanium alloy (6-Al-4-V) as C, = -3l¢” psi/psi-OC and @ = 5.7 pm/pm-°C for the
temperature range of -50°C to 150°C [163] limiting the graph to -50°C to 150°C range in
the x-axis. The thermal coefficient of modulus of elasticity C. is negative for almost all

materials as Young’s modulus decreases with increase in temperature. Also it should be
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noted that coefficient of thermal expansion is positive for all encountered cases.
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Figure 4.8: Temperature sensitivity of cantilever and diaphragm configurations fabricated using
same material

It should be noted from the graph that the sensitivity ratio for the cantilever beam
is less than that of the diaphragm configuration. Diaphragm has also another problem in
terms of buckling as it is restricted in all sides and there is no means to ease the strain as
in case of cantilever beam. This major drawback of thermal buckling and sensitivity

discouraged the use of the diaphragm based shear sensor.

4.7. Drag based sensors

Drag based sensors utilize the drag force generated by a moving fluid on a

stationary body. Most of the sensors that work based on drag force have cantilever beam
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configuration as the choice of sensing element by virtue of its sensitivity and moreover,
cantilever configuration is also insensitive to static pressure. However drag based
cantilever beam sensor has limitation in terms of inability to be used in large flow
applications [174]; Applications with high dynamic pressure come with a need to protect
the sensitive element from overloading in order to prevent large deflection. The
protection becomes inevitable if the high pressure flow is accompanied by suspended
particles (in the case of gas turbine engine application) as it is mandatory to provide a
protection for the sensitive element from the solid particles in order to withstand the
rugged conditions experienced in gas tt_lrbine engine.

4.7.1 Cantilever beam as sensing element for dynamic pressure

In a high temperature environment, diaphragm based sensors might abruptly fail
because of the buckling of the membrane due to thermal expansion. Various membrane
or micro plate based sensors use optical sensors to measure deflection of the sensitive
element and they are mostly designed for room temperature [180,181]. Further in case the
sensors have to be used in high temperature environment it is better to trade off this
advantage of higher natural frequency due to its high sensitivity to thermal expansion and
choose cantilever beam based sensor.

Drag based sensors are mostly based on cantilever geometry. The major
advantage of this type of sensor is that it gives the magnitude and direction of velocity.
The disadvantage is the presence of moving parts which may require frequent
maintenance and replacement. Cantilever based micro sensors are very popular for flow
as it is easier and faster to etch a cantilever beam rather than a diaphragm. Cantilever

based drag force sensor draws its inspiration from nature in the form of fish lateral line
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sensors [182] that is used to monitor surrounding flow and flow sensitive mechano-
sensors of crickets [183]. The measure of deflection by optical means [184] or the strain
at the bottom of cantilever [185] gives a measure of the velocity.

Drag based sensor made out of high aspect ratio (700 pm tall and 80 pm
diameter) silicon cantilever beam with high aspect ratio performs well for measurement
of velocity both in steady and oscillating flow with a detection limit of below 1 mm/s for
oscillatory flow [186]. Grobe et al. [187] reported a novel micro optomechanical system
based on a flexible micro pillar that utilizes a cantilever cylindrical micro lpillar that could
provide a reliable detection of forces in the range of about 5 -10 nN. MEMS based
double beam cantilever flow sensor reported by Pang et al. [188] considers the influence
of temperature in the sensing of velocity as temperature coefficient of resistance will gain
importance with variation in temperature. They have suggested a correction equation
including temperature compensation based on temperature in the range of 0 to 40 °C
[188].

Most of the drag based sensors use cantilever beams or rods as sensitive elements.
These sensors could be custom designed for range, sensitivity and maximum deflection
based on the application for which the sensor is intended to be used. Deflection
measurement is either done by optical means or by measuring the strain of the cantilever
sensitive element. In high temperature domain piezoresistive strain gage cannot be used
as means to measure the effect of flow on cantilever based drag sensor due to the cross
sensitivity of resistance with temperature. However optical means of deflection

measurement could be used as they are immune to temperature effects.
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Even though cantilever based configurations is better than diaphragms in resisting
buckling caused by thermal expansion at high temperature, there are other issues related
to using cantilever configuration in terms exposing the sensitive element to
unprecedented loading. Overloading of the sensitive element is an important aspect under
these circumstances. Generally speaking drag force mode micro sensors are more suitable
for small flow rates (ex. below 10 pl/min) [189]. This limitation is mainly due to
excessive deflection that would be caused in case of high flow rate. This in turn would
cause the deformation to enter into plastic deformation stage. Other disadvantage to this
type of sensors is sensitivity to the particles in the flow [190].

The aerospace application is high frequency high flow situation where suspended
particles are likely to be in the flow. These particles would contribute in the creation of
instability in the sensitive element. These reasons strongly discourage the direct exposure
of the sensitive element. This limitation resulted in a new type of sensing scheme that
uses the pressure reduction formed by a bluff body to protect the thin sensitive element.
This sensing scheme has two elements namely, a blocking element and a sensing
element. The blocking element is thick and has a cantilever configuration and the primary
objective of the blocking element is to act as a bluff body to produce a pressure drop
behind it and the secondary objective is to protect the thin sensitive element from direct

impingement of high dynamic pressure.
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4.8. Summary

In this chapter different aeroelastic phenomena are described aqd the possibility
of using these phenomena for sensing application for high temperature high flow
application is discussed. Cantilever based sensitive element is an attractive choice for the
lift force/drag force based sensors, however, shear force based sensors make use of
diaphragms. Cantilever configuration is used mostly for low flow application due to
problems of flutter and over loading issues. Diaphragm based shear force sensors even
though could be used for high flow applications, need some special design to reduce the
stiffness and make them more sensitive.

The GTE application considered in this thesis is a high flow high temperature
application. Diaphragm based sensors cannot handle high temperature due to issues like
buckling where as cantilever based sensors cannot deal with high flow due to overloading
issues. This calls for a new sensing scheme that would provide overload protection along
with the possibility of handling high temperature.

The new sensing scheme which uses indirect drag effect is the proposed sensor
configuration discussed in the forth coming chapter. This scheme has protection in the
form of a blocking element, which would protect the sensing element from the possible

impingement from suspension particles and over loading.
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Chapter 5 : Analysis of Proposed Drag Based Sensor
for Dynamic Pressure Measurement

5.1. Introduction

MEMS technology and micro machining techniques have made possible the
miniaturization of sensors. MEMS sensors have advantages in terms of small size, high
nature-ll frequency, low power consumption and are non intrusive. One of the most used
configurations of the sensing element in micro sensors is the cantilever beam mainly due
to the ease of fabrication [191]. Micro machined cantilevers were first introduced as force
sensors in atomic force microscopy [192] where the cantilever beam is used to detect and
amplify surface asperities. Cantilevers are the choice of sensing elements for micro
resonators [193], chemical reaction detectors [194], humidity sensors [195] and for
measuring protein aggregation [196] for bio medical applications because of better
sensitivity.

Drag force measurement is based on the principle that drag force causes a
displacement of the sensing element, which induces a corresponding change in output of
the piezo resistors or strain gauges [197,198]. In drag based sensors the flow is
perpendicular to the sensitive element and the drag force is the cause of deflection.

Aircraft engines especially for military application are exposeci to foreign object
damage (FOD) due to ingestion of sand, or dust. Aircrafts operated in harsh environments
in mid 60s had an average operating life of about 300 hours; however engine protection
systems such as inlet particle separators, erosion resistant coatings could push the hmits
of operation [199]. Desert operations in Middle East where sand erosion was prominent

in detrition of GTE parts used in helicopters and tanks and forced engine removal in as
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little as 100 hours [199]. Even civilian aviation has faced problems due to volcanic ash
hazard. Tests in university of Cincinatti showed that volcanic ash is four times more
erosive than quartz sand [200]. These situations explained above emphasize the need for

protecting the sensing element from the direct exposure of suspended particles.
5.2. Sensor configuration

If a sensor has to work in high temperature environment with high level of foreign
body ingestion it must be protected properly for effective functioning. This yields to a
novel sensing scheme based on two elements, sensitive element covered by the blocking
element. The blocking element is kept between the flow and the sensitive element. The
pressure drop caused by the blocking element which is proportional to the input dynamic
pressure and created because of the obstruction of flow produces the deflection of the
sensitive element. Both the sensitive and blocking element of the proposed sensor are in
the form of cantilever beams as they have superior capabilities in terms of performing
under high temperature conditions.

Figure 5.1 shows the proposed configuration of the sensor in macro scale. The
flow causes the tip of the sensitive element to bend towards the blocking element
(upwards) if the gap between them is maintained appropriately [201]. However in this
type of sensing it should be understood that there is a grave need for calibration as the

flow is modified by the presence of the blocking element.
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A flow

Blocking element

Sensitive element
Shim rings
Figure 5.1: Experimental configuration of sensor setup

The function of the blocking element is to protect sensitive element against direct
contact with the flow thereby preventing the sensitive element from particle impingement
and also to produce a pressure drop proportional to the incoming dynamic pressure that

would cause the sensitive element to deflect towards the blocking element.
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Figure 5.2: Front view of the tip of sensitive element before and after deflection

Figure 5.2 illustrates the deflection of the tip of the sensitive element before and
after deflection. One of the major advantages of this type of sensor with blocking element

and sensitive element is the limitation offered by the blocking element for higher
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deflection. Blocking element restricts the maximum deflection of the sensitive element to
the gap between them, thus eliminating a common problem faced by most of the drag
based sensors. In addition to functionality the blocking element could also provide
convenient packaging. Hence it is mandatory that the blocking element is significantly
thicker than the sensitive element. Thicker blocking element would resist the high drag
force produced by the impinging flow and will provide adequate support to the sensitive

element in case of overloading.

5.3. Experimental investigation

Preliminary investigation of the phenomenon of the drag effect on which the
proposed sensor is based is demonstrated by an experiment using a scaled up model with
sensitive element made from aluminum strip and the blocking element made from steel.
The configuration of both the blocking and sensitive elements is taken to be cantilever
shape as cantilever configuration is easy to fabricate at micro scale.

The influence of the input pressure and the gap (between the sensing element and
the blocking element), on the performance of the sensor is experimentally studied on a
scaled up model. The deflection of the sensitive element is caused by the pressure drop
created by the blocking element that is proportional to the dynamic pressure that is
impinging on the blocking element. The measurement of deflection to quantify dynamic
pressure requires a complete understanding on the configuration of the blocking element
sensitive element assembly most importantly the gap between them. The blocking
element used in the experiments had rectangular cross section with the width of the

blocking element being 33% higher than that of sensitive element for better performance.
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This choice is made by trial and error to minimize the disturbances on the sensitive
element caused by the flow. The sensitive element is very thin in the order of 30

microns, with rectangular cross section for maximum sensitivity.

Figure 5.3: Experimental setup

This preliminary experiment is performed in a confined environment under the
microscope and the static line pressure is related to the deflection of the sensitive element
under steady condition. However, a more detailed investigation using jets has been
carried out and presented at the later part of this chapter that relates the pressure drop
caused by the dynamic pressure and the deflection of the sensitive element.

The experimental setup consists of blocking element, sensitive element, and
spacing shim rings packed together in stud, optical breadboard for accurate positioning of
the stud, microscope, image acquisition camera and mirror for optical measurements,
static pressure sensor (to measure the line pressure) with a range of 1 - 5 psi (6.89 — 34.5
kPa), XYZ positioner for fine tuning, air source and air tubing. The compressed air is
directed through a valve (at the desired pressure using a regulator) through the copper

tubing.
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Figure 5.4: Experimental setup — schematic layout

Figure 5.4 shows the schematic diagram of the experimental set up in macro scale
using aluminum sensitive element and steel blocking element that were used to
demonstrate the sensing phenomenon at room temperature condition [201]. The air flow
past the blocking element creates a pressure drop behind the blocking element. With the
increase in the velocity of the air the pressure drop increases to a level wherein the
sensitive element deflects towards the blocking element if the gap between them is
appropriately set. The deflection of the thin sensitive element which is a thin flat
aluminum strip will be focused by the microscope through the mirror as shown in figure
5.4. The image of the tip of the cantilever sensitive element is reflected through the
mirror and deflection is measured using a microscope with graduated eye piece. The gap
between the blocking element and the sensitive element is maintained using a shim ring
of thicknesses in the range of 300 microns to 500 microns. This deflection could be

correlated to the air flow velocity or in turn, to the dynamic pressure. Figure 5.5 shows
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the side view of the cantilever sensitive element (not the tip) that shows the deflection

through the microscope.

Figure 5.5: Side view of the cantilever sensitive element as zoomed in the microscope

The major positioning is performed by the adjustment knob of the microscope and
the XYZ positioner is used for fine tuning of distance between the end of the copper tube
and the block.

