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DYNAMIC PRESSURE CALIBRATION
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Abstract — The sloshing loads in tanks of LNG carriers are Any sloshing assessment performed in GTT relies on
assessed during the ship design phase by perforstosbing  sloshing model tests at scale 1/40. The Plexiglak is filled
model tests. GTT have initiated studies to deteeminyith water and a mixture of gases (SF6 + N2) ineorthat
parameters influencing pressure sensors sensitivitye the density ratio between the gas and the liquitches the

objective is to develop a dynamic pressure calibnat . . .
method. The selected parameters are the rise tidettee real one on board the ship. Six degree-of-freedontiams

discharge time constant. The results in terms ofiteity ~ are accurately imposed to the tank by a Stewart-pfatform
and uncertainty of this approach are compared thighmore  (hexapod) mimicking pre-calculated ship motions e(se
conventional calibration methods. Fig. 2), relevantly down-scaled. The tank is ingtemted by

o _ about 300 pressure sensors grouped by arsayspling at 20
Keywords: ~ calibration method, dynamic pressure,xpz Each sensor is screwed thoroughly into a mietal
sensitivity, rise ime, discharge time constanisking. module in order for the diaphragm of the sensdredlushed

Nomenclature: to its inner face. The modules are fixed into datdd

FOD: Fast-Opening Device openings of the tank walls at relevant areas. Ahditions
GTT: Gaztransport & Technigaz (fill levels, sea states, wave incidence with reigao the ship
LMD: Dynamic Metrology Laboratory route, speed) the ship is expected to face dutsdjfe are
ST: Shock tube tested. Measured peak pressures are statisticadist- p

LNG: Liquefied Natural Gas processed. A reliability-based approach is folloveecbling

to derive the probability of failure for each linstate of the
containment system [1]. A summary of the methodply

1.1 Context given graphically in Figure 3.

LNG is usually stored and transported at -163°C and = Sloshing model tests in GTT's lab are also perfafriue
atmospheric pressure. GTT is the designer of thelm@ne ReD purpose. The main objective of these testibetter
containment systems for land storage and Seaborrl‘J'?1derstand sloshing physics and scaling laws ®ptiessure

transportation of LNG. i
During transport by sea, the ship motions induceGLN measurements [2]. These tests can be performedraus

motions inside the LNG tanks (see Fig.1). This LNGscales including scale 1/40, with different kindggases and
sloshing might generate impacts on the containragstem. different kinds of liquids. Most of the time, higépeed
The impact loads induced by sloshing are the ddsiggis of cameras are used during these tests, synchroniitbdtive

the containment system. pressure sensor acquisition. The sampling ratheoptessure
T : acquisition is higher than during the project tekts usually

around 40 kHz [3].

1. INTRODUCTION

GTT owns about 1200 PCB dynamic pressure sensors, i
piezoelectric technology, to use it during sloshimpdel
tests. Sensor model used is 112A21. The sensohrdigqm
measures around 5.6 mm diameter and is in invaresisethe
E housing is in stainless steel. Otherwise, the IEBBponent
——— W i W is integrated, and the sensor is compensated ielexation.

' - The reliability of the pressure measurements igefoee
Fig. 1. LNG tank of a membrane LNG  Fig. 2. Sloshing Model ~ €ssential for GTT, both for the projects and forOR&tudies
carrier Tests in GTT lab [3].



_ m to check the new sensors for liquid impact condgidresults
@ === for different drop heights were compared with poes
— experimental results with old sensors and with téécal

Environmental (N
conditions - — =
Model test Static i
experiments Ambient temperature
N
ping

- wiothemiamame | TESUIts from Wagner's theory [4]. Pressure sengiving
E analysis | results outside a certain range for a given coonlitivere
Spatial oad considered as wrong and discarded. Although it was
post-processing .
I Femcalbration tempting, the drop-tests results have never beed as a real
— .\ ’ calibration.

F— statisties Moreover, only a few laboratories and dynamic press
e — | FEM analysis sensor manufacturers calibrate pressure sensorsh Ea
Experence atses P’ ccnngftor l laboratory has its proper methodology. Consequgerebults

! . ) depend on the laboratory. None of them considdes/aat
ssessmen N . -y . .
Design pressures — ) operating conditions with regard to sloshing tests.
1.3 Objectives

Fig. 3. GTT's methodology for a sloshing assessméany LNG ) ) o
vessel GTT decided to develop its own method to calibiitge

sensors. This calibration procedure is intendezbtwsider the

operating conditions of the sensors during thehahgsmodel
1.2 Problem tests and to ensure traceability to the internatisystem
unit. Moreover, GTT organises intercomparison betwe
ARTS ET METIERS - ParisTech and PCB Manufacturer to
compare result obtained from different methodolfg}y

The present article describes results obtainedunjysg
the influence of the rise time and the dischargestconstant
on the sensitivy of the sensor.

The study is performed in collaboration with theragnic
Metrology Laboratory (LMD) of ARTS ET METIERS -
ParisTech engineering school. The expertise of Ligbhe
calibration and measurement of dynamic phenomena in
general and of dynamic pressures in particular. LMilds,
maintains and operates the French National standdrd
Laboratoire National de Métrologie et d’Essais (DN& the

The determination of the sensor pressure valueriset
from a voltage measurement by a calibration factbe
sensitivity value of the sensor. The sensitivityules from the
ratio of the output (voltage) on the input (pres3uand, is
obtained experimentally by calibration of the pteessensor.
The experiment consists of sending a pressure atepof
measuring the output voltage of the sensor. Theatipa is
performed on many levels of pressure, coveringrémge of
the sensor. By definition, the sensitivity of thensor is the
slope of the curve Voltage = f(Pressure) (see Eigl{3].

Sensitivity sensor calculation

5.00 "dynamic pressure".

4.00 / In a first part, a recalling of pressure sensors
N / characteristics are made, then various equipmeses @or
s 200 / y=0.0469x calibration are presented and finally the resuftshe study
e / for each parameter are exposed. In conclusionintheence
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Fig. 4. Sensitivity of a pressure sensor determiyedalibration IEPE stands for “Integrated Electronics Piezo Eiett
In this example, sensitivity equals 0.0469 V/PSI. Piezoelectric pressure sensors measure dynamiGupess

i ) and they are generally not suited for static pmessu
The impact pressure value depends directly from thpeasurements.

sensitivity value. Therefore, it is important tocamately
determine the sensitivity of a dynamic pressurescseand to
know the parameters influencing this measure. Rertime
being, GTT relies on the sensitivity values prodidey the
sensor manufacturer. They are evaluated by usexd REB

The built-in circuit is powered by a constant catre
source (see Fig. 5). This constant current sourag lne part
of the instrument or a separate unit. The vibraga@nal is
transmitted back to the supply as a modulated bidtsige.

! A Both supply current and voltage output are trarnschivia the
FOD, 903B02 model, with a rise time lower than 5 ise  game cable. The capacitor CC removes the senssr bia

fluid used for calibration is the air and the serdiaphragm voltage from the instrument input providing a zeased AC
is recovered by silicon grease to prevent therméd. But  gjgng.
these test conditions are not representative ofstbghing
impacts, especially because they are made in a jemeous
environment (gas) instead of the heterogeneous@mient
(liquid and gas) of sloshing tests [3].
As a safety measure, at each time GTT bought asstw
of sensors, dedicated wet drop-tests were perfoimedder
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Fig. 5. IEPE principle

The quartz crystals of a piezoelectric pressuresaen
generate a charge when pressure is applied. Howeven
though the electrical insulation resistance is ejldgirge, the
charge eventually leaks to zero. In a pressureosengh
built-in ICP electronics, the resistance and capace of the
crystal and the built-in ICP electronics determiine leakage
rate [5].

When leakage of a charge (or voltage) occurs in
resistive-capacitive circuit, the leakage followsn a
exponential decay. A piezoelectric pressure semsystem
behaves similarly. The value of the electrical citpace of
the system (in farads) multiplied by the valuela electrical
resistance (in ohms) is called the Discharge Tinoastant
(DTC in seconds).

The discharge time constant is defined as the tim
required for a sensor to discharge its signal téo 3 the
original value from a step change of measure. Tibehdrge
time constant of a system relates to the low-fraqye
monitoring capabilities of a system.

In PCB pressure sensors [6], the discharge timstaoh
of the sensor is set at a fixed value by the bmiltircuit.
When an ICP sensor is subjected to a step funatiout, a
quantity of charge,Aq is produced proportional to the
mechanical input.

Output voltage isAV Ag/C where C is the total
capacitance of the sensor electronics. This voliagthen
amplified to determine final sensor sensitivity.

The charge signal decays according to the equation:

1)

q=0Q. &URC)

with :

g = instantaneous charge (pC)

Q = initial quantity of charge (pC)
R = bias resistor value (ohms)

C = total capacitance (pF)

e = base of natural log (2.718)

t =time

Piezoelectric sensor is treated as a linear timariant

system. Then it is evaluated on the basis of therded
response to the step-function input [7].

The rise time is the time taken by the step to ghainom a
specified low value to a specified high value. Tglly, in

analog electronics, these values are 10% and 90%meof
maximum amplitude of the step.

Excitation by a pressure step is often performed thoy
aperiodic generator pressure. We list fast opemiagices

(FOD) and shock tubes (ST). These means are charmct
by a low rise time.

2.2 Shock Tube

The shock tube consists of two elongated chambers,
usually of constant cross section, separated byuistb
diaphragm (see fig. 6). Initially the gas pressisréigher in
one chamber than in the other one. When the digphra
ruptures the expansion of the high-pressure gastlia low-
pressure chamber generates a shock wave whichstfageer
than the expanding gas. The rise time providedhkyshock
tube is of the order of nanoseconds [7], [8], anddnsidered
to be an idealized pressure step generating hegjuéncy
content.

The generated pressure step is calculable from gas
dynamics provided that the pressure ratio, tempezatiriven
gas composition and shock wave velocity are acelyrat
gnown [7].

The low pressure camera contains the working gas. O
this last room, the sensor to be calibrated willifetalled,
either in the wall or in the back tube.
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Fig. 6: Simplified illustration of shock tube

The realized pressure step will be held constarindguhe
so-called dwell time which is a function of the skaube
length [5].

2.3 Fast-Opening-Valve Device

In this generator, two chambers with very different
volumes are separated by a Fast-Opening-Valve.s€hsor
to be calibrated is mounted on the smallest casitpject to a
pressure P1l. The largest cavity is subject to pres$2,
higher than P1. Owing to the great difference dinee of
the two cavities, the sensor goes to a higher le/gressure
(P2) after opening the separation valve. The pressu
increases within a very short time so a nearlyguotrétep of
pressure P2-P1 is generated (see fig. 7) [9].

An advantage of the fast opening device, as corptare
the shock tube, is that the amplitude of the pmessan be
maintained for an arbitrary time. The disadvantagiat the
rise time is higher than the one obtained in a lsholse.
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Fig. 7: Synoptic scheme of an FOD and pressuregstaprated



The French national standards [10] for dynamic sres
maintained by ENSAM-Paris, consist of four overlagp
shock tubes and some fast opening devices, coveheg
range from 10 kPa to 20 MPa.

3. EXPERIMENTATION

To calibrate dynamic pressure sensor, we needply ag
input, a pressure step with a short rise time. §tep has to be
as low as possibe relative to the discharge tinmstemt, to
have a negligible error.

To quantify the error during calibration with aifanrise
time, analog and numerical simulations were perémtroy
varying the rise time of the input step and thehbsge time
constant.

3.1 Analog smulation

At the input of an analog simulator, whose transfer

function is high pass type filter of the first ordeve apply a
given rise time step. The corresponding outputhswas in
fig. 8. To a unit amplitude input, the maximum alof the
response is less than the value of the input.
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Fig. 8: Response of a piezo resistive sensor ai@Rursensor to a
pressure step

To quantify the error introduced by the effect bé trise
time for a given discharge time constant, the maxm
achieved by the response is recorded for eacttinge The
fig. 9 shows the result of simulation.

The rise time is the time taken by the step to ghadnom
10% to 90% of the maximum amplitude of the stepe Th
discharge time constant is defined as the time fitbim
intersection of the tangent at the origin and time taxis.
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Fig. 9: Maximal of amplitude obtained with a stepdtion of the
ratio rise time/Discharge time constant

The maximum amplitude of the response to a unf e
represented versus the ratio between the rise éntke the
discharge time constant. The error is a substantimear
function for a given rise time and discharge tirnastant.

For example, for a discharge time constant of Disgs
which is the typical value of test sensors, a tiise of 0.004
s to the input pressure step introduces an erssrtlean 0.5%
on the determination of the sensibility.

Given the analog noise, measurements are delica¢m w
the error approaches zero. To explore this areaemor
precisely, a numerical simulation study needs to be
performed.

3.2 Numerical simulation

The approach used in the numerical simulation
(MATLAB) is identical to the analog simulation. Ate input
of a module representing a first order high-paps filter, we
apply a given rise time step. Fig. 10 gives typieabonses.

As a digital noise is very low, the maximum meameat
is easier and allows to explore more preciselyafea where
the error is very small.
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Fig. 10: Response to a step for different dischéinge constants
(Rise time : 4 ms)

Fig. 11 shows the maximum value for different tisees
versus the discharge time constant. The lower tbehdrge



time constant is, the higher the error is. The lowee step of
the rise time is, the lower the error is.
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Fig. 12 gives the results of numerical simulati@sdd on
the ratio of the rise time and the discharge tiroestant.
Regardless of the rise time and the discharge tiomstant,
the error is a linear function.
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Fig. 12 : Maximum value versus the ratio Rise tigcharge
time constant

Fig. 13 shows the comparison between the analog

simulation and numerical simulation. The two appres
showed very similar results.

The linearity and the slopes are almost equal in a

relatively wide range of the ratio (rigéme/discharge time
constant). These properties are independent dfstiegpe” of
the input step.
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Fig. 13: Comparison between analog and numericabagh

During a sensor calibration, provided thatthe asitjon is
adequate (sampling frequency and recording timag t
calculation of the rise time and the discharge taoestant is
possible. Knowing the ratio of these two parametesma
allow a correction on the sensitivity of the sensoder test.

4. CONCLUSION

This study allows to see the effect of the riseetiamd the
discharge time constant on the sensitivity. Whatéive kind
of simulation, analog for long times and numeriftal short
times, curves are linear and slopes are similarrinQu
calibration, it is necessary to quantify these paoameters to
minimize sensitivity errors. Moreover, knowing tfaio rise
time/discharge time constant allows to correctrfyithe test,
sensor sensitivity.

Finally, it should be noted that the conditions for
acquisition of the entire measurement chain mustalien
into account and in particular the input couplifC(/ AC).
Indeed, an alternative coupling decreases the abpny
discharge time constant. For a given rise timendy also
cause a significant error in the value of the prespeak
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