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ABSTRACT 

The chapter starts with a brief overview of the state-of-the-art of the sensing technologies. Principles of 
detection and the stage of integration in conjunction with the need are discussed. Based on the projected sensor 
requirements to accomplish propulsion systems with distributed active control, the existent gaps and selected 
types of sensor technologies are addressed, which are foreseen to deliver the required sensitivity, 
 the resolution, the range, and the bandwidth in classes of sensors and which will allow operation under harsh 
environment conditions. By changing the packaging and/or design of the current sensors, operation 
environments of 750°C may be possible, which would meet requirements for sensors located towards the engine 
intake, compressor and in some cases low-pressure turbine. However, the majority of sensors for locations close 
to the engine combustion chamber or afterburner (with operation temperatures up to 1700°C) do not exist. 
There is also a need for smart sensors, which would enable future distributed control architecture. In addition a 
number of sensors, which are of interest for more intelligent gas turbine engines, are being explored or do not 
yet exist, for example turbine emission species sensors, burning patter factor sensors, fuel property sensors, and 
exhaust gas composition sensors. Meanwhile, rapid emerging technologies were made available during the 
three years duration of the Task Group. These include tip clearance measurement technologies such as eddy 
current, and microwave methods. To meet future sensor requirements, new fabrication and material 
technologies (MEMS, other), advanced sensing principles (spectroscopy, other), and their potential applications 
to new sensor types need to be explored. The status of current R&D for new sensors and future expectations are 
summarized in a comprehensive table. Sensors and associated electronics that have to operate in high 
temperature are foreseen to be largely available by 2015 (SiC) and 2020 (SiCN). Both of these technologies 
come with the potential of embedding such high temperature sensors within the structure. 

The information presented in the chapter represents the state-of-the-art of the sensing technology of the years 
2005-2007 to the best knowledge of the authors. The authors are also fully aware of the fact that there may be 
many ongoing research programs as well as individual research that are not publicly supported and public 
information is not available. Therefore, the report might miss that section of knowledge. Also, progress in 
research and development is made every day such that often, the recent information may be fast outdated.  
The reader should bear in mind these facts. 

6.1 INTRODUCTION 

Sensing represents one of the vital components of the control schemes with the sensors providing the physical 
signal to enable the control loop and monitoring of engine condition. Since the reliability of the sensing 
element is often the lowest link in the control elements, development of appropriate sensor systems is critical 
to affordable and reliable implementation of the technologies for more intelligent gas turbine engines.  
The goals for these future engines were discussed in Chapters 2 (active control of engine gas-path 
components), Chapter 3 (various aspects of intelligent control and condition monitoring) and Chapter 4 
(distributed control architecture). In these chapters, components and applications specific performance sensor 
requirements (such measurement capabilities and operational environments) were described. Additional  
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non-performance requirements (such as low cost and reliability) that a sensor technology has to meet in order 
to be considered for implementation on an engine were summarized in Chapter 5. 

The different sensor functions impose different requirements for the sensors. For example for controls, sensors 
have to demonstrate a proven extended reliability, which means that sensor failure is unlikely. For health 
monitoring, on the other hand, monitoring sensors with less proven reliability can be used given the non-critical 
role of such sensors. While some of the identified sensors will be available or almost readily available, others 
sensors require significant research and development efforts. 

Sensors development has followed the overlapping between the need of the users and technical capability for 
the supplier. There have been developments of sensors that have followed a specific requirement imposed by 
the user. However, such sensors are further used by other industries that find the packaging as suitable. 
Moreover, a platform of sensors could be used in multiple applications either by changing the packaging or 
the adjustable features of the system. Besides the temperature sensors, all other sensors are usually built to 
operate within an environment that corresponds to the temperature limits of the surroundings. Under these 
circumstances, there are few sensors which could detect for example pressure under high temperature. Even if 
such sensors exist, they may not satisfy other essential conditions to operate within the propulsion system in 
flight missions, namely high reliability and reduced mass. The reasonable cost is another aspect to be 
considered when the selection of a sensor is made. 

In the following paragraphs, “high temperature” means a temperature regime at which sections of the gas 
turbine engine operate (as per the table of Chapter 2) and for which practical sensors do not exist to measure 
the necessary physical quantities to enable the implementation of adaptive distributed control on the future 
more intelligent gas turbine engine. 

The need for new sensor technology for more intelligent gas turbine engines is indirectly addressed by several 
national and European programs and organizations, although they are mainly directed towards enhanced 
performance and environment friendliness. Such programs yield through the supported projects the significant 
advancements in the instrumentation of the propulsion systems. Examples include the VAATE (Versatile 
Variable Advanced Turbine Engines) program – US Air Force; Advanced Technology Program (embedding 
of sensors for example) – UK Defense Evaluation and Research Agency (DERA); and the Advanced 
Actuation Concepts (ADVACT) Program – EU. Also, organizations have been established to address future 
GTE technologies, including the Propulsion Instrumentation Working Group (PIWG) in the US and the 
Advisory Council for Aeronautics Research in Europe (ACARE). European Commission co-funds technology 
programs that are targeted to achieve ACARE 2020 goals, including emission and noise pollution reductions. 
Such programs are within scope of the Efficient, Environmentally Friendly Aero Engine (EEFAE) program 
within the EU Framework Program 5 (FP5) and CLEAN and ANTLE and VITAL projects within FP6.  
Also, the New Aero Engine Core Concepts (NEWAC) project is another FP6 project validating novel 
technologies enabling reductions in COx and NOx emissions. NASA conducts the UEET program with similar 
objectives.  

This chapter will focus on sensor requirements for more intelligent engines with the objective to identify the 
status of current and future potential sensing technologies. The following Section 6.2 will define generic 
requirements covering all sensing variables based on the performance requirements of previous chapters. 
Section 6.3 will explore which of these requirements can be met with current technologies. Standard sensing 
principles are briefly summarized and detailed information on current sensors will be described. Section 6.4 
will describe new sensing principles and their application to future potential sensors. Microtechnology and 
new sensing principles represent possible directions for advanced GTE sensors. Section 6.5 attempts to 
develop roadmaps for these future sensors. 
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6.2 GENERIC SENSOR REQUIREMENTS 

The discussions of current status and future potentials for sensors will be based on generic sensor 
requirements. For example, for temperature and pressure sensors the generic requirements will be defined by 
measurement capability (range, bandwidth, resolution, and accuracy) and the capability to withstand certain 
operation environments (temperature and vibrations), without considering where these sensors are located.  
In the following, some general comments on current sensors and the need for new sensors are made, before 
the generic sensor requirements will be addressed in the context of Table 6.1. 

Table 6.1: Generic Sensor Requirements 

 

The main type of sensors presently used in GTE for gas path related measurements include sensors for 
temperature, pressure and differential pressure, RPM, one-per-revolution, torque, vibration, position, and fuel 
flow measurement. Other sensors, such as oil quantity and oil debris detectors, are outside the scope of the 
report. The current gas-path sensor types have been known from other quantity based products. Such sensors 
were designed and packaged according to the specifications driven by the certification requirements to the 
aircraft and GTE and were mostly written by the GTE manufacturers following guidelines of MIL-STD 810F for 
tailoring sensors’s environmental design and test limits to the conditions that the specific sensor will experience 
throughout its service life, and for establishing laboratory test methods that replicate the effects of environments 
on sensors [6.67]. Specifications of most of present sensors with integrated electronics are limited to 
environment conditions within –65°C to +115°C. Sometimes the temperature limitations can be overcome with 
integrally attached electronics that is installed in the GTE location with acceptable temperature. The sensors 



SENSOR REQUIREMENTS AND ROADMAPS 

6 - 4 RTO-TR-AVT-128 

 

 

require very rugged packaging to be able to operate within an environment that corresponds to the temperature 
limits of the sensor surroundings and locations on the engine and to meet reliability requirements.  

By changing the packaging or the adjustable design features of the system (for example distance between 
sensor and engine wall) some of the current sensors can be modified to meet higher then present operating 
temperature ranges. Operation environments of 750°C or higher may be possible, which would meet 
requirements for sensors located towards the engine intake, compressor and in some cases low-pressure 
turbine. However, even if such sensors exist, they may not satisfy other essential conditions to operate within 
the propulsion system, including life, time between overhaul, reliability and small volume and mass. Also data 
processing of these transducers has to be carried out in a low temperature location. For sensor locations closer 
to the engine combustion chamber or afterburner, sensors withstanding even higher temperatures (up to 
1700°C) are needed. With an exception of thermocouples, new sensors and sensors technologies are needed to 
enable measurements in these “high temperature” regions. 

The requirement for sensors capable for operation at high temperatures is substantiated by the goal of 
distributed control architecture. For this concept smart sensors, which perform measurements, process data 
and take decision, and provide feedback for actuation at the subsystem level, are required that could operate at 
higher temperatures than presently possible. In present systems pressure, temperature and rotor speeds sensing 
elements are distributed across turbine engine systems in order to provide optimal engine control and health 
management functions throughout the flight envelope and at all stages of engine life. Traditionally these 
functions are embedded in the full authority digital engine control (FADEC), but preferably they should be 
distributed to the sensor level, which requires robust intelligent sensing technologies for temperature and/or 
pressure sensors that can withstand high temperatures and vibration environments present in GTE, particularly 
those used for sustained high Mach flight. Presently smart or intelligent sensors can be fabricated using silicon 
(Si) based technologies, which allows integration of sensing and signal processing and electronics at the chip 
level using the concept of Micro-Electro Mechanical Systems (MEMS) described later. However, since 
standard Si technology requires a junction temperature of less than 125°C, advanced technologies are required 
for high-temperature integrated sensors. Therefore it is currently not possible to transfer the processing from 
the FADEC to the sensing elements. Efforts towards the development of sensors that have been oriented 
towards the development of the sensors with integral electronic installed in the locations with operating 
temperatures higher then approximately 100…115°C or cooling is required. Effort will be described later that 
has been directed towards the development of sensors with integrated processing electronics that will enable 
the above requirements at temperatures exceeding current rating of military or industrially rated electronic 
components will be described further. 

Implementation of available and future sensors is an additional major issue. Sensors should be small, light, 
low cost, and reliable. Also embedding of sensors within the structure of the engine is an issue that has been 
investigated by researchers, but has not been implemented in prototypes or even on military engines.  
The reduced size of the sensors, possible through application of MEMS or microtechnology, may significantly 
help, when addressing the above challenging and enhancing the measurement capabilities (for example the 
bandwidth upper limit for pressure sensors or accelerometers could be significantly improved through 
miniaturization).  

Future GTE operation will in part build on the present sensor types, however operation at higher temperatures 
and enhanced vibration exposure will be required. Also miniaturization for these sensors is desirable to utilize 
the advantages of the microsystems, namely low mass, high reliability, redundancy, low energy consumption, 
and low cost per provided data. In addition, new sensor types are needed for advanced gas turbines for 
measurements of tip clearance, turbine emission species, air path flow variations, fuel flow, fuel properties,  
and exhaust gas composition as discussed in Chapter 2 and 3. Depending on their location these sensors require 
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different measurement capabilities and will be exposed to different environments during their operation. In the 
following, sensor status and needs will be discussed in generic terms of capability and environmental exposure, 
without referring to their location in the GTE or referring to specific GTE components. 

The specific generic requirements associated with the sensors that are foreseen to be used in future more 
intelligent propulsion systems are summarized in Table 6.1. For example for temperature and pressure 
measurements different requirements are identified for environmental exposure and capabilities, such as range, 
resolution, accuracy, or bandwidth. Similar environmental and capability needs are provided for remaining 
sensors, identified for future GTE operation. Despite the fact that some of the sensors do not require to face very 
high temperature environment, they are not available now mainly due to the fact that they have not yet been 
adapted for implementation, to the best knowledge of the authors, in any GTE. Therefore the capability 
associated with the flight qualification and/or structural embedding is yet not known at the present time. 

6.3 CURRENT TECHNOLOGIES  

6.3.1 Current Sensing Principles and Technologies 
The sensor technologies presently used in GTE are associated with well-known sensing principles and fine 
tuned to the present requirements. These current sensing principles relevant to GTE are summarized below 
and their applications to current GTE sensors are discussed in groups of sensed variables, including 
temperature, pressure and differential pressure, RPM, one-per-revolution, torque, vibration, position, fuel 
flow, and flame detection. For some variables, different types of sensors with different sensing principles are 
available, but they have not been implemented in GTEs. All of sensors in discussion exhibit an electrical 
output to be further used in the control system.  