Figure 5.4 shows the experimental setup with the blocking and sensitive element.
The sensitive element is made from aluminum strip with E =170 Gpa which is 27 mm
long, 6 mm wide with thickness of 38 microns. The air is blown above the blocking
element exactly perpendicular to the tip of the sensitive element.

The deflection is influenced by the following parameters

*» Geometry of the sensing element including thickness, width, length of the
sensitive element, distance to the c].amping point, cross section of the sensitive
element. The flow past the blocking element produces a difference in pressure on
the sensitive element. The sensitive element is basically a cantilever beam

subjected to load caused by the flow. Hence the tip deflection is directly
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proportional to the load, length and inversely proportional to the width, thickness
and Young’s modulus.
< Gap between the air source and the blocking element

‘The air flow is through an orifice on the copper tube, and the vertical distance
between the blocking element and the air duct is 1143 microns. The distance 1143
microns is calculated using the lead of the screw of the XYZ positioner. XYZ positioner
has 3 screws on X, Y and Z directions with the lead of the screw to be 1/1000® of an
inch. The distance was based on trial and error for maximum sensitivity for a specific
diameter of the perforation. The diameter of the hole is 3572 microns.

s Gap between the blocking element and the sensitive element

The influence of the gap is unknown and hence the experiment was done with
three different spaces between the blocking element and sensitive element of 1500
microns, 900 microns and 600 microns. Above 1800 microns and below 600 microns the
gap does not create significant deflection due to the fact that the sensitive element is too
close or too far from the blocking element and there is no significantly higher pressure
drop between the blocking and sensitive element.

Hence the sensor has more geometric features as listed above enabling to tailor
the design to suit a specific application. The entire pack of sensitive element, shim rings
and the mirror is placed on an optical bread board which would rest on the microscope
base. An optical bread board of 6 x 6 inch was used. The side of the sensitive element is
focused through the mirror to the microscope that shows the deflection of the sensitive

element towards the blocking element in the upward direction.
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Figure 5.6: Graph (obtained experimentally) depicting deflection versus pressure

The deflection of the sensitive element is due to the dynamic pressure imposed on
the blocking element even though the flow that causes the dynamic pressure is steady
flow. The temperature and gas density were corresponding to the room temperature

The pressure which is used as a reference in figure 5.6 is the line pressure in the
copper tubing. It is varied from 1 to 4 psi (6.89 —-27.6 kPa). The reason for low line
pressure is due to the fact that higher pressures make the sensitive element to stick to the
blocking element. This is a case of overloading which sensors are supposed to overcome.

In order to be used in a dynamic pressure environment the deflection has to be
correlated with dynamic pressure and not with the static line pressure as in the previous
case. This requires a modification in experimental setup that would create flow with
different velocities. This called for the need of an experimental set up using jets that
would create a flow whose velocity would decay with the increase in distance from the
tip of the nozzle. This is an easy way to generate flow of air with different velocities. As
a first step the jet has to be characterized so as to have some knowledge on the velocity

pattern.
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5.3.1 Jets — introduction

The turbulent jets have been a basic element of study of free shear flow and it
dates back to 1850s. Jets are classified into many types based on the conditions that
influence the jet in downstream. If the air jet is not influenced by any obstructions then
the jet is called free jet. On the contrary if the air jet performance is influenced by reverse
flow, created by the same jet entraining ambient air then it is confined jet. Mixed jet has
more than one type of jet mixing to form a new stronger jet. When considering the
temperature difference between the supply air and room ambient air, the air jets can be
divided into isothermal jets and non isothermal jets.

To generate different velocities a free axisymmetric isothermal jet is considered
and a pressure regulator is used to regulate the line pressure that supplies pressure to the
nozzle.

In ASHRAE literature, jet is divided into four zones based on the centerline
velocity decay [202].

Zone 1, a conical zone where centerline velocity is equal to outlet velocity
Zone 2, a transition zone where the velocity starts to decrease, often approximated as

proportional to x -, where x is the axial distance
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Figure 5.7: Jet expansion zones [202}
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Zone 3, where transverse velocity profiles are similar at the different value of x and
velocity decay is assumed proportional to x ™.
Zone 4, the jet terminal zone where the centerline velocity rapidly decreases.

For an axial jet, the first two zones are strongly influenced by the diffuser, the
third zone is the developed jet, and the fourth zone represents the jet termination. In the
first three zones room air is entrained into the jet and mixed with supply air. In the fourth
zone the jet collapses inward from the boundaries and the supply air is distributed to the
room air as the jet disintegrates.

The characterisation of jet is mostly approached experimentally as the analytical
solution for a problem with an open boundary cannot be obtained by wholly analytical
means [203]. Experimental methods using pitot tube was mostly used to characterize
compressible jet as early as 1954 by Walter [204] followed by Donaldson et.al, Jones and
Birch et.al [205,206,207]. Recent computational power and advancement in numerical
simulation tools also could simulate and predict the jet characteristics [208,209].

There are accurate models in commercial CFD codes that would accurately
predict the dynamic pressure distribution and velocity decays in jets, however, an

experiment would yield a more realistic dynamic pressure distribution and hence on the

characterization on the proposed sensor.

5.3.2 Jet characterization

Jet characterization enables to generate different dynamic pressures that would act

as input to the proposed pressure sensor. The experimental setup consists of a compressor
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connected to storage tank. Figure 5.8 shows the experimental layout for jet
characterization where, a feedback compressor maintains a constant pressure in the
storage tank. The compressor and storage tank are connected by a feedback system that
would ensure the storage tank pressure to be 100 psi (~ 690 kPa). The exit of the storage
tank has a flow control valve that is used to maintain constant flow rate. The line pressure
has to be maintained constant as this defines the nozzle exit velocity .and eventually the
velocity decay. A pressure regulator would follow the storage tank that would maintain
constant pressure at the outlet while maintaining a constant flow rate. These aspects
ensure repeatability.

The pressure at the exit of the regulator could be set by connecting a dial
indicator between the regulator and the nozzle. The diameter of the nozzle is 1/8" of an
inch and it is held in position by means of XYZ positioner. The XYZ positioner has a
maximum displacement of 1 inch on x, y and z axes with a resolution of 1/1000™ of an
inch. The XYZ positioner is required to accurately position the tip of the nozzle on top of

the optical breadboard on which the set up is mounted on.
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Figure 5.8: Experimental layout for jet characterization
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‘Nozzle

Figure 5.9: Nozzle and pitot tube arrangement

The entire set up of the nozzle arrangement is mounted on an optical breadboard
with 1/4"-20 tapped holes with a spacing of 1 inch (25.4 mm) between the centers of two
adjacent holes. The optical bread board with center to center distance of 1 inch (25.4 mm)
provides an opportunity to measure the velocity at different points. The space between
these points depends on the resolution of the optical bread board. This limits the distance
between the nozzle and the pitot tube in terms of 1 inch (25.4 mm) resolution. Pitot tube
is used to measure the point velocity followed by velocity sensor TSI VELOCICALC to

confirm repeatability.
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Based on the characterization of the jet, experiments were carried out to
demonstrate the drag based phenomenon which is the operating principle of the proposed
Sensor. |

Figure 5.10 shows the variation of velocity with respect to the distance. This
graph shows the possibility of generating any velocity between 0 -120 m/s by positioning
the sensor arrangement at different distances. The graph shows four points along the
same distance which is along the x axis, where these points correspond to four different

line pressures 60, 70, 80 and 90 psi (413.7, 482.6, 551.6, 620.53 kPa).
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Figure 5.10: Jet velocity decay with distance

164



75 e e 75,8042
e T2.4724
n- ., 689501
! < 66.8186
« 65~
g |
< |
Z 60|
g |
s
s
> 55~
|
50L s 51,0336
«  47.6834
T 461412
A5 T T T T A 45,0074
J
405’ JU— r T T
2.5 3 3.5 4 45

Distance in inches
Figure 5.11: Zoomed in view of figure 5.10 within the area of interest

Figure 5.11 depicts the velocity decay graph for four different line pressures. The
velocities at two different distances of 3 and 4 inches (76.2 mm and 101.6 mm),
respectively, from the nozzle are marked in the graph. These velocities at the blocking
element cause a pressure drop proportional to the input velocity which is experienced by
the sensitive element. The sensitive element deflects towards the blocking element, and

the measure of this deflection is indirectly a measure of the input velocity.

5.3.3 Tip deflection measurement

The blocking and sensing element units are kept under the microscope to measure
the tip deflection. The experimental setup is shown in figure 5.12. The nozzle feeds in the
air at desired velocity. The regulator controls the line pressure and flow rate is maintained
constant so as to reproduce the velocity exactly. The tip deflection is measured under the

microscope. The scaled up model is used instead of a micro level model using SiCN as it
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is easy to measure deflection in a scaled up model as compared with its micro

counterpart.

. ~.

Bensitive - Blocking
clgment

Figure 5.12: Deflection measurement set up

The deflection of the tip of the cantilever beam is measured using the microscope
and the trend is as shown in the figure 5.13. The deflection varies in a non linear fashion
but is proportional to velocity and the gap between the blocking element and sensitive
element. The blocking element is steel plate with thickness 3 mm and length 1.3 inch
(33.02 mm). The sensitive element is a thin aluminum strip of 30 microns thickness with
a length of 1 inch (25.4 mm) and width of 4 mm. The gap is maintained By combining
shim rings -of standard thicknesses of 300 microns and 500 microns. The distance
between the nozzle and the blocking element was fine tuned using the XYZ positioner.
The same setup explained in figure 5.8 is used to generate dynamic pressure except the

pitot tube setup is replaced by the microscopic arrangement to measure deflection.
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Figure 5.13: Tip deflection at different velocities as measured from figure 5.12

The experimental results show the dependency of the deflection of the sensitive
element with dynamic pressure imposed on the blocking element. The blocking element
arrangement provides a pressure reduction on the sensitive element. This enables such
type of sensor to be suitable for high dynamic pressure conditions without actually
exposing the sensitive element to the flow. This reduction in pressure provided by the
blocking element 1s also dependent on the gap between the blocking element and the
sensitive element. Figure 5.13 illustrates the dependency of the tip deflection on the
distance between the blocking and sensitive element depicted as gap. The initial
experiments carried out which 1is illustrated in figure 5.7, also emphasizes the dependency

of the gap on the tip deflection.
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5.3.4 Stress analysis

Stress analysis for any structure is integral part of design. Cantilevers are
extensively used micro structure in MEMS [210]. Micro cantilevers are used to measure
surface stress changes [211] and for atomic force microscopy [212] require detailed study
of stress distribution. Further the design of sensing element in a sensor has to be
conceived not only for normal purposes but also for conditions of uncertainties like over
loading. During normal operation the deflection of the cantilever beam can be correlated

to the stress developed in the beam.

Mz (5.1)

M is the bending moment

z 1s the distance from neutral axis to outer surface where maximum stress occurs

1 is the moment of inertia I,.

Equation 5.1 corresponds to the linear domain as the tip experiences small
deflection and it does not enter non linear domain until a contact with the blocking
element is established. The maximum stress is found near the fixed end. The loading
profile is assumed to be uniformly varying load with maximum intensity at the tip. The
cantilever beam has a length of 1 inch (25.4 mm) with its width being 4mm and thickness
is 30 microns. The material of the beam is aluminum. Thé stress value is found based on
the load calculated from the deflection assuming uniformly varying load. The maximum
stress is near the fixed end and is plotted for various velocities as shown in figure 5.14.
The yield stress for aluminum material used is 215 MPa and the maximum stress for flow

velocity of 51 m/s corresponding to a gap of 2000 microns is around 5.03 MPa.
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Figure 5.14: Stress at fixed end for different velocities
It was observed during the experiments that at higher velocities the sensitive element

deflection is so high that it is snaps with the blocking element. This overloading issue

should be addressed as this would increase the stress on the sensitive element.
5.4. Overloading of the sensitive element

In developing the sensor it is most important to design a proper sensing
mechanism that would convert the given input to required output accurately. The sensing
accuracy which is one of the most important requirements of the sensing mechanism
depends on the stiffness of the sensing element. Hence it is important to make the sensing
structure more sensitive. A sensitive structure implies that it is incapable to withstand

unexpected forces. For example the sensitive element for a pressure sensor with
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maximum pressure of 5 bar 1s not designed to withstand higher pressure by increasing the
thickness of the sensitive element because increasing the thickness decreases (the
deflection per unit load) sensitivity. Hence sensitive element has to be designed to
withstand higher load without compromising sensitivity. This calls for overload
protection.

