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ABSTRACT

INVESTIGATION AND DEVELOPMENT OF A DYNAMIC PRESSURE
MEASUREMENT STANDARD

Dynamic pressure is measured in many important fields such as combustion analysis,
automotive industry, turbomachinery, aerodynamics, fluid power and control, production
processes and within medicine. The encountered amplitudes range from a few Pa to several
GPa and frequencies range from below one Hz to about one MHz. Along with the
development of higher frequency sensors came the need for dynamic pressure calibration.
Since dynamic calibrators were not commercially available until relatively recently, many
laboratories developed unique calibration devices to suit specific needs. These included a
variety of hydraulic and pneumatic shock, pulse, and sine wave pressure generators. The
dead weight tester was sometimes used in a pressure release mode to generate a known,
negative pressure pulse. This investigation aims to make step change improvements in
pressure in for dynamic measurements. To investigate and develop a dynamic pressure
measurement standard, a system was designed and manufactured. A drop weight system
and impact test machine system were modified and it was automatized. Maksimum
acceleration and velocity of dropping mass were masured and thanks to energy
conservation laws, pressure value was calculated. A model function was defined. For the
pressure transmission media, different oils was investigated in terms of pressure
transmission and compressibility. As a pressure range, 500 MPa was tried to exceed at the
1% accuracy.



OZET

DINAMIK BASINC OLCUM STANDARDININ ARASTIRILMASI VE
GELISTIRILMESI

Dinamik basing bir ¢ok 6nemli alanda yapilan Ol¢iimlerde karsimiza ¢ikmaktadir. Bu
Olciimlerin yapildigi alanlara 6rnek olarak; yanma analizi, otomobil endiistirisi, turbo
makineler, acrodinamik, akiskan basinci ve kontrolii, tiretim prosesleri ve tip verilebilir.
Karsilasilan basing 6l¢iim araliklar1 birka¢ Pa’dan baslayip, birka¢c GPa degerlerine kadar
degisim gostermekte ve ayni zamanda Olgiilen frekans araliklar1 da 1 Hz degerinin altindan
baslayarak 1 MHz degerlerine kadar olan aralikta degisebilmektedir. Yiiksek frekansh
sensorlerin gelismesiyle birlikte, dinamik basing kalibrasyonlarina da ihtiya¢ duyulmaya
baslandi. Dinamik kalibratorlerin yakin zamanlara kadar ticari olarak satiglarinin mevcut
olmamas sebebiyle, bir ¢ok laboratuvar 6zel ihtiyaglarini karsilamak igin, bu ihtiyaglarina
cevap verebilecek kendi kalibrasyon cihazlarini gelistirdiler. Bu cihazlar gesitli hidrolik ve
pinomatik sok, darbe ve siniis dalga basing jeneratorlerini igeriyordu. Pistonlu basing
standartlar1 da (piston manometresi), zaman zaman basing tahliye modunda, degeri bilinen
negatif basing iiretegleri olarak kullanildilar. Bu aragtirmanin amaci, dinamik basing
Olgtimleri alaninda, kaydedilen ilerleme ve gelismelere katkida bulunarak bu alanda
yapilan aragtirmalar1 bir adim ileri tasimaktir. Bu ¢alismada, bir dinamik basing 6l¢im
standard: aragtirmak ve gelistirmek igin bir sistem tasarlandi ve iiretildi. Bu amagla, diisen
agirlik sistemi ve darbe testi makine sistemi modifiye edildi ve otomatik hale getirildi.
Diisen kiitlenin maksimum ivmesi ve hiz1 6lgiildii. Enerjinin korunumu yasas1 yardimiyla
basing degeri hesaplandi. Bir model fonksiyonu tanimlandi. Basing iletim ortamlar igin,
basincin iletilebilmesi ve sikistirilabilmesi agisindan farkli yaglar kullanilarak ol¢timler

yapildi. Olgiimler 500 MPa basinca kadar %1 dogruluk hedeflenerek yapild.
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1. INTRODUCTION

Pressure sensors are widely used in measurement and process control in many fields such
as aerospace, medicine manufacturing, food processing, and electric power plants. There
are many kinds of design mechanisms for pressure sensors. Some pressure sensors are

appropriate for static pressure measurement and some for dynamic pressure measurement.

In the case of dynamic measurement, the response time of a pressure sensor is a very
important parameter, which should be considered when selecting an appropriate pressure
sensor for some pressure measurements or for process control. For example, the rise time
of a Kistler 609B piezoelectric pressure sensor is about 3us [1] therefore, it is excellent for

use in capturing continuous rapid pressure changes.

Many applications of the measurement of the mechanical quantities force, torque, and
pressure are of a dynamic type, i.e. the measurement results show a strong variation over
time. The calibration of the respective transducers, however, is still only traceable to purely
static procedures at the NMI (The National Metrology Institute) level. This is partly due to
the complete lack of documentary standards or commonly accepted guidelines for dynamic
calibration of mechanical sensors, which is a consequence of the lack of a joint

international research effort in the field.

It is a well-known and accepted fact that mechanical sensors exhibit distinctive dynamic
behaviour that shows, with increasing frequency, an increasing deviation from the static
sensitivity characteristic. To make things even worse, the deficiencies in the knowledge of
the transducers and the lack of dynamic calibration standards carries on to the electrical
conditioning part of the measurement chain. The amplifiers used to complete the
measurement chain are known to have distinctive frequency dependence in their response,
which has to be taken into account in order to achieve a precise and reliable measurement
result. But even here, commonly accepted calibration procedures and measurement
uncertainty budgets have not been established so far and, in some cases (bridge amplifiers),
a reliable dynamic calibration device still has to be developed. This leads to inaccurate
measurement results and culminates in an almost complete ignorance of the magnitude of

the measurement uncertainty.



The lack of a metrological infrastructure for dynamic mechanical quantities has been
recognised for some time, and a number of organisations (both NMIs and commercial
entities) have attempted to remedy this. However the solutions offered so far, including
those offered as services by some NMIs, have often lacked traceability, or were
application-specific, not well-grounded in physical or engineering theory, limited only to
aspects of testing rather than calibration, or do not conform with metrological best practice

as codified in the guide to the expression of uncertainty in measurement (GUM).

At present traceability exists for static realisations of the mechanical quantities force,
torque and pressure. The traceability is established through validated primary calibration
devices together with a standardised uncertainty evaluation provided by the Guide to the
expression of uncertainty in measurement (GUM). The problems that this project addresses
arise in dynamic measurements, i.e., those cases in which the frequency-dependent
response of a sensor cannot be described by a single parameter (sensitivity) from static
calibration. In these cases there will be a need to correct the measurement data for these
limitations. This requires that a dynamic model for the system be established through a

dynamic calibration.

Various dynamic pressure generation systems developed by NMIs and specialist
manufacturers underpin the current state of the art. These systems use a range of pressure
generation techniques, including drop weight impacts, fast opening valves, and shock
tubes, but they all lack absolute dynamic pressure traceability, instead relying on statically
calibrated reference transducers to provide the instantaneous pressure values. The available

devices cover ranges up to 800 MPa [2].

The standardised uncertainty treatment in metrology does not account for dynamic
measurements. To achieve traceability for dynamic force, torque and pressure, new
methods for the evaluation of uncertainties are needed which are consistent with those
employed in the static case. This requires development of appropriate mathematical and
statistical models for both the calibration and the measurement (or application) stages,
much of which will be new to metrology as it is currently practised both at the NMI level

and in industrial applications.

NMIs and stakeholders will have access to new systems capable of generating specific

pressure waveforms and used to calibrate industrial transducers against the reference



transducers characterised in the primary systems. Validated traceability to the SI will be
available for the first time, including documented procedures and guidelines for the

estimation of measurement uncertainty.

Consequently, completion of these dynamic pressure measurements will help the industry
to apply more reliable and reproducible dynamic pressure measurements e.g. for in-
cylinder pressure measurement in combustion engines, which is a crucial prerequisite for

future fuel efficiency improvements.
Literature search for this thesis research is detailed in following:

V. E. Bean reviewed the properties of dynamic pressure transducers and various methods
for determining them [3] in 1993 and studied on development primary standard for
dynamic pressure and temperature in 1994 [4]. A brief review of the different methods of
determining the transfer function of a transducer and the equipment used for the dynamic
calibration of pressure transducers in gaseous media had been researched by J. P. Damion
in 1994 [5]. A. V. Shipunov made a study of impulse methods of determining ttle dynamic
characteristics of piezoelectric pressure transducers in 1999 [ 6]. J. L. Scheppe, in 1963 [7],
D. W. Rockwell, in 1967 [8], J. S. Hilten, in 1976 [9], B. Granath, in 1994 [10] researched
dynamic measurement methods of dynamic pressure sensors. Tokihiko Kobata [11] in
2000, C. Elster, A. Link and T. Bruns, in 2007 [12], S. Eichstadt, A. Link, P. Harris and C.
Elster [13, 14] studied evaluation of measurement uncertainty in dynamic measurements
and Monte Carlo method, in 2008 and 2011. Additionaly, in 2010, dynamic uncertainty is
modeled as compensated second-order systems by S. Eichstadt, A. Link and C. Elster [15].
In 2000, Sang-Mok Chang and Hiroshi Muramatsu made research on principle and
applications of piezoelectric crystal sensors [16] and E. Philippot studied on General
Survey of Quartz and Quartz-like Materials in [17]. While Jiashi Yang published a book
about an introduction to the theory of piezoelectricity in 2005 [18] as Ahmad Safari and E.
Koray Akdogan edited a book about piezoelectric and acoustic materials for transducer
applications in 2008 [19].

Dynamic pressure sensors have a wide area of usage both in measurement and in
controlling process in lots of fields like aerospace, medicine production, food processing
and engineering and electric power generating units. It is observed that pressure sensors

can be designed in different working mechanisms [1]. Pressure transducers has a



mechanical structure. In case using in the measurement of a dynamic parameter effect,
transducer will be subjected to some effects. These effects can be make it as deflected,
vibrated, resonated, conducted sound signal, experienced stress and strain, and transferred
force and motions. Structures of sensors behave in different manner at different spectrum
of frequencies at low, medium, and high districts of frequencies [3, 20]. While some
pressure transducers are suitable for static pressure measurements some others can be used
in dynamic pressure measurements. In dynamic process, one of the most important
components of a dynamic pressure transducer is response time of a pressure transducer.
Response time parameter should be though about seriously in selection of a convenient
pressure transducer during the pressure measurement applications [1]. Pressure sensors
with piezoelectric structure generate electric charges, which are proportional to the applied
input transient pressure [21]. Generated charges converted into electrical signal values by a
connected charge amplifier. A common example design of a piezoelectric pressure
transducer is given in Figure 1.1a and Figure 1.1b [22]. An example of a dynamic pressure

sensor in quartz structured given in Figure 1.1c.

L. (2)
i Integrated
R _circuit
amplifier

Mounting §
clamp nut-}
Acceleration :
compensation Seal ring
Preload sleeve
mass and plate )i Electrodes i V
Quartz” [| “—Housing 0.218 Dia Preloading sleeve
plates Diaphragm Diaphragm

Figure 1.1. Structure of a typical piezoelectric pressure transducer (a) [23], (b) [24],
(c) [29]

Some pressure calibration applications show time invariant static characteristics so certain
types of transducers can be used to measure such static time invariant value of pressure. If
pressure value is changing by time or in other saying if it is time-dependent, it is defined as

dynamic because it varies significantly in a short period of time demanding a dynamic




calibration. The dynamic pressure effect can be mentioned if the signal value changes in
the order of 63.2% of the original size in less than one second of time interval [26, 27].
Many applications of the measurement of the mechanical quantity pressure is of a dynamic
type, i.e. the measurand shows a strong variation over time. The calibration of the
respective transducers, however, is still only traceable to purely static calibrations. This is
partly due to the complete lack of documentary standards or commonly accepted
guidelines for dynamic calibration of mechanical sensors [2]. Although lots of instrument
are used in dynamic measurement area, today lots of those have been still calibrated across
to static references and static calibration procedures, due to the lack of standard calibration
procedures, methods for assessment of uncertainty in measurement and metrological

traceability in calibrations [26].

Dynamic phenomena research generally caused by necessity for accurate measurements in
space activities [24]. The necessities in precise high dynamic pressure measurement have
increased in miscellaneous industrial and research applications [12, 28, 29]. For example,
including development and monitoring of automotive engines, gas turbine engines,
hydraulic systems, and development within the ammunition and firearms, medicine,
aviation and spaceflight, defense industries, turbo machinery, aerodynamics, fluid power
and control and oil industries [24, 30, 31, 2]. So, it is seen that dynamic pressure is needed
to be measured in wide frequency band is appeared [32, 33]. In these outstanding
application areas of dynamic pressure, researchers can see wide interval amplitudes and
wide interval of frequencies. While amplitudes from a few Pa to some GPa, the frequencies
change from below one Hz to about one MHz. While limited study was reported at the 70.s
and 80s, at 90s significance information was revealed. Now, a lot of different measurement

sensors and auxiliary equipments are available for dynamic measurement applications.

Metrological traceability is property of a measurement result whereby the result can be
related to a reference through a documented unbroken chain of calibrations [2, 34]. When
you report a measurement results, you must assign a uncertainty value for each reported
value. It is the measurement uncertainty. Unfortunately, dynamic measurement quantities
have lack of traceability for today. Many researches have been done in developing methods
and procedures in dynamic measurement field however most measurements realized in

industry are made without traceability and without a known measurement uncertainty [24].



For a pressure transducer, sensitivity is defined as ratio of changing in output of the sensor
to changing value in input of the sensor for a specific change of pressure. Static structured
pressure transducers are characterized by their sensitivity. The sensitivity is practically can
be taken a constant value in sensor working range. In dynamic measurements since input
quantity value changes by time, rate of changing input value to changing output value isn’t
a constant value which is different from the static pressure measurement situation. In case
of the dynamic measurement situation transducer can’t be modelled and characterized only
with transducer’s sensitivity alone. Reason for dynamic pressure calibration is to determine
what is transducer’s transfer function is. These quantities in transfer function are phase and
gain information as function of frequency. They define how a sensor behaves in static and
dynamic measurement situation [5]. The main purpose of high pressure measurements is
evaluating what is dynamic characteristics and performances of pressure sensors at their
working pressure value that it is the initial condition to be sure reliable and correct
measurement results [35]. The means of a dynamic calibration of a pressure transducer or a
measurement system consist of the evaluation of their dynamic treatment with sufficient
and suitable accuracy value [36]. Frequency analysing and transient response analysing
methods are the conventional methods while determining the dynamic characteristics [32,
37]. In dynamic pressure calibration, a measurement system should be used. This system
should generate dynamic pressure which is time varying and reliable and controllable way
and whose value is well known. This generated pressure wave is taken as reference
pressure value in calibration of transducers. Used pressure generator has an effect both on
the calibration procedure and type of test device sensor [36]. Literature shows that the first
working reports on dynamic calibration appeared in the 1960s [38]. Later, a guide was
published on dynamic calibration of sensors [39] which was reprinted by the
Instrumentation, Systems and Automation [40], describing the methods for the calibration
of pressure sensors. No standardization of methods and procedures are available for
dynamic pressure calibration yet. The estimation of associated uncertainties are seems to
be crucial drawback in dynamic pressure calibrations [41]. According to [27], one of the
most important challenges for dynamic pressure transducer calibrations is to be able to find
the reference pressure value for different frequencies with a high level of confidence in the

measurements [26].



Generally, dynamic pressure generators are classified into periodic and aperiodic types.
The aperiodic generators mostly generate a signal a like step functions while the periodic
generators usually produce sine function signals. Shock tube and quick opening valves are
the examples of aperiodic generators [11]. They generate step signal. Signal has short rise
time and large amplitude. It has characteristically a few hundred kilo Hertz bandwidth.
Bandwidth increases in transient response of step pressure. In several microseconds time
interval signal converges toward a steady state [37]. Many of periodic generators generate
periodically pneumatic pressure signals which have low amplitude and low frequency.
Periodic generators are convenient for surveying the dynamic effect characteristics of a
sensor or equipment which is using under periodic phenomena like a relief valve, a pump,

and a proportional servo valves [32].

For low pressure sensors and for dynamic microphones’ calibration an acoustical shock-
generator was developed. For example, at low acoustic frequency and amplitude
loudspeaker can be selected for purpose of dynamic pressure generator. For this purpose,
measurement set-up suggested by Dibe Lius and Minten [42] using a microphone up to 2

mbar pressure amplitude [24].

The siren-tuned-cavity oscillator is a device for generating periodic pressure waves for the
calibration of microphones and other low- and medium-pressure transducers. Using a
rotating valve [43] pressure may be switched and supplied to calibration sensor among
between two or more calibration values. As a result approximately a rectangular pressure

waveform is generated [24].

Weyer and Schod [44] have worked on improved kind of a rotating-valve. This pressure
generator is planned to use up to 5 kHz. Hilten et al [45] has another setup to get sine
dynamic pressure. He has a liquid-filled tube and tube was mounted on electro dynamic
shaker’s armature. Del Prete et al [46] demonstrated a vibration shaker and a load cell
combination setup. It has the contact area between actuator and sensor to get a basic setup

to be used in calibration of dynamic pressure transducers [24].

Shock tube is another method for calibrations of dynamic pressure transducers. It includes
a pressure transducer located in the centre of the end-wall. It works by means of a
pressurization system based on bottled nitrogen, using either single or double diaphragms

up to pressure range of 1.4 MPa. A Plastic shock tube of 0.7 m driver section and 2 m



driven section is shown in Figure 1.2a and dynamic transducers connected to shock tube is

seen in Figure 1.2b. Burst aluminum diaphragm is given in Figure 1.2c [47].

Figure 1.2. Shock tube [47]

The structure of a shock tube composed of a cylindrical plastic tube with uniform cross-
section area. The diaphragm separated the tube into two volumes [7, 3, 48, 49]. From one
end gas is sent to the first volume. Test sensors are connected into second volume.
Increased pressure destroys the diaphragm and shock wave reaches to test sensors which
have been connected to another end of the tube. Rise time of the pressure step because of
the shock wave is about nanosecond range [7, 3, 39, 50]. Therefore a shock tube is
considered as an idealized pressure step including all frequency spectrums above the low-

frequency limit.

Another method is negative pressure drop method. In this method, a pressure balance is
used as a reference instrument and so reference pressure is calculated based on pressure
balance working principle which is pressure equals force per unit area. After system
pressurized immediately, pressure line is vented to atmospheric pressure and a

simultaneous negative pressure drop is applied on the dynamic pressure sensor.

Quick-opening valve setups are available to produce both negative and positive pressure
steps. According to some studies [51, 43] fast opening setups are capable of dynamic
calibration up to about 10 kHz. It is suggested [39] that there should be a rate between the

produced pressure by the source and reference sensor rise time. It shouldn’t be more than



one-fifth. At low frequencies, a gas-operated quick-opening valve instrument can be

thinking as to be an extension of the shock tube [52].

Many of scientists are agree that obtain a precise generated pressure is quite difficult. That
is why a reference sensor is necessary. When the mass drops directly on to pressure sensor,
corresponding response may [43] not be the same like a pressure distribution over whole
sensing element. The result pressure pulse like a half-sinus and parabola signal and rise
time of it in the order of ms (millisecond) [53].

The dynamic pressure facilities of some set-ups operate according to the “drop mass”
principle. The impact on the piston leads to the compression of a small volume of a
hydraulic liquid within a pressure cavity that is connected to the test device, thus a shock

pressure excitation to the test device is applied [20].