6.3.1.1 Temperature Measurement 
Temperature is measured based on well known physical phenomena. Two dislike metals joined in a point will 
produce a steady flow of electrons, when the two ends of the thermocouple are set at a difference of 
temperature (Seebeck Effect). According to the type of materials used in the thermocouple, specific difference 
of potential is recorded for the same temperature difference. The most accurate temperature detection sensors 
are the thermo-resistors. The principle of the thermo-resistor is based on the resistance change of a conductor 
when heated. The increasing temperature increases the electrical resistance in the large majority of metals.  
Pt is the most common material used for thermo-resistors given its linear dependency of resistance with 
temperature in a quite large temperature range. 

6.3.1.2 Piezoresistive Sensing 
The piezoresistive principle is based on resistance modification of a conductor specimen when subjected to 
strain or elastic deformation. Any elastic restoring element can be instrumented with piezoresistors (strain gages) 
and used to measure steady or time-variable physical quantities that produce the temporary elastic deformation 
of the sensing element. Pressure is traditionally measured of this fashion, more recently combined with 
microtechnology. A drawback of silicon piezoresistivity is its strong dependence on temperature that must be 
compensated for with external electronics. 

6.3.1.3 Piezoelectric Sensing 
The piezoelectric phenomenon is created in materials that have a dominant polarization within their intrinsic 
structure. When subjected to a strain, electrons of the atoms within the structure will be released and create a 
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charge that can be related to the input quantity. Certain natural crystals exhibit piezoelectric properties and 
stability under high temperatures ranging up to 750°C. Vibration transducers and accelerometers, using this 
principle, are commercially available. 

6.3.1.4 Capacitive Sensing 

Capacitive sensing relies on an external physical parameter changing either the spacing or the dielectric constant 
between the two plates of a capacitor. The advantages of capacitive sensing are very low power consumption 
and relatively good stability of the measurement with temperature. 

6.3.1.5 Photo-Sensitive Effect 

The photo-voltaic phenomenon converts the photon energy that hit the surface of a conditioned material  
(such as Se) to an electric signal. The photo-sensitive phenomenon could be exploited in many ways for 
quantitative detection of specific physical quantities. Temperature could be detected by pyrometry which 
enables color matching of incandescent media with a specimen of known temperature. The method has been 
extended to analyze arrays of temperature gradients through array pyrometers. Extended beyond the visible 
spectrum, the Fourier analysis of the spectrum released by a media is at the base of the gas species detection 
while the interferometry can be used to detect small geometric distortions. Moreover, the interference of 
coherent light within an optical fiber can be significantly distorted by the physical environment changes such 
as temperature and pressure. The principle could be used to measure and multiplex the signal transmission 
such that a unique fiber could be used for a section of the propulsion system. The photo-sensitive methods 
extend but are not limited to the thermal paints, which witness the peak temperature encountered in a certain 
section of engine. The photo-sensitive principle is also used in photodiodes and photomultipliers for light 
detection. 

6.3.1.6 Inductive (Electromagnetic) Sensing 

The basic principle is related to the inductance change under the provision of position change of the moving 
element that holds either a ferromagnetic material or an electromagnet. The inductance change could be 
detected by semiconductor devices such as Hall Effect sensors. The measurement method enables the 
integration of numerous applications including flow sensing, position detection (for example Linear Variable 
Differential Transformer (LVDT) and Rotational Variable Differential Transformer (RVDT), position rate, 
angular velocity, and force and torque measurements. Similar principle could be employed to function under 
high temperatures. 

6.3.1.7 Inertial Measurements 

The classical technology for the inertial sensors is based on the mass-spring resonator, which is scaled down 
at micro-level. The detection of the motion is performed by capacitive or inductive means. Inertial sensors are 
mainly used to detect the acceleration and the rotation rate. More recent technologies employ the Doppler 
Effect. This non-contact method, which makes use of a coherent light beam (laser), could be used under very 
high temperature conditions. 

6.3.1.8 Vibrating Element Principle  

The principle provides a frequency output for varying conditions and can be applied to pressure sensors or to 
vibration detection sensors.  
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6.3.1.9 Magnetic-Optical Detection 

The magneto-optical detection utilizes the detection of the magnetic pattern on an optical medium.  
The measurement principle enables 3-D temperature imaging and has proved to be a good potential in spatial 
temperature mapping. The principle is also used for position sensors, where applied magnetic field causes a 
change in light deflection. 

6.3.2 Current Sensors 

6.3.2.1 Temperature Sensing 

6.3.2.1.1 Thermocouples 

Thermocouples are the only known self-powered temperature sensors. The voltage provided by the Seebeck 
effect (see above) varies with temperature and is unique for a given pair of conductor materials and is 
specified in international standards [6.1]. Thermocouples manufactured to the international standards are fully 
interchangeable and their performance is independent of the manufacturer or the country of origin. 

Table 6.2: Standard Thermocouple Types [6.2] 

Type Commonly Used Names Temperature 
Range (ºC) 

B Platinum 30% Rhodium – Platinum 6% 
Rhodium 0 to 1700 

E Nickel Chromium – Copper Nickel 0 to 850 
J Iron – Copper Nickel –200 to 750 
K Nickel Chromium – Nickel Aluminium –180 to 1100 
N Nicrosil – Nisil –180 to 1100 
R Platinum 13% Rhodium – Platinum 0 to 1500 
S Platinum 10% Rhodium – Platinum 0 to 1500 
T Copper – Copper Nickel –250 to 370 

 

Thermocouples are designed as individual replaceable probes, integrated thermocouple/cable assemblies or 
rigid thermocouple rake assemblies. Immersion probes provide specific or averaging of temperatures at 
multiple immersion depths with resistance balancing for true electrical average and are often dual channel. 
Thermocouples can be designed with enclosed or exposed junctions depending on the time response 
requirements. Thermocouple harnesses features either  

1) Common junction arrangements, where the resistance of each thermocouple circuit is balanced, 
eliminating errors due to resistance variation; or  

2) Individually wired probes for detailed gas path measurements.  

The averaging of thermocouple temperatures is a method commonly used for exhaust temperature systems. 
Immersion probes often provide temperature and pressure sensing incorporated in the same housing. Typical 



SENSOR REQUIREMENTS AND ROADMAPS 

6 - 8 RTO-TR-AVT-128 

 

 

accuracy of Type K thermocouple is 0.4% of point above 260°C [6.3]. Thermocouples are typically used for 
temperature measurement at Exhaust Gas, Compressor Discharge, Bleed Air, Bearings, Oil, Fuel, Inlet Air, 
T2, T2.95, T3, T4, T4.7 stations. 

  
 

Figure 6.1: Thermocouples of Weston Aerospace [6.2] and Harco [6.4]. 

6.3.2.1.2 Resistance Temperature Devices (RTD) 

A RTD operates on the principle of change in electrical resistance in wire as a function of temperature.  
The most commonly used as detectors are Nickel and Platinum. A typical RTD consists of a fine platinum 
wire wrapped around a mandrel and covered with a protective coating. Usually, the mandrel and coating are 
glass or ceramic. Platinum RTDs offer very good long-term stability: e.g. better than 0.1°C per year. Although 
the Platinum temperature – resistance curve is much more linear than the thermocouple’s temperature – 
voltage curve, for high accuracy temperature readings liberalization of this curve is still needed. 

Table 6.3: Standard RTD’s Types [6.2] 

Type Commonly Used 
Names Temperature Range °C 

Nickel MIL-T-7990 –40 to 400 
Platinum DIN 43760 –40 to 850 

 

In the latest RTDs the Platinum wire has been replaced by a Platinum thin film deposited onto a small flat 
ceramic substrate, etched with a laser-trimming system and sealed. Due to its small size the device can respond 
quickly to temperature changes, and is more robust and therefore more suitable for aerospace applications [6.2]. 
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Figure 6.2: Resistant Temperature Devices (RTD). 

6.3.2.1.3 Engine Inlet Pressure and Temperature Probes 

GTE inlet pressure and total air temperature (TAT) are key engine control variables. Real-world flight conditions 
of accreting ice, foreign object debris and engine heat complicate accurate measurement of these parameters. 

Available with either single or dual temperature elements and with an optional total pressure port, engine inlet 
pressure and total air temperature probes melt accumulated ice and prevent ice formation. Unique design 
characteristics ensure that engine or probe deicing heat does not affect sensor performance. These robust 
probes are qualified to withstand impact from damaging debris. Probe configurations protect sensing elements 
from abrading debris and provide years of uninterrupted service. Today, most aircraft power plants depend 
upon TAT or P2T2 probes to sense these critical control parameters. 

  

Figure 6.3: Engine Inlet Pressure and Temperature Probes [6.5]. 
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6.3.2.1.4 K-Type Thermocouples versus RTDs for Temperature Measurement Comparison  

Table 6.4: Comparison of Various Criteria of K-Type Thermocouples and Platinum RTDs 

Criteria Thermocouple RTD 

Accuracy @ 500 °C 2 °C 1.15°C 

Stability 2 °C/year <0.1°C/year 

Temperature range –270 to 1260 °C –270 to 850°C 

Sensitivity 40µV/°C 2mV/°C 

Linearity Moderate Good 

Type of measurement  Highest temperature Average temperature 
 

6.3.2.1.5 Radiation Pyrometer 

The thermal efficiency of a turbine engine is determined by the increase in combustion gas temperatures.  
By using turbine temperature as a control parameter, engines can be adjusted closer to their thermal limit than 
with other means. Turbine blade pyrometers can detect a specific temperature at a specific point on a turbine 
blade. Fuel flow can then be adjusted precisely to maximize engine performance. Additionally, by monitoring 
the temperature of each turbine blade, pending blade failure can be predicted. 

The Radiation Pyrometer is a non-intrusive sensor to directly measure the turbine blade temperature within a 
gas turbine engine. The Radiation Pyrometer consists of three main sections: 

• The head assembly, mounted into the engine casing, receives the infrared (IR) radiation given off by 
the rotating turbine blades. 

• The fiber optic bundle transmits the IR signal to the electronics assembly. 

• The electronics assembly converts the IR signal into two electrical signals which are amplified, 
temperature compensated, and fed directly into the DECU or FADEC. 

The unit is light-weight, highly accurate, and highly reliable: 

• Accurate to ±4°C at 950°C; 

• Measures blade temperature from 600°C to 1100°C; and 

• Mass less than 1.2 Kg (3 lbs). 
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Figure 6.4: Radiation Pyrometer for EJ200 Engine for the Eurofighter Typhoon [6.6]. 

  

Figure 6.5: Turbine Blade Pyrometer with Fuel Cooling [6.5]. 

6.3.2.2 Pressure Sensing 

6.3.2.2.1 Pressure Transducers and Switches 

Pressure measurement applications include the monitoring and control of GTE gas path, oil, fuel, bleed air, 
engine torque, main gear box and auxiliary gear box lubrication oil.  

The pressure transducers can use for sensing older technologies such as LVDT, potentiometers, variable 
reluctance, synchrous, etc.  

For high accuracy pressure measurement, used mostly for gas path pressure measurement in FADEC, 
vibrating cylinder air pressure transducer is designed to measure absolute air pressure using the vibrating 
element principle, providing a frequency output from which pressure is computed. The pressure is applied to a 
thin-walled metal cylinder, which is set into motion at its natural frequency by electromagnetic drivers. As the 
air pressure inside the cylinder changes, the resonant frequency of the cylinder also changes. This frequency is 
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detected by electromagnetic pick up coils, which feed it back to the drive circuitry so as to maintain the 
resonant state. The ‘new’ resonant frequency can then be equated to the absolute pressure [6.2]. During 
manufacture the transducer is calibrated by measuring the resonant frequency (time period), and diode voltage 
(temperature) across a matrix of 77 data points (11 pressures, 7 temperatures), covering the full working 
pressure and temperature ranges. A ‘curve fit’ equation is then used to produce a pressure calculation 
algorithm. Such a pressure transducer has excellent accuracy parameters: Linearity <0.010% FSP, 
Repeatability <0.001% FSP, Pressure hysteresis <0.001% FSP, Temperature hysteresis <0.010% FSP, 
Stability(drift per year) max. 0.010% FSP; typical 0.005% FSP at the environmental conditions (to MIL-STD-
810E) Standard –55°C to +125°C, Vibration 0.2g∑/Hz 5 – 2000Hz, Acoustic noise 140dB, Acceleration 20g. 

 

Figure 6.6: Vibrating Cylinder Air Pressure Transducer of Weston Aerospace [6.2]. 

Most widely used current technology for pressure measurement is piezorezistive – Silicon-on-Silicon and 
Silicon-on-Sapphire technologies. 

The Silicon-on-Silicon pressure sensors consist of a complex structure of three layers atomically bonded 
together. The first layer is of monocrystalline N-type silicon. This layer is micromachined into a mechanical 
force-summing diaphragm. The thickness of the diaphragm varies with the full-scale pressure range for which 
it is intended. The thickness is chosen so that this layer will see approximately 350 to 400 micro-inches per 
inch strain at that full-scale pressure. This is a very conservative level of strain for mono-crystalline silicon. 
The second layer, which is of silicon di-oxide, is grown right on top of the N-type silicon diaphragm.  
This layer provides dielectric isolation between the N-type silicon and the P-type silicon of the layer 
containing the Wheatstone bridge circuit, thus eliminating P-N junctions from the design of the device.  
The third layer is fusion bonded to the layer of silicon dioxide, at the intermolecular level, through a high-
temperature process. This layer contains four strain gages of P-type silicon interconnected in a Wheatstone 
bridge circuit. The strain gages and their interconnections are one continuous integrated circuit of P-type 
silicon. The individual elements of this circuit are isolated from one another by a field mask of silicon dioxide, 
which is a continuation of the layer of silicon dioxide separating the layer of N-type silicon from the layer of 
P-type silicon. 

The physical relationship between the locations of the strain gage elements of this third layer and the mechanical 
diaphragm of the first layer are such that, when pressure is applied, the resulting strain in the diaphragm causes 
two of the strain gages to go into tension (thereby increasing their resistance) and two of the strain gages to go 
into compression (thereby decreasing their resistance). The two tension legs are diametrically opposite each 
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other in the Wheastone bridge schematic. The same is true of the two compression legs. The result is that the 
applied stress causes an imbalance in the output of the bridge. The magnitude of this imbalance is directly 
proportional to the magnitude of the stress applied. This is the fundamental operating principle behind all “strain 
gage” pressure transducers [6.7]. 

 

Figure 6.7: Pressure Transducers of Druck [6.8]. 

The Silicon-on-Sapphire pressure sensor design incorporates silicon strain gauges configured as a fully active 
4-arm bridge molecularly bonded to a sapphire diaphragm. Applied pressure induces strain resulting in a 
differential output voltage proportional to excitation and applied pressure. This construction takes advantage 
of material properties to provide a superior pressure measuring device. In the pressure sensor, a separate 
temperature sensing resistor, isolated from pressure effects, is located directly on the sapphire pressure 
measuring diaphragm. This integral temperature sensor allows ratiometric temperature compensation for 
highest accuracy. Pressure Sensors can measure absolute, differential or gauge pressure. Typical temperature 
range is from –55°C…+260°C [6.9]. 

In 2004, the aerospace turbine engine market was a, roughly, $45 million annual purchaser of high accuracy 
MEMS pressure sensors for engine control, stall protection, and health/performance monitoring. In this 
regard, Goodrich Sensor Systems is a significant participant in this unique market. Three important attributes 
of Microsystems Technology are very important to Aeronautic and Space applications: accuracy, reliability, 
and weight and usually require the performance accuracy and reliability over a very harsh operating vibration 
and temperature range [6.10]. 

6.3.2.2.2 Piezoelectric Pressure Transducers 

Piezoelectric dynamic pressure sensors can be used for extreme temperature environments. The force created 
on the diaphragm is applied to the piezoelectric stack that produces an electric signal charges. The secondary 
effect of vibration is internally compensated. Thus the generated signal is purely proportional to the dynamic 
pressure applied to the diaphragm. The working temperatures of these transducers can be higher than 700°C. 
These types of transducers are used mainly for jet pipe resonance detection on various engines for military 
applications. State of the art devices have also been released with two channels in order that redundancy is 
“built in” and a better interface provided for BITE functions [6.6]. 



SENSOR REQUIREMENTS AND ROADMAPS 

6 - 14 RTO-TR-AVT-128 

 

 

  

Figure 6.8: Dynamic Pressure Transducer for High Temperature Applications [6.6]. 

6.3.2.2.3 Differential Pressure Switches 

Differential pressure switches basic design consists of an all stainless steel housing containing a piston/ 
management assembly, reed switch(es) and calibration spring. A high-pressure port located in the body behind 
an external “O” ring seal allows fluid to exert a force on the rear of the piston. The low-pressure port is 
located on the front of the body and allows fluid to exert a force on the front of the piston. The piston is 
maintained in its normal state by the calibration spring force. When the difference in pressure between the two 
ports increases to the point where it overcomes the spring force, the piston will start to move. The movement 
is monitored by the reed switch(es) sensing the magnetic field intensity with a resulting contact closure at a 
precise position. One or more reed switches are located in a cavity with proximity to the actuating magnet,  
but isolated from the system fluid. Such switches are adaptable to many differential pressure-sensing 
applications, are small in size and lightweight, and feature hermetically-sealed output switch contacts [6.3]. 

6.3.2.3 Speed and One-per-Revolution Phase Angle 

Conventional speed sensors are based on the principle of electromagnetic induction and use a rotating gear 
tooth or phonic wheel to cut a magnetic path, inducing an alternating output voltage. The frequency of the 
output is proportional to the rotating speed. The conventional coil is simple but requires a large number of 
turns to generate a reasonable output voltage. In transformer speed probe the primary circuit operates at low 
voltage/high current, with a step up transformer on the output to give the desired output voltage [6.2]. Speed 
Sensors offer a mean time between failure in excess of 300,000 hours [6.5]. 

 
  

 

Figure 6.9: Speed Probes [6.2]-[6.8]. 
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One-per-Revolution sensors are usually the stationary speed sensors that provide phase reference signal that 
gives information about the angular position of the engine Fan and Low Pressure Turbine required for cold fan 
trim balancing of GTE [6.11].  

6.3.2.4 Torque 

A conventional transformer speed probe can be converted into a torque sensor by using a torque shaft. As the 
torque changes through the shaft, the phase of the signal between the two sets of teeth changes. The transformer 
probe is superior in this type of application as it is less sensitive to variations in the gap between the sensor and 
the teeth on the shaft [6.2]. 

  

Figure 6.10: Torque Shaft with Two Phonic Wheels [6.2]. 

6.3.2.5 Position 

Position is often measured with a Rotational or Linear Variable Differential Transformer (RVDT or LVDT). 

6.3.2.5.1 Rotational Variable Differential Transformer (RVDT) 

A RVDT is a transformer that provides an AC output voltage that is directly proportional to the angular 
displacement of its input shaft. The output signal is linear within a specified range of angular displacement. 
Both the primary and secondary windings are wound onto the stator of a RVDT. 

6.3.2.5.2 Linear Variable Differential Transformer (LVDT)  

A LVDT is a transformer that provides an AC output voltage that is directly proportional to the linear motion 
of its input shaft. The output signal is linear within a specified range of linear displacement. Both the primary 
and secondary windings are wound onto the bobbin of the LVDT. The RVDT and LVDT slug is passive and 
does not require brushes or a transformer to supply any current. The output of a RVDT or LVDT typically 
consists of two opposing voltages from the secondary. 

6.3.2.5.3 Proximity Sensors 

These sensors were developed as replacements for microswitch-based position switches and are used to detect 
for example to detect the door lock actuator position for thrust reversers. Proximity sensors utilize an air-gapped 
transformer to produce an electrical output as a ratio of excitation voltage. The proximity sensor produces an 
output dependent on axial or lateral position of a ferromagnetic target attached to the moving element of the 
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system or an output dependent on the position of a ferromagnetic core attached internally to the sensor plunger, 
which is in contact with the door lock actuator. By eliminating electrical switch contacts, reliability is greatly 
increased.  

  

Figure 6.11: Proximity Sensors [6.6]. 

6.3.2.5.4 Magneto Optical Sensor (MOPS) 

 

 

 
Figure 6.12: Magneto Optical Sensor – Principle of Operation and Size [6.4]. 

MOPS is a solid-state sensor with optical fiber transmission. A magnetic target is used in conjunction with the 
sensor. An interface card houses a bi-directional driver/detector and performs threshold and position decoding. 
Functionally, the sensor rotates plane polarized light as a function of the applied magnetic field. This causes a 
change in light output which is detected by the electronics [6.4]. The sensor has applications for proximity 
detection, displacement sensing, and angular rotation. This technology provides many advantages over products 
in use today for aviation applications, such as increased miniaturization, reliability, and standardization of sensor 
application. 

6.3.2.5.5 Displacement 

The working principle of the displacement transducer is the measurement of the variable inductance of a 
linear coil. The temperature compensation is built into the sensor and achieved by measuring the resistance of 
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the coil. The displacement measurement is made by measuring the reactance. The measurement system is 
lightweight and especially suitable for OEM avionics applications. This type of displacement transducer 
reduces the length of the space envelope by about 40% compared with LVDTs [6.6].  

 

Figure 6.13: Displacement Transducer. 

6.3.2.6 Fuel Flow  

In the true mass fuel flowmeter fuel first enters the hydraulic driver, which provides the torque to rotate the 
shaft, drum and impeller. The fuel then passes through a stationary straightener and into the impeller.  
The mass of fuel flowing through the rotating impeller causes it to deflect proportionally against the spring. 
Impeller deflection relative to the drum is measured by pulses generated by magnets (attached to the drum and 
the impeller) rotating past two pickoff coils. The time between start and stop pulses, caused by the angular 
displacement of the impeller relative to the drum, is directly proportional to the mass flow rate of the fuel. 
True mass fuel flowmeter requires no external electrical power to operate. Typical temperature range is from  
–55°C…+200°C [6.9], MTBFs are currently exceeding 100,000 hours [6.3]. 

 

Figure 6.14: Mass Fuel Flow Meters [6.9]. 

6.3.2.7 Vibration 

Majority of vibration transducers used for GTE are piezoelectric accelerometers, producing an electrical charge 
proportional to the acceleration parallel to the sensitive axis of the accelerometer. Piezoelectric accelerometers 
have no moving parts and are therefore extremely reliable. 
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A piezoelectric accelerometer is a mechanical assembly consisting of a number of piezoelectric forms (discs, 
squares or rectangles) and a seismic mass. A piezoelectric material gives an electric output when pressure is 
applied or conversely, changes its dimensions when an electrical signal is applied. An accelerometer uses this 
piezoelectric effect to convert mechanical energy into electrical energy. A piezoelectric accelerometer is 
fundamentally a mass spring system with a high resonant frequency, signals at frequencies up to one fifth of the 
accelerometer resonance frequency are unaffected by the resonant rise. Such a mass spring system can be used in 
the longitudinal axis if it is a compression mode sensor or in the transverse axis if it is a shear mode sensor.  
A newly patented push-pull system combines the advantages of both the shear and compression mode 
accelerometers. Typical accelerometer sensitivities range from 10 to 125 pC/g of acceleration, 50 pC/g has 
become industry standard for accelerometers monitoring vibration of GTE. Accelerometer have wide 
temperature range (up to 780°C). Customized, hermetically sealed construction of the accelerometer with or 
without integral cable, stainless steel, titanium or Inconel accelerometer housing combined with correct selection 
of accelerometer location and mounting, correct cable and connector selection, routing and clipping can provide 
vibration transducer with high reliability (MTBF > 100,000 hours), wide frequency range (up to 60 kHz), 
linearity (<1%). Such measurement requires special charge amplifier and signal conditioning [6.11]. 

  

Figure 6.15: Piezoelectric Accelerometers – Customized Designs. 

6.3.2.8 Light-Off Detector 

The LOD uses ultra-violet radiation detectors (UV tubes) that view the afterburner flame through a port in its 
liner. Critical attributes of this sensor are immunity to sunlight and rapid detection times despite exposure to 
afterburner temperature and pressures. Light-Off Detectors detect the presence of afterburner ignition on 
military aircraft. 

6.3.2.9 Flame Contaminant Detector 

Flame Contaminant Detector (FCD) has been used on various commercial gas turbine platforms to quantify 
the level of sodium entrained in fuel. The FCD consists of a spectrometer device, fiber optic cabling, and a 
lens assembly, which is mounted in an open combustor port. The radiant emission energy from a combustor is 
collected by the optical viewing port and transmitted to the array of sensors via the fiber optic cable.  
Each sensor assembly is configured to sense discrete spectral regions of flame radiation. Signals from sensors 
are then converted to digital format and presented to a signal processor. Algorithms verify the presence of 
combustion flame as well as the presence of selected contaminants such as sodium [6.12]. 
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6.3.3 Summary of Current Technologies 

The main type of sensors presently used in GTE for gas-path related measurements, including sensors for 
temperature, pressure and differential pressure, RPM, one-per-revolution, torque, vibration, position, and fuel 
flow measurement, are, if with integral electronics, limited to environment conditions within –65°C to 
+115°C. Sometimes the temperature limitations can be overcome with integrally attached electronics that is 
installed in the GTE location with acceptable temperature. These sensors were designed and packaged 
according to the specifications driven by the certification requirements to the aircraft and GTE. These current 
sensors are based on well-established sensing principles, including the Seebeck effect (temperature detection), 
piezoresistive, piezoelectric, and capacitive sensing, the photo-sensitive effect, inductivity, the inertial effect, 
the vibrating element principle, and the magnetic-optical effect. 

By changing the packaging and/or design features of the system some of the current sensors can be modified 
to meet higher then present operating temperature ranges. Operation environments of 750°C or higher may be 
possible, which would meet requirements for sensors located towards the engine intake, compressor and in 
some cases low-pressure turbine. However, even if such sensors exist, they may not satisfy other essential 
conditions to operate within the propulsion system, including life, time between overhaul, reliability and small 
volume and mass. Also data processing of these transducers has to be carried out in a low temperature 
location. For sensor locations closer to the engine combustion chamber or afterburner, sensors withstanding 
even higher temperatures (up to 1700°C) are required. With an exception of thermocouples sensors for these 
temperature requirements do not exist. 

There is also a need for sensors, which would enable future distributed control architecture. These sensors 
perform measurement, process data and take decisions, and provide feedback for actuation at the subsystem 
level, functions traditionally embedded in the FADEC. Because these sensors are located near the engine,  
they require operation in high temperature, which can be as high as 500oC. Presently these smart or intelligent 
sensors can be fabricated using silicon (Si) based technologies, which allows integration of sensing and signal 
processing and electronics at the chip level. However, since standard Si technology requires a junction 
temperature of less than 125°C, advanced technologies are required for high-temperature integrated sensors. 
Therefore it is currently not possible to transfer the processing from the FADEC to the sensing elements of the 
sensors with integral electronic installed in the locations with operating temperatures higher then 
approximately 100…115°C or cooling is required. 

A number of sensors, which are of interest for more intelligent gas turbine engines, have not been implemented 
because the technology is not mature enough or do not yet exist, including tip clearance sensor, turbine emission 
species sensor, exhaust gas composition sensor, fuel quality sensor, burning patter factor sensor, other. Some of 
these sensors would make possible indirect measurements that are capable to yield information of the  
un-measurable quantities (for example thrust). 

Implementation of available sensors is an additional major issue. Sensors should be small, light, low cost, and 
reliable. Also embedding of sensors within the structure of the engine is an issue that has been investigated by 
researchers, but has not been implemented in prototypes or even on military engines. 

New sensing principles and technologies and their potential applications to new sensor technologies are 
discussed in the following section.  
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6.4 EMERGING TECHNOLOGIES 

New sensing principles and technologies are needed to meet future sensor requirements, which cannot be 
fulfilled with current sensing principles and technologies, in particular the capability for operation in a  
high-temperature environment. Also, a number of sensors, which are of a significant interest for more 
intelligent gas turbine engines, do not yet exist or have been tested as research output for very limited 
conditions. Such sensors include but are not limited to tip clearance sensor, turbine emission species sensor, 
exhaust gas composition sensor, fuel quality sensor, or burning patter factor sensor. Some of these sensors 
would make possible indirect measurements that are capable to yield information of the un-measurable 
quantities as per today (for example thrust). The new technologies could be classified, according to their focus 
on new detection principles technologies or measurement in high temperature environments. The two foci are 
mainly coupled by the future needs in the propulsion system industry to achieve the adaptive distributed 
control more intelligent gas turbine engine. 

New sensing principles and technologies as candidates for future sensors will be described first. Subsequently, 
examples for sensors, which explore these emerging technologies, will be also described. R&D needs / gaps 
and roadmaps for these future sensors will be summarized in Section 5. As introductory remarks for the 
discussions of emerging sensing technologies and sensors, the need for high-temperature operation capability 
and smart sensors will be re-emphasized, and the potential of microtechnology to address these needs will be 
briefly highlighted. 

Most of the present sensors require very rugged packaging mainly due to the operation environment as well as 
reliability requirements. Specifications of the most of the present sensors with integrated electronics are 
limited to environment conditions within –65°C to +115°C. Few special sensors may work under very high 
temperature conditions (sometimes for only a limited time). Efforts of ongoing research are directed towards 
development of technologies to enable fabrication of sensors and miniaturized sensors with embedded 
electronics as well as integrated micro-sensors to operate at temperatures exceeding 200°C. Since the 
traditional Si based electronic circuits operate in environments with temperatures below 115°C, it is currently 
not possible to transfer the processing from the FADEC to the sensing element operating at high temperature 
towards a distributed control configuration. Great deal of effort has been directed towards the development of 
sensors with integrated processing electronics that will enable the above requirements at temperatures 
exceeding current rating of military or industrially rated electronic components.  

Another general observation regarding delays of the implementing advanced active, intelligent, and distributed 
controls on the military aircraft propulsion systems is related to the slow progress of smart sensors. The smart 
sensors should have the capability to sense, process, take the appropriate corrective decision and provide the 
feedback signal and to send to the FADEC only the corrective action information for those system diagnostic 
purposes carried out at the central level. However, the intelligence of the sensor requires fusion of the  
transducer with the appropriate electronics and the resident software code. The challenges related to such an 
implementation are numerous. The fusion with the electronics requires the electronic circuit as close as possible 
to the sensing element, since the transmission error needs to be minimized. The power supply represents another 
issue, since power management to various intelligent sensing elements may come with multiple requirements. 
Moreover, the software codes should be conceived to enable fast and errorless communication with the FADEC. 
Smart sensors specs are made to satisfy the mass consumer, and any modification in the specs come with 
significant costs due to the reduced flexibility in the fabrication process. However, all the above issues could  
be addressed except one: the hardware electronic circuit that would be able to face the operating condition  
within the propulsion system. If sensors capable to operate up to 750°C may be commercially available,  
no commercially available electronic circuit could operate in temperatures exceeding 300°C (commonly, 
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115°C). This represents a significant gap that presently is addressed by researchers. Existing sensors overcome 
this gap by electronics integrally attached to sensor by an integral cable long enough to allow for installation of 
the electronics in the cooler location. 

Micro-Electro Mechanical Systems (MEMS) technologies in general make a good candidate to address the need 
for high-temperature operation and smart sensor capabilities. MEMS is a concept of integrating electronics with 
sensing and signal processing at the chip level and provides advantages such as low mass, high reliability, low 
power consumption and low cost for large batches. Integration of Si-based electronics with microsensors using 
the same fabrication process has been demonstrated. The potential of MEMS is discussed in more details in the 
following, with specific emphasis on harsh environment MEMS and optical MEMS. In addition to MEMS as 
potential sensing technologies, other emerging sensing technologies, such as spectroscopy and laser diagnostics 
will be summarized. 

The need for new technologies for high temperature sensing is also highlighted in Figure 6.16, illustrating the 
available sensing technologies for the specific temperature environments encountered in specific propulsion 
systems. Because of continuous progress on the sensors’ performances higher temperatures are achievable 
now than shown in the figure. For example for piezoelectric technology, sensor designs are available that can 
work at up to 750°C using natural crystals, which is significantly higher then the 550°C shown in the figure 
for standard piezoelectric sensors. 

 

Figure 6.16: High Temperature Regimes for Sensors and Aerospace Applications [6.13]. 

6.4.1 Potential Sensing Principles and Technologies 

6.4.1.1 MEMS Technology 

MEMS provides potential benefits for future sensor technology, including miniaturization, increased reliability 
through redundancy, reduced costs, and the potential for development of smart sensors. Combined with other 
classical sensing principles, such as piezoresistive and piezoelectric and capacitive sensing and induction, 
MEMS is being explored as the basis for new types of sensors (for example for pressure). In addition, chip-scale 
gas analyzers are being developed using sensing technologies such as gas chromatography, mass spectroscopy, 
field ionization, Fourier Transform InfraRed (FTIR), surface acoustic waves, and resistance modulation by 
adsorption of gas molecules. Most of these principles are discussed in more details below. 
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MEMS also enables the development of smart sensors. Presently MEMS sensors are based on Si as the 
substrate material, which is also the material on which the electronic circuits will be deposited. This causes 
problems for high temperature operation, because Si junction implantations move deeper in the substrate at 
high temperatures. This makes Si based electronics to be bounded by 250°C operating temperature (lower is 
safer). In the following, potential MEMS technologies that will be associated with the operation at higher 
temperatures are discussed.  

6.4.1.1.1 Silicon On Insulator (SOI) 

Silicon on Insulator (SOI) technologies are based on standard CMOS (Complementary Metal Oxide 
Semiconductor), in which the diffusion is limited by an insulating layer and junction impurities will not move 
deeper in the substrate at temperatures above 250°C. Since the substrate is only few tens/hundreds of 
nanometers thick, in-depth diffusion of the active components is prevented and operation up to 300°C is 
possible. However, at temperatures exceeding 300°C, the migration of the carriers commences to occur in 
lateral direction, which will yield to the out of service transistor/diode junctions. Yet, some gain of about 50°C 
in the operating temperature has enabled applications that were unlikely to be realized in basic Si technologies 
[6.14]. Some industries have already launched applications for such technologies such as Kulite for the 
pressure sensing in high temperature applications (up to 300°C). 

6.4.1.1.2 SiC 

Silicon Carbide (SiC) technologies are based on similar CMOS technologies used for Si. However SiC,  
a semiconductor, could withstand temperatures as high as 500°C. At the present time there is no planar 
technology to enable electronic circuits exclusively be made in SiC that could support the integrated sensor. 
However, there are significant efforts in the development of commercially level planar circuit technologies for 
SiC, and the forecast predicts such technologies at the prototype level by 2010 – 2015. 

Since the capability is limited by the material properties, the research has encompassed the material science. SiC 
has gained interest on mid 90’s due to the semi conducting properties as well as the standing capability to the 
impurity diffusion into the material at higher temperatures than the temperatures that SI is standing.  
Such, the electronics in SiC is expected to stand temperatures as high as 600°C and, under long time exposure, 
up to 450°C. The present technologies could provide individual power switches and diodes in SiC, while 
individual transistors have been produced in the NASA labs. It is foreseen that in 5 to 7 years, the surface 
fabrication technology for SiC will mature to the extent that complex circuits and compensators could be 
realized and made reliable enough to operate in a propulsion system. 

SiC can provide a solution to few specific issues encountered in the propulsion systems, but as per today 
knowledge, the technology is limited to 600°C [6.15]-[6.19]. 

6.4.1.1.3 SiCN 

Silicon Carbide Nitride (SiCN) technologies are based on very different grounds as the SOI or SiC 
technologies, since SiCN is not a semiconductor, but a high temperature withstanding ceramic material. At the 
present time, the technology is little developed, but it has a great potential in being used to develop sensors to 
operate in temperatures higher than 800°C.  

The temperature constraint is quite stringent, since sensors operating up to 1700°C may be required in the 
concept of the distributed controlled propulsion system. The intrinsic properties of SiCN make possible that 
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SiCN would be capable to stand 1700°C without thermal softening, so that the material could be used for 
transducing assuming that a suitable sensing principle could be associated with the material. A lot of research 
has been carried out in developing fabrication processes for the hard and brittle SiCN ceramic. A pyrolysis-
temperature cycle process enables fabrication of SiCN from Si thermosets polymers. The process also enables 
accurate shaping of the polymer and, in consequence, of the ceramic component. 

A great deal of effort has been directed towards the optimization of the temperature-cycle that would yield 
stress free controlled thickness layers. In the effort to create conductive films in SiCN, controlled doping with 
various III-V group elements and also using various metallic materials (Cu, Al, Fe). The preliminary 
investigations have indicated that SiCN doped with Fe exhibits electro-magnetic properties that may make it 
suitable for a special type of electronics – spintronics [6.20]. This technology is discussed in detail below. 

SiCN technologies are still at a very early leveling the progress and very limited number of applications has been 
achieved by SiCN or SiCN composite. A horizon of 10 – 15 years is foreseen under the present conditions of 
interest that SiCN has stirred. Apart form sensing, the conditioning circuits would be required to achieve the 
level of intelligence of a sensor that Si technologies could yield today. 

6.4.1.1.4 SiCN and Fe Composite Material 

Silicon Carbide Nitride doped with Fe ions yield special supra-paramagnetic properties to the ceramic.  
The magnetic properties are maintained up to 1340°C. As the material could be grown in crystals of small size, 
the magnetic properties could be controlled. Such material could be used for measurement of temperature. 
Preliminary studies indicate that the strain modifies the crystal size and the magnetic properties. This is an 
indication that such composite could also be used for pressure measurement at high temperature.  

The example illustrated in Figure 6.17 is a research perspective from the University of Michigan. Recent 
works have indicated that under a certain pyrolysis process, SiCN could grow in single crystals. SiCN doped 
with Al produced a piezoresistive element capable to detect temperature and temperature gradient with high 
accuracy in very harsh environment conditions. 
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Figure 6.17: Potential SiCN Applications. 