Sensor design should consider overload bearing capacity in case of unprecedented
input variations caused by the uncertainties in application. Pressure sensor is no
exception and mostly sensor designers build the sensor system with overload protection.
The most common overloading protection is done using external overload protection stop
that prevents the sensitive element from being loaded beyond their limit [213]. Some
applications that may not allow implementation of stops for overload protection, requires
stiff sensitive element (sensitive element that are prestressed). Also linearity degrades
with higher deflection and this would be compensated by reducing the dimensions (length
and width) of the sensor thereby increasing the stiffness. But this dimension change is
limited by resolution, handling capacity and space for assembly [214].

All strategies for overload protection use mechanical stoppers like pins but these
methods require external parts for protection [215). One interesting overload protection
without any additional parts was realized using H shaped slots along the thickness of the

cantilever beam type sensitive element [215].
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Figure 5.15: Overloading protection strategy H slot along the thickness [215]

The H-slot structure cannot deform more than a certain limit since the slot
structure locks further deflection as depicted in figure 5.15. This kind of special design
comes with the design flexibility on the stoppers acting point by changing breadth of the
notches, beam length, thickness etc. This special design has a negative aspect in terms of
stress concentration due to slot formation.

Overloading issue is sometimes unavoidable in industrial applications, for
example, as in tank level sensors for liquid [216]. If there is a fault in the valve that
supplies the liquid to the tank or in the bypass valve that maintains the pressure , the
hydrostatic pressure experienced by the sensor increases beyond the normal routine.
Capacitive differential pressure sensor with a range of 100 kPa and overloading capacity
of 25 MPa is used to measure tank level [217] This is a typical application where the
sensor is exposed to high hydrostatic pressure and should survive high overpressure range

due to uncertainties in the working conditions eg: failure of valve.
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Overload protection issue is also prominent in beam based sensors. While many
beam arrangements are possible, most designs have used either a cantilever or a doubly
fixed beam configuration [218]. The cantilever beam configuration is more sensitive
than doubly fixed configuration due to the fact that the maximum deflection of a
cantilever beam is higher than the maximum deflection of the doubly fixed beam under
same loading and geometric conditions. This advantage offers the potential for batch
fabrication because cantilever design of a given sensitivity can be fabricated in a smaller
area [217]. However basic cantilever design is less resistant to overloading than double
fixed 4bearr.1 design by virtue of its reduced stiffness. Under overload conditions a
cantilever design continues to bend in the same way as it bends under normal conditions.
In bending mode, stress is concentrated along one surface of the beam and the beam
breaks. In contrast a doubly clamped design under overload can go into linear tension as
well as bending stress distributing the overload throughout the thickness of the beam and
hence supporting a greater overload than a cantilever design of equal sensitivity [217].

Cantilever beam arrangement needs more over range protection features than
double fixed beam. In the proposed sensor configuration the blocking element also acts as
an overload protection stop for the sensitive element as the deflection is towards the
blocking element. The maximum tip deflection of the cantilever beam is limited by the
gap between the blocking element and sensitive element.

5.4.1 Deflection regime
Excessive loading conditions could make the sensitive element to touch the

blocking element and there will be a serious stress formation on the thin cantilever
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sensitive element. Sensor design should accommodate this unprecedented loading and it
is mandatory to study the stress values at this over range pressures.

There are two types of deflection regime as shown in figure 5.16

Case 1: Deflection that is caused by the load when the sensitive element does not
touch the blocking element.

Case 2: Deflection results in the sensitive element touching the blocking element

and being supported by it, which happens only under excessive loading conditions.
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Figure 5.16: Deflection regimes of sensitive element

Overload protection measure as in case 2 type deflection in figure 5.16 is also
used as way to increase the range of the force sensor by restricting the deflection of a
silicon diaphragm using a spring whose stiffness can be varied [218]. The spring part is
associated with the fine measurement of the measurand that defines the resolution.

Let & be the gap between the blocking element and sensitive element which would

be the maximum deflection that the sensitive element could attain as any deflection
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higher than & will be restricted by the blocking element. The limiting load will be the load
that causes the tip of the sensitive element to deflect by & thereby touching blocking
element.

Any load higher than the limiting load will cause the sensitive element to deflect
till & and then will be supported by the blocking element. Assuming the supported part
remains straight which in this case is true as blocking element is made thicker than the
sensitive element and there is no bending moment acting on the flat portion of the beam
and the load is balanced by distributed reaction. However, at the part C as shown in
figure 5.17 there will be a concentrated reaction that is unbalanced and that causes a slope

at the tip C [219].
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Figure 5.17: Sensor scheme at over loading conditions

Let w be the load / length which is more than the limiting load that causes the
sensitive element to touch the blocking element. Now the sensitive element could be
considered as> a cantilever beam with uniformly varying load w with a length "," less
than L and a tip reaction R as shown in figure 5.17. To find out the tip reaction the slope
and deflection at point C are considered. Uniformly varying loading profile is considered
to match the experiment. Air flow from the nozzle with diameter of 1/8™ of an inch

impinges on the tip of the sensitive element that is 1 inch length. The jet when diffuses
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had maximum velocity at the center and was progressively decreased to a very low value
towards the periphery. The slope at the point C caused due to uniformly varying load will

be equal to the slope caused by the reaction R, at the point C.

wl’> RI’ (5.2)
8EI  2EI
From which (5.3)
R = wi,

° 4

At point C the deflection in the gap will be 8, which is the tip deflection caused by the

uniformly varying load against the tip deflection caused by reaction force at C.

tiwl® RI> 5 ‘ (5.4)
120EI  3EI
Substituting R_ = 121’ yields
( wil ) Ik (5.5)
4 r
11wl \ 4 5
120E1 3E]

The reduced length of the cantilever beam could be derived as

. J120E15 (5.6)
! w

And the reaction force on the tip of the cantilever beam will be

. JISEWS -7
i 32

5.4.2 Stress involved in overloading

During the experiments it was noticed that under excessive flow conditions

sensitive element was overloaded and supported by the blocking element. This restriction
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offered by the blocking element created a non linear deflection of the sensitive element.
Even though the restriction acts as a deflection stop which is a major advantage provided
by this type of sensor, excessive loading even with a deflection stop would result in the
excessive stress development when the contact distance becomes larger.

Contact problems occur frequently in engineering stress analysis, even though
some problems could be solved using the known solutions [218] most of the
configurations encountered in practice are too complex to be solved via classical methods
[221]. To resolve these issues finite element analysis (FEA) is a natural tool [221] as FEA
could provide point to surface or surface to surface contacts. ANSYS model using contact
elements (CONTAC 52) were used to model this overloading situation.

The blocking and sensitive elements are cantilever beams that are taken to be of
same dimensions in terms of the length and thickness except for the width as there is
more interest in the contact area. The width of the blocking element is made the same as
that of the sensitive element. This would spare unwanted computational time and
complexity in the model. The material of blocking and sensitive element is aluminum
with Young’s modulus of 70 GPa. The dimensions of the elements are length 25.4 mm.
width 4 mm and thickness 30 microns. The gap between the blocking element and the
sensitive element is 2mm.The blocking and sensitive elements were modeled using
solid45 elements and the gap between them is modelled using CONTAC 52.

CONTAC 52 is a surface to surface contact element that represents the space
between two surfaces which may maintain or break physical contact and may slide
relative to each other. The capability of the CONTAC 52 element to deal with the

surfaces that make and break contacts and the possibility of introducing zero stiffness
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between the contact surfaces as the resistance offered to the deflection by the air available
in the gap between blocking and sensitive element is infinitesimally small. The contact

element gets into action only when contact is established i.e. when deflection exceeds the

gap-

Contact Mesh
Blocking Element ontact Mes

Sensitive Element

Figure 5.18: ANSYS contact model

During the experiment as the nozzle is pointed towards the tip of the sensitive
element the velocity would be maximum near the tip and it would progressively drop
down towards the fixed end. To match with this situation, the assumed load profile is
triangular load with maximum intensity of load on the tip and zero intensity on the fixed
end.

The tip deflection before actual contact with the blocking element matches with
the tip deflection of a cantilever beam of length 1, Young’s modulus E and moment of

inertia I, with a uniformly varying load with the maximum intensity of load w; at the tip.
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The figure 5.19 illustrates a uniformly varying applied pressure on the sensitive

element with varying magnitude as shown by the color code.

'Maximum pressure

Blocking element
Sensitive element
Contact mesh

Zero pressure

Clamped B.C

o T 2e2.222 S64,444 846.667 1129
141,111 423.333 708,556 987,778 1276
COHTACT MODEL

feli

Figure 5.19: Sensitive element with applied pressure

Uniformly varying profile is used as the loading profile, since the flow velocity is
maximum at the tip of the sensitive element and minimum at the fixed end. The gap
between the blocking element and the sensitive element is maintained at 2 mm. The gap
between the blocking and sensitive element is modelled using contact element CONTAC
52 which is a solid - solid contact element.

The maximum pressure intensity is at the tip of the cantilever sensitive element.
The value 1270 N/m? corresponds to the pressure per meter length of 50,000 N/ m’, i.e.
for a length of the 1 meter the intensity of pressure varies from 0 to 50,000 N/ m” and

hence for a length of 25.4e-3 m, which is the length of sensitive element the pressure
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intensity value is 1270 N/m”. The value is chosen so that the deflection would be in case
2 regime of deflection in figure 5.17. Reduced length is the length that is calculated after

subtracting the contact distance from the total length.
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Figure 5.20: Unsupported length of the sensitive element
Contact distance obtained from ANSYS is plotted against the analytical
calculation for the length of the unsupported sensitive element as defined by equation 5.6
as shown in figure 5.20. The maximum error between ANSYS and analytical calculation
is 8 %. The ANSYS model matches with the value of deflection obtained analytically
during the case 1 deflection regimes in figure 5.17. Also the contact distance which is
calculated by detecting unsupported length of sensitive element from the total length
matches with the analytical model once the contact is established in case 2 regime of

deflection as shown in figure 5.21.
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Based on the fact that the ANSYS model is valid for both pre and post contact

deflection regime, the stress values obtained for post contact deflection regime that are

higher than the pre contact regime from the ANSYS model are listed in table 5.1.

Table 5-1: Contact stress and distance

Pressure intensity

Pressure intensity

Maximum Stress

Contact Distance

@ tip per meter @ tip for a length of | near the fixed end mm

length (Pa/ m) 25.4e-3m N/m?
3500 88.9 32.3¢° 1.1
3750 95.25 33.8¢° 2.381
4000 101.6 34.8¢° 2.91
4250 107.95 35.7¢° 3.175
4500 114.3 36.5¢° 3.44
4750 120.65 37.2¢° 3.704
5000 127 38.0¢° 3.969
6000 152.4 40.7¢° 4.7
7000 177.8 43.2¢° 5.556
10000 254 49.8¢° 6.879
15000 381 58.4¢° 8.2
30000 762 76.5¢° 10.58
50000 1270 93.2¢° 11.9

Table 5.1 provides details on the stress developed at the fixed end and the contact

distance due to sensor overloading after establishing contact. The results show that the

stress values for the overloading conditions due to the presence of overloading pressure

are well below the yield stress. Moreover the contact distance could also be used to
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measure the pressure which opens new concept of sensing of pressure based on contact

distance.
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Figure 5.21: Stress distribution along the sensitive element N/m’

Figure 5.21 represents the stress developed for the loading scheme shown in
figure 5.19, when the contact distance is 11.9 mm which is well in the range of case 2
deflection regime in figure 5.17. The maximum stress at the fixed end is 93.2 MPa, and a
contact distance of 11.9 mm for a pressure intensity of 1270 N/m? at the tip. The yield
stress for aluminuni is 215 MPa and the maximum stress involved is 93.2 MPa which is
still lower than yield stress and hence the sensor works in safe operating domain. Hence
the overloading due to exceptional situation could be handled by the deflection stop

provided by the blocking element.
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5.5. Numerical study on the phenomenon

The phenomenon that causes the deflection of the sensitive element due to the
pressure drop created by the blocking element is not reported in literature. Challenges are
also due to the condition under which debris may enter between the blocking and sensing
element. In such situations the sensor would operate improperly and packaging should be
conceived to avoid such situation. These issues have not been reported in the open
literature. There is no analytical model found in the literature for this physical
phenomenon. Numerical analysis using CFD is performed to understand the physics
behind the phenomenon.

