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1. INTRODUCTION

The piezoelectric effect is the ability of certamaterials to generate an electric charge in regptmapplied
mechanical stress, and inversely to generate macatrain in response to electric voltage supphis mutual
characteristic of mechanical — electrical relatibas been referred to as “reversibility”.

A variety of devices have been invented and manwrfed based on this effect. Buzzers and/or loudlsgrs,
vibrators, ignitors, energy harvesters, vibratioensors, electric filters, electric oscillators, amdltage
transformers are typical examples. However thetrtegevices above suffer from undesirable tempeeatirift
noise due to the pyroelectric effect of the pieewice. The physical relations of the devices akboekide not

only reversible mechanical — electrical relationyt talso reversible current—voltage, voltage—voltaged

temperature—voltage relations. In conventional ysed of piezoelectric devices, these relations are

independently treated and no general model has ¢mmesidered. For example, when they are used ateatric
filter, the model is an equivalent electric circuit

In this study, first we build a general feedbackdelowhich describes all the relations above ineigdihe
reversibility based on the piezoelectric effece gyroelectric effect, electrostatics and dynanfsecond, based
on this general model, we consider the possibibtydevices which include conventional as well ayato
applications.

As a novel application, we propose a hew mask-bipesensor which detects respiration and pulsafidiis
bio-sensor uses the pyroelectric effect which tlanss the temperature of hot air ventilated fronutim@r nose
to voltage as well as the piezo effect which traieed the mechanical pulsation movement to voltdigke bio-
signal shows abnormal symptoms, the device is agplyeused as an alarm sound generator. Furtheymere
present a novel, acoustic, tube type level meteictwhketects the bulk and powder level in a tanktHe
application, we use the device as a sound genenat@mbination with an acoustic tube.

In this thesis, the following, second chapter, tedi “Multi-Input/Multi-Output Characteristics of i€zo
Devices, describes the general model of the pi#eote The third chapter, entitled as “Respirondig a Piezo
Device and its Application to Triage,” describeseapirometer. The forth chapter, entitled “Powded 8ulk
Level Monitoring by an Acoustic Tube Method,” débes a level meter application, and final fifth cluding

chapter summarizes each chapter.



2.Multiple-I nput/Multiple-Output Characteristics of Piezo Devices

Abstract— The objective of this paper is to understandctimeracteristics of the phenomena in piezo devites i
a better manner, and to demonstrate a novel afiphicor triage. That is, we focus not only thezmeeffect, but
also the pyroelectric effect of devices which magand the possibility of their application field® accomplish
this, instead of the conventional equivalent eleatircuit, we use a lumped-mass mathematical moéehe
device based on electrostatics and mechanics asiigck diagram and transfer functions. The progasedel
shows that the piezo device has internal feedbiackcating that it can function as a multiple-infontiltiple-
output sensor and/or actuator with reversible dtaritics. These characteristics allow us to appyo devices
to triage to detect the vital signs of heartbeat l@spiration when the device is set inside a ma&kdeveloped a
simple and robust low-power, mask-type triage setigt visualizes the respiration and heartbeat.

Index Terms—multiple-input/multiple-output, piezo, pyroeledyireversibility, feedback, triage.

2.1 INTRODUCTION
Certain types of devices exhibit reversible chamastics, whereby the input to the device can adha output

and vice-versa. For example, electromagnetic mdtarstion as electromagnetic generators, and plezctre
actuators generate a voltage when a force is apgithem. Because these devices function as ptgtuators
but also as sensors, they have attractive apmitatiA sensor-less automatic feedback control utiege
inverse functions alternately, in a time-sharinghmex, is one example of such applications [1]-[®]this paper,
we investigate the characteristics of piezo deviceketail, in order to use them as multiple-inpuifiple-output
Sensors.

Piezo devices are applied in a variety of fieldekstronic filters, electronic oscillators, sougeherators,
acceleration sensors, vibration sensors and vitsatgniters, etc., [10]. Among these applicatioti'ee most
common use for these devices is as electroniadiltence, piezo devices have been modelled using an electric
circuit [11] in spite of the interaction betweerdtical, mechanical, and thermal phenomena irdéhace. An
equivalent electric circuit consists of a capacttonnected in parallel with a series-connecteditimntaining a
capacitor, coil, and resistor. This standard apgrashows only one aspect of the phenomena occuimitige
device, which limits its true potential.