In drop hammer/mass system configuration, test sensor is mounted into close part of a
piston and cylinder unit in a closed reservoir or chamber. Piston-cylinder also mounted into
a reservoir which is filled with fluid too. Fluid is practically incompressible oil like
glycerin. A guided or free falling mass drops on to the piston. Generated pressure pulse
reaches to test sensor. After the mass first drop, it is caught by rebound system. Riegeabuer
[54] used drop mass method for primary calibration. Lally [55] realized a setup to measure
hydraulic pressure pulses from mass drop on a piston-cylinder manifold using with
tourmaline piezoelectric sensor. Momma and Lichtarowicz [56] showed a simple
calibration technique where steel balls with 4mm to 7 mm in diameter were dropped from
different heights from 10 mm to 50 mm on to sensor. Shipunov [6] represented an
alternative method. In this method steel balls were dropped directly on to pressure sensor.

Kong et al [57] used a accurate force sensor replacing the pressure sensor as a reference.

Especially, pressure transducers in piezoelectric structure are commonly used in dynamic
measurements at pressure area as well as force and torque since piezoelectric is convenient
by nature. Some examples of piezoelectric structures quartz, natural tourmaline and
manmade ferroelectric ceramic materials polarized artificially can be used for dynamic
measurements. Piezoelectric structured sensors have been used in a wide linear range. Such
sensor has ultrahigh frequency response and rise time as 0.2 ps. They can operate in a wide
temperature range. A voltage output is produced as response to corresponding deformation.

Quartz sensors can be used in tough environments thanks to their durable solid-state
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construction [58]. A comparison among the different methods in dynamic pressure
calibrations is given in Figure 1.3.
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Figure 1.3. Comparison of different methods in dynamic pressure calibrations [58]

On dynamic pressure transducers, there are five testing methods, that may theoretically be
used to analyze the dynamic response of a sensor. They are step response, ramp response,
impulse response, frequency response, and noise analysis. The selection of a testing
method for a pressure sensor depends on the dynamic performance of the tested sensor, the
availability and the performance of a reference sensor, and the pressure input signal itself.
It is a challenge to dynamically test pressure sensors. For example, an actual pressure
change may be treated as a step input for a pressure sensor with slow response but may not
be an ideal step input for a pressure sensor with very rapid response. The ramp response
method depends on the ramp input, availability of a reference sensor to characterize the
ramp input, and the difference between the tested and the reference sensor. Pressure
transients, which are used to test the dynamic response of a pressure sensor, can be
generated from, e.g., a shock tube that uses a metal diaphragm, a gas tunnel, or a pump.
These methods are relatively complicated and expensive in terms of the availability of
specific equipment. For example, the metal diaphragm may not fully open, therefore, the

actual pressure transient using a metal diaphragm may be unpredictable.
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Shockless pressure - step generators are have been developed that generate a rapidly rising
pressure step between two pressure levels [7, 8, 59-62]. Most of these units employ a
quick-opening valve. However, at least one utilizes a burst diaphragm. The geometry of the
generator and the opening time of the valve or burst diaphragm are such as to preclude the
formation of shock waves when the device is operated. Shockless step generators have
been designed and successfully used to produce both increasing and decreasing pressure
steps. Although most of these generators employ gaseous media, a few liquid-medium
devices have been developed and used. The shockless pressure-step generator, now
commercially available, has the following advantages over other dynamic-pressure
calibrators:

i. The magnitude of the pressure step generated by the device is determined by
measurements of static pressure on the test transducer before and after the quick-
opening valve is opened, thereby permitting high accuracy in its determination.

ii. The duration of constant pressure behind the pressure step can be made as long
as desired.

iii. Both the initial pressure on the transducer and the magnitude of the pressure step
are controllable over very wide pressure ranges.
iv. In general, it is superior to the shock tube from the standpoint of operational

speed and simplicity of technique.

The dynamic characteristics of a shockless pressure-step generator are determined by
measurement with a calibrated reference transducer possessing a rise time of no more than
one-fifth that of the measurand. The following dynamic characteristics of the generator
should be known: rise time, overshoot, undershoot, and the inherent ringing frequencies
with their associated damping ratios. Also of interest is the stability of both static-pressure

levels P (initial pressure) and P, (final pressure).

When the pressure rise time is one-fifth that of the transducer undergoing test or
calibration, the error in the measurand value of transducer rise time is less than 1%. If this
criterion is not met, the complete rise time must be analyzed carefully for meaningful

results.

Acceleration is present during the operation of the shockless pressure-step generator, and

this should be minimized by design. In general, the shorter the rise time of the device, the
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greater is the level of acceleration (ground shock). In those units that utilize poppet valves,
it may be necessary to open the poppet valve more slowly when calibrating at very low

pressures in order to keep the acceleration level to a minimum.

Associated with the pressure step produced by these generators is a dynamic temperature
change in which amplitude is related directly to the pressure change, P, — P1, and inversely
to the rise time of the measurand. As with shock tubes, the effect of the dynamic
temperature pulse on the response of both the test and reference transducers must be
determined. When a gas medium is used in the shockless step generator, the rise time of
the measurand is inversely related to the speed of sound in the gas. For this reason helium

is used when very short rise times are desired.

Pulse generators have been developed to provide single-peaking pulses of reasonably
controlled amplitudes. These pulse generators produce a dynamic measurand that is not a
step function, but that may resemble a single half cycle of a sine wave. One technique
employed to generate such a pulse is to drop a mass onto a piston in contact with the
surface of an incompressible fluid contained within a fixed volume [63, 9, 64]. The
commercial version of this is referred to as a hydraulic-impulse calibrator. The device
consists of a piston/cylinder manifold and a drop tube containing a mass that can be
dropped onto the piston from various heights. The amplitude of the pulse is dependent on
the fluid incompressibility, the mass, its initial height above the piston, and the piston area.
The pulse generator is not an absolute calibration device and requires a comparison
pressure transducer of known characteristics to monitor the pulse and provide a peak value
measurement for the test transducer. Alternately, commercial versions that operate to

100,000 psi depend on acceleration references on a known mass [65, 10].

The greatest advantage of the pulse generator is the comparative ease with which very
high-pressure pulses can be generated. Care must be taken in the selection and location of
the reference transducer used since results of the calibration are dependent on this
comparison standard. Tourmaline transducers, which are volumetrically sensitive, are
commonly used as transfer standards in hydraulic-impulse calibrators [66]. Hydrostatic
pressure is applied directly to the crystal. The recommended conditions of operation of 5.2
relative to the comparison transducer apply equally well to these generators. In order to
achieve accuracy in calibration using the pulse generator, it is essential that no pockets of

gas exist at the diaphragm of either the comparison or test transducers.
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Sensitivity of periodic pressure function generators (sinusoidal pressure generators) are
used in dynamic calibration of a pressure transducer could ideally be accomplished by
sensing known inputs from a periodic pressure generator at known frequencies and
amplitudes if such a device existed. The observed response, including the magnitude,
waveform, and phase lag could then be compared with the known input at various
conditions. In order to calibrate with only one frequency at a time for accuracy and
simplicity, a sinusoidal pressure generator (SPG) is required. In practice, there are
limitations to this approach. First, the applied average pressure levels and dynamic
amplitudes generally are not known by absolute means, and must be measured by another
transducer. The SPG generates a pulsating pressure in a small chamber that can be
monitored simultaneously both by a reference standard transducer and by the transducer
being calibrated [66, 67]. The two transducers must be sufficiently close so that they sense
the same pressure, including amplitude, shape, and phase lag. Analysis of the output of the
transducer being calibrated is thus entirely dependent on the performance of the reference
transducer and what is known about this performance. The reference transducer, if
statically calibrated, should also be calibrated by dynamic methods to establish that its
sensitivity derived from static and dynamic calibration is the same. Credibility of the
dynamic sensitivity of the reference transducer is a basic limitation of SPG utilization to a
comparison process. As long as the reference transducer is provided with credible dynamic
calibration, it may not be a serious limitation because high-quality reference transducers
can be selected that have response characteristics exceeding the pressure, pressure
amplitude, and frequency that can be obtained with available SPGs. Otherwise, it may be
difficult to present a compelling argument concerning the validity of any calibration that

uses a statically calibrated transducer as a reference standard for dynamic calibration.

The governing limitations are associated with the ability of the SPG to provide the desired
signal. An SPG device, when used for calibrating a pressure transducer for a specific use,

should satisfy the following:

i.  The pressure generated is sinusoidal such that frequencies other than the
fundamental are negligible.
ii. The frequency range generated covers the frequencies of pressure expected in the

intended application.
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iii.  The operating pressure range covers the transducer rating and/or intended
application.

iv.  The dynamic pressure amplitude generated is large enough to identify possible
nonlinearities in the transducer amplitude response.

V. The SPG is operated with the same medium (gas or liquid) with which the

transducer is to be used.

In many cases, these criteria cannot be met, and a less-than-desired match is obtained
between the dynamic pressure measurand applied during calibration and that encountered
in use of the instrument. Many special devices have been proposed and developed as SPGs,
and these are described in considerable detail [68, 7, 69-75]. The SPGs can be categorized
as acoustic resonators, variable-volume generators, or variable-mass generators. Little has
been done to further develop SPGS, since the 1960s when sinusoidal calibrator research

was government funded.

Drop weight machines are also used to get dynamic pressure. Dynamic pressure facilities
of MIKES and PTB operate according to the “drop weight” principle. At PTB, a rigid mass
ball of about 3 kg is dropped on a piston of a cross sectional diameter of approximately 8
mm [76]. At MIKES, the principle is the same, but the cylindrical mass body is about 14
kg and the piston diameter is of the order of a few centimeters. The following figures show
the design of the drop weight system in Figure 1.4 and PTB dynamic pressure system in

Figure 1.5 respectively.
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Figure 1.5. Design of the PTB dynamic pressure system [47]

The impact on the piston leads to the compression of a small volume of a hydraulic liquid
within a pressure cavity that is connected to the device(s) under test (DUT), thus applying
a shock pressure excitation to the DUT.  Commonly these devices are used for the

comparison of DUT with a reference transducer in a secondary calibration scheme.
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However, within the JRP, the laboratories follow two different approaches to obtain a
direct pressure measurement without a reference sensor. Figure 1.6 presents a dynamic
pressure measurement (unfiltered data) performed at MIKES showing the deceleration of

the drop weight and the corresponding pressure pulse of about 2.5 ms pulse length.

200 . —
acceleration

150 | .

100 B

acceleration [g]
]

50 | ]

100 _

-150 F .

-200

0] 00,0005 0,001 00,0015 0,002 0,0025 0,003
time [s]

(@)

1400

T T
pressure curve

1200 -

1000 -

s00

pressure [bar]

0] 00,0005 0,001 0,0015 0,002 00,0025 0,003

time [s]

(b)
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The MIKES device is modified to measure the motion of the piston or the deceleration of
the drop-weight during impact to deduce the force transmitted by the piston's crosssection
into the hydraulic fluid. Thus via force and crosssection or via displacement and
compressibility the actual pressure in the cavity can be determined. The first method gives
rough estimations of pressure values, while the latter takes into account cavity and fluid
effects, thus providing more information, improved traceability, and smaller uncertainties.
The exact determination of the cavity volume, and changes in it due to piston movement, is

the key requirement.

The PTB device is under modification to allow for an interferometric measurement of the
optical path length through the pressure cavity, i.e., the hydraulic medium. This path length
changes as the refractive index of the transmission medium varies as the fluid is
compressed. In this approach the actual dynamic pressure can be linked to a static
calibration of the optical measurement. The goal is to avoid any effects of inertia in the
traceability chain between static and dynamic pressure. Preliminary tests of the
measurement scheme are currently being performed in parallel to the modification of the

drop weight device.

Shock tube, in its simplest form, consists of two sections of tubing separated by a thin
diaphragm. When these two sections are pressurized to different pressure levels, and the
diaphragm is suddenly ruptured, the higher-pressure gas will immediately begin to flow

and compress the gas at a lower pressure [77, 66, 62] .

It should be noted that most cold-gas, shock-tube-development work occurred in or before
the 1960s. However, in 1997, a shock tube was designed and built at a university for a
transducer manufacturer. The development report for this new shock tube [65], also

updates the literature through the intervening time period.

At a distance of approximately 10 to 15 tube diameters downstream from the diaphragm, a
well-formed shock wave is established. This shock wave continues to move through the
remainder of the gas in the low-pressure section at approximately a constant velocity.
Behind the shock wave, the pressure suddenly rises to a new value, resulting in a positive
pressure step. The length of time the pressure remains constant behind the shock wave
depends on the dimensions of the shock tube, the position in the low pressure section at

which the pressure is being monitored, the degree of smoothness of the inner walls of the
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low-pressure section, the type and design of the diaphragm, and the type, temperature, and
initial pressure of the gas in each section. Air or helium and air in combination are

commonly used gases.

When a shock tube is utilized for pressure transducer calibration, several parameters must
be measured before the amplitude of the pressure step can be ascertained. These
parameters include the shock-wave velocity, Vs, and the initial absolute pressure, P;, and

temperature, Ty, of the gas in the low-pressure section.

The dynamic pressure facilities of NPL operate according to another principle: the shock
tube. They have developed a 1.4 MPa plastic shock tube with interchangeable driven
sections of 2 m, 4 m, and 6 m lengths. It includes a pressure transducer located in the
centre of the end-wall. It works by means of a pressurization system based on bottled
nitrogen, using either single or double diaphragms. Future work will include shock wave
velocity measurement (via side-wall mounted sensors) and end-wall acceleration
measurement. The photographs in Figures 1.7 and Figure 1.8 illustrate the shock tube and a

diaphragm after the test respectively.

A comparison of the different driven sections of the plastic tube, with different burst
pressures and diaphragm arrangements, has been carried out. Results indicate that varying
the burst pressure has the greatest influence on the characteristics of the end-wall pressure

trace.



Figure 1.7. Plastic shock tube of 0.7 m driver section and 2 m driven section [47]

Figure 1.8. Burst aluminum diaphragm [47]
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In this study investigation and development of a dynamic pressure measurement standard
was aimed. Many applications of the measurement of the mechanical quantities force,
torque, and pressure are of a dynamic type, i.e. the measurand shows a strong variation
over time. The calibration of the respective transducers, however, is still only traceable to
purely static procedures. At present traceability exists for static realisations of the

mechanical quantity of pressure.

The problems that this investigation addresses arise in dynamic measurements, i.e., those
cases in which the frequency-dependent response of a sensor cannot be described by a
single parameter (sensitivity) from static calibration. In these cases there will be a need to
correct the measurement data for these limitations. This requires that a dynamic model for
the system be established through a dynamic calibration.

This study deals with the current lack of traceability for the measurement of dynamic
pressure which is one of the dynamic mechanical quantities, including traceability of the

response of transducers instrumentation to dynamic stimuli based on drop weight method
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2. BACKGROUND

The state of art of dynamic pressure calibration and pressure sensor technology has
significantly advanced since 1972 [77]. The ASME standard documents early attempts to
develop dynamic pressure calibration methods, some of which never evolved further into
successful technology. Most of the calibration devices described were uniquely engineered
at individual laboratories to meet their specific measurement needs. However, today, some

of these devices have evolved into commercially available products.

The need to measure "nonsteady” dynamic pressure became very important after World
War-11 during the rapid development of jet aircraft and aerospace technology.
Investigations of turbulence associated with launch, shock waves upon re-entry, sonic
boom, rocket combustion stability, air blast [68, 78], and the dynamics involved with
weapons testing were significant measurement challenges. Investigations in these and other
areas have necessitated faithful measurement of pressure variations at frequencies from
near zero to the neighborhood of 106 Hertz (Hz). The degree of accuracy with which these
measurements must be made varies widely throughout the technical community, as does
the use made of information derived from such measurements. Often there are other
complicating factors, such as severe environmental effects, which must be considered, if
meaningful information is to be obtained. When considering the measurement problem, the
investigator must first determine the dynamic characteristics of the pressure transducer. It

is toward the satisfaction of this basic requirement that this document is directed.

Dynamic pressure calibration was difficult because of the limitation of dynamic pressure
calibration sources available. Dynamic calibrators were simply not commercially available.
Since then, substantial improvement has been made in the state-of-the-art of both dynamic
pressure calibrators and high-frequency pressure transducers to meet many current
measurement requirements for amplitude, frequency, and accuracy. Most of the dynamic
calibrators available today incorporating fast-acting valves yield dynamic pressure
amplitudes that are independently established. Others use a pressure transducer as a
"transfer"” standard that the transducer being calibrated is compared against [77, 66].

Although the user’s requirement for information concerning a transducer’s response

characteristics has been as varied as the test methods used to obtain the data, current
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commercial calibrators and digital data acquisition systems have helped to obtain more
accurate information. Unfortunately there have been many instances where worthwhile

data have gone unused because of the manner in which they were presented.

2.1. DYNAMIC PRESSURE GENERATORS

The dynamic calibration of pressure transducers requires that the measurand produced by a
dynamic pressure generator varies in time in both a known and an appropriate manner.
With some generators, the pressure-time relationship can be predicted quite accurately.
With others, the pressure-time relationship can be established accurately only with the aid
of comparison to referenced pressure transducers. While reproducibility is a highly
desirable characteristic of the dynamic pressure generator, it is not an essential
characteristic. When such a characteristic is lacking in a generator, full dependence on the

reference transducer is required [40].

Dynamic-pressure generators fall into two basic classes: aperiodic and periodic. The
aperiodic generators are characterized by the pulse shapes they produce, such as the step or
the peaking pulse. Quickopening valve devices and pulse generators produce pressure rise
times generally in the milli-second range or less. The rise times and the pressure
amplitudes generated by these devices vary markedly from one type of aperiodic pressure
generator to another. The shock tube, for example, is capable of generating pressure steps
having rise times in the nanosecond range. A number of the dynamic calibrators described

in this clause are now commercial products [40].

Sinusoidal pressure generators, which require the use of a transfer standard, are the most
useful of the various periodic pressure generators available, however, and these devices are
limited as to useable range of frequency-dynamic pressure ratio and dynamic amplitude.
Nonsinusoidal pressure generators of significant usefulness include the square wave or
rectangular wave generators, which may be considered as a special case of the aperiodic or
step-function generators. Figures 2.1 and 2.2 present a summary of the capabilities of the

dynamic pressure generators [40].
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Dynamic pressure is measured by dynamic pressure sensors. They work based on
piezoelectric principle. Piezoelectricity is the electric charge that accumulates in certain
solid materials in response to applied mechanical stress. The word piezoelectricity means
electricity resulting from pressure. For example quartz, deposit as in Figure 2.3 an
electrical charge on attached metal plates when subjected to changes in applied force. Very
small deformations are needed to produce electrical charge at the terminals. This makes

them suitable for dynamic measurements.
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Figure 2.3. Piezoelectric effect [79]

When piezoelectric materials are mechanically deformed, their surfaces get electrically
charged. Under mechanical stress the atoms of the tetrahedron get displaced with respect to
their former position (indicated by a thin red outline). The positively charged silicon is
pushed away from its central position and the whole structure gets electrically polarized is

given in Figure 2.4.
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Figure 2.4. Piezoelectric phonemena and effect of deformation

on charge distribution [79]

2.2. MEASUREMENT OF TRANSDUCER PROPERTIES

2.2.1. Sensitivity

In a transducer sensitivity measurement, either periodic or aperiodic pressure generators
may be used to produce the measurand. It is preferable to use a generator for which the
dynamic pressure amplitude can be accurately established without use of a dynamic
reference transducer. To a limited extent, the shock tube satisfies this requirement. Today,
calibration shock tubes with more precise measurement capability for shock velocity and
pressure amplitude are achieving uncertainties approaching 2%. The shockless pressure-
step generators (e.g., quick-opening valve devices) expose the transducer being calibrated
to a precisely known static pressure in about 50 ms [80]. A fixed-displacement piston-
phone, commonly used for calibrating microphones, allows precise sensitivity
measurements at low frequencies without a reference transducer, but only at very low-
pressure levels. If the transducer responds to static pressures, the typical static-pressure
generators (such as hydraulic dead-weight testers) can be readily used to establish the static

sensitivity.
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When used with a step-pressure source, a transducer with less than critical damping will
produce an oscillatory output. In a shock tube, the reflected wave may disturb the
transducer output before the transducer oscillations decay. In this case, the average value
of the oscillations must be estimated in order to determine the sensitivity. In general,
quick-opening valves allow application of an undisturbed pressure long after the

oscillations decay.

If the transducer does not respond to static pressures, waiting for the oscillations to decay
can contribute to an error in measurement of sensitivity. For example, a transducer with a
single RC roll-off at 1 Hz has dropped 5% of its value approximately 8 milliseconds after
the application of a pressure step. In this case it requires that the oscillations be averaged in
the first few milliseconds for such a transducer. Sinusoidal pressure generators can be used
for straightforward determination of sensitivity; however, precise pressures, as measured
by a transfer standard transducer, can be generated only at low-pressure levels and

relatively low frequencies.

Most of the properties defined for transducers indicate the magnitude of sensitivity
variation with these conditions, e.g., variations in response and linearity. It is therefore
recommended that measurements to determine the sensitivity be made under user-

operating conditions.

2.2.2. Amplitude Response

Amplitude response is one of the most important (but more difficult to obtain) properties of
a transducer. ldeally, this measurement is performed with a sinusoidal pressure generator,
which is swept over the frequency range, yielding a constant dynamic-pressure amplitude
at each frequency. Unfortunately, an SPG, which covers the amplitude and frequency
range for most dynamic transducers, does not exist. In general, a flat frequency response
(constant amplitude) cannot be guaranteed from the sinusodial pressure generator;
therefore, the pressure generated must be monitored by a reference transducer, which
should have sensitivity documented through dynamic calibration techniques. The ratio of
the response of the transducer under test to that of the reference transducer is recorded. The
natural frequency of the reference transducer must be at least five times the measurand

frequencies. It is difficult to generate sinusoidal pressures at frequencies as high as the first
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resonance of most dynamic transducers. Today, dynamic-pressure transducers have
frequency response to 500 kHz and some to >1 MHz. This has led to the use of aperiodic

generators (such as the shock tube) to measure the transducer’s amplitude response [40].

2.2.3. Phase Response

Phase response is determined with a sinusoidal pressure generator by comparing the
transducer output voltage waveform with that of the reference sensor, which is
simultaneously excited by the periodic measurand. The apparatus is much the same as for
amplitude response measurements, except the phase difference between the two
waveforms is determined by means of a phase meter, Lissajous patterns, or by accurately
measuring the time shift between the two wave forms of a digital recorder; if not dual
beam, operate in chop, not alternate, mode. The reference-pressure transducer should have
negligible phase shift in the frequency range in which the test transducer is to be measured
[40].

The positioning of the transducers in the measurement cavity is more critical for phase
measurements than for amplitude measurements. A criterion of placement of 1/10 was
suggested for amplitude measurements, but this is equivalent to a 36-degree phase shift.
Hence the criteria for phase-shift measurements should be increased to 1/50 to insure phase
differences of no greater than 5 degrees. This is a very stringent requirement and
essentially limits phase measurements to low frequencies. A technique for circumventing
these criteria is to place the reference and test transducers at “mirror image” locations
within the cavity. The use of two reference transducers is required to establish to what

extent the locations are mirror images [40].

In general, electronic filters are not recommended for use in phase measurements unless
the cut-off frequencies are a decade above the measurement frequencies, or unless the
filters used for the reference and test transducers are matched in phase. The use of the
insert voltage techniques, to determine the validity of the method, is recommended if filters
are used [81]. Phase measurements can also be mathematically derived from shock-tube

measurements as a byproduct of the amplitude-response data.
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2.2.4. Resonant Frequency

The transducer-resonant frequency is best determined from the transducer’s amplitude
response, obtained with a reflected shock-tube measurement. Sinusoidal generators do not
have high enough frequency to excite the resonant frequency of most dynamic-pressure
sensors. It is readily determined by examination as the frequency at which the transducer
responds with maximum-output amplitude. Resonant frequency can be measured quickly

and accurately using computer-data-processing software [40].

Because the resonant frequency is a function of damping ratio as well as natural frequency,
the type of pressure medium is important since the damping effect of a liquid medium can

significantly affect the resonant frequency [40].

2.2.5. Ringing Frequency

The response of an underdamped transducer to a step or impulse is a damped oscillatory
transient or ringing. The ringing frequency can be determined by applying a pressure-step
input, usually from a reflected shock wave to the transducer, recording the output and
counting the cycles-per-unit time of the transducer’s response. Typically, these data are
quickly recorded and analyzed on a high-frequency digital recorder. When a transducer
exhibits more than one ringing frequency, the output is a combination of these frequencies,
and the measurement is determined with computer software. It can be shown that the
frequency response of such a system, below the lowest ringing frequency, is quite similar

to that of a single-degree-of-freedom system [40].

2.2.6. Rise Time

Rise time is measured by applying a step input to the transducer and measuring the time
required for output to go from 10% to 90% of the final average value. For values of
damping ratio of 0.5 or less, the rise time of the step-pressure input must be less than one-
fifth that of the transducer for the transducer’s rise time to be within 1% of its asymptotic
value. So long as the rise time of the step pressure input is less than one-fourth that of the
transducer having damping ratio of 0.1 or less, the rise time of the transducer will be within
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1% of that obtained with a step-function (zero rise time) input. Care must be exercised that
the rise time of the recording system is sufficiently short to introduce negligible error in the

measurement [40].

2.2.7. Overshoot

Overshoot is measured by observing the transducer’s response to a step input of pressure.
The maximum theoretical overshoot that a linear second-order system can have is 100%.
This occurs when the damping ratio is zero. Most pressure sensors have damping ratios
less than 0.1. Acceleration-compensated pressure transducers have substantially less
overshoot than non-compensated transducers. In addition, their overshoot is not linear with
step-pressure amplitude. Generally, but not in all cases, their percentage overshoot will

increase with larger step-pressure amplitude [40].

2.3. TRANSDUCER INTERFACES

The following four main factors need to be considered when installing dynamic-pressure

transducers either for calibration or for performing a measurement:

i.  Strain effects
ii.  Cavity or passage resonances
iii.  Temperature effects

iv. Acceleration effects

Other effects, such as earth-gravity field and those from the earth's magnetic field, which
may be significant when dealing with larger, more delicate mechanical instruments, will
usually not affect the dynamic behavior of an electrical-pressure transducer but should be
checked for in some cases. When calibrating vibration transducers on a shake table,
spurious effects induced by the strong variable magnetic field of the table are sometimes
encountered. Again, such effects are seldom significant in dynamic calibration of pressure

transducers and will not receive consideration in this clause [40].
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2.3.1. Mounting and Strain Effects

Both non-precision mounting and over-torquing induce strain into a transducer housing
[82] and can be a source of measurement error. Strain introduced into the transducer body
may manifest itself either as a change of the sensitivity, an increase in mechanically
induced noise, or as a null shift. Strain sensitivity shift is normally noticed when
calibration data varies in slope, depending on the mounting torque applied. In order to
assess this effect, the transducer should be calibrated first using the recommended
mounting torque and then repeated with some specific over-torque and under-torque
values, respectively. Calibrating a torque-sensitive transducer satisfactorily is a difficult
task since other factors such as concentricity of the mounting hole, tightness of the thread,
dirt particles, etc., may affect the sensitivity and thus yield inconsistent results, which are

hard to correlate.

The null shift (zero shift) caused by mounting strain represents the component of the
transducer signal, which does not depend on the input pressure, but which is a shift in
location of the calibration data curve.

No standard technique has been defined yet to accurately determine the magnitude of this
effect in pressure transducers. A simple method of detecting significant strain sensitivity is
to connect the transducer to its recording equipment and check the change of the output
while tightening it to its recommended mounting torque in its mounting hole. This
technique is useful only if the system has a good low-frequency response. Manufacturer’s
installation drawings should be followed closely and only the mounting parts should be

machined according to dimensions provided [40].

2.3.2. Cavities and Passages

The manner in which a transducer is mechanically coupled to the pressure can significantly
affect the response of that transducer. Meaningful measurements of pressure fluctuations at
frequencies around 10 kHz or higher can only be made with transducers having flush
diaphragms. The use of any connecting line or cavity will limit the frequency

characteristics of the measurement system itself. There are instances where a connecting
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line or passage cannot be avoided. In such a case, its length will have to be selected to be

consistent with the highest frequency to be measured [40].

If a dynamic measurement or calibration has to be performed through a passage, the
highest frequency considered should be less than 1/10 of the resonant frequency of the
passage. In air at room temperature and a passage length of 1/4 inch, for instance,
frequencies up to 1400 Hz will result in less than one percent dynamic error. This
relationship applies only for straight passages. A small passage leading to a cavity in front

of the transducer will result in much lower-resonant frequencies [40].

The determination of all mechanical resonances basic to the transducer over the frequency
range to be measured is important. The nature of these resonances may be somewhat
obscure, and care must be exercised to insure their repetition from one installation to the
next if a response analysis is to be valid [40].

Resonances other than the major ringing frequency may sometimes be caused by non-flush
diaphragms, discontinuities in the surface near the transducer, and vibration, etc. In short,
modulating frequencies above or below the ringing frequency may not be inherent to the
transducer at all. The presence of these associated resonances emphasizes the fact that if
evaluations of transducer response are to be meaningful, the mounting configuration

employed for the calibration must be identical to that used in the actual application [40].

2.3.3. Temperature Effects

Because of the temperature sensitivity of many dynamic-pressure transducers, temperature
effects need to be considered in most applications and in calibration as well. When
calibrating a temperature-sensitive transducer with compressed air, for instance, the small
temperature rise due to adiabatic compression may be sufficient to significantly distort the
results. There are two basic effects due to temperature, the temperature-sensitivity shift and
the temperature-null shift. Furthermore, unevenly distributed (i.e.,transient) temperatures
may cause quite different effects from those obtained with the transducer heated uniformly
in a lab oven [83]. Accurate calibration of a dynamic transducer can only be obtained after
its temperature sensitivity has been assessed. If that should turn out to be excessive,

temperature should be maintained constant at a predetermined value during calibration.
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There are at least two methods for evaluating the transient thermal sensitivity of pressure
transducers. The easiest method is to make a test measurement with and without ablative
coating applied to the transducer diaphragm. This may be practical if the cost factors
involved with the test measurement are not significant and the data is repeatable, as might
be with periodic compressor measurements. If the periodic measurand is not repeatable,
and if practical, two transducers can be used-one with and one without ablative diaphragm
coating. One advantage of this evaluation method is that both transducers are exposed to

the actual heat flux associated with the measurand [40].

Another method used for evaluating the thermal sensitivity consist of intermittently
exposing the transducer diaphragm to a heat source. This test can be accomplished by
mounting the transducer on a plate and only exposing the diaphragm to a heat source,
which is quickly passed across the transducer’s diaphragm, while observing or recording
the output. For comparative evaluation, the test can be performed with and without an
ablative diaphragm coating. A variable-speed rotating disk with a slot or square hole in it
can be used to better control the heat exposure time and repeatability, This disk is rotated
between a heat source and the transducer diaphragm. When the slot or hole in the rotating
disk passes in front of the transducer's diaphragm, the diaphragm is exposed to the heat
source. A torch or heat lamp can be used to evaluate the effects of various wavelengths
from convective or radiant heat sources. If the rotating disk is constructed with multiple
slots and driven by a variable speed drive, it may be possible to adjust heat exposure to the
transducer's diaphragm in order to approximate the heat exposure of the measurement
application. In order, to quantify and control heat flux, a heat-flux transducer can be
installed in place of the pressure transducer, and the distance between the heat source and

the heat-flux transducer can be adjusted accordingly [40].

Dynamic transducers having large temperature-null shifts can be more precisely calibrated
using a liquid medium (water or oil). Care must be taken in order to avoid the creation of
an air bubble in front of the diaphragm, since the air bubble will generate some heat when
compressed. When calibrations are performed with a gaseous medium, the temperature
null shift must be checked by subjecting the diaphragm to a sudden heat input and

measuring the signal thus generated.
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Three special transducer configurations are used to protect dynamic-pressure transducers
from extreme temperatures as encountered in rocket engines, and in internal combustion

engines. These are

i.  liquid-cooled transducers
ii. gas-bleed transducers

iii.  transducers with diaphragm coating

These configurations may affect calibration results and may require special calibration
techniques [40].

2.3.4. Acceleration Effects

Dynamic-pressure phenomena are often accompanied by acceleration effects. In a
sinusoidal pressure generator, for instance, the pressure variation may cause vibrations of
the chamber wall, which in turn may induce acceleration and strain effects in the
transducer housing. Transducers are often sensitive to these effects and may generate
spurious signals, which are superimposed upon the actual pressure signal. Such errors can
sometimes be quite substantial, comprising a large portion of the transducer output signal,
especially at low-pressure levels in high-vibration environments. With an acceleration
compensated transducer, these effects will be much less severe but may not be completely
absent. A transducer that is acceleration-compensated along its most sensitive axis will

generally display some acceleration sensitivity along some cross axis [40].

In order to assess the magnitude of the acceleration error, the following procedure is
normally used: The transducer is mounted in a blind hole in a similar location and similar
fashion as the original mounting. Caution is used caution so that the transducer’s
diaphragm does not bottom out in the blind hole. Thus, it is presumably exposed to the
same vibration (and possible strain) effects, without being subjected to the pressure itself.
The size of the error signal can be directly measured. Care needs to be taken to insure
proper venting of the volume in front of the transducer. Because of a possible phase shift
between the pressure signal and the acceleration signal, determination of the true pressure
signal through subtraction of the two signals obtained may not be readily accomplished.

When operating transducers in high vibration environments, acceleration-compensated
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designs will minimize the sensitivity to vibration by an order of magnitude compared to

non-compensated designs [40].

In a dynamic calibration with a shock tube, the vibration effects may be especially severe.
The large and very abrupt pressure change taking place in the driver end causes
compression and expansion waves to travel along the metal walls. These waves may
subject the wall and any instrument mounted in this wall to very large accelerations.
Modern, miniature, low-mass, acceleration-compensated transducers are much more

immune to these effects [84].

2.4. MEASURING AMPLIFIERS

In dynamic measurements two types of measuring amplifiers are commonly used, which
are charge amplifiers for piezoelectric transducers and bridge amplifiers for strain gauge or
piezoresistive transducers in Wheatstone bridge configuration. In the case of charge
amplifiers the calibration is less challenging, since the standard charge signal for
calibration can be realized with help of a calibrated AC voltage source and a standard
capacitor. For bridge amplifiers the measurement task is more complex, since the measured
transducer bridge output voltage U, is a ratiometric measurand in mV/V and depends on

the DC bridge supply voltage U;, which is provided by the bridge amplifier [47].

Consequently, the dynamic bridge standards need to work in the same ratiometric
operation principle to simulate the strain gauge or piezoresistive transducers. Figure 2.5
shows the operation approaches of the NPL dynamic bridge standard as described in [85]
and the PTB dynamic bridge standard [86]. Both dynamic bridge standards (DBS) generate
the dynamic bridge output voltage with the help of digital-to-analogue converters (DAC).
In case of the NPL DBS in Figure 2.5 (a) the AC and DC components of the bridge output
voltage are each generated by a separate DAC (Vi and V,) that uses the bridge supply
voltage Vi as DAC reference voltage and adds up the signals with help of the attenuator
resistors (Rs to Rg) [47].
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Dynamic Bridge Standard Bridge Amplifier
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Figure 2.5. Schematic of the strain gauge simulation in the
NPL dynamic bridge standard (a) and operation principle of
the PTB dynamic bridge standard (b) [47]

The PTB DBS in Figure 2.5 (b) uses multiplying DACs (MDACS) to generate a static or
dynamic signal (Urs), which is supplied to a resistive 1/200 voltage divider (resistors R; to
R3) with known amplitude and phase behaviour to generate the bridge standard output
signal U,. To match DBS impedances to the typical impedances of strain gauge
transducers, the NPL DBS uses the bridge resistors (R; to R4) themselves and the PTB
DBS uses the input resistor (R;) and the two output resistors (Ro) [47].

A preliminary frequency-dependent amplitude and phase characterization of a commercial
bridge amplifier was carried out with help of the PTB DBS and is shown in Figure 2.6. The
phase information was determined with the help of the MDAC signals, which are used as
reference voltage Ues, and the bridge amplifier output voltage amplitude U, The
measurements were carried out with a single synchronized sampling voltmeter, which is

alternately sampling Ut and U, with the help of a low resistive signal switch [87]. The
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results for amplitude and phase show characteristics similar to a low-pass filter with

decreasing values beyond measurement frequencies of 1 kHz.
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Figure 2.6. Example measurement with the PTB dynamic bridge standard of the frequency

dependent relative amplitude deviation and the phase of a typical strain gauge bridge

amplifier in the 2 mV/V measurement range [47].
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3. MATERIAL & METHOD

At present, no traceable primary standards are exist in the dynamic pressure measurement.
There are some secondary systems to produce dynamic pressure but they all have no
metrological treacebility. Applications for which these requirements are needed include
development and monitoring of automotive engines, gas turbine engines, hydraulic

systems, and development within the ammunition and firearms industry.

An approach to generating a fast pressure pulse is using a weight dropped onto a piston
cylinder unit, increasing the pressure in the hydraulic medium by up to some hundreds of
MPa. Secondary standards generate dynamic pressures of magnitudes and frequencies
similar to the conditions in which the industrial transducers are used, and are designed to
apply the same dynamic waveform to the industrial transducer as to the reference one,
either simultaneously or sequentially. Various such reference transducer-based secondary
standard systems already exist, but their performance is not fully characterised and their
calibrated sensor lacks metrological traceability.

To investigate and develop a dynamic pressure measurement standard, a system will be
designed. For this purpose, a drop weight system and impact test machine system will be
modified and it will be automatized. Maksimum acceleration and/or velocity of dropping
mass will be masured and thanks to energy conservation laws, pressure value will be
calculated. A model function will be defined. For the pressure transmission media,
different oils will be investigated in terms of pressure transmission and compressibility. As
a pressure range, 500 MPa will be tried to exceed at the 1% accuracy. All design and
experimental setup of drop mass system and impact test machine modifications were
discussed following. All design and modification parameters were given and presented
clearly.

3.1. DESIGN OF DROP MASS SYSTEM

The dynamic pressure facilities of some set-ups operate according to the “drop mass”
principle. A drop mass system is given schematically in Figure 3.1. The impact on the

piston leads to the compression of a small volume of a hydraulic liquid within a pressure
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cavity that is connected to the test device(s), thus a shock pressure excitation to the test
device is applied [77]. Drop mass system is consists of three main parts. First part is
mechanical unit. Second one is control unit and the third part is called data logging and
sensor configuration unit. Three dimensional (3D) picture of the drop mass system is given
in Figure 3.2.

Laser-

vibrometer

_ Accelerometer

Drop weight
Piston

\
DUT, DUT

ssure
ity

Figure 3.1. Drop weight system [47]

Figure 3.2. Three dimensional (3D) view of the drop mass system
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3.1.1. Design of Mechanical Part

Dynamic pressure measurement standard also known as drop mass system. In order to
improve a dynamic pressure measurement standard based on drop mass principle, this
study was conducted. Three dimensional design of drop mass system is seen in Figure 3.3

and Figure 3.4.

Figure 3.3. Dynamic measurement standard based on drop mass principle system

Figure 3.4. 3-dimensional view of the drop mass system

After 3D technical design was completed, all parts of the design for drop mass system were
measured by a coordinate measuring machine (CMM). So scales and dimensions for all
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parts were determined for manufacturing. Figure 3.5 and Figure 3.6 show measuring of
connection holes for reference, and also Figure 3.7 shows measuring of piston-cylinder
hole.

Figure 3.5. Dimensional Measurements of sensor hole-1



Figure 3.7. Dimensional Measurements of connection part

41
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An electromagnet was designed for keeping the holding sphere ball. Copper wire was
rolled around a conducting cylindrical metal. When it is worked at 24 volt direct current
(DC), quite powerfull electromagnet will be obtained. The purpose of usage of the
electromegnet is to catch the sphere ball and lift it into a certain height for free falling
head. The drawing of the electromagnet is shown in Figure 3.8. Manufacturing processes
of the electromagnet is seen in Figure 3.9. Electromegnet can be enable or disable by

pressing “magnetic start” buton on touch screen as it is shown in Figure 3.10.
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Figure 3.8. Drawing for electromagnet



Figure 3.9. Manufacturing of electromagnet

Figure 3.10. PLC and servo engines start display
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Basement and roof metal plates were designed. Designs of lower and upper plates were
given Figure 3.11 and Figure 3.12, respectively. They are aproximately in square and
made of iron. There are some holes both in basement and in roof plates. Holes in the corner
of the triangle shape for holding security rods. Security rods start form roof and stand
along the drop mass sytem and finish in the basement plate.
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Figure 3.11. The drawing of lower base plate

They do not touch to the sphere ball during the free fall. But if something goes wrong and
sphere ball try to goes out of free falling path, security rods stop the sphere ball leaving
from the drop mass system. So security rods prevent and accidental situation. Also two
infinite screws stand on the plates. They are used for lifting rebound sytem which catches
sphere ball after first hit and lifting electromagnet. Basement and roof metal plates were

given in Figure 3.13 and Figure 3.14.
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Figure 3.12. The drawing of upper base plate

Figure 3.13. Lower base plate




46

Figure 3.14. Upper base plate

In drop mass standard, pressure pulses are obtained by hitting the free fallen sphere ball on
to the piston. If ball is not cathced, it continues to makes some more repetitive hits on to
the piston. So some noise signals may appear across the sensors. To prevent repetitive hits
of the ball on to the piston, a holder or rebound was designed. It is seen in Figure 3.15.
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Figure 3.15. The drawing of the holder
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Holder or rebound system starts to move upward instantaneously to catch the ball.
Rebound system is triggerred by a microphone. Holder or rebound system is given in

Figure 3.16 and microphone is given on the right bottom side of Figure 3.16.

Figure 3.16. The view of holder and microphone

Two infinite screws were ordered. They are located between the lower and roof plates.
Both of them are connected to servo engines via gearwheels and belt. So, infinite screw get

rotation from servo engines.

One of infinite screws is dedicated to electromagnet. It is responsible for movement of
electromagnet both upward and downward slowly. Movement of electromagnet is quite

slow comparing to rebound system.

The second infinite screw is connected and assigned for movement of rebound or holder
system as shown in Figure 3.17. After sphere ball first hit onto the piston, infinite screw lift
the rebound system at a height about 5 centimeters in less than one second.
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Figure 3.17. Infinite screw for electromagnet

Action of electromagnet and rebound system in upward and in downward direction is
provided by two servo engines.Their rotation speed is about 1500 rotation per minute.

They are controlled by a programmable logic controller (PLC) via servo engines driving
system.

Figure 3.18 shows the belts and gearwheels. These parts tranfer the rotation action from
servo engines to two infinite screws.

Figure 3.18. Belts of servo engines

Drop mass system is equipped with two posisiton sensors. They are lower reference

position sensor for holder as shown in Figure 3.19 and upper reference position sensor for
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magnet as shown in Figure 3.20. Both of them are inductive based sensors. As soon as they
across a metalic surface, an electric signal is sent to PLC to inform of the posisiton. In
order to get reference point and position, posisiton sensors use two metal rectangular prism
surfaces which were fixed on to the main trunk. While the drop mass system is switched on
first, system needs to get and define the reference positons both for rebound system and
electromagnet. If system is not get the reference position yet, a black buton is shown in the
Figure 3.21 and it reads “reference not get”. If system succesfully get the reference
position, black sign button converts to green colour and reads the “reference ok message

as in Figure 3.21.

Figure 3.20. Upper reference position sensor for magnet
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Figure 3.21. PLC and servo engines data writing and reading display

Principle of this system is based on free falling of a sphere ball. So, it is important to define
the height for free falling. Starting point for height is the end of the piston. The responsible
servo engine lift the sphere ball via electromagnet at a certain height whose starting point
is the end of the piston. Before the measurement, when operator push the “automatic test
start button” on touch sceen display in Figure 3.21, electomagnet starts to move downward
together with the sphere ball. When the sphere ball just touches onto the top end of the
piston a weak electric current flow pass from the piston to sphere ball through the
conducting copper wires. So just at this moment, it is recorded as starting point for drop
height.

Bottom view of the electromagnet is seen in Figure 3.22. It consists of two cylindrical
shape. One is inserted into the other. Copper wires were rolled around the inner small
cylinder surface. Also, a hole is drilled so much and the small cylinder and a steel straigh
wire is inserted into it. This steel straigh rod is freely moves inside of the inner cylinder
both upward and downward direction. Purpose of using this steel rod is to be ensure that
central axis of the piston and the central axis of the sphere ball are in the same vertical axis
line. If they are concentric, so we can be sure that sphere ball hits centrally to the piston.
Then all mechanical energy can be transferred to the sensors via piston and transmitting

oil.
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Figure 3.22. Concentric method for collision of sphere and piston-1

Top view of the piston and steel rod is seen in Figure 3.23. Before measurements were
recorded, electromagnet and steel rod, which were located on the magnet, moves

downward and upward to adjust the vertical axises of piston and sphere ball.

Figure 3.23. Concentric method for collision of sphere and piston-2
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If operator is sure that both piston and sphere ball is in concentric position as in shown in

Figure 3.23, fixing screws are tightened to fix the piston position.

Piston-cylinder unit is the one of the important part of the drop mass system. Cylinder is a
cylindrical part with a hole along it to allow the piston insert to inside. It’s inner surface of
the cylinder should be machined very sensitively as well as piston’s surface. Piston and

cylinder are shown in Figure 3.24.

Figure 3.24. Piston cylinder unit

Piston-cylinder and reference and test sensors are located on a closed chamber. It has
aproximately volume of 0.5 cm®. During the experiments different transmitting oils were
filled into this volume. Closed chamber equipped with piston and sensors are given in
Figure 3.25. Together with piston-cylinder unit and transmitting oils, also reference and
test pressure sensors are mounted into both sides of the closed chamber. Closed chamber
which was equipped with piston-cylinders, transmission oil, sensors and piston top cover is

fixed on to piston holder base with three screws.

If operator is sure that both piston and sphere ball is in concentric position as in shown in
Figure 3.23, fixing screws are tightened to fix the piston position. Fixing the piston
position is done by tightening three hexagonal head screws located on the piston holder

base.

Sphere ball hits for each measurement to top of the piston. After some number of

measurement are recorded it is possible that some deformation occurs both on the piston
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and on the sphere ball surfaces. If the hardness of piston and sphere ball is close enough
they resist to each other. Piston hardness measurement setup and sphere ball hardness

measurement setup are given in Figure 3.26 and in Figure 3.27, respectively.

Figure 3.25. Mounted piston and quartz sensor

Figure 3.26. Piston hardness measurement setup
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Figure 3.27. Sphere ball hardness measurement setup

Piston hardness measurement view is given in Figure 3.28 and Figure 3.29. Especially in
Figure 3.29, it is possible to observe deformation shape or trace and data. In Figure 3.30,
sphere ball hardness measurement trace is seen. Hardness measurements show that while
piston has 741 vickers hardness as sphere ball is 825 vickers harness value under the 0.3
Newton force. It is concluded that sphere ball has relatively bigger hardness value than

piston.

Figure 3.28. Piston hardness measurement
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Figure 3.29. Piston hardness measurement (deformation shape and data)

Figure 3.30. Sphere ball hardness measurement and shape

Principle of drop mass standard is obtaining pressure impulse values by free falling the
sphere ball on to the piston. While electromagnet lift the ball in upward direction, potential
energy on sphere increase. On the other hand potential energy is depends on also mass of
sphere as well as drop height. During the free falling potential energy converted into knetic
energy and knetic energy has direct proportion with the mass of the sphere. This means
obtained pressure impulse value is depend on the mass of the sphere.

During the free fall and hitting period of the sphere ball on to the piston, absolutely sphere
rotates. So any part on the surface of the sphere ball can be hit on to top of the piston. If the
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sphere is really has a good spherical shape, no matter which part of surfaces hit onto the
piston. But if sphere is not a good sphere, any energy can not be transferred to piston with
respect to the hitting. To be sure from the shape of the sphere, diameter measurement of
sphere ball have been done in (-x) — (+x) axis, (-y) — (+y) axis and (-z) — (+z) axis
directions. Diameter measurements of sphere are shown in Figure 3.31. Measurement
results are axis, (-y) — (+y) axis and (-z) — (+z) Diameter in (-x) — (+x) direction is
119,77673 mm, 119,77437 mm in y direction and 119,77505 mm in z direction. So, there
is 19.7 ppm difference between x and y direction results, 14.0 ppm difference between x
and z direction and 5.7 ppm in y and z direction measurement results. So it is said that
sphere is quite good sphere for drop mass experiments.

Figure 3.31. Diameter measurement of sphere ball
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Figure 3.32 shows the whole drop mass based dynamic measuring standard. Main trunk is
located between roof and lower base plates, piston-cylinder and sensors are fixed on to
piston holder and on to the lower plate base, sphere ball is on the rebound system and

electromagnet is ready to lift the sphere ball.

Figure 3.32. Assemblying of the drop mass system
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3.1.2. Control Unit

Dynamic pressure measurement standart is controlled by a programmable logic controller
(PLC). Movement of rebound system and electromagnet is done by two servo motors. PLC
unit, control touch screen display, servo motor drivers and power unit are located into a

rectangular prism box. PLC control program is given in Appendix B.

Control display is located onto cover of the box and PLC, drivers of servo engines and

power unit is located inside the box.

Figure 3.33. Inside view of control unit

Inside parts of the control unit is given in Figure 3.33. PLC unit is given in Figure 3.34. It
is connected to a computer with a category 6 cable. PLC programmed by a special software
installed onto the computer. Logic and conditional behaviours of the components of the
drop mass system is programmed and controlled by this programme. For instance, drop
height value, dropping timing, operation of electromagnet, sudden lifting of the rebound
system which gets trigger from microphone are some of the logic and conditional

operations which are done by PLC.
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Figure 3.34. PLC unit

Power unit excites the all electrical parts such as PLC, servo engines and their drivers,

control display of the drop mass system. Control display program is given in Appendix C.

Servo engines are motioned by servo engines driving system which are controlled by PLC.

System has two engine driving system and each one dedicated to one servo engine.

Front view of the PLC and servo engines control display is used to enter some control data
to system and PLC as well as reading some output data. It is possible to enter the mass
value of the sphere ball mass, gravitational acceleration value, height of the free fall drop,
area of the piston and penetration of the bottom end of the piston into the compressed oil.
Control display shows the current height of the sphere ball when it is lifting by
electromagnet. This distance information is taken from servo engine counter. This display
also allows to entering the number of measurement cycle for each pressure measuring
point. So, it is possible to repeat the same free fall hit from same height. This specification
provides us determination of the repeatability of the measurement at a specific pressure

point.

While the drop mass system is switched on first, system needs to get and define the
reference positons both for rebound system and electromagnet. Adjusting reference level is
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done by pressing “get reference” button on the display. If reference is set so, “get
reference” button turns into green and reads “reference ok”. Additionally, control display
shows whether the system got the reference from the position sensors. There is a
“automatic test start” button on this display and measurement starts by pressing this button.
Finally, a window displays to operator approximately calculated pressure by PLC based on
pre-defined pressure formula which is given as equation (1). Operator can be stop the
measurement by pressing the “stop” button located on the right bottom side of the display.
Touch scree display shows also date and time, elapsed time for free fall in second as well

as speed of mass.

From PLC and servo engines start display window system allows us to enable or disable
the electromagnet. It is possbile to move the rebound system and electromagnet as well as
sphere ball in vertical direction by manually at a desired speed. Dipslay shows the distance
of the rebound and electromagnet posisiton from the reference points. This specification is

particulary usefull for concentric adjustment of piston and electromagnet.

3.1.3. Data Logging and Sensor Configuration Part

In dynamic pressure measurement experiments, piezoelectric dynamic pressure sensors
were used as reference and test sensors. Reference sensor is given in Figure 3.35 and test
sensor is given in Figure 3.36. While the reference dynamic pressure sensor has pressure
range up to 800 MPa as test sensor can measure the pressure up to 500 MPa. So

measurements were done up to 500 MPa.
Dynamic pressure transducers;

* To measure fast changing pressure saying in other words, dynamic pressure, very

fast responsing type of sensors are used.
*  Generaly, rise time is about a few micro seconds for these sensors.
»  Such sensors are commonly based on piezoelectric effect.

Piezoelectric sensors have proven to be highly successful for the measurement of fast and
cyclic processes. Piezoelectric sensors for measuring force, pressure and vibration are used

in particular applications in industry, where dynamic processes need to be reliably
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measured over a long period of time. 800 MPa’s data sheet and calibration certificate are

given in Appendix D and Appendix E respectively.

Figure 3.35. Dynamic pressure sensor up to 800 MPa

Figure 3.36. Dynamic pressure sensor up to 500 MPa
500 MPa’s data sheet and calibration certificate are given in Appendix F and Appendix G
respectively.

Piezoelectric sensors consist of a piezoelectric material packaged in a suitable housing.

The term «piezoelectricy» signifies that when loaded with a force, the sensor produces an
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electric charge Q strictly proportional to the force F with the unit [pC] (1Picocoulomb =
10™? Coulomb). It is therefore an active measuring element. With quartz (silicon dioxide

Si0,) nature has provided an ideal material.

Piezoelectric sensors are quite different from sensors based on strain gages. The
piezoelectric effect means that certain crystalline materials, e.g. quartz, tourmaline and
some ferroelectric ceramics, deposit (belowed figure) an electrical charge on attached
metal plates when subjected to changes in applied force. Very small deformations are
needed which means that the sensors can be made very stiff resulting in high natural
frequencies. This makes them suitable for dynamic measurements. Dynamic pressure
transducers which were used in experiments produce electrical load at their output. This
electrical load output is sent to amplifier and calibrator via load carrying cable for
conditioning and amplifying. Front view of amplifier and calibrator instrument is given in
Figure 3.37. It is Portable, microprocessor-controlled calibrator for sensors. The calibrator
consists of a 2-channel charge amplifier with analog peak value memories, ADC,
microprocessor, LCD and RS-232C and IEEE-488 interface. The operation is completely
menu-controlled and can be effected via the front plate as well as the interfaces. The
measured values are displayed optionally in bar, psi, N or M.U. (mechanical units) on the
LCD.

Figure 3.37. Front view of the amplifier and calibrator

Datasheet of amplifier and calibration certificates of amplifier are gine in Appendix H,
Appendix | and Appendix J.
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However the measured values are not automatically converted. It has two input channels
one is for reference and the other is for test sensors at rear panel. Also it has two analogue
output channels for collecting the analogue output data for reference and test sensors. It
amplifies the input load signal and convert the amplified load signal to pressure. Operator
can both observe the reference and test pressure values and can collect analogue output of
the sensors during the experiments. It is said that amplifier behaves like a convertor
instrument since it converts the electrical load to analogue output signal. That is why
amplifier should be calibrated and it needed to be known if conversion true and what is the
error and uncertainty in this conversion. For calibration case, some reference load is
applied to amplifier by a reference capacitor and output voltage values are measured by a
reference multimeter. Calibration certificate is given in annex 6. Detailed technical

information about charge amplifier is given in annex 7.

Output analogue data from the amplifier is collected by a NI1-6366 data acquisition box. NI
X series multifunction DAQ devices for USB provide a new level of performance with NI-
STC3 timing and synchronization technology, NI signal streaming for high performance
over USB, a completely redesigned mechanical enclosure, and multicore-optimized driver
and application software. It is connected to computer via usb cable. The data acquisition
box is programmed by Labview software which has already installed into computer.
Additionally, data acquisition board has following technical specifications:

8 simultaneous analog inputs at 2 MS/s/ch with 16-bit resolution; 16 MS/s total Al
throughput

Deep onboard memory (32 or 64 MS) to ensure finite acquisitions, even with
competing USB traffic

2 analog outputs, 3.33 MS/s, 16-bit resolution, £10 V

24 digital 1/O lines (8 hardware-timed up to 1 MHz)

Reference and test sensors and amplifier should be configured before the experiment.
Configuration software is shown Figure 3.38. Before the measurement, in the configuration
stage, measurement ranges and sensitivity values of both sensors is spcified. Output
valtage of the sensors are scaled. An example for configuration for measurement is seen in

Figure 3.38. For data acquisition and sensor configuration different computers and
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softwares were used. Complete view for data acquisition and sensor configuration part of

the measurement is given in Figure 3.39. Data acquisition program is given in Appendix A.

Peak Test Settings [ X]

Select Reference Sensor... | | Jelect Test Sensor,.. |
Fiald Value Fiald Value
Type G211 Type 70618
Serial Number 192454 Serial Number 32457
Calibrated Sensitivity 1.712 pCibar Calibrated Sensitivity 71.74 pCibar
hMeasuring Range 7500 bar heasuring Range 280 bar
Calibration Date Feb 06, 2004 Calibration Date Feb 06, 2004
Reference Sensor yes Reference Sensor no
Purchase Date Oct 12, 2001 Purchase Date Aug 22, 2002
Number of Calibrations 2 Number of Calibrations 5

LP Filker [off = LP Filter [off =

Time: Constant Ilong = Time Constant llong -

Scale I 25 | barsjy Scale I 25 | barsfy

oK Cancel |

Figure 3.38. An example for configuration for measurement

Figure 3.39. Data acquisition and sensor configuration part
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Up to now, all experimental setup is completed for dynamic pressure measurements.
Before presenting the measurement results let’s discuss some definitions: What is static
and dynamic pressure? Pressure p, is generally defined as force F, perpendicular to per

unit area A,

pressure = % (3.1)
F (Newt
p (Pascal) = A((#V:;Z)) (3.2

In system international (SI) unit system unit for pressure is Pascal [Pa]. Pascal is not a
base unit but is is derived from mass,time and lenght. The pressure is said to be static when
it remains constant for a significant amount of time generally during the complete
measurement. On the other hand, pressure is said to be dynamic when it varies
significantly in a short period of time. In this case what is sought for is not a single time-

invariant value of pressure, but rather a time-dependent pressure function.

p =p() (3.3)

Calibration is under specified conditions, the relationship between values of quantities
indicated by a measuring instrument or measuring system, or values represented by a
material measure or a reference material, and the corresponding values realized by
standards. In other words this means that in a calibration the output from a pressure
measurement system is compared to the pressure realized by a pressure standard.
Reporting only the values obtained during a measurement is not sufficient. Since the
measurement data in many cases is used to judge the quality of a product, or as a basis for
changes being made during a development phase, measurement data must be adjoined by a

quality label. Figure 3.40 shows the dynamic pressure measurement calibration schedule.
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Figure 3.40. Dynamic pressure measurement calibration schedule [72]

The expression of a measurement result is satisfactory only if the results include both the
value attributed to measurement quantity and uncertainty of the measurement which is
associated with that value. For a traceable dynamic measurement, measurement results
should have been expressed with associated uncertainty value A formal definition of
measurement uncertainty is parameter associated with the result of a measurement, that
characterizes the dispersion of the values that could reasonably be attributed to the

measurand.