The deflection of the sensitive element towards the blocking element initiated the
interest to study the flow pattern behind the sensitive element. Attempts were made to
gather particle image velocimetry (PIV) data to learn the velocity profile which posed
serious problems in terms of seeding. Seeding is the addition of oil/water particles to the
stream of air so that the illuminating laser is reflected by these particles. This reflection is
captured by the camera which is processed to acquire velocity profile. High velocity air
required more seeding so as to capture an image with reasonable particle density. High
steam seeding caused water particle deposition or oil mist deposition. This is not possible
due to open flow conditions. Seeding within a closed duct made of transparent plexiglass
resulted in oil mist deposition or condensation of steam on the walls of the duct making
capturing of the image difficult.PIV was attempted during the duration of the research
program and due to the above said problem numerical analysis using ANSYS CFD is

used to model the same.
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5.5.1 Problem definition

Figure 5.23 shows the computational domain for 2-D flow analysis using
ANSYS. The inlet for the domain is defined as velocity inlet and the flow domain in the
outlet is pressure outlet. Wall boundary condition is used for defining the boundaries of

the blocking element and the sensitive element which is not visible in figure 5.22 but

could be seen in figure 5.23.
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Figure 5.22: Computational domain with boundary conditions (Sensitive element is not visible)

The symmetry option reduces the required computational effort by enabling the
modelling of half of the flow domain and mirrors the results once they are computed. The
shown computational domain is equivalent to the top view of the actual flow domain. The
Y coordinate of the blocking element and sensitive element in computational domain in

figure 5.22 represents the half width of the blocking and the sensitive element.
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The K-epsilon model is free-shear layer flows with relatively small pressure
gradients. Similarly, for wall-bounded and internal flows, the model gives good results
only in cases where mean pressure gradients are small.

The flow model used is K-epsilon model, however is suited for the model the
best suited model will be Large Eddy Simulation (LES) which is possible only with 3-

dimensional model which involves CPU intensive computations.

5.5.2 Meshing

Meshing is an integral part of the numerical analysis, and robust meshing is
instrumental to accurate finite element analysis. The computational domain uses three
kinds of mesh, hexahedral, tetrahedral and inflation mesh. This kind of meshing with
multiple types of mesh in single computational domain is known as hybrid mesh. Hybrid
mesh capabilities are required to optimize computational time without compromising
with the accuracy of validating physical model [222].

The internal computational domains around the blocking and sensitive element
are meshed with hexahedral mesh as complex meshing area could be easily meshed with
hexahedral which offers the possibility of getting better mesh density. Also hexahedral
mesh is best suited for parameterized design as it has better mesh adaptability [223].
Mesh adaptability is the capability of the mesh to adapt with the change in dimensions of
the blocking and sensitive element and gap between them within the computational
domain. This mesh adaptation is very important as severely distorted elements can cause
inaccurate results, yield slow convergence, and premature analysis termination [223].
The outer computational domain has tetrahedral mesh and the mesh density is less in light

of the reduced importance of those areas of computational domain.
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Figure 5.23: Zoomedin view of computational domain close to blocking / sensitive element

Figure 5.23 shows the zoomed-in view of the blocking element and sensitive
element, and the mesh also has inflation near the solid boundaries of the mesh. Inflation
can be added to the hex-meshing methods to capture boundary layers. Inflation meshes
are particularly useful in handling large changes in mesh size, or to handle an interface
between different physics. For example, when modeling a fluid structure interaction (FSI)
problem, the solid and fluid regions share common interfaces and there is a huge
difference in velocity. In this case there are 4 inflation meshes with a growth rate of 1.5

between adjacent meshes.

5.5.3 Results and discussion

The inlet flow was chosen to be 50 m/s based on the experimental values of
velocity at a distance of 4 inches (101.6 mm) from the nozzle. The velocity stream line is
as shown in figure 5.24. The velocity is the major consideration as this is what defines the
dynamic pressure. The temperature is considered to be room temperature due to the fact

that the experiments were carried out at room temperature.
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Figure 5.24 shows the velocity streamline which clearly depicts the formation of
vortex behind the sensitive element. Figure 5.25 shows the velocity vectors in the zone of
interest that shows the formation of vortex behind the sensitive element.

It must be noted from the figure 5.25, that the stream after passing through the
blocking element tends to rejoin after passing the sensitive element. This rejoining
disturbs the sensitive element and hence the width of the sensitive element must be
reduced to 0.8 times and the thickness of blocking element for the input velocity and

dimensions are defined by the experimental setup.
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Figure 5.24: Velocity stream line with vortex formation behind the sensitive element

186



0.000e+000
[msr-1]

L P L

S TR e T
Figure 5.25: Velocity vectors close to the blocking / sensitive element

Numerical simulation gives some idea of the phenomenon in which the velocity
pattern is similar to bluff body based Karman vortex flow meters. A Karman vortex is a
term used in fluid dynamics for a repeating pattern of swirling vortices caused by the
unsteady separation of flow of a fluid over bluff bodies.

Karman vortex has a long history but still there has been no analytical modelling
to predict the drag or vortex formation and most of the work relies on experimental data
for comprehensive understanding of the phenomenon due to its exceptional complexity
[224].

Vortices are two dimensional phenomena that affect the velocity and pressure
behind a bluff body. There are different methods of investigation and each method

provides only partial information concerning the phenomenon [224]. One such
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investigation for vortex formation by Gerrard, Bentley et.al [225,226] distinguishes three
streams in the process of generating vortices as shown in figure 5.26

Izshear layer SL1

. growing vortex Y,

Figure 5.26: Streams in flow during vortex formation [225,226}

Stream A — entrained into the growing vertex generated from the opposite shear layer.
Stream B — entrained by turbulent shear layer SL1.
Stream C — directed back into the formation region and generating new vortex.

This hypothesis of 3 streams proposed by [225,226] concludes that from the point
of view of the strength of vortices stream C should be maximized, stream A should be
minimized and stream B should be sufficiently high for the vortex to detach. However
there is no analytical or experimental proof offered to quantify the strength of the
streams.

This phenomenon of pressure drop behind a bluff body is used to measure mass
flow rate [227]. The concept behind vortex flow meter is with the knowledge of
frequency of vortex shedding and the average pressure drop between the upstream and

downstream the mass flow rate could be calculated:

St (5.9)

f=;:v

where St is the Strouhal number
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v is the flow velocity
d is the maximum width of the bluff body
fis the frequency of vortex shedding

Vortex meters are mostly targeted towards measurement of velocity. The major
advantage of these vortex meters based on vortex shedding phenomenon is that the vortex
shedding is not sensitive to physical properties of fluid like viscosity and density [224].
This insensitivity is used to measure the velocity of molten steel by Iguchi et.al [228].
This set up has a probe that measures the shedding frequency of molten steel by
measuring the strain on the probe and there by measuring velocity.

The problems with these vortex meters are the accurate mathematical modelling
of the physical phenomenon occurring in vortex meters are not available and only
optimization based on the laboratory investigation is feasible {229]. Experimental based
investigations are used as a design and performance index for various bluff body based
flow meters [230].

During the experiments it is observed that the tip of the sensitive element has
some disturbance of small magnitude super imposed on the deflection. This is due to the

formation of vortex that produces a disturbance on the deflection of sensitive element
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5.6. Summary

Chapter 5 presents with the use of cantilever based configuration that has been
used for various measuring applications. The configuration of using a blocking element
and sensitive element and the phenomenon that causes the deflection of sensitive element
is studied experimentally. A jet was created using the compressed air that has been
properly regulated to ensure repeatability and this Ewas used to generate velocity as
required.

Further, overloading issue has been addressed as sensors are designed for
overload protection. This sensor configuration also has a feature of overload protection
because in case of overloading the blocking element acts as a deflection stopper. Stress
involved during overloading and contact distance for a particular load is studied.

Further, as the phenomenon has not been studied earlier and attempts were made
to study the phenomenon. Numerical analysis is carried out to learn the flow pattern
around the sensitive element and behind the sensitive element. From the flow patterns it
is interesting to note that the formation of vortex and the streams that form the vortex also
produces disturbance of small magnitude superimposed on the sensitive element
deflection.

Pressure measurement based on deflection at high temperature requires
information on temperature as well so as to quantify the influence of temperature on
deflection.

Chapter 6 provides a brief discussion on integrated measurements and describes a
novel method to perform integrated measurements of temperature and pressure using

acoustics.
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Chapter 6 : Integrated Dynamic Pressure and
Temperature Measurement at High Temperature

6.1. Introduction

Current sensor development efforts focus mainly on MEMS (Micro Electro
Mechanical Systems) and smart sensing. Only MEMS technology made it possible to
mass produce sensors cost effectively while improving their ﬁmctioﬁality and
miniaturizing them. Smart sensor development is aimed at improving reliability and
durability of these sensors and to make them more easily adaptable to new functions and
conditions during the operating phase. Smart sensors should be able to communicate
more than simply providing with a basic feedback signal.

Sensors have progressed through a number of identifiable generations. First
generation devices had little electronics associated with them, while second generation
devices were part of pure analog systems. Most of the sensor systems that are available
today are third generation systems with the first stage amplification in the sensor module
itself [231]. After first step of amplification, the data is fed to remote electronics or a
micro computer. Many automotive sensing units belong to this category [231] as most of
the signals are amplified and transmitted to the electronic control unit (ECU). Digital
and analog electronics on the same chip with two way communication between the sensor
and the host computer is the fourth generation sensors and some pressure sensors
represent fourth generation components [232].

The prospective fifth generation sensors would accomplish signal conditioning on
the chip so that the bidirectional communication with the host computer / controller will

be in digital mode. These devices will be digitally compensated using field
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programmable read only memories (PROMS) to achieve accuracy and compensation over
a dynamic range [231]. They are expected to have self diagnostics (failure prevention and
detection), self adaptation (compensation of secondary parameters), self calibration
(automatic calibration for external influence caused by secondary parameters like
temperature) and various computationally intensive operations [231]. The low cost of the
field programmable gate array offer a perfect solution of implementation of the intelligent

sensors in multiple applications with little effort.

6.2. Need for integrated smart sensors

It is very important that a pressure sensor capable of operating at high temperature
needs input that would characterize the influence of temperature on the pressure
measurement. This cross sensitivity issue calls for

% self diagnostic feature to detect the cause of a problem in measurement
+ self adaptive and self calibration feature to take control measures for
reliable measurement.

These control schemes require the use of another sensor to measure temperature
as the major influencing factor in most of the pressure measurement cases [233]. Thus
there is a need for integrated sensors that would measure two parameters, where one
parameter would be the actual measurand while the other parameter is the source of
uncertainty. Integrated sensor takes advantage of integrated measurement to more closely
track the changes in the measurand and compensates for the effect of the environmental
factor that creates discrepancy in the reading [234]. Integrated smart sensor should

perform the following functions
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% Sensing — one or more parameters
% Interfacing — signal conditioning, A/D conversion

< Self calibration and self diagnostics

Sensing element Digital temperature
sensor
[ )
Signal conditioner
g PLCs
v Real time clock
A/D Converter
Modems
A \ 4 ) A 4
Controller Unit
SCADA Systems
Self Identifying Test sequence control
Application algorithms Digital control triggers Remote
- Terminal Unit
Communication
N ; link Computer
Non Volatile

Data storage

Figure 6.1 : Smart sensor block diagram

High temperature sensors based on Silicon on Insulator or Silicon Carbide (SiC)
technology can withstand 300°C and 500 °C, respectively [235]. The limitation that is
imposed on these sensors is not due to the incapability of the material to withstand high
temperatures but because of the packaging [236] and electronics [235].

Smart sensors at high temperatures are out of discussion as the associated
electronics needs further refinement to withstand more than 200°C. Silicon Carbide (SiC),
gallium arsenide and other large band gap materials could be possibly extended to high

temperature application, but they are still in development phase and are not yet cost
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effective for high volume production [237]. Materials that can withstand high
temperatures along with the high temperature electronics are of no use if there is no
proper packaging [237].
The major issues of high temperature sensing in terms of packaging are [236]
<+ Mitigation of thermal stress caused by thermal expansion mismatch
¢ Thermal shock
<+ High level of heat dissipation to keep temperature in operable limit
Wire bonds are also a major impediment in high temperature packaging. The
major issues related to high temperature electronics and wire bonds are [235].
%+ Thermal diffusion (tempera.tures > 300°C allows lateral diffusion)
¢+ Interdiffusion — decreases bond strength and increases contact resistance
< Intermetallic formation — causes brittle phase and weakens the bond
+ Melting

Also wiring these sensors will be a real challenge as it needs special wires that
would resist extreme temperature conditions. Ni-30% Cr-16%Si alloy is used as material
of construction of these wires that with insulation could work at 815°C [33] but the wires
themselves are bulky and in this case would be significantly larger than the size of sensor
itself.

Packaging and high temperature electronics even though has to be addressed
before realizing high temperature sensors are out of scope of this research and hence it is
not elaborately discussed. However, a general discussion on the potential candidates and
technologies for pressure sensors to operate at high temperature is provided in chapters 1

and 3.
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6.3. Integrated temperature and pressure measurements

Temperature and pressure are the most desirable parameters in different
engineering applications. Temperature and pressure sensors hold first and second position
in the world market based on highest market volume [238]. Pressure and temperature
measurements underlie on different principles. Temperature measurement is carried using
simple thermal expansion (thermal switches) to colour change caused by high
temperature (pyrometer) while pressure measurement is mostly done by secondary or
tertiary transduction of the pressure in the form of displacement and strain, respectively.

