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Abstract

Thermofluids experiments often require the use of fast-response pressure transducers

that maintain their accuracy over a wide range of operating temperatures. Existing

pressure sensing technologies are available which suit these demanding applications,

however these transducers are usually relatively expensive. This project investigates the

use of inexpensive piezoresistive pressure transducers in the measurement of transient

fluid pressures.

A temperature compensation routine was developed which improved the accuracy of

the piezoresistive pressure transducers over a substantial range of operating tempera-

tures. A dynamic response analysis indicated that the diaphragm resonant frequency

of these sensors was 246.7 kHz (without the addition of latex or grease) and that the

response times could be improved from approximately 12.5 µs to 0.38 µs with simple

case modifications. These results demonstrated the suitability of piezoresistive pressure

transducers for use in fast-response thermofluids experiments.

A piezoresistive pressure transducer produced very similar results to a piezoelectric

sensor when both devices were tested simultaneously in the USQ Gun Tunnel. This

indicated that the piezoresistive sensor was capable of accurately recording rapid fluc-

tuations in pressure levels. The cylinder pressures of an internal combustion engine

recorded by a piezoresistive and piezoelectric sensor also compared well. The high

operational temperatures of the engine verified the success of the piezoresistive sensor

temperature compensation routine.
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Chapter 1

Introduction

This project investigates the performance characteristics of piezoresistive pressure trans-

ducers under high temperature operation and transient pressure measurement. Static

calibrations and temperature compensation will be investigated as well as the dynamic

response characteristics of the piezoresistive pressure transducers. These sensors will

be applied to measurement of the cylinder pressures of an internal combustion engine

and pressures within the USQ Gun Tunnel. The measurements taken with these pres-

sure sensors can then be analysed and compared with similar data produced from other

available types of transducers and various theoretical methods. The performance and

suitability of piezoresistive pressure sensors for these applications can then be evaluated.

1.0.1 Project Aims and Objectives

This project aims to identify the frequency and temperature response characteristics of

low cost piezoresistive pressure transducers and provide accurate calibration to allow

these pressure sensors to be used with a high degree of confidence in fast-response

thermofluids experiments.

The specific objectives of the project are as follows -

1. Review existing techniques for temperature measurement and compensation in
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piezoresistive pressure measurement devices.

2. Devise appropriate electrical circuits to implement such techniques.

3. Devise suitable apparatus for quasi-static calibration of pressure transducers for

both pressure and temperature sensitivity.

4. Perform calibrations on selected transducers.

5. Investigate the dynamic response of sensors of various configurations (added

grease, modified cases etc.) using a shock tube calibration.

6. Obtain pressure measurements in a Gun Tunnel.

7. Analyse the measurements from the Gun Tunnel and compare with data obtained

from a piezoelectric sensor.

8. Obtain pressure measurements in an IC engine.

9. Analyse the measurements from the IC engine and compare with data obtained

from a piezoelectric sensor.

as time permits -

10. Compare the measurements from the Gun Tunnel with predictions based on a

computational model (Lagrangian quasi one dimensional).

11. Compare the measurements from the IC engine with predictions based on a com-

putational model (thermodynamic engine simulation).

1.1 Overview of the Dissertation

This dissertation is organized as follows:

Chapter 2 covers the literature review, background and assessment of consequential

effects.

Chapter 3 introduces the Design Methodology for this project.
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Chapter 4 discusses static sensor calibration and temperature compensation tech-

niques for piezoresistive sensors.

Chapter 5 covers the testing and analysis of the dynamic response characteristics of

the piezoresistive sensors.

Chapter 6 investigates the application of measuring pressures within the Gun Tunnel

using piezoresistive pressure sensors.

Chapter 7 examines the use of piezoresistive pressure transducers in the measurement

of cylinder pressures of an IC engine

Chapter 8 draws conclusions for this dissertation and suggests possible further work.



Chapter 2

Background, Literature Review

and Assessment of Consequential

Effects

2.1 Project Background

Experimental testing facilities (including Gun Tunnels and Shock Tubes) and common

machinery (such as the internal combustion engine) may require the measurement of

internal pressures (both static and dynamic). This allows an analysis of their perfor-

mance and provides further understanding of the thermofluids process that occur.

Measurement of pressures in the cases outlined above requires fast-response sensors

that are able to withstand extreme operational conditions (such as high operating

temperatures and fast fluctuations of pressure). While some expensive pressure sensors

have been developed that are capable of responding to fast-response situations (such as

high-end piezoelectric pressure sensors), the piezoresistive pressure transducer possibly

offers a low cost solution. Generally, a low cost piezoresistive pressure sensor costs

$100 to $200. A piezoelectric sensor may cost approximately $2000. If a pressure

measurement experiment also risks sensor damage, the use of an accurate low cost

pressure sensor would be ideal.
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Typically, piezoresistive pressure transducers have been used for the measurement of

static or quasi-static pressure levels. This project aims to test the dynamic response

characteristics of the sensors and investigate the feasibility of using these piezoresistive

sensors for fast response measurements. The temperature effects on the sensors will

also be analysed. This will ultimately allow a temperature compensation technique

that maintains accurate pressure measurements in a wide variety of harsh operational

environments.

2.2 Literature Review

2.2.1 Background - Piezoresistive Pressure Transducers

The typical fast-response piezoresistive pressure transducer relies on accurately mea-

suring the deflection of a diaphragm (typically silicon) that is caused by fluid pressures.

These sensors are generally low cost and can be implemented in a wide variety of ap-

plications. A diagram of a typical piezoresistive pressure transducer is shown in figure

2.1.

Figure 2.1: The Sensym 13U Stainless Steel Pressure Transducer (Honeywell/Sensym)

Some advantages associated with the piezoresistive pressure transducer are (Microsys-

tems),

• Low-cost sensor fabrication opportunity.

• Mature processing technology.
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• Different pressure levels can be achieved according to the application.

• Wide range of pressure sensitivities.

• Read-out circuitry can be either on-chip or discrete.

There are also some disadvantages of piezoresistive pressure sensors (MAXIM 2001),

• Strong nonlinear dependence of the full-scale signal on temperature (up to 1%/kelvin)

• Large initial offset (up to 100% of full scale or more)

• Strong drift of offset with temperature

The disadvantages associated with temperature dependance can be overcome (or at

least, greatly reduced) using the temperature compensation techniques discussed in

later sections.

The basic construction of the piezoresistive pressure transducer is shown in figure 2.2.

Figure 2.2: Basic Structure of Piezoresistive Pressure Transducer (MAXIM 2001)

Using diffusion methods, 4 piezoresistive elements are positioned on the top surface of

the diaphragm. The elements change their resistance according to the level of strain.

Therefore, as the diaphragm deflects (due to the fluid pressure), the resistance of each

of the elements change.

The typical electrical circuit of a piezoresistive pressure transducer can be seen in figure

2.3. The design of the silicon diaphragm causes two resistive elements to be placed
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under compression and two to be placed under tension as the diaphragm deflects. This

causes the resistance to increase in two elements, and decrease in the remaining two.

This change in resistance is represented by ∆R in figure 2.3. The shift in the values

of resistance causes a voltage difference between V1 and V2. This voltage difference is

measured as the value of Vout. The value of Vout is linearly related to the applied fluid

pressure.

Figure 2.3: Wheatstone Circuit of the Pressure Transducer (Honeywell)

The transducer sensitivity can be determined through a static calibration process. The

value of Vout may then be used to calculated the fluid pressure applied to the transducer.

Advances in production technology, such as the rapid developments in the semiconduc-

tor industry in the 1960s (Ainsworth et al. 2000), have enabled piezoresistive pressure

transducers to become more compact, improved the quality of construction and mini-

mizing the cost of production.

2.2.2 Temperature Compensation

One major issue in the use of piezoresistive pressure transducers is their temperature

sensitivity. The output of the sensor may therefore require compensation for tempera-

ture effects. Temperature related errors may severely compromise the sensor accuracy

under operation in extreme hot or cold environments.

Figure 2.4 displays temperature compensated and uncompensated sensor outputs. These

plots demonstrate the high degree of temperature sensitivity of a piezoresistive pressure

transducer.
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Figure 2.4: The comparison of outputs between an uncompensated pressure sensor (a)
and a sensor compensated for temperature changes (b) (Ainsworth et al. 2000)

The output from a piezoresistive pressure transducer relies on two basic characteristics,

the sensor Span (or sensitivity) and the sensor Offset (the sensor output at zero abso-

lute pressure) (Ainsworth, Miller, Moss & Thorpe 2000, Denos 2002, Clark 1992). The

values for Span and Offset change with temperature therefore errors are introduced

when taking pressure measurements from relatively hot or cold environments. Com-

pensation methods have been developed to take the temperature sensitivity of Span

and Offset into account. These techniques allow a more consistent accuracy from the

pressure transducers.

The temperature compensation method developed by (Clark 1992) assumes a linear re-

lationship between Offset and operational temperature and correlates transducer sensi-

tivity and temperature with a third-order polynomial function. Ainsworth et al. (2000)
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and Denos (2002) assumed a linear relationship between sensor Offset and Span with

temperature, however these investigations incorporated a much smaller temperature

range. Each of these temperature compensation methods allows a post-experimental

routine, where the recorded sensor output voltage and temperature can be used to

accurately determine fluid pressure.

Figure 2.5: Basic circuit to determine Vsense (Ainsworth et al. 2000)

To indicate the temperature of the sensor (and allow the temperature correction to

be applied), the conditioning circuit shown in figure 2.5 was implemented by both

Ainsworth et al. (2000) and Denos (2002). This circuit incorporates the pressure trans-

ducer into a Wheatstone bridge. The overall resistance of the pressure transducer will

vary with temperature, and the temperature of the other resistors in the external circuit

will remain constant (causing the resistance of the external circuit to remain constant).

A change in the sensor temperature will therefore result in a change in the voltage,

Vsense. The value of Vsense is then used to calculate the temperature of the sensor.

A temperature compensation routine can ultimately be applied to the pressure sensor

output (demonstrated by Ainsworth et al. (2000) and Denos (2002)).

Temperature sensitivity compensations created by Denos (2002) also investigate cali-

brations under a temperature transient. This experimental process involved exposing

the piezoresistive pressure transducers to a rapidly applied high temperature test fluid.

While these experiments provided useful insight into the behavior of the pressure sen-

sors, the time span involved in the transient temperature calibrations is much longer

than typically encountered in a thermofluids experiment (such as a shock tube test).
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Temperature calibrations conducted by Ainsworth et al. (1991) assumed that with

short experimental run times, only minor temperature changes would be expected. For

experimental situations with a significant and sustained operational temperature (eg.

testing in-cylinder engine pressures), the static temperature compensation methods

mentioned previously can be applied.

2.2.3 Dynamic Response Calibration

The dynamic response characteristics of the piezoresistive pressure transducer deter-

mine it suitability for use in fast-response thermofluids experiments.

Shock tubes can be used in experimental testing for the analysis of the dynamic re-

sponse of the pressure transducers (eg. Ainsworth et al. 1991). The results from these

tests reveal that certain frequencies become dominant in the response of the pressure

sensor (these are the resonant frequencies of the pressure transducer). A typical sensor

response to a step input can be observed in figure 2.6 and the related power spectrum

demonstrating the resonant frequency is given in figure 2.7.

Figure 2.6: Output of a piezoresistive pressure transducer after a step input pressure
signal (Ainsworth et al. 2000)

Another method developed for testing the sensor resonant frequency involves expos-

ing the piezoresistive sensor to a constant noise source and measuring the response

(Boerrigter & Charbonnier 1997). The noise source, created by an impinging air jet,
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Figure 2.7: The power spectrum from a typical step response, showing the resonant
frequency at the dominant peak on the graph (Ainsworth et al. 2000)

creates sounds waves of variable frequency. These sound waves then cause pressure

variations at the pressure transducer. This allows the amplitude response and phase

shift of the transducer to be analysed over a wide range of operational frequencies. As

stated by Boerrigter & Charbonnier (1997), this has advantages over a shock tube tests

since this technique easily identifies the resonant frequencies of other bodies (such as

the air adjacent of the transducer) and the pressure and temperature of the test are

known (the precise shock conditions in a shock tube test are difficult to determine).

Analytical techniques for the calculation of dynamic response were also demonstrated

by Ainsworth et al. (2000) and Boerrigter & Charbonnier (1997). Ainsworth et al.

(2000) have taken the approach of approximating the piezoresistive pressure transducer

with a transfer function, which provides data about the expected frequency response of

the system. This approach gives theoretical simulations for the transducer phase shift

and amplitude. Boerrigter & Charbonnier (1997) developed an analytical model from

key dynamics and fluid mechanics formulas that can also ultimately be used to predict

the frequency response of a pressure measurement system.

From the work of Boerrigter & Charbonnier (1997), it appears that the frequency

response of a pressure transducer may have two critical points - the resonant frequency

of the air around or within the transducer, and the resonant frequency of the diaphragm
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of the transducer itself. Articles from Boerrigter & Charbonnier (1997) investigate the

use of analytical calculations to determine the resonant frequency of the air in front of

the diaphragm. Once the resonant frequencies of the piezoresistive pressure transducer

have been measured, it can be determined whether these frequencies are related to the

resonance of the air around the sensor or the resonance of the silicon diaphragm.

A layer of grease or a flexible compound may be used to cover the diaphragm on

the pressure sensor. This procedure is designed to protect the pressure sensor from

particles that may impact on the diaphragm and damage the sensor (Ainsworth et al.

2000, Buttsworth & Jacobs 2000). Experiments involving sensors with and without

silastomer demonstrated that the silastomer layer significantly increased the damping

ratio of the sensor response (Ainsworth et al. 2000).

2.3 Assessment of Consequential Effects

While this project focuses largely on short term results and immediate outcomes, long

term effects of this research must also be considered. These effects include the aspects

of sustainability, ethical responsibility and safety issues.

2.3.1 Substantiality

Environmental sustainability is of continually increasing importance to modern engi-

neering practices. The short, medium and long term environmental consequences of an

engineering task (such as the work undertaken on this project) must be anticipated.

Where negative effects are apparent, actions need to be taken to minimize or remove

any environmental damage.

While this project has a minimal environmental impact in terms of direct pollution

created or environmental degradation caused, there are other non-direct environmental

impacts associated with this research topic, including -

• The use of finite resources for the construction of the testing equipment
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• The resource requirements for experimental testing

The components used in this project (the pressure sensors and the developed testing

apparatus) make use of finite resources for their production (metals and plastics). For-

tunately these products are mostly recyclable. The pressure sensors themselves can be

reused for different pressure measurement applications and offer a reasonable service

life (depending on the severity of the testing environment). The other materials used

for the construction of the testing apparatus are readily recyclable (plastics, metals and

electrical components) therefore the waste from this project can be minimized.

Some of the experimental testing procedures may require non-renewable resources.

This project will require the use of internal combustion engines (for use in pressure

testing and for powering other experiments) which use fossil fuels and produce harmful

emissions. While these are negative environmental effects, these experiments will only

be conducted over a short period during the experimental stages of the project.

The results from this project may ultimately contribute to environmental sustainability.

If these pressure sensors are widely available at low cost, machinery and manufactur-

ing process could be more readily monitored and their efficiency could be maximized.

This could lead to a reduction of pollutants created and contribute towards a cleaner

environment.

2.3.2 Ethical Responsibility

Most new technologies have associated ethical implications related to the particular

outcomes of that development. Therefore an ethical responsibility exists where the

engineer must consider the people who are affected.

This project makes heavy use of relatively new technologies and the possible outcomes

of this research may also bring further advancement to the area of piezoresistive pressure

sensor technology. The range of possible ethical consequences were considered before

commitment to this project.

It is possible that some people may be disadvantaged if the piezoresistive sensor tech-
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nology becomes widely implemented. Ultimately this project may allow a reduction

in the use of highly expensive pressure transducers. This may adversely affect some

suppliers and sensor producers. Fortunately the suppliers and manufacturers typically

use a wide range of products, therefore if a small number of items became obsolete due

to the piezoresistive technology, the consequences would be minimal.

One positive outcome that relates to ethical responsibility is the production of a reliable

low-cost technology. This allows the advancements of this modern technology to become

available to a wider range of the community.
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2.4 Chapter Summary

This chapter has investigated background knowledge and previous research related to

the field of piezoresistive pressure transducers. Past experiments and models used to

test the dynamic characteristics and temperature compensations for piezoresistive sen-

sors provide possible techniques that could be used for this project or similar research.

The assessment of consequential effects has drawn attention to the critical aspects

of this project that could possibly lead to unwanted ethical, social or environmental

damage. Now that these factors have been identified, steps can be taken to ensure that

any negative effects of this project are eliminated or minimized.



Chapter 3

Design Methodology

3.1 Static Calibrations and Temperature Compensation

for Pressure Sensors

The pressure and temperature sensitivity of piezoresistive pressure transducers can be

determined through a series of static calibrations. These calibrations allow accurate

results to be obtained from experimental testing.

The static calibration process will initially begin by testing the pressure sensitivity

of the pressure transducers at room temperature (approximately 25◦C). These static

tests will be conducted using the ‘Dead Weight’ tester (shown in figure 3.1). The Dead

Weight testers allows precise levels of pressure to be applied to the pressure sensor.

During the static calibration process, each pressure sensor was attached to the hydraulic

fitting on the Dead Weight tester. A particular mass was placed on one of two hydraulic

cylinders (shown in figure 3.1). The wheel of the Dead Weight Tester is turned inwards

until the mass is freely suspended by the pressure of the hydraulic oil. Since the oil

pressure suspends a mass of known value, the pressure of the oil can be accurately

determined. Each mass for the Dead Weight tester has predetermined corresponding

pressure values. To avoid any effects of temperature sensitivity within the The Dead

Weight tester, this apparatus remained at approximately room temperature during all
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Figure 3.1: The ‘Dead Weight’ tester used for the static calibrations

calibration experimentation.

The output voltage of the pressure transducer(Vout) relates directly to the applied

pressure. This typically results in a highly linear relationship between these two vari-

ables. The output of the transducer can be correlated to pressure using the equation

4.1 (Ainsworth et al. 2000, Denos 2002),

V = SP +O (3.1)

In equation 4.1, ‘V’ is the output voltage (or Vout), ‘S’ is the senor span (or sensitivity)

and ‘O’ is the sensor offset (the voltage output, Vout, at zero absolute pressure). This

function can be used to accurately determine the pressure from the sensor output

voltage while the pressure transducer is at room temperature.

As the temperature of the sensor changes, the values for Span and Offset also change.

It is critical to determine the how these characteristics change with temperature. High

temperature thermofluids experiments (such as testing the in-cylinder pressures on the

IC engine) will produce inaccurate results if no temperature corrections are applied.

The operational temperature of the sensor must be determined to perform the tem-

perature calibration process. One method is to incorporate the pressure sensor into
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a circuit as shown in figure 3.2. This electrical circuit is adapted from the work of

Ainsworth et al. (2000).

Figure 3.2: Conditioning Circuit to determine Vsense

(Ainsworth et al. 2000)

As the overall resistance of the pressure transducer changes with temperature, the value

for Vsense will also shift.

A range of different pressures can be applied to the pressure transducer while it is held

at selected constant temperatures (approximately ranging from room temperature to

150◦C). This will be achieved by placing the pressure transducer in the oven shown in

figure 3.3, and attaching a remote connection to the Dead Weight tester (figure 3.1).

The relationship between sensor output voltage, and applied pressure, allow values for

Span and Offset to be calculated at a range of different testing temperatures. The rate

of change of sensor Span and Offset with temperature can then be determined.

One particular method, developed by Ainsworth et al. (2000), applied the temperature

correction directly to the value of Vout. A function was developed that uses the values

of Vout and Vsense to provide a correction to Vout based on the temperature of the
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Figure 3.3: Oven used for temperature calibrations

sensor. The temperature of the sensor is determined by the corresponding value for

Vsense. This corrected value for Vout, known as V*out, is the predicted output that

the sensor would produce if it were at room temperature. This function is shown in

equation 3.2.
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(3.2)

The value of V* (or V*out) can then be used with the room temperature values of

span (S25) and offset (O25) to allow the true experimental pressure to be determined

(equation 3.3).

V ∗ = S25P +O25 (3.3)
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3.2 Testing of Dynamic Response Characteristics

The dynamic response characteristics of the piezoresistive pressure transducers deter-

mines the behavior of the pressure sensors under high frequency changes in fluid pres-

sures. Dynamic response testing allows the maximum operational frequencies of the

pressure transducers to be deduced. As experimental pressure fluctuation frequencies

reach the maximum operational frequency of the pressure transducer, errors begin to

occur in the output of the sensor.

The dynamic response properties of the piezoresistive pressure transducers will be tested

using a shock tube (as shown in figure 3.4).

Figure 3.4: Basic Shock Tube design, similar to the apparatus used for this project

(Boerrigter & Charbonnier 1997)

A shock wave is produced within the tube when a diaphragm is ruptured. This wave of

pressure travels at high speed along the tube and reflects off the end face. The pressure

transducer, mounted level with the end face of the tube, undergos an approximate step

input (since the change in pressure is very rapid). The response of the transducer to

this input then allows the dynamic response characteristics to be determined. These

characteristics include values such as response time and resonant frequency.

A power spectrum of the sensor response can be derived from the shock tube test

results. This indicates the dominant frequencies, allowing the resonant frequency of the

pressure transducer to be identified. This resonant oscillation is due to the vibration

of the silicon diaphragm of the sensor. Significant errors in the piezoresistive sensor

output (possibly upwards of 10%) will occur if the measured fluid pressures begin to

fluctuate at a level near the resonant frequency of the sensor (within the same order of

magnitude).
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The test results from the shock tube can also be used to find the response time of the

pressure transducers. This will determine the suitability and general accuracy of the

pressure sensors under fast response testing applications. In these transient pressure

measurement applications short response times are essential for recording an accurate

set of readings.

Shock tube tests can also be conducted to test the dynamic response characteristics

of modified pressure sensors. Various configurations of sensors, including sensors with

modified cases and added grease or silastomer, will be tested to investigate the effects of

these changes on the sensor response. These modifications are expected to provide pro-

tection to the silicon diaphragm of the sensor (with the addition of grease or silastomer)

and possibly improve the response time of the sensors (with case modifications).

3.3 Pressure Testing with the USQ Gun Tunnel

The static calibration operations and dynamic response analysis lead to testing in facil-

ities such as the USQ Gun Tunnel. This apparatus (shown in figure 3.5) (Buttsworth

n.d.) is capable of producing a high speed, short duration gas flow.

Figure 3.5: The USQ Gun Tunnel used for experimental testing
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The short period of the actual test flow (typically milliseconds) demands that the pres-

sure sensors used to analyse the test gas has a very short response time. It is assumed

that thermal effects from the hot gases on the sensor are negligible, since the short test

times will not allow the pressure transducer to significantly change temperature while

results are being recorded.

The results obtained from the Gun Tunnel with the piezoresistive pressure sensor are

then able to be compared to the output from a piezoelectric pressure transducer (an

expensive sensor, well suited to this measurement application). This gives an indication

of the accuracy of the static calibration of the piezoresistive sensors and also shows a

comparison between the dynamic characteristics of the two sensors.

If time permits, a theoretical analysis of the Gun Tunnel may also be conducted, using

computational methods. This allows a comparison between theoretical pressures and

the results from the output from the piezoresistive pressure transducer.

3.4 Pressure Testing with an IC Engine and Theoretical

Analysis

Pressure measurement within an internal combustion engine tests the effectiveness of

the static calibrations and the sensor dynamic response characteristics. This applica-

tion also tests the temperature compensation techniques for the piezoresistive sensors.

The engine (specifications shown in table 3.1) has been modified to allow pressure

transducers to be mounted in the head of the engine block.

In-cylinder pressure measurements can be taken from the engine during motored (un-

fired) and fired runs. To allow the pressure measurements to be coordinated with the

position of the cylinder, a basic shaft-encoder can be attached to the drive shaft of the

engine. The signal from the encoder can be combined with the corresponding pressure

sensor outputs to determine the pressure of the engine at different stages of operation.

Computational calculations, consisting of a thermodynamic engine simulation, can ver-

ify the experimental results from the engine. A comparison between the results from
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Specifications Details

Make Kubota
Model GS200
Type Four Stroke, air cooled, spark igni-

tion,single piston, side valve, horizon-
tal shaft

Rated Power 3.9 kW @ 3600 rpm (max), 2.8 kW @
3600rpm (continuous)

Rated Torque 10.5 Nm @ 3000 rpm
Bore 69 mm
Stroke 54 mm
Compression Ratio 6:1
Swept Volume 201 cc
Conrod Length 93.9 mm

Table 3.1: Engine Specifications for the Kubota GS200 Petrol Engine

this theoretical approach and the measured pressure levels provides an indication of

the accuracy of the piezoresistive pressure sensor.
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3.5 Chapter Summary

The design methodology has introduced the various experiments and calculations that

will provide the analytical data for this project. The results obtained from static

calibrations and temperature compensations, dynamic response characteristics, testing

in the USQ Gun Tunnel and testing of an internal combustion engine are discussed in

the following chapters.



Chapter 4

Static Calibration and

Temperature Compensation

4.1 Chapter Overview

This chapter investigates the static calibrations of the various piezoresistive pressure

transducers that are used for this project. Temperature calibrations are also investi-

gated, since the operating temperature of the sensor also effects the transducer sensi-

tivity and other characteristics. The calibrations and temperature compensation tech-

niques developed in this chapter form the basis for the following sections, as this allows

an accurate means of converting the sensor output voltage to fluid pressures.

4.2 Initial Static Calibrations

The initial static (or quasi-static) pressure calibrations were conducted using the Dead

Weight pressure tester (figure 3.1). These calibrations were conducted for all pressure

transducers to determine their related values for Span and Offset.

The static calibrations were conducted at room temperature (approx 25◦C) since this

would be the approximate sensor operating temperature for the thermofluids experi-
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ments conducted in the Shock Tube and the USQ Gun Tunnel. While the actual gas

temperatures during these experiments may have significantly exceeded room temper-

ature values, the poor heat transfer properties of air and the very short time span over

which the piezoresistive sensors were exposed to this flow allows a negligible increase

in overall sensor temperature. The calibration temperature may not have precisely

match the testing temperatures, however this small temperature variation would cause

minimal variation in the properties of the pressure sensors.

The static calibrations for each type of piezoresistive pressure transducer were con-

ducted in a similar manner. As introduced in the Design Methodology section (Chap-

ter 3), the output of a typical piezoresistive pressure transducer is quantified by the

voltage level Vout. The basic relationship between sensor output (Vout or V) and pres-

sure (P) is shown in equation 4.1.

V = SP +O (4.1)

The values for Span (S) and Offset (O) can be determined from the coefficients derived

from a linear regression of data points of pressure against Vout. For equation 4.1, the

units for Vout or V are mV, the units for Span are mV/Pa and the unit for Offset are

mV. The values determined for Span and Offset for each of the pressure sensors were

divided by the supply voltage to the sensor (15V for 13U3000 and 13U0500 and 12V

for SX150AHO). These values would need to be multiplied by the supply voltage in

order to use equation 4.1 with the experimental data.

The values for span and offset were determined for various pressure transducers that

were used during the course of this research. The three types of transducers used in

this project are as follows,

• Sensym, SX150AHO (150 psi piezoresistive pressure sensor)

• Sensym, 13U3000 (3000 psi piezoresistive pressure sensor)

• Sensym, 13U0500 (500 psi piezoresistive pressure sensor)

(The full specification sheet for each of these sensors can be seen in Appendix B)
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4.2.1 Detailed Experimental Design

The sensor was attached to the Dead Weight Tester and a range of pressures were ap-

plied. The sensor output (Vout) was recorded for each pressure value. While during the

initial experimentation stage, Vsense was recorded (a value that can be used to deter-

mine the operating temperature of the sensor), it served no use in the room temperature

calibrations (the value of Vsense is used extensively for the temperature calibrations in

later sections). As expected, the values for Vsense remained relatively constant for each

the quasi-static room temperature calibrations (due to constant temperatures).

A basic block diagram in figure 4.1 demonstrates the process by which the values of

Vout and Vsense were recorded.

Figure 4.1: A block diagram, showing the approached used for the static calibrations

The conditioning circuit (figure 3.2) provides the output signals from the sensor, these

signals were then directed through an Instrumental Amplifier (INA114 - specifications

in Appendix B). The gain (amplification) was set to 1, however the amplifier circuit

enables greater values of gain for future experiments. A photograph of the circuit used

is shown in figure 4.2.

The circuit shown in figure 4.2 indicates the power supply points, ground, the con-

necting wires to the sensor, the amplifier integrated circuits (one for Vout and one for

Vsense), and the connectors for the output signals (Vout and Vsense). This circuit also

featured a potentiometer to allow Vsense to be trimmed close to 0V at room tempera-

ture.
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Figure 4.2: A photograph of the electrical circuit used to produce the sensor outputs,
Vout and Vsense

Each sensor was tested over a range of pressures that incorporated the majority of the

pressure range for each particular sensor. Once the output values of the sensor had

been recorded for each pressure value, MATLAB (version 6) was used to perform a

simple linear regression of Vout (y-axis) against absolute applied pressure (x-axis). The

MATLAB function used for this process, ‘load cal2’, is displayed in Appendix C. A

general first order equation (linear) is in an equivalent form to the equation used to

relate pressure and sensor output voltage (equation 4.1). This allows the values for

Span and Offset to be determined directly from the coefficients derived from the first

order regression.

The results of the static calibrations for each of the sensors are discussed in the following

subsections.

4.2.2 Static Calibration of Unmodified SX150AHO

This particular sensor was used extensively in shock tube testing. Various different

modified forms of this sensor were utilized (with modified cases, added grease and

added latex compounds). The results from the unmodified sensor are shown in this
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section, purely demonstrating the techniques used for the static calibration at room

temperature. The values configurations and calibrations for other modified SX150AHO

sensors will be introduced in the Chapter 5, where these sensors are tested in the shock

tube apparatus.

To allow the SX150AHO sensor to be attached to the Dead Weight tester, a unique part

was constructed. The detail drawing for this part (SX150AHO Pressure Attachment)

is shown in Appendix D.

The relationship between output voltage Vout and applied pressure is shown in figure

4.3. The supply voltage to the sensor was 12V.
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Figure 4.3: Static calibration of Sensym SX150AHO sensor

The negative slope shown in figure 4.3 is simply due to the polarity of the connection

to the pressure sensor (by reversing the electrical connection, the plot would show a

positive trend). For this particular data set, the room temperature values for Span and

Offset were determined as follows (per unit supply voltage),

• Span = -2.29e-5 mV/V.Pa

• Offset = 3.83 mV/V
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4.2.3 Static Calibration of 13U3000

The Sensym 13U3000 piezoresistive pressure transducer was used for pressure measure-

ment in the USQ Gun Tunnel (Chapter 6). Since it was used in previous research for

engine testing, this particular sensor had a layer of silastomer (approximately 2mm

thick) on the diaphragm to protect it from high gas temperatures and foreign particles

in the test fluid. The Span and Offset determined by this stage of experimentation

were used to determine the pressures from the sensor output recorded from the Gun

Tunnel Test.

Output voltage Vout and applied pressure are shown in figure 4.4. The supply voltage

to the sensor was 15V.
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Figure 4.4: Static calibration of Sensym 13U3000 sensor

For these data points, the room temperature values for Span and Offset were determined

as follows -

• Span = 1.19 e-7 mV/V.Pa

• Offset = 0.246 mV/V
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4.2.4 Static Calibration of 13U0500

The Sensym 13U0500 pressure sensor was used to determine in-cylinder pressure for

an internal combustion engine (Chapter 7). Similar to the 13U3000 sensor, this sensor

also had a layer of silastomer (approximately 3mm thick) on the diaphragm for added

insulation and protection.

Since this sensor was primarily used in the engine testing, it mainly operated at high

temperatures. The room temperature static calibration for this sensor simply allows

for a comparison of the values for Span and Offset for when the sensor is at higher

temperatures during temperature compensation calibrations (discussed in the following

section).

For the room temperature calibration, the output voltage Vout against absolute pressure

is shown in figure 4.5. The supply voltage to the sensor was 15V.
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Figure 4.5: Static calibration of Sensym 13U0500 sensor

The related values for Span and Offset were then determined -

• Span = 1.15e-5 mV/V.Pa

• Offset = 0.74 mV/V
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4.3 Temperature Compensation Calibrations

During thermofluids experiments, a range of different temperatures will be encoun-

tered. Piezoresistive pressure transducers must be calibrated for temperature effects to

improve the accuracy of their results. Changes in temperature will alter the coefficients

for sensor Span and Offset, therefore the effect of temperature on these values must be

quantified.

The sensor used for the temperature calibrations is the Sensym, 13U0500, as this sensor

is used for testing the pressures inside the cylinder of the internal combustion engine

(discussed in Chapter 7). While the other thermofluids experiments may encounter a

range of temperatures (shock tube and Gun Tunnel experiments), the 13U0500 is the

only sensor where the actual sensor operating temperature significantly exceeded room

temperature. A layer of silastomer was placed over the pressure sensitive diaphragm to

protect the sensor from particles in the test fluid and high gas temperatures (encoun-

tered during engine testing - Chapter 7)

4.3.1 Detailed Experimental Design

To determine how Span and Offset were related to sensor temperature, the sensor was

held at a range of constant temperatures (room temperature to approximately 150◦C)

while quasi-static pressure tests were conducted. Span and Offset were subsequently

determined for a range of operating temperatures.

To allow the sensor to be held at a variety of steady temperatures while applying a

range pressures to the sensor, a testing apparatus was developed. A small oven was

modified to allow the pressure sensor to be heated by the oven while also being remotely

connected to the Dead Weight tester. This setup can be observed in figure 4.6.

A thermocouple was situated immediately behind the pressure sensor to indicated the

temperature of transducer (the temperature dial on the oven itself was found to be

highly inaccurate). Pressure testing at each temperature was only conducted once the

temperature reading from the thermocouple became steady.
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Figure 4.6: The modified oven (right) and the Dead Weight tester (left) used for tem-
perature calibrations

Since the thermostat control for the oven continuously switched the heating elements on

and off, temperature fluctuations were present within the oven. To overcome this tem-

perature variation, the sensor was positioned within an insulted copper tube inside the

oven (visible inside the oven in figure 4.6), effectively smoothing the temperature fluctu-

ations and providing steady temperatures for experimental testing. Detailed drawings

of the insulating tube assembly and individual parts are shown in Appendix D.

A stainless steel tube, providing the hydraulic connection between the Dead Weight

tester and the pressure transducer inside the oven, was deliberately designed to allow

a reasonable length of the tubing inside the oven. The length of tubing inside the

oven allowed the hydraulic oil to be raised to the oven temperature at the point where

it came in contact with the pressure sensor. This ensured that the sensor was held

at a predictable temperature. Exposing the sensor to cool hydraulic fluid may have

adversely affected the accuracy of the temperature calibration.

As discussed in the Design Methodology section (Chapter 3) the value for Vsense can be

used to indicate the temperature of the pressure transducer (see figure 3.2). This value

was recorded at each different sensor temperature. The voltage supplied to the complete

conditioning circuit was 30V (approximately 15V being supplied to the sensor). The
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values recorded for Vsense were adjusted for the circuit supply voltage (divided by 30V),

causing the unit of Vsense to be mV/V.

To test for temperature effects, the pressure transducer was held at 4 different tempera-

tures, while a range pressures were applied at each temperature. The first temperature

test was conducted at approximately room temperature (the pressure test was per-

formed with the oven switched off). Ideally a larger range of temperatures could be

tested, however due to the insulation around the pressure sensor, a considerable amount

of time (about 1 1
2 hours) was required for the sensor to reach a new steady temperature.

This restricted temperature testing to a range of only 4 different temperatures.

The maximum temperature for testing was limited below 150◦C, since above this tem-

perature the plastic insulation on the electrical wires begins to melt. At temperatures

approaching 200◦C, there is also a risk of melting the electrical soldering on the pressure

sensor.

4.3.2 Analysis of Temperature Effects

After conducting pressure tests at a range of different temperatures, the changes in Span

and Offset with temperature were investigated. For each set of data at a particular

temperature (values for Vout, Vsense and the applied pressure values) an analysis was

conducted to determine the values for Span and Offset (the process for determining

Span and Offset was identical to that discussed in the Static Calibration section).

Span, Offset and Vsense were then related to the operating temperature of the pressure

sensor at each of the four tested temperatures (the operating temperature of the sensor

was the steady temperature value displayed from the thermocouple instrumentation).

A MATLAB script ‘temp cal2’, developed to analyse the temperature effects on the

sensors is displayed in Appendix C.

The plot shown in figure 4.7 demonstrates a highly linear relationship between Vsense

and temperature. For each particular temperature Vsense remained relatively constant

during the static calibration process, therefore the average Vsense at each testing tem-

perature was used.
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Figure 4.7: The Positive Linear Relationship between Vsense and Sensor Temperature

A linear regression of these results (via MATLAB version 6) provides a temperature

coefficient for Vsense. This is listed in table 4.1. This demonstrates that Vsense can

reliably be used to determine the operating temperature of the pressure sensor. This

technique is necessary where a direct measurement (such as that previously provided

by the thermocouple) isn’t possible.

The relationship between sensor Span and temperature is displayed in figure 4.8. This

also demonstrates a linear trend. The gradient of a linear regression provides the value

for change in Span with change in temperature ( dS
dT ). Ainsworth et al. (2000) utilized a

fractional span sensitivity, where the rate of change of Span with temperature is divided

by the value of Span at room temperature ( 1
S25

dS
dT ). This matches the format of the

temperature coefficient of Span specified by the manufacturer. The value for fractional

Span sensitivity is listed in table 4.1.

The association between sensor Offset and temperature demonstrates a higher order

relationship (figure 4.9). While it is certainly possible to fit a second order curve to this

data, for the purposes of this project, future values for Offset will simply be determined

by a process of linear interpolation between these experimental data points. Both the

manufacturer’s specifications (see Appendix B) and Ainsworth et al. (2000) recognize
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Figure 4.8: The Positive Linear Relationship between Span and Sensor Temperature

a linear rate of Offset change with temperature. This is may be accurate for this set of

results when considering a linear regression of the temperature range of approximately

300K to 370K (or 27◦C to 97◦C).

The basic circuit for determining Vsense can be analysed to allow the temperature co-

efficient of resistance of the pressure sensor to be determined (allowing a comparison

with the manufacturers specifications). Equation 4.2 (Ainsworth et al. 2000) can be

used to associate Vsense and the temperature coefficient of resistance with the temper-

ature changes of the pressure sensor. ‘V0’ is the supply voltage to the conditioning

circuit (figure 3.2), ‘∆T’ is the change in sensor temperature, ‘α’ is the temperature

coefficient of resistance.

∆T =
1

α

4Vsense

V0 − 2Vsense
(4.2)

By substituting the full temperature change of the experiment, and the change of Vsense

over this temperature, into equation 4.2 (since this equation assumed that Vsense was

zero at room temperature), the value for the temperature coefficient of resistance of

the sensor can be determined (for this particular equation, the units for Vsense must

be kept as Volts). The temperature coefficient of resistance is compared with the
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Figure 4.9: The Relationship between Offset and Sensor Temperature

Manufacturer’s specifications in table 4.1.

In table 4.1 the temperature coefficients for Span and Offset are given proportional

to the sensor supply voltage, however the specific supply voltage to the sensor was

dependant on the value of Vsense (refer to figure 3.2). In these cases, the value of

Vsense was subtracted from 15V to give the actual sensor supply voltage. The values

of Span and Offset were then divided by this value (15V - Vsense). The values given

for Vsense (in mV/V) were divided by the voltage supply to the original circuit (30V).

Sensor Characteristics Experimental
Values

Manufacturer’s Spec.
(0 to 82◦C)

Temp. Coefficient of Vsense 0.795 mV/V.◦C N/A
Temp. Coefficient of Resistance 3928 ppm/◦C 3420 ppm/◦C (Typical)
Temp. Coefficient of Span 1371 ppm/◦C 720 ppm/◦C (Typical)
Temp. Coefficient of Offset 7.26 µV/V.◦C 30 µV/V.◦C (Typical)

Table 4.1: Sensor Characteristics for Sensym 13U0500 Piezoresistive Pressure Transducer
- Experimental Values and Manufacturer’s Specifications (Experimental Offset coefficient
for 27 to 97◦C, Manufacturer’s Spec. Offset coefficient for 0 to 82◦C)

The results shown in table 4.1 offer a direct comparison to the manufactures speci-

fications. While there are some differences between these results, the manufacturer’s

performance characteristics are taken at a supply voltage of 5V (the experiments con-

ducted for this research used a sensor supply voltage of approximately 15V). Other
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causes for the differences between the experimental results and the manufacturer’s

specifications may be due to the silastomer that was applied to the diaphragm of the

sensor. While the silastomer should not effect the temperature coefficient of resistance,

it may have effected the temperature coefficients of Span and Offset. The differences in

these results reinforces the need for conducting the temperature calibrations to deter-

mine the sensor characteristics, instead of relying on the manufacturer’s specifications.

This is especially necessary if modifications (such as adding silastomer to protect the

diaphragm) have been made.

4.3.3 Application of Temperature Calibrations

The experimental data provided by the previous subsection provides a means of deter-

mining an accurate values from a pressure transducer as it operates over a wide range

of temperatures.

Initially, the operating temperature of the pressure sensor can be determined with

calculations involving the value of Vsense. Once Vsense at room temperature has been

recorded, equation 4.3 can be used to determine the operating temperature of the

sensor.

∆T =
Vsense − Vsense(25)

dVsense

dT

(4.3)

‘Vsense(25)’ is the value of Vsense at room temperature (originally trimmed to be close

to 0V), ‘∆T ’ is the change in room temperature from 25◦C

Once the temperature of the sensor has been determined, the particular values of Span

and Offset related to this temperature can then be calculated or interpolated from the

range of known experimental values.

The basic formula for determining pressure from the output of a piezoresistive pressure

transducer (Vout) is shown in equation 4.4 (derived from equation 4.1).
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P =
V −O

S
(4.4)

The basic equation for determining pressure (equation 4.4) does not take any changes

in Span and Offset into account, therefore it cannot be used if the sensor is operating at

temperatures other than room temperature. This equation must be modified to allow

for the temperature sensitivity of Span and Offset.

If the temperature is less than approximately 370K, giving a constant rate of change

in sensor offset (as displayed in table 4.1), equation 4.5 (Ainsworth et al. 2000) can be

used to calculate an accurate pressure reading.

P =
1

S25 +
(

dS
dT

)

∆T

[

V −

(

O25 +
dO

dT
∆T

)]

(4.5)

In equation 4.5, ‘S25’ and ‘O25’ are the span and offset of the sensor at room temperature

(25◦C).

If the sensor operational temperatures reach the region where Offset temperature sen-

sitivity becomes non-linear (above 370K), equation 4.5 must be modified. This results

in equation 4.6, where the value for offset (Ointerp) will be determined by linearly

interpolating from the existing experimental data points.

P =
1

S25 +
(

dS
dT

)

∆T
[V −Ointerp] (4.6)

While the Design Methodology (Chapter 3) introduced a different equation for deter-

mining the temperature effects (equation 3.2), due to the non-linear behavior of Offset

above approximately 370K, equations 4.5 and 4.6 will be used.

4.3.4 Temperature Compensation Effectiveness

To test the effectiveness of the temperature compensation routine, the errors between

the compensated and uncompensated signals were compared. The experimental data

collected for the temperature calibration process was used to indicate the effects of the

sensor temperature compensation.
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The quasi-static pressure tests, conducted at a range of temperatures, provided a range

of sensor outputs to test the temperature compensation techniques. This allowed a

comparison between the calculated fluid pressure (determined from the sensor output)

and the actual applied pressure (from the Dead Weight tester).

To simulate an uncompensated pressure sensor, the Span and Offset at 25◦C were

applied to the sensor outputs for each tested operational temperature. These values

were compared to the actual applied pressure for each quasi-static calibration. The

error associated with the uncompensated sensor is shown in figure 4.10.
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Figure 4.10: Error from an uncompensated piezoelectric sensor

The temperature compensation routine was applied to the experimental data. The

values for applied pressure were determined using equation 4.6. The error associated

with the compensated sensor is displayed in 4.11

The figures for the uncompensated and compensated sensor error demonstrate the

capabilities of the temperature compensation routine. The pressure error was reduced

from a maximum of 13.5% to less than 1%. While the magnitude of the compensated

error is greater than the error determined in other similar experiments (see figure 2.4),

the temperature range used for this experimentation was relatively large, reducing the

accuracy of the temperature compensation.
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Figure 4.11: Error from a compensated piezoelectric sensor
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4.4 Chapter Summary

Static Calibrations for are vital to ensure the accuracy of pressure tests using piezore-

sistive pressure transducers. Room temperature static calibrations were conducted for

each of the piezoresistive pressure transducers used during this project, providing val-

ues of sensor Span and Offset. These room temperature calibrations are sufficient for

experimental testing in the Shock Tube and the Gun Tunnel since the sensor temper-

ature in these experiments remains relatively close to room temperature during the

actual measurement of pressures.

Temperature calibrations become necessary once the piezoresistive pressure sensor op-

erates at temperatures significantly different to room temperature (this will be the case

for the pressure sensor used for testing pressures within the cylinder of the internal

combustion engine). The temperature calibrations identified the relationship between

the sensor characteristics (Span and Offset) and temperature. This allowed these sen-

sor properties to be determined according to the particular operating temperature. To

identify the operating temperature of the sensor, the value of Vsense was correlated to

temperature, allowing the temperature of the sensor to be determined if Vsense was

recorded.

Overall, these calibrations form the foundation of the work conducted in later sections

of this dissertation. This chapter has provided an accurate means of determining the

pressures measured by the sensor over a range of static conditions and operating tem-

peratures. Other characteristics, such as the sensor dynamic response, can be now be

thoroughly investigated in the following chapters.



Chapter 5

Dynamic Response

Characteristics

5.1 Chapter Overview

This chapter explores the dynamic response characteristics of the piezoresistive pressure

transducers. Using USQ’s shock tube facility, various aspects of sensor response will be

investigated, including sensor resonant frequency and response time. These character-

istics reveal the capabilities of the pressure sensors under transient fluid pressures and

dictate the level overall performance of the piezoresistive pressure transducers during

fast-response thermofluids experiments.

5.2 Shock Tube Testing

The shock tube (introduced in the Design Methodology section (Chapter 3)) allows the

sensor response to be analysed in detail. A photograph of the shock tube used for these

experiments can be seen in figure 5.1

The particular piezoresistive pressure sensor used to test the dynamic response charac-

teristics, was the Sensym SX150AHO sensor. Ideally, the dynamic response characteris-
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Figure 5.1: Photograph of the shock tube used to test the sensor dynamic characteristics

tics for all three types of sensors could be investigated, however due to time constraints,

only one type of sensor was tested with the shock tube. The dynamic characteristics

of the SX150AHO sensor can however be generally related to the behavior of the other

types of piezoresistive sensors.

5.2.1 Detailed Experimental Design

The SX150AHO pressure sensor is mounted to a plate that is attached to the end of the

shock tube (the foreground of the picture in figure 5.1). The top surface of the sensor

was level with the interior side of the plate (this positioned the pressure sensitive chip

of the transducer approximately 3mm from the interior face of the mounting plate).

Details of the shock tube mounting plate and the related mounting screw are shown in

Appendix D.
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Piezoelectric sensors are fitted along the tube at known locations. These sensors were

used to determine shock speeds along the tube (by determining the shock speed, a theo-

retical analysis of the shock wave can be applied). The positioning of the piezoresistive

and piezoelectric pressure transducers are shown in figure 5.2.

Figure 5.2: Schematic diagram of Shock Tube showing positions of pressure sensors

In all shock tube experiments, air was the test gas used. The diaphragm placed in the

shock tube consisted of four sheets of common Cellophane (with the exception of the

first shock tube test that used only three sheets).

For each shock tube test, pressure was increased in the driver section of the tube until

the diaphragm burst. The rupture of the diaphragm caused a shock wave to propagate

down the tube towards the sensor. The shock wave then hit the end of the tube where

the sensor was mounted (reflecting back up stream), causing an approximate ’step’

input of pressure to the pressure sensor. The response of the sensor to this input was

then analysed.

A block diagram of the shock tube experiments demonstrates how the data was collected

(figure 5.3).

Figure 5.3: A block diagram, showing the method of pressure measurement for shock
tube tests
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5.2.2 Modification of Pressure Sensors

The stock SX150AHO sensor had a relatively small opening in its case, therefore the

top of the case was removed in many instances to improve the filling time of the sensor

(refer to figure 5.4. The filling time is the time taken for a higher pressure gas to fill

the sensor.

Removing the top of the case further exposed the silicon diaphragm of the sensor to

the test fluid. In these cases, to prevent foreign particles in the test gas from damaging

the sensor, grease or latex were added (see figure 5.4) . Epoxy resin was also added to

the sensors in some configurations to protect the gold connecting leads on the chip (the

electrical connections). The use of Margarine (thinned with additional Canola oil) to

protect the silicon chip was also trailed. This provided a readily available low viscosity

grease-like compound, however Margarine was later found to deliver inconsistent results.

Figure 5.4: Modification of SX150AHO sensors

Once a sensor was modified or a new sensor was required, a static calibration (at

room temperature) was conducted to redetermine the values of Span and Offset for

that particular transducer (the static calibration process described in Chapter 4). A

summary of these sensor modifications and their related calibration number can be
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viewed in table 5.1.

Calibration Number Sensor Modification

1 Unmodified
2 Top of sensor removed
3 Top removed, Epoxy added around chip

(wires and diaphragm exposed)
4 Top removed, Epoxy added around chip

(wires covered, diaphragm exposed)
5 Sensor from (4), approx 1mm layer grease

added over diaphragm
6 Sensor from (5), approx 3mm layer grease

added over diaphragm (grease up to sensor
lip)

7 Sensor from (2), thin layer latex (<1mm)
added over diaphragm

8 Sensor from (7), grease added up to sensor lip
over diaphragm

9 Sensor, top removed, approx 3mm of Mar-
garine added over diaphragm (up to sensor
lip)

Table 5.1: Summary of sensor modifications used for shock tube tests

The analysis of the Shock Tube tests for each of the sensor configurations displayed in

table 5.1 is detailed in the next section.

5.3 Analysis of Results

The summary shown in table 5.2 displays the type of sensor used for each Shock Tube

test. The atmospheric pressure and temperature at the time of each test were also

recorded to allow for analysis of the Shock Tube results. The MATLAB script associ-

ated with the analysis of the Shock Tube tests, ’‘shock analysis2’ is shown in Appendix

C.

The outputs recorded for each Shock Tube test can be seen in graphs in Appendix

E. This includes short and long time span sensor responses, graphs of reflected shock

pressures, graphs for each sensor response showing 10 and 90% response lines and a

power spectrum analysis for each Shock Tube test.



5.3 Analysis of Results 48

Shock Test Number Related Calibration Notes

1 1
2 1
3 2
4 2
5 3
6 3
7 4
8 5
9 5 Sensor had approx 2mm layer grease

(cal. for 1mm layer of grease used)
10 6
11 7
12 7 Sensor had approx 1mm layer grease

added (cal. for no grease used)

13 8 Sensor had approx 1mm layer grease
added (cal. for no grease used)

14 8
15 8
16 9
17 9

Table 5.2: Shock Tube tests and corresponding sensors used

5.3.1 Reflected Shock Pressures

A theoretical analysis was used to calculate the fluid characteristics of the shock wave

generated in the Shock Tube. This analysis, consisting of basic gas equations, was

provided in a series of MATLAB scripts produced by Dr. David Buttsworth. The

program code for running this analysis ’p T reflected’ is displayed in Appendix C.

By determining the inbound shock speed and inputting the ambient temperature and

pressure, the reflected shock conditions of the test gas could be determined. This

allowed the theoretical reflected shock pressure to be compared with the value indicated

by the piezoresistive pressure transducer.

To determine the inbound shockwave speed, the time taken for the shock wave to travel

along the tube was calculated. Two piezoresistive pressure transducers were located

at known positions along the tube (figure 5.2). The silicon chip of the piezoresistive

sensor was located 3mm behind the surface of the mounting plate, therefore 3mm was

added to the original measurement from the piezoelectric sensor to the end of the
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Shock Tube (173.5 mm in figure 5.2) (the distance between the second piezoelectric

transducer and the piezoresistive transducer was therefore actually 176.5 mm). As

the shock wave passed these sensors, a sudden increase in pressure occurred. A rapid

increase in pressure also occurred in the piezoresistive pressure transducer (mounted

at the end of the Shock Tube). By measuring the time between the sudden pressure

changes in the sensors, the shock wave speed could be determined.

The measurement of shock speed between the three different sensors allowed three

different shock speeds to be determined -

• Shock speed between the piezoelectric sensors

• Shock speed between the piezoelectric and piezoresistive sensor

• Estimated shock speed at the piezoresistive sensor

To estimate the shock speed at the piezoresistive sensor, a uniform deceleration of the

shock wave was assumed. Therefore, given the time and location of the shock wave

at the two piezoelectric sensors and the piezoresistive sensor, a third shock speed was

calculated (the shock speed at the piezoresistive sensor). A second order polynomial

was fitted to the points of time and displacement at each of the sensors. The gradient

of this polynomial at the point of the piezoresistive sensor determined the shock speed

at that point.

Since there was some degree of error in identifying the precise shock arrival times at

each of the pressure transducers, a reflected shock pressure was determined from each

of the calculated shock speeds.

To give a comparison between the theoretical analysis and the pressure sensor perfor-

mance, an average pressure was taken from the piezoresistive sensor response after the

signal had appeared to have settled sufficiently from the step input of the shock wave

(the reflected shock pressure). A typical comparison between the theoretical and mea-

sured shock pressures can be observed in figure 5.5 (‘P5’ is the reflected shock pressure,

‘US1’ is the shock speed between the piezoelectric sensors, ‘US2’ is the shock speed

between the piezoelectric and piezoresistive sensor and ‘USP’ is the estimated shock
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speed at the piezoresistive sensor).

Figure 5.5: A typical sensor response and a comparison between measured and predicted
reflected shock pressures.

Each sensor response was also recorded over a longer time scale. An average shock pres-

sure was determined for each set of long time scale data from 0.5ms to 1.5 ms (graphs

shown in Appendix E). This pressure average was also compared to the theoretical

reflected shock pressures. For most Shock Tube tests, the sensor response had settled

well before this time window, therefore the average shock pressures determined over

the long time scale were generally not accurate. A plot of a typical long time sensor

response (showing theoretical and measured pressures) can be observed in 5.6.

A comparison between the theoretical and measured shock pressures (short time scale)

for all Shock Tube tests are shown in table 5.3.

• ’P5 1’ is the reflected shock pressure based on the shock speed between the piezo-

electric sensors

• ’P5 2’ is the reflected shock pressure based on the shock speed between the piezo-

electric and piezoresistive sensors

• ’P5 P’ is the reflected shock pressure based on the estimated shock speed at the
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Figure 5.6: A typical long time scale sensor response and a comparison between measured
and predicted reflected shock pressures.

piezoresistive sensor

• ’P5 measured’ is the measured reflected shock pressure from the piezoresistive

sensor output.

A comparison between the theoretical and measured reflected shock pressures in table

5.3 reveals some differences in results, however in most cases, the estimated shock pres-

sure at the piezoresistive pressure transducer (P5 P) provided a reasonable estimation

of the experimental value. It may also be noted that for some shock tests the shock

speed (and therefore the shock pressure) appeared to increase along the Shock Tube.

This scenario can obviously not occur and appears purely as a result of errors from the

estimation the shock arrival times at the sensors.

The estimated reflected shock pressures for the Shock Tubes tests 1 and 2 were the

average pressures taken from 300 to 400 µs (this was taken from the long time span

data). This time window was selected due to the estimated filling time of the sensor.

Filling time equations developed by Dr. David Buttsworth (derived from basic gas and

energy conservation equations) were used to calculate the filling time of the unmodified
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Shock Test
Number

P5 1
(kPa)

P5 2
(kPa)

P5 P
(kPa)

P5 measured
(kPa)

1 354.0 324.5 318.7 316.6
2 411.5 383.7 378.1 375.0
3 417.1 384.6 378.1 421.1
4 340.0 353.5 356.3 338.3
5 417.5 410.5 409.1 402.4
6 387.1 377.3 375.3 371.9
7 422.0 410.5 408.2 405.7
8 413.9 394.4 390.4 394.8
9 388.8 378.1 376.1 368.8
10 375.7 378.1 378.6 382.0
11 406.3 403.9 403.4 411.0
12 353.4 341.4 339.0 339.0
13 361.0 355.9 354.9 355.0
14 353.4 355.9 356.4 358.3
15 368.8 355.9 353.3 366.0
16 419.8 355.9 343.3 442.2
17 349.7 327.5 323.1 369.0

Table 5.3: Comparison between theoretical and measures reflected shock pressures)

SX150AHO sensor (the equations, contained in a MATLAB script, involved calculation

of sonic and subsonic flow through a converging diverging nozzle). To use the filling

time equations with the shock tube data, the MATLAB script ‘Fill time’ was written

(shown in Appendix C). A comparison was made between the theoretical internal pres-

sure as the sensor fills, and the recorded sensor output (converted to pressure). This

revealed that the true reflected shock pressure may not be recorded by the sensor until

approximately 300 µs after the arrival of the shock (hence taking the average reflected

shock pressure from 300 to 400 µs). The relationship between the theoretical filling

pressure and the sensor output can be observed in figure 5.7.

Since the internal pressure of the sensors in shock tests 1 and 2 do not appear to

closely follow the results derived from the filling equations, the effect of the shock wave

entering the sensor may have introduced additional air mass or pressure into the sensor

(the filling equations don’t take the effect of the shock wave into account). While

the gas flow processes during the period of the shock wave entering the unmodified

sensor are not exactly known, if the internal pressure of the pressure sensor increased

significantly due to the effects of the shock wave, it is possible that the remainder of

the sensor response is still governed by the filling equations. The graph shown in figure
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Figure 5.7: Comparison of sensor response and theoretical internal pressure over time for
shock test 2

5.8 gives a possible theoretical filling situation, In this case, the shock wave is assumed

to rapidly increases the sensor pressure to 250 kPa before the theoretical filling process

is applied.

The point in time at which the average reflected shock pressure was taken, may account

for some of the discrepancy between the practical and theoretical results. The windows

of time used to determine the average pressures were only based on estimations that

the sensor response had sufficiently settled. Shock tests 1 and 2 measured the average

reflected shock pressures from 300 to 400 µs. Shock tests, 3 to 13, measured the average

reflected shock pressures from 50 to 100 µs after the arrival of the shock wave. Shock

tests 14 to 17 measured the average reflected shock pressure from 160 to 210 µs due to

the longer settling time of these sensor responses. By taking an average pressure over

slightly different windows of time, a variety of values for the measured reflected shock

pressure could be obtained, introducing some error into the results.

The differences between the actual and predicted results may also be due to the idealized

assumptions used in the theoretical analysis.

The general similarity demonstrated between the average reflected shock pressure mea-
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Figure 5.8: Comparison of sensor response and a possible theoretical model of internal
pressure over time for shock test 2, given that the shock wave increases the internal pressure
of the sensor to 250kPa

sured and the predicted shock pressure (taking the estimated shock speed at the piezore-

sistive sensor), suggests high reliability and accuracy from the piezoresistive pressure

transducers.

5.3.2 Identification of Resonant Frequencies

The resonant frequency of the silicon diaphragm of the piezoresistive pressure trans-

ducer is a factor which determines the maximum operational frequency of the pressure

sensor. If these sensors are to be used in fast-response thermofluids experiments, such

as pressure measurement in an internal combustion engine, the errors associated with

various frequencies of pressure fluctuations should be determined.

The oscillations of the output signal from the pressure transducers are due the vibration

of the silicon diaphragm and the resonance of other bodies (such as the air) adjacent to

the sensor. The sensor output from Shock Tube test number 4 (figure 5.9) demonstrates

the existence of multiple modes of vibration.

The high frequency oscillations visible in figure 5.9 were found to be due to the os-
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Figure 5.9: Sensor output from Shock Tube test 4, demonstrating multiple modes of
vibration

cillation of the silicon diaphragm. The lower frequency oscillations are likely to be

caused by the acoustic resonance of air in front of the sensor. Various sensor configu-

rations with a bare silicon chip (no added grease or silastomer) demonstrated similar

high frequency oscillations but different lower frequency modes, verifying that the high

frequency vibration mode was not related to the configuration of the sensor. This high

frequency resonance must therefore be due to the resonance of the silicon diaphragm.

The resonant frequencies of air in front of the pressure transducers can be estimated.

For the unmodified pressure transducer, a model of air resonating in a cavity with a

small opening can be applied with equation 5.1 (‘v’ is the speed of sound, ‘A’ is the

area of the inlet, ‘L’ is the length of the inlet, and ‘V’ is the volume of the cavity)

(HyperPhysics 2003),

f =
v

2Π

√

A

V L
(5.1)

Applying this equation to the reflected shock conditions and the geometry of the un-

modified sensor, the resonant frequency equated to approximately 8 kHz (period of
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1.25e-4 s). Oscillations close to this frequency are partially visible in the Shock Tube

data from the unmodified sensors (Shock Tube tests 1 and 2).

For the sensors with the top of the transducer case removed, a model of air resonating

as a column can be applied. The model simulates the resonance of air in a cylinder

with one closed end. The resonant frequency can be determined with equation 5.2 (’n’

is the mode of vibration (n = 1,3,5 etc), ’v’ is the speed of sound, ’L’ is the length of

the cylinder of air) (HyperPhysics 2003),

f =
nv

4L
(5.2)

After applying this equation, the resonant frequency equated to approximately 25 kHz

(period of 4e-5 s). Oscillations of similar frequency may be noted in the Shock Tube

data from the sensors where the top of the case has been removed and little material

(grease etc.) was added (Shock Tube tests 3,4,5,6,7,8,11,12 and 13).

A MATLAB script was developed to analyse the power spectrum density of the sensor

responses (this script, ‘psd display.m’, is displayed in Appendix C). The power spectrum

density analysis calculates the magnitude of a range of frequencies, that when added

together, produce the sensor output signal. This analysis can be used to identify the

resonant frequencies of the response, since these frequencies will be represented by a

peak on the power spectrum density plot.

An analysis of the power spectrum density for the various sensor outputs reveals the

high frequency resonance of the diaphragm (the lower frequency oscillations related to

the resonance of other bodies have very few oscillations, therefore these frequencies are

not obvious on the power spectrum density analysis). A very high frequency resonance

(several MHz) was identified in most sensor responses however this was found to be sig-

nal noise and was not included in the resonant frequency analysis. The power spectrum

density of Shock Tube test 4 (shown in figure 5.9) is displayed in figure 5.10.

The power spectrum density in figure 5.10 shows a clear peak about the resonant

frequency of the silicon diaphragm at 246.7 kHz (the high frequency oscillations visible

in the sensor output). The diaphragm resonant frequencies were recorded for each
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Figure 5.10: The power spectrum density of Shock Tube test 4, showing the resonant
frequency of the silicon diaphragm

Shock Tube test (displayed in table 5.4). In the cases where the frequency is 0 Hz, no

clear resonant frequency was identifiable.

These results demonstrate how the resonant frequency of the sensor can be affected

by adding different substances (such grease epoxy or latex) to the sensor. The first

four Shock Tube tests have identical resonant frequencies, since each of these sensor

configurations added no substances to the sensor diaphragm. This suggests the resonant

frequency of the unmodified silicon diaphragm is 246.7 kHz. Sensors with added layers

of grease or latex demonstrated lower resonant frequencies (due to the addition of mass

attached to the diaphragm).

The sensor used in Shock Tube test 7 recorded a higher than normal resonant frequency.

This is due to the epoxy resin that was added to the sensor, since some epoxy was placed

around the edges of the chip, effectively decreasing the size of the flexible diaphragm

and therefore increasing the resonant frequency. Unfortunately the value of Offset for

the sensors with the epoxy resin was very sensitive the clamping force used to hold the

sensors in place. This occurred since the epoxy provided a ridged connection between

the silicon chip and the body of the sensor. The drawback of mounting sensitivity made
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Shock Test
Number

Resonant
Frequency
(kHz)

Sensor Configuration

1 246.7 Unmodified
2 246.7 Unmodified
3 246.7 Top of Case Removed
4 246.7 Top of Case Removed
5 240.0 Epoxy Added, Wires Exposed
6 240.0 Epoxy Added, Wires Exposed
7 263.3 Epoxy Added, Wires Covered
8 133.3 Epoxy Added, 1mm Grease
9 106.7 Epoxy Added, 2mm Grease

10 20 (1) Epoxy Added, 3mm Grease
11 183.3 Latex Added <1mm
12 0 Latex Added, 1mm Grease
13 0 Latex Added, 1mm Grease
14 0 Latex Added, 3mm Grease
15 0 Latex Added, 3mm Grease
16 0 3mm Margarine
17 136.7 3mm Margarine

Table 5.4: Diaphragm resonant frequencies determined from power spectrum density
analysis (a resonant frequency of 0Hz indicates that no clear frequency was identified)

note 1: On observation of the sensor response of Shock Tube test 10, a resonance of
approximately 20 kHz is present (this does not appear on the power spectrum density
analysis due to the small number of oscillations). Since the resonance of this
particular sensor with no grease is 263.3 kHz (test 7), with a 1 mm layer of grease is
133.3 kHz (test 8) and a 2 mm layer of grease is 106.7 kHz (test 9), it is possible that
the resonant frequency of the sensor diaphragm in test 10 (with a 3 mm layer of
grease) is approximately 20 kHz (due to the trend of a decreasing resonant frequency
with an increasing vibrating mass).
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the used of these sensors less attractive.

The sensors with Margarine (tests 16 and 17) delivered inconsistent results. While the

twin peaks evident in the sensor responses in tests 16 and 17 may be due to some form

of resonance (refer to plots shown in Appendix E), the true cause of the secondary peak

in the sensor response remains unknown. Since the results of sensors with Margarine

are inconsistent and difficult to predict, the future use of Margarine in sensors will be

avoided.

Fast response piezoelectric sensors exhibit similar resonant frequencies to the values

determined for the piezoresistive transducers. The PCB 112B11 piezoelectric sensor,

used for the engine and Gun Tunnel pressure measurements (specifications in Appendix

B), has a resonant frequency of ≥ 200 kHz. This suggests that the transient pressure

measurement performance from the low cost piezoresistive devices may be similar to

expensive piezoelectric sensors.

5.3.3 Errors Related to Frequency of Measured Pressures

Errors in the output of the piezoresistive pressure transducers occur as the frequency

of pressure fluctuations in the test fluid begins to approach the resonant frequency of

the diaphragm within the sensor. A second order system can be used to simulate the

dynamic characteristics of the silicon diaphragm of a piezoresistive pressure transducer

(Ainsworth et al. 2000). The transfer function of such a system can be displayed by

equation 5.3 (Ainsworth et al. 2000).

F (jω) =
1−

(

ω
ω0

)2
− j2h

(

ω
ω0

)

[(

1−
(

ω
ω0

)2
)]2

+ 4h2
(

ω
ω0

)2
(5.3)

In equation 5.3 ω0=(k/m)
1/2 was the undamped natural frequency and h=(c/2mk)1/2

was the damping ratio.

For typical step response signals it is possible to determine the damping ratio, however

the outputs from many of the Shock Tube tests do not allow the damping ratio to be
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accurately calculated. From examining the sensor responses, it is possible to deduce

that the addition of grease or latex to the sensor typically increased the damping ratio

(due to the fewer high frequency oscillations present in the sensor response).

The relative amplitude ratio and phase shift for the transfer function in equation 5.3

are shown in figure 5.11.

Figure 5.11: The amplitude ratio and phase shift for relative frequency ratios (Ainsworth
et al. 2000)

Since the sensors tested in Shock Tube mostly exhibit a very low damping ratio (possibly

around 0.01), the error related to the relative amplitude ratio (figure 5.11) increases

rapidly as the testing frequency approaches the resonant frequency of the sensor di-

aphragm. The phase angle of the sensor response also changes dramatically as the

testing frequency nears the undamped natural frequency of the sensor (in cases where

the damping ratio is small, the undamped natural frequency and the resonant frequency

of the sensor diaphragm are very similar). Therefore, to ensure high accuracy for any
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results obtained from these piezoresistive pressure sensors, the frequency of pressure

fluctuations should not exceed a value that is approximately an order of 10 below the

resonant frequency of the transducer (1/10 of the diaphragm resonant frequency).

To estimate the error related to a particular test frequency, equation 5.4 can be used

(Balachandran & Magrab 2004, eq. 5.99). This equation approximates the amplitude

error of a system with a small damping ratio.

fa

fn
=

√

1−
1

1 + d
(5.4)

In equation 5.4, ‘fa’ is applied frequency of pressure fluctuation, ‘fn’ is the natural

frequency of the diaphragm (since the damping ratio is typically very small, the natural

frequency is approximately the resonant frequency of the sensor) and ‘d’ is the error in

the sensor response. If the experimental pressure fluctuations are at 1/10 of the sensor

natural frequency ( fa

fn

= 0.1), the approximate error is 1.01%.

The various sensor configurations tested typically demonstrated relatively high resonant

frequencies. This suggests that piezoresistive pressure transducers may be able to

accurately record high frequency pressure fluctuations.

5.3.4 Sensor Response Time

The sensor response time (or rise-time) was identified as the time taken for the sensor

output to rise from 10 to 90% of its full scale response after a step input. The response

times for each of the sensor configurations were analysed to test the suitability of these

sensors to fast-response measurement situations.

As shown in figure 5.12, the 10 and 90% levels were based on the average reflected

shock pressure (the average pressure taken from a window of time after the response of

the sensor had sufficiently settled).

Initially a smoothed sensor response line was used to indicate the points where the

response crossed 10 and 90%. This was later found to introduce errors in situations
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Figure 5.12: The 10 and 90% lines used to measure the response time of the sensor

where particular sensors had very fast response times (the smoothing of the data ef-

fectively increased the measured response time). The response times for each of the

Shock Tube test results were measured by recording the time that the sensor response

(not smoothed) first crossed the 10% line, to the time that the sensor response first

crossed the 90% line. In some situations the 10% line was beneath the amplitude of

the noise generated before the step input (meaning that the sensor output appeared to

cross the 10% line several times before the actual response of the sensor). To obtain

useful results from these cases, the output associated with the actual step response of

the sensor was identified (the signal which is clearly not associated with noise), and the

time at which this line crossed the 10% line was recorded. A summary of the response

times for each of the sensors tested can be seen in table 5.5.

The sensor response times displayed in table 5.5 can be explained by examining each

sensor configuration. The relatively slow response times of tests 1 and 2 are due to

the small opening in the unmodified sensors and the resulting filling time (explained

previously in the subsection 5.3.1). The sensors with the top of the case removed and

none/or little material covering the sensor recorded the fastest response times. The

sensor response times typically decreased as more material (grease etc.) was added
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Shock Test
Number

Response
Time (µs)

Sensor Configuration

1 12.96 Unmodified
2 12.52 Unmodified
3 0.38 Top of Case Removed
4 0.38 Top of Case Removed
5 0.57 Epoxy Added, Wires Exposed
6 0.67 Epoxy Added, Wires Exposed
7 0.35 Epoxy Added, Wires Covered
8 1.51 Epoxy Added, 1mm Grease
9 2.20 Epoxy Added, 2mm Grease
10 9.69 Epoxy Added, 3mm Grease
11 0.61 Latex Added <1mm
12 0.90 Latex Added, 1mm Grease
13 1.12 Latex Added, 1mm Grease
14 55.46 Latex Added, 3mm Grease
15 40.51 Latex Added, 3mm Grease
16 3.36 3mm Margarine
17 21.45 3mm Margarine

Table 5.5: Response times for sensor outputs for each of the Shock Tube tests

to the sensor diaphragm (since this added more mass to the diaphragm). This can be

observed when comparing the response times of tests 7,8,9 and 10 (no grease, thin layer

of grease (1 mm), medium layer of grease (2 mm) and thick layer of grease (3 mm)

respectively). The combination of grease and latex within the sensor gave the slowest

response times (tests 14 and 15) while the sensors containing margarine demonstrated

further inconsistency in their results.

The manufacturer’s specifications for the unmodified sensors (tests 1 and 2) quote

a response time of 0.1 ms, significantly longer than the response times determined

experimentally (12.98 µs for test 1 and 12.52 µs for test 2). This difference may be

due to the manufacturer stating a response time associated with a worst-case scenario,

to avoid litigation if the sensors did not perform to their specifications under some

circumstances.

Overall, the experimental results demonstrate that the response time of the transduc-

ers can be significantly improved through some simple modifications to the pressure

sensors. The response times for several of the modified sensors are also relatively fast,

proving that these piezoresistive sensors are capable of providing accurate readings

under rapidly changing pressures.



5.3 Analysis of Results 64

The response times of fast-response piezoelectric sensors are similar to the response

times of the piezoresistive sensors used in the Shock Tube experimentation. The PCB

112B11 piezoelectric sensor, used for the engine and Gun Tunnel pressure measurements

(specifications in Appendix B), has a response time of ≤ 3 µs. The similarity of the

piezoelectric and piezoresistive sensor response times indicates that the piezoresistive

sensors are well suited to the measurement of transient pressures.
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5.4 Chapter Summary

Overall, a sensor configuration can be selected which best matches the requirements

for the pressure measurement situation.

If slower pressure changes are expected, the stock SX150AHO sensor could be used.

This transducer would be most effective if the pressure fluctuations were below the

resonant frequency of the air inside the pressure sensor - approximately 8 kHz.

The measurement of higher frequency pressure oscillations is best suited to sensors

where the top of the transducer case has been removed. These sensors, where only a

thin layer of latex or grease has been added, offer high resonant frequencies and fast

response times. The addition of a thin layer of grease or latex on the silicon diaphragm

can also significantly increase the damping ratio of the sensor if required. Thicker layers

of grease may be used if dynamic performance becomes less critical and the sensor must

be protected from high speed foreign particles in the test gas or high fluid temperatures.

The sensor with the epoxy resin covering the connecting leads did offered the highest

resonant frequency and the fastest response time, however the issues related to the

mounting sensitivity of these sensors (where the clamping force influences the sensor

Offset) make the choice of using this configuration of sensor less viable.

The modification of the SX150AHO pressure transducer can dramatically alter the

dynamic performance of the transducers. This may ultimately enable these low cost

piezoresistive pressure transducers (approximately $150) to replace the high cost fast

response sensors (such as piezoelectric sensors - approximately $2000) in the measure-

ment of pressures in fast-response thermofluids experiments.



Chapter 6

Pressure Measurement in the

USQ Gun Tunnel

6.1 Chapter Overview

This chapter investigates the application of piezoresistive pressure transducers on dy-

namic pressure measurement within the USQ Gun Tunnel. The pressures produced

during a Gun Tunnel test will be measured with a piezoresistive and a piezoelectric

pressure transducer. The piezoelectric sensor used is a high end device with proven

accuracy and fast response characteristics. This provided a bench mark by which the

performance of the piezoresistive sensor could be compared.

6.2 Gun Tunnel Testing

The Operation of the Gun Tunnel produces a short duration test gas flow. A schematic

diagram of the Gun Tunnel can be view in figure 6.1

As can be seen in the schematic diagram of the Gun Tunnel (figure 6.1), the apparatus

consists of a driver tank, barrel, nozzle and dump tank. In the format used for this

project, the end of the barrel was sealed off (not allowing the test gas to enter the



6.2 Gun Tunnel Testing 67

Figure 6.1: A schematic diagram of the USQ Gun Tunnel in the format used for this
project (Top View)

converging diverging nozzle, testing section and the dump tank).

The particular sensor used for the Gun Tunnel testing was the Sensym 13U3000 (ca-

pable of withstanding a maximum pressure of 3000 psi). This sensor had a layer of

silastomer (approximately 2mm thick) covering the pressure sensitive diaphragm to

protect the sensor. Due to time constraints, this particular sensor was not analysed for

its dynamic response characteristics. While a dynamic response analysis of this partic-

ular sensor would be ideal, the previous dynamic testing (using the shock tube) with

the SX150AHO senors represents the characteristics of typical piezoresistive pressure

transducers. The results from the dynamic response testing suggested that a piezore-

sistive pressure transducer could provide acceptable results under transient pressure

conditions (due to fast response times and high resonant frequencies), therefore this

chapter aims to test this theory in a practical application.

The piezoelectric sensor used as the benchmark for the piezoresistive pressure trans-

ducer is a PCB 112B11. The specifications for this transducer are shown in Appendix

B.

6.2.1 Detailed Experimental Design

The piezoresistive and the piezoelectric sensors were placed at opposite sides of the

barrel a short distance before the cap at the end of the barrel. Both sensors were at the

same length along the barrel section, and since the flow produced from the Gun Tunnel
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within the barrel should be radially symmetric (about the axis of the barrel), the same

fluid pressure should be simultaneously placed on both sensors during testing.

A photograph of the two pressure sensors mounted in the Gun Tunnel barrel is shown in

figure 6.2. Detailed drawings of the mounting screw and barrel are shown in Appendix

D.

Figure 6.2: Mountings of piezoresistive and piezoelectric sensors in the Gun Tunnel barrel
(note: the end of the barrel is unsealed at this stage)

Pressure was built up in the driver tank until the aluminium diaphragm ruptured. The

gas from the driver tank then forced a piston along the barrel at high speed. The air

in front of the piston was the measured test gas.

While in some Gun Tunnel experiments, the test section (in front of the piston) may

be evacuated to a near vacuum prior to the test, this experiment initially had air in

the barrel at room temperature and pressure.

A block diagram can be used to represent the method of data capture for this experi-

mentation (figure 6.3)

While this experiment involved high gas temperatures, during the testing period where

data was recorded from the piezoresistive sensor, the sensor did not have sufficient

time to undergo a significant increase in temperature (pressures were recorded over
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Figure 6.3: A block diagram, showing the method of pressure measurement for the USQ
Gun Tunnel

a time window of only 45 ms). Heat transfer calculations were performed to insure

that the sensor could not significantly increase in temperature over this time (the 2mm

silastomer layer over the sensor effectively insulates the transducer from any significant

change in temperature during testing).

6.3 Analysis of Gun Tunnel Results

It was determined that a single Gun Tunnel test was sufficient to test the characteristics

of the piezoresistive pressure transducer against the piezoelectric pressure transducer.

The results obtained from the Gun Tunnel tests were analysed using a MATLAB script

‘gt28 analysis2’ (shown in Appendix C).

6.3.1 Comparison with Piezoelectric Sensor

The results obtained from the piezoresistive sensor compared well with the pressure

readings taken with the piezoelectric sensor. A graph showing the piezoresistive and

piezoelectric outputs is shown in figure 6.4.

The signal from the piezoelectric sensor was clipped at its peak pressure due to the

settings of the oscilloscope (see figure 6.4). While this prevents a direct comparison

between the recorded peak pressures of both sensors, the dynamic response of the

piezoresistive sensor can still be compared to the pressure readings taken from the

piezoelectric transducer at different points of the overall sensor response. Figure 6.5

displays the readings after the peak Gun Tunnel pressure. This offers a more detailed
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Figure 6.4: A comparison between the piezoresistive and piezoelectric pressure sensors

comparison between the sensor outputs.

Some noise was present in the signal from the piezoresistive sensor, so a smoothing

routine was applied to the data. The smoothed output from the piezoresistive sensor is

compared with the piezoelectric signal in figure 6.6. If the piezoresistive sensors were

to be applied in future thermofluids experiments, it may be possible to further reduce

the signal noise to gain clearer results.

The plot in figure 6.6 demonstrates that the piezoresistive sensor is well suited to

applications requiring the measurement of transient pressures. There are no obvious

signs of phase lag in the piezoresistive sensor in comparison to the piezoelectric signal or

diaphragm resonance due to high frequency pressure fluctuations. Figure 6.7 displays

the readings after the peak Gun Tunnel pressure, offering a more detailed comparison

between the sensor outputs.

On close inspection of the results, it may appear that the piezoresistive sensor has a

faster response time than the piezoelectric. While it is possible that the piezoresistive

sensor has a faster response time, the slower response of the piezoelectric transducer

may be due to the geometry of the sensor mounting in the barrel. The hole exposing

the piezoresistive sensor to the test gas was significantly larger than the hole for the
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Figure 6.5: A comparison between the piezoresistive and piezoelectric pressure sensors
after the peak Gun Tunnel pressure

piezoelectric sensor (8.5mm in comparison to approximately 2mm). This size difference

may have allowed the air cavity in front of the piezoresistive sensor change pressure

at a slightly faster rate. The true response time of the piezoresistive and piezoelectric

transducers could be determined by conducting shock tube tests for each of the sensors,

however time constraints did not allow this testing.

6.3.2 Theoretical Analysis

Unfortunately, while a theoretical analysis of the Gun Tunnel test was planned us-

ing a Lagrangian quasi one dimensional computational model, essential program files

required for these calculations could not be acquired. A theoretical analysis of this ex-

perimentation is fortunately not critical, since the output of the piezoresistive pressure

transducer has already undergone a comparison with the results obtain from a reliable

piezoelectric pressure sensor. The theoretical results would not have been expected to

exactly match the pressure readings from the sensors (due to certain assumptions made

for the theoretical model), therefore a more valuable analysis was available by simply

comparing the outputs of the two types of pressure sensors.
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Figure 6.6: A comparison between the smoothed piezoresistive data and the piezoelectric
sensor output
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6.4 Chapter Summary

Testing with the USQ Gun Tunnel has demonstrated the capabilities of the piezoresis-

tive pressure transducers under transient pressure measurement conditions. The results

obtained from the piezoresistive sensor closely match the pressure readings produced

by the piezoelectric pressure transducer. The piezoelectric sensor is a high end device,

known for its accuracy and fast response characteristics, therefore the similarity of the

results obtained using the piezoresistive sensor indicates that the piezoresistive tech-

nology may provide a cost-effective solution for pressure measurement in fast-response

thermofluids experiments.



Chapter 7

Pressure Measurement of

Internal Combustion Engine

7.1 Chapter Overview

This chapter investigates the use of piezoresistive pressure sensors for the measurement

of in-cylinder pressures of an internal combustion engine. This explores the dynamic

response characteristics of the pressure sensors under high frequency pressure fluctua-

tions with the added complication of temperature compensation. The results obtained

from piezoresistive pressure measurements within the cylinder of the internal combus-

tion engine will be compared to the pressure readings from a piezoelectric sensor. This

gives an indication of the accuracy obtained from the piezoresistive device. A theoret-

ical engine model will also simulate the cylinder pressures, giving further material to

asses the operation of the piezoresistive sensor.

The piezoelectric sensor used as the benchmark for the piezoresistive pressure trans-

ducer is a PCB 112B11 (the same sensor used for the Gun Tunnel experimentation).
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7.2 Cylinder Pressure Testing

The particular engine used for this experiment was detailed in Chapter 3. The piezore-

sistive sensor used for the engine testing was originally the Sensym 13U3000 sensor.

Since the cylinder pressures recorded in previous experiments did not exceed 500 psi,

the Sensym 13U0500 sensor was used (maximum pressure 500 psi). This sensor deliv-

ered a better signal to noise ratio when compare to the 13U3000 (maximum pressure

3000 psi) since the testing pressures extended over a greater portion of the total sensor

pressure range. A silastomer coating was applied to the pressure sensitive diaphragm

of the transducer to protect the diaphragm against high gas temperatures and foreign

particles.

7.2.1 Experimental Design

A piezoresistive and a piezoelectric pressure transducer were inserted into the head of

the engine in similar locations (this can be seen in figure 7.1)

Figure 7.1: A photograph showing the mounting of the piezoelectric (right) and piezore-
sistive (left) sensors on the engine

Since the engine would normally operate at high temperatures, it was only tested over
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short periods of time to avoid overheating the pressure transducers.

A shaft encoder (figure 7.2) was used for this experiment to determine the cylinder

position in comparison to the pressure readings and for determining the speed of the

engine. This allowed the theoretical engine pressures to be applied to the experimental

results. Details of the shaft encoder are included in Appendix D. Specifications for the

optical sensor used on the encoder are displayed in Appendix B.

Figure 7.2: The Shaft Encoder attached to the engine

A block diagram representing the method of data capture and pressure measurement

is shown in figure 7.3.

During the engine testing process, four different tests were conducted,

1. Engine motored (by external electric motor), throttle closed

2. Engine fired, no load, throttle closed

3. Engine fired, loaded, throttle closed

4. Engine fired, loaded, throttle open
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Figure 7.3: A block diagram, showing the method of pressure measurement for the
internal combustion engine

To load the engine, a hydraulic pump was used. This pump shifted a known volume

of hydraulic oil (3.8e-6 m3) for each revolution at a known pressure (recorded from

pressure gauges). To determine the power output of the engine, equation 7.1 was used.

P = ∆pQ (7.1)

In equation 7.1, ‘P’ is the engine output power, ‘∆p’ is the hydraulic oil pressure and

‘Q’ is the oil flow rate.

The layout of the engine testing apparatus can be seen in figure 7.4.

Figure 7.4: The layout of the engine testing apparatus

Due to the operational temperatures of the piezoresistive sensors, the temperature

compensation routine (developed in Chapter 4) was used to increase the accuracy of

the pressure measurements.
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7.3 Analysis of Results

7.3.1 Comparison with Piezoelectric Sensor

Graphs were produced to compare the pressure recorded by the piezoresistive and

piezoelectric sensors (figure 7.5 for engine test 1, figure 7.6 for engine test 2, figure

7.7 for engine test 3 and figure 7.8 for engine test 4). Due to high levels of signal

noise from the piezoresistive sensor, some data smoothing was utilized. The effects of

data smoothing unfortunately reduced the peak pressures displayed in the results for

the piezoresistive sensors. To reduce the adverse affects of smoothing, a routine was

developed to smooth the low pressure data to a higher extent then the high pressure

data (the peak cylinder pressures). It may be possible to reduce the signal noise if

the piezoresistive sensors were required for future applications. A MATLAB script,

‘engine 1’ (see Appendix C) was used to analyse the data collected from each of the

engine tests.
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Figure 7.5: Engine pressures determined from the piezoresistive and piezoelectric pressure
transducers - motored, closed throttle

The readings obtained with the piezoelectric sensors drifted during the engine testing

process (the offset of the piezoelectric measurements changed over time). To correct for

this error, the pressures measured with the piezoelectric sensor were altered to match
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Figure 7.8: Engine pressures determined from the piezoresistive and piezoelectric pressure
transducers - fired, open throttle, loaded

the readings from the piezoresistive sensor over a short period of time (20 ms) midway

through the exhaust stroke of the engine (relatively low pressure). Since the pressures

during the exhaust stroke of the engine were very small compared to the peak engine

pressures, any errors introduced to the piezoelectric readings were minimal.

For the loaded engine tests (3 and 4), the output power of the motor is shown in table

7.1.

Engine Test Hydraulic Oil Pres-
sure (pa)

Output Power (W)

1 - -
2 - -
3 7.584e6 659.8
4 11.721e6 1984.9

Table 7.1: Hydraulic pressures and equivalent engine output power for engine tests

The cylinder pressures recorded with the piezoelectric pressure transducer compared

reasonable well with the results from the piezoresistive pressure sensor. The plots of

in-cylinder pressure demonstrate that the piezoresistive sensors are capable of providing

results similar to those recorded by the piezoelectric sensor. The plots also demonstrate

that the results obtained from the piezoresistive sensors are more reliable at higher

pressures, or situations where the signal amplitudes are much greater than the noise
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amplitude. While the peaks of the smoothed piezoresistive data reveal some error (due

to the data being averaged over a certain number of data points), the peaks of the

raw data (not smoothed) still compare well with the magnitude of the piezoelectric

readings. Other differences in pressure readings may also be related to the positioning

of the sensors within the head of the cylinder (the cylinder pressures may not be

uniformly distributed).

Since the piezoelectric sensor is known for high accuracy and fast response times, the

data indicates that the piezoresistive pressure transducer is capable of providing rea-

sonably accurate measurements. The similarity of the results also suggests that the

temperature compensation routines are effective. The piezoresistive signal shows no

evidence of significant phase lag or amplitude errors associated with high frequencies

of pressure fluctuation.

7.3.2 Theoretical Analysis

The theoretical analysis is based upon estimating the internal cylinder pressures us-

ing a thermodynamic engine simulation. This simulation was compiled into a series

of MATLAB scripts by Dr. David Buttsworth. The engine simulation script allows a

comparison of the theoretical pressures developed during motored and fired engine tests

with the results obtained from the piezoelectric and piezoresistive pressure transduc-

ers. A MATLAB script for comparing the theoretical and measured engine pressures,

‘engine 2’, is displayed in Appendix C.

While four engine tests were conducted using various conditions, the motored engine

test (engine test 1) and the loaded, open throttle test (engine test 4) give the greatest

similarity to the theoretical model.

For the motored engine tests, a comparison between the measured and theoretical

pressures is shown in figure 7.9.