The magnetoresistance properties of the SiCN and Fe composite material at high temperatures (up to 1410°C) 
along with the possibility of electric resistance modification make these materials a good candidate for 
spintronic applications as discussed below. 

6.4.1.1.5 Spintronics 

Spintronics devices are playing an increasingly significant role in high density data storage, microelectronics, 
sensors, quantum computing and bio-medical applications, etc. While conventional electronic devices are based 
on the transport of electrical charge carriers – electrons/holes – in a semiconductor such as silicon, spintronic 
devices manipulate the electron spin, as well as the charge, for the operation of information processing circuits, 
based on the fundamental fact that electrons have spin as well as charge. All spintronic devices act according to 
the simple scheme:  
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1) Information is “written” into spins as a particular spin orientation (up or down); 

2) The spins, being attached to mobile electrons, carry the information along a conductor; and  

3) The information is read at a terminal.  

Spin orientation of conduction electrons survives for a relatively long time (nanoseconds, compared to tens of 
femtoseconds during which electron momentum decays), which makes spintronic devices particularly 
attractive for memory storage and magnetic sensors applications as well as other classical sensing applications 
(piezoresistive, piezoelectric, tunneling, etc.) and, potentially for quantum computing where electron spin 
would represent one bit, called qubit of information. These spintronic devices, combining the advantages of 
magnetic materials and semiconductors, are expected to be non-volatile, fast and capable of simultaneous data 
storage and processing, while at the same time could be smaller, require lower power consumption, be more 
versatile and more robust than those currently making up silicon chips and circuit elements. 

6.4.1.2 Optical MEMS Technologies 

Optical MEMS have gained significant interest lately among various microsystems dedicated research teams 
[6.21]. The main challenges associated with the implementation of optical systems within a microelectronic 
chip are overcome by the great benefits that optical imaging could bring to the propulsion systems. Imaging 
enables digital analysis of arrays of information such as temperature gradient distribution or gas species 
composition through spectral analysis. The acquired information directly could be processed by the CPU.  
The main disadvantage of the array imaging is associated with the limited type and operation and speed they 
can perform. Enhanced performance through improved high speed and high repeatability associated to 
extended wavelength sensitivity and capability to serve high temperature environment are among the main 
advantage of the optical MEMS arrays. 

Optical sensors may be realized in small size although not necessary using a batch technology and they could be 
used for various detections including the ones associated with the enhanced performance of the propulsion 
systems. Optical fibers and gratings may be used to measure temperature distribution in a compressor.  
The temperature limits the functionality of the gratings in an optical fiber, even if made form a highly refractory 
material. 

There are challenges that the optical systems including optical MEMS must face apart from the high temperature 
challenge: contamination, diffraction change with temperature, the proximity of the data processing circuit to the 
detection system. The associated challenges are specific to the sensing technology in general and such challenges 
are foreseen that could be overcome through the development of materials which have properties that are not 
highly affected by their extended exposure to high temperature. 

The Micro-Opto Electro Mechanical Systems (MOEMS) face the same challenges as MEMS face in packaging, 
integration and extended service over harsh operating conditions. The solutions to the problems are somehow 
similar to the ones encountered in MEMS: the new technologies should commence with new materials. 

6.4.1.3 Signal Transmission  

The classic signal transmission technology continues to be used of the same fashion through reliable connectors 
and wires. The wireless data transmission technologies, although not yet matured, pose significant challenges 
when required to perform within 99.99999% reliability in a GTE environment (RF, blue tooth, WiFi). They also 
require for long term operation of the engine some energy harvesting or scavenging technologies to provide 
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power to the sensor when not connected by wire to the power supply. However, such technologies are not 
exhausted as new and novel research is carried out in the telecommunication technologies. The high temperature 
electronics would facilitate the errorless signal transmission for sensors that have to operate under high 
temperature conditions. 

6.4.1.4 MEMS Packaging 

Along with sensor development, packaging recipes and strategies for harsh environment require significantly 
more attention. From the to-date experience, packaging of MEMS devices is considered the same as 
packaging of the Integrated Circuits. Very little attention has also been paid to the sensors embedding within 
the structure of the engine mainly due to the strict regulatory requirements of the airspace products.  
The packaging requires to satisfy conflicting requirements that come form the structural integrity requirement, 
reduced mass and non-interference with the flow path, to name only few of such requirements [6.22] [6.23]. 
The challenges associated with the reduced integrity of the structure in a GTE when microstructures are 
embedded are perceived as a major factor of progress in the embedding technologies. This approach requires 
extremely high reliability for the sensors, condition which is not fully satisfied at the present time or foreseen 
as achievable in the near future. Although the embedding is seen as a very much customized operation,  
the benefits of sensing are fulfilled when such embedding prevents addition of bulky packages that usually 
interfere with the flow path. Research projects have addressed the embedding issue and such example is 
shown below. Defense Evaluation and Research Agency (DERA – UK) in collaboration with Ohio State 
University have embedded thermal sensors in the turbine blade to optimize the heat transfer distribution 
through the blade. Based on the same principle, pressure of miniaturization for embedding ability, pressure 
sensors is definitely following into being integrated within the engine structure. It is expected that the first 
attempts will be made in the fan/intake region. 

 

Figure 6.18: Embedded Thermal Sensor [DERA]. 

6.4.1.5 Spectroscopy and Laser Diagnostics  

6.4.1.5.1 Spectroscopy 

Spectroscopy, which identifies substances through the spectrum emitted from them, has been utilized in 
combination with MEMS to develop chip-sized gas analyzers. These sensors are based, for example, on Fourier 
Transform InfraRed (FTIR) spectroscopy (spectra are collected based on measurements of the temporal 
coherence of a radiative source), laser induced breakdown spectroscopy (utilizes a highly energetic laser pulse 
as the excitation source of elements to be detected), mass spectroscopy (analytical technique that measures the 

http://en.wikipedia.org/wiki/Time
http://en.wikipedia.org/wiki/Coherence_%28physics%29
http://en.wikipedia.org/wiki/Radiate
http://en.wikipedia.org/wiki/Laser
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mass-to-charge ratio of ions and finds the composition of a physical sample by generating a mass spectrum 
representing the masses of sample components), and Raman spectroscopy (which relies on scattering of laser 
light in the system).  

6.4.1.5.2 Tunable Diode Lasers (TDL) 

Wavelength tunable TDL technology, based on telecommunication-type devices operating in the visible and 
near-IR portion of the spectrum, is being explored for real-time measurements of important propulsion 
parameters [6.24] [6.25]. This technique for line-of-sight integrated measurements is using well-understood 
absorption spectroscopy. The TDL lasers are quite economical and extremely robust, and can generally be 
coupled to optical fibers to allow transmission of light to and from measurement locations. The relatively low 
cost and robustness of TDL sensors, combined with fast response and relatively simplicity of operation and 
data interpretation, have led to rapid progress in the application of these sensors to practical combustors and 
have demonstrated the unique potential for control applications. Figure 6.19 demonstrates a strategy for GTE 
application, which allows sensing of multiple flow field parameters, including temperature, species 
concentration, pressure and velocity [6.26].  

  

Figure 6.19: TDL Sensors for Multiple Flow Measurements [6.26]. 

6.4.1.6 Other Advanced Sensing Principles 

Other gas sensing principles, which are being explored for advanced sensors and discussed in the following 
include: 

http://en.wikipedia.org/wiki/Mass-to-charge_ratio
http://en.wikipedia.org/wiki/Ion
http://en.wikipedia.org/wiki/Mass_spectrum
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1) Modulation of the resistance of metal-oxide element by adsorption of gas molecules, in particular 
with metal oxide nanostructures (gas sensor arrays); 

2) Surface Acoustic Waves (SAW) (gas sensors); 

3) Gas chromatography (gas sensor); 

4) Ion detection (flame blow-out); 

5) Acoustics detection (flame blow-out, health monitoring); 

6) Electrostatic sensors (gas path debris detection); 

7) Microwave, eddy current, capacitance transducers for various applications, including tip clearance 
measurements; and  

8) Doppler Velocity Interferometers (vibration). 

Several gas sensor approaches are described in the following in more detail. In gas sensors using the absorbing 
properties of metallic oxides at high temperatures, specific gases are selectively absorbed by various porous 
layers of oxides, which would modify some of their properties including electrical resistance and capacitance. 
The Surface Acoustic Wave sensors make use of a so called delay line that is located between an emitter and a 
receptor all positioned on a piezoelectric surface. The delay line is made from a sensitive material to the detected 
gas that would modify the acoustic wave produced by the emitter. The amount of distortion is detected by the 
receptor, and it is related to the amount of the absorbed gas. In gas chromatography a moving gas called mobile 
phase carries the samples over a stationary phase. However, only 10 to 20% of the known compounds could be 
analyzed through gas chromatography. Only phases that could be vaporized below 450ºC could be analyzed by 
gas chromatography. The ion detection is based on the separation of bunches of ions according to their 
individual mass to charge and recording of the amount of such sorted groups of ions through various methods 
such as energy level detection. The acoustic detection is based on the principle that a corrupted structure would 
yield sound of different spectral components than that of the same fully integer structure.  

A class of capacitive sensors could be used for debris detection. When a gas carried ferromagnetic particles,  
the electric/electromagnetic field that they cross will be distorted by the metallic field modifiers. The distortion 
could be calibrated and used for measurement. Microwave sensors are based on a similar principle. A high 
frequency electromagnetic wave is generated by a source and the echo is collected back by the reader that would 
associate the reading with a specific perturbation, usually created by a ferromagnetic material. Similar principle 
is used by the ultrasonic or by eddy currents, while use ultrasonic or electromagnetic fields. Doppler velocimetry 
is based on the frequency and phase shift collected from an out of plane moving object of a reflected coherent 
light source compared with the incident one. Although these are valid measurement principles which are 
dominantly used in other applications than the propulsion systems, they might, in case of a stringent need, be 
adjusted to fit propulsion systems applications. The major problem that is foreseen as to be encountered is the 
harsh temperature conditions that sensors at specific location in the GTE must face. 

6.4.2 Emerging Sensors 

6.4.2.1 Temperature 

The gas-path temperature is measured throughout the propulsion system mostly by immersion thermocouples; 
in some GTE optical pyrometers are used to measure turbine blade surface temperature. There are also few 
applications to measure burner patter factor or the surface temperature of the turbine stator for extension of the 
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burner and turbine life. Although these applications are addressed at this time through modeling and 
simulations, the lack of accuracy of the methods could yield erroneous results. 

There are various attempts to measure the burner patter factor through spectrometry [6.27] or through  
IR pyroelectric detection [6.28] [6.29]. Although the proposed methods yield good results, they are questionable 
for the propulsion system for military applications, where the weight is a primary concern. Moreover, problems 
such as contamination of the vision window for pyroelectric detection may be of a serious concern for achieving 
high accuracy. Regular scheduled maintenance actions would be required, which make this technology currently 
not suitable for commercial GTE. 

Other technologies are at the fundamental research level [6.30] [6.31], but they have shown a high potential in 
overcoming many other issues associated with sensing under high temperature conditions. Ceramic materials 
from polymer precursor, such as SiCN, have proven to be appropriate to perform accurate detection tasks 
under extremely high temperature environment. Such sensors may be used for temperature applications as 
well as for detection of pressure or gas composition.  

The TDL technique for measurements of temperature (and other sensed variables as discussed below) has 
been demonstrated on full-scale gas-turbine combustor sector test stands [6.32] [6.33]. However, challenges 
include “optical engineering” (dealing with heat transfer effects on fibers and windows and developing robust 
hardware designs for these components and also for lasers, electronics and data processing) and “optical 
science” (optimizing the selection of wavelengths and sensing strategy). 

6.4.2.2 Pressure 

Pressure sensors must achieve specific performances under the environment conditions associated with their 
location. Although technologies, that enable pressure measurement under environment temperature to about 
750°C, are commercially available, such sensors/transducers are used mostly on the test stand, because they 
cannot measure also static pressure. Miniaturization is of great interest for propulsion system applications, 
mainly because of the potential of embedding such sensors within the structure.  

Pressure sensors for the active inlet control (3 bar operation pressure, +0.1% accuracy, –60°C to +65°C 
temperature environment) provide challenges, such as harsh environment, induced permanent and random 
drift, complex circuit, and complex packaging. Such sensors are not available at this time, however,  
they could be retrofitted from other aerospace applications. MEMS technologies seem quite appropriate for 
this type of applications given the capability and potential for miniaturization and embedding and high 
reliability. The harsh environment (ice, rain, sand, dust) may be mitigated through appropriate packaging of 
the sensor arrays. Multiple general purpose technologies are available at this time, but all will require some 
time for maturation related to the integration of the sensing array within the system. A great deal of effort is 
associated with packaging of such sensors, and embedding is foreseen the most appropriate option at this time, 
although reliability of miniature sensors might play the limiting factor in such an undertaken.  