Most of the application demands simultaneous measurement of temperature and ‘
pressure at certain locations that often may have extreme conditions. Sensors that would
measure temperature and pressure are available by integrating a temperature and pressure
sensor in the same: chip/module for commercial applications as offered by Kulite
semiconductors [239]. These sensors operate within a temperature range of -55°C to
+175°C and a pressure range for different applications starting with 25 bar to 250 bar.
This is a combined sensor based on thin film resistance temperature detector (RTD) for
temperature and a standard silicon diaphragm with four piezo resistive elements for
pressure measurement. Laser interferometry based sensor for measurement of
temperature and pressure are available with the primary measurand as temperature with
an accuracy of 0.42% and a pressure as éecondary measurand with an accuracy of 5.4 %
[240]. Pressure and temperature measurement targeted for fluid power application, uses
silicon diaphragm for static pressure measurement, (range 0 to 6MPa) silicon dioxide
diaphragm for differential pressure measurement (range 0 to 35 kPa) and thermistor

based temperature sensor (range 0 to 51°C). Differential pressure sensor might require
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thinner diaphragm for higher sensitivity and thickness control of silicon diaphragm for
very high sensitivity is difficult to achieve [241]. Some integrated sensors compromise
sensitivity or accuracy of one of the measurand for attaining multiple measurements
[242] and in case of higher sensitivity requirement the range is compromised to 80 kPa
for a static pressure sensor. Furthermore, all integrated temperature and pressure sensors
work on traditional methods of temperature and pressure measurement combined one
way or another and is used in a lower temperature regime <175 °C [239].
6.3.1 Pressure sensing and cross sensitivity issues

In industrial application, instrumentation often encounters temperature cross
sensitivity issues. Temperature compensation techniques are often based upon placing a
compensating element exposed to the same temperature conditions as the sensing element
in order to reduce the temperature effects [243]. These compensation issues are only for
small differences in temperature and at higher temperature difference cross sensitivity
effects are still observed even in the perfectly manufactured sensors with exactly equal
sensing and compensating parts [244]. When there is a large extent of temperature
variation, temperature compensation would be practically impossible [244] hence only
way to deal with this is to measure the temperature and induce a self calibrating scheme
that would produce an accurate result for dynamic pressure based on temperature
variation. This clearly explains the need for integrating a temperature measurement

scheme (as a secondary measurand) in a pressure sensor.
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6.3.2 Discussion on the integrated sensing scheme

Young’s modulus decreases with increase in temperature and hence the deflection
due to loading is sensitive to temperature. The choice of material has to be in such a way
that the change in Young’s modulus with temperature is small. This is an additional
factor that affects the accuracy. However the deflection due to thermal expansion is not
too significant when compared with the influence of Young’s modulus on deflection
[245].

The data acquisition (digital resolution of the deflection measurement) interval is
another important parameter in determining the sensitivity of the sensor. The sensing
scheme requires continuous monitoring of data at a frequency of at least 10 times the
frequency of dynamic pressure which is 17.6 * 10 =176 kHz in a compressor with 23
blades rotating at 46000 rpm. The number of sampling points depends on the type of
signal. However there are high speed multi channel data acquisition systems capable of
measuring high frequency data up to 200 kHz [246].

Deflection could be measured in many ways, Fibre optics and microwave seems
to withstand higher temperatures till 700 °C [52, 53], however, microwave sensors
require high temperature electronics for data processing [65].

Deflection measured by any of the possible means that can handle elevated
temperature requires electrical signal that has to be processed to provide desired output.
The transmission of electrical signal poses a problem due to the limitations posed by
electronics with increase in temperature.

Even though with fibre optic sensors signal processing is facilitated as it could be

placed away from the measurement zone, access to the measurement zone is mandatory
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through the fibre optic cables that would withstand higher temperatures. Some
application demands measurement to be done with minimum or no intervention to the
measurement zone. In gas turbine engines Full authority digital engine controller
(FADEC) is not equipped with optical interface and research and development activities
are active to demonstrate and evaluate optical technologies in next generation military
and commercial aircrafts {32]. This restricts the use of fibre optic cables or any other
probes to measure pressure on the present configuration of the engine controller.
Acoustic waves could be used to measure dynamic pressure as it can travel
through metals, although there is loss of intensity of the sound wave with distance. An
innovative method to measure dynamic pressure and temperature is proposed in the forth

coming section.

6.4. Acoustic sensor for dynamic pressure and temperature

measurements

The proposed sensing scheme is aimed at measuring both temperature and
dynamic pressure that utilizes a resonant cavity. Such a method is intended for measuring
temperature and dynamic pressure in extreme environment such as very high
temperature, corrosive gases etc. The resonant cavity is formed by either drilling a
specified hole or attaching a small tube of desired length. SiCN could be used for that
purpose on the measurement zone. The resonant cavity will be a one-end closed tube, the
closed side having the wall followed by a microphone positioned after a small gap to

capture the acoustic signal that is transmitted through the wall.
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The dynamic preséure signal will be characterized by amplitude and frequency,
the amplitude of the acoustic signal that passes through the wall that encloses the
measurement zone, is picked up by the microphone. The captured signal has some loss in
signal strength due to dissipation that is proportional to the thickness and material of the
wall. However, extreme wall thickness will make the acoustic signal feeble and difficult
to handle. The amplitude of time signal could be related to the amplitude of pressure if

the enclosure of the measurement zone is calibrated for its acoustic signal loss.
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Figure 6.2: Pressure and temperature measurement scheme used in the experiments
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Temperature and frequency of dynamic pressure signal can be interpreted from
the acoustic signal by time to frequency conversion from the FFT analysis. The output of
FFT analyser will have an amplitude value along y axis and frequency along x-axis. The
amplitude will be higher when the frequency corresponding to the frequency of the
dynamic pressure and also at resonant frequencies of the tube.

A peak in amplitude can also be appearing due to a steady noise; however such
noise signal could be identified and filtered out. It is observed that there is a shift in the
frequency peak when the input dynamic pressure is caused by hot air. This shift in
frequency peak is corresponding to the difference in temperature.

An experimental investigation is performed to measure the frequency of dynamic
pressure and the temperature. The pressure and temperature detection mechanisms and
the signal processing and data analysis approach employed in the experiments are shown
in figure 6.2.

6.4.1 Experimental setup

The source of dynamic pressure is a fan in the experiments described below.
Figure 6.3 depicts the fan connected to regulated power supply along with the resonance
tube and microphone arrangement. The resonance tube which is made up of plexiglass is
24.5 cm long and has a diameter of 7 mm. The bottom end of the tube is attached to the
perforated fan casing over the blades, while the top end is closed-off with the microphone
as shown in figure 6.3, thereby exposing the microphone to the acoustic vibration of air
caused by passage of the blade. The resonant tube in this situation is open — closed pipe.

The microphone on the top of the fan picks up the signal when each blade passes by. The
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fan 1s powered by a regulated power supply that allows the variation of the rotational
speed.
The resonance tube along with the microphone acts as a closed tube whose

resonant frequency is given by

FED - _VZ__ 6.1)

4*L,;
where 17 is the standing wave frequency and it is both a function of temperature 7" and
effective length L.gf of the resonance tube. The diameter D of the tube also contributes to
the standing wave frequency, so that a correction for tube end effects has been added to

the length of the tube [247],

L,=L+03D 6.2)

The velocity of sound in air at a given temperature is given by the relationship [248]

T 0.5 6.3)
v =331.13% 1+| —=
273.15

()
where " is the velocity of sound in air at a given temperature T, Ty, is the measured

temperature in °C, and 331.13 (m/s) is the speed of sound in air at 0°C.

The effective length of the resonant tube is 245+O.3*(7)=247.1 mm. The

velocity of sound in air at 20°C is 343.2 m/s and the resonant frequency of the tube is

347.2 Hz.
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Figure 6.3: Experimental setup for dynamic pressure measurement

The length of the resonant tube and rotational speed of the fan are so chosen as to
ensure that the resonant frequency of the tube and the blade passing frequency do not
overlap. The speed of the fan is 1500 rpm, which is measured using non contact type
tachometer while the fan has 11 blades. The frequency response signal gives a peak at
around 275 Hz which is the frequency of the passing of the blade.

* *
Frequency = rp’ZO % - 150600 L =275

where n is the number of blades, with nv=11 in this case
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Figure 6.4: Schematic diagram with heating coil to heat the suction side of the fan (not to scale)

The suction side of the fan is heated using a heating coil, the schematic diagram is
as shown in figure 6.4. The temperature is measured using TSI VELOCICALC which is
an integrated temperature and velocity sensor.

The suction side of the air is heated till the temperature in the temperature sensors
reached 30°C. The velocity of sound in air at 30°C is 349 m/s so that the resonant
frequency of the tube is 353.1 Hz. The shift due to this temperature change was 354 Hz

as seen is figure 6.5. The difference in frequency due to temperature of 10°C is around

6.8 Hz.
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Figure 6.5: FFT analysis showing peak shift corresponding to temperature

Figure 6.5 shows the output of FFT analyzer (Bruel & Kjaer 2035). The peaks at
275 Hz and 550 Hz correspond to the frcquency of blade passing. The graph also depicts
the shift in the peak value when air in the suction side is heated using a heating coil. The
temperature peaks correspond to 347 and 354 Hz at two different temperatures 20°C and
30°C.
6.4.2 Time signal analysis

The amplitude of the dynamic pressure signal has to be related with the amplitude
of the time domain siénal. A preliminary study of the time signal with the resonant tube
is as shown in figure 6.6. The dependency of the intensity of time signal with revolution

is observed during the experiment.
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Figure 6.6: Time signal for an rpm of 275

Figure 6.6 shows the time signal with two peaks that correspond to the blade
crossing. Peak 1 and peak 2 correspond to time of 2.28e-2 and 2.64e-2, respectively.
This corresponds to frequency of 277 Hz while the actual rpm of the blade crossing was
1500 rpm that corresponds to 275 Hz. The above experiment validates the concept of

temperature and dynamic pressure of gas measurement the above discussed principle.
6.5. Sensing scheme as applied to GTE application

Extending this sensing scheme to GTE application, the acoustical signal is
transmitted through the enclosure (shroud). ’;Fhe intensity of acoustic signal depends on
the thickness and material of the wall.

Figure 6.7 shows the measurement zone of interest for GTE application. The
concept of temperature and dynamic pressure sensing when used within a closed chamber

requires some modification.
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Figure 6.7: Schematic diagram of implementation of acoustic sensing

The casing of the enclosed chamber could be of any material of finite thickness. A
resonant tube of desired dimension that is formed either by attaching a tube that can
withstand high temperatures or by making a blind hole in the wall of the casing. The
signal is captured by a microphone from the exterior of the chamber. This way the
acoustic signal proportional to dynamic pressure and temperature can be picked up

without any wires/cables passing through the shroud. The high temperature zone remains

undisturbed and completely enclosed.

The noise spectrum in the application is a limiting factor for acoustic sensing
scheme. All components involved in moving, burning and propelling air generate noise
and GTE is no exception. Compressor and turbine produces blading noise, burning
process produces noise of low order and jet of hot gas propelled through the nozzle to
mix with the atmosphere produces the most powerful form of random noise [249]. The

frequency range of noise could be from 60 Hz to 20 kHz [249]. This large frequency
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range of the ambient noise generated by the GTE would be a challenge in successfully
implementing the acoustic sensing scheme.

Assumptions
Wall has finite thickness that allows acoustic signals to pass through

Steady thermal conditions prevail around the resonant tube
Static pressure is known
The teméerature across the wall of the shroud is constant
The velocity of sound through the wall is known. It has to be noted that the
velocity of sound depends on the temperature distribution and matenal of the
wall.
6.5.1 Temperature measurement
As shown earlier by the experiments the frequency of acoustic signal will have a
shift in peak due to increase in temperature. This shift in peak is attributed to the

temperature change as the excitation frequency remains unchanged.

g - RPM Domain =— - pe— Temperature Domain—
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Figure 6.8: Temperature and rpm frequency domain
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The key factor in temperature measurement is choosing the resonant frequency of
the tube. It should be chosen in such a way that it does not overlap with the frequency of
the dynamic pressure, blade passing frequency or any such noise which might disturb the
sound collected by the microphone within the range of the temperature measurement.
Figure 6.8 shows the need for avoidance of the overlapping of the frequencies. It is better
to have a higher resonant frequency of the tube than the maximum frequency of dynamic
pressure to avoid frequency overlapping.

The range of variation in the frequency of dynamic pressure should be known
earlier inrorder to customize the sensor for specific application. The dimensions of the
resonant tube could be designed based upon the overlap avoidance requirement. In gas
turbine engines the frequency requirement for dynamic pressure is in the range of a few
kHz which demands a resonant tube in micro scale.

Higher the frequency of dynamic pressure higher will be the range of temperature
measurement as the difference of frequency between two harmonics is higher. Also the
range could be altered based upon the dimensions of the tube. This shows the possibility

of tailoring the range of the sensor based on the application.

6.5.2 Frequency and amplitude measurement
The frequency and amplitude of the dynamic pressure could be measured by
measuring the time signal that passes through the wall of the enclosing chamber.

Consider a source of dynamic pressure that has a frequency of ®. The signal will suffer a

significant phase shift of wr—(K *X,)—(K,*th) while they pass through a wall

however, the frequency will be the same, where
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X is the distance travelled by the acoustic wave in air

h is the thickness of the wall

K; and K, are the wave numbers in air and in the material of the wall,
respectively.

The amplitude of the signal can be found by measuring the acoustic signal that
passes through the wall. The study on the amplitude loss of the acoustic signal through
the wall would enable to quantify the amplitude of the dynamic pressure within the
chamber.

Considering a dynamic pressure source that produces an acoustic pressure waves,

along x axis only, we have

62p‘

1
==

o’ p (6.4)
ox* ¢ or

Solution of this equation describes the pressure evolution of one dimensional
plane sound wave propagating in air. Two initial conditions and two boundary conditions
are required for a fully defined solution of equation 6.4.

Considering the waves that only move in the x-direction, the solution for a mono

frequency sound wave could be represented as
P(x,t) =P """ (6.5)

where Py, is the peak amplitude of the sound pressure,

K is the wave number K=% .
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When the acoustic pressure reaches the wall of the chamber, the waves would

have travelled a small distance x that would have reduced the amplitude of the wave by

pX)=p,.e™,

where p(x) is the amplitude after the wave has propagated a distance x through the
medium
a is the attenuation coefficient of air that is frequency dependent.

However this amplitude loss will be significantly lower.

Z Z2 =
Chamber Wall Exterior
P,—> P,——
P,
—_
P,e— P, «—
X=0 X=t

Figure 6.9: Reflection and transmission of a plane wave normally incident on a wall

Let Z), Z;, and Z; be the characteristic acoustic impedances of the fluid in
chamber, wall and the fluid in the exterior, respectively. When the incident signal in fluid
1 arrives at the boundary between the fluid and the wall, some of the incident wave P; is
reflected as P, and some will be transmitted into the wall as P,. The transmitted wave will
pass through the wall and some will be reflected Py, and some will pass through the wall

to the exterior P;. The wave when travels through different media will suffer a phase shift.
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Assuming the incident wave train as a mono harmonic frequency carrier and the

i(t=K)x)

wall has a uniform thickness, the incident wave would be P = Pe and the wave

H i

that is reflected back into the chamber is P. = Pe'“***)  The transmitted and reflected

waves in the wall are P, = 4e"“ " and P, = Be"“***". The wave transmitted to the

fluid in the exterior would be P = P+

The acoustic impedance at any point would be Z :M. Considering the

U +U

i 4

continuity of normal specific impedance at X=0 and X=L in figure 6.9 we have

A : 6.6
le'+pr=Zz A+B (6.6)
P-p  *\4-B
oKL | poiKaL (6.7)

=Z,

2 Ae-—iKZL _BeiKZL

Algebraic manipulation would yield the pressure reflection coefficient %’— as [250]

i

(6.8)
(1—ﬁ)cos(KzL)+i{é——ZL)sin(K2L)
23 23 2
R=
A Z zZ
1+ K,L)+i| =2+~ |sin(K,L
(+Z3)cos( ) )+z[23+22)51n( ,L)

The intensity transmission coefficient that describes the amplitude or the intensity of a

transmitted wave relative to an incident wave is found as [250]
4 (6.9)

2
2+(ﬁ+i}052 (KzL)+i(i+—Z—‘z—23)sinz(K2L)

Zy Z3 22y 4

T, =
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This procedure allows picking up acoustic signal proportional to velocity and

dynamic pressure without any wires/cables. The high temperature zone remains

undisturbed and is completely enclosed.

Consider an unknown source of dynamic pressure that generates pressure wave of

certain frequency and amplitude. Consider the density of the air within the chamber to be

1.205 kg /m® and the chamber is made of steel of density 7800 kg /m®. The output of a

Simulink model formed by varying the thickness of the wall of the chamber, and the

acoustic signal output are plotted in figure 6.10.
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Figure 6.10: Non dimensionalized acoustic output obtained through walls of different thicknesses

The conditions inside the chamber are considered to be atmospheric, and the

velocity of sound is considered at 20°C. Figure 6.10 depicts the output obtained from the

model for different thicknesses.

It is observed that the frequency of the wave form is the same as that of the source

signal but there is a phase shift. The phase shift is dependent on the thickness of the wall.
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The amplitude of the signal decreases with the increase in thickness governed by the

equation 6.9.
6.6. Discussion on acoustic sensing scheme

The major advantage with acoustic sensing is the wireless transmission of data,
which ensures non — invasive measurement. Acoustic signals are absorbed by the
enclosure and hence very high thickness of walls would produce a weak signal that
demands signal amplification. In an application like gas turbine engine, there will be
noise signals and signal amplification and ﬁltering requirements. Signal conditioning
becomes very crucial as this has a major impact on the interpretation of the measurand.

Static pressure or density of the medium should also be known for this sensing
scheme to be successful as temperature measurement is performed by knowing the
velocity of sound in the medium, and velocity of sound is also dependent on density of
the medium.

Acoustic sensing scheme when extended to GTE applications has to filtering
requirements due to wide noise spectrum associated with GTEs . Gas turbine engine
noise can be divided into two types, internally generated noise associated with the
rotating components and externally generated noise or jet noise. Basically all parts of
GTE contributes to engine noise, the relative magnitude of different noise source can
vary not only with make and medel of engine but also with operating conditions. These

variations poses problems associated with noise filtration.
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6.7. Summary

Chapter 6 discusses the integration of temperature and dynamic pressure
measurement. A novel sensing scheme for dynamic pressure and temperature based on
acoustic signals is proposed and discussed. Temperature could be measured by inserting a
resonant tube in the chamber and the shift in resonant frequency of the tube is
proportional to the velocity of sound. The frequency and amplitude of the dynamic
pressure signal could be found out from the FFT analysis and time signal analysis.

Acoustic measurement can be used to measure temperature and also could be used
as a confirmation for the dynamic pressure signal measured. Filtering of noise and design
of filters would be a major task as gas turbine engine comes with high intensity noise of
different frequencies. Material of resonant tube could be made from SiCN which is not
thermally affected up to 900°C. The fabrication details of SiCN are available in chapter 2.

The following chapter discusses the issues related to implementation and also
addresses the requirement of data acquisition systems as required by the application.
Sapphire based fiber optic cable for data acquisition is suggested in chapter 7 in view of
the capability of sapphire based cables to withstand temperatures in the range of 900°C —

1000°C.
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Chapter 7 : Implementation Issues

7.1. Introduction

Pressure measurements in aerospace applications, especially in the gas turbines
have to be carried out at very high frequencies due to the high speed of the pressure
variation in compressor/turbine so as to enable gas turbine engine to handle large amount
of air. In today’s large gas turbine engine the exit temperature of the compressor is as
high as 650 - 760 °CA[1]. Dynamic pressure sensors for real time sensing and control are
required at different parts of the gas turbine engine. Dynamic pressure measurements in
the compressor have a direct role in the detection of compressor stall events. The need for
accurate dynamic pressure measurements at high temperatures is an integral step towards
implementing active control system for performance enhancement of gas turbine engines.

For an example, if the dynamic pressure has to be measured within the
compressor, considering the data available in table 7.1, the frequency of operation will be
in kHz. The design of the sensitive element should avoid the natural frequency, so as to
prevent resonance which demands that the natural frequency of the sensor be higher than
that of the dynamic pressure by about one order of magnitude.

The frequency of loading on the sensing element for the GTE depends on the type
of engine. Table 7.1 gives some typical frequency ranges for some of the compressor and
turbine test cases [251]. Based on the frequency of operation the sensor has to be custom

designed by choosing the dimensions of the sensitive element.
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Table 7-1: Typical compressor stage frequency ranges in GTE

No of No of | Rotation speed | Tip clearance | Frequency
Platform
stages blades in rpm (mm) (kHz)
NASA Rotor
36 17,190 0.356 10.31
Rotor 37 alone
NASA Rotor Data not 5.61
21 16,043
Rotor 67 alone available
E/CO-3
Subsonic ) 41 (R)
Single 9,262.5 0.1125 6.32
compressor 73 (S)
stage
E/CO-4
: 28 (R) .
transonic Single 60(S) 20,260 0.3 (running) 9.454
Compressor
R1 (44)
E/CO-5
S1 (44)
Low speed Two 650 4.1656 0.476
R2 (44)
compressor
S2 (44)
E/TU-3
. 20 (S)
Subsonic Single 7,800 0.25 4.03
31 (R)
Turbine
Generic Data not
Single 23 46,000 17.6
Case available

The variation in the frequency of operation indicates the need for customization of

sensor design based on the platform that is addressed.
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7.2. Sensor design and material

As described in chapter 2, the material of consideration is SiICN with the

following properties.

Table 7-2: Properties of SiCN

Properties SiCN
Young’s Modulus (GPA) 158
Density (Kg/m’) 2250
Coefficient Thermal Expansion (m / mK) 0.5X10°
Poisson ratio 0.17

With the knowledge of frequency of operation [251], and the material to be SiCN,
the dimensions of the beam could be chosen in such a way that the natural frequency is
significantly higher than the operating frequency. Considering the thickness of the SiCN
cantilever beam that is used as sensitive element to be 30 microns, which is the minimum
thickness of the thin film SiCN that was achieved from liquid precursor as part of this
work, the length could be designed based on the frequency requirement. For a SiCN
cantilever beam with length of 450 microns, thickness of 30 microns and width of 70
microns, the natural frequency is about 200 kHz.

Figure 7.1 shows the frequency of a micro cantilever beam obtained using finite
element method using MATLAB. The response of the cantilever sensitive element with

the above dimensions 1s described in section 7.3.
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Figure 7.1: Frequency Vs displacement for SiCN sensitive element

7.3. Forced vibration solution for sensitive element

The sensitive element of the proposed sensor experiences load whenever the blade
passes the sensor. The loading profile on the sensitive element is sinusoidal as shown in

figure 7.2.
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Figure 7.2: Loading scheme for 5 blade fan (Generalized)
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A simple fan and a microphone arrangement that is connected to an oscilloscope
are used to obtain the time domain signal which is in the form of sinusoidal profile.
Figure 7.2 shows the fan microphone arrangement that provides a sinusoidal loading on
the sensitive element.

The maximum amplitude V.« at the sensitive element depends on the speed with
which the blade passes the sensor and the reduction offered by the blocking element. The

time period T depends on the rpm of the blade passing as

)=V, sin(zgi) )

Consider a GTE with a compressor having 46 blades that rotates at 23,000 rpm.
The blade passing frequency is 17.6 kHz. As the blade passes by the sensor it would
provide a load on the sensitive element. The load on the sensitive element will be
attenuated due to the presence of the blocking element. The load would have a maximum
value each time the blade passes and loading scheme would be as shown in figure 7.2. An
arbitrary time dependent load on the sensitive element is applied as uniformly distributed
load across the length of the beam. The loading profile is considered as uniformly
distributed load since the width of the blade is larger than that of the sensor. The
uniformly distributed load corresponds to drag force experienced by the sensitive
element. The magnitude of the time varying drag force on the sensitive element is
assumed to vary from 0 to a maximum value of 10X10° N/m in a harmonic with a
frequency of 17.6 kHz. The response of a cantilever sensitive element is obtained as

follows.
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Figure 7.3: Loading scheme on the sensitive element

The forced vibration solution of a beam can be determined using the mode superposition
principle. The deflection of the beam is assumed in the form of a linear combination of
the normal mode responses as

(7.2)

y(x1)=33, ()4, (¢)

n=]

where v, is the n™ normal mode or characteristic function satisfying equation 7.3, given
by

7.3
y,,( )—a)n pAy, (x)=0 (7.3)

where g, is the generalized co-ordinate of the n™ mode.
Substituting the deflection function in homogenous form of the equation

(7.4)

E]Zd4y"( )q"(t)+pA"Zl: %) ), ()= £(x0)

Using equation 7.3, in equation 7.4
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(7.5)

50200, (4 5, (9= L

n=1 n=1

{
By multiplying equation 7.5 through out by I Vo (x) and using orthogonality condition
0

iyn ()7 (x) =0

d*q, (t 1 : (7.6)
B0 )20, (1) = ()1 )
pA[ 3 (x)°
0
Equation 7.6 could be written as
(7.7)

d’q,(t 1
7?Q+w”2q" (t) = ;};Qﬂ (t)

! ]
where Qp(t) = I ¥, (x)f (x,t)dx is the generalized force along gy(t) and e= f v, (x)dx isa
0 0

constant.
Solution for equation 7.7 could be expressed using Duhamel integral as

) (7.8)

Py j'Qn (z)sinw, (t—7)dr

n 0

q,(t)=A4,cosw,t+B, sinw,t+

The first two terms of equation 7.8 on the right hand side represent transient or free
vibration resulting from imtial conditions and the third term denotes the steady state
vibration resulting from forcing function.