In simpler terms the measurement uncertainty can be said to be the degree of confidence
that is associated with the measurement data obtained by a specific person using stated

methods and equipment.

This quality label is the so-called measurement uncertainty. A complete report from a

measurement of a quantity Y (which in our case is a time series) reads

y=1U (3.4)

In metrology the word traceability means a property of the result of a measurement or the
value of a standard whereby it can be related to stated references, usually national or
international standards, through an unbroken chain of comparisons all having stated

uncertainties. To have all measurements traceable is necessary to ensure that measurements
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of the same quantity performed at different times, at different companies, or in different

countries can be compared.

The standardised uncertainty treatment in metrology does not account for dynamic
measurements. To achieve traceability for dynamic force, torque and pressure, new
methods for the evaluation of uncertainties are needed which are consistent with those
employed in the static case. This requires development of appropriate mathematical and
statistical models for both the calibration and the measurement (or application) stages,
much of which will be new to metrology as it is currently practised both at the NMI level

and in industrial applications.

3.2. MODIFICATION OF IMPACT TEST MACHINE

Impact test machines transfer the kinetic energy to tested material using termination probes
which can be in different geometries. This energy is produced by free fallen or thrown
straight down certain mass. Impact test machine is given in Figure 3.41. Since the impact
test machine uses the same principle like drop mass systems, there is a possibility of using
obtained impacts in calibration of dynamic pressure sensors as dynamic pressure source.
For this purpose, a piston-cylinder system has been placed on the Dynatup 9250HV impact
test machine as in Figure 3.42 and Figure 3.43 to make comparison calibration for dynamic
pressure transducer. This system provided to us a computer controlled and repeatable
dynamic data. For measurements, two dynamic pressure transducers based on

piezoelectricity were selected.



Figure 3.41. Impact test machine
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Figure 3.42. Modified part of the impact test machine for dynamic pressure transducer

calibration
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Figure 3.43. Dynamic pressure measurement setup on impact test machine

The transducer Kistler Model 6213BK was used as reference. Oil filled closed chamber
equipped with piston-cylinder unit, reference and test sensors, shown in Figure 3.44 is
directly located under the vertical axis of probes which is connected to drop mass. This
volume was filled by different types of oils such as sebecate, drosera MS5 and Kistler
1053 in measurements as transmitting media. The transducers’ outputs were connected to
oscilloscope through a conditioning amplifier and then voltage outputs of the measurement
chain were transferred to computer in digital form. The maximum mass and force, drop
energy, drop velocity, duration etc. data also can be taken by using impact test machine

software program.

Figure 3.44. Qil filled closed chamber equipped with piston-cylinder unit, reference and

test sensors



70

3.3. NEGATIVE PRESSURE DROP BY PRESSURE BALANCE

Negative pressure drop system setup by pressure balance for dynamic measurements is
given in Figure 3.45. In this method as reference pressure a deadweight tester is used.
Reference pressure is calculated using the equation (1). Dynamic pressure sensor is
connected to the reference instrument together with the amplifier and multimeter. System
is loaded up to a certain static pressure first. In this case dynamic sensor is under stress.
Later amplifier and multimeter are zeroed. Immediately system is vented. While pressure
goes to zero, dyamic sensor produces an negative output voltage for a specific pressure

since it goes to normal situation from a stressed situation.

Figure 3.45. Negative pressure drop system by pressure balance
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4. RESULTS

4.1. MEASUREMENT METHOD

For each measurement setup an impact mass is released and freely falls onto piston. At the
end of the fall the impact mass collides with a piston, much smaller than the mass of the
impact mass. The bodies experience an inelastic collision and they continue moving
downwards with the same speed. The distance traveled together is relatively small which is
about 0.5 mm.

Drop mass system working principle is drawn schematically as in Figure 4.1. Dropping
mass creates the impact on the piston leads to the compression of a small volume of a

hydraulic liquid within a pressure cavity that is connected to the dynamic pressure sensors.

= piston
cylinder
fluid
test ¢ _,rgé%rgrce

SENSOr //

Figure 4.1. Drop mass system working principle

l
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While reference sensor has pressure measurement range up to 800 MPa as test sensor has

pressure range up to 500 MPa. Specifications of reference and test sensors are given in
Table 4.1.

Table 4.1. Specifications of dynamic pressure sensors used in experiments

Measurement Range Sensitivite
Customer Model [MPa] [pC/bar]
Kistler 6229AK 500 -2.400
Kistler 6213BK 800 -1.193

The piston compresses oil causing pressure rise. Eventually the piston-impact mass
assembly is stopped nearly all the potential energy of the impact mass has been converted
to compression energy of oil. Oil inside the chamber starts expanding as oil starts giving
energy back to the assembly. The piston and the falling mass are forced to move upwards.
The piston and the impact mass move upwards with the same speed until the initial volume
inside the chamber is reached. The piston stops while the impact mass still moves upwards.

Duration of a produced pressure peak is about miliseconds.

Approximate equations for pressure calculations:Approximate values can be obtained
considering Newton’s second law and solving for pressure. Also, the law of conservation
of energy can be used as a starting point. Energy conservation equation assumes that all the

potential energy is converted to compression energy and pressure is constant.

F=ma=P.A (4.1)

Py = mmaex (4.2)
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Epotential =m.g.h = Bpax-A. Dy (43)
.g.h
Prnax = % (44)

where,

Py - maximum pressure (Pa)

m : mass of the object (kg)

Amax | Maximum acceleration of the object (ms™)
A : area of the piston (m?)

g : gravitational constant (ms™)

h : falling head for object (m)

A, : maximum piston displacement (m)

Oil working like a spring motion can be modeled by using a damped harmonic oscillator
equation of motion. Certain parameters can be calculated, e.g. spring constant, damping

parameter and the amplitude of the motion.

d?x dx
F—m.a—m.ﬁ——k.x—c.z (4.5)

m  4m?2

p(t) = % — k.t sin \/E L (4.6)
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where,

m : mass of the piston and impact mass (kg)
a : acceleration of the impact mass (ms™)

x : piston displacement (m)

k : spring constant (Nm™)

a

: damping parameter for fluid (kgs™)

Piston-cyclinder unit is seen in Figure 4.2. In order to obtain the pressure, sphere ball is
falls on to the piston. So, hardness of the piston and sphere ball is important parameter.

Then piston’s hardness measurement was done. Hardness of piston is 741 HV0,3 vickers.

Figure 4.2. Piston-cylinder unit

Piston-cylinder unit positioned under the vertical axis of the free fallen sphere ball. At each
pressure measurement, sphere ball is leaves to free fallen. So it hits on to the piston.
Sphere’s hardness is also measured as seen in Figure 3.27. Also to make some calculations
such as free fall height mass of the sphere should be known. Mass of the sphere is

measured. If the sphere ball is a sphere enough, it is said that a central collision is happens
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between ball and piston. To be sure that the ball and the piston is concentric, a steel thin

rod is used to adjust the centers of the ball and the piston. See the Figure 3.23.

Reference and test sensors are screwed and piston-cylinder unit is inserted into a 0.5 cm®
closed volume chamber which was filled with pressure transmitting oil. Closed chamber

equipped with piston-cylinder unit and reference and test sensors is given in Figure 4.3.

Figure 4.3. Qil filled closed chamber equipped with piston-cylinder unit, reference and test

SENsors

As pressure transmission fluid, 3 different oils were used in experiments. Each of these
fluids are compatible for high pressure measurement but they have different physical and
chemical properties. These fluids are sebacate, drosera MS5 and kistler 1053. Their

specification are given in Table 4.2.
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Table 4.2. Physical and chemical properties of sebacate, drosera MS5 and kistler 1053

[88-90]
property / quantity candidate oils
engl. symbol unit Sebacate Drosera MS5 Kistler 1053
Distillates 1053 Kistler special
s (petroleum), high pressure oil
Name Di-2-ethylhexyl sebacate hydrotreated containing glycol
middle ether
chemical Formula C26Hs004
CAS No. 122-62-3 64742-46-7
chemical compound chemical compound mixture
or mixture P
vapour pressure Puap Pa | 2.4-10° @ room temperature ©%9
3 3
Density . ke/m? 0.914 glem® at 20 °C @ About 82% kg/m°at | About 98(3 kg/m® at
15°C 20°C
compressibility K 1/Pa 7.5-107 @0
thermal expansion . 1K -0.00078 ©19
coefficient
density variability DEHS' density decreasgd by
with gas content (46+5) ppm after 2 h ofmtrglgen
gas exposure at 101 kPa ©
surface tension o mN/m 3101
Kinematic viscosity
dynamic viscosity 7 mPa-s 2201 at 40°C: about 5
mm?/s
transparency colourless®? calorless ta light Yellowish
yellow
purity of the
compound or
mixture i as mass Wi, Xi, 0 o Merck
fraction, molar Piy .. % =98 % (GC)
fraction, volume
fraction,...
Physical state liquid Liquid liquid
©13) 3 H. Hendricks, J. R. Ricker, J.
H. Chow and D. A. Olson;
Measure, Vol. 4 No. 2, June 2009,
52-59
data sources ©19 G, F. Molinar, R. Maghenzani,
P. C. Cresto and L. Bianchi;
Metrologia 1992 (29) 425-440
©19 Temperaturkoeffizient ist aus
dem Programm von Dr.
Klingenberg tibernommen

Dynamic pressure measurements based on drop mass system have been done on the drop
mass system setup which is given in Figure 4.4.
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Figure 4.4. Data acquisition and sensor configuration part

4.2. MEASUREMENT RESULTS ON DROP MASS SYSTEM

Drop mass standard system provides us a computer controlled and repeatable dynamic
data. Dynamic pressure constituted in closed cavity is sensed and measured by means of
two piezoelectric pressure transducers, named reference and test transducers. Piston, test
and reference transducers are mounted on to a closed volume as seen in Figure 4.3. Qil
filled closed chamber equipped with piston-cylinder unit, reference and test sensors. This
volume was filled by different types of oils as pressure transmitting media. These oils are
Kistler type 1063, sebecate and drosera MS5 type oils. The piston is directly located in line
the vertical axis of free dropped spherical. Load outputs coming from dynamic sensors
through the load carrying cable are connected into amplifier channel 1 and 2. Analogue
output signals which are corresponding input load signals are taken out from channel 1 and
channel 2 of the signal conditioner Kistler Type 6907B as as seen in Figure 3.37. Outputs
of signal conditioner are then connected to the data acquisition box (NI DAQ 6366) as
channel 0 and channel 1. The transducer Kistler Model 6213BK was used as reference.
Because the reference transducer has pressure range up to 800 MPa and test transducer can
measure the pressure up to 500 MPa, measurements were performed up to 500 MPa
starting from 100 MPa with step of 100 MPa. Data sampling rate was 200 kHz and 300 K
sample was taken for each mass drop. The drops were repeated five times for each height

and outputs of signal conditioner measured by means of computer controlled NI DAQ
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board. And also corresponding pressure values indicated on the monitor of the signal
conditioner were recorded. Drop height of a seven kilogram spherical ball freely dropping
and corresponding pressure values are given in Table 4.3, Table 4.4 and Table 4.5. Also
summary is given in Table 4.6. The deviations for test values from the reference pressure
for each different oil media are also illustrated in Figure 4.5, Figure 4.6 and Figure 4.7.

Table 4.3. Reference and test sensor measurement results in Kistler 1053

Reference Pressure, oil type: Kistler 1053 Analogue output scale:500 Bar/V
Nominal average . - drop average
value cycle | cycle | cycle | cycle | cycle value deviation | repeatability height value
1 2 3 4 5 % %
Bar Bar mm MPa
o 1000 | 1048 | 1138 | 1135 | 1138 | 1138 | 11194 11.9 1.60 19 111.94
o
g 2000 | 2195 | 2215 | 2210 | 2215 | 2210 | 2209.0 10.5 0.17 60 220.9
& | 3000 | 3290 | 3270 | 3280 | 3270 | 3275 | 3277.0 9.2 0.11 115 327.7
c
% 4000 | 4230 | 4335 | 4290 | 4320 | 4320 | 4299.0 7.5 0.44 180 429.9
& [ 5000 | 5020 | 5010 | 5040 | 5035 | 5055 | 5032.0 0.6 0.16 235 503.2
1000 | 1013 | 1100 | 1095 | 1100 | 1098 | 1081.2 8.1 1.58 19 108.12
15
g 2000 | 2135 | 2115 | 2130 | 2135 | 2130 | 2129.0 6.5 0.17 60 212.9
§ 3000 | 3205 | 3190 | 3190 | 3185 | 3185 | 3191.0 6.4 0.12 115 319.1
é 4000 | 4150 | 4245 | 4210 | 4240 | 4240 | 4217.0 5.4 0.42 180 421.7
5000 | 4945 | 4945 | 4965 | 4950 | 4975 | 4956.0 -0.9 0.12 235 495.6
¢ Ref MTest Kistler 1053
15
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Figure 4.5. Deviation for reference and test sensors versus pressure in Kistler 1053
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Table 4.4. Reference and test sensor measurement results in Drosera MS5

Reference Pressure, oil type : Drosera MS5 Analogue output scale: 500 Bar / V
N\t;r;wlhneal cycle | cycle | cycle | cycle | cycle a\\;glrﬁge deviation | repeatability hde?g)ﬁ t a\\;zlrlzjge
Bar ! 2 3 4 5 Bar % % mm MPa
o 1000 | 1023 | 1020 | 1025 | 1018 | 1018 | 1020.8 21 0.14 19 102.08
% 2000 | 2015 | 2020 | 2020 | 2025 | 2025 | 2021.0 11 0.09 60 202.1
3
8 3000 | 3030 | 3030 | 3030 | 3030 | 3020 | 3028.0 0.9 0.07 115 302.8
§ 4000 | 4020 | 3975 | 3965 | 3960 | 4010 | 3986.0 -0.4 0.31 180 398.6
E 5000 | 4830 | 4875 | 4930 | 4775 | 4800 | 4842.0 -3.2 0.57 235 484.2
1000 | 993 | 993 | 990 | 990 | 990 991.2 -0.9 0.07 19 99.12
5 2000 | 1973 | 1960 | 1958 | 1960 | 1958 | 1961.8 -1.9 0.14 60 196.18
g 3000 | 2975 | 2965 | 2970 | 2965 | 2955 | 2966.0 -1.1 0.11 115 296.6
E 4000 | 3965 | 3925 | 3910 | 3910 | 3910 | 3924.0 -1.9 0.27 180 3924
5000 | 4870 | 4830 | 4895 | 4725 | 4750 | 4814.0 -3.7 0.69 235 481.4
¢ Ref HTest Drosera MS5
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Figure 4.6. Deviation for reference and test sensors versus pressure in Drosera MS5




Table 4.5. Reference and test sensor measurement results in Sebacate

Reference Pressure, oil type : Sebacate Analogue output scale:500 Bar/V
Nominal average s . drop | average
Value cycle | cycle | cycle | cycle | cycle value deviation | repeatability height value
1 2 3 4 5 % %

Bar Bar mm MPa
_ | 1000 | 1005 | 1005 | 988 | 988 | 993 995.8 -0.4 0.39 19 99.58
o
§ 2000 | 2020 | 1998 | 1985 | 1990 | 1975 1993.6 -0.3 0.38 60 199.36
8 | 3000 | 3050 | 2995 | 2975 | 3005 | 2995 3004.0 0.1 0.42 115 300.4
c
E 4000 | 3910 | 3959 | 3945 | 3930 | 3955 3939.8 -15 0.23 180 393.98
i 5000 | 4855 | 4945 | 5060 | 4990 | 4965 4963.0 -0.7 0.67 235 496.3

1000 | 1008 | 1008 | 1005 | 1005 | 1005 1006.2 0.6 0.07 19 100.62
§ 2000 | 1995 | 2000 | 1998 | 2000 | 2000 1998.6 -0.1 0.05 60 199.86
c
E 3000 | 3010 | 3010 | 3010 | 3025 | 3015 3014.0 0.5 0.10 115 301.4
~ | 4000 | 4005 | 4035 | 4035 | 4005 | 4030 4022.0 0.6 0.17 180 402.2

5000 | 5035 | 5120 | 5120 | 5120 | 5120 5103.0 2.1 0.33 235 510.3

¢ Ref MTest Sebacate
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< 5
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>
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-15
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Figure 4.7. Deviation for reference and test sensors versus pressure in sebacate
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Table 4.6. Summary of measurement results for the reference sensor range from 100
MPa to 500 MPa

Ampltude

Q63521

05284

0525

08 0SS

053

085 05

05 05

L8

0535

05

Type of Oil Used
KISTLER 1053 DROSERA MS5 SEBECATE
Drop Nominal

Height Pressure Measured DefvrléartT:on Measured Defvrlgrtrllon Measured Def\:l(:;i:rllon
[mm] [MPa] Pressure inal Pressure inal Pressure inal
[MPa] Nominal [MPa] Nomina [MPa Nominal

[%] [%] [%]

19 100 111.94 11.9 102.08 2.1 99.58 -0.4

60 200 220.90 10.5 202.10 11 199.36 -0.3

115 300 327.70 9.2 302.80 0.9 300.40 0.1

180 400 429.90 7.5 398.60 -0.4 393.98 -1.5

235 500 503.20 0.6 484.20 -3.2 496.30 -0.7

Voltage 0 .

Voltage 1

| B —

Figure 4.8. Electrical outputs of reference and test channel, white and red line respectively

for sebacate type oil at 100 MPa
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Typical graphical representation of electrical output of the pressure measurement system
for sebacate oil at 100 MPa pressure range is given in Figure 4.8, for the oil Drosera graph

is given in Figure 4.9 and for the oil Kistler 1053 graph is given in Figure 4.10.

Voltage 0 -

Amplitude

0128497 | [ | | | | T | |
0924971 0926 0921 X 0929 A 0931 0932 0933 093341

o _Time

Figure 4.9. Electrical outputs of reference and test channel, white and red line respectively
for Drosera MS5 type oil at 100 MPa

Amplitude

-0,189655-1% | I | | [ I | | | I [ [ |
0,688435 0,689 0,6895 069 0,6905 0,691 06915 0,692 0,6925 0,693 0,6935 0,694 0,6945 0,695

. Time

e {

Figure 4.10. Electrical outputs of reference and test channel, white and red line

respectively for Kistler 1053 type oil at 100 MPa
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Figure 4.11. Deviation from nominal pressure for reference sensor

The graphs of deviation of pressure values for the test sensor from the reference values for
three different oil is seen in Figure 4.11. The expression of a measurement result is
satisfactory only if the results include both the value attributed to measurement quantity
and uncertainty of the measurement which is associated with that value. Uncertainty is the
amount of doubt in a measurement. Uncertainty value should be evaluated for each
measurement value. In a dynamic pressure measurement, find the parameters which causes
uncertainty should be determined first. For this purpose, measurement should be defined
by a mathematical model as given for dynamic pressure measurement in equation (4.7). In
the mathematical model, each of parameters are known as uncertainty parameter.
Combination of these parameters are known as uncertainty budget. Numerical value of this
budget is total standart uncertaint value. Then assign a numerical value for each
uncertainty parameter and find summation of these parameters. As a result a standart
uncertainty value is evaluated. Model function for dynamic pressure produced in the closed
cavity is calculated by equation (4.7) by using the sensitivities of the pressure transducer

and signal conditioner.

RFSD (47)

Sqa'SSC
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where, U is output voltage of measurement chain (pressure transducer and signal
conditioner) in Volt, Sy, is sensitivity of pressure transducer in pC/MPa, Ssc is sensitivity
of signal conditioner in mV/pC and Rgsp is full scale deflection factor of signal
conditioner. Nominal sensitivity of the pressure transducer is 11.93 pC/MPa and its full
scale linearity is around 0.17 %. The drift of the sensitivity of the pressure transducer is
estimated as 0.25%. Temperature dependence of the sensitivity is assumed 0.1%. The
voltage to charge conversion factor of the signal conditioner is 1x10° V/pC and resolution

of the signal conditioner is 0.05 MPa.