Inlet distortion detection to manage engine stability limit require static pressure arrays with + 0.25% 
resolution, 500Hz bandwidth, and –50 to +65°C operating temperature. Such sensors are available in MEMS 
or other technologies. 

A method of and apparatus for detecting air distortion at the inlet of a turbine engine is proposed in [6.34]. This 
method adjusts fuel flow to anticipate and prevent compressor stall. A plurality of pressure taps are arranged in a 
spaced relation around the periphery of the engine inlet. A distortion detector senses the differential pressure 
between the instantaneous pressure at each pressure tap and the ambient pressure of a reference pressure 
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chamber, which communicates with the plurality of pressure taps. At a predetermined pressure differential the 
distortion detector activates a solenoid-operated fuel bypass valve, which reduces fuel flow to the fuel nozzles of 
the gas turbine engine. 

Pressure probes equipped with fast-response transducers have been successfully used in axial-flow 
compressors and turbines, but have been rarely used in centrifugal compressors. The associated challenges 
are: complex and heavy wiring, complex data acquisition, and dedicated circuits for temperature correction. 
However, this technology can be immediately implemented under the provision that the integration is enabled 
by the propulsion system manufacturers.  

Sensors for early detection of stall (35 kPa dynamic pressure, + 0.2% resolution, 5 – 40 kHz bandwidth) are 
also available in MEMS technologies. The current practice in gas turbine engine design is to base fan and 
compressor stall margin requirements on a worst case scenario with an additional margin for engine to engine 
variability. These factors include external destabilizing factors such as inlet distortion, as well as internal 
factors such as large tip clearances. This approach results in larger than necessary design stall margin 
requirement with a corresponding reduction in performance and/or increase in weight. However, the harsh 
thermal environment has limited the use of pressure transducers to ranges below 250°C, thereby effectively 
precluding measurement at the final stage exit where temperatures are typically in excess of 450°C depending 
on the type of compressor. Piezoelectric dynamic pressure sensors are available for monitoring pressure 
pulsation, although they cannot measure static pressure they can be used for detection of stall and surge of 
engine compressor, including the high pressure compressor discharge stage. Certain burden is that the 
aerospace GTE, compared with industrial aeroderivative GTE, does not allow yet for controlling fuel delivery 
to each individual fuel nozzle. Si and SiC based pressure transducers experience operating conditions under 
limited temperature. They experience limited life and, commercially available sensors are not directly 
implantable on a flying propulsion system. Hence, silicon carbide (SiC) or silicon carbon nitride (SiCN) based 
MEMS technologies are further considered as possible solution for the design of high temperature pressure 
transducers [6.35]. Both SiC and SiCN technologies come with a potential of being able to provide embedded 
low-cost microelectronics that operates at high temperatures [6.36]. The availability of a sensor system that 
could detect the onset of stall could allow these margins to be safely decreased [6.37]. 

Sensors for active surge control commonly operate in temperatures ranging from –60°C to +500°C and up to 
700°C, while the pressure environment ranges from 15 to 1800 kPa. The measurement requirements are for  
35 kPa dynamic pressure, 1 Hz bandwidth, and +0.5% resolution. Active surge control is used to reduce the 
design surge margin of gas turbine compressors while maintaining sufficient engine dynamic and tolerance to 
inlet distortions, thereby obtaining more efficient propulsion systems. This can be achieved either by reducing 
the stage count or increasing the pressure ratio with the same number of stages. As this requires a system that 
assures the aerodynamic stability of the compressor in all operating conditions, different schemes of active 
control systems have been proposed and tested for high speed machines. These types of systems rely on the 
early detection of incipient instabilities. Since engine accelerations and inlet distortions are the most 
significant causes for a reduction of operating surge margin under real flight conditions, the influence of these 
effects on the instability inception has to be investigated [6.38]. Piezoelectric pressure pulsation sensors to 
operate below and even above 500°C up to 750°C are available, however they cannot measure static pressure. 

Sensors for flow separation detection require two static pressure taps at distributed locations across the flow 
control vane. The requirements are ±0.3 atm dynamic pressure range, ~±0.5% accuracy, ~ 1 Hz bandwidth, 
~80°C, and ~2.5 atm operating environment. The static pressure sensors can be also case mounted.  
One method for flow control sensing to control surge/stall proposes a plurality of skewed slots of a particular 
shape located within a compressor casing adjacent to at least one stage of the compressor blade tips, where the 
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slots have an axial length greater than that of the adjacent blade tips. The slots are provided such that upon 
occurrence of compressor surge or stall, the stagnating air occurring about the blade row may be directed by 
the slots downstream of the compressor blade row back into the main stream of fluid passing through the 
compressor. By such an arrangement, the slots provide a compressor in which the air flow and pressure ratio 
may be increased before reaching compressor stall or surge [6.39]. The associated challenges are related to the 
complex and heavy wiring while earlier prediction requires higher environment temperature. Synthetic jets 
may be part of the active flow control scheme. 

Detection of thermo acoustic instabilities requires pressure sensors with 10kPa dynamic pressure,  
±5% resolution, and 1 kHz bandwidth at an operation temperature of up to 1700°C. Most combustion-driven 
devices experience combustion instabilities. During aircraft turbine engine operation, the augmentor 
(afterburner) operation is often associated with combustion instabilities that can be potentially detrimental to the 
turbine engine if the resonant amplitude levels are excessive. Oscillation in the frequency range of 50 – 100 Hz 
is commonly called “rumble,” whereas higher frequency oscillation, up to 600 Hz, known as “screech.”  

The challenges are related to the extremely harsh environment. Practically it is not possible to instrument a 
burner in the classical approach for on-flight control. Optical temperature measurements as alternative to 
pressure sensors and new materials for pressure sensors are being explored as described in the following. 

A novel remote sensor system has been investigated to determine incipient combustion instability and ultimately 
provide feedback for combustion control. The sensor is based on high speed measurements of the radiant 
emission from the hot exhaust stream. In this approach, select infrared wavelengths of light are used to capture 
temporal variations in the radiance [6.40]. Also TDL temperature sensors could substitute for pressure sensors. 

Lately a lot of interest has been made public by many research groups in relation with new materials  
(SiC, SiCN) and concepts for sensing that could lead to the development of sensors that operate at very high 
temperatures. Very little research has been done in packaging which includes, for this specific application, 
wiring. Sensors to operate under the conditions of the maximum temperature encountered in GTEs cannot be 
addressed as per today technology to achieve portable and reliable sensors. Such sensors are not presently 
available for applications that require reliability and steady performance in time. This gap could be addressed 
by the development of SiCN material and technologies as one of the very few option for sensing although 
aspects such as wiring and packaging are still unsolved. Sustained research in SiCN may yield to the 
enhancement of the material capability to operate as a semiconductor (spintronics), that would enable 
development of intelligent sensors that could operate in very harsh environments (in excess of 1000°C) [6.41]. 
Meanwhile, there are several efforts in remote sensing principles, which in conjunction with the potential 
progress that will be made in new materials development, could yield to solutions to the needs of the 
distributed control design concepts. The progress on the two research directions will depend on the amount of 
funding that will be allocated to the two topics. 

6.4.2.3 Vibration and Acceleration 

Vibration and vibration amplitude are mainly used to detect potential mechanical failure in the propulsion 
system. The distributed control strategies focus on the detection of the mechanical failure in the fan and in the 
turbine. Both situations require accelerometers that could operate within the environmental conditions 
imposed by the measurement section. However, for the turbine, there are means of indirect measurement that 
could be performed and which could yield significant information from locations that are in the vicinity of the 
turbine. It is important to mention that such a measurement is highly affected by noise. 



SENSOR REQUIREMENTS AND ROADMAPS 

6 - 32 RTO-TR-AVT-128 

 

 

Vibration sensors – either standard inertial sensors or optical sensing (Doppler Velocity Interferometers –  
non-contact) – could operate within the specifications required by the operation conditions of the GTE with 
frequencies up to 40 KHz, accelerations up to 1000g, selectivity to 3%, temperature range from –65°C to 
+750°C. Inertial sensors – piezoelectric accelerometers and non-contact Doppler Velocity Interferometers are 
ready available. The critical aspect is related to the fact that non-contact Doppler Velocity Interferometers 
would measure a relative acceleration of the targeted location vs. the position at which it has been assembled. 
Application of this sensing method is extremely difficult in an aerospace engine because an accurate 
relationship of the phase between the two sections is critical for yielding accurate measurements. Therefore 
piezoelectric inertial sensors – accelerometers are used on majority of GTE. Such sensors are appropriate for 
fan health monitoring, but they require significant improvement when used for the turbine. The major 
drawback in current condition monitoring methods through vibration measurement is the integration of 
sensing, signal processing and the model. This could yield unacceptable threshold values. The high 
temperature measurement still needs the physical detection system along with the signal processing that could 
operate under high temperature conditions. The two above mentioned technologies (SiC and SiCN) may yield 
accelerometers to operate within the required range for turbine health monitoring. Fabrication of inertial 
sensors poses very little challenges as long as the main technology is available for commercial use.  

6.4.2.4 Emission Species 
Combustion emissions measurement of COx and NOx at the HP stator vanes, with 5% resolution, 5 Hz 
bandwidth and 700 to 1700°C environment are of interest for emission control. Such sensors are not available. 
Sensors that could detect COx and NOx are available to operate under normal temperature conditions. 
However, in order to perform such a measurement, the gas that contains the species needs to be energized, 
mainly by heating. The measurement technologies require high temperature for the detection species,  
while the hardware is either locally heated or kept at the environment temperature. For an example, two of the 
components of the complex NOx such as NO and NO2 react at high temperature and release specific 
wavelength radiation that can be detected by tuned detectors. Among the technologies that enable detection of 
COx and NOx are: laser-induced breakdown spectroscopy, TDL, metal-oxide based sensors (electronic noses), 
X-ray or Infra Red spectroscopy. All the above technologies may be able to yield reliable sensors for GTE 
emission species detection. The implementation of such type of sensors for GTE applications might requires 
more effort than the development of other type of sensors, since all the above technologies are laboratory tools 
only, while the portable equipment is less accurate. 

Still, such systems are at the proof of concept research level and significant technology improvement is 
necessary to have such detection systems fully implementable in flight. Gas specimen detection is not limited 
to NOx or COx but it can extend to FexOy or CrxOy, which, if accurately detected, could provide very good 
information about the condition of the burner and/or the turbine. Laser-induced Breakdown Spectroscopy is 
one potential option and miniaturization of the spectroscopic hardware is an ongoing research topic. Although 
not conceived to be implemented on a flying engine, the technology has proved reliable for the ground 
applications. [6.42]. The method provides accurate measurement of elements such as Al, Ba, Be, Ca, Cr, Cd, 
Cs, Fe, Mg, Mn, Na, Ni, Pb, Se and V. As all the other sensing systems that are required to operate in high 
temperature environment, SiC and SiCN may be potential solutions for the application. The topic is of great 
interest in developing the “green engine” in the accomplishment of low emission engines. 

A complete active control system – sensing, actuation, and control algorithm – has been developed that can 
prevent lean blowout (LBO) in gas-turbine-type combustors and was demonstrated in a premixed, 
atmospheric-pressure model combustor. The system is designed to minimize NOx by ensuring safe operation 
at lean equivalence ratios. The system was effective in operating the combustor at a reduced NOx index by 
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reducing the allowable equivalence ratio in the reaction region of the combustor [6.43]. Such systems have 
been implemented on ground (power generating) turbines but the implementation of such systems in flight 
poses challenges that are related to the integration, mass and reliability. 

   

Figure 6.20: Prevention of LBO to Allow Operation at Reduced NOx. Combustor  
Schematic Showing the Viewing Area for the Optical Fiber Used [6.43]. 

6.4.2.5 Tip Clearance and Tip Timing 
Blade tip clearance varies over the operating points of the engine. The principle mechanism behind these 
clearance variations comes from the displacement or distortion of both static and rotating components of the 
engine due to a number of loads on these components [6.44]. Loads can be separated into 2 categories: engine 
and flight. Engine loads produce both axisymmetric and asymmetric clearance changes. Flight loads produce 
asymmetric clearance changes. In this regard, blade tip or outer air seals line the inside of the stationary case 
forming a shroud around the rotating blades, limiting the gas that spills over the tips The tip clearance 
mechanisms are imposing on the tip clearance sensors to operate within the environment conditions of the 
section of the compressor or turbine. In the compressor, the environment conditions are: 15 – 1800 kPa,  
–60°C to 700°C. For the tip clearance of the turbine, the environment conditions are much harsher:  
300 – 4000 kPa and 700°C to 1700°C. For such type of applications there is no commercially available sensor, 
but there are intense investigations on the possibility to measure on the ground the clearance and relate that with 
the turbine performance [6.45]. A number of patents have been filed with this subject [6.46] [6.47]. Although the 
patents claim control capabilities of their systems, the sensing is not addressed in detail. Many types of sensors 
have been implemented in attempts to measure turbine blades during operation – electromechanical, capacitive, 
eddy current, optical, pneumatic and microwave probes [6.48]. 

