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Abstract …….. 

The miniaturization of sensors represents a promising approach for gas turbine engine (GTE) 
health management. The main advantages of miniaturized systems include low mass and low 
power consumption. Micro-electro-mechanical-systems (MEMS) based sensor systems will play 
a significant role in the development of miniature, on-line, in-situ, low cost, GTE health 
monitoring platforms. Derived from semiconductor and integrated-circuit microfabrication 
processes, it is expected that MEMS based sensors will replace existing macro-sensors for GTE 
environments. In this regard, dynamic pressure measurements are a versatile approach for 
obtaining engine performance characteristics for GTEs, particularly as MEMS sensors provide 
high sensitivity with small size that enables in-situ monitoring of pressure flows. In this paper, a 
MEMS based dynamic pressure sensor is presented in which dynamic pressure flow of a GTE is 
measured acoustically in order to demonstrate the sensor’s capability to monitor engine fan speed, 
fan blade condition and engine surge. Preliminary in-laboratory tests conducted on DC axial fans 
demonstrate excellent results when employing this method to measure fan speed, fan blade 
condition and surge. The final aim of this work is to employ the proposed MEMS based sensor on 
an actual GTE on a test rig to measure the engine RPM and fan blade condition. 

Résumé …..... 

La miniaturisation des capteurs est une méthode prometteuse de gestion de l’état des moteurs à 
turbine à gaz (MTG). Les principaux avantages des systèmes miniaturisés sont la faible masse et 
la faible consommation d’énergie. Les systèmes de capteurs dotés de systèmes 
microélectromécaniques (MEMS) joueront un rôle important dans le développement de plates-
formes de surveillance de l’état des MTG miniaturisées, en ligne, sur place et à faible coût. Issus 
des procédés de microfabrication des semi-conducteurs et des circuits intégrés, on s’attend à ce 
que les capteurs à MEMS remplaceront les macrocapteurs actuels dans les environnements de 
MTG. À cet égard, les mesures de pression dynamique sont un moyen polyvalent visant à évaluer 
les caractéristiques de rendement des MTG, surtout en raison du fait que les capteurs MEMS 
assurent une haute sensibilité dans un dispositif de petites dimensions qui permet de surveiller sur 
place les pressions d’écoulement. Dans le document cité en sommaire, on présente un capteur de 
pression dynamique à MEMS où la pression d’écoulement de dynamique dans un MTG est 
mesurée par un dispositif acoustique afin de démontrer l’aptitude du capteur à mesurer la vitesse 
de rotation de la soufflante moteur, l’état des aubes de soufflante et le pompage du moteur. Des 
essais préliminaires en laboratoire effectués sur des soufflantes axiales c.c. ont donné d’excellents 
résultats lorsqu’on employait cette méthode pour mesurer la vitesse de rotation de la soufflante, 
l’état des aubes de soufflantes et le pompage. L’objectif final de ces travaux était d’utiliser les 
capteurs à MEMS proposés sur un MTG réel fixé à un banc d’essai pour mesurer le régime du 
moteur et déterminer  l’état des aubes de soufflante. 

 

 



 
 

ii DRDC Atlantic TM 2009-142 
 
 
 
 

This page intentionally left blank. 



 
 

DRDC Atlantic TM 2009-142 iii  
 
 

 
 

Executive summary  

MEMS based Dynamic Pressure Sensor for Gas Turbine Engine 
Health Management   

Rinaldi, G.; DRDC Atlantic TM 2009-142; Defence R&D  Canada – Atlantic; 
October 2009. 

Introduction or background:  The miniaturization of macro-scale sensors will allow for on-line 
and in-situ real-time monitoring of gas turbine propulsion systems currently not possible with 
large off-line type sensors. The main advantages of a miniaturized sensor system include low 
mass and low-power requirements. Micro-electro-mechanical-systems (MEMS) based sensors 
and actuators are the focus of much on-going research in various domains and represent a 
promising approach for gas turbine engine (GTE) health management. In this work, the 
development and testing of a MEMS based dynamic pressure sensor for GTE health monitoring is 
presented.  In this regard, the dynamic pressure generated by the rotating fan and/or compressors 
of the GTE is monitored with the sensor. Variations in the pressure signal are used as indicators 
of the structural health, functionality and integrity of the structure (fan or compressor blade(s)). 
Dynamic pressure measurements are a versatile approach for obtaining engine performance 
characteristics for GTEs, particularly as MEMS pressure sensors provide high sensitivity and fast 
response times. In this respect, the dynamic pressure generated is measured acoustically in order 
to demonstrate the sensor’s capability and practicality to track fan speed, fan blade condition and 
fan surge. Preliminary bench-top tests conducted on DC axial fans demonstrated excellent results 
when employing this method to measure these parameters. The sensor was then employed on a J-
85 engine for compressor stage RPM measurements. 