The uncertainty of the calibration and full linearity of the conditioner is around 0.10% and
0.43% respectively. Measurements were repeated five times for each nominal pressure
values. The calculated uncertainty values for the pressure measurements in 3 different oils
are given in Table 4.7. Details of uncertainty budget and determination of uncertainty

values at 500 MPa in sebacate oil are given in from Table 4.8 to Table 4.12

Table 4.7. Summary of measurement results for the reference sensor range from 100 MPa

to 500 MPa
Nominal Pressure Type of oil inside the closed chamber
Kistler Drosera Sebecate

[MPa] Measurement Uncertainty in % (k=2)
100 0.70 0.71 1.01
200 0.73 0.68 1.00
300 0.69 0.67 1.06
400 1.09 0.89 0.80
500 0.72 1.31 1.49




Table 4.8.
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Uncertainty evaluation at 100 MPa for the oil Sebacate

Uncertainty Evaluation at 100 MPa for the oil Sebacate

uncertainty resources partial uncertaities Sensitivity coefficients pa_rtlal
variances
definition | symbol Estimated unit symbol | Value | unit distribl_Jtion Multiplier Symbol value | unit | value unit
value function
measured
value by Paig 1000 bar 0 0.00 0 0 0 0 0 0 0
calibrator
resolutio 8.32E
" 0, - 04)2
0 of (o e 1 bar 0.05 % | Rectangular 0.577 0 1 04 (%)
calibrator
scale of Bar / 0.00E
. 9 Rectangul . - %)?
calibrator desp 500 Volt 0.00 % ectangular 0.577 0 1 +00 (%)
1.02E )
measured \Y% 2.386 \Y 0 0.17 % | Rectangular 0.577 0 1 - 02 (%)
voltage
load
sensitivit
y of pC/ 0 6.53E )
. . Rectangul . - - %
reference Saa 1.193 bar 0.14 % ectangular 0.577 0 1 03 (%)
pressure
sensor
drift in
pressure arift 1 - 0 0.25 | % | Rectangular 0.577 0 -1 . |20 (%)?
sensor -02
sensitivity
temperat
ure 333E |
change temp 1 - 0 0.10 % | Rectangular 0.577 0 -1 - 03 (%)
effect in
sensor
sensitivity
conversi
on mv/ 2.50E
- . 9 Normal . - - %)?
coefficie k 1 oC 0 0.10 % ormal 0.5 0 1 03 (%)
nt of
calibrator
load
conversi
o d 1 0 0 | 043 | % |Rectanguiar | 0577 0 1 | oo |®2E] o
linearity -02
of
calibrator
repeatabi
lity of rep 1 - 0 039 | % Normal 1 0 1 - 1'2:;'5 (%)?
measure
ments
TOTAL VARIANCE we 2'2715 %)
relative standard uncertainty [uc=| 0.51 %
C:r\t;f:t P (bar) 1000 U(%) | 101 | k=20 relative expanded uncertainty | U 1.01 %
(k=2.0 %95 confidence level)




Table 4.9.
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Uncertainty evaluation at 200 MPa for the oil Sebacate

Uncertainty Evaluation at 200 MPa for the oil Sebacate

uncertainty resources partial uncertaities Sensitivity coefficients pa_rtlal
variances
definition symbol Estimated unit symbol value unit distribl_Jtion multiplier symbol value | unit | value | unit
value function
measured
value by Paic 2000 bar 0 0.00 0
calibrator
resolution 8.32E i
of des. 1 bar 0.05 % Rectangular 0.577 0 1 - 04 (%)
calibrator
scale of Bar/ 0.00E
X 9 Rectangul . - %)?
calibrator drsp 500 Volt 0.00 % ectangular 0.577 0 1 +00 (%)
measured |, 4772 Vv 0 | 017 | % |Rectanguar | 0577 0 1| - [ YO ey
voltage -02
load
sensitivity
of pC/ 0 6.53E )
. . Rect: | i - - %
reference Sea 1.193 bar 0.14 % ectangular 0.577 0 1 .03 (%)
pressure
sensor
drift in
ressure 2.08E
psensor Qarife 1 - 0 0.25 % Rectangular 0577 0 -1 - ‘02 (%)?
sensitivity
temperatur
e change 0 3.33E )
- . R I . - - %
effect in Qiemp 1 0 0.10 % ectangular 0.577 0 1 03 (%)
sensor
sensitivity
conversion
coefficient k 1 mv/ 0 0.10 % Normal 05 0 -1 - | %50 (%)?
pC -03
of
calibrator
load
(:.onve.r5|0n dy 1 0 0 0.43 % Rectangular 0.577 0 -1 0 6.22E 0
linearity of -02
calibrator
repeatabili
ty of rep 1 - 0 0.38 % Normal 1 0 1 - 1'?)51E (%)°
measurem
ents
TOTAL VARIANCE “:C 0.25 | (%)
relative standard uncertainty |uc=| 0.50 %
rtifi 1.001 . .
certificate P (bar) 2000 U (%) 00190 k=20 relative expanded uncertainty | U 1.00 %
value 72
(k=2.0 %95 confidence level)




Table 4.10. Uncertainty evaluation at 300 MPa for the oil Sebacate
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Uncertainty Evaluation at 300 MPa for the oil Sebacate

uncertainty resources partial uncertaities Sensitivity coefficients pa.rtlal
variances
definition symbol Estimated unit symbol value unit distribgtion multiplier symbol value | unit | value | unit
value function
measured
value by Patg 3000 Bar
calibrator
Ui
resolution 8.32E 2
of des, 1 Bar 0.05 % Rectangular 0.577 0 1 - 04 (%)
calibrator
scale of Bar/ 0.00E
0, - (YA
calibrator drsp 500 Volt 0.00 % Rectangular 0.577 0 1 +00 (%)
measured | -, 7.158 Y, 0 | 017 | % |Rectanguar | 0577 0 1| - | YO ey
voltage -02
load
sensitivity
of pC/ 0 6.53E )
. . Rectangul . - - %
reference Sqa 1.193 bar 0.14 % ectangular 0.577 0 1 03 (%)
pressure
sensor
drift in
pressure . 0 ) | 208E(
sensor Aarife 1 0 0.25 % Rectangular 0.577 0 1 02 (%)
sensitivity
temperatur
e change 0 3.33E )
- . R | . - - %
effect in Gtemp 1 0 0.10 % ectangular 0.577 0 1 03 (%)
sensor
sensitivity
conversion
coefficient k 1 mv/ 0 0.10 % Normal 0.5 0 -1 .| %50 (%)?
pC -03
of
calibrator
load
gonversion |- 1 0 0 | o043 | % |Rectanguiar| 0577 0 4 | o [%%E|
linearity of -02
calibrator
repeatabili
ty of Crep 1 - 0 0.42 % Normal 1 0 1 - 1'2?1‘5 (%)?
measurem
ents
TOTAL VARIANCE u=| 0.28 | (%)?
relative standard uncertainty | uc=1] 0.53 %
rtifi 1. . .
certificate P (bar) 3000 U (%) 05688 k=20 relative expanded uncertainty | U 1.06 %
value 74
(k=2.0 %95 confidence level)
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Table 4.11. Uncertainty evaluation at 400 MPa for the oil Sebacate

Uncertainty Evaluation at 400 MPa for the oil Sebacate

uncertainty resources partial uncertaities Sensitivity coefficients pa.rtlal
variances
definition symbol Estimated unit symbol value unit distribl_Jtion multiplier symbol value | unit | value | unit
value function
measured
value by Paic 4000 Bar
calibrator
resolution 8.32E i
of des. 1 Bar 0.05 % Rectangular 0.577 0 1 - 04 (%)
calibrator
scale of Bar / 0.00E
. X 9 Rectangul . - %)?
calibrator drsp 500 Volt 0.00 % ectangular 0.577 0 1 +00 (%)
measured |, 9.544 Y, 017 | % | Rectangular | 0577 0 1| - | TO%E | ey
voltage -02
load
sensitivity
of pC/ 0 6.53E )
. . Rect: | i - - %
reference Sea 1.193 bar 0.14 % ectangular 0.577 0 1 .03 (%)
pressure
sensor
driftin
ressure 2.08E
psensor Qarife 1 - 0.25 % Rectangular 0.577 0 -1 - ‘02 (%)?
sensitivity
temperatur
e change 0 3.33E )
- . R | . - - %
effect in Qiemp 1 0.10 % ectangular 0.577 0 1 03 (%)
sensor
sensitivity
conversion
coefficient | k 1 mv/ 010 | % | Norma 05 0 a |- [ 2B ey
pC -03
of
calibrator
load
conversion 6.22E
; . . 9 Rectangul . - 0
linearity of dk 1 0 0.43 % ectangular 0.577 0 1 0 02
calibrator
repeatabili
ty of drep 1 - 0.23 % Normal 1 0 1 - 5'%)‘2'5 (%)?
measurem
ents
TOTAL VARIANCE we=| 016 | %)
relative standard uncertainty | uc=| 0.40 %
certificate . )
value P (bar) 4000 U (%) k=20 relative expanded uncertainty U 0.80 %
(k=2.0 %95 confidence level)




Table 4.12. Uncertainty evaluation at 500 MPa for the oil Sebacate
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Uncertainty Evaluation at 500 MPa

uncertainty resources partial uncertaities Sensitivity coefficients pa_rtlal
variances
definition symbol Estimated unit symbol Value unit distribL_Jtion multiplier symbol value | unit | value | unit
value function
measured
value by Patg 5000 bar
calibrator
resolution
of dgs. 1 bar 005 | % | Rectangular | 0.577 1 - SL%iE )"
calibrator
scale of Bar/ 0 _ | 0.00E | (92
calibrator desp 500 Volt 0 % Rectangular 0.577 1 +00
measured \% 11.93 \% LB\ o | Rectanguiar | 0577 1 | TO2E oy
voltage -01 -02
load
sensitivity
of pC/ o _ _ 6.53E (%)2
reference Sea 1.193 bar 0.14 % Rectangular 0.577 1 03
pressure
sensor
drift in
pressure ) ) 0 ; _ | 2.08E | (g
sensor it 1 0.25 % Rectangular 0.577 1 02
sensitivity
temperatur
e change ) 0 ) o | 3:33E | (9
effect in temp 1 0.1 % Rectangular 0.577 1 03
sensor
sensitivity
conversion
coefficient k 1 mV/ / 0.10 % Normal 05 -1 .| 250 | oy
of pC -03
calibrator
load
conversion 0 ) 6.22E
linearity of dy 1 0.43 % Rectangular 0.577 1 02
calibrator
repeatabili
ty of rep 1 - 0.67 % Normal 1 1 - 4'_?)?5 (%)
measurem
ents
TOTALVARIANCE [ we= | >20F | 06
relative standard uncertainty | uc=1| 0.75 | %
Ce:,t;fILC:te P (bar) 5000 U (%) 1.49 k=20 relative expanded uncertainty | U 1.49 %
(k=2.0 %95 confidence level)
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4.3. MEASUREMENT RESULTS ON IMPACT TEST MACHINE

Dynamic pressure measurements have been conducted in impact test machine up to 500
MPa using the setups which are given in Figure 3.43. In this system same pressure sensors
are used as in drop mass system measurements. Measurements have been done at 200
MPa, 300 MPa, 400 MPa, 500 MPa. Drosera MS5 and sebacate type oils were used as
pressure transmitting media. Measurement results for drosera are given in Table 4.13 and

for sebacate given in Table 4.14.

Table 4.13. Impact test machine measurement results for Drosera

- " Nominal Test Max. Drop Impact Drop Max. Duration
e 0
I\)/:pd' Pressure Pressure | Load Height Velocity Energy Penetration Time
edia
(bar) (bar) (N) (m) (mfs) (@) (mm) (ms)
2000 2080 3801 0.092 1.340 4.499 2.748 5.691
b 3000 2945 5402 0.163 1.787 7.999 3.391 5.386
osera
rose 4000 3930 | 7294 | 0.259 2.252 12,700 4.079 5.120
5000 5025 9136 0.367 2.681 18.000 4.651 4.907
Table 4.14. Impact test machine measurement results for Sebacate
Type of Nominal Pressure Test Pressure Max. Load Duration Time
Media (bar) (bar) (N) (ms)
2000 2135 3926 5.437
2000 2135 3926 5.437
Sebacate 3000 3015 5556 5.151
4000 4075 7469 4.902
5000 5115 9362 4,729

Measurements in impact test machine have been repeated 5 times at each nominal pressure
value. Impact test machine is controlled by an enhanced sofware program running on a
controlling computer. There is load cell located on the bottom end of the dropping mass as
well as a accelerator sensor on the dropping mass. So different parameters such as
maximum load, drop height, impact velocity, drop energy, maximum penetration of the
piston into fluid, duration of dropping time can be measured and recorded as given in
Table 4.13 and Table 4.14.
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Figure 4.12. Comparison of pressure media effect for 5000 Bar
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Figure 4.12 shows the output voltage signals of reference sensor versus time both for

sebacate and drosera MS5. The signal is collected from analogue output channel of the

charge amplifier as seen in Figure 3.43 by an oscilloscope. By the evaluation of the

measurement results as seen in Figure 4.13, it seems that output waveforms look like a half

sine signal with a approximate 5 milliseconds to 6 milliseconds period. Analogue output

voltages versus time in sebacate media for reference sensor from 100 MPa to 500 MPa are

given in Figure 4.13.
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Figure 4.13. Output voltage signals of transducers vs time for impact test machine

Besides the voltage vs. time waveforms, some other additional graphs were drawn based
on the data given in Table 4.13. They are force versus time, energy versus time and
velocity versus time for each pressure point up to 500 MPa are given in Figure 4.14, Figure

4.15 and Figure 4.16 respectively.
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Figure 4.14. Applied force value versus time on impact test machine
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Figure 4.15. Transferred energy value versus time on impact test machine

2 .
——2000 bar
——3000 bar
2- 4000 bar
——5000 bar

velocity (m/s)

time(ms)

Figure 4.16. Velocity of dropping mass versus time on impact test machine
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4.3.1. Calculations of Pressure Sensor Sensitivity by Polynomial Approximation

As mentioned above measurements were performed at nominal pressure values of 100
MPa, 200 MPa, 300 MPa, 400 MPa and 500 MPa. During collection of the data two
different sampling rate and resolution used, 250 000 samples/second, 4 bit and 800 000
samples/second, 12 bit. It is clear that the results for the data collected with high sampling
rate and resolution is more accurate. In order to determining the peak values of the output
signals, corresponding to dynamic pressure, polynomial approximation was made. In
this method output signal data which is in the range of 90% of the maximum value of the
2 9

output signals is taken into account. Using Matlab software parabola “ f(x) = atbx+cx

approximation model was applied to output signal pulse.

Schematic presentation of the fitted curve for the output signal data for transducer is seen
in Figure 4.17.

Qutput Signal of Pressure Measuring Chain
25

- I U_Dut I ! _,,-"’r =

Amplitude, [V]
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o
T

w

I 1 1 I 1 1 |
05 1 1.5 2 25 3 35 4 4.5
Time, [s] %10~

Figure 4.17. Schematic presentation of the fitted pulse for for the 90% of the maximum

peak value

Then the sensitivity of the pressure transducer being calibrated was calculated using
equation (4.8).



95

U
Saut = Sref dubpeak (4.8)
Uref,peak

where, Sqy IS sensitivity of the calibrated transducer, Sy IS sensitivity of the reference
transducer, Ugutpeak 1S maximum peak value of output of calibrated transducer and Uref peak IS
maximum peak values of output of the reference transducer. Calculated sensitivity results

are given in Figure 4.18 and Figure 4.19.
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Figure 4.18. Dynamic sensitivity values of measurements for Drosera MS5 media
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Figure 4.19. Dynamic sensitivity values of measurements for sebacate media
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5. DISCUSSION

In the case of dynamic pressure calibrations of mechanical quantities, it has been
recognised that lack of a metrological infrastructure appears. Some of national metrology
institutes and comercial entities have attempted to remedy for this challenging dynamic

area. However the solutions offered so far have often lacked traceability.

This thesis study has two significant contributions to dynamic pressure calibration area.
First, a dynamic pressure generator is manufactured based on drop mass principle. It
allows to generate repeatable dynamic pressure pulse signals to be used in calibrations of
dynamic pressure sensors. For this purpose, three different types of transmitting oil is
specified to be used in the manufactured drop mass system. In case of using Kistler 1053
oil as results appeared in Table 4.3 we get relatively worse repeatable results comparing to
results given in table Table 4.4 for Drosera MS5 and Table 4.5 for Sebacate oil. Graphical
illustrations for these pressure values specified in these tables are given in Figure 4.5 to
Figure 4.7 and summary drawing for three oils is given in Figure 4.11. It is seen that
biggest deviation between reference and test sensor is revealed in Kistler 1053 oil. It is
evaluated that different results are obtained because oils have different physical and
chemical specifications.

Second contribution is producing an uncertainty budget and uncertainty value which is
attributed to measured nominal pressure value for reference sensor for coverage factor k=2
which corresponds to confidence level 95%. In the thesis study aim was to reach a 1%
accuracy in the measurement uncertainty. In tables from Table 4.8 to Table 4.12,
measurement uncertainty budget parameters are identified starting from pressure values
100 MPa to 500 MPa for the oil Sebacate. In Table 4.10, while uncertainty is calculated
about 1.06% as in Table 4.12 uncertainy is about 1.49% which is the biggest one out of all
tables. If uncertainty parameters are evaluated, biggest contribution to uncertainty due to
repeatability error. By increasing the number of the measurements, results will be approach
to majority or mean. So, it will be possible to decreasing the uncertainty about 1% for all

measuring range up to 500 MPa.

For the verification of drop mass system comparison measurements were done between the

drop mass system and modified impact test machine. Table 4.13 and Table 4.14 includes
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the results taken from impact test machine for different oils. When the figure 4.12 and
figure 4.13 are evaluated, it is seen that similar output signals were obtained from the
dynamic sensors in case of impact test machine when comparing to from Figure 4.8 to
Figure 4.10.

Figure 4.13 and Figure 4.14 show that pressure and force signals termination points in time
axis are different for each pressure points. These differences because of the mass drops
further before stopping with the transmission oil media. This increase in drop implies
lower deceleration and therefore lower peak force and peak pressure but a longer impact
period and these reductions in force and pressures, and increase in duration, are apparent in
measurements in Table 4.13 and in Table 14. Also, evaluating the Figure 4.15 and 4.16, it
is seen that maximum energy is transfered to piston from dropping mass when the velocity

of piston and dropping mass is zero.

Sensitivity parameter is defines the amount of electrical load to be produced by a dynamic
sensor corresponding to applied pressure. So, one of the important reason for calibration of
a sensor is to find the sensitivity of test sensor against to reference one. Test sensor’s
output signal data which is in the range of 90% of the maximum value of the output signal
is taken into account. A parabola approximation model was applied to output signal pulse.
Then the sensitivity of the pressure transducer being calibrated was calculated using
equation (4.8). In Figure 4.18 and in Figure 4.19 calculated sensitivity of test sensor is
given versus pressure in different oils. For same test sensor, calculated sensitivity differs
maximum 1% between two different oils because of different physical and chemical

specifications of oils.

As a result of this thesis research, newly developed dynamic pressure generator can be

used in dynamic pressure sensor calibrations.
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6. CONCLUSION

In this paper, two methods for dynamic pressure measurements are presented. Firstly, new
developed dynamic pressure standard was presented. Since it uses drop mass working
principle, it is also known as drop mass system. Designing parts of the system and
manufacturing stages of these parts detailed. Some series of dynamic pressure
measurements have been done on this drop mass system using reference and test dynamic
pressure transducers. Measurements were carried out at hydraulic media using different
types of oils with different physical and chemical properties. Measurement pressure values
were 100 MPa, 200 MPa, 300 MPa, 400 MPa and 500 MPa. Measurements have been
repeated 5 times at each pressure value to determine the repeatablility parameter which is
involving in uncertainty budget. Drop mass system produces half sine signals with
approximately 5 milliseconds signal period. Similar signals were observed at the output of
both reference and test sensors which were under measurement. Amplitude of output
signals were linearly proportional to applied pressure. Drop mass system has a possibility
of setting drop height into a certain distance and it is possible to define number of desired
measurement cycles by entering in control display. This options provide operator to do
repeatable measurements which provide trustable measurements on dynamic pressure

transducers.

In the measurements, range of the relative error for all fit types is found within 1%.
Relative error increases due to the pressure increase. This is probably the limitation of
transducer’s operating range. Bias occurs between result obtained for fluids drosera MS5
and sebacate. It is assumed that this is not only resulted from fluid but also the different
sampling rate and resolutions of the measurement setups and also leakage and temperature

effects.

The second utilized an impact test machine, which works based on the same principle as
the drop mass system. In this method impact test maching was fitted with a piston-
cylinder unit, so it is essentially converted it into a drop mass system for making dynamic
pressure transducer calibrations. Using the modified impact test machine, measurements
were performed in different oil media at different pressure points like in the first method as
in drop mass system. Repetitive measurement were done at 100 MPa, 200 MPa, 300 MPa,
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400 MPa and 500 MPa . Impact test machine also gives how much energy transfered to
piston, velocity of dropping mass, applied force by dropping mass, etc. parameters as well

as transducer output voltage versus applied dynamic pressure.

The measurement results thus obtained from two different systems were compared via
comparison measurement graphics of output voltages versus time. Observed differences
between the two systems’ output voltage values at each pressure point were attributed to
the drop mass system and the consequent difficulties in achieving the same pressure at
repeated measurements. Nonetheless, given that the observed variance between
measurements taken from the two systems were about 15% at 200 MPa and 5% at 300
MPa, 400 MPa and 500 MPa. So, it is concluded that the impact test machine may be used
as a drop mass system for the reliable calibration of dynamic pressure transducers.
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APPENDIX B: PLC CONTROL PROGRAM
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APPENDIX C: INTOUCH CONTROL PANEL PROGRAM
INTERFACE
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Zur Monlape das Sensors gandgl ein M2
Gewndaloch mit pracs bearbaialer und mi-

las Fobrearkzoug Typ 1200023 nach
banar Dichdlacha I.F||;| 1L Dar Einbau n
e basonderen themischan Schutz lediglich

mit dem ichiring Typ 1100 arfolgan (Fg
Zur VordSrgarung dar Lnbmsd;luu' des San-

sors und Fur dar Meszganau
ampiablan wir die Vi das Thug'nu-
schutrschildas mit angesatria

Typ EBHE3A
h.rzul::-nTl.'n 1121 (Fig. 21
Woitcra Himeaisa sichc A3 52128

Zubehdr Tio
* Themoschubphbo 1184
* Themopschutrschid EEERA
* Dichaurg 1100
* Warschhesssiiok F13es
* Adaptar zu

Dnuciogenaraion SOOSA, =]
Kabal: sioha Dalonbla® 15.041.

_ Tie

* Epanabchrer 1341
* Gowindcbohrar M12:1 1365
* Haibwarkzoug 1300423
* Drchmomantschissal 13718
¥ Eiackschiimsal 5B 133
Austihrungen

Typ e2128K br Kalbriorwocka mit Lincantat

+ 20,3 %

Typ &21281 Eol bestohond mos e2128 inkl
Typan £341, 1300423, 1BES

urd 1372

Fg. 1

T chifica Spaulam
Comparée & clan hor sur st
utilsia i, Tlalanchéificaton  ionlak
reprisania una amaboration techniqua mpor-
lanka. Las awvan ns pn-cp:m O Gh ra-

sonil una fation mdcaniquas o thor-
i nmsddﬁhhﬂml rédila du caplour,
pas da fanie da mand [wnluma mor redhith
al una pression supafcicle foromant raduis
dans la partia d'slanchéhoation

ﬂ?‘:ﬂﬂm
Ubeation pow mosunces balisbques of ME
mtiors do mesw al comme caplar do
renca. Malgré sa gamme de masue exdréme,
lo capicur peut Inds Gine ubliss powr ma-
suner prassons elafvamont bassos do
nuckques cantzings dk bar

Montage
Un saul eraudaga M12x avec sufeos da oint
usl'lh aveo pracision ewac Noutil 3 plan dres-
1200423 wulffit pour la fation du :a:-
Inur . 11. La montaga peut s ellociuar sa
pmw:lnn thamiqua partioulisne, anuur-:nl
avac b joint datanchiess ype 1100 (g 21
Powr profongar ka durahilits du caplour of pour

augmanter la pracizion da mesure nous. recom-
-nr-d-cns I' anqd'mdnhou:inr haminue Hpe
=] protectian ypa 118t
‘ﬁg ﬁwﬁmr Icula informiafiaon complemantain,
|z fiche B3 az138

Accegsolineg oo
* Plagua do proleciion thamigue 1181
* Houchar thamiqua BoE3A
* Joirt o slanchaila 1100
* Ohturatcur FAETE 3
= Arloptciour pour

gandraiour da prossion EB0AA B3
Cabla: wor notica fechniqua 16.001.
Accessolres de montage
* Kcha spssciaks 1341
* Torssdaaa M1Zx1 13EE
* Duld 4 plan drosser 1300423
* Cl& dynamomatniqua 13718
* D& douldle & ouveriona 5 mm 133
Modikes

Typa EZ13EK pour una wilisation 4 dos fins
d étalonnaga, awedo une indarils + 20,3 %
Typa_&21381. Eot comprenant k& version
EMAE, ans guo les owals do montsga do
typas 1341, 1300473, 1855 of 1273,

%

i ot s Tachnedly eceovee, £

I ni IMEraves
m:mud rns.irlnq main advan-
lapes ara :ch:\n:du'ahh- mechanical and

themal srass of tha sarsor, no mouning pap
[small doad wolame) ard a lamaly r-ag.md
suriane prassuns in tha sealing part

for all balisic measuramants and maasur-
as a ralarance sensor
axtramay lar

e s D'THEIIIQT
the sanscr s bast suited for maesunng rae-

tively low prossurcs of sevaral hundrad bar.

Micunting
To mount fa sensor, a fraadad hola Bz
with a:u:l.lra'nlgnl"jnnl:hnnd contact faos, which

can hnﬁ:nduﬂ'u.rspndd Ihrnd prodcction,
using onky Ihnsnﬂing ring Typa £ 000 {Fg. 21
Fnr pmhm:tl:u'l of monsor o and for incraas-

the usa of tha tharmal prolaction shiald T

E563A with_mounted thomal proleciva plae
Tyoa 1131 (Fig. 3k
Furthor informasion is porvided in B3 ezal
Accessories Typo
* Thermal profectno plata 1181
*  Tharmal profectie shiad E5EAA
*  Eaaling join 1100
*  Locking tappal Tiars
* Adapiaria

prassuna percralor SH0a, a3
Cabla: sca dala sheal 16011,

Accesaories Tepo

* Eparial drilling toc 1341
* Sometap M1201 1355
* Ewfaca finishing fool 1300422
* Torque wrench 1arig
* Tubudar sockat wrench hax. Bmm 1373
verglong

Typa &23EK br caibmbon purposcs with
Incarity of £ 20,3

Tyoa 621381 m-:\on:si of E2 ] m:l.ld
mnurnmg jocls Typos 1£ I.E

Todvniuman johna

Dichiungsnarta Jome
F . li'nl:n‘n.rql S5 mm
Saaling part ume mor (sare
aligsaga) 0.6 mma
COaad volume (wilhout
., bl 35 Mo

Fig. 2

Fig. 3

¥t ISTUM S AL WIRSILE, CH-S408 Winsshur, Swizsdand, Tel (D52 224 11 11

Hlather InsiTamant COip., Amirecal, WY 14208-2171, LSA, Prons (716} E51.5100

Figure D.2. Page 2 of techical datasheet for Kistler sensor of model 6213BK
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APPENDIX E: CALIBRATION CERTIFICATE FOR SENSOR 6213BK

KISTLER

measure. analyze. Innovate.

Kalibrierschein oruck
Calibration Certificate eressure

Type 6213BK Serial No. 1862472
Kalibeler! durch Datem

Calivenied by Date

E Weniger 12.05.2010 ——
Referenzgerdte Typ Serien-Nr,
Reference Equipment Type Serial No.,
Gebnanchsnormal Budenberz 1200 [1734 17346
Warking Standerd 8 b £000 (120C 12008
Ladungskalibrator

Charge Calbrator Kistier 5395A 441591
Umgebungstemperatur Relative Feuchte

Ambient Temperature flelative Humidity

< %

2 42

Messergebnisse Results of Measurement

Douck Ladung Empfiadiichkait dor Stufe
Prossure Crarge Seasitivity of Siep
bar pC pC / bar

BooO -5%62 .9 -1,19%

7000 8355 9 -1,194

6Coo -7145 4 -1,191

5000 -5559.8 -1,192

4co0 -4761 0 -1,190

3acco -A573.6 =1,191

2000 -23%1.8 -1,191

1000 -11828 -1,189

500 553,90 1,188

200 -236 82 -1,184

100 -118.42 -1,184

Aus der Stufenkalibrierung berechnet

Calculated by the step wise calibration

Bereich empfindlichkeit Linearitat

Range Sensithvity Lineasty

ber pC 7 bar = =2 %PFSO

0 ...8000 -1,193 0,14

0..1020 -1,188 0,07
Massvertahren g mit Totge g
Measurement Precedare  Stepwise Calibeglion, with dead weight tester
Kistier betreibt die STS Nr 025, rach O 108, $CS X 1 drd aut Bestelung erhitich

Kistier operates the SC5 Caltirason Labostory No. 043, which 15 ecorvdtnd por 150 17023, $C5 Caltraton Corlificalss e avilabic on roqued

Bestitigung Confirmation

Duas oben dusch die S te Cordt entspricht cer % der Bestalomg und Ralt dis HentelBoleranasn gerlss 6en Spexdiationen
dar b en. Cieses Dok erfak dic Andorderurgen wan EN 10204 ep /NS 3.1 Ale snd avf «
riagta Das Kister Q. wt System st nach 150 5004 ren® Dieses int oo & f
The ecpuipiva st merSorye abovw And OentBen Sy Seriad Numbss compies wih the sgcaneni of the toder ant meets the mare Rolurng wlernoss
speciud ip the Sala theets. The @ocument Tullds e requirements of 5N 10004 Irspecsor Conitate “3.17, Al memorng denoes are acaedi
o maliond tardands TAe Kitther Osatity Marapement System s certibnd gor 150 D001 This documtt » vald wiihou! & sgratom
Kistler Instremente AG
3 Eulechstrasse 22 Tel. +41 52 224 11 11 28 Winterthur BC 732 1BAN: CHE7 0070 0113 2003 7462 8
a PO Box Fax 441 52 234 14 14 Swift: ZKBKCHZZBOA VAT: 229 713
CH-8408 Wintherthur  Info@&istier. com Arcount 1132,0374 628 150 9007 certified wwwy kistler.com
Laltapeoe o t9

Figure E.1. Calibration certificate of Kistler sensor of model 6213BK
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C00-0d4m-11.97 (DACA.EZBAm)

Pressure — PAG

Quarz-Hochdmnucksensor
de haute pression a quartz
Quariz High-Presgure Sensor

Frondichiandar Hoohdrucksonsor, sparial ga-
agrat Hor Drudkmessungan an hydresdsdhan
Eystaman, B Eronrsiof-Enspitzpurmpan von
Dhesaimaloran

Dwch die pefonboria ArS-Sran-Eonsindkdion
unampiindich pegen wnlcrschisdliche Anrugs-
mamsants und Einbaubsdingungon. Dor Sarsor
raichmed sich durch sina guia Lircanisl, aro
astram hoha Labansdayer wed durch ane puis
Langeoitstabilial ouws.

Dank horemagordor Mae:sa;msch:]‘lnn ba-
shens pesignal for das h‘ﬁﬁ relafv geringar

Capicur da haula pression & stanch&ia ron-
taka powr masunes de pressions dars sysimos
hydraulques, p.ew pompes dirjecion da car-
bsorars powr mickcurs Dicsal.

Graca & la consruction brevatte “Anti-Sirain”,
la coplaer ast nscnsibla o coupks da sar-
raga diféronts of sux conditions do mortaga
Il s disirgus par sa bonna lirsania, wee du-
réa do sanica cxb@Smoment grandc of uns
borne siabiibs & long lemo.

Acomss do sas cxcsllonios propnisias, co cap-
teur ast avaniageusemant uliiss pour mesuer

KISTLER

1.2

BE2Ba

Frcrr soaling hiph-pressurs sonsor cepacaly
for pressune Massuemanis h'.'dm.i: S
fams, ap e inecion pomps of Diasc]
anginas.

Thanks o palaried Anb-Strain corstruction, tha
sanso is not onfcal o dilarent Sghlcnimg
forquas. and mounEng condions. I acols by
i= good lncarty, an axromaly bng lBofma
wrd @ good long-tima stabdisy.

Disa o it ancallant moasurng pmpurlm this
sansor is advaniageoushy wsed for
raktricly low prassuras of m:r:lhundm-d bar.

Dricks won canigen hundocrd [ema-as e ey samant besses do quel-
s Caninires dic bar,
T SN
1
=  Hoh= Eigenfrequenz F
Fréquenos propre diee L em
Bull-in IEmpETanne COmpEnsaion
= 5
» Lange Leberstssar 107 Zyiken (bl 3000 barl =
Dhunde= = Senvice prodongdd =107 cyches (al 3000 bar)
Long 1T =107 oyckes (ar 3000 bar]
M
= Auch mh singehaaT Impedanzwandier srdmich =l —
Dusponibies sl awsc Comesnisse dimpetance Comond = 1
Arwalainie with bullt-in ams Impecanoe oM ner, 1K
4 NETTES
Technkscive Daten Donnésg technkpues Technical Data”
Bereichi damme [Range bar 0 ... 5000
Konill briesrber Teslbereich ST partbeile St Callbrated partinl range =4 .. 5O
DOberiant Surcharge Orweriond bar
Empfindiichiket Besnolibilttd Benoittty = -k 2.5
Elgenfrequen: Fréquence propes Harhurn| rempuesncy KHE
Anatisgozet Tempo de monhis Rine Time [F 1
Lin=aritat Lin-darid = FEO mk]
filr alla Boroicha DOUr DU les QamImes tor all rangos
Bt be=urkgu ngaesm pfl nacl ko hike=t Benolnitd pux scoSdrothona MAco=Serotion o=nottwity
axdal axzla axdal barig Lol
normal zur Achse normake i s AT iy U
Ebooofentigk=R Adnlobance oy chaoc Bhock reclobance:
axdal axzla axdal a BOD00
memal Fur Achss normaks & Moo tramsversa g S0
Temperaturkosiizient Coefficlent de empérobene Temperstuns co=Mokent " {"C + D02
dar Emplindichkal! da & sensbills ol sansthiy
E=trieboiempemiurbensich ‘G o em pdraiues o b | cakioe Cpezsrort] gl =mperafure g b= S ... 200
K ez RS Capocié Capacinnce =1 =8
loolaticaowideroimnd Dol 20 "G Réalofamce d"lock=ment 4 70 "0 Inculatkon reclotance cf 20 0 Ta 50
AnTugomoment Counpie de oeTage Tighisnilng iorgus a0
Gewkcht Podda We=igt a i2
L= bl Durds e oemios Bervioe (e =107
bl Lasheachsel O ... 3000 barg {nomibra de sollciatons O .. 3000 bar} {numiber of load oyoieas 0 ... 3000 bar)
fbar = 108 Pa (Pascal] = 108N - m2 = 10107 _ gl = W50, psl 1 g= 99088 m - 55 1 Nmi = 0,7376E.. Init; 1 g = O,03527 _ox

* In all Kisfor documants, tha decimal sign is a comma on tha lins (50 2000 1092

Khatha! Insrumenme S0 Wimemhul, CH-BS0E Wimenher, Swicedand, Tel. (3520 22411 11

Blstier Inssrurmes e Conp.,. Ambaten, WY 14228 T, LES, Phore (708 B31-5000

Figure F.1. Page 1 of techical datasheet for Kistler sensor of model 6229AK
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000-M4m-11.37  DB12.62BAm)

Beachrelbung

i Frontdichiung stell pegantbar der bishar
vernancalon Sl:hul':m:ll:htung nnn- arthabiche
lachnischa Verbessanng dar. Dia wichtigsten
Vortole dor Fronidichiung ;l1:| wina wasantich
garingany mechanische Bolstong des San-
sors, kain Enbauspalt (kkinas Tobeduman)
ured oina stark redurioria Fllchanprossung in
dar Dichanartic.

Anwendung
Druckmessung an hydmubschen Hochduck-
sysiomian, r.B. Erarrsiof Erspibrpusmpan von
Dsclmaloran

Montapge

Zur Montage ganigt ain Gawindaoch M1t
or und mitials Fodneark-

TR T'.'|:| 1a0fizs nachgariabensar Dichiflache

B spariller Adapior T'.1:| 5330 amdagichi
dia_dirake !-In:\nl.:an an @ne engabobma Ein
spriekitung (sioha

For dia Montage ist unhndrql dic Bafrick=an-
leitung B2.6223 zu beadian.

Zubehor Tip
* [Dichiung 1900
* Worschhmsssiiok X1
* Adapior zu

Dnucigenaraior B005A, [ e
* Bridenadaptor [

Kabsal: sioho Dalanblag 15,011
Brderadapior: siohe Dalanblait 4. 015

Montapezubehor Tip
* Spariabohrer 127
* Gowindcbohnor M10x1 1363
* Raoibwarizoug 120042
* [Drohmomantschicssel 13008411
* Maulkinsat: 1300429
* Siackschilssal S\ B 1300841

[rr rotwandiig) b TicAochmontagal

§ mn @ 123

Descripticn

Comparte & [sanchification sur apaulomant
ulisda  jusouicd, [ﬂl:'-chbm::lr.\n fronialks:
reprisania una tachniqua impoe-
lanke. Loz ovaniogos prri:p:l.u qu &N ri-
siflont som ure citalion mécanigua Consi-
derablamant raduile du caplour, pas da fanie
de mariage [volume mort redui] o e pres-
sion suparicialla forlamant raduite dans k. par-
tia of slanchaifcabion

Application

Mosura do pmssions dans systémes hydmu-
gues & hauls pression, ki que pompas din-
jection da carburant pour moteurs. Diesal

Montage
Un saul teraudaga M1 avec surisos da joint
usinda avec pracision avac MNoutil a plan dres-
sar Ty ::'!J:I.ﬂ.?:mlnwrlawanndu:a:-
taur {hig. 1)

Un adapitour spécial bypa E5XA.. pomct
h montage direct s un n:mdui dinjection
{eair fig.

Lars du n'onl.:gn- la Motica damploi Ba.e22%
doit &na consuiioa.

Accegsoines Type
* ot d slancheila 1100
* Obluratcur BT
* fdaptatour powr
qandraicur da pression EB0GA e
* fAdaptatour & brida B5I3A. .

Cabla voir nofioa echrigua 15,011
Adapieicur & brda: war nofice lechniqua 4.015

Cescription

Comparzd 1o tha shouder scaling wsed so far,
the hont sccling  Scchnically mproves Fa
sarsar considermbly. The rna.itn: main advan-
lages ara o considambly lowor mechanical
sross of the sonsor, no momnting gap {small
dead volumal and = lerpaly raduced murfaca
praszra in tha sealing part

Applicaticn
Praszra massuramants. in bydradic high pras-
swrg sysloms, ap Gl imjpcSon pumps of
Diascl enginas.

Mounting

To mount $a sensor, @ Freaadad hola Meox
with accuralay madhinad conlacl faca which
has baon raaked with @ surfaca firishing tool
Typa 1300835 is sulbciont (Fig. 11

A spacial ada.plnr Topa G308 .. dlows e
direct mounting onic a spal driled injsction
(=oa Fg. 21

For the maounling procedura the Operatng In-
srucions B2.6229 must ba cbsanad.

Accessories Type
# Soaling joinl 1100
* Lacking tappal 6441
* Adapiaria

pressuns pereraior So0a, [ fei
* Clamp adapsar =5 k1

Cabla: saa data shoat 15.001
Clamp adaplar: soc dala shoet 4.015

[ Mt
el & :
'=F= @l
PN
o ML @ 3
ol
=
e
Flg.1

Accesecines de montage Tpe Hl:q.lﬂ:ng Apcessories Tipa
* Macha spaciak 127 Spacial dnling jool 1arr
¥ Torosd M 1001 123 ® Borgw tap Mo 1353
® Dutl & plan drossor 1200425 * Surfaca finishing tool 1300455
*  Clé dynamomdalngua 1303411 * Torguowrench E300A.11
* Fourche: Insari 1300823 * |Fork wrench irsart 130045
* g a douile & ouveriora 8 mm 1300841  * Tubulor sockat wiench hox Bmm 1300841
{soubomant la montage {onky for mounting in deop holas)
dans des ages projonds]
EWE Em
| i LGy
5
E— "RE
=]
wE
1 g
L | =] =
i L5 R
15 Me
LL]
21
& 2
Fig. 2

Flfied INETUMarRe AL WIRSITLE, CH-S408 Wirnemhu T, Swimsdand, Tal. (D52 224 11 11

Hlathar InStTomiant Goip., AmPwes, MY 142082171, USA, Prons (T16) E31.5100

Figure F.2. Page 2 of techical datasheet for Kistler sensor of model 6229AK
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APPENDIX G: CALIBRATION CERTIFICATE FOR 6229AK

KISTLER

measure. analyze. innovate.

Kalibrierschein orucx
Calibration Certificate eressose

Type 6229AK Serial No., 1831227
Kalibriert dusch Datuan

Calibrated by Date

U, Kihder 25.01.2010

Refererzgerdte Typ Serien-Nr,
Reference Equipment Typ= Serisdl No.
Cebraudsnomal

Warkag Stendard Kisther 62138-6000bar 612452
Ladungsalbrator

Charge Calfibrator Kistler 53954 441591
Um gebungstamperatur Relative Feuchte

:\c'nhienl Temperature ';‘:lallw Humidity

23 35

Messergebnisse Results of Measurement

Kalibrierter Bereich Empfindlichkeit Lineanitat

Calfbrated Range Sansitivity Lincarity

bar pC ! bar =z %F50

0..5000 -2,4502 017

0 2000 +2,400 017

0.._500 -3.408 0,09

Messverfahren Kontimulediche Kalibr, gleich h

Measurement Procedure  Cantinucus Calibration, (omp.mmn Methed

Kister ettt de SC5 Kadb Nr. 028, fuach 150 nnn. $CS Kakbrerzertdbane sind auf Besteliung erhlitich,

Kriber cpdratas the SCS Calbation Laborsiony No. 093, which m acceediied per (50 17027, 505 Calirneson Cerdlicites ase Sra bl 0o neosed

Bestdtigung Confirmation

Das nttno.m:h Qe Seronunmer dentib Gart e der Ve g dor Jestelung wnd hil de ¥ gemiss den Spenitdatoren
dar Dy wr. Dieses O eriont de Ml \gen vom EN KHN Abndnq:mfxqms “3.9% Nie Mevimitiel snd qul maiongle Nomale
riceverioigbar Dus Kister Qualiitymasagement System amt 150 2001 sertificurt. Dlses Dokument it chne Unlerschalt gikig
The cquisment menfonod sbive and Dentifed by Sera! Roanber complins i 1he agnemtedi of S nedke 2l mpess the manafacn Mg Wferwmon
¢ fatd theeds. This docanent Ml Pe ncatnanents of BV 10J0¢ Inspacian Cartil ra.< 15 A sy auring dev e tracea ble
o nalong dasdends The Kiler Qmaity Manapgevent Syslonn is enctifndd por 190 SO0 Ths docomuont & walid withioul 3 wgralus
Kistler Instrumente AG
= Eulachstrasse 22 Tol. +41 52 224 11 11 20 Winterthar BC 732 1BAN: CHE7 0070 0113 2003 7462 &
- PO Box Fax +41 52 224 14 14 Syt unmh VAT. 2227V
CH 2408 Wintherthur __info@kistier. sdmaseas Liioblapy oo

Figure G.1. Calibration certificate of Kistler sensor of model 6229AK
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APPENDIX H: TECHNICAL DATASHEET OF CALIBRATOR 6907B

DOC-FIm-0499 D81 E.E9 T m)

Accessories — XKE

Kallbriargarat
Etalonmeur
Calibrator

Traghans, mikoproeassongesiesios Kalbriar-
gerl ior Sersoron,

Fusammen mit den vwon Kefer angaboloren
Refororrsansoran und Druckgararationan kin-
nan komplatte: Arlagen ior die dynamische
Furktiorskonbole und guesslaische Kalbna-
rung von Drucksorsoran crstell wondar,

For das Erscllon wvon Ealbnerschainan und
am Spacham dar Hi:nﬂr:lalm sighl are
nmaticha PCSofwara zur

Das Massgant kann such rr rwalanalpan
Spllzml:l'l.ichn'lmung oder als 2-Karalla-
dungsversiartkar mil shilanios  cirsialbaran
Massharcichen und hohom Badicrungeskom ot
arpesatt wardar,

= Uniyersaiies Kalbriengerat fr dynam ische

Funkbiore kontrodis und quesisiabsche Kalbrienng

Exslonmeur universel pour Smiornage
dynamigue et qus st gue
Universal callbrabor for dynamic
and quasistafic callbration
= Hohe Messgenagigheit
Haute précizion de mesure
High messuring acourscy

Etslonmsour portatil powr caplours, commarnds
[ TR R ST,

Asmockl aux caplowrs do milroncs o aux
pandmiaurs da presson de kb mangus Fastier,
ol dsdomeur pommsat ke montaga dinstallations
compltice, desindas ou contdle do lomction
dynamigua ol & l'stslormape queskiaiqua da
captours da prasson

Praxr diablir dos corfficals d'élalorrags ot pour
mémarsa ks dorsos dételonrags, o
logicial  supplemantile por  ordnalows
personnals et disponibla

Do plus, I'sslonnesr peul aussi Sirs amplows
poar la mesune do pressions do ordte dans
Z canaux o comme amplificstour de chama
& F caneu avec des gammes do mesuns -
plables cn confinu, pomeliant une mise on
CHUWTS RISt

KISTLER

1..4

ETE. ..

Pariabla, micmoprocsssor-conirallad  calbrator
fior sensors.

Kister offors along with reforomcos sonsors. ard
pressuns generaiors albo complais syshams fior
dynamic  fomchion  losting and guasissalic
calibeation ol pressune sersors

Addiioral PC sofware is  swalable  for
producrsy  calbration  cortficates and  for

Norecva, this maasuring insinumant can akso
ba used for 2-charrel peak pressurc measurs-
menks o as a user-fiandly Z-channal charga
ampliiar with confirucusly adustzhle mamswr-
g rangas.

= Lestungssharke Softwars f0r das Auswerten und Versalten
von Kalbrisrdaten und das Ershelen won Probokolisn

Logics] rés periormant pour fraler =2 pérer s données
démionnage f pour &bl des prises &n procEs-verbal

Powartyl softwars for processing and mansging calbraton

data and for estkabishing editing repors

® CE-kortom
Conforme au CE
Comforming o CE

Fonformitat mit EG-Fiohiinis
EWV Exaussendung
EW Exiriostiquns

Baschralbung
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&
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= Rafororce sansor s2138K

= Raferance sansor [

= Raforonco sonsor TOEIBK

= Raforonce sonsor with

ECS calibrasion cortficata SEE1AZE0
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CALIBRATION CERTIFICATE OF 690/B
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3010041

Physikalisch-Technische Bundesanstalt

Braunschweig und Berlin

Gegenstand:
Oyt

Hersteller:
ManuBchwer

Typ:
Type:

Kennnummer:
Senal Na

Auftraggeber:
Appivcant

Anzahl der Seiten:
Nurmber

of pages:

Geschaftszeichen:

Raferance No.,

Kalibrierzeichen:
CaVorabon mark

Datum der Kalibrierung:

Dale of cafbvabon:

Dr. Holger Christian

Schineke?

Kalibrierschein
Callbration Certificate

Ladungsverstarker

Kistler Instrumente AG
Postfach 304

8408 Winterthur
Schweiz

5015 A 1000

4326662

UME Pressure Laboratoies
TUBITAK Gebze Yerleskesi

P.O. Box 54, 41470 Gebze Kocaeli
TURKEY

4

PTB-1.33-4068343

PTB 13002/14
2014-03-05
Im Auftrag
On boM.o‘f PIB
[ [
Heinz Hertel

PIB

K.nbbﬂecmre ohn: Umserschrift ung Sieged haben keine Gulllpmﬂ Desar let:mncmn darf nar

Cafd Corkh

Y e Genﬂmm der Ph

without
Extracts may be laken onfy with the

e B

maodnnofvnﬁd M&bmnmmmyrummmmdofhermmmm
of the £

Figure 1.1. Page 1 of calibration certificate of Kistler calibrator 6907B
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Physikalisch-Technische Bundesanstalt P-I-B

Seite 2 zum Kalibrierschein vom 2014-03-05, Kalibnerzeichen: PTB 13002/14
Page 2 of the Cakbration Certificats deted 2014-03-05, caVbralion mavk PTE 1300214

Kalibriergegenstand:
Der Ladungsverstarker vom Typ Kistler 5015 fur die Messgrife elektrische Ladung.

Kalibrierverfahren:

Die Messwerte wurden mit dem beim Hersteller niickgefihrten Prazisionsladungsverstérker vom Typ
Kistler 5395A Prifmittelnummer PTB-1.33-0035 nach Kalibrieranweisung des Herstellers ermittelt.

Messergebnisse:

Die Kalibrierung umfasst die Messgrile Ladung Q. Nach der Selbstkalibrierung des Monitors des
Ladungskalibrators und der Messung der Nullpunkispannung wurde eine Messserie
be 8 verschedenen Ladungen mit jeweils 1 Messwert durchgefGhrt.

Messunsicherheit:

Die angegebene Messunsicherheit ist die Standardunsicherheit der Messung multipliziert mit einem
Erweiterungsfaktor k = 2. Sie wurde gemaR dem "Guide to the Expression of Uncertainty in Measure-
ment" (ISO, 1995) ermittelt. Der Wert der MessaréiRe liegt im Regeifall mit einer Wahrscheinlichkelt
von annahernd 95% im zugeordneten Werteintervall. Die erweiterte Messunsicherheit beinhaltet je-
doch keine Langzeitstabilitat.

Umgebungsbedingungen:

Temperatur (212 1)°C

Relative Feuchte (602 5) %

Messbedingungen:

Vor der Messung wurde die Messleitung auf einen ausreichenden Isolationswiderstand (21-10" Q)
geprift.

Besondere Bemerkungen:
Auf dem Ladungsverstarker wurde eine Prifmarke angebracht,

Figure 1.2. Page 2 of calibration certificate of Kistler calibrator 6907B




Physikalisch-Technische Bundesanstalt

Seite 3 zum Kalibrierschein vom 2014-03-05, Kalibrierzeichen: PTB 13002/14
Fage J of Calbration Cerificate dated 2074-03-05, callvation mark PTE 13002/14

Kalibriermesswerte

Nullpunktspannung in V = -0,0006

125

PIB

Einstellung Messwert Abweichung | Ergebnis
Kalibrator Verstérker InV n% |
50 pC 5,0 pCiv 10,021 0,21 i.O.

100 pC 10,0 pC/V 10,022 0,22 i.0.

500 pC 50,0 pCiV 10,027 0,27 i.0.
1000 pC 100,0 pC/V 10,035 0,35 1.O.
5000 pC 500 pCV 10,010 0,10 L.O.

10000 pC 1000 pCIV 10,033 0,33 i.0.
50000 pC 5000 pCIV 10,027 0,27 i.0.
100000 pC 10000 pC/V 10,047 0,47 | 1O.

Die erweiterte Messunsicherheit betrigt gemaB 1SO guide to the expression of uncertainty
in measurement % 0,47 % (Erweiterungsfaktor k = 2 bei einer Wahrscheinlichkeit von 95 %).

Figure 1.3. Page 3 of calibration certificate of Kistler calibrator 6907B
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Physikalisch-Technische Bundesanstalt P-I—B

Seite 4 zum Kalibrierschein vom 2014-03.05, Kalibrierzeichen: PTB 13002/14
Page 4 of the CaNtralion Cerfificate daded 2014-03-05 calvation mak: PTE 13002714

Die Physikalisch-Technische Bundesanstalt (PTB) in Braunschweig und Berlin
ist das nationale Metrologieinstitut und die technische Oberbehdrde der Bundesrepublik
Deutschland fir das Messwesen. Die PTB gehdrt zum Geschafisbereich des
Bundesministeriums fir Wirtschaft und Technologie. Sie erfullt die Anforderungen an
Kalibrier- und Priflaboratorien auf der Grundlage der DIN EN ISO/IEC 17025.

Zentrale Aufgabe der PTB ist es, die gesetzlichen Einheiten in Ubereinstimmung mit dem
Intemationalen Einheitensystem (SI) darzustellen, zu bewahren und weiterzugeben. Die
PTB steht damit an oberster Stelle der metrologischen Hierarchie in Deutschiand.
Die Kalibrierscheine der PTB dokumentieren eine auf nationale Normale riickgefihrte
Kalibrierung.

Zur Sicherstellung der weltweiten Einheitlichkeit der MaReinheiten arbeitet die PTB mit
anderen nationalen metrologischen Instituten auf regionaler europaischer Ebene in
EURAMET und auf internationaler Ebene im Rahmen der Meterkonvention zusammen
Dieses Ziel wird durch einen intensiven Austausch von Forschungsergebnissen und durch
umfangreiche internationale Vergleichsmessungen erreicht.

The Physikalisch-Technische Bundesanstalt (PTB) in Braunschweig and Berlin
is the Natlonal Metrology Institute and the supreme technical authority of the Federal
Republic of Germany for metrology. The PTB comes under the auspices of the Federal
Ministry of Economics and Technology. It meets the requirements for calibration and testing
laboratories as defined in DIN EN ISOAEC 17025.

The central task of PTB is lo realize, to maintain and to disseminate the legal units in
compliance with the International System of Units (Sl). PTB thus is at the top of the
metrological hierarchy in Germany. The calibration certificates issued by PTB document a
calibration traceable fo national measurement standards.

PTB cooperates with other national metrology institutes - at the regional European level
within EURAMET and at the intemational level within the framework of the Metre
Convention - with the aim of ensuring the worldwide coherence of the measurement units.
This aim is achieved by an intensive exchange of the results of research work and by
comprehensive international comparison measurements.

Physikalisch-Technische Bundesanstait

Bundesaliee 100 Adbesirate 2-12
38116 Braunschwelg 10587 Berin
DEUTSCHLAND DEUTSCHLAND
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APPENDIX J: CALIBRATION CERTIFICATE OF 6907B

4 —
TUBITAK SAGE KALIBRASYON LABORATUVARI

JR ] 1] 11—

SAGE o

UygulananiSet Defer Olgiilen Deger Alt Limit Ust Limit Hata Oigiim Bel.
Appiied:Set Valne Menswred Valae Lower Liwlr Lipper Limit Errar Meves. Une,

Dev

0,0000 V 0pC000114  V v Vv v 5.8e-0056V
1.000V 10100CH1.00684  V v v v 5.8e-004 V
2.000V 2020pCi2,0257 V \4 Vv v 5.8e-004V
3.000 V 3030pCA.0431  V v v v 5.8e-004 V
4.000V 40500C14.0568 V v v v 6.6e-004V
5.000 V 60700C15.0735 V v v v 560004V
5.000 V 61000061019V v v v 5.86-004 V
7.000V 7120pC7.1208 V v v v 5.8e.004 V
8.000V B1400CB, 1427 V v v Vv 5.68e0-004V
9.000 Vv 9170pCH. 1768 V v v Vv 5.86-004V
10.000 V 10200pC#10.2004 V v v v 5.6e-004 V
v Oigilen defer twetici toleransian igindedir * Oiglilen deper (refici loleransian digindadir.

Olctim Belirsizligi:
Measurament Unosrtakaly
Beyan edilen genigletilimis digiim belirsizligi, standart belirs izli§in, k=2 olarak alinan genigletme katsayis: ile

¢arpim sonucunda bulunan degerdir ve %95 oraminda glivenilirlik saglamaktacdir.

The repxtad expanded wncaviainly of measusmen iz sfaled as the standandd « y of N mepled by e coverags facior
R=2, wivoh far @ normal stibution corr loao 9 babisty of aporox Iy 955
Gerektiginde yorum:
Remarks
Bege N2 991002244 TORITAK SAGE 1. 98 0081 MarwbANSARA T 480 112 63000 (0F «80312 590 01 48
Glrceliene 12 WA ERgE TR pov by 3’3
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@ SAGE

- £ TUBITAK SAGE KALIBRASYON LABORATUVARI

SAGE 08-15
Uygulannm/Set Defer Olgilen Degier Alt Limid Ulst Limit Hatn Olglim Bel,

AppliedSer Value Meoswed Valve Lower Liwit Uppprer Livait Erear Mear. Une,
ACV
0.9955 V @@ 160 Hz 0.90237 V 0.98558 V 1.00542 ¥ 0.00313 V 1.2e-004V v
1891V @ 180 Hz 1.9203 V 19711V 20108 V 0.0007 V  B.1e-004V Vv
29064 V @ 160 Hz 298350 V 295867 V 301824 V 000290 V 578004V ¥
3.9818 V @ 160 Hz 3.97800 V 3.94202 V 402158V 000380 V 64004V ¥
49773V @ 160 Hz 497200 V 402758 V 602702 V -0.00530 V  7.2e-004V V
5.9728 V @ 160 Hz 596480 V 591315 V 6.03245 V 000800 V  7.8e-004V
8.9683 V @ 160 Hz 6.96200 V 6.80868 V 7.03792 V -0.00830 V. BSe-004V v

¥ Olgilen deder Uretici toleransian igindedir

Olgiim Belirsizligi:
b ibenngd.

* Oigllen defjer Uretici toleransian digindader.

Beyan o-allon gonh,lelllmis olgiim belirsizligi, standart belirsizligin, k=2 olarak alinan genigletme katsayis: ile
carpimi sonucunda bulunan degerdir ve %95 oraninda giivenilirlik saglamaktadir.
The raporfed expandad unceviainly of messoramant is slaled as the slandad urcertainly of measwament muliphed by the covarage facko
k=2, which for a normal disiibunion camesponds (0 a covarage probabiily of aporoximalaly 95%.

Gerektiginde yorum:
Romaks

Barpe NoFii 0022¢s
Glncebiens 12

TUBITAK BAGE PE % 05251 MarelNKARA T «50312 S0 S0 F 400 M2 20091 42

WAV S B30 NN pov. ¥
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