For the fired engine tests, a comparison between the measured and theoretical pressures

is shown in figure 7.10.
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Figure 7.9: A comparison between the theoretical and measured cylinder pressures -
motored

The precise values for engine parameters (such as the spark ignition angle, burn du-

ration angle and initial pressure) were unknown, therefore these values were modified

until the theoretical results closely matched the recorded values. Ideally these param-

eters could be determined to give a better indication of the sensor accuracy, however

due to time constraints this was not possible.

The results obtained from the theoretical simulations closely match the pressure mea-

surements from the piezoresistive and piezoelectric sensors (figure 7.9 and figure 7.10).

While this does not give an accurate indication of sensor accuracy (due to the unknown

engine parameters), the close match between the predicted and measured results indi-

cates that pressure readings are close to the pressures expected from the engine.
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7.4 Chapter Summary

The pressure testing within the cylinder of an IC engine has provided a means for test-

ing the dynamic response and temperature calibrations for the piezoresistive pressure

transducers.

A comparison between the results of the piezoresistive and piezoelectric transducers

demonstrated that the piezoresistive device is capable of reasonably accurate results.

There were no obvious indications of phase lag or amplitude errors in the piezoresistive

sensor output as a result of the high frequencies of pressure fluctuation. The accuracy

of the readings obtained from the piezoresistive pressure sensors also indicates that the

temperature compensation routine was effective.

A thermodynamic engine simulation provided a comparison between the practical and

theoretical results. This demonstrated that the results obtained from the piezore-

sistive pressure sensor are approximately at the magnitude predicted by the model.

The similarity between these results further reinforces the high performance from the

piezoresistive sensors.



Chapter 8

Conclusions and Further Work

8.1 Achievement of Project Objectives

This dissertation has provided a detailed analysis of fast-response piezoresistive pressure

transducers for thermofluids experiments. Objectives, set out in the initial pages of

this report, have been met, providing an in-depth investigation into the operation and

implementation of piezoresistive sensors.

The following objectives have been addressed:

1. Review existing techniques for temperature measurement and com-

pensation in piezoresistive pressure measurement devices.

A review of techniques previously used for temperature compensation was covered

during the literature review (Chapter 2). This included past research conducted

by Ainsworth et al. (2000), Denos (2002) and Clark (1992).

2. Devise appropriate electrical circuits to implement such techniques.

Electrical circuits were successfully developed to provide pressure measurement

and allow for accurate temperature compensation (Chapter 3, Figure 3.2). This

circuit was used for the remaining pressure measurement experiments.

3. Devise suitable apparatus for quasi-static calibration of pressure trans-
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ducers for both pressure and temperature sensitivity.

To perform the room temperature quasi-static calibrations, each of the piezoresis-

tive pressure transducers were connected directly to the Dead Weight Tester. A

small oven was modified to allow for a temperature calibration of the piezoresistive

sensors, testing the temperature sensitivity of the transducers (Chapter 4). The

temperature calibration apparatus allowed the sensor to be held at a particular

temperature while a range of pressure were applied.

4. Perform calibrations on selected transducers.

Chapter 4 describes the experimental process of the quasi-static and tempera-

ture calibrations. This chapter also displayed the results of the calibrations and

compared the experimental results with the manufacturer’s specifications.

5. Investigate the dynamic response of sensors of various configurations

(added grease, modified cases etc.) using a shock tube calibration.

Using the shock tube facility, the dynamic response of the SX150AHO sensors

were tested (Chapter 5). This included tests of sensors with various modifications,

including additions of latex and grease and modified sensor cases.

6. Obtain pressure measurements in a Gun Tunnel.

A single test was conducted with the USQ Gun Tunnel (Chapter 6). This test

recorded the pressures measured with a piezoresistive sensor piezoelectric sensor.

7. Analyse the measurements from the Gun Tunnel and compare with

data obtained from a piezoelectric sensor.

Chapter 6 compared the pressure values recorded from the piezoelectric and

piezoresistive sensors. This revealed that piezoresistive sensor was capable of

producing similar results to the piezoelectric transducer (a more expensive sensor

well suited to this pressure measurement application).

8. Obtain pressure measurements in an IC engine.

Pressure measurements were taken from an internal combustion engine under

various conditions (motored, fired, loaded, unloaded etc.)(Chapter 7).

9. Analyse the measurements from the IC engine and compare with data

obtained from a piezoelectric sensor.
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Chapter 7 investigated the comparison between the measurements obtained from

the piezoresistive and piezoelectric transducers. The piezoresistive sensor com-

pared relatively well with the output obtained from the piezoelectric sensor.

as time has permitted -

10. Compare the measurements from the Gun Tunnel with predictions

based on a computational model (Lagrangian quasi one dimensional)

Due to time constraints and the unavailability of certain program files, a compu-

tational model for the analysis of the Gun Tunnel was not investigated.

11. Compare the measurements from the IC engine with predictions based

on a computational model(thermodynamic engine simulation).

A thermodynamic engine simulation was used to provide theoretical results for

the cylinder pressures of the IC engine. The actual pressure measurements from

both the piezoelectric and piezoresistive sensors compared well with the predicted

values.

8.2 Further Work

Future work on piezoresistive pressure sensing technology may be conducted in several

areas. The areas of possible further research include an investigation into improv-

ing temperature calibration techniques, a more detailed analysis of dynamic response

characteristics and the utilization of piezoresistive sensors with other fast-response ther-

mofluid applications.

The temperature calibrations conducted with the modified oven apparatus were effec-

tive however they proved to be very slow, as discussed in Chapter 4. Further work

could be conducted to develop a pressure testing apparatus that automatically sets the

temperature of the sensor and applies a range of pressures while recording the sensor

outputs (allowing the calibration process to be completely automated). The creation of

such a device would greatly reduce the time and effort required to complete quasi-static

pressure and temperature calibrations.
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The investigations into sensor dynamic response in this project compared the charac-

teristics of various configurations of pressure sensors. Further work could be conducted

with specific configurations to identify quantitative variables related to the dynamic

behavior of the sensors (such as damping ratios and settling times). If such variables

could be determined, the errors associated with high frequencies of pressure fluctua-

tion could be calculated and tested with further experimentation. Research could also

be conducted to compare the dynamic response characteristics of piezoresistive and

piezoelectric sensors.

Piezoresistive pressure transducers have possible applications in a wide range of ther-

mofluids experiments. An analysis of the piezoresistive pressure transducers under

further pressure measurement applications (such as pressure measurement within the

UQ T4 shock tunnel), would give another opportunity to test the suitability of these

sensors and provide a better indication of the overall transducer versatility. It may

be possible, with further research, for piezoresistive sensors to provide a cost effec-

tive replacement for more expensive pressure sensing technologies in a large variety of

situations.
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C.1 MATLAB Scripts and Functions

The following MATLAB (version 6) programs are scripts and functions that were

used to analyse the experimental data.

Listing C.1: Load cal2.m

f unc t i on [ span , o f f s e t ]= l o ad c a l 2 ( f i l e name , nrows , ncolumns , Vs , p1 , dop lo t s ) ....
;

% load c a l 2 .m
%
% Function f o r determining the Span and O f f s e t
% from a s e t o f c a l i b r a t i o n data ( from the Dead
% Weight t e s t e r )
%
% INPUTS −
% f i l e name − f i l e name o f c a l i b r a t i o n data ( eg ca l . t x t )
% nrow − numbers o f rows o f c a l i b r a t i o n (number o f p r e s su r e s t e s t e d )
% ncolumn − number o f columns o f data ( u s u a l l y 2 or 3)
% Vs − supp ly v o l t a g e to c a l i b r a t i o n
% p1 − atmospheric pre s sure during c a l i b r a t i o n
% dop l o t s − 1 i f p l o t s requ i red , 0 i f not
%
% OUTPUTS
% span − matrix o f span va l u e s
% o f f e s t − matrix o f o f f s e t va l u e s

%===========================================================
% Data l ayou t in c a l i b r a t i o n f i l e as f o l l o w s −
% column 1 , pre s sure in PSI
% column 2 , Vout
% column 3 ( op t i ona l ) , Vout ( decreas ing pre s sure )

N = 1 ; %l i n e a r f i t

% Remove t e x t from data f i l e ( data column headings )
f i d=fopen ( f i l e name ) ;
f s c a n f ( f i d , ’%s ’ , ncolumns ) ;
f o r i =1:nrows ,

i ;
f o r j =1:ncolumns ,

num( i , j )=f s c a n f ( f i d , ’%f ’ , 1 ) ;
end

end

% Convert c a l i b r a t i o n pre s su r e s from ps i to Pa
x = num( : , 1 ) .∗6894 . 8 + p1 ; %conver t p re s sure to Pa ( a b s o l u t e )

% Linear r e g r e s s i on f o r 1 s t s e t o f data ( i n c r ea s i n g pre s sure )
y1 = num( : , 2 ) ;
[ P1 ] = POLYFIT(x , y1 ,N) ;
o f f s e t 1 = P1(2) /Vs ; %mv/V
span1 = P1(1) /Vs ; %mV/V−pa
span (1 , 1 )=span1 ; %span o f f i s r t s e t o f data ( up )
o f f s e t ( 1 , 1 )=o f f s e t 1 ; %o f f s e t o f f i r s t s e t o f data ( up )

% Linear r e g r e s s i on i f 2nd s e t o f data ( decreas ing pre s sure )
i f ncolumns >2,

y2 = num( : , 3 ) ;
[ P2 ] = POLYFIT(x , y2 ,N) ;
o f f s e t 2 = P2(2) /Vs ; %mv/V
span2 = P2(1) /Vs ; %mV/V−pa
span (1 , 2 )=span2 ; %span o f second s e t o f data (down)
o f f s e t ( 1 , 2 )=o f f s e t 2 ; %o f f s e t o f second s e t o f data (down)

% Average Span and O f f s e t
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y3 = [ y1 ; y2 ] ;
x3 = [ x ; x ] ;
[ P3 ] = POLYFIT(x3 , y3 ,N) ;
o f f s e t 3 = P3(2) /Vs ; %mv/V
span3 = P3(1) /Vs ; %mV/V−pa
span (1 , 3 )=span3 ; %average span (up and down)
o f f s e t ( 1 , 3 )=o f f s e t 3 ; %average o f f s e t ( up and down)

end

% Give c a l i b r a t i o n p l o t s i f r e qu i r ed
i f dop lo t s

f i g u r e (1 )
p l o t (x , y1 , ’ o ’ , x , po lyva l (P1 , x ) )
t i t l e ( ’ Ca l i b r a t i on with i n c r e a s i n g p r e s su r e ’ )
x l ab e l ( ’ Pres sure (Pa) ’ )
y l ab e l ( ’ Sensor Output (mV) ’ )
%t e x t (1 e5 ,−150 ,[ num2str (P1(1) ) , ’ mV/Pa ’ ] ) ;
i f ncolumns>2

f i g u r e (2 )
p l o t (x , y2 , ’ o ’ , x , po lyva l (P2 , x ) )
t i t l e ( ’ Ca l i b r a t i on with dec r ea s ing p r e s su r e ’ )
x l ab e l ( ’ Pres sure (Pa) ’ )
y l ab e l ( ’ Sensor Output (mV) ’ )
%t e x t (1 e5 ,−150 ,[ num2str (P2(1) ) , ’ mV/Pa ’ ] ) ;
f i g u r e (5 )
p l o t ( x3 , y3 , ’ o ’ , x3 , po lyva l (P3 , x3 ) , ’m’ ) ;
hold on

end
end
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Listing C.2: Temp cal2.m

% temp ca l2 .m
%
% Scr i p t to determine the temperature e f f e c t s
% on the 13U0500 p i e z o r e s i s t i v e pre s sure sensor

%===========================================================
% Data on prev ious sensor c a l i b r a t i o n s :
% 13U0500 1 . t x t @ approx 22.0 deg C av . Vsense = 91.8mv
% 13U0500 2 . t x t @ approx 53.0 deg C av . Vsense = 856mv
% 13U0500 3 . t x t @ approx 100.5 deg C av . Vsense = 1957mv
% 13U0500 4 . t x t @ approx 138.5 deg C av . Vsense = 2885mv

% Al l o ca t e t e s t temperatures
temp1 = 273 + 22 ;
temp2 = 273 + 53 ;
temp3 = 273 + 100 . 5 ;
temp4 = 273 + 138 . 5 ;
TEMP = [ temp1 temp2 temp3 temp4 ] ; % K

% Al l o ca t e average va l u e s f o r Vsense f o r each t e s t
Vsense temp = [ 9 1 . 8 856 1957 2885 ] ; %mv

% Average atm pres sure
p1 = 9.38 e4 ; %Pa

% Determine the a c t ua l sensor supp ly v o l t a g e
% fo r each t e s t
Vs1 = 15 − Vsense temp (1) /1000 ;
Vs2 = 15 − Vsense temp (2) /1000 ;
Vs3 = 15 − Vsense temp (3) /1000 ;
Vs4 = 15 − Vsense temp (4) /1000 ;

% Correct Vsense f o r c i r c u i t supp ly v o l t a g e ( t o t a l 30V)
Vsense temp new = [ Vsense temp (1) /30 Vsense temp (2) /30 Vsense temp (3) /30....

Vsense temp (4) /30 ] ;

% Load Span and O f f s e t f o r each c a l i b r a t i o n
[ span1 , o f f s e t 1 ]= l o ad c a l 2 ( ’ 13U0500 1 . txt ’ , 8 , 3 ,Vs1 , p1 , 0 ) ;
[ span2 , o f f s e t 2 ]= l o ad c a l 2 ( ’ 13U0500 2 . txt ’ , 8 , 3 ,Vs2 , p1 , 0 ) ;
[ span3 , o f f s e t 3 ]= l o ad c a l 2 ( ’ 13U0500 3 . txt ’ , 8 , 3 ,Vs3 , p1 , 0 ) ;
[ span4 , o f f s e t 4 ]= l o ad c a l 2 ( ’ 13U0500 4 . txt ’ , 8 , 3 ,Vs4 , p1 , 0 ) ;

% Plot Span aga in s t temperature
temp span = [ span1 (3 ) span2 (3 ) span3 (3 ) span4 (3 ) ] ;
f i g u r e (1 ) ;
p l o t (TEMP, temp span , ’b ’ ,TEMP, temp span , ’ r ∗ ’ ) ;
hold on

% Plot O f f s e t a ga in s t temperature
t emp o f f s e t = [ o f f s e t 1 (3 ) o f f s e t 2 (3 ) o f f s e t 3 (3 ) o f f s e t 4 (3 ) ] ;
f i g u r e (2 ) ;
p l o t (TEMP, temp o f f s e t , ’ b ’ ,TEMP, temp o f f s e t , ’ r ∗ ’ ) ;
hold on

f i g u r e (4 )
p l o t (TEMP, temp o f f s e t , ’ b ’ ,TEMP, temp o f f s e t , ’ r ∗ ’ ) ;
hold on

% Determine Span temperature s e n s i t i v i t y ( l i n e a r )
N = 1 ;
[ Pspan ] = POLYFIT(TEMP, temp span ,N) ;
dspandt = Pspan (1 ) ; %(mV/V.Pa)/C
% Plo t l i n e a r r e g r e s s i on o f Span aga in s t data po in t s
f i g u r e (1 ) ;
%p l o t (TEMP, Pspan (2)+Pspan (1) ∗TEMP, ’ r ’ )
t i t l e ( ’ Re l a t i on sh ip between Span and Temperature ’ )
y l ab e l ( ’ Span (mV/V. Pa) ’ )
x l ab e l ( ’ Temperature (K) ’ )
hold o f f

% Determine O f f s e t temperature s e n s i t i v i t y
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[ P o f f s e t ] = POLYFIT(TEMP, temp o f f s e t , 2 ) ;
d o f f s e t d t = Po f f s e t (1 ) ; %(mV/V)/C
f i g u r e (2 ) ;
%p l o t (TEMP, Po f f s e t (3)+Po f f s e t (2) ∗TEMP+Po f f s e t (1) ∗TEMP.ˆ2 , ’ r ’ )
t i t l e ( ’ Re l a t i on sh ip between Of f s e t and Temperature ’ )
y l ab e l ( ’ O f f s e t (mV/V) ’ )
x l ab e l ( ’ Temperature (K) ’ )
hold o f f

% Determine O f f s e t temperature s e n s i t i v i t y ( l i n e a r ) − upto approx 370K
[ Po f f s e t 2 ] = POLYFIT(TEMP(1 : 3 ) , t emp o f f s e t ( 1 : 3 ) , 1 ) ;
d o f f s e t d t 2 = Po f f s e t 2 (1 ) ;
% Plot l i n e a r r e g r e s s i on o f O f f s e t a ga in s t data po in t s
f i g u r e (4 ) ;
p l o t (TEMP(1 : 3 ) , Po f f s e t 2 (2 )+Po f f s e t 2 (1 ) ∗TEMP(1 : 3 ) , ’ r ’ )
hold o f f

% Plot Vsense and temperature
f i g u r e (3 )
p l o t (TEMP, Vsense temp new , ’b ’ ,TEMP, Vsense temp new , ’ r ∗ ’ )
hold on

% Determine Vsense temperature s e n s i t i v i t y ( l i n e a r )
[ PVsense ] = POLYFIT(TEMP, Vsense temp new ,N) ;
% Plot l i n e a r r e g r e s s o i n o f Vsense aga in s t data po in t s
%p l o t (TEMP, PVsense (2)+PVsense (1) ∗TEMP, ’ r ’ )
t i t l e ( ’ Re l a t i on sh ip between V { s ense } and Temperature ’ )
y l ab e l ( ’V { s ense } (mV/V) ’ )
x l ab e l ( ’ Temperature (K) ’ )
hold o f f
dVsensedt = PVsense (1 ) ; %mV/V

%===========================================================
% Ca l cu l a t e the e r ro r s a s s o c i a t e d wi th
% temperature compensation

% I n i t a l i z e the Vout matrix
Vout = ze ro s (8 , 1 ) ;

% Step through the c a l i b r a t i o n data f o r each temperature
f o r i =1:4

% Load c a l i b r a t i o n data
eva l ( [ ’ f i l e name=’ ’ 13U0500 ’ , i n t 2 s t r ( i ) , ’ . tx t ’ ’ ; ’ ] ) ;

f i d=fopen ( f i l e name ) ;
f s c a n f ( f i d , ’%s ’ , 3 ) ;
f o r i =1:8 ,

i ;
f o r j =1:3 ,

num( i , j )=f s c a n f ( f i d , ’%f ’ , 1 ) ;
end

end

% Convert c a l i b r a t i o n pre s su r e s from ps i to Pa
num( : , 1 ) = num( : , 1 ) .∗6894 . 8 + p1 ; % Pa

% Define p re s su r e s and r e l a t e d Vout
% Test Pressures
x = num( : , 1 ) ; % Pa
% Vout − i n c r ea s i n g pre s sure
y1 = num( : , 2 ) ;
% Vout − decreas ing pre s sure
y2 = num( : , 3 ) ;
% Vout − average
y3 = ( y1+y2 ) /2 ;

% Record va l u e s o f Vout
Vout = [ Vout y3 ] ;

end

% Trim zeros from Vout matrix
Vout = Vout ( : , ( 2 : 5 ) ) ;
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% Ca l cu l a t e uncompensated pre s sure va l u e s (Pa abs )
% use approximate Span and O f f e s t from 25 deg C

span 25 = span1 (3 ) + Pspan (1 ) ∗3 %mV/V.Pa
o f f s e t 2 5 = in t e rp1 ( [ 273 TEMP] , [ 1 . 5 6 8 0 7 t emp o f f s e t ] , (273+25) , ’ l i n e a r ’ )

% Supply v o l t a g e f o r each t e s t i s d i f f e r e n t ( due to Vsense )
pressures uncomp ( : , 1 ) = (Vout ( : , 1 )−o f f s e t 2 5 ∗Vs1 ) /( span 25 ∗ Vs1 ) ; %Pa
pressures uncomp ( : , 2 ) = (Vout ( : , 2 )−o f f s e t 2 5 ∗Vs2 ) /( span 25 ∗ Vs2 ) ; %Pa
pressures uncomp ( : , 3 ) = (Vout ( : , 3 )−o f f s e t 2 5 ∗Vs3 ) /( span 25 ∗ Vs3 ) ; %Pa
pressures uncomp ( : , 4 ) = (Vout ( : , 4 )−o f f s e t 2 5 ∗Vs4 ) /( span 25 ∗ Vs4 ) ; %Pa

Vsense 25 = PVsense (2 )+PVsense (1 ) ∗298
%Vsense temp = [91 . 8 856 1957 2885]
temp1 = ( (91 . 8 /30 ) − Vsense 25 ) / dVsensedt + 25
temp2 = ((856/30) − Vsense 25 ) / dVsensedt + 25
temp3 = ((1957/30) − Vsense 25 ) / dVsensedt + 25
temp4 = ((2885/30) − Vsense 25 ) / dVsensedt + 25

span1 = span 25 + Pspan (1 ) ∗( temp1−25)
span2 = span 25 + Pspan (1 ) ∗( temp2−25)
span3 = span 25 + Pspan (1 ) ∗( temp3−25)
span4 = span 25 + Pspan (1 ) ∗( temp4−25)

o f f s e t 1 = in t e rp1 ( [ 273 TEMP] , [ 0 . 5 1 5 5 t emp o f f s e t ] , ( temp1+273) , ’ l i n e a r ’ )
o f f s e t 2 = in t e rp1 ( [ 273 TEMP] , [ 0 . 5 1 5 5 t emp o f f s e t ] , ( temp2+273) , ’ l i n e a r ’ )
o f f s e t 3 = in t e rp1 ( [ 273 TEMP] , [ 0 . 5 1 5 5 t emp o f f s e t ] , ( temp3+273) , ’ l i n e a r ’ )
% Upper O f f s e t va lue e x t r a po l a t e d from l a s t 2 data po in t s
o f f s e t 4 = in t e rp1 ( [ 273 TEMP 420 ] , [ 0 . 5 1 5 5 t emp o f f s e t 1 . 0 8 7 5 ] , ( temp4+273)....

, ’ l i n e a r ’ )

% Ca l cu l a t e compenstated pre s sure va l u e s (Pa abs )
pressures comp ( : , 1 ) = (Vout ( : , 1 )−o f f s e t 1 ∗Vs1 ) /( span1∗Vs1 ) ; %Pa
pressures comp ( : , 2 ) = (Vout ( : , 2 )−o f f s e t 2 ∗Vs2 ) /( span2∗Vs2 ) ; %Pa
pressures comp ( : , 3 ) = (Vout ( : , 3 )−o f f s e t 3 ∗Vs3 ) /( span3∗Vs3 ) ; %Pa
pressures comp ( : , 4 ) = (Vout ( : , 4 )−o f f s e t 4 ∗Vs4 ) /( span4∗Vs4 ) ; %Pa

% Determine d i f f e r e n c e between p r ed i c t e d and ac t ua l p re s sure
% ( uncompensated ) − percentage FS
error uncomp1 = ( ( x )−pressures uncomp ( : , 1 ) ) /(500∗6894.8+p1 ) ∗100 ;
error uncomp2 = ( ( x )−pressures uncomp ( : , 2 ) ) /(500∗6894.8+p1 ) ∗100 ;
error uncomp3 = ( ( x )−pressures uncomp ( : , 3 ) ) /(500∗6894.8+p1 ) ∗100 ;
error uncomp4 = ( ( x )−pressures uncomp ( : , 4 ) ) /(500∗6894.8+p1 ) ∗100 ;

% Determine d i f f e r e n c e between p r ed i c t e d and ac t ua l p re s sure
% ( compensated ) − percentage FS
error comp1 = ( ( x )−pressures comp ( : , 1 ) ) /(500∗6894.8+p1 ) ∗100 ;
error comp2 = ( ( x )−pressures comp ( : , 2 ) ) /(500∗6894.8+p1 ) ∗100 ;
error comp3 = ( ( x )−pressures comp ( : , 3 ) ) /(500∗6894.8+p1 ) ∗100 ;
error comp4 = ( ( x )−pressures comp ( : , 4 ) ) /(500∗6894.8+p1 ) ∗100 ;

% Convert p r e s su r e s to percentage FS
p r e s su r e s = (x ) /(500∗6894.8+p1 ) ∗100 ;

% Plot uncompensated e r ro r s
f i g u r e (5 )
p l o t ( pre s sure s , error uncomp1 , ’ ∗ ’ , p r e s sure s , error uncomp2 , ’ s ’ , p r e s sure s , ....

error uncomp3 , ’ ˆ ’ , p r e s sure s , error uncomp4 , ’d ’ )
AXIS ( [ 0 100 −15 5 ] ) ;
GRID on
Legend ( ’ 22 .0 C ’ , ’ 53 .0 C ’ , ’ 100 .5 C ’ , ’ 138 .5 C ’ ,3 ) ;
T i t l e ( ’ Errors Before Temperature Compensation ’ ) ;
y l ab e l ( ’ Pres sure Error (%FS) ’ ) ;
x l ab e l ( ’ Pres sure (%FS) ’ ) ;

% Plot compensated e r ro r s
f i g u r e (6 )
p l o t ( pre s sure s , error comp1 , ’ ∗ ’ , p r e s sure s , error comp2 , ’ s ’ , p r e s sure s , ....

error comp3 , ’ ˆ ’ , p r e s sure s , error comp4 , ’d ’ )
AXIS ( [ 0 100 −5 5 ] ) ;
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GRID on
Legend ( ’ 22 .0 C ’ , ’ 53 .0 C ’ , ’ 100 .5 C ’ , ’ 138 .5 C ’ ,3 ) ;
T i t l e ( ’ Errors After Temperature Compensation ’ ) ;
y l ab e l ( ’ Pres sure Error (%FS) ’ ) ;
x l ab e l ( ’ Pres sure (%FS) ’ ) ;
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Listing C.3: Shock analysis2.m

% shoc k ana l y s i s 2 .m
%
% Scr i p t f o r ana l y s i s o f Shock Tube data us ing the
% p i e z o r e s i s t i v e SX150AHO pres sure sensor

%===========================================================
% Summary o f Shock Tube Tests −
% 1 2 3 4 5 6 7 8 ....

9 10 11 12 13 14 15 16 ....
17

Pburst=[ 430 570 565 395 555 505 568 545 ....
485 460 560 440 460 430 475 595 ....

4 2 0 ] ; % gauge kPa
Patm=[ 700 .30 700 .30 709 .45 709 .45 705 .45 705 .45 705 .45 ....

706 .10 706 .10 706 .10 701 .05 701 .05 701 .05 701 .05 701 .05 ....
701 .05 701 .05 ]∗133 .322368 % atm . pre s sure in Pa

Tamb=[ 21 .2 21 .2 22 .8 22 .8 18 .5 18 .5 18 .5 18 .3 ....
18 .3 18 .3 20 .0 20 .0 20 .0 20 .0 20 .0 20 .0 ....

2 0 . 0 ] ; % degC be s t e s t imate o f s t l a b temperature
Cal= [ 1 1 2 2 3 3 4 5 ....

5 6 7 7 7 8 8 9 ....
9 ] ; % number corresponding to c a l i b r a t i o n number ( eg 1 = ....

c a l i b r a t o i n sx150 1 )
%p z s t 9 t e s t e d wi th medium grease − c a l i b r a t i o n f o r t h in grease used
%p z s t 1 2 t e s t e d wi th t h in grease − c a l i b r a t i o n f o r no grease used ( ca l ....

7)
%p z s t 1 3 t e s t e d wi th t h in grease − c a l i b r a t i o n f o r no grease used ( ca l ....

7)
%Temp and Pressure (atm) f o r 16 and 17 were assumed from prev ious t e s t s −....

no data taken during t e s t i n g

% 1 = unmodif ied pre s sure t ransducer
% 2 = s toc k sensor wi th top cut o f f ( p h y s i c a l l y a d i f f e r e n t sensor to ....

case 1 ???)
% 3 = top o f f , epoxy added , but wires s t i l l exposed ( p h y s i c a l l y ....

d i f f e r e n t to 1 and 2)
% 4 = top o f f , epoxy added , wires covered ( p h y s i c a l l y d i f f e r e n t sensor ....

to 1 , 2 , and 3)
% 5 = sensor 4 wi th t h in l a y e r grease ( about 1mm th i c k )
% 6 = sensor 5 wi th t h i c k e s t l a y e r o f grease ( f i l l i n g up to sensor l i p )
% 7 = sensor from 2 with t h in l a y e r o f l a t e x added
% 8 = sensor 7 wi th grease f i l l i n g up to sensor l i p
% 9 = sensor wi th margarine (made th inner wi th a d d i t i o n a l canola o i l ) ....

f i l l e d to top

% Vol tage drop across b r i d g e
Vexcite=ones (1 , 17 ) ∗12 ; Vexc i te (1 ) =12.4 ; % V

% No. ce l l ophane diaphragms
Ndiaphragms=ones (1 , 17 ) ∗4 ; Ndiaphragms (1 ) =3;

% Arrangement o f data in t e x t f i l e s from wavestar
nrows=2500;
ncolumns=12;

% Distances between pre s sure sensors
dx1 2 =0.6935; % m
dx2 3 =0.1735+0.003; % m ( tak ing in t o account the d i s t ance from the f r on t ....

o f the p l a t e to the s i l i c o n ch ip )

% I f shock speeds need to be redetermined l e t f i nd shock speed s = 1
f i ndshockspeeds =1;

% Al l data in f i l e s p z s t x where x=1:15 c on s i s t s o f 12 columns o f the ....
f o l l w i n g v a r i a b l e s

% columns 1 to 8 long time base
% columns 9 to 12 shor t time base
% 1 = time ( long )
% 2 = p i e z o e l e c t r i c 1
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% 3 = time ( long )
% 4 = p i e z o e l e c t r i c 2
% 5 = time ( long )
% 6 = vout
% 7 = time ( long )
% 8 = vsense
% 9 = time ( shor t )
% 10 = vout
% 11 = time ( shor t )
% 12 = vsense

i f f i ndshockspeeds
% Step through each shock tube t e s t (1 to 17)
f o r i =1:17 ,

i ;
% Load shock tube t e s t data
eva l ( [ ’ f i l e name=’ ’ p z s t ’ , i n t 2 s t r ( i ) , ’ . tx t ’ ’ ; ’ ] ) ;
data=load waves ta r 2 ( f i l e name , nrows , ncolumns ) ;

% Locate shock a r r i v a l t imes at each pre s sure sensor
% P i e z o e l e c t r i c 1
f i g u r e (1 ) ;
p l o t ( data ( : , 2 ) )
eva l ( [ ’ heading=’ ’ pz\ s t \ ’ , i n t 2 s t r ( i ) , ’ A ’ ’ ; ’ ] ) ;
T i t l e ( heading )
zoom on ;
pause
% Shock time at p i e z o e l e c t r i c 1
[ nt1 ,dummy]=ginput (1 ) ; nt1=round ( nt1 ) ;

% P i e z o e l e c t r i c 2
p lo t ( data ( : , 4 ) )
eva l ( [ ’ heading=’ ’ pz\ s t \ ’ , i n t 2 s t r ( i ) , ’ B ’ ’ ; ’ ] ) ;
T i t l e ( heading )
zoom on ;
pause
% Shock time at p i e z o e l e c t r i c 2
[ nt2 ,dummy]=ginput (1 ) ; nt2=round ( nt2 ) ;

% P i e z o r e s i s t i v e ( long time s c a l e )
p lo t ( data ( : , 6 ) )
eva l ( [ ’ heading=’ ’ pz\ s t \ ’ , i n t 2 s t r ( i ) , ’ C ’ ’ ; ’ ] ) ;
T i t l e ( heading )
zoom on ;
pause
% Shock time at p i e z o r e s i s t i v e long time s c a l e
[ nt3 ,dummy]=ginput (1 ) ; nt3=round ( nt3 ) ;

% P i e z o r e s i s t i v e ( sho r t time s c a l e )
p lo t ( data ( : , 1 0 ) )
eva l ( [ ’ heading=’ ’ pz\ s t \ ’ , i n t 2 s t r ( i ) , ’ D ’ ’ ; ’ ] ) ;
T i t l e ( heading )
zoom on ;
pause
% Shock time at p i e z o r e s i s t i v e sho r t time base
[ nt3s ,dummy]=ginput (1 ) ; nt3s=round ( nt3s ) ;

% Time o f f l i g h t f o r shock
dt1=data ( nt2 , 1 )−data ( nt1 , 1 ) ;
dt2=data ( nt3 , 1 )−data ( nt2 , 1 ) ;
% Find v e l o c i t i e s
us1=dx1 2/dt1 ;
us2=dx2 3/dt2 ;

% Determine approximate shock speed at p i e z o r e s i s t i v e sensor
u s c o e f f=p o l y f i t ( [ data ( nt1 , 1 ) data ( nt2 , 1 ) data ( nt3 , 1 ) ] , [ − ( dx1 2+....

dx2 3 ) −dx2 3 0 ] , 2 ) ;
usp=2∗ u s c o e f f ( 1 ) ∗data ( nt3 , 1 )+u s c o e f f ( 2 ) ; %m/s

% Ambient temperature
T1 = Tamb( i ) +273; % K
% Determine shock pressures , temperatures and mach numbers
% fo r each p o s s i b l e shock speed
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[ p5 us1 , T5 us1 , Ms us1 , Mr us1 ]= p T r e f l e c t e d (Patm( i ) ,T1 , us1 ) ;
[ p5 us2 , T5 us2 , Ms us2 , Mr us2 ]= p T r e f l e c t e d (Patm( i ) ,T1 , us2 ) ;
[ p5 usp , T5 usp , Ms usp , Mr usp]= p T r e f l e c t e d (Patm( i ) ,T1 , usp ) ;

% Load c a l i b r a t i o n data f o r r e l a t e d pre s sure sensor
eva l ( [ ’ f i l e name2=’ ’ sx150 ’ , i n t 2 s t r ( Cal ( i ) ) , ’ . tx t ’ ’ ; ’ ] ) ;
[ Span ( Cal ( i ) , : ) , O f f s e t ( Cal ( i ) , : ) ] = l o ad c a l 2 ( f i l e name2 , 15 , 3 , ....

Vexc i te ( i ) ,Patm( i ) , 0 ) ;

% Find zero l e v e l and app ly s e n s i t i v i t y to p i e z o r e s i s t i v e sensor
s e n s i t i v i t y =(Span ( Cal ( i ) , 3 ) ∗Vexcite ( i ) ∗1e−3) ; % V/Pa
pz long=(data ( : , 6 )−mean( data ( 1 : nt3 , 6 ) ) ) / s e n s i t i v i t y+Patm( i ) ; %Pa
pz sho r t=(data ( : , 1 0 )−mean( data ( 1 : nt3s , 1 0 ) ) ) / s e n s i t i v i t y+Patm( i ) ; ....

%Pa

% Create time v a r i a b l e s
t l ong=data ( : , 1 ) ;
t s h o r t=data ( : , 9 ) ;

% Smooth p i e z o r e s i s t i v e data ( sho r t time s c a l e )
pz short smo = smo( pz short , 2 0 ) ;

% Graph 1 − sho r t time , compare exp . wi th theo . r e s u l t s
% fo r P5 ( r e f l e c t e d shock pre s sure )
f i g u r e (3 ) ;
p l o t ( t sho r t−t s h o r t ( nt3s ) , pz short , ’ b ’ ) ;
hold on ;
% Determine average shock pre s sure accord ing to shock t e s t ....

number
i f i <3

p5 av shor t = mean( pz long ( ( nt3+75) : ( nt3+100) ) ) % 4 us s t e p s ....
(300 us to 400 us )

end
i f i >2 & i <14

p5 av shor t = mean( pz sho r t ( ( nt3s +500) : ( nt3s +1000) ) ) %0.1 us....
data s t e p s (50 us to 100us )

end
i f i >=14

p5 av shor t = mean( pz sho r t ( ( nt3s +1600) : ( nt3s +2000) ) ) %0.1 ....
us data s t e p s ( p z s t 1 4 & p z s t 1 5 have a much s lower ....
response ) (160 us to 210us )

end
% Compare ac t ua l and es t imated r e f l e c t e d shock p re s su r e s
p lo t ( [ 0 t s h o r t ( nrows ) ] , [ p5 us1 p5 us1 ] , ’m−− ’ , [ 0 t s h o r t ( nrows )....

] , [ p5 us2 p5 us2 ] , ’ r−− ’ , [ 0 t s h o r t ( nrows ) ] , [ p5 usp p5 usp ] , ’ ....
g−− ’ , [ 0 t s h o r t ( nrows ) ] , [ p5 av shor t p5 av shor t ] , ’b−− ’ ) ;

p l o t ( t sho r t−t s h o r t ( nt3s ) , pz short smo , ’ k ’ ) ;
AXIS t i g h t
i f i <3

Legend ( ’ Pres sure from SX150AHO ’ , ’P5 from US1 ’ , ’P5 from US2 ’ , ....
’P5 from USP ’ , ’P5 average (300 us to 400 us ) ’ , ’ Smoothed ....
ouptut from SX150AHO ’ ,4 ) ;

end
i f i>2&i <14

Legend ( ’ Pres sure from SX150AHO ’ , ’P5 from US1 ’ , ’P5 from US2 ’ , ....
’P5 from USP ’ , ’P5 average (50 us to 100 us ) ’ , ’ Smoothed ....
ouptut from SX150AHO ’ ,4 ) ;

end
i f i >=14

Legend ( ’ Pres sure from SX150AHO ’ , ’P5 from US1 ’ , ’P5 from US2 ’ , ....
’P5 from USP ’ , ’P5 average (160 us to 200 us ) ’ , ’ Smoothed ....
ouptut from SX150AHO ’ ,4 ) ;

end
eva l ( [ ’ heading=’ ’ Pres sure vs Time f o r pz\ s t \ ’ , i n t 2 s t r ( i ) , ’ − ....

Comparison o f Experimental and Theo r e t i c a l Resu l t s ’ ’ ; ’ ] ) ;
T i t l e ( heading )
y l ab e l ( ’ Pres sure (Pa) ’ )
x l ab e l ( ’Time ( s ) ’ )
eva l ( [ ’ graphname=’ ’ p z s t ’ , i n t 2 s t r ( i ) , ’ 1 ’ ’ ; ’ ] ) ;
AXIS t i g h t
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cd Graphs ;
% Save p l o t image
saveas (3 , graphname , ’ jpg ’ ) ;
saveas (3 , graphname , ’ eps ’ ) ;
cd ( ’ . . ’ ) ;
hold o f f ;
pause

% Graph 2 − sho r t time , f i nd r i s e time from
% 10% ( green ) to 90% ( red ) o f average pre s sure ( b l u e )
f i g u r e (4 ) ;
p l o t ( t sho r t−t s h o r t ( nt3s ) , pz short , ’ b ’ , t sho r t−t s h o r t ( nt3s ) , ....

pz short smo , ’ k ’ ) ;
AXIS t i g h t
Legend ( ’ Pres sure from SX150AHO ’ , ’ Smoothed ouptut from SX150AHO ’....

, 4 )
eva l ( [ ’ heading=’ ’ Pres sure vs Time f o r pz\ s t \ ’ , i n t 2 s t r ( i ) , ’ − ....

Graph f o r Determining Rise Time ’ ’ ; ’ ] ) ;
T i t l e ( heading )
y l ab e l ( ’ Pres sure (Pa) ’ )
x l ab e l ( ’Time ( s ) ’ )
pause
hold on ;
p l o t ( [ −2.5 e−5 t s h o r t ( nrows ) ] , [ p5 av shor t p5 av shor t ] , ’b−− ’ ....

, [ −2.5 e−5 t s h o r t ( nrows ) ] , [ 0 . 9 ∗ ( p5 av short−Patm( i ) )+Patm( i ) ....
0 . 9∗ ( p5 av short−Patm( i ) )+Patm( i ) ] , ’ r−− ’ ) ;

i f i <3
Legend ( ’ Pres sure from SX150AHO ’ , ’ Smoothed ouptut from ....

SX150AHO ’ , ’P5 average (300 us to 400us ) ’ , ’90% o f P5 ....
average ’ , 4 ) ;

end
i f i >2 & i <14

Legend ( ’ Pres sure from SX150AHO ’ , ’ Smoothed ouptut from ....
SX150AHO ’ , ’P5 average (50 us to 100 us ) ’ , ’90% o f P5 average ....
’ , 4 ) ;

end
i f i >=14

Legend ( ’ Pres sure from SX150AHO ’ , ’ Smoothed ouptut from ....
SX150AHO ’ , ’P5 average (160 us to 200us ) ’ , ’90% o f P5 ....
average ’ , 4 ) ;

end
zoom on ;
pause
% Se l e c t po in t where Blue l i n e f i r s t c r o s s e s Red
[ r i s e uppe r ,dummy]=ginput (1 ) ;
p l o t ( [ −2.5 e−5 t s h o r t ( nrows ) ] , [ 0 . 1 ∗ ( p5 av short−Patm( i ) )+Patm( i ) ....

0 . 1∗ ( p5 av short−Patm( i ) )+Patm( i ) ] , ’ g−− ’ ) ;
i f i <3

Legend ( ’ Pres sure from SX150AHO ’ , ’ Smoothed ouptut from ....
SX150AHO ’ , ’P5 average (300 us to 400us ) ’ , ’90% o f P5 ....
average ’ , ’10% o f P5 average ’ , 4 ) ;

end
i f i >2 & i <14

Legend ( ’ Pres sure from SX150AHO ’ , ’ Smoothed ouptut from ....
SX150AHO ’ , ’P5 average (50 us to 100 us ) ’ , ’90% o f P5 average ....
’ , ’10% o f P5 average ’ , 4 ) ;

end
i f i >=14

Legend ( ’ Pres sure from SX150AHO ’ , ’ Smoothed ouptut from ....
SX150AHO ’ , ’P5 average (160 us to 200us ) ’ , ’90% o f P5 ....
average ’ , ’10% o f P5 average ’ , 4 ) ;

end
zoom on ;
pause
% Se l e c t po in t where Blue l i n e f i r s t c r o s s e s Green
[ r i s e l owe r ,dummy]=ginput (1 ) ;
r i s e t im e=r i s e uppe r−r i s e l ow e r ;
eva l ( [ ’ graphname=’ ’ p z s t ’ , i n t 2 s t r ( i ) , ’ 2 ’ ’ ; ’ ] ) ;
AXIS t i g h t
cd Graphs ;
% Save p l o t image
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saveas (4 , graphname , ’ jpg ’ ) ;
saveas (4 , graphname , ’ eps ’ ) ;
cd ( ’ . . ’ ) ;
hold o f f ;

% Graph 3 − l ong time , compare exp . wi th theo r e s u l t s
% fo r P5 ( p5 average from 0.5 to 1.5ms)
f i g u r e (5 ) ;
p l o t ( t l ong−t l ong ( nt3 ) , pz long , ’b ’ ) ;
p5 av long = mean( pz long ( ( nt3+125) : ( nt3+375) ) ) ; %4 us data ....

s t e p s
hold on ;
p l o t ( [ 0 t l ong ( nrows ) ] , [ p5 us1 p5 us1 ] , ’ y−− ’ , [ 0 t l ong ( nrows ) ] , [ ....

p5 us2 p5 us2 ] , ’ r−− ’ , [ 0 t l ong ( nrows ) ] , [ p5 usp p5 usp ] , ’ g−− ’ ....
, [ 0 t l ong ( nrows ) ] , [ p5 av long p5 av long ] , ’b−− ’ ) ;

AXIS t i g h t
Legend ( ’ Pres sure from SX150AHO ’ , ’P5 from US1 ’ , ’P5 from US2 ’ , ’P5 ....

from USP ’ , ’P5 average ( 0 . 5 ms to 1 .5 ms) ’ , 4 ) ;
eva l ( [ ’ heading=’ ’ Pres sure vs Time f o r pz\ s t \ ’ , i n t 2 s t r ( i ) , ’ − ....

Comparison o f Experimental and Theo r e t i c a l Resu l t s ’ ’ ; ’ ] ) ;
T i t l e ( heading ) ;
y l ab e l ( ’ Pres sure (Pa) ’ ) ;
x l ab e l ( ’Time ( s ) ’ ) ;
eva l ( [ ’ graphname=’ ’ p z s t ’ , i n t 2 s t r ( i ) , ’ 3 ’ ’ ; ’ ] ) ;
AXIS t i g h t
cd Graphs ;
% Save p l o t image
saveas (5 , graphname , ’ jpg ’ ) ;
saveas (5 , graphname , ’ eps ’ ) ;
cd ( ’ . . ’ ) ;
hold o f f ;

% Save data f o r shock tube t e s t
eva l ( [ ’ save p z s t ’ , i n t 2 s t r ( i ) , ’ ; ’ ] ) ;
pause

% Save s p e c i f i c v a r i a b l e in ’ t e s t d a t a ’ matrix
t e s t d a t a ( i , 1 ) = p5 us1 ; %Pa
t e s t d a t a ( i , 2 ) = p5 us2 ; %Pa
t e s t d a t a ( i , 3 ) = p5 usp ; %Pa
t e s t d a t a ( i , 4 ) = p5 av shor t ; %Pa
t e s t d a t a ( i , 5 ) = p5 av long ; %Pa
t e s t d a t a ( i , 6 ) = r i s e t im e ; %s

end

% save ’ t e s t d a t a ’ matrix
save t e s t d a t a t e s t d a t a −a s c i i −tabs ;
save t e s t d a t a t e s t d a t a ;

end

% in saved f i l e s ( p z s t x where x=1:15) the f o l l ow i n g va l u e s are ....
i nc l uded −

% us1 − shock speed from p i e z o e l e c t r i c 1 to p i e z o e l e c t r i c 2
% us2 − shock speed from p i e z o e l e c t r i c 2 to p i e z o r e s i s t i v e sensor
% usp − Polynomial f i t ( second order ) to d i sp lacement and time − speed =....

s l o p e at time o f shock impact
% p5 us1 − pre s sure a f t e r r e f l e c t e d shock wave ( based on us1 )
% p5 us2 − pre s sure a f t e r r e f l e c t e d shock wave ( based on us2 )
% p5 usp − pre s sure a f t e r r e f l e c t e d shock wave ( based on usp )
% T5 us1 − temperature a f t e r r e f l e c t e d shock wave ( based on us1 )
% T5 us2 − temperature a f t e r r e f l e c t e d shock wave ( based on us2 )
% T5 usp − temperature a f t e r r e f l e c t e d shock wave ( based on usp )
% Ms us1 − Mach number o f i n c i d en t shock wave ( based on us1 )
% Ms us2 − Mach number o f i n c i d en t shock wave ( based on us2 )
% Ms usp − Mach number o f i n c i d en t shock wave ( based on usp )
% Mr us1 − Mach number o f r e f l e c t e d shock wave ( based on us1 )
% Mr us2 − Mach number o f r e f l e c t e d shock wave ( based on us2 )
% Mr usp − Mach number o f r e f l e c t e d shock wave ( based on usp )
% p5 av sho r t − average pre s sure from sensor from Z50 − 100us
% p5 av l ong − average pre s sure from sensor from 0.5 to 1.5 ms
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% r i s e t ime − t ime f o r s i g n a l ( s ho r t ) to r i s e from 10% to 90% of ....
p 5 av sho r t
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Listing C.4: P T reflected.m

f unc t i on [ p5 ,T5 ,Ms,Mr]= p T r e f l e c t e d (p1 ,T1 , us )

% p T r e f l e c t e d .m
%
% The func t i on i s used in con junc t ion
% with f unc t i on s deve loped by Dr . David Buttsworth
%
% INPUTS −
% p1 − atmospheric pressure , Pa
% T1 − t e s t i n g temperature ( a i r ) , K
% us − inbound shock speed , m/s
%
% OUTPUTS
% p5 − r e f l e c t e d shock pressure , Pa
% T5 − r e f l e c t e d shock temperature , K
% Ms − inbound shock Mach number
% Mr − r e f l e c t e d shock Mach number

%===========================================================
% Determine gas p r o p e r t i e s w i th in shock tube

g=1.4 ;
R=287;
a1=sq r t ( g∗R∗T1) ;
Ms=us/a1 ;
p2p1=p2onp1s (Ms, g ) ;
T2T1=T2onT1(p2p1 , g ) ;
Mr=mre f l e c t (Ms, g ) ;
p5p2=p2onp1s (Mr, g ) ;
T5T2=T2onT1(p5p2 , g )
p5=p5p2 .∗ p2p1∗p1
T2=T2T1∗T1
T5=T5T2 .∗T2T1∗T1
% u2=ve l 2 ( p2p1 , a1 , g )
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Listing C.5: Fill Time.m

% Fi l l T ime .m
%
% Scr i p t f o r c a l c u l a t i n g and p l o t t i n g the
% f i l l i n g time o f a s t o c k SX150AHO sensor

%===========================================================
% Determine f i l l i n g c h a r a c t e r i s t i c s o f unmodif ied sensors
% ( p z s t 1 and p z s t 2 )

% Step through shock tube t e s t s 1 and 2
f o r i =1:2 ,

cd ( ’ . . ’ )
eva l ( [ ’ load p z s t ’ , i n t 2 s t r ( i ) , ’ ; ’ ] ) ;
cd F i l l t ime

% Due to the l im i t s o f the i n t e r p o l a t i o n t a b l e s ,
% T5 usp must not exceed 433 K
i f i==2

T5 usp = 433
end

% Run f i l l i n g rou t ine ’ s x 1 5 0 f i l l .m’ − o r i g i n a l l y c rea t ed by
% Dr . David Buttsworth . Certain va l u e s w i th in t h i s s c r i p t
% ( eg . i n l e t area ) were changed to match the sensor
% dimensions

% To s im lu t a t e p o s s i b l e e f f e c t s o f the shock wave , the va lue o f
% ’ ptube0 ’ ( i n i t i a l p re s sure ) in ’ s x 1 5 0 f i l l .m’ was a l t e r e d

s x 1 5 0 f i l l ;
R = 297 ;
Vol = (0 .0074ˆ2∗ pi /4) ∗0.0041 − 0 .0016∗0 .00317ˆ2 ;

% Plot f i l l t ime and compare wi th recorded sensor
% pre s su r e s
f i g u r e (6 ) ;
p l o t ( t sho r t−t s h o r t ( nt3s ) , pz short , ’b ’ ) ;
hold on ;
p5 av shor t = mean( pz long ( ( nt3+75) : ( nt3+100) ) ) %(300 us to 400us )
p lo t ( [ 0 t s h o r t ( nrows ) ] , [ p5 us1 p5 us1 ] , ’m−− ’ , [ 0 t s h o r t ( nrows ) ] , [ ....

p5 us2 p5 us2 ] , ’ r−− ’ , [ 0 t s h o r t ( nrows ) ] , [ p5 usp p5 usp ] , ’ g−− ’ , [ 0 ....
t s h o r t ( nrows ) ] , [ p5 av shor t p5 av shor t ] , ’b−− ’ ) ;

p l o t ( t sho r t−t s h o r t ( nt3s ) , pz short smo , ’ k ’ ) ;
AXIS t i g h t
p l o t (T,X( : , 1 ) ∗R.∗X( : , 2 ) /Vol , ’ r ’ ) ;
x l ab e l ( ’Time ( s ) ’ ) ;
y l ab e l ( ’ Pres sure (Pa) ’ ) ;
eva l ( [ ’ heading=’ ’ Pres sure vs Time f o r pz\ s t \ ’ , i n t 2 s t r ( i ) , ’ − ....

Comparison o f Experimental and Theo r e t i c a l Resu l t s ’ ’ ; ’ ] ) ;
T i t l e ( heading )
eva l ( [ ’ graphname=’ ’ p z s t ’ , i n t 2 s t r ( i ) , ’ 6 ’ ’ ; ’ ] ) ;
Legend ( ’ Pres sure from SX150AHO ’ , ’P5 from US1 ’ , ’P5 from US2 ’ , ’P5 from....

USP ’ , ’P5 average (300 us to 400 us ) ’ , ’ Smoothed ouptut from ....
SX150AHO ’ , ’ Theo r e t i c a l F i l l i n g Pressure ’ , 4 ) ;

cd ( ’ . . ’ ) ;
cd Graphs ;
% Save p l o t images
saveas (6 , graphname , ’ jpg ’ ) ;
saveas (6 , graphname , ’ eps ’ ) ;
cd ( ’ . . ’ ) ;
cd F i l l t ime ;
hold o f f ;
pause

c l e a r

end



C.1 MATLAB Scripts and Functions 134

Listing C.6: Psd display.m

% psd d i s p l a y .m
%
% Scr i p t f o r ana l y s i s o f resonant f r e qu en c i e s o f shock tube data
% Performs a power spectrum den s i t y ana l y s i s o f data

%================================================================
% Step through each shock tube t e s t (1 to 17)
f o r i =1:17

% Load shock tube t e s t data
eva l ( [ ’ load p z s t ’ , i n t 2 s t r ( i ) , ’ ; ’ ] ) ;

% Smooth p i e z o r e s i s t i v e sensor response ( to e lminate h igh f requency ....
s i g n a l no i se )

smoothed = smo( pz sho r t ( nt3s : ( l ength ( pz sho r t ) ) ) , 5 ) ;
% Swith d i r e c t r y to preform PSD ana l y s i s
cd ex t e rna l ;

% Plot PSD ( psd .m i s a MATLAB produced s c r i p t )
f i g u r e (6 ) ; psd ( smoothed ,3000 ,1 e7 ) ;
eva l ( [ ’ heading=’ ’Power Spectrum Density f o r pz\ s t \ ’ , i n t 2 s t r ( i ) , ’ ( ....

smoothing − 5 po in t s ) ’ ’ ; ’ ] ) ;
T i t l e ( heading ) ;
zoom on ;
pause ;
hold on ;
% Se l e c t obv ious peak o f PSD
% I f no obv ious f requency pre sen t − inpu t 0 Hz
[ f r eq1 ,dummy]=ginput (1 ) ; f r eq1=round ( f r eq1 ) ;
p l o t ( f req1 ,dummy, ’ go ’ )
zoom out ;
hold o f f ;

% Save PSD Plo t
eva l ( [ ’ graphname=’ ’ p z s t ’ , i n t 2 s t r ( i ) , ’ 4 ’ ’ ; ’ ] ) ;
cd ( ’ . . ’ ) ;
cd Graphs ;
saveas (6 , graphname , ’ jpg ’ ) ;
saveas (6 , graphname , ’ eps ’ ) ;

% Save PSD p l o t wi th more appropr ia t e axes
ax i s ( [ 0 5e5 60 150 ] ) ;
eva l ( [ ’ graphname=’ ’ p z s t ’ , i n t 2 s t r ( i ) , ’ 5 ’ ’ ; ’ ] ) ;
saveas (6 , graphname , ’ jpg ’ ) ;
saveas (6 , graphname , ’ eps ’ ) ;
cd ( ’ . . ’ ) ;

% Record resonant f requency
f r e qu en c i e s ( i )=f r eq1

end

% save s e t o f resonant f r e qu en c i e s
save f r e qu en c i e s f r e qu en c i e s −a s c i i −tabs ;
save f r e qu en c i e s f r e qu en c i e s ;
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Listing C.7: Gt28 analysis2.m

% g t 2 8 ana l y s i s 2 .m
%
% Scr i p t f o r comparing the Gun Tunnel p r e s su r e s
% recorded wi th the p i e z o e l e c t r i c (112B11) and
% p i e z o r e s i s i t v e (13U3000) sensors

%=============================================================
% Load Gun Tunnel Data
data=load waves ta r 2 ( ’ gt28 . txt ’ ,2500 ,10) ;

% P i e z o e l e c t r i c recorded as column 2 , column 10
% P i e z o r e s i s t i v e recorded as column 4 ( pre s sure ) column 6 ( temperature ) ....

column 8

% Average atmospheric pre s sure :
p1 = 9.38 e4 ;

% Assign t imes from exper imenta l data
tim1=data ( : , 1 ) ;
tim2=data ( : , 7 ) ;

pze1=data ( : , 2 ) ∗10 ;
pze2=data ( : , 1 0 ) ∗10 ; % fa c t o r o f 10 because :
% K i s t l e r charge amp s e t up wi th 149.7pC/MPa ( deadweight t e s t e d 29/4/04)....

and 10MPa/V output
% But note t ha t manufacturer ’ s c a l i b r a t i o n data f o r t h i s t ransducer i s :
% 1.088pC/ p s i ( f o r 0−300 p s i ) = 157.8 pC/MPa and
% 1.107pC/ p s i ( f o r 0−3000 p s i ) = 160.6 pC/MPa
% For a g iven pressure , the t ransducer produces a g iven charge ( in pC) ,
% but i f we have s p e c i f i e d a s e n s i t i v i t y in pC/MPa tha t i s l e s s than the ....

r e a l va lue ,
% we w i l l o ve re s t ima te the pre s sure p r opo r t i ona t e l y .

% I f the manufacturer ’ s va lue i s a c t u a l l y correc t , we shou ld make t h i s ....
adjustment :

pze1=pze1 ∗149 .7/157 .8 + p1/1 e6 ;
pze2=pze2 ∗149 .7/157 .8 + p1/1 e6 ;

% ca l u c u l a t e pre s sure from p i e z o r e s i s i t v e sensor
pzr=−(data ( : , 8 )−mean( data ( 1 : 2 00 , 8 ) ) ) / (1 .786 e−3∗15)+p1/1 e6 ; % Pa ( abs )

% Smooth data f o r Vsense
pzrT=smo ( ( data ( : , 6 ) .∗1000) ,100) ;

% Plot p i e z o e l e c t r i c and raw p i e z o r e s i s t i v e pre s sure data
f i g u r e (1 )
p l o t ( tim2 , pzr , ’ r ’ , tim1 , pze1 , ’ g ’ )
x l ab e l ( ’ time ( s ) ’ )
y l ab e l ( ’Abs . Presure (MPa) ’ )
t i t l e ( ’Gun Tunnel ( Test 28) , Bar re l p r e s su r e with c l o s ed end ’ )
l egend ( ’ P i e z o r e s i s t i v e Reading ’ , ’ P i e z o e l e c t r i c Reading ’ )

% Plot p i e z o e l e c t r i c and smoothed p i e z o r e s i s t i v e data
f i g u r e (2 )
p l o t ( tim1 , pze1 , ’ g ’ , tim2 , smo( pzr , 3 ) , ’ r ’ )
x l ab e l ( ’ time ( s ) ’ )
y l ab e l ( ’Abs . Presure (MPa) ’ )
t i t l e ( ’Gun Tunnel ( Test 28) , Bar re l p r e s su r e with c l o s ed end ’ )
l egend ( ’ P i e z o e l e c t r i c Reading ’ , ’ Smoothed P i e z o r e s i s t i v e Reading (3 pts ) ’ ....

)

% Plot c l o se−up on raw data to show d i f f e r e n c e s between r e s u l t s
f i g u r e (3 )
p l o t ( tim2 , pzr , ’ r ’ , tim1 , pze1 , ’ g ’ )
x l ab e l ( ’ time ( s ) ’ )
y l ab e l ( ’Abs . Presure (MPa) ’ )
t i t l e ( ’Gun Tunnel ( Test 28) , Bar re l p r e s su r e with c l o s ed end ’ )
l egend ( ’ P i e z o r e s i s t i v e Reading ’ , ’ P i e z o e l e c t r i c Reading ’ )
AXIS ( [ 4 e−3 28e−3 0 4 ] )
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% Plot c l o se−up on smoothed data to show d i f f e r e n c e s between r e s u l t s
f i g u r e (5 )
p l o t ( tim1 , pze1 , ’ g ’ , tim2 , smo( pzr , 3 ) , ’ r ’ )
x l ab e l ( ’ time ( s ) ’ )
y l ab e l ( ’Abs . Presure (MPa) ’ )
t i t l e ( ’Gun Tunnel ( Test 28) , Bar re l p r e s su r e with c l o s ed end ’ )
l egend ( ’ P i e z o e l e c t r i c Reading ’ , ’ Smoothed P i e z o r e s i s t i v e Reading (3 pts ) ’ ....

)
AXIS ( [ 4 e−3 28e−3 0 4 ] )
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Listing C.8: Engine 1.m

% engine 1 .m
%
% Scr i p t f o r ana l y s i s o f engine data .
% This s c r i p t p rov i de s an ana l y s i s o f engine p re s su r e s
% recorded by a p i e z o e l e c t r i c (13U0500) and a
% p i e z o r e s i s i t v e (112B11) sensor

%======================================================================
% 4 d i f f e r e n t engine data s e t s c o l l e c t e d ,
% s t ep through each data s e t −
f o r k=5

% Run temperature c a l i b r a t i o n to load va l u e s
% fo r dspan/dt , d o f f s e t / dt e t c .
temp cal2

%===================================================================
% Load r e l a v en t engine data
eva l ( [ ’ f i l e name=’ ’ pz en ’ , i n t 2 s t r ( k ) , ’ . tx t ’ ’ ; ’ ] ) ;

data=load waves ta r 2 ( f i l e name ,2500 , 8 ) ;

% Layout o f in format ion in engine data f i l e s −
% column 1 − t ime f o r p i e z o e l e c t r i c
% column 2 − read ings f o r p i e z o e l e c t r i c
% column 3 − t ime f o r p i e z o r e s i t i v e
% column 4 − Vout
% column 5 − t ime f o r p i e z o r e s i s t i v e
% column 6 − Vsense
% column 7 − t ime f o r encoder
% column 8 − Output f o r encoder

%....
===================================================================....

% Determine the p o s i t i o n o f the p i s t on r e l a t i v e to the pre s sure data
% Plo t encoder data

f i g u r e (1 )
p l o t ( data ( : , 8 ) , ’ g ’ ) ;
zoom on ;
pause
[ enc1 ,dummy]=ginput (1 ) ; % input va lue anywhere between end o f ....

l ong s l o t and s t a r t or sho r t s l o t
enc1 = round ( enc1 ) ;

% Determine po in t s o f encoder s i g n a l s
% ( th e s e po in t s are the edges o f the encoder s l o t s )
enc new = [ 0 ] ;

enc new2 = [ 0 ] ;
t r i g g e r A = 0 ;
f o r i =1:1500
po int = enc1 + i ;

i f data ( point , 8 )<1
encdummy = point ;
i f t r i g g e r A == 1

i f encdummy ˜ enc1+i−1
enc new2 = [ enc new2 encdummy ] ;

end
end
t r i g g e r A = 0 ;

end
i f data ( point , 8 )>1

encdummy = point ;
t r i g g e r B = 0 ;
i f t r i g g e r A == 0

i f encdummy ˜ enc1+i−1
enc new = [ enc new encdummy ] ;
t r i g g e r A = 1 ;

end
end

end
end
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% Al l o ca t e t imes to encoder s i g n a l po in t s
enc t ime1 = data ( enc new (2) ,7 ) ;

enc t ime2 = data ( enc new (5) ,7 ) ;
enc t ime3 = data ( enc new (8) ,7 ) ;
enc t ime4 = data ( enc new (11) ,7 ) ;
enc t ime5 = data ( enc new (14) ,7 ) ;
enc t ime6 = data ( enc new (17) ,7 ) ;
enc2 t ime1 = data ( enc new2 (2 ) ,7 ) ;
enc2 t ime2 = data ( enc new2 (5 ) ,7 ) ;
enc2 t ime3 = data ( enc new2 (8 ) ,7 ) ;
enc2 t ime4 = data ( enc new2 (11) ,7 ) ;
enc2 t ime5 = data ( enc new2 (14) ,7 ) ;
enc2 t ime6 = data ( enc new2 (17) ,7 ) ;

% Determine per iod o f engine r e v o l u t i o n
per iod = ( ( enc t ime2 − enc t ime1 ) + ( enc t ime3 − enc t ime2 ) + (....

enc t ime4 − enc t ime3 ) + ( enc t ime5 − enc t ime4 ) + (....
enc t ime6 − enc t ime5 ) ) /5 ;

%===================================================================
% Fi t encoder data to func t i on f o r c y l i n d e r volume

% Determine the l e n g t h o f time f o r each s l o t
t ime s l o t 1 b = ( ( data ( enc new2 (2 ) ,7 )−data ( enc new (2) ,7 ) ) + ( data....

( enc new2 (5 ) ,7 )−data ( enc new (5) ,7 ) ) + ( data ( enc new2 (8 ) ,7 )−....
data ( enc new (8) ,7 ) ) + ( data ( enc new2 (11) ,7 )−data ( enc new (11) ....
, 7 ) ) + ( data ( enc new2 (14) ,7 )−data ( enc new (14) ,7 ) ) + ( data (....
enc new2 (17) ,7 )−data ( enc new (17) ,7 ) ) ) /6 ;

t ime s l o t 2 a = ( ( data ( enc new (3) ,7 )−data ( enc new (2) ,7 ) ) + ( data ( ....
enc new (6) ,7 )−data ( enc new (5) ,7 ) ) + ( data ( enc new (9) ,7 )−data....
( enc new (8) ,7 ) ) + ( data ( enc new (12) ,7 )−data ( enc new (11) ,7 ) ) ....
+ ( data ( enc new (15) ,7 )−data ( enc new (14) ,7 ) ) + ( data ( enc new....
(18) ,7 )−data ( enc new (17) ,7 ) ) ) /6 ;

t ime s l o t 2 b = ( ( data ( enc new2 (3 ) ,7 )−data ( enc new (2) ,7 ) ) + ( data....
( enc new2 (6 ) ,7 )−data ( enc new (5) ,7 ) ) + ( data ( enc new2 (9 ) ,7 )−....
data ( enc new (8) ,7 ) ) + ( data ( enc new2 (12) ,7 )−data ( enc new (11) ....
, 7 ) ) + ( data ( enc new2 (15) ,7 )−data ( enc new (14) ,7 ) ) + ( data (....
enc new2 (18) ,7 )−data ( enc new (17) ,7 ) ) ) /6 ;

t ime s l o t 3 a = ( ( data ( enc new (4) ,7 )−data ( enc new (2) ,7 ) ) + ( data ( ....
enc new (7) ,7 )−data ( enc new (5) ,7 ) ) + ( data ( enc new (10) ,7 )−....
data ( enc new (8) ,7 ) ) + ( data ( enc new (13) ,7 )−data ( enc new (11) ....
, 7 ) ) + ( data ( enc new (16) ,7 )−data ( enc new (14) ,7 ) ) + ( data (....
enc new (19) ,7 )−data ( enc new (17) ,7 ) ) ) /6 ;

t ime s l o t 3 b = ( ( data ( enc new2 (4 ) ,7 )−data ( enc new (2) ,7 ) ) + ( data....
( enc new2 (7 ) ,7 )−data ( enc new (5) ,7 ) ) + ( data ( enc new2 (10) ,7 )−....
data ( enc new (8) ,7 ) ) + ( data ( enc new2 (13) ,7 )−data ( enc new (11) ....
, 7 ) ) + ( data ( enc new2 (16) ,7 )−data ( enc new (14) ,7 ) ) + ( data (....
enc new2 (19) ,7 )−data ( enc new (17) ,7 ) ) ) /6 ;

s l o t t ime = [0 t ime s l o t 1 b t ime s l o t 2 a t ime s l o t 2 b ....
t ime s l o t 3 a t ime s l o t 3 b ] ;

% Determine p r e c i s e s l o t ang l e s
s l o t a n g l e = s l o t t ime / per iod ∗2∗ pi ;

% S l o t p o s i t i o n i s the measured c y l i n d e r p o s i t i o n ( from TDC) fo r ....
each encoder s l o t
s l o t p o s i t i o n = [ 4 8 . 1 45 .3 1 .2 0 36 .4 4 7 . 2 ] . / 1 0 0 0 ; %m
%p l o t ( s l o t a n g l e , s l o t p o s i t i o n ) ;

% Engine Data ( adapted from enginedata .m crea t ed by Dr . David ....
Buttsworth )

%=========== engine geometry =================================
b=0.069; % engine bore (m)
s t r oke =0.054; % engine s t r o k e (m)
eps =0.287693; % ha l f s t r o k e to rod ra t i o , s /2 l
r =6.1 ; % compression r a t i o
Vtdc=pi /4∗bˆ2∗ s t r oke /( r−1) ; % volume at TDC
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Vbdc=pi /4∗bˆ2∗ s t r oke+Vtdc ; % volume at BDC
%==============================================================

% Ca l cu l a t e engine parameters r e l a t e d to encoder s l o t s
s l o t vo lume = s l o t p o s i t i o n ∗(bˆ2∗ pi /4)+Vtdc ;
theta = 0 : 0 . 0 1 : 4 ∗ pi ;
V=Vtdc∗(1+( r−1)/2∗(1− cos ( theta )+ 1/ eps∗(1−(1− eps ˆ2∗ s i n ( theta ) ....

. ˆ 2 ) . ˆ 0 . 5 ) ) ) ;
f i g u r e (8 ) ;
p l o t ( theta ,V, ’b ’ ) ;
hold on ;
p l o t ( s l o t an g l e , s lot vo lume , ’ r ∗ ’ ) ;
X = ones (1 , 6 ) ;

% Match volume func t i on wi th encoder s l o t s and p i s t on p o s i t i o n s
f o r i = 1 :6
ang l e s o l v e = s l o t a n g l e ( i ) ;
vo lume so lve = s lo t vo lume ( i ) ;
x = 4 ; % move func t i on c l o s e to expec ted po in t
j = 1 ;
whi l e j == 1

V=Vtdc∗(1+( r−1)/2∗(1− cos ( an g l e s o l v e+x)+ 1/ eps∗(1−(1− eps ˆ2∗....
s i n ( an g l e s o l v e+x) . ˆ 2 ) . ˆ 0 . 5 ) ) ) ;

i f abs (V−vo lume so lve )>1e−7
x = x − abs (V−vo lume so lve ) ∗10 ;

end

i f abs (V−vo lume so lve )<=1e−7
j = 0 ;

end
end
X( i ) = x ;
V=Vtdc∗(1+( r−1)/2∗(1− cos ( theta+X( i ) )+ 1/ eps∗(1−(1− eps ˆ2∗ s i n ( ....

theta+X( i ) ) . ˆ 2 ) . ˆ 0 . 5 ) ) ) ;
p l o t ( theta ,V, ’ g ’ ) ;

end
x avg = mean(X) ;

% This va lue f o r x avg can be used in the f o l l ow i n g volume ....
c a l c u l a t i o n −

% V=Vtdc∗(1+(r−1)/2∗(1− cos ( t h e t a+x avg )+ 1/ eps∗(1−(1− eps ˆ2∗ s in (....
t h e t a+x avg ) . ˆ2 ) . ˆ 0 . 5 ) ) )

%....
===================================================================....

% Plo t Data − Compare pre s su r e s between P i e z o e l e c t r i c and ....
P i e z o r e s i s t i v e

% determine ope ra t i ona l temperature
Vsense mean = mean( data ( : , 6 ) ) ∗1000 ; %mv
Vsupply tes t = 15 − Vsense mean /1000 ; %V
tes t temp = ( ( Vsense mean /30) − PVsense (2 ) ) /PVsense (1 ) ; % K

% Apply temperature compensation
% Determine span & o f f s e t f o r temperature ( co r r e c t ed f o r Vsupply )
span = span 25 + Pspan (1 ) ∗ ( ( test temp −273)−25) ; %mV/V−pa

span = span∗Vsupply tes t ; %mV/pa
% Linear Ex t rapo l a t i on used to i n s e r t l owe s t data po in t f o r ....

i n t e r p o l a t i o n
o f f s e t = in t e rp1 ( [ 273 TEMP] , [ 0 . 5 1 5 5 t emp o f f s e t ] , test temp , ’ l i n e a r ’ ) ....

; %mV/V
o f f s e t = o f f s e t ∗Vsupply tes t ; %mV
% compare pre s su r e s
p i e z o e l = data ( : , 2 ) ∗1 e6+9.38 e4 ; %p i e z o e l e c t r i c pre s sure (Pa abs )
p i e z o r e s 1 = ( data ( : , 4 ) ∗1000− o f f s e t ) / span ; % p i e z o r e s i s t i v e ....

p re s sure (Pa abs )
p i e z o r e s 2 = ( data ( : , 4 ) ∗1000− o f f s e t ) / span ;

% Smooth data accord ing to pre s sure l e v e l to p re s e r ve peak pre s su r e s ....
.

% Low pres sure l e v e l s − h igh smoothing
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% High pre s sure l e v e l s ( above c u t o f f ) − low smoothing
i f k == 2

cu t o f f = 2e5 ;
end
i f k == 3

cu t o f f = 3e5 ;
end
i f k == 4

cu t o f f = 3e5 ;
end
i f k == 5

cu t o f f = 5e5 ;
end

f o r num = 21:2480
i f (mean ( ( data ( (num−10:num+10) ,4 ) ∗1000− o f f s e t ) / span ) ) <= cu t o f f

p i e z o r e s 2 (num)=mean ( ( data ( (num−10:num+10) ,4 ) ∗1000− o f f s e t ) /....
span ) ;

end
i f (mean ( ( data ( (num−10:num+10) ,4 ) ∗1000− o f f s e t ) / span ) ) > c u t o f f

p i e z o r e s 2 (num)=mean ( ( data ( (num−2:num+1) ,4 ) ∗1000− o f f s e t ) / span )....
;

end
end

% Correct f o r d r i f t in p i e z o e l e c t r i c s i g n a l
f i g u r e (11) ;
p l o t ( p i e z o e l ) ;
zoom on ;
pause
% Se l e c t po in t in middle o f exhaus t s t r o k e o f p i e z o e l e c t r i c (....

t ime taken 0.01 s e i t h e r s i d e o f po in t ) , 400us s t e p s
[ t ime average ,dummy]=ginput (1 ) ;

t ime average=round ( t ime average ) ;
d i f f e r e n c e 1 = mean ( ( p i e z o e l ( ( t ime average −25) : ( t ime average +25) ) ....

) ) ;
d i f f e r e n c e 2 = mean ( ( p i e z o r e s 1 ( ( t ime average −25) : ( t ime average ....

+25) ) ) ) ;
t o t a l d i f f = d i f f e r e n c e 2 − d i f f e r e n c e 1 ;
p i e z o e l = p i e z o e l + t o t a l d i f f ;

% Compare co r r e c t ed p re s su r e s ( time based )
f i g u r e (12)
p l o t ( data ( : , 1 ) , p i e z o e l ) ;
hold on
p lo t ( data ( : , 3 ) , p i e zo r e s1 , ’ g ’ , data ( : , 3 ) , p i e zo r e s2 , ’m’ ) ;
%AXIS ( [ 0 . 3 0 .6 −0.2e6 2.2 e6 ] ) ;
x l ab e l ( ’Time ( s ) ’ ) ;
y l ab e l ( ’ Pres sure (Pa) ’ ) ;
i f k == 2
T i t l e ( ’ Cyl inder p r e s su r e s − motored , c l o s ed t h r o t t l e (1419 .1 rpm....

) ’ ) ;
end
i f k == 3

T i t l e ( ’ Cyl inder p r e s su r e s − f i r e d , no loaded , c l o s ed t h r o t t l e ....
( 2868 .1 rpm) ’ ) ;

end
i f k == 4

T i t l e ( ’ Cyl inder pre s sure s− f i r e d , loaded , c l o s ed t h r o t t l e ....
( 1373 .6 rpm) ’ ) ;

end
i f k == 5

T i t l e ( ’ Cyl inder p r e s su r e s − f i r e d , loaded , open t h r o t t l e (2673 .8 ....
rpm) ’ ) ;

end
Legend ( ’ P i e z o e l e c t r i c Pres sure Reading ’ , ’ P i e z o r e s i s t i v e Pressure ....

Reading ’ , ’ Smoothed P i e z o r e s i s t i v e Pressure Reading ’ ) ;
hold o f f

% Compare co r r e c t ed p re s su r e s ( crank ang l e based )
f i g u r e (13)
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p lo t ( ( ( data ( : , 1 )−enc time1 −(per iod ∗ ( (2∗ pi−x avg ) /(2∗ pi ) ) ) ) /....
pe r iod ) ∗2∗pi , p i e z o e l ) ;

hold on
p lo t ( ( ( data ( : , 3 )−enc time1 −(per iod ∗ ( (2∗ pi−x avg ) /(2∗ pi ) ) ) ) /....

pe r iod ) ∗2∗pi , p i e zo r e s1 , ’ g ’ , ( ( data ( : , 3 )−enc time1 −(per iod ....
∗ ( (2∗ pi−x avg ) /(2∗ pi ) ) ) ) / per iod ) ∗2∗pi , p i e zo r e s2 , ’m’ ) ;

%AXIS ( [ 0 . 3 0 .6 −0.2e6 2.2 e6 ] ) ;
x l ab e l ( ’ Crank Angle ( Radians ) ’ ) ;
y l ab e l ( ’ Pres sure (Pa) ’ ) ;
i f k == 2
T i t l e ( ’ Cyl inder p r e s su r e s − motored , c l o s ed t h r o t t l e (1419 .1 rpm....

) ’ ) ;
end
i f k == 3

T i t l e ( ’ Cyl inder p r e s su r e s − f i r e d , no loaded , c l o s ed t h r o t t l e ....
( 2868 .1 rpm) ’ ) ;

end
i f k == 4

T i t l e ( ’ Cyl inder pre s sure s− f i r e d , loaded , c l o s ed t h r o t t l e ....
( 1373 .6 rpm) ’ ) ;

end
i f k == 5

T i t l e ( ’ Cyl inder p r e s su r e s − f i r e d , loaded , open t h r o t t l e (2673 .8 ....
rpm) ’ ) ;

end
Legend ( ’ P i e z o e l e c t r i c Pres sure Reading ’ , ’ P i e z o r e s i s t i v e Pressure ....

Reading ’ , ’ Smoothed P i e z o r e s i s t i v e Pressure Reading ’ ) ;
hold o f f
%....

===================================================================....

% Save c a l c u l a t e d engine data

eva l ( [ ’ save pz en ’ , i n t 2 s t r ( k ) , ’ ; ’ ] ) ;

c l e a r
end
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Listing C.9: Engine 2.m

% engine 2 .m
%
% Scr i p t f o r comparing the t h e o r e t i c a l and measured c y l i n d e r p r e s su r e s

% This s c r i p t i s run in con junc t ion wi th the s c r i p t s
% fo r the thermodynamic engine s imu la t i on deve loped by
% Dr . David Buttsworth

% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! IMPORTANT ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !
% The f o l l ow i n g v a r i a b l e s were changed in the s c r i p t
% ’ eng inedata .m’ to match the s p e c i f i c a t i o n s o f the
% engine used −
% b = 0.069 ; engine bore (m)
% s t r o k e = 0 .054 ; engine s t r o k e (m)
% eps = 0.287693; h a l f s t r o k e to rod ra t i o , s /2 l
% r = 6 . 1 ; compression r a t i o

% CHANGE FILE ’ eng inedata .m’ TO MATCH ENGINE TEST NUMBER
% Engine Test Ca l cu l a t ed Engine Speeds Condi t ions
% pz en 2 1419.1 rpm th e t a s =179.9∗ p i /180 , ....

t h e t a b =0.1∗ p i /180 p1 = 5.5 e4
% pz en 3 2868.1 rpm th e t a s=0∗p i /180 , ....

t h e t a b=70∗p i /180 p1 = 4e4
% pz en 4 1373.6 rpm th e t a s=−10∗p i /180 , ....

t h e t a b=55∗p i /180 p1 = 8e4
% pz en 5 2673.8 rpm th e t a s=−10∗p i /180 , ....

t h e t a b=45∗p i /180 p1 = 8.5 e4
% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! IMPORTANT ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

% Experimenta l Descr ip t i on
% pz en 2 − motored , c l o s e d t h r o t t l e
% pz en 3 − f i r e d , c l o s e d t h r o t t l e , no load
% pz en 3 − f i r e d , c l o s e d t h r o t t l e , loaded
% pz en 4 − f i r e d , open t h r o t t l e , loaded

%===================================================================
% Run Ahrind .m
% This s c r i p t ( deve loped by Dr . David Buttsworth ) runs the
% thermodynamic engine s imu la t i on
Ahrind
% Load r e s u l t s from engine s imu la t i on
load ahrind . mat ;

% CHANGE ’ da ta s e t ’ NUMBER TO MATCH ENGINE TEST NUMBER (2 to 5)
da ta s e t = 3 ;

% Load Experimenta l Engine Data
cd ( ’ . . ’ )
eva l ( [ ’ load pz en ’ , i n t 2 s t r ( da t a s e t ) , ’ ; ’ ] )
cd Engine

%===================================================================
% Plot c y l i n d e r p r e s su r e s
f i g u r e (1 ) ;
p l o t ( thetacomp ,pTuWQlHl ( : , 1 ) /1 e6 ) ; hold on ;
p l o t ( thetacomb ,pTbTuWQlHl ( : , 1 ) /1 e6 ) ;
p l o t ( thetaexp , pTbWQlHl ( : , 1 ) /1 e6 ) ;
x l ab e l ( ’ crank ang le ( degree s ATC) ’ )
y l ab e l ( ’ p r e s su r e (MPa) ’ )
hold o f f

%===================================================================
% Determine c y l i n d e r p r e s su r e s wi th r e s p e c t to time
thetacomp new = ( ( thetacomp+pi ) /(2∗ pi ) ) ∗ per iod ;
thetacomb new = ( ( thetacomb+pi ) /(2∗ pi ) ) ∗ per iod ;
thetaexp new = ( ( thetaexp+pi ) /(2∗ pi ) ) ∗ per iod ;

% the va lue o f ’ cyc l e ’ w i l l be 1 or 3 , accord ing to
% i f the t h e o r e t i c a l data i s 180 deg out o f phase
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cy c l e = 3 ;
%cyc l e = 1;

% Plo t exper imenta l and t h e o r e t i c a l data ( time s c a l e )
f i g u r e (7 )
p l o t ( data ( : , 3 )−enc time1 −(per iod ∗ ( (2∗ pi−x avg ) /(2∗ pi ) ) ) , p i e zo r e s1 , ’ g ’ , ....

data ( : , 3 )−enc time1 −(per iod ∗ ( (2∗ pi−x avg ) /(2∗ pi ) ) ) , p i e zo r e s2 , ’m’ , ....
data ( : , 1 )−enc time1 −(per iod ∗ ( (2∗ pi−x avg ) /(2∗ pi ) ) ) , p i e z o e l , ’ k ’ ) ;

hold on ;
p l o t ( thetacomp new+cyc l e ∗( per iod /2) ,pTuWQlHl ( : , 1 ) ) ;
p l o t ( thetacomb new+cyc l e ∗( per iod /2) ,pTbTuWQlHl ( : , 1 ) ) ;
p l o t ( thetaexp new+cyc l e ∗( per iod /2) ,pTbWQlHl ( : , 1 ) ) ;
x l ab e l ( ’Time ( s ) ’ ) ;
y l ab e l ( ’ Pres sure (Pa) ’ ) ;
i f d a t a s e t == 2

T i t l e ( ’ Experimental vs . Theo r e t i c a l r e s u l t s − motored , c l o s ed ....
t h r o t t l e (1419 .1 rpm) ’ ) ;

end
i f da t a s e t == 3

T i t l e ( ’ Experimental vs . Theo r e t i c a l r e s u l t s − f i r e d , no load , c l o s ed ....
t h r o t t l e (2868 .1 rpm) ’ ) ;

end
i f da t a s e t == 4

T i t l e ( ’ Experimental vs . Theo r e t i c a l r e s u l t s − f i r e d , loaded , c l o s ed ....
t h r o t t l e (1373 .6 rpm) ’ ) ;

end
i f da t a s e t == 5

T i t l e ( ’ Experimental vs . Theo r e t i c a l r e s u l t s − f i r e d , loaded , open ....
t h r o t t l e (2673 .8 rpm) ’ ) ;

end
Legend ( ’ P i e z o r e s i s t i v e Pressure Reading ’ , ’ Smoothed P i e z o r e s i s t i v e ....

Pres sure Reading ’ , ’ P i e z o e l e c t r i c Pres sure Reading ’ , ’ Theo r e t i c a l ....
Pres sure ’ ) ;

hold o f f

% Plot exper imenta l and t h e o r e t i c a l data ( crank ang l e s c a l e )
f i g u r e (8 )
p l o t ( ( data ( : , 3 )−enc time1 −(per iod ∗ ( (2∗ pi−x avg ) /(2∗ pi ) ) ) ) / per iod ....

∗360−(180+180∗ cy c l e ) , p i e zo r e s1 , ’ g ’ , ( data ( : , 3 )−enc time1 −(per iod ∗ ( (2∗ ....
pi−x avg ) /(2∗ pi ) ) ) ) / per iod ∗360−(180+180∗ cy c l e ) , p i e zo r e s2 , ’m’ , ( data....
( : , 1 )−enc time1 −(per iod ∗ ( (2∗ pi−x avg ) /(2∗ pi ) ) ) ) / per iod ∗360−(180+180∗....
c y c l e ) , p i e z o e l , ’ k ’ ) ;

hold on ;
p l o t ( ( thetacomp new+cyc l e ∗( per iod /2) ) / per iod ∗360−(180+180∗ cy c l e ) , ....

pTuWQlHl ( : , 1 ) ) ;
p l o t ( ( thetacomb new+cyc l e ∗( per iod /2) ) / per iod ∗360−(180+180∗ cy c l e ) , ....

pTbTuWQlHl ( : , 1 ) ) ;
p l o t ( ( thetaexp new+cyc l e ∗( per iod /2) ) / per iod ∗360−(180+180∗ cy c l e ) ,pTbWQlHl....

( : , 1 ) ) ;
%p l o t ( ( data ( : , 3 )−enc time1−(per iod ∗((2∗ pi−x avg ) /(2∗ p i ) ) ) ) / per iod ....

∗360−360 , data ( : , 8 ) ∗1e6 ) ;
x l ab e l ( ’ Crank Angle ( deg ) ’ ) ;
y l ab e l ( ’ Pres sure (Pa) ’ ) ;
i f d a t a s e t == 2

T i t l e ( ’ Experimental vs . Theo r e t i c a l r e s u l t s − motored , c l o s ed ....
t h r o t t l e (1419 .1 rpm) ’ ) ;

AXIS([−180 180 −0.2 e6 1e6 ] ) ;
end
i f da t a s e t == 3

T i t l e ( ’ Experimental vs . Theo r e t i c a l r e s u l t s − f i r e d , no load , c l o s ed ....
t h r o t t l e (2868 .1 rpm) ’ ) ;

AXIS([−180 180 −0.2 e6 1e6 ] ) ;
end
i f da t a s e t == 4

T i t l e ( ’ Experimental vs . Theo r e t i c a l r e s u l t s − f i r e d , loaded , c l o s ed ....
t h r o t t l e (1373 .6 rpm) ’ ) ;

AXIS([−180 180 −0.2 e6 2 .5 e6 ] ) ;
end
i f da t a s e t == 5
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Ti t l e ( ’ Experimental vs . Theo r e t i c a l r e s u l t s − f i r e d , loaded , open ....
t h r o t t l e (2673 .8 rpm) ’ ) ;

AXIS([−180 180 −0.5 e6 4e6 ] ) ;
end
Legend ( ’ P i e z o r e s i s t i v e Pressure Reading ’ , ’ Smoothed P i e z o r e s i s t i v e ....

Pres sure Reading ’ , ’ P i e z o e l e c t r i c Pres sure Reading ’ , ’ Theo r e t i c a l ....
Pres sure ’ ) ;

hold o f f

%===================================================================
% Determine the output power o f the motor

pump = 3.8 e−6; %mˆ3/ rev

i f d a t a s e t == 4
dp = 1100 ; % ps i
dp = dp ∗6894 . 8 ;
f l ow r a t e = 1373.6/60∗pump ;
Power = f l ow r a t e ∗dp ;

end
i f da t a s e t == 5

dp = 1700 ; %ps i
dp = dp ∗6894 . 8 ; %pa
f l ow r a t e = 2673.8/60∗pump ;
Power = f l ow r a t e ∗dp ;

end

c l e a r
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E.1 Shock Tube Experimental Data

The following plots display the experimental results recorded from each shock tube

test. 4 plots were generated for each shock tube test. These plots, in order of display,

are as follows,

1. The short time scale response to compare measured and theoretical reflected

shock pressures.

2. The short time scale response for determining the rise-time.

3. The long time scale response to compare measured and theoretical reflected

shock pressures.

4. The power spectrum density of the short time scale response.

The shock tube test number is also displayed in the plot headings with ‘pz st x’ where

‘x’ is the shock tube test number (1 to 17)
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E.1.7 Shock Tube Test 7



E.1 Shock Tube Experimental Data 181



E.1 Shock Tube Experimental Data 182

E.1.8 Shock Tube Test 8



E.1 Shock Tube Experimental Data 183



E.1 Shock Tube Experimental Data 184

E.1.9 Shock Tube Test 9



E.1 Shock Tube Experimental Data 185



E.1 Shock Tube Experimental Data 186

E.1.10 Shock Tube Test 10



E.1 Shock Tube Experimental Data 187



E.1 Shock Tube Experimental Data 188

E.1.11 Shock Tube Test 11



E.1 Shock Tube Experimental Data 189



E.1 Shock Tube Experimental Data 190
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