As the sensitive element is a cantilever beam the continuous system frequency equation is

cosh B /+cos Bl =~1 (7.9

and the normal mode function would be
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v (x)=C, [sin B,x —sinh B x—a, (cos B,x—cosh /)’nx)] (7.10)

where o, = sin !+ sinh f,] and the first five values of the eigen values B, 1are given
cos 3 l+cosh g1
as
Ll =1.875104

Byl = 4.694091
Bl =7.854757
B, =10.995541

The generalized forcing function is given by

! (7.11)
0, (1)= [y, (x)f (1) s
0
! *
- .”:sin B,x—sinh B x—a, (cos B,x—cosh ,B,,x)] *V e SID [ 2 *; ! )
0
The steady state response of the sensitive element is given by
P _ ., (7.12)
= 1 —
g, (1) Py _(').Qn (r)sinw, (1-7)dr
1
Lo I[sin B,x—sinh B x—a, (cos B,x —cosh ,an)]*
= 0 sinw, (t—7)dr
pdean, : (Z*H*t)
V .. sin
T
Thus the response of the sensitive element would be
YN =" v, (%)q,(?) (7.13)

The forced response for a peak load of 1X107 N is shown in figure 7.3. It follows the

same form of the input sinusoidal load. The response as shown in figure 7.4 is in the
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same form of the forcing function figure 7.3 with a small phase shift between the input
loading and the response of the sensitive element.
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Figure 7.4: Forced response for a sinuseidal load

7.4. Material consideration for gas turbine engines

Material development program is the key to increase the performance of the gas
turbine engines. Estimates predict about 50% of the performance improvement will come
from improved materials and processes [252].

Present day GTEs are made of Ni and Co based alloys enabled with thermal
barriers coatings (TBC) [253]. éo-based alloys have superior thermal fatigue and hot
corrosion resistance over Ni based alloys and Ni alloys .are stronger at low and
intermediate temperatures and have better oxidation resistance when Al is added as
alloying element {252]. TBCs have oxidation resistant bond coat and a thermal insulating

top coat and these coatings could reduce the maximum metal temperature by 20% and
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thermally induced radial expansion by 34% [254]. Clearance control coating in
compressors of GTE and better thermal barrier coating in turbine blades could improve
stage efficiency by 3% and overall efficiency by about 1% [255]. Metallurgical
development if exploited to a level that cooling air quantity could be minimized, will
result in performance enhancement as Rolls Royce engines used only 5 % of compressor
air to cool its row of high pressure turbine blades [256].
GE has reported [253] engine performance improvement needs revolutionary materials
such as
*» Metal matrix composites (MMC)

+» Ceramic matrix composites (CMC)
+«» Light weight, high temperature intermetallic
% Polymer matrix composites (PMC) for low temperature usage (370°C) in casings

and static structures

¢ TiAl composite blades, ceramic bearings and dry lubricants.

7.5. Fiber optics for data acquisition

Measurement of deflection could be performed by many schemes such as strain
gauges, capacitance, piezoelectric or optical ways. When exposed to high temperature
metallurgical stability and oxidation are the prominent critical issues [136]. Resistance
strain gauges at high temperatures are affected by temperature co-efficient of resistance.
Capacitive scheme when used for micro application has to measure small values of
capacitance and these require charge amplifiers and/or special circuitry which are

extremely sensitive and vulnerable to high temperature [140]. There are possibilities of
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inducing piezoelectricity in SiCN by doping iridium and inculcate magnetic properties in
SiCN by doping manganese [108], but these potential solutions are still in research phase.

The fibre optic means of deflection measurement is the choice for most of the
high temperature applications due to the availability of high temperature fibre optic
cables made up of sapphire and quartz [256,257]. Fibre optic sensing is advantageous
over conventional instrumentation particularly under harsh conditions [258]. However
there are other components of fibre optic sensing that have limitations in terms of high
temperature withstanding capability. Fibre optic couplers can operate at a maximum limit
of 200°C, while some experimental devices operate at 300°C. Light sources such as laser
diodes and modulators, are limited to 100°C [259]. Also detectors can be made to operate
at temperatures close to 200°C [259]. Because of these reasons the nearest term approach
to encounter high temperature environment is to locate these components in a relatively
cool area and expose only the fibre transducers to higher temperatures. Fibre optic sensor
gained importance because the transmission path is immune to electromagnetic
interference, they are very light in weight and are chemically and physically compatible
with wide range of host materials [260] and they do not rely on any electronic related

material property like conductivity or piezoelectric effect [179]

—\ . Oup Ier
e Sensor

Figure 7.5: Fibre optic sensing scheme

Light source

Signal processing
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Fibre optic sensors work by detecting intensity, phase, or wavelength. All
detection techniques are influenced by temperature but interferometry based sensors
could be used in gas turbine engine application / high temperature applications due to the
existence of compensation schemes to overcome these problems [260,261,262].

7.5.1 Sapphire as material for optical fibre

Fibre optic sensors at high temperatures experience a serious drop in performance
as the optical fibre is the only component exposed to high temperature. High temperature
sensing above 500°C is possible only with sapphire or quartz based fibre optic cables.
[263]. Although quartz and sapphire can withstand high temperatures, fibre sizes of
diameter 5 microns that would be minimally invasive could be made only from sapphire.
The fabrication includes a significant infrastructure which may be quite expensive [264].
Sapphire is preferred at high temperature application for the following features [263,264]
& It is an excellent optical material with high internal reflection from 150 nm to

6000 nm wavelength — from far UV to middle infra red.
It is chemically inert
¢ High index of refraction (1.77) at visible wavelength (390 -750 nm)
* High thermal conductivity, (46 W/mK) facilitating fast heat dissipation.
< Maintains its structural integrity up to 1600°C to 1700°C after which it becomes
increasingly plastic and melts at just above 2000°C.
The problem with sapphire based fibre is cladding. Cladding is required to keep the
light inside the fibre and also used to increase the fibre strength. Fibre optic cables at high
temperature encounter cladding issues due to thermal expansion coefficient mismatch and

cooling issues. The essence of cladding problem is that cladding material should have
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index of refraction less than that of sapphire, with matching coefficient of thermal
expansion and temperature bearing capability. Cladding using polycrystalline alumina,
although seems adequate, is not cost effective, even platinum based cladding still yields
problems [263].

One solution for cladding problem is to leave the fibre unclad which also solves
cooling issues as loose fibres are easily cooled but the strength of the fibre comes as a
drawback. In order to compensate for that, sapphire cables are made larger in diameter,
at 40 — 120 microns. Most of the sapphire based cables are used without cladding (air is
the cladding material) [265,266].

Small diameter fibres result in strict axial thermal gradients and hence thermal
stresses are negligible in radial direction and high thermal conductivity equalizes
temperature across fibre and facilitates cooling. However, high coefficient of thermal
expansion is a disadvantage in case of sapphire (7.7X10°/°C @ 500°C). It also should be
noted that refractive index of sapphire is dependent on temperature and wavelength of the
light. Temperature dependency of refractive index for sapphire cables has been studied
with reasonable accuracy in ranges from room temperature close to the melting
temperature [267]. The refractive index increases linearly from 1.77 at room temperature
to 1.8 at 2000°C for light with a wavelength of 0.5145 microns. These studies are useful
to support the use of sapphire cables for diverse applications involving high temperatures.

Sapphire fibre optics is used in conjunction with GRIN lenses that would provide
a collimated light beam with a divergent angle of less than 0.05° [268]. GRIN has to be

glued to the fibre and this would limit the capability to handle higher temperature.

227



Hence the parameters that must be considered include type of light source,
dimension of the sapphire fibre which is limited to 40 microns because any smaller
dimensions make the fibre extremely fragile, maximum deflection of the sensitive
element and positioning of the sapphire fibre relative to the tip of the sensitive element.
7.5.2 Installation of the fiber

Sapphire based optical fibres face another problem of integration as these sensor
systems are highly delicate without cladding. The entire sapphire fibre is considered to be
the core with the surrounding air with lower refractive index as fibre cladding. These
fibres should have a considerable length as required by the application and have to be
integrated to an application, in most of the cases have to be bent at certain radii. These
integration issues are to be addressed in case if this has to be extended to the next level.

For a fibre of core radius a, refractive index of core n., refractive index of
cladding n, and a bend radius R, the ratio of output power poy to input power pi, is given
by Marcuse [269], as

(7.16)

%-"’— =exp(al,)

in

where Iy is the length of the bend and a is pure bend loss coefficient.

(= K’ -25°R (7.17)
a=—|— > exp -
2\ ¥R JV°'K, ()/a) 3p

1 1 1

where k = 2—;—.,1( =(k2n2 - B’ )5 V= ak(nfo -’ )5 7= (ﬂ2 —k*n, )5 and B propagation

co

constant
Sapphire fibres with different radii of bend are tested for high temperature

measurements. Sapphire fibres are usually protected by inserting them to a titanium tube

228



(melting point 1660 + 10°C). The sapphire and tube are bent together and the bend loss as
a function of effective refractive index and bend radius (from 1 cm to 2.4cm) for different
wavelengths are studied [258]. High purity alumina ceramic paste is used to fix the fibre
inside the titanium tube. Alumina ceramic paste is also suggested as an applicable
product for both titanium and sapphire [270]. This high temperature alumina ceramic
paste and titanium offers a very robust package [258].

Figure 7.6 shows the integration of sapphire based fibre for GTE application. The

bending of optical fibre and the radius of curvature will pose significant problem.

Shroud

C'erannc paste -
i pas Titasuum tube

C T JFiba

Figure 7.6: Integration of sapphire fibre on the shroud

The same combination could also be used to provide leak proof joint at the
shroud, wherein the fibre has to be supported and taken out to the sheltered domain where

signal processing is performed.

229



7.5.3 Positioning of the sensor

The positioning of the sensor is very important so as to produce a reliable
measurement. The maximum size of the sensor is limited by the space available for its
installation. The proposed sensor is intended to measure dynamic pressure in the
clearance space between the blade and the shroud in gas turbine engine. This clearance
management is a challenging problem by itself since the development of gas turbine
engine. This is because the clearance between the blade tip and the shroud tend to vary

due to changes in thermal and mechanical loads on rotating and stationary structures.

Figure 7.7: Typical axial compressor stage: rotor with the tip clearance

A typical axial compressor stage is shown in the Figure 7.7 illustrating the tip
clearance. As engine is started from a cold condition there is a clearance depending on
the make and model of engine that exists between the blade and shroud. This clearance is
rapidly diminished, when the speed of the engine increases for takeoff due to centrifugal
loadiné on the rotor as well as the rapid heating of the blades causing rotating
components to grow radially outwards. This produces a minimum gap or pinch point as
the shroud expands at a much lower rate and there is no centrifugal load on the shroud

[271]. Eventually with time the shroud expands due to heating thereby increasing the
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clearance. During cruise conditions of the engine the clearance remains constant as the
speed is constant and thermal equilibrium is attained.

During deceleration, the clearance is rapidly increased due to mechanical
unloading of the rotor but it takes time to cool down and regain its original clearance.
Centrifugal and thermal loads are responsible for largest radial variation in tip clearance
[271]. The axisymmetric clearance change is caused by expansion and contraction of the
rotor during changes in engine acceleration. Thermal loads produces axisymmetric
clearance changes due to thermal expansion and contraction of stationary and rotating
parts and how uniformly these parts are heated or cooled. Figure 7.8 shows the various
parameters affecting the clearance.