6.4.2.5.1 Electromechanical 
These devices couple mechanical action and electrical sensing to make measurements. The first 
electromechanical sensors used an electrode to detect clearance between the stationary stator vanes and the 
rotating drum. The drum is first coated with an electrically conductive paint and grounded, and the electrode is 
lowered mechanically by means of a precision stepper motor until an electrical charge arcs across the gap to 



SENSOR REQUIREMENTS AND ROADMAPS 

6 - 34 RTO-TR-AVT-128 

 

 

the rotating drum. The distance between the electrode and blade tip is calculated based on the voltage of the 
charge; a clearance measurement is calculated by adding the distance that the electrode is lowered into the 
turbine. A microcontroller detects the flow of a charge, and moves the electrode in and out in response.  
The response speed of the system is limited to less than 10 samples per second, and the resolution of the 
system is limited by the resolution of the stepper motor motions and the pitch of the lead screw driving the 
electrode into the turbine. A second generation model of electromechanical blade tip measurement system 
demonstrated its durability up to 1500°C under the normal vibrating conditions of a running engine.  
This version measures passing blades rather than a rotating drum, and operates by driving an electrode down 
from the casing toward the blades with a stepper motor until it is close enough to the passing blade tips 
(within 3 to 5 µm – about 0.0002 in.) for an electrical charge to arc. They report an accuracy of 25 µm  
(0.0010 in.) over a 6 mm (0.2 in.) range; however, the sensor is only used to measure the clearance between 
the casing and the longest blade, since it cannot extend farther towards the other blades without being hit by 
the longest blade. A third generation model of the Stepper Motor Driven Probe uses the same design concept 
to measure the longest blade with a mechanical probe that sparks when it comes close enough to the blade,  
but adds a frequency modulated capacitance probe (FMCP), to measure the difference in length between the 
longest blade and the other blades. The FMCP is attached to the mechanical probe and samples at speeds up to 
30 kHz. The accuracy and durability of this probe are similar to the second generation probe; however,  
since all of the blades are measured, rotor-dynamics like eccentricity are detectable. 

6.4.2.5.2 Capacitance  

These sensors make measurements based on the electrical capacitance created by the gap between a blade of 
the turbine rotor and an electrode installed in the turbine casing. The turbine blades and disk must be 
electrically conductive or coated with some conductive material in order for this method to be feasible.  
These turbine blades are then grounded and capacitance is measured from the electrode in the casing.  
The capacitance is related to the distance between the blade and electrode as well as the common shared 
electrical area. The capacitance between the tip of the blade and the electrode in the casing is very small due 
to the small area of typical compressor blade tips and the relatively large clearances. This makes measurement 
very difficult by conventional means. In turbine applications, this capacitance is about 0.02 pF. A method of 
measuring capacitance indirectly by tying the capacitance level to a frequency modulated oscillator overcomes 
this difficulty. Thus, a change in capacitance drives a change in the frequency of the oscillator, which is 
processed by a demodulator and measured at high resolution. This measurement is then used to calculate a 
change in clearance by direct comparison to a calibration curve. Because of the significant decrease in 
capacitance with increased clearance, the combination of the electromechanical probe for coarse measurement 
and FMCP for fine measurements documented above is appealing. A static FMCP can measure tip clearance 
to within 60 µm (0.003 in.) over a range of 203 µm (0.00799 in.), increasing the ease of use and practicality of 
the sensor. In this sensor, the capacitance probe is rigidly mounted flush with the turbine casing or recessed 
into the casing. The capacitance and distance are still related by a calibration curve. In engine tests, the probe 
performed well in the high pressure compressor stage, but in the high pressure turbine stage, environmental 
effects – especially temperature – were too great on the electrical properties of the probe and measurements 
were invalid. The capacitance sensor only survived temperatures up to the goal of 1300°C for a short time 
period and therefore are not a reasonable choice for an turbine active clearance control. Another advance in 
capacitive sensor capability in measuring turbine blades is increasing the spatial resolution of the sensor by 
changing the geometry of the measurement situation, making better use of the electrostatic field around the 
sensor to better suit interaction with blade passages. Several capacitance sensors stacked together are used to 
increase lateral resolution of time-of-arrival measurements. Fabian et al developed a tip clearance sensor 
designed for active clearance control of a palmtop micro gas turbine. Since micro gas turbines spin at much 
greater speeds than normal turbines (optimal operating condition for the turbine in question is 800,000 rpm),  
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it is not feasible to measure tip clearances blade by blade. Thus, a capacitance probe was developed to use all 
of the blades as one electrode, and the entire casing of the turbine as the other. The capacitance between the 
two provides the average tip clearance for the whole turbine through a calibration curve. Fabian et al report 
excellent results of clearances within 1 µm (0.00005 in.) in a test situation [6.49]. 

6.4.2.5.3 Eddy Current Probes  
There are two types of eddy current probes – active and passive. An active eddy current probe actually induces 
eddy currents in a target, whereas the passive probe allows target motion to induce Eddy currents through a static 
magnetic field. The disturbance caused by these eddy currents is measured in a conductive coil; when a blade 
passes, there is a peak in the voltage in the coil. The geometry of the measurement situation is important to the 
calculation of the disturbance in the magnetic field; however, any attempt to quantify this is neglected since the 
goal is to measure speed. The voltages are calibrated for each sensor, and electronics track the speed of blades. 
One advantage of an eddy current sensor is that it is possible to develop a sensor that operates without altering 
the engine casing at all. Such eddy current sensor is able of blade sensing through a turbine’s casing without 
drilling holes. Eddy current probe should be able to withstand temperatures of 500°C, which may be sufficient 
for turbine use since the temperatures at the outside of the casing are significantly below the gas temperatures 
inside the casing. The mounting of the sensors in the engine might be carried such that they could operate under 
temperature conditions significantly lower than the peak temperature encountered in the engine section. 

6.4.2.5.4 Optical Probes  
Optical measurements of turbine blades are appealing because of the high speed of response and the resolution 
of measurements. The limiting factor concerning speed is the processing speed of the sensor. An optical 
method of measuring blade vibration uses optical fibers to measure reflections of a laser off of blades.  
The sensor is designed to detect the reflection of a laser off the tips of the blade in order to determine blade-
by-blade time-of-arrival for use in vibration monitoring. The system is limited in resolution due to scattering 
of light off blades causing reduced power to be received back by the sensor. Vibrations in turbines can be 
measured using an optical system built on a semiconductor; this system also simply uses lasers to obtain time-
of-arrival measurements in order to determine blade vibrations. Blade tip clearance can also be measured 
using two integrated fiber optic laser probes (IFOLPs) to detect the apparent width of a passing blade.  
The width of the blade changes linearly as the clearance increases due to the increased width of the laser spot 
relative to the size of the blade. Rather than attempting to measure clearance directly using lasers, apparent 
width of the blade tip correlates to the actual clearance. The two IFOLPs are angled so that one reflects off an 
incoming blade and the other off the outbound blade; the time interval between these measurements is used as 
the apparent blade width, which is correlated with blade clearance. The probe was tested on a NASA spin rig 
and was found to be accurate to within 13 µm (0.00051 in.) over a range of 2 mm (0.08 in.). However, this 
probe is suited only for the relatively safe environmental conditions of the compressor section of a turbine 
engine; any type of combustion materials or debris in the turbine section, along with the elevated temperatures 
decrease the effectiveness and survivability of the probe. 

6.4.2.5.5 Pneumatic Probes  
Air (pressure and flow) can be used as a non-contact method of measuring displacement and orientation. 
Many different types of sensors that measure how fluid flow is disrupted or interrupted by the passage of 
objects are available. One such example that might be applied to turbine blade passage is a sensor having an 
input and output port for pressurized air; in between the input and output is a hole for flow into the inside of 
the turbine. A blade passage partially and periodically blocks the flow into the turbine, and this is detected at 
the output of the sensor. 
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6.4.2.5.6 Microwave Systems 

The sensor used in the microwave blade tip clearance measurement systems can measure changes in a 
microwave resonant cavity or can be phase-based like most modern radar systems [6.50]. In the phase-based 
microwave blade tip clearance measurement systems the microwave sensor emits a microwave signal that is 
reflected off of a target – a turbine blade. The returned signal is compared to an internal reference signal, and 
changes in the phase between these signals directly correspond to changes in the displacement of the target. 
The phase is determined by the distance traveled by the reflected signal relative to the distance travelled  
by the reference signal. Microwave-based sensor are designed to operate in temperatures up to 1400°C with  
a resolution of about 5 µm and bandwidth up to 25 MHz. The sensor can effectively operate in dirty 
environments and has the ability to see through oil, combustion products, and other common contaminants 
[6.51]. Turbine tip clearance measurement has been demonstrated with microwave sensors by Vibro-Meter. 
However, the system requires further refinement in order to be implemented in a flying engine but the effort is 
considered as achievable within the next three years. RF, microwave, optical or capacitive is foreseen as 
principles of detection of the tip clearance in a turbine. The expected performances of the sensors are: 2.5 mm 
range, 25 µm resolution, min 50 kHz bandwidth. 

6.4.2.6 Torque 

Torque sensors are usually base on the magnetic measurement principle but they make use of a calibrated section 
of a shaft. Such sensors are available, but problems are encountered with their reliability and the drift from the 
calibrated point. Given the fact that the torque on the shaft is same on ample sections, the location of the sensors 
poses problems, but this is not critical. The generic environment conditions for such sensors are: 15 – 300 kPa, –
60°C to +150°C. Such sensors are in a very advanced level such that within the next three years, they should be 
available for implementation to estimation of the thrust of the propulsion system. They are capable to measure 
torques of 10,000 to 20,000 Nm at frequencies of up to 10 Hz with 2% resolution. 

6.4.2.7 Position/Arrival Time  

Such measurement is necessary in active vibration control. The relative position of the blade with respect to 
where the blade should be located is the main concern of the detection. The tip clearance sensors could be 
used for this type of application and the measurement principle could be also used with some caution given 
the fact that the microwave sensors perform a distance measurement. Appropriate algorithms may facilitate 
the imaging of the blade arrival time and the resulting information be used for the active control of the blade 
induced vibration [6.52]-[6.54]. Other measurement principles have been proposed but the detection of the 
blade arrival time is limited to the following principles: capacitive, inductive, optical, microwave, infra-red,  
eddy current, pressure and acoustic. Such sensors should face the environment condition of the section,  
in which they operate. The applications for compressors are at TRL5, while the applications for turbine are in 
early stages of the proof of concept. Such sensors are expected to operate within a bandwidth of minimum  
50 kHz. 

6.4.2.8 Fuel Flow  

The fuel flow control requires sensing within the burner vicinity. In more intelligent engine, each nozzle flow, or 
at least part of it, should be independently controlled in conjunction with the pattern factor and combustion 
instability control. Although the issue is of high interest, such systems are not commercially available or are not 
under commercial development for aerospace GTE. However, patents have been filed [6.55], which describe a 
fuel control system for gas turbine engines. The system includes logic that is used to facilitate enhanced 
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compressor stall margin when the engine is operating in potential icing conditions. The fuel control system is 
coupled to at least one fuel regulator within the engine, and receives input from a plurality of sensors coupled to 
the engine. More specifically, the system receives input from environmental sensors, as well as inputs 
representing compressor inlet temperature, compressor discharge pressure, and corrected core engine speed.  
The fuel control system also receives input from the other engine fuel regulators. However, the environmental 
conditions for sensor operation are quite rugged (300 – 4000 kPa, 700°C to 1700°C). Presently, there are little 
accomplishments in achieving such type of sensor. In March 2007 Precision Engine Controls Co. of San Diego 
CA, reported a new product, the eXVG intelligent gas fuel metering valve designed for use with large  
(up to10MW) turbines and reciprocating engines (up to 13,000 HP). Such a product is intended for power plants 
turbines. The operation pressure is max 35 bar gage, the volume flow of 5.5 l/hour to 5,500 l/hour is controlled 
while the reliability was tested for MIL specs. The operating range is –65 to +125°C. Such products that have 
been benefiting from both pull of the industry and the push of the research is a good example of technical 
advancement in gas turbine engines performance control. 

