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ABSTRACT

The push to advance the performance and longevity of
gas turbine engines requires better characterization of flow
instabilities within the compressor and most importantly the
combustor. Detecting the ecarliest onset of these flow
instabilities can help engineers either manipulate the flow to re-
stabilize it or make informed design changes to the engine. The
pressures within gas turbine engines are typically composed of
an undesired, low-level oscillatory pressure of less than 1kPa to
several kPa superimposed on top of a large, relatively constant
pressure of several thousand kPa [1-7]. The high-pressure
transducers used to measure the pressures within these
environments are often unable to resolve these low-level
oscillatory pressures that characterize the flow instabilities
because the signal output for such pressures is often the same
level as the noise within the sensor-data acquisition system.
This paper presents an engine test ready, high temperature,
combined static and dynamic pressure transducer that uses
static pressure compensation in order to measure these low-
level dynamic pressures with an excellent signal to noise ratio
and, at the same time, captures the overall static pressure within
a gas turbine [8-10].

Test bench experiments demonstrate the static-
dynamic transducer’s unique ability to capture both large static
or quasi-static pressures of 1,380kPa or greater and
simultaneously measure the acoustic-level dynamic pressures
superimposed on top of these pressures. The static-dynamic
transducer achieves this advanced sensitivity through the use of
a low-pass acoustic filter that passes the large static pressure to
the reference port of a high sensitivity dynamic pressure sensor
within the transducer such that the overall static pressures

cancel out and the sensor measures all acoustic-level dynamic
pressures. These bench tests additionally demonstrate the
transducer’s ability to operate reliably when exposed to the
harsh, high temperature environment (up to 500°C) within a gas
turbine [8-10].

INTRODUCTION

Gas turbines are a low capital cost, efficient solution to
meet power generation and propulsion needs. They can be
implemented in combined-cycle power plants, which achieve
efficiencies of ~60 percent [4]. Such high efficiencies lead to
lower emissions of CO, and NO,. With the push to further
advance efficiencies and reduce emissions, gas turbines operate
below the stoichiometric air/fuel ratio. In addition, gas turbines
are being operated with new biofuels and synthetic gas derived
from coal. Fuel lean air-fuel mixtures and changes in the type
of gas used in turbines have increased combustion instability
issues. Tim Lieuwen and Keith McManus explain in their
article “That Elusive Hum” that these instabilities are
manifested through unsteady pressures, heat releases and flow
rates [3]. The underlying driving factors of these flow
instabilities are not understood and modeling turbulent
combustion has yet to be fully developed. Therefore, engineers
typically rely on experimental test results in order to make
informed design decisions. Engineers have further examined
reducing such instabilities by using combustion active feedback
control systems. However, these systems must operate
extremely fast to capture flow instabilities, analyze the
instabilities and then adjust the reactive mixture or other
parameter of the system to re-stabilize the flow. Therefore, the
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earlier flow instabilities are detected the more time there is for
the active control system to stabilize it [2-4].

Historically, dynamic pressure transducers have been used
to map the flow within turbines. Unfortunately, the high-
pressure, high temperature transducers typically used in gas
turbines struggle to accurately capture the earliest onset of the
acoustic-level pressures that characterize the flow instabilities
because the signal to noise ratio is poor for such low pressures
in the high temperature, noisy gas turbine environment. In
other words, the sensitivity of the high-pressure transducers is
low, giving rise to a poor signal to noise ratio. While thermal
noise within the transducer is typically low, gas turbines have
many rotating components that generate significant electrical
noise. Further, most transducers are unable to be flush
mounted to the flow within the turbine due to temperature
limitations. Consequently, the frequency response of many
turbine transducers is limited by the recess tubes or semi-
infinite tubes used in mounting.

The static-dynamic transducer was developed with two
independent sensors to enable gas turbine engineers to
accurately measure the high static pressure within their turbine
and simultaneously capture any acoustic-level dynamic
pressures superimposed on top of the large static pressure that
characterize these flow instabilities. = The static-dynamic
transducer was designed to operate at temperatures up to 500°C
so that engineers could mount the pressure transducer flush to
the flow and achieve a high bandwidth frequency response
without attenuation or phase shift. The dynamic sensor within
the transducer uses a mechanical low-pass filter to provide
static pressure compensation. This mechanical filter uses
viscous dissipation to dampen out all low-level dynamic
pressures within the high-pressure environment, passing just
the large static pressure to the backside of the dynamic sensor’s
diaphragm, effectively canceling out the impact of the large
static pressure upon the sensor. Thereby, the dynamic sensor
accurately detects the earliest onset of acoustic-level oscillatory
pressures [8-10].

This paper presents the industry ready design and
packaging of the static-dynamic transducer. It further discusses
the experimental testing, compensation and dynamic pressure
characterization of the transducer.

PRESSURE SENSING ELEMENTS AND PACKAGING

The static-dynamic transducer uses two independent
silicon-on-insulator (SOI) piezoresistive pressure sensors that
are fabricated on a single chip. SOI piezoresistive sensors
perform well in the harsh, high temperature environments such
as those within gas turbine engines [11, 12].

The static sensor on the chip has a small diaphragm,
which makes it ideal for sensing high pressures of 1,380kPa
and greater, as displayed in right section of the structure of

Figure 1. The dynamic sensor, on the other hand, has a larger
diaphragm which enables it to deflect more under low pressures
in the range of 103kPa, as illustrated in the left section of
Figure 1 [13, 14]. As pressure is applied, the diaphragms
deflect, inducing a strain in the piezoresistors, which generates
a voltage change. The voltage change directly correlates with
the pressure in the environment.
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Figure 1: Static and dynamic sensors on a single structure.

The piezoresistors are encapsulated in a high temperature glass
that has a structural “stop” in it. The structural “stop”
micromachined into the glass allows the diaphragms to deflect
to a maximum value well within the elastic region of the
silicon. In the event the sensors are exposed to a large
overpressure the diaphragms will not fracture but instead
deflect until they come in contact with the “stop,” which then
prevents any further deflection. Figure 2 illustrates the static
and dynamic sensors on a single chip with the encapsulating
glass and “stops” [15].
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Figure 2: Leadless schematic with contact glass
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To ensure that the low-pressure dynamic sensors do
not fail during unforeseen rapid overpressures, the low-pressure
dynamic sensors are tested to large overpressures, typically up
to 6,895kPa. Stop depths were determined using empirical data
and Timoshenko’s equation for the deflection of a square plate
with clamped edges:

qa’
w=ag—s

EX

q is the pressure on the diaphragm, a is the width of the square,
E is Young’s modulus (160GPa for silicon), and % is the
thickness of the diaphragm [16]. The dimensions of a
piezoresistive silicon pressure sensor are typically 1000 X 1000
micron square with a thickness of 20microns depending on the
desired pressure range [17]. The numerical factor, &, was
estimated from experimental results. Stop depth is determined
for every pressure range and typically designed such that the
sensor stops at approximately three times the rated pressure.
For a 103kPa sensor, the depth of the “stop” was set such that
the sensor is prevented from deflecting further at approximately
310kPa. The results below in Figure 3 illustrate that the sensor
is operating properly by stopping at ~275kPa and withstanding
an overpressure of 4,135kPa (3X the rated pressure of the static
sensor).
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Figure 3: Overpressure test of ""stopped" dynamic sensor.

Once the 4,135kPa is reached the pressure is removed to
determine if there is any change in the zero pressure reading.
The change from the initial zero reading to the return zero
reading was 0.03% of the full-scale output of the sensor, which
is marginal [15].

The static and dynamic sensors on a single chip are
assembled using a leadless packaging method in order to
ruggedize the sensors for high temperature and/or corrosive
environments [18-20]. The key feature of the leadless
packaging technique is that the electrical interconnects between

the sensor chip and the transducer body are made with a high
temperature metal/glass material that is encapsulated rather
than the typical gold ball bonded technique. The sensor chip is
assembled into a screw housing. Figure 4 shows the static and
dynamic sensors assembled into the screw housing with a
replaceable low-pass mechanical filter module.

Dynamic Sensor

Low-Pass Mechanical
Filter Structures

Figure 4: Static and dynamic sensors mounted into screw
housing with replaceable low-pass mechanical filter module.

One of the features of this design is that the patented low-pass
mechanical filter structures are built into a removable and
replaceable module [5, 6]. In the event these filter structures
clog with soot or debris, users can remove and clean and/or
replace the filter module using a hex key. Figure 5 is a
schematic of the filter module.
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Figure 5: Removable filter module [5, 6].

The screw housing with the filter module, containing the low-
pass mechanical filtering structures is then assembled into a
fully high temperature package that can withstand 500°C at its
frontend, and approximately 350°C at the backend, where the
cable attaches to the unit [20].
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Figure 6: Static-dynamic transducer assembly

Figure 6 is a cross sectional view of a fully assembled, industry
ready static-dynamic transducer designed for high temperature
operation. All components, from the low-pass mechanical
filtering structures to the cable connections, are designed for
high temperatures and high vibration environments [18-20]. A
photograph of a fully assembled static-dynamic transducer can
be found in Figure 7, below.

Figure 7: Photograph of fully assembled static-dynamic
transducer (screen over removable filter module not
shown).

The static-dynamic transducer has a tip diameter of 0.545inches
(13.84mm) and two thread types, 5/8-24 UNEF-2A and 5/8-18
UNF-2A. This size is relatively large in comparison to the
typically probe size desired for gas turbine instrumentation.
Smaller package sizes are currently being explored that can fit a
dual sensor chip and mechanical low pass filter to achieve static
pressure compensation.

TRANSDUCER PERFORMANCE CHARACTERISTICS

The static-dynamic transducer is evaluated under constant
pressure conditions to determine the sensitivity of both the
static and dynamic sensors. Such static pressure calibration is
done at multiple temperature points to fully characterize the
thermal sensitivity and zero shifts. With this data, a passive
resistor based compensation scheme is implemented for both
sensors to correct for thermal sensitivity and zero shifts. Such
passive thermal compensation reduces the thermal sensitivity
and zero shifts to within £2.7% of the full scale output per
100°C up to 449°C [21].

The low-pass mechanical filter, which provides static
pressure compensation to the dynamic sensor, is characterized
using a dynamic pressure generator. The dynamic pressure
generator has a high speed motor that spins a rotating valve
thereby creating a low-level dynamic pressure that oscillates at
frequencies of ~10Hz up to ~2kHz. The dynamic pressure
generator is swept from 10Hz to 2kHz with the static-dynamic
transducer exposed to the oscillating flow. A low-pressure
reference transducer, (XCQ-062-103kPa Differential), is also
mounted flush to the flow. The performance of the low-pass
mechanical filter and dynamic sensor within the static-dynamic
transducer is then evaluated by comparing the output of the
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reference sensor to that of the dynamic sensor. To examine the
performance at all frequencies, a transfer function is computed
comparing the reference and dynamic sensor output. Figure 8
displays the resulting experimental transfer function [22].
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Figure 8: Dynamic sensor of static-dynamic transducer
experimental spectral response.

As expected, Figure 8 exhibits roll-off at low frequencies with a
-6dB point at approximately 15Hz. This roll-off is the result of
the low-pass mechanical filtering structures passing the slowly
oscillating and static pressures to the backside of the dynamic
sensor’s diaphragm, which leads to them canceling each other.
Due to the intricacies of the low-pass mechanical filter, there is
some variability between filters with the -6dB point falling
between 10 and 20Hz.

Since the dynamic pressure generator is limited to a
range of 10Hz to 2kHz, a transfer function curve fit was applied
to the results so that the performance of the transducer could be
extrapolated beyond this limited frequency range. The equation
of the transfer function, G, curve fit, which is shown in Figure
8, is displayed below:

0.0064 * jo
0.0064 * jo +1

G(jw) =

where j is a complex number and (v is the angular frequency in
radians per second [22]. This transfer function curve fit can be
used to better understand the performance of the dynamic
sensor outside the experimentally tested range. The results
displayed in Figure 8 indicate that the dynamic sensor and low-
pass mechanical filter within the static-dynamic transducer are
performing as desired, making it possible for low-level pressure
instabilities superimposed on top of static pressures to be
measured far more accurately.

CONCLUSION

The static-dynamic pressure transducer is a solution to the
problem of measuring high frequency acoustic-level pressure
instabilities that may exist on top of the high pressures within
the combustors and compressors of gas turbines. With the
enhanced sensitivity of the dynamic sensor within the static-
dynamic transducer, engineers will be able to detect flow
instabilities earlier which will advance active control systems
and enable more informed design decisions. The test bench
experimental results demonstrate the static-dynamic transducers
ability to operate at temperatures as high as 500°C and capture
low-level dynamic pressures. With these high temperature
capabilities, the static-dynamic transducer can replace the
commonly used semi-infinite tubes and provide a better
frequency response along with measurement of the large static
pressure and, most importantly, an enhanced sensitivity for
acoustic level dynamic pressures riding on top of the static
pressure to enable engineers to reduce gas turbine flow
instabilities and advance efficiencies. Future work will involve
evaluating the transducer’s performance on a gas turbine by
comparing it to the commonly used semi-infinite tube pressure
probes.  Additional work will be done to advance the
temperature capabilities of the sensor so that it can be used in
numerous locations on an engine.

ACKNOWLEDGEMENTS

The authors would like to acknowledge the late Dr.
Anthony D. Kurtz who passed away on February 9, 2010, prior
to the completion of this project. Dr. Kurtz had the foresight to
conceive the concept behind the static-dynamic transducer, and
it was his guidance and oversight that brought it to fruition. Dr.
Kurtz funded this research effort.  His leadership and
dedication to the advancement of science will not be forgotten.

REFERENCES

[1] Barooah, P., Anderson, T., and Cohen, J., "Active
Combustion Instability Control with Spinning Valve Actuator."
ASME Turbo Expo 2002, 2002: p. 11.

[2] Lieuwen, Tim. "Combustion Driven Oscillations in Gas
Turbines." Turbomachinery International January/February
2003. www.turbomachinerymag.com.

[3] Lieuwen, T., McManus, K. "That Elusive Hum."

Mechanical Engineering June 2002.

[4] Lieuwen, T., Richards, G.
Mechanical Engineering March 2006.

"Burning Questions."

Copyright © 2011 by ASME



[5] Berndt, R.G., "Actuation for Rotating Stall Control of High
Speed Axial Compressors," in Department of Aeronautic and
Astronautics. 1995: Massachusetts Institute of Technology
Cambridge. p. 196.

[6] Epstein, A. H., 1985, "High Frequency Response
Measurements in Turbomachinery", Von Karman Institute for
Fluid Dynamics Measurement Techniques in Turbomachinery,
Brussels, Vol. 1, p. 104.

[7] Kurtz, A. D., Chivers, J., Ned, A.A., "Sensor Requirements
for Active Gas Turbine Engine Control, RTO AVT Symposium.
2000: Braunschweig, Germany.

[8] Kurtz, A., Shang, T., Kochman, B., US Patent # 7,188,528,
Low Pass Filter Semiconductor Structures for use in
Transducers for Measuring Low Dynamic Pressures in the
Presence of High Static Pressures, issued in 2007 to Kulite
Semiconductor Products, Inc.: USA.

[9] Kurtz, A., US Patent # 7,107,853, Pressure Transducers for
Measuring Low Dynamic Pressures in the Presence of High
Static Pressure, issued in 2006 to Kulite Semiconductor
Products Inc.

[10] Kurtz, A., Kochman, B., Hurst, A., "Pressure Transducer
for Combustion Instability Control Using Acoustic Low-Pass
Filter Structures." Proceedings of the 2008 Gas Turbo Expo.
2008: Berlin, Germany.

[11] Kurtz, A., Ned, A., US Patent # 5,286,671 Fusion Bonding
Technique for Use in Fabricating Semiconductor Devices,
issued in 1994 to Kulite Semiconductor Products Inc.: USA

[12] Kurtz, A., Ned, A. "High Temperature, Silicon-on-
Insulated Silicon Pressure Sensors with Improved Performance
through Diffusion Enhanced Fusion (DEF) Bonding." in
Instrumentation in the Aerospace Industry: Proceedings of the
1998 44th International Instrumentation Symposium. 1998.

[13] Kurtz, A., US Patent # 6,642,594, Single Chip Multiple
Range Pressure Transducer Device, issued in 2003 to Kulite
Semiconductor Products Inc.: USA.

[14] Kurtz, A., Ned, A., US Patent # 7,057,247, "Combined
Absolute Differential Transducer”, issued in 2006 to Kulite
Semiconductor Products Inc.: USA.

[15] Kurtz, A., Ned, A., US Patent # 6,595,066, Stopped
Leadless Differential Sensor, issued in 2003 to Kulite
Semiconductor Products Inc.: USA. p. 10.

[16] Timoshenko, S, Woinowsky-Krieger, S. Theory of Plates
and Shells. 1970, Singapore: McGraw-Hill Book Co.

[17] Senturia, Stephen. Microsystem Design. 2001, Norwell,
Massachusetts: Kluwer Academic Publishers.

[18] Kurtz, A., Ned, A., US # 5,955,771, Sensors for Use in
High Vibrational Applications and Methods for Fabricating
Same, issued in 1999 to Kulite Semiconductor Products Inc.:
USA.

[19] Kurtz, A., Ned, A., Epstein, A., "Ultra High Temperature
Miniature, SOI Sensors for Extreme Environments", HITEC
2004. 2004: Santa Fe, NM.

[20] Kurtz, A., Ned, A., Epstein, A., "Improved Ruggedized
SOI Transducers Operational Above 600C." Twenty First
Transducer Workshop. 2004: Lexington, MD

[21] Kurtz, A. D. et. al. Kulite Semiconductor Strain Gage
Manual. Leonia, New Jersey.

[22] Ogata, K., Modern Control Engineering. Fourth ed. 2002,
Upper Saddle River: Prentice Hall. 964.

Copyright © 2011 by ASME