There are two other uncommon events in gas turbine engine operation that would
affect the clearance. An aborted landing mission which would result in spooling up of the
engine after being in decelerated condition so as to make the air craft climb or make an
evasive manoeuvre. There are some events such as when the engine stalls in the air or
when the aircraft is tested for acceptance [271] for in flight shut down followed by a
restart. This would also affect the clearance due to sudden change in centrifugal load with
thermal loads being the same as it takes time for the engine to cool down. Aircraft
acceptance testing includes shutting down of the engine at an altitude followed by a dwell
time during which the engine continues to rotate due to air craft’s forward momentum
and is finally restarted and accelerated back to power. In this case the engine is not only
just decelerated (as the centrifugal load is less than normal) but is also cooled down due

to flow of air through the casing and the rotor.
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Tip sealing is more challenging in aero engines than in land based power gas

turbine engines due to the frequency of changes in operating points, inertia forces due to

manoeuvres and aerodynamic loads during flights [271, 272]. The major contributors for

tip clearance variations are engine loads and flight loads which are further classified as

shown in figure 7.8. The sensor has to be positioned to measure dynamic pressure in a

highly varying clearance and sometimes under unexpected conditions the rotor rubs with

the shroud, hence the sensor cannot be housed in the clearance and has to be housed

within the shroud in small slots. Meanwhile the variable clearance would induce sudden

local variation of pressure which could be interpreted as variation due to flow through

COmpressor.
'%Loads contributing to
; clearance variations
M_M_L._w 1  {
‘Engine Ioads;‘: Flight loads
| ]
L 4 ‘ DA 1 l,,,_,, I g | A L 3
. ! Internal ' o ; Aero
T?g;g\sal Ce?;:;:gal ; engine ; ’ Thrustload = [Inertial Ioads§ -dynamic | | Gyrascopic
| | pressure : ? loads loads
Figure 7.8: Classification of loads contributing to clearance variation
Table 7-3: Details of axial gaps between stator and rotor blades in GTE
Gap Axial gap
Chord
Tip between (between
No of Ne of length of
Type clearance Stator rotor and
stages blades | stator blades
(mm) blades stator
mm
(mm) blades)
E/CO-3 ) 41 (R) 29.41 9.03 mm
Single ] 0.1125 20.59 ]
Subsonic 73 (S) (mid chord) (@ tip)
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compressor

stage
E/CO-4 0.45 (static)
28 (R) 29.364 26 mm
transonic Single ) 0.3 11.67
60 (S) (mid chord) ) (@ tip)
Compressor (running)
R1 (44)
E/CO-5 43.6372
S1(44) 101.6 )
Low speed Two ) 4.1656 105.664 mm(@ tip)
R2 (44) {mid chord)
‘compressor
S2 (44)
E/TU-3 54 mm
20 (S) 95.5 Data not
Subsonic Single ) 0.25 (@mid
31 (R) (mid chord) Available
Turbine span)

Figure 7.9: Schematic representation of an axial flow compressor (with axial gaps)

Positioning of the sensor in the gap between blades and shroud is not possible due

to uncertainty in the gap as explained above. This positioning issue could be successfully

alleviated by placing the sensor in the axial gap between the rotor and stator or between

the stator blades. However, placing the sensor in those places will pose a problem with

maintenance of the sensor as accessibility to the sensor requires disassembly of the

engine.

Additional information on the streamlines is required to justify the position of the

sensor in terms of minimizing vortices and boundary layers. However a flow analysis will
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be required to study the formation of vortices and boundary layers in between the blades.
Also study on influence of positioning on the pressure pattern experienced by the
sensitive element will be required before finalizing the location. Axial gaps for some
axial compressor and turbine test cases available are given in table 7.3 and the schematic
representation of an axial flow compressor in Figure 7.9. The axial gap is sufficient and

the sensor could be fixed on the casing, so as to ensure the safety of the sensor.

7.6. Summary

The contents of chapter 7 emphasizes on different implementation of the dynamic
pressure sensor on issues associated with GTE application.

The loading on the sensitive element will be at a high frequency, of a harmonic
fashion. The sensitive element has to adequately be protected and the data acquisition
from the measurement zone to the optical interface needs to be addressed.

Sapphire based fibre optic sensing could be a solution due to the ability of the
sapphire fibre to operate in high temperature. However, there are some cladding issues
and problems in integrating them to the GTE due to limitation offered by the bending
radius of the fibre. These issues are addressed in chapter 7.

Finding a suitable place to install the sensor is another issue which is discussed in
chapter 7. The sensor could be placed in between the stator and rotor blades or between
two stator blades due to variation in the gap between blade and the shroud. However a
detailed flow analysis between the blades is highly recommended before finalizing the

installation location.
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Chapter 8 : Conclusions and Suggestions for Future
Work

8.1. Contributions

The thesis mainly focuses on the development of a sensor that can withstand high
temperature and also is more sensitive to the input dynamic pressure. High temperature
sensing is very crucial and needs a lot of refinement in the existing instrumentation
systems.

Through the realization of such a sensor it would be possible to perform online
condition monitoring of many complex systems including gas turbine engine. As of
today, GTEs being an intricate system do not have any way to perform online condition
monitoring due to lack of sensors functional at high temperatures.

The thesis work concentrates on the following main aspects
I.  Material — Silicon carbon nitride (SiCN)

SiCN is a polymer derived ceramic that could be fabricated from a powder or liquid
based polymer. Liquid based polymer is used in the present work due to the superior
qualities exhibited by SiCN produced from liquid CERASET™. SiCN fabrication

process includes thermosetting, crosslinking and pyrolysis.
II.  Fabrication of SiCN

SiCN has to form the body of the sensor and hence it has to be fabricated in different
shapes and thicknesses. SiCN is made as a thin film with thickness of around 30 microns
using gelatine based mould. Thick films of SiCN with thickness in the range of 2 -3 mm
required special reusable mould based on Poly dimethyl Siloxane (PDMS). Also

patterned SiCN is made by mixing CERASET™ with Dimethoxy-2-phenyl-
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acetophenone (DMPA). The addition of DMPA makes the liquid CERASET™ to be
photosensitive and therefore patternable in batch process. Fabrication of patterned SiCN
can lead to mass fabrication and possibility of cost effective sensor fabrication is
addressed. SiCN samples have been fabricated from 30 micron thickness to 3 mm
thickness with different surface areas from 100 X 100 microns 5 X 5 mm of with surface

finish of peak to peak 114.18 nanometers.
III.  Characterization of SiCN

The influence of the process parameters like thermosetting temperature, annealing
temperature etc. is discussed. The hardness is greatly influenced by the thermosetting and
annealing temperature. Samples were made with hardness values ranging from 7.5 GPa to
23 GPa by controlling thermosetting and annealing temperature. Also X- ray diffraction
testing of the samples revealed recrystallization occurs after 1400°C and existence of SiC
and SizNy crystallites. Detailed investigations on the properties on SiCN prove their

suitability for high temperature application up to 1500°C.

IV. Analysis of annular diaphragm or diaphragm with multiple

perforations as possible configuration of sensitive element

Dynamic pressure sensor uses annular diaphragms as sensitive element. Annular
diaphragm based diaphragms are used for low frequency applications, GTE being high
frequency application annular diaphragms will not be a solution due to the restriction
offered by the interaction of the flow with the sensitive element. Diaphragm with
multiple perforations is equally good candidate for dynamic pressure application.
However, the space restriction in GTEs and high temperature associated with that are the

obstacles in the use of such sensitive elements.
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V. Sensing scheme based on indirect drag phenomena

Analysis of cantilevers and diaphragms as suitable configuration for high temperature
sensing revealed that cantilever beam is a better configuration based on their resistance to
thermal expansion effects. In order to protect the sensitive element from undue damage
caused by the incoming flow a novel sensing scheme based on indirect drag effect is
introduced.

VI. Experimental characterization of the sensing scheme

Indirect drag effect consists of two elements, namely a blocking element and a
sensitive element. The measurement of deflection of the sensitive element based on the
pressure drop caused by the flow past the blocking element provides the input dynamic
pressure. Macro level testing is done using aluminum sensitive element of 30 microns
thickness. Testing done up to 1550 N/m” dynamic pressure at room temperature resulted
in a maximum deflection is 850 microns for a gap of 2 mm between the blocking and the
sensitive element. The blocking element provides shelter for the sensitive element against
suspended particles and also acts as an overload protection thereby making it suitable for
high dynamic pressure applications. The overload protection scheme is analysed using

ANSYS contact element scheme.
VII. Integrated temperature and pressure detection scheme

A novel sensing scheme to detect the pressure and temperature with wireless
pickup using acoustic signals is discussed. This sensing scheme could be extended to
chemical reactors or GTEs. The sensing scheme uses a resonant tube whose frequency
depends on the velocity of sound in the medium which in turn depends on the

temperature. Dynamic pressure could be measured by the amplitude of pressure wave
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measured by the microphone after being absorbed by the wall. The sensing scheme is
validated using an experiment. Temperature could be measured with < 1°C resolution.
Testing is done in the temperature range of 20°C to 30°C. The resonant tube can be
fabricated by SiCN and the dimensions of the tube could be tailored according to the
requirement. Sensing scheme is experimentally and a Matlab/Simulink model for the

absorption of acoustic signals through the enclosure is developed.

8.2. Conclusions

SiCN proves to be an excellent candidate for high temperature sensing
application. Possibility of batch fabrication of SiCN was tested (photolithography of
CERASET) and the results provide the possibility of cost reduction per unit by mass
production. The sensing schemes even though very successful in the lab environment will
require customized packaging and high frequency data acquisition system for
implementation.

Active control in high temperature environment is implementable only if the gap
between the existing sensing system and the advanced sensing requirement is minimized.
More work is required on the sensor side as it is the weakest link in a high temperature
instrumentation and control. SICN based high temperature sensor may be still far from
practical usage in the near future but the research work presented is a proof towards the
interest in implementation of SiCN for such applications. Also the thesis work has
significant output in terms of versatile sensing schemes that could enhance the possibility

of active control that is functional in harsh environment in aero engines.
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Acoustic sensing scheme needs careful attention in terms of filtering out the noise

signals. GTEs have a wide noise spectrum and the success of the acoustic sensing scheme

needs extensive study.

Further implementation and air worthiness certification are some of the issues that

have to be addressed. Additional investigations are required to implement these

technologies in engine rig and finally to the produce engines without compromising

engine air worthiness, safety, reliability and durability requirements.

The conclusions that could be drawn from the thesis work are as follows

®

(ii)

(iii)

(iv)

™

High temperature sensing above 500°C requires new materials like SiCN as
existing materials like Si, Sol and SiC cannot perform satisfactorily at those
temperatures.

SiCN is a polymer derived ceramic and it has been fabricated in different
forms (30 micron thickness to 3 mm thickness) and tested in temperatures
up to 1500 °C, which implies that the material could be used as the body of
the pressure sensor.

Developed a fabrication scheme to enable thin, thick and patterned film
fabrication, characterized the film SiCN and wvalidated possibility to
machine the material.

Indirect drag effect phenomenon has been demonstrated experimentally and
it is found that this phenomenon could be used for places with high particle
ingestion, and it is also insensitive to static pressure.

The sensitive element and blocking element configuration provides overload

protection to the sensitive element. Over-load protection is a major
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requirement for bhigh flow applications as it protects the sensitive element
from unprecedented loads.

(vi) Acoustic sensing could be another possibility of extracting data from high
temperature zone. Acoustic sensing offers the possibility of measuring

temperature and dynamic pressure.
8.3. Suggestions for future work

The following investigations would extend the scope of the present study.
8.3.1 Modeling of the Indirect Drag effect

The indirect drag effect that is based on the pressure drop created by the blocking
element is difficult to model analytically as no analytical modelling of Karman vortex
(similar phenomenon) exists in the open literature. Sensors that work on this phenomenon
are mostly addressed experimentally. However numerical modelling using ANSYS 12
handles the fluid structure interaction more robustly and is possible to model it using
latest version of ANSYS. Analytical modelling of the phenomenon remains unexplored
and it is not addressed in the open literature.
8.3.2 Testing at high temperature — Indirect drag effect sensing scheme

The testing of the sensors at high temperature environment could be addressed as
SiCN samples for these applications are already fabricated. Generation of high
temperature environment and possibility of performing measurement and data acquisition
isa ;:hallenge by itself. Even though testing at high temperatures in the range of 400°C -

500°C is not possible, a test setup that could generate 50°C - 100°C could be developed in
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the lab with appropriate handling and ventilation of hot air. Simulating similar flow
conditions like in GTE is practically impossible in the laboratory.
Optical means of deflection measurement / data acquisition is possible and

standard sensors that can withstand 50°C can be used for calibration purpose.

8.3.3 Optical measurement at high temperature

Optical measurement scheme could be tested to measure the deflection of the
sensitive element. Sapphire based cables which are commercially available could be used
in conjunction with the sensor made from SiCN.

The effect of temperature on the performance of the optical sensing scheme could

be measured.

8.3.4 Testing at high temperature — Acoustic sensing scheme

Acoustic sensing even though is performed at low temperatures could be extended
to higher temperatures of around 100 °C.

Acoustic sensing scheme should be tested to measure temperature and dynamic
pressure inside a closed chamber in a sound proof environment. The acoustic signals will
be partly absorbed by the wall and the reduction in amplitude of acoustic signal is

proportional to the thickness of the wall.
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