6.4.2.9 Fuel Properties 

Fuel properties may vary with the location of the fueling due to the variance in the refining process of various 
suppliers. It is common knowledge that the content of the fuel will significantly influence the performance of 
the engine. Presently, there is no means other than the standards provided by the suppliers to know the 
properties of the fuel. The concept of active adjustment of the regime based on the calorimetric properties of 
the fuel is a topic that is under discussion. Presently, fuel analysis can be performed in the lab [6.56] with 
dedicated equipment mainly for oil characterization. Spectroil M/N-W is the equipment used by the US Air 
Force at the time for fuel properties test. There is no known effort at this time to evaluate the calorimetric 
properties of the fuel during or after re-fueling and no measurement principle is presently known other than 
the laboratory based calorimetry. 

6.4.2.10 Exhaust Gas Composition 

The exhaust gas composition is of significant interest in the evaluation of the burning efficiency in conjunction 
with the fuel quality. The comments are same as in the above paragraph on the Emission Species detection.  
The environmental conditions for sensor operation are less rugged. However, spectrometry with portable 
equipment at 300 to 500°C is still of interest to the researchers and far form a commercial product. 

6.4.2.11 Smart Sensors 

Smart sensors are systems that exhibit certain level of compensation capabilities that enable them to perform 
self-diagnostics, self-calibration and adaptability. Meanwhile, smart sensors must carry computation 
capability that enable on-chip signal conditioning, be capable of non-significant data reduction and also be 
capable to detect and trigger selected events. Such type of sensors must be standardized for network protocol 
communication. The enabling technology that facilitates the intelligent sensors is the integration of the sensing 
element with the electronic circuit that supports the computation and communication software at the chip 
level. MEMS is enabling the realization of smart sensors. The intrinsic advantages of miniaturization that 
comes with reduced mass, reduced power consumption, high reliability and high integration levels is all 
achievable through MEMS Silicon technologies. However, the limitation associated with the carriers’ 
diffusion in Si active components is expected to be overcome by the utilization of other semiconductor 
materials such as SiC and possible SiCN in building the electronic circuits. The SiC planar technologies for 
active circuits [6.57] represents a potential direction of research that it would enable realization of electronic 
circuits that could operate under higher steady temperature conditions and which would also facilitate the 
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realization of micro-electro mechanical systems capable to perform in very high temperature environment.  
As SiC is a semiconductor and research is going on towards refining the planar fabrication technologies of 
active SiC components (individual components such as diodes or transistors are already commercially 
available). SiCN has been synthesized from polymer based thermoset materials. However, only amorphous 
and small crystal phase has been achieved for SiCN, which makes it a ceramic material. However, this 
ceramic experiences super paramagnetic properties when blended with Fe or Fe ions [6.58]. Moreover, SiCN 
might be grown in larger crystals under specific conditions. The possibility to grow a single crystal of SiCN 
will enable the semi-conductivity of this material which might facilitate the realization of electronic circuits in 
surface technology. 

The supra paramagnetic properties of SiCN doped with Fe opens also another potential avenue on realizing 
the basic material to fabricate spintronic electronics. This perspective is still distant but is feasible. Spintronics 
will become a common technology within the next 25 years or less, according to the amount of support in the 
fundamental and applied research in this discipline. 

Conventional electronic devices rely on the transport of electrical charge carriers – electrons – in a 
semiconductor such as silicon. Now, however, physicists are trying to exploit the ‘spin’ of the electron rather 
than its charge to create a remarkable new generation of ‘spintronic’ devices which will be smaller,  
more versatile and more robust than those currently making up silicon chips and circuit elements. The potential 
market is worth hundreds of billions of dollars a year. Beyond, SiCN could stand very harsh temperature 
environment conditions. 

6.4.3 Summary of Emerging Sensors 
At the present time commercial sensors with integral electronics that could operate at temperatures higher than 
115°C are scare or do not exist at all. Due to this limitation the majority of presently available sensors is 
performing the transducer task only. 

To meet the future sensor requirements, new fabrication and material technologies, advanced sensing 
principles, and their potential applications to new sensor technologies are needed. MEMS is a good candidate 
to address the need for high-temperature operation and for new types of sensors, including smart sensor 
capabilities. Silicon-on-Insulator (SOI) provides some advantages (with potential operational temperatures of 
300°C); the semiconductor SiC (up to 500°C) and the ceramic material SiCN (up to 1700°C) are explored for 
even higher temperatures. Several advanced sensing technologies are explored in combination with MEMS, 
including gas chromatography, spectroscopy and metal-oxide elements (electronic noses). Also wavelength 
Tunable Diode Laser technology is being explored for real-time measurements of important propulsion 
parameters, such as temperature, species concentration, pressure and velocity. 

One of the major challenges to sensing at high temperatures is the electrical connection or wiring. Electric 
wiring technologies have remained almost unchanged, although some improvements have been made over the 
years in connections, insulation and electro-magnetic shielding technologies. Another significant bottleneck in 
the advancement of high temperature sensing is the pull component from the industry. A high production 
quantity based industry could be more persuasive than a quality production. Revolutionary technologies are 
adopted most of the times, when solutions, although often limiting or non-sufficient, are in hand. 

The status of current R&D for new sensors (current TRL level) and future expectations (years to achieve TRL 6) 
will be summarized in a comprehensive table. Some examples on sensor requirements and the possible timetable 
for implementing advanced technologies for the various sensing variables are discussed in the following. 



SENSOR REQUIREMENTS AND ROADMAPS 

RTO-TR-AVT-128 6 - 39 

 

 

6.5 ROADMAPS 

The above discussed sensors represent one possible scenario that may be followed by the development of 
sensors for the propulsion systems of the years 2025 – 2030. Although the requirements that need to be 
achieved in few circumstances look mundane, the accomplishment of any single item in the table below may 
require significant commitment form the user perspective and also from the researcher/developer side. 

If one would consider all possible applications involving sensing, temperature sensing would come without any 
doubt in the first place. Temperature sensors that are capable to operate at high temperature are available and 
they have been developed for applications such as metal casting or such. Non-contact colorimetric measurements 
are also available but such optical based measurements require visual access to the hot area of interest. Besides, 
all such sensors might be incapable to perform within 5°C resolution at over 1500°C. Another aspect to consider 
is the measurement bandwidth, for example for temperature sensing for burner pattern factor detection and for 
turbine surface temperature monitoring. Thermal sensors to perform measurements within 0.1 second are 
challenging, and they are mostly associated with the miniaturization. This is one of the reasons, why the 
potential technology capable to yield such sensors is foreseen to be based on SiCN. Several research groups 
cover this research area. Dr. Rishi Raj and Dr. Victor Bright at the University of Colorado at Boulder are among 
the most active and advanced researchers. Other research facilities with SiCN research programs are listed in the 
following: 

1) Institute for Materials Research (IMA), University of Bayreuth, D-95440 Bayreuth, Germany (Prof. 
Günter Ziegler). 

2) Material Science Group at Cornell (Prof. Ulrich Wiesner). 

3) Department of Fine Chemical Engineering and Chemistry, Chungnam National University, Daejeon 
305-764, Korea (Prof. D.P. Kim). 

4) Departamento de Ciências Naturais, Universidade Federal de São João Del Rei – UFSJ, Campus 
Dom Bosco, 36301-160 São João Del Rei – MG, Brazil, (Prof. Renato Luiz Siqueira). 

5) Technische Universität Darmstadt, Fachbereich 11 – Material- und Geowissenschaften, Darmstadt 
(Dr. Emanuel Ionescu, Prof. Ralf Riedel). 

6) ConCAVE Research Centre, Concordia University, Montreal, Canada, (Prof. I. Stiharu). 

7) R&D Center for Special Inorganic Materials, Shanghai Institute of Ceramics, Chinese Academy of 
Sciences, Shanghai 200050, P. R. China (Prof. Xiaofeng Peng). 

8) Department of Chemistry, Graduate School of Science, Osaka City University (Prof. Matzumi 
Itazaki). 

9) CFC key lab of National University of Defense Technology, Changsha, 410073, Hunan, People’s 
Republic of China (Dr. Yi-He Li). 

10) Center for Solid State Science, Arizona State University, Tempe, Arizona 85287 (Prof. P.A. 
Crozier). 

The family of the pressure sensors identified has to cover a very large range of measurement, ranging form  
15 to 4000 kPa with resolutions as low as 0.25% and bandwidth ranging from quasi-static to 40kHz.  
The temperature that such sensors will face is according to the section of the engine in which they have to 
operate. The pressure sensors that have to operate in temperature environment exceeding 750°C are not 
existent. The pressure sensors capable to operate in environment with temperatures from 250°C to 750°C use 
piezoelectric principle of measurement and therefore cannot measure static pressure, however are mature 
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enough to be used in GTEs during flying missions. Sensors that operate in environment with temperatures 
below 250°C are largely available. The family of sensors that must operate in extremely harsh environment is 
foreseen achievable mainly through the development of sensors from highly refractory materials including 
SiC and SiCN. As SiC is a semi-conductor, the development involving planar fabrication of electronic circuits 
on such material is ongoing. Single components are already commercially available through CREE Corp. 
[6.59]. Smart sensors based on SiC technologies are foreseen to be largely available by 2015. As SiCN is a 
ceramic material, the electrical properties should be induced through material doping. A huge spectrum of 
properties could be created through the present SiCN technology. However, sensors and mainly pressure 
sensors are not foreseen as available earlier than 2020. Fundamental research in SiC is ongoing for more than 
a decade and a half, while the applications of SiCN have been under investigation over the past 5 years or so. 

Vibration is usually measured by accelerometers. The main type of accelerometers presently used is 
piezoelectric which could face significantly high temperatures (up to 750°C). However the integrated MEMS 
accelerometers include the electronics, therefore they can stand only a limited temperature range. Extension of 
the MEMS principles in conjunction with SiC and SiCN might significantly extend the capability of such 
systems to operate at high temperatures. Presently the condition monitoring of the turbine is carried out 
through a complex analysis from data collected by accelerometers located on the turbine external housing 
(Turbine Rear Frame). The timeline for SiC and SiCN technologies applied to micro-accelerometers follows 
the same frame presented above [6.60].  

Emission species and exhaust gas composition sensors are largely available for the test rig measurements.  
The measurements are based on gas species detection through the analysis of the energy produced by the 
reaction of the targeted species when the gas is energized by specific means. Spectrometry provides the most 
accurate detection of species while metal-oxide based gas sensors (electronic noses) just commenced to 
become known in the field. The accuracy of the detection for spectrometry is somewhere in the range of  
0.1-1 ppb, depending on the type of gas, while the metal-oxide sensing can reach less accurate levels 
equivalent to 0.5-1 ppb, also dependent on the type of gas [6.61]. Improvements in the performance of such 
sensors are expected to be achieved through the nanotechnologies. Nano-sized particles exhibit much higher 
surface properties than bulk base properties so they might be quite appropriate for the gas detection [6.62]. 

The high temperature operating sensors have the same challenges: the existence of an appropriate material that 
could be used for both sensor substrate and for the conductors [6.63]. 

Tip clearance and position/arrival time sensors have been demonstrated on capacitive and microwave principles. 
The sensors can operate in temperatures as high as 600°C [6.64], [6.65], while for higher temperature ranges up 
to 1700°C, the timeline of development for such sensors is given by the timeline of the development of SiCN 
based sensors in general. This is 2020 or later. 

Torque sensors are largely available, and the required ranges of measurement and resolution to evaluate the 
real time thrust of the engine are implemented in few classes of engines (helicopter turbine engines).  
The existent technology [6.66] needs to be integrated in specific designs, although improved smaller sized 
sensor development is still ongoing. The timeline for such type of sensors is 2010, since they have to operate 
under normal temperature conditions (below 150°C). 

There are three types of sensors with an apparent need in the future adaptive distributed control propulsion 
systems: fuel flow sensors for thrust estimation, gas flow in the gas path for the same purpose, and sensors for 
determination of the fuel properties. While the challenge is very much different for each of the three types of 
sensors, they have a common ground: there is no present work to cover this need at this time. Gas flow sensors 
are available, but they interfere with the continuity of the flow path. The fuel flow sensors are required to operate 
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close to the burner’s nozzles, so the high temperature operation requirements apply to it. General speaking, such 
sensors might be available to operate under normal temperature range and also for much larger resolution range. 
Sensors for the measurement of fuel properties are unknown, since it is virtually impossible to relate the 
chemical structure of the fuel with its caloric capacity. Such sensors are seen as micro-calorimeters that could 
sample from the used fuel to evaluate the calorimetric properties of the fuel. The challenges to accomplish such 
type of sensors are significant, and they are estimated not to be available before 2020. 

A comprehensive table including in a synthetic manner all the above requirements and the possible timetable 
is provided in Table 6.5. 

Table 6.5: General Requirements, Present TRL Level and  
Years to Achieve TRL6 for Future GTE Sensors 
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