Results: The results presented demonstrate the functionality and suitability of micro-scale on-line 
technology such as MEMS for GTE applications.  The high sensitivity associated with acoustic 
dynamic pressure measurements allowed for the extraction of pressure signals from the first 4 
compressor stages of the J-85 engine under different operating conditions.  The variations in 
dynamic pressure were monitored in the frequency domain, from which a frequency response 
profile was obtained for each stage (stage-frequency) at a given engine RPM. The harsh 
environment (noise, vibration) did not deteriorate the sensor’s signal-to-noise ratio. Also, due to 
the in-situ placement of the sensor, the dynamic pressure sensor offers the additional capability of 
monitoring fan/compressor blade condition and GTE surge.   

Significance: The use of dynamic pressure signals as a diagnostic tool for GTE health 
management allows for miniaturized in-situ, on-line sensors capable of monitoring engine 
performance in real-time. Multiple acoustic pressure signals can be tracked in this way.  

Future plans: To continue the development of MEMS based sensor technology for applications 
in aerospace research, particularly for corrosion sensing and monitoring of military aircraft and 
structures. In this regard, test matrices for future experiments for GTE blade condition monitoring 
and surge detection using the MEMS dynamic pressure sensor are topics of on going discussions. 
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Sommaire ..... 

MEMS based Dynamic Pressure Sensor for Gas Turbine Engine 
Health Management   

Rinaldi, G.; DRDC Atlantic TM 2009-142; R & D pour la défense Canada – 
Atlantique; Octobre 2009. 

Introduction ou contexte: La miniaturisation des macrocapteurs doit permettre la surveillance en 
temps réel, en ligne et sur place, des systèmes de propulsion à turbines à gaz, ce qui, 
actuellement, est impossible au moyen des capteurs plus encombrants qui fonctionnent hors ligne. 
Les principaux avantages d’un système à capteur miniaturisé sont la faible masse et la faible 
consommation d’énergie. Les capteurs et actionneurs à systèmes microélectromécaniques 
(MEMS) font actuellement l’objet de beaucoup de recherche dans divers domaines et constituent 
une méthode prometteuse de gestion de l’état des moteurs à turbine à gaz (MTG). Dans l’ouvrage 
cité en rubrique, on présente le développement et la mise à l’essai de capteurs de pression 
dynamique à MEMS pour la surveillance de l’état des MTG. À cet égard, la pression dynamique 
produite par la soufflante et/ou les compresseurs en rotation des MTG est surveillée à l’aide du 
capteur. On utilise ensuite les variations du signal de pression comme indice de l’état, du 
fonctionnement et de l’intégrité des structures (aubes de soufflante ou de compresseur). La 
mesure de la pression dynamique est une méthode souple qui permet d’évaluer les 
caractéristiques de rendement des MTG, surtout parce que les capteurs de pression à MEMS 
assurent une haute sensibilité et de courts délais de réaction. À ce titre, la pression dynamique 
produite est mesurée par un dispositif acoustique afin de démontrer l’aptitude et l’utilité du 
capteur à surveiller la vitesse de rotation, l’état des aubes et le pompage de la soufflante. Des 
essais préliminaires effectués sur soufflante axiale c.c. fixée à un banc d’essai ont démontré 
d’excellents résultats lorsqu’on employait cette méthode pour mesurer les paramètres concernés. 
Le capteur a ensuite été utilisé sur un moteur J-85 afin de mesurer la vitesse de rotation des étages 
du compresseur. 

Résultats: Les résultats présentés démontrent le fonctionnement et l’utilité des technologies en 
ligne à microéchelle comme l’utilisation des MEMS pour les applications sur MTG. La haute 
sensibilité inhérente aux mesures acoustiques de pression dynamique ont permis d’extraire des 
signaux de pression des quatre premiers étages de compresseur du moteur J-85 dans différentes 
conditions d’utilisation. Les variations de pression dynamique ont été surveillées dans le domaine 
fréquence, dont on a obtenu un profil de réponse de fréquence pour chaque étage (étage-
fréquence) à un régime moteur donné. L’environnement rigoureux (bruit, vibration) n’a pas 
détérioré le rapport signal-bruit du capteur. De plus, grâce au montage local du capteur de 
pression dynamique, celui-ci offre l’aptitude supplémentaire à surveiller l’état des aubes de 
soufflante/compresseur et le pompage des MTG. 

Importance: L’utilisation de signaux de pression dynamique comme outil diagnostique pour la 
gestion de l’état des MTG permet l’emploi de capteurs miniaturisés sur place et en ligne capables 
de surveiller le rendement du moteur en temps réel. On peut ainsi suivre de nombreux signaux de 
pression acoustique. 
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Perspectives: Poursuivre le développement de la technologie des capteurs à MEMS pour 
utilisation en recherche aérospatiale, en particulier la détection et le contrôle de la corrosion des 
aéronefs et structures militaires. À cet égard, les matrices d’essai nécessaires aux prochaines 
expériences visant la surveillance de l’état des aubes et la détection du pompage des MTG à 
l’aide des capteurs de pression dynamiques à MEMS font l’objet de discussions continues. 
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1 Introduction 

1.1 Background 

Gas turbine engine (GTE) propulsion systems are used in many areas of human activity, and they 
have an excellent record in both reliability and safety. The International Civil Aviation 
Organization (ICAO) reported (2007) that there were 11 aviation accidents globally, involving 
aircraft carrying seven or more passengers, resulting in 587 passenger fatalities [1]. By 
comparison, the National Highway Traffic Safety Administration (NHTSA) reported (2006) 
42,642 motor vehicle-accident related fatalities and an astounding 2,575,000 personal injuries for 
in the United States alone [2]. Every day, thousands of flights take-off and land, and the 
overwhelming majority, if not all, do it safely and reliably. These two important conditions are in 
part a function of GTE diagnostics and maintenance.  In this regard, a reliable condition 
monitoring system is especially important for aircraft GTEs, because a fault in the GTE can lead 
to disastrous results.  However, real-time condition monitoring of such complex nonlinear 
dynamic systems is a very complicated problem [3]. During normal operation, the GTEs 
experience significant changes in pressure, temperature, Mach number, and power output.  These 
intrinsic variations will alter the GTE dynamics in a nonlinear manner.  Hence, careful attention 
must be paid during GTE operation to ensure that the mechanical, aerodynamic, thermal, and 
flow limitations of the GTEs are maintained [4].   

As costs associated with aircraft operation continue to rise, it becomes increasingly important to 
optimize the operational performance characteristics of the aircraft.  Sensor technology plays an 
important role in the optimization of performance and safety requirements. The main 
requirements for such sensor technology, in military and aerospace applications, include high 
reliability, ability to withstand harsh operating environments, reduced mass, low power 
consumption, low cost and compliance with regulations for electronic equipment operation in an 
aircraft environment.  In this regard, on-going advancements in the miniaturization of electro-
mechanical components have allowed the aerospace industry to implement in-situ sensors and 
sensor arrays throughout aircraft [5].  Also, new high temperature-resistant sensor materials such 
as silicon-on-insulator (SOI) [6,7] silicon-carbide (SiC) [8] and silicon-carbide-nitride (SiCN) [9], 
and piezoelectric thin, polyvinylidene-fluoride (PVDF), and thick, lead-zirconate-titanate (PZT) 
film technologies [10], will eventually allow for the extraction of engine performance [11] from 
currently inaccessible areas such as combustor flows [12].  Aircraft operating at optimized 
efficiencies will have more cost effective operational and maintenance regimes in addition to 
leaving a smaller environmental footprint due to a reduction of combustion by-products [13].   

1.2 Motivation 

Engine manufacturers are studying the potential of on-line active-control mechanisms for the next 
generation of gas turbine based propulsion systems. It is the aim of integrated active-control 
systems to increase the reliability, efficiency, fuel economy and safety of GTE.  In this regard, 
on-line active-control capability will require advanced sensor/actuator technologies for in-situ 
real-time GTE diagnostics and management.  Presented in Figure 1 is an overview of the possible 
active-control applications for intelligent GTEs [14]. 
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Figure 1: Applications for active-control sensors in intelligent GTE [14]. 

 

In-situ dynamic pressure measurements have a very good potential to provide GTE diagnostics, 
maintenance management, and optimized performance, based on pressure variation 
measurements. The versatility of pressure-based measurements will provide a foundation for 
active-control methodologies through the evaluation and interpretation of changes to the dynamic 
pressure flow within the GTE environment. This work describes the development of a micro-
electro-mechanical-systems (MEMS) based dynamic pressure sensor and demonstrates its 
capability to monitor engine fan speed, fan blade condition and engine surge in military and 
civilian GTE applications.  

 

2 Micro-Electro-Mechanical-Systems 

2.1 Historical background 

In the evolution of human technological advancement, there has been no material more versatile 
and effectively exploited than silicon.  Its versatility is due to a combination of three important 
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factors, (i) it has good mechanical properties as its modulus of elasticity is comparable to that of 
steel, (ii) it can be shaped to a high degree of precision, and (iii) it can be sensitized to a variety of 
physical properties. These intrinsic mechanical properties can also be integrated with electronic 
components, and can be used to fabricate miniaturized electro-mechanical sensors and actuators 
[15-17]. From an engineering point of view there are several advantages to having smaller 
components.  Micro-scale systems have fast response times due to small mass and inertia and 
have high natural frequencies making them relatively impervious to external vibrations as might 
be expected in harsh environments. MEMS are having an impact on many different areas 
including basic science, aerospace, environmental condition monitoring, consumer goods, and 
medicine.   MEMS are a significant step forward toward the ultimate miniaturization of current 
macro-scale machines and devices.   

MEMS technology is an enabling technology based on the long established integrated-circuit 
methods that yields micro-scale machines and devices. MEMS engineers have been able to 
produce functional micro-scale sensors and actuators incorporating combinations of mechanical, 
thermal, magnetic, electrostatic, piezoelectric and other domain elements with associated 
electronics for signal conditioning and processing.  MEMS and other micro and nano scale 
technologies are currently the focus of much needed sensor development for high value civilian 
and military components and platforms [18]. The small size of MEMS sensors allows for sensing 
redundancy thereby increasing system reliability. The attractive additional characteristics of 
MEMS are that they offer wireless and intelligent sensing capabilities for increased autonomy 
and versatility [19]. 

2.2 MEMS acoustic dynamic pressure sensor 

The objective of this work is to build and test a MEMS based dynamic pressure sensor for 
possible integration as a replacement for off-line heavy and bulky pressure sensors, magnetic 
captors or torque sensors, that are currently used in GTE fan speed applications. Shown in 
Figures 2-3 is an example of an off-line sensor (pressure/temperature) on a Pratt & Whitney 
PW535B engine [20].  

Figure 2: Offline sensor technology [20]. 
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Figure 3: Offline sensor technology on PW535B engine [20]. 

 

Due to their low-pressure sensitivity, MEMS silicon microphones are proposed as the main 
components of the sensor for monitoring the dynamic pressure variations generated by the GTE 
fan and compressor stages.   Shown in Figure 4 are the principle components of the proposed 
GTE pressure sensor.  The sensor consists of two Knowles Acoustics SiSonic microphones [21] 
(Figure 4a) bonded onto a miniaturized circuit board (Figure 4b). Two microphones were used for 
redundancy in the measurements. This is an added advantage in using small scale components as 
they allow for redundancy even within a small surface area and provide added system reliability. 
The circuit board assembly is then potted within a stainless steel package (Figure 4c). The 
surrounding high strength epoxy ensures that the microphones are securely fastened within the 
stainless steel package and it also provides protection against the high mechanical vibrations 
encountered in GTE applications.   

 
 
 

 

Figure 4: (a) MEMS microphones. (b) Sensor layout. (c) Final assembly with two sensors. 

 

Presented in Figure 5 [21] is an image of the main component of the MEMS microphone.  The 
active area of the silicon diaphragm has a diameter of 500 mm and a thickness of 1 mm. 
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Figure 5: MEMS SiSonic microphone diaphragm [21]. 

 

The assembled sensor (Figure 4c) was evaluated by carrying out bench-top experiments.  The 
bench top experimental setup and results are presented in Section 4.  In the following section, a 
brief overview of dynamic pressure measurements employing the fast Fourier transform (FFT) 
method is presented. 

 

3 Dynamic Pressure Measurements 

3.1 Methodology 

Dynamic pressure, by definition, consists of a variation in pressure over a given time interval.  
This is especially true for rotating machinery such as fans, where the dynamic pressure flow is 
generated by the rotation of the fan blades.  In this regard, for the work presented herein, the time 
dependence of the pressure flow is taken from the point of view of the individual GTE fan blades 
passing beneath a reference point (sensor location) as shown in Figure 6.  A typical pressure 
variation (in the time-domain) due to the rotation of the fan is shown in Figure 7.  In this figure, 
the increase in pressure is associated with the leading edge of individual fan blades cyclic passing 
beneath the sensor.  Similarly, the decrease in pressure is the result of the trailing edge of the fan 
blade passing beneath the sensor.  The maxima and minima represent the transitions from one 
blade to the next.   
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Figure 6: Schematic front-view of the location of the MEMS dynamic pressure sensor with 
respect to the fan blades of a GTE. 

 

Figure 7: Time varying dynamic pressure signal of a rotating fan as shown in Figure 6. 

3.2 Fast Fourier transform analysis 

For the proposed research presented herein, the time domain analysis is limited in its capability to 
provide quantitative dynamic pressure data for GTE applications.  A more elegant approach, for 
this particular application, involves the transformation of the time-domain data into the 
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frequency-domain through the fast Fourier transform (FFT) algorithm.  In this respect, multiple 
time variant signals can be readily quantified, particularly superimposed low and high frequency 
dynamic signals (as might be encountered in GTE environments).  Several sample time-domain 
and their corresponding FFT analysis are presented in Figures 8-10. 

    

 

Figure 8: Multiple time-domain signals of varying amplitude (left) and their corresponding FFT 
(right). 

 

Figure 9: Multiple time-domain signals of similar duration and amplitude (left) and their 
corresponding FFT (right). 

 

Therefore, with the FFT analysis it is possible to obtain information about the dynamic 
environment in the frequency-domain which is relatively simpler to analyze than the time 
domain.  In this regard, multiple dynamic pressure signals can be readily divided into individual 
frequency responses that can be tracked and used for GTE health monitoring applications.  
Shown in Figure 11 is a cutaway of a Pratt & Whitney PW2000 engine [22] illustrating an 
application of the proposed method to monitor engine RPM.  
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Figure 10: Two superimposed signals of low and high frequency, respectively (left), and their 
corresponding FFT (right). 

 

 

 

Figure 11: Cutaway of PW2000 engine [22] showing the proposed placement of the MEMS based 
dynamic pressure sensor for engine RPM measurements. 

 
 

4 Bench Top Experiments 

4.1 Proof of concept 

In this section experimental proof of concept testing for dynamic pressure measurements is 
presented.  In this regard, a DC axial fan (3456 maximum RPM) was used to create the dynamic 
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pressure environment and also to simulate the fan stage of a GTE.  The sensor placement on the 
fan is shown in Figure 12a. The fan blades generated pressure variations similar to those shown in 
Figure 7 (measured using the MEMS acoustic dynamic pressure sensor shown in Figure 4c). The 
white lines seen on the fan blades were used for calibrating the stroboscopic measurements of the 
fan speed in order to validate the RPM obtained from the MEMS dynamic pressure sensor output. 
In all experiments performed, the pressure measurements were taken directly over the fan blades 
through an opening cut in the fan casing as illustrated in Figure 12b.  The RPM of the fan was 
computed for each frequency measurement obtained (RPM = frequency x 60/number of blades).  
A carpet-plot was generated showing RPM, frequency and signal amplitude of the sensor output 
and is shown in Figure 12c.  The calculated RPM based on this approach were in complete 
agreement with the stroboscope measurements as shown in Table 1. 

 

 

Figure 12: (a) 5-bladed fan. (b) A side-view of the placement of the MEMS sensor.                                              
(c) Carpet plot showing fan RPM as a function of the measured frequency.  

 

Table 1: A comparison of fan RPM measured with the MEMS sensor and stroboscope. 
 

Frequency (Hz) RPM MEMS RPM Strobe 

100 1200 1200 
125 1500 1500 

150 1800 1800 

200 2400 2400 

250 3000 3000 

288 3456 3456 

 

The results obtained in the preliminary proof of concept experiments were very encouraging and 
demonstrated the possibility of using dynamic pressure signals to extract useful information on 



 
 

10 DRDC Atlantic TM 2009-142  
 
 
 

the condition of the system (fan or GTE).  In this regard, further bench-top tests were carried out 
in which the condition of the fan or the operating condition was altered and the concept of 
dynamic pressure signal measurement was used to sense these changes.  These experiments are 
discussed below.                                                                                                                                        

4.2 Fan blade condition monitoring 

Aircraft engines can experience engine blade damage due to the ingestion of objects such as 
birds, ice, and debris either in-flight or while on the runway.  To monitor the fan blade condition, 
as shown in Figure 13,  the frequency response of the proposed MEMS dynamic pressure sensor 
is analyzed for the 5 bladed DC axial fan in both undamaged (Figure 13a) and damaged blade 
(Figure 13b) states.  For the damaged state one of the fan blades was completely removed. In this 
regard, Figure 14 presents a comparison of the time-domain responses obtained for the 
undamaged (Figure14a) and damaged fan (Figure 14b), respectively. The influence of the broken 
blade on the MEMS dynamic pressure sensor response can be clearly identified in these plots.  
The FFT analyses of the time-domain responses are presented in Figure 15. In both of these tests 
the fan was operated at 2772 RPM corresponding to a blade passing fundamental frequency of 
231 Hz.  The undamaged fan-blade condition resulted in harmonics at 462 Hz and 693 Hz (Figure 
15a); whereas the fan with a damaged-blade generated fundamental frequencies of 231 Hz for the 
fan and 46.2 Hz for the missing blade along with their corresponding harmonics (Figure15b).  

 

 

Figure 13: (a) Undamaged 5-bladed fan. (b) Fan with one blade removed. 
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Figure 14: (a) Time-domain response for the undamaged fan. (b) Time-domain response for the 
fan with one blade removed. 

Figure 15: Fundamental and harmonic frequency responses. (a) FFT of the time-domain 
response in Figure 14a. (b) FFT of the time-domain response in Figure 14b. 

The sensitivity of the MEMS microphone for simultaneous dynamic pressure measurements is 
clearly seen in Figure 15b.  Hence, with a single sensor two separate, but related, fan conditions 
can be tracked and evaluated.  A third potential application for dynamic pressure analysis, engine 
surge detection, is presented below.   

4.3 Engine surge detection 

The MEMS based dynamic pressure sensor may also be employed to detect GTE surge. During 
take-off and landing, variations or fluctuations in the pressure flow can arise within the GTE.  
This phenomenon results in blade-stall that can spread to adjacent blades and back through the 
stages of the compressor (reverse-pressure flow) [23]. These compounded effects lead to engine 
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surge in fractions of a second for high speed turbines, which may in turn result in the destruction 
of the engine.   

In this bench-top experiment, the MEMS dynamic pressure sensor is employed to detect surge in 
a small 9 bladed DC fan having a maximum rotational speed of 10000 RPM.  In this regard, the 
air exiting the fan was partially blocked off (air flow blocker in Figure 16a) resulting in an 
impeded air flow back through the fan (back-pressure).  Part of the impeded air is sent back 
through the fan resulting in the surge condition which can be seen through the increase in the fan 
RPM.  A schematic of the experimental setup and a sample test result obtained are presented in 
Figure 16.   

 

 

Figure 16: (a) A schematic of the fan showing the orientation of the air flow and the method used 
to simulate surge in GTE. (b) A comparison of the FFT responses obtained for normal and surge 

conditions. 

For the example shown in Figure 16 an overall increase of 211 RPM was detected.  However, the 
detection of the on-set of surge, or the condition leading up to it, will require the sensor to be 
carefully calibrated in terms of acquiring quantitative amplitude-based pressure measurements.  
This bench-top experiment demonstrates the possibility of employing dynamic pressure analysis 
as a means to detect surge in GTEs.  

In the following section, dynamic pressure measurement is proposed for the monitoring of blade-
tip-clearance in GTEs. 

4.4 Blade-tip-clearance 

Another potential and interesting application for dynamic pressure measurements is for blade-tip-
clearance (BTC).  Blade-tip-clearance varies over the operating points (fan, compressor stages, 
turbine stages) of the GTE. The principle mechanism behind these variations comes from the 
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displacement or distortion of engine components due to loads applied to the GTE [24].  In this 
regard, the effect of applied loads on BTC can be divided into 2 generalized categories: engine-
loads and flight-loads. Shown in Figure 17 are schematic cross-sections of BTC conditions for 
various engine loads. During takeoff, thrust loads create a downward pitch moment causing 
clearances to open towards the top of the engine, while closing at the bottom (Figure 17b-c).  The 
opposite is true during reverse thrust [24].  Also, non-uniform heating can cause ovalization of 
the case [24] as illustrated in Figure 18.  Blade-to-case rubs can degrade the operation of an 
engine through the induction of high amplitude shaft vibration and severe blade/seal wear, and 
may lead to catastrophic failure of the engine in the worst occurrence [25].   

 

Figure 17: (a) Unloaded engine. (b) Engine load. (c) Flight load. 

 

 

Figure 18: Ovalization of engine case due to non-uniform heating. 

The experimental results obtained demonstrate the effectiveness and versatility of carrying out 
dynamic pressure measurements.  In this regard, it was possible to obtain fan RPM, blade 
condition, and surge monitoring capability by a single MEMS acoustic dynamic pressure sensor 
placed over the fan blades.  Further bench top experiments are planned in the near future for 
detecting BTC.  In this respect, the MEMS dynamic pressure sensor shows very good potential 
for GTE performance monitoring based on pressure variations.   

Presented in the next section are the experimental results obtained for GTE RPM measured on 
actual aircraft engine. In these preliminary tests only the RPM will be measured using the MEMS 
sensor and it is the aim to carry out blade condition and surge detection tests on a GTE using this 
sensor in the near future. 

 



 
 

14 DRDC Atlantic TM 2009-142  
 
 
 

5 Gas Turbine Engine Tests 

5.1 General electric J-85 engine 

The GTE tests were carried out at the Gas Turbine Laboratory (GTL) at the Institute of Aerospace 
Research (IAR) of the National Research Council of Canada (NRC).  The GTE used was a CF-
700 model that was modified to J-85 configuration.  The CF-700 engine is basically the civilian 
version of the J-85 engine.  The General Electric J-85 is a single-shaft turbojet engine for 
primarily military applications with 8 compressor and 2 turbine stages. It was first employed in 
the early 1960s. The military versions of the engine produce up 13000 N of thrust, while engines 
equipped with an afterburner can reach up to 22000 N. It is one of the most successful military jet 
engines. Civilian models, known as the CJ-610, are similar but supplied without an afterburner, 
and the CF-700 version adds a rear-mounted fan for improved fuel economy.  The J-85 and CF-
700 engine configurations are presented and compared in Figure 19. 

 

Figure 19: Comparison of the J-85 and CF-700 engines. 

The J-85 engine is used in the Canadian Air Force’s Canadair CT-114 Tutor and Snowbirds 
aircraft. A CT-114 aircraft is shown in Figure 20a [26] and a cutaway of the J-85 engine is shown 
in Figure 20b where the compressor and turbine stages are visible [27]. 

 

 

Figure 20: (a) Canadian CT-114 aircraft [26]. (b) Cutaway of the J-85 engine [27]. 
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5.2 Experimental setup 

The experiments were carried out at the GTL engine test-rig facility as shown in Figure 21a. The 
MEMS sensor was placed on a spacer (between the engine and bell) approximately 15 cm in front 
of the inlet-guide-vanes as shown in Figure 21b. A frontal view of the engine is seen in Figure 
21c.  The data acquisition was carried out through a standard digital oscilloscope in FFT mode 
(50 ks sampling rate, 25 kHz bandwidth, 9 Hz resolution).  The sensor was wired with a ~25 m 
long, shielded 28 gauge 10 conductor cable.  The length of the cable did not have any negative 
impact on the data acquisition.  The engine was tested at three operating conditions: engine idle, 
engine at 65% of maximum and engine at 80% of maximum power. 

 

 
 

Figure 21: (a) GTE test rig. (b) MEMS based sensor. (c) Front-view of the GTE.  Inlet-guide-
vanes are visible. 

5.3 Results and discussion 

The J-85 engine has 8 compressor stages on a single shaft.  Given in Table 2 is the number of 
blades for the stages, and the theoretical nominal RPM and stage-frequency at engine idle and 
80% of maximum power.  In this regard, the stage-frequency is defined as the frequency detected 
by the sensor for that particular stage at a give engine operating condition (Equation (1)). It is a 
function of both engine RPM and the number of blades for that particular stage.  In these tests 
presented here, the RPM of the engine is calculated from the frequency obtained through the 
dynamic pressure measurements.   

 

60
blades ofnumber 

 x RPMfrequencyStage =-  (1)

blades ofnumber 
60x frequency -Stage

RPM =  (2)
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Table 2: An overview of the compressor stages, including the number of blades for each stage 
and the theoretical stage-frequency at engine idle and engine at 80% of maximum conditions. 

 

Compressor 
stage 

Number 
of blades 

Nominal 
RPM @ idle 

Nominal frequency 
(Hz) @ idle 

Nominal RPM 
@ 80% 

Nominal frequency 
(Hz) @ 80% 

1st 31 8000 4133 13400 6923 
2nd 60 8000 8000 13400 13400 

3rd 87 8000 11600 13400 19430 

4th  106 8000 14133 13400 23673 

5th  131 8000 17467 13400 29257 

6th  132 8000 17600 13400 29480 

7th  140 8000 18667 13400 31267 

8th  120 8000 16000 13400 26800 

The theoretical results given in Table 2 are presented graphically in Figure 22.  A comparison of 
the inter-stage slopes for engine idle and engine at 80% of maximum is shown in Figure 23.  For 
generating this figure the following relationship was employed, 

n1n

n1n
n stage-stage

frequency-stagefrequency-stage
  slope stage-Inter

+

+ -
= , n = 1…7 (3)

Figure 22: A Comparison of the variation in frequency for each compressor stage for engine at 
idle, and engine at 80% of maximum power. 
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Figure 23: Comparing the inter-stage slopes for engine idle and engine at 80% of maximum 
operating conditions. 

Figure 23 shows that the engine response is the same for both extremes of the operating 
conditions investigated herein, as expected. Shown in Figure 24 is the frequency response 
spectrum obtained for the engine operating at 65% of maximum power. The first 4 stage 
frequencies are detectable.  Higher harmonics (1-3) of the 1st compressor stage are also visible. 

Figure 24: Frequency response obtained for engine at idle condition. 
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Given in Figures 25-26 are the frequency responses obtained for engine operating conditions of 
65% and 80% of maximum power, respectively. 

 

Figure 25: Frequency response spectrum for engine operating at 65% of maximum power. 

 

Figure 26: Frequency response spectrum for engine operating at 80% of maximum power. 

The results shown in Figures 24-26 demonstrate the sensitivity of the sensor in detecting the 
compressor stage-frequencies and harmonics.  The signal-to-noise ratio of the sensor is also 
excellent. A comparison of the results obtained for the 1st stage compressor frequencies at idle, 
65% and 80% engine operating conditions is shown in Figure 27.  In this figure, the amplitude of 
the frequency response obtained for engine at 65% of maximum power is significantly greater 
than for engine idle and 85% of maximum power conditions.  This is probably due to a natural 
resonance of the system (bell, spacer, other factor, etc) occurring near to this frequency for that 
particular engine RPM.  
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Figure 27: A comparison of the 1st compressor stage frequency response for engine idle,                                          
65% and 80%, respectively, of maximum operating conditions. 

A comparison of the theoretical and experimental results obtained for the 1st, 2nd, 3rd and 4th stages 
is shown in Figure 28.  In this figure the frequency dependence of each stage as a function of 
engine RPM is clearly seen. The theoretical frequency values were obtained from Equation (1). 
All the experimental results presented here were obtained after the engine was allowed to dwell 
(stabilize) for 2 minutes at a given operating condition. This was done to compensate for any drift 
or fluctuation effects that may have occurred during the operation of the engine at a given RPM. 
The results shown in Figure 28 are tabulated in Table 3. 

Figure 28: Comparing the theoretical and experimental results obtained for the first 4 
compressor stages. 
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Table 3: The experimental stage-frequencies obtained and the calculated RPM for the first 4 
compressor stages at engine idle, 65% and 80% of maximum operating conditions, respectively.   

 

Stage Freq. (Hz) / (RPM)    
@ idle 

Freq. (Hz) / (RPM)     
@ 65% 

Freq. (Hz) / (RPM)   
@ 80% 

1 4110 / (7955) 5581 / (10802) 6925 / (13403) 
2 7943 / (7943) 10794 / (10794) 13406 / (13406) 

3 11518 / (7943) 15656 / (10797) --- 

4 14037 / (7945) --- --- 

The 3rd and 4th compressor stage-frequencies for engine operating conditions of 65% and 80% of 
maximum power were not obtained due to the bandwidth selected on the data acquisition system 
(oscilloscope), and also due to the harmonics of the lower stages being greater in amplitude than 
the frequency responses of the 3rd and 4th stages at higher engine RPM.  The engine RPM values 
are in good agreement for each compressor stage-frequency (< 1%). Shown in Figure 29 is a 
comparison of the frequency responses obtained for the MEMS acoustic dynamic pressure sensor 
and a conventional off-line sensor.  The results are in very good agreement, however the MEMS 
sensor offers the advantage of on-line in-situ sensing capability that the conventional sensor does 
not.    

Figure 29: Left: Frequency response obtained with the MEMS acoustic dynamic pressure sensor. 
Right: Frequency response obtained with the conventional off-line sensor. 
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The results presented show the suitability of using micro-scale technology such as MEMS for 
GTE applications.  The high sensitivity associated with acoustic dynamic pressure measurements 
allowed for the extraction of pressure signals from the first 4 compressor stages of the J-85 engine 
under different operating conditions.  The variations in dynamic pressure were monitored in the 
frequency domain, from which a frequency response profile was obtained for each stage (stage-
frequency) at a given engine RPM. The harsh environment (noise, vibration) did not deteriorate 
the sensor’s signal-to-noise ratio. Also, due to the in-situ placement of the sensor, the dynamic 
pressure sensor offers the additional capability of monitoring fan/compressor blade condition and 
GTE surge.  In this regard, further tests are planned in the near future for blade condition 
monitoring and surge detection in GTE applications.   

MEMS technology offers the possibility, in the near future, of sensor integration within currently 
inaccessible areas of the engine. Some potential applications for micro-scale sensor structures 
include high-pressure compressors (HPC), turbine vanes, combustion and exhaust processes [20]. 
These extremely harsh environment applications require new sensor materials and data 
acquisition methodologies that are now the focus of much research activity. 

 

Figure 30: Other areas of interest for MEMS sensors [20]. 

 

6 Conclusions 

The performance and sensitivity of a MEMS based acoustic dynamic pressure sensor for GTE 
fan/compressor has been demonstrated.  MEMS technology offers small size with high sensitivity 
and reliability at a reduced cost.  Their suitability for on-line in-situ, real-time measurements of 
dynamic pressure systems such as in GTE makes them a desirable condition and health 
monitoring tool. Bench-top and engine test results were presented and in which it was seen that 
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the MEMS acoustic dynamic pressure sensor was well suited for in-situ detection and monitoring 
of dynamic pressure flows. In this regard, dynamic pressure measurements are a promising new 
approach to obtain engine performance characteristics for gas turbines, where RPM, blade 
condition, engine surge and blade-tip-clearance are some possible areas of application. 
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