To show the true potential of piezo devices, wdtlaumodel based on the electrical-mechanical péftert
and the thermal—electrical pyroelectric effect. sTmodel shows that reversibility is one aspecthef internal
feedback in the device which functions as multiplgat/multiple-output sensor. Applying this modele
designed a triage sensor device set in a maskhwdetects the heartbeat using the piezo effectraspiration

using the pyroelectric effect.



Fig. 1. Piezo device used in a buzzer.



2.2 PIEZO DEVICE FEEDBACK MODEL

A. Constants and variables of piezo devices
Figure 1 shows a piezo device used as a buzzernWhee device is pushed or bent, electric charges ar

generated and polarized. This generates a voltaggebn the front and rear electrodes. In contraben a
voltage is applied between the electrodes, the @aloiforce expands or bends the electrodes. Assupairadlel-
plate electrodes, we consider a lumped-mass mdde¢ aevice in which the electrodes move perpandity to
the plate surface. The constants and variablasegpiezo device in Fig.1 are defined below.

[Constants]

<Electrical constants

S: cross sectional area of electrode plate

d: gap between electrode plates

¢: dielectric constant of piezo material

Q: permanent electric charge in piezo material beead residual polarization

C: capacitance

<Mechanical constants

m: mass of movable part of plate

D: damping coefficient of plate

k: stiffness constant of plate

<Thermal constant

K: pyroelectric constant of piezo material

T.: thermal time constant of heat radiation
[Variables]
<General variable

t: time

<Electrical variables
e(t): input voltage
E(t): total voltage by input voltage and piezo effeaitage
q(t): electric charge generated by adding strain caned by feeding voltage between electrodes
qr(t): electric charge both ly(t) and pyroelectric effect
i(t): electric current given by a time derivativeqgt)
<Mechanical variables
() input force
F(¢t): total output force because of input force andpieeffect force
x(t): input displacement
X(t): total output displacement

< Thermal variables



Ta(t): atmospheric temperature at the rear electrode
Te(t): temperature at the front electrode

< Biological signals
En(t): heartbeat signal

E.(t): respiration signal



B. Modeling
The capacitance, internal voltage caused by thduaspolarization, and static Coulomb force getextaby

the polarized electric charge balanced by stiffreédhe plates are given as follows:

c=SF=%ndr=%=2%p Q)
d Cc 2€S 2d

When the piezo device plate is pushed by a ffitdeand distorted, the gap between the electrodes esdrmm

d to d-x(t), a polarized charge is generated which increases @ to Q+q(t), and the voltage between the

electrodes increases frafirto E+e(t). From eq.(1), this situation can be describedHtsvis:

Q+q() =CE=LEz§<1+@>E

d—x(t) d d
=o(1+%) =0 +2x( (2a)
q(t) = 2x(t) (2b)

As the piezo device is made of a ferroelectric miateit is influenced by not only the piezo effdmit also by
the pyroelectric effect. Based on these two phemampiezo electric effect and pyroelectric effelog electric

charge between the electrodes can be describefl@sd:

qr(®) = q(®) + KAT(2) ®3)
with the temperature difference between the front reear electrodes being:
AT () = Ta () — Te(®) (4a)
aTe(t) _ 1
. - AT® (4b)

The linear dependence of the temperature in cerdaiges in eq.(4) by pyro effect has been investayHL0].

Furthermore, the relation between the fafef(t) and the electric chardete(t) is given as follows:

__ Ete(?) _ g g
F-f®) =280 =2g+2e() (5)
which yields:
f©) = —32e(t) (6)
Thus, the equation of motion for the piezo mateaial electrode plates is described as follows:
d? d.
22+ D D 4 jex(e) = £(0) (7)

The coefficient)/d combines mechanical and electrical characterisdicd,includes the dimensi¢N/V] or
[C/m]. The constan)/d is referred to as the piezo constant that chaiaetethe device. In the equations
presented above, the quantities are transduced f{displacement) - (charge) - (voltage) - (force) -
(displacement), and constitute a feedback loopurgi@ presents the block diagram, which showsrteznal
signal flows in the piezo device. Any quantity metfeedback loop can be an input and/or an outpthe

device.



Temperature

Displacement - Current Voitage
0 X(0) ., 0 EQ
A r -

£ K rnill
+E ¥ 40
ot
Feedback loop
|
ms*+Ds+k EI [i f .
FO A
Force

Fig. 2. Block diagram showing the internal feedbsighal flows in the piezo device.
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TABLE | TRANSFER FUNCTIONS OF THE OUTPUTS (FORCEISPLACEMENT, AND VOLTAGE)
WITH RESPECT TO THE INPUTS (FORCE, DISPLACEMENT, YOAGE, TEMPERATURE, AND

CURRENT)
Output Force Displacement Voltage generation
Input F(s) X(s) E(s)
Changing force
Force sensor
f(s) ms’+ Ds+k 1 Q 1
Als) Als) Cd Als)
Stiffener controller Displacement
Displacement switch sensor
x(s) —l(QJ2m52+Ds+k ms’+ Ds+k Q ms’+Ds+k
2C d' Als) Als) Cd _ Afs)
Actuator Sound generator Electrical filter
Voltage
el(s) ﬁmsz+Ds+k 2 ms’+ Ds+k
2d  Als) Cd Al(s) A(s)
’ Changing
Temperature Thermal actuator Thermal switch e
difference S .
AT(s) | _QKmsDsk | —QK 1 K ms’+Dsk
2Cd  Als) 2Cd A(s) C Als)
Impedance
Current
i(s) —Q ms +Ds+k -Q 1 1 ms +Ds+k
2Cds  Als) 2Cds A(s) Cs Als)
o : _ 2 1 ,Q)
Characteristic polynomial A(s)=ms +Ds+k +ﬁ ( s )

Conventionally, the piezo device has been useddawviae for voltage-input and displacement-outpubece-
output, as well as for displacement-input or foirgeyt and voltage-output. However, as shown in ZFighe
possible transfer functions of force, displacemeamig voltage, with respect to force, displacemegattage,
temperature, and current can be considered as shotvable 1
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C. Piezo characteristics from the model
In order to show the validity of the model, we will compare the frequency responses of the theoretically

calculated impedance and the experimentally measured impedance. Note that the impedance can be easily
determined from the voltage and current. From Table I, the impedance is given as follows:

_e(s) _ 1 ms*+Ds+k
Z(s) = i) _ sC m52+Ds+k+i(g)2 ®)
2c\d

The theoretically estimated sketch for the frequency response is shown in Figure 3, and the anti-resonance

frequency farand the resonance frequency frare given as follows:

2
1 |k 1 ket (2
far=;J%, o= [erada) ©)

Integral
characteristics

Impedance |Z(s)

Frequenc? i

i 1,Q/
_1 |k k+—(=)
f”_Z:t‘\ m f.= 1 \ 2C d
27 m
Anti-Resonance Resonance

Fig. 3. Frequency response of impedance of the piezo device theoretically estimated from eq.(8). Single anti-

resonance and single resonance frequencies exist.
From the frequencies f,, and f;in eq.(9), the stiffness constant & and piezo constant Q/d can be estimated as

k=m@nfy)?, %=2mn /ZmC(farZ -£3) (0

12

follows from far, fr, m, and C:



D. Pyroelectric characteristics from the model
From Table I, the transfer function of the outpottage with respect to the change in temperatugvisn as

follows:

sT, ms2+Ds+k

: 2
1+sTc 2 1 (Q
ms +Ds+k+zc d)

E(s) _
Te(s)

K
e (11)

This transfer function expresses the pyroelectharacteristics. Immediately after a temperaturengba the
transfer function can be approximated as followamfreq.(11) using the initial-value theorem of Lagla
transform:

E(s) _K
To(s) € (12)

13



2.3 CHARACTERISTICS OF PIEZO BUZZER DEVICE
In this section, we experimentally investigate fiiezo and pyroelectric characteristics of the buzBP&IMO:

DC-5DSN4) shown in Fig.1.

A. Piezo effect characteristics from the frequency response of impedance
First, we examine the piezo characteristics udiregftequency response of impedance. From the sm®hs

of the buzzer, the following parameters are obtiaineesonance frequency;=750+100[Hz], resonance
impedance2[kQ], capacitanceC=70[nF], maximum input voltage30[V,-p], maximum acoustic pressure level:
75[dBspl], and insulation impedancd:0[MQ]. Furthermore, we measured the following parameterass:
m=0.001[kg], damping coefficient:D=0.25[N/(m/s)], stiffness constantt =2.8x104[N/m], piezo constant:
Q/d=0.026[N/C] and/or [V/m], thickness of piezo devices® x 10~>[m] , and thickness of aluminum plate =
2.0 x 10™*[m].

The impedance frequency response was measuredausitgvork analyzer (Analog Discovery 2).

TABLE Il shows the summarized specification of mielectric and mechanical properties of the PRIMQ:-D
5DSN4 buzzer.

TABLE Il SPECIFICAION OF THE BUZZER (PRIMO: DC -5084) USED FOR EXPERIMENTS

diameter 50[mm]
Electrode | thickness 0.2[mm]

plate
material aluminum
diameter 21[mm]
thickness 0.05[mm]

Piezo
Thermal expansion coefficient | 71x 107 [1/C]
Piezo constant 0.026[N/Clor[V/m]
mass 0.001kg
stiffness 2.8x10% [1/°C]
Damping coefficient 0.25[NAm/s)]
capacitance 70[nF]

Device | Insulation impedance 10[MQ]
Maximum input voltage 30[V]
Resonance frequency 750+100Hz
Resonance impedance 2[kQ]
Maximum acoustic pressure 75[dBspl]
level

14



Figure 4(a) shows the calculated frequency response from eq.(8), and Fig. 4(b) shows the experimentally
measured response. Both show similar characteristics in the anti-resonance and resonance frequency ranges. In the
low- and high-frequency ranges, the characteristics are different. In the low-frequency range, the impedance
measured in the experiment is greater than that obtained from the calculations. In the high-frequency range, the
frequency response from the experiment contains resonance and anti-resonance frequency components, whereas

no resonance or anti-resonance frequency components are observed in the calculated results. This is because the

model is a lumped-mass model with a single mass, damper, and plate spring.

) K %

5 o

]

® ® &
RES AMEGEANNEATEIAAT TS DD TEEER RS ARTXREGR RN

]

BT

a

@CIEEENPT 2 3 B F 9 RTE RN R

“ €1 vk b omet %
® @
% sy iy
- iz e
> i ]
% N s
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% !

BEXErY)

%

graelinEieraian

Impedance[Q ]

s

2% PEUHTWIET 80 8 £ an

Frequency[Hz]
(a). Impedance frequency response of the device calculated using eq.(8). Single anti-resonance frequency and

single resonance are observed.

4

ot [

%) L

L] ECER R EREEE 4 R R R R R T R AR SRRk R R R R IR

= P T R R L N I R e N LR

5] :

g MMHE R R ARRERE

E%ﬁ
I 4
10 10

Frequency[Hz]
(b). Measured impedance frequency response from a spectrum analyzer. Fundamental anti-resonance and
resonance, as well as higher-harmonic anti-resonance and resonance phenomena, are observed.

Fig. 4. Frequency response
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B. Pyroelectric characteristics by thermal time response
Next, we examine the pyroelectric characteristgiagithe thermal time response. Figure 5 shows the

experimental setup.

Piezo device S

Ice block

AD convertor PC

Piezo device _rear

‘/’

uce block ‘;’"""" front

Fig. 5. Experimental setup to investigate the phatieic effect of the device. The device was sliebtt firmly
placed on an ice block.

The output voltage was detected from the two adeets through detecting copper wires as shown irl Eigd
acquired directly from the device without amplificea into the AD converter. As shown in Fig. 5, tfient
electrode was silently but firmly placed on anlideck at a stable temperature of @] as a heat sink at tinte=
0. The atmospheric room temperature was(J6[The temperature of the front electrode decredeearound
10[C] quickly. In addition, the temperature of the redectrode that was exposed to atmosphere decréased
14[C] within 1 [s]. Thus, the temperature differencetviieen the electrodes follows a step function with a
magnitude of 4C]. No external force such as dynamic pressure bydwias exerted. We measured the time
response of the output voltage as shown in Figure & previous paper, high temperature charaetiéoiz of
PZT(0.52/0.48) thin-film pressure sensors was itigated [13]. This research showed that despitdltictuations
in resonant frequency with increasing temperatthie, proposed PZT sensor can be effectively usekigh
temperature/pressure applications. Compared tosthidy, the piezo device application in our papperates

under normal temperature/pressure levels and madeesf the pyroelectric effect of the device.

16



1000 ; ! ' ! !

Voltage [mV]
>
L]

0 3 10 15 20 23 A0
Time [sec]
Fig. 6. Time response of output voltage when theperature difference was changed in a step-functianner
with a magnitude of 14T].
Immediately after the device was set on the icelhlthe output voltage increased to approximaté gpnV],

and then decreased to zero. Based on the thedigdica immediately after the step change, giveaqr(12), we
have

K _ 600[mV] _ my
¢~ 14[C] 43 [C] (13)

Thus, the pyroelectric constant can be estimatddllasvs:
K = C - (measured gain) = 70[nF] x 43 [T—CV]
= 3010[nC/°C] (14)

Note that the output voltage may occur due to tieenbal expansion of the piezo ceramic itself. Astthermal
expansion coefficient of ceramic 7s1 x 107¢[/°C] and the thickness of the piezo ceramic materid %s
10~>[m], the displacement of thermal expansion per deigrestimated as follows:

7.1 x 107°[/°C]x 5 x 10~°[m] x 1[*C]=3.55x 10~1°[m], (15)

which generates the steady-state voltage, frontrémsfer function of voltage with respect to disglament (given
in Table 1), as follows:

— % (%) : k;(%)z - &£ = 0.11[mV](16)

The increase in the voltage due to the pyroelectffect is43[mV/°C], whereas that due to the thermal

expansion is calculated to Bel 1[mV/°C], which is negligibly smaller than the increasevaitage due to the
pyroelectric effect.

17



C. Effect by dynamic pressure
Because the device is highly sensitive, it mayrifi@énced by dynamic pressure from the patienttsaéed air.

Here, we investigate how the device is influencgdtte airflow. Figure 7 shows the experimental getd
blower, which blows air at different temperatungas set in front of the device. Note that the paiallow speed
in normal human exhalation is 0.5[m/s] and the terapure is around 3®&][]; this condition is considered in our
examinations. The 2&]] room-temperature airflow at speeds ranging fraBjro/s] to 10.0[m/s], and the 36]]
airflow at a speed of 0.5[m/s], were fed to theidevFigure 8(a) shows the output voltage when26EC]
airflow at a speed of 10[m/s] was used. In steadiescondition, the output voltage is approximaftly], and its
amplitude is 8.6[mV]. When airflow at the same temgture and 5.0[m/s] speed was used, the outptageivas
again steady and the amplitude was 4.2[mV]. Sityilavhen airflow with 0.5[m/s] speed was used, dngplitude
was 3.0[mV]. Fig. 8(b) shows the output voltage wiérflow at 36[C] and 0.5[m/s] speed (human exhalation)
was fed to the device. The noise in Fig.8(b) isntyadue to the turbulent flow from the blower. Thatput
voltage suddenly increased to 743[mV] and graduastlgnuated to O[V].

These results show that output voltage change mmtumot due to dynamic pressure but due to the e¢estyre
change in the device, which was caused by the [gawie effect.

Blower
Cool / Hot

® -

e

Piezo device

S e
o
o
Blower ) _
Caol J Tk Piezo device AD convertor PC

E )

Fig.7 Experimental setup to investigate dynamicguee due to airflow.
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.

15 20
“Time [sec]

(a) Output voltages for airflow at 26[°C] (room temperature) and 10.0 [m/s] speed

1000

(b) Output voltages for airflow at 36[°C] (human body temperature) and 0.5 [m/s] speed

Fig.8 Output voltages for room-temperature and hot-temperature airflows.
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2.4 APPLICATION IN TRIAGE

A. Triage
Among the variety of possible applications of pielavices to health care, we chose to focus oneri§grious

natural disasters such as a major earthquakestsanedmi or man-made disasters such as suicide bgmiby
terrorists leave many people injured at once, olketming hospitals which may not be able to prowdd#icient
medical care. After the Great East Japan Earthqubhkevounded lay on beds, couches, and even ditotirein
dark passages. Their conditions changed quickly iwe and some died because of the lack of safficmedical
attention. Triage is a priority determination prdeee which ensures proper assignment of the availasources
in the most effective manner. It also helps in gifging the patients as: 0: DEAD (black card), MMEDIATE
(red card), Il: DELAYED (yellow card), and Ill: MINR (green card). The patients are cared for inrpfoem |
to Ill. The simple triage and rapid treatment (redd to as START) is one of the standard methoasi.us
Treatment priority is determined based on the fidnart in Figure 9. In this process, the bio-sigreaiployed are:
(1) visual inspection of ambulatory ability, (2spération, and (3) heartbeat.

Therefore, if both heartbeat and respiration cddddetected automatically, it would be extremelgfuisin
triage. Here, we propose a sensing device based piezo device, which can measure both heartbeht an

respiration simultaneously.

No

Respirations

Breathi iti ]
reathing Position airway
: ngr 3 0/’ miﬂ
e Apnea
Absent

Present
Deoesn't obey

1id
Mental startus il

Obey

Category 1

Category 1I _ .
IMMEDIATE

URGENT

Fig. 9. The simple triage and rapid treatment (STABRocess.
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B. Proposed System for Simultaneous Measurement of Heartbeat and Respiration

) )
y Temperature
4 € F A difference
orce-transfer part AT(?)
Displacement Piezo
x(7) ’ = Exhalatio I device
Bl Piezo
Mldevice ‘Er(t)’
> \\
En(®)
Pick-up part ) L )
(a) Principle of the measurement for (b) Principle of the measurement for
the heartbeat by the piezo device. the respiration by the piezo device.

Band pass filter | Eq(?)
for the heartbeat | Heartbeat
x(?): Displacement signal

AT(t): Temperature
difference

|| I E(t) =En(6)y+Ex?)

~=

Band pass filter
for the respiration

(c) Proposed system to measure the heartbeat and respiration
signals for the triage by using a piezo device.

Fig. 10. Measurement principles for heartbeat asgiration using a piezo device.

Figure 10 (a) shows the measurement principleddtecting the heartbeat signal using a piezo degigeck-up
part is placed on the neck of the patient, pushipgjnst the carotid. The force-transfer part isciied to a surface
of the piezo device. The pick-up part and the fdraasfer part are connected using a tense stvifften the
patient’s blood flows periodically through the dédothe vibrationd(t) due to the blood flow push against the

pick-up part, which in turn pushes the center effilezo device through the string and the forcesfiex part. As a
21



result of pushing the piezo device, a displaceméhtoccurs in the piezo device. The piezo device gdas a
voltage Ex(t) corresponding t(t), in synchronization with the pulsation, accordiogthe transfer function of
voltage with respect to force.

Fig. 10(b) shows the measurement principles usedetect the respiration signal using a piezo devides
exhaled hot air arrives at the piezo device wheng#tient breathes, and a temperature differé&T¢t occurs
between the mouth side and other side of the deVice device generates a voltdg€t) in accordance with the
transfer function of voltage with respect to tengpere.

Fig. 10(c) shows the proposed system to obtaintwear and respiration signals, simultaneously. ¢bioth the
vibrationf(t) due to the heartbeat and the temperature differ®f(t) due to respiration as the inputs to the piezo
device, the output voltagg(t) from the piezo device can be represented asearlicombination of the heartbeat
signal E,(t) and the respiration signg}(t). Hence E(t) is expressed d&(t) = Eq(t) + E(t). Ey(t) andE(t) can be
discriminated using bandpass filters.
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C. Experimental Setup
Figure 11 shows a proposed mask-type triage semdich measures heartbeat and respiration basetieon

principle described in Fig. 10. The piezo devicedsin the middle of a mask, and the piezo matisriaside the
mask so that the exhaled hot air arrives diredtltha piezo device. The mask is attached firmhyngsiubber
strings with tension. One string is placed arour@head and the other around the neck. The rubtoey around

the neck runs through a styrofoam block which tsupeto push the carotid as a pick-up part.

Piezo device

Pick- '
Force-transfer part (stymfnipgmk}
(Styrofoam)
String
(Rubber)

Fig. 11. System for simultaneous measurement otliesgt and respiration.
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Figure 12 shows the experimental setup using tlopgzed system. We also measured the heartbeat and

respiration signals using a medical pulse sensbiaamicrophone-type respirometer, respectivelyctonparison.

/ Proposed system \

'—----------------‘

: References E
= '
‘ Pulse sensor !
: (for heartbeat) i
' '
1 1
X L]
> ' Microphone !
o / (for respiration) x
"-“'-"' m-wonon-b
AD t
co=nver or \
v Band pass filter by FFT
FRLLL 2 For the heartbeat  [sususppe ga;}gt)
: [1.4-4.0Hz) i
PC - signal
: Band pass filter by FFT
%% | Tor the respirafion L'" Er(.t) .
Respiration

\ [1.4-40Hz) i tial

Fig. 12. Experimental setup and situation for maagiheartbeat and respiration using the systeRigr0.

The output from the piezo device was directly catee to an AD converter, without using an ampljfi@nd
transferred into a personal computer (OPTIPLEX 988 voltage range of the AD converter (NR-200@% set
as+1.0[V] and the sampling interval was set to 1 [ms]. Tigead acquired was digitally filtered using a non-
recursive FFT method. A bandpass filter with a gemsd from 1.5[Hz] to 4.0[Hz] was employed to filtde
heartbeat signal, and another filter with a passtieom 0.1[Hz] to 1.4[Hz] was employed to filter the resion

signal.
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D. Experimental Results
Figure 13 shows the output voltage E(f) from the piezo device when it was set up as shown in Fig.12. In this

case, the subject was breathing normally. The output voltage was not amplified. The respiration signal is

conspicuous, but the heartbeat signal is weak.

5

kTS e

(XY

4 6
Time [sec]

Fig. 13. Output voltage E(¢) from the piezo device without amplification in the situation shown in Fig. 12.

Figure 14 shows the digitally filtered heartbeat signal £,(¢). The signal-to-noise (S/N) ratio was 39.2 [dB], where
noise was defined by the standard deviation when the mask was set on the table and the signal was defined by the

average of the peak to peak values of the heartbeat signal.

Voltage [mV]

i
4
Time [sec]
Fig. 14 Non-recursive digital bandpass filtered heartbeat signal £,(¢) detected by the piezo device using the FFT
method. The band was from 1.5[Hz] to 4.0[Hz]. The S/N ratio was 39.2[dB].
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Figure 15 shows the two R-R intervals, which are the periods between the pulsations using the piezo device and
the medical pulse sensor (SEN-11574) that measures the heart rate period.
The R-R interval measured by the piezo device fluctuates, but the average of over 10 [s] includes only a 5[%]

error rate, which is allowed in triage applications [12].
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=
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ﬁ i l 1 m i L 1 wiw f
0 1 2 3 4 5 6 7 8 9 10
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L5 j z ? ; @ 7
e
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— lfercreeerriaiain SETEERLT ‘ol RS RSV ARG RSP R R S EIRT. BT BT e &=
I3 - : : » - -
2 e 4 ° 5 * ¢ :
= : : :
% oslh
0 . ; ; a ; 1 n ; |
0 | 2 3 4 5 6 7 8 9 10
Time[sec]

Fig. 15. R-R intervals: Upper plots are from the medical pulse sensor and lower plots are from the piezo device.
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Figure 16 shows the respiration signal E,(f). The slow-changing signal is the respiration signal from the piezo
device and the fast-changing signal is from the microphone-type respirometer. The data show that they are
synchronized with each other. The S/N ratio was 55.6 [dB], where the noise level and signal level were defined
in a manner similar to that used in measuring of the heartbeat signal. The output voltage of respiration is high.

Thus even weak respiration can be detected.

S
k- 6 8
Time [sec]

Fig. 16. Non-recursive digital bandpass filtered respiration signal E,(#) detected by the piezo device, and the

respiration signal detected by the microphone-type respirometer. The band was from 0.1[Hz] to 1.4[Hz]. The S/N
ratio was 55.6[dB].
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E. Respiration sensor using a simple system
At a real disaster site, a robust and easily attillehmeasurement device is a prerequisite for awjce. As a

vital sign, respiration is essential as shown mtiiege procedure flow chart (START) in Fig. 9.eTiirst step is
the visual inspection of the ambulatory abilitydathe next check is for the presence of respirafidrese two
steps are conducted by medical staff with the patigng on a bed. The third inspection is to cotlm number of
breaths per minute, which can be conducted autoailgtiusing measurement devices that emit lighéamnd in
an emergency. Here, we present a compact, battegng low power consumption LED optical output ey
Figure 17 shows the proposed simple and robusiragiem measurement system.

In the circuit, we used a buzzer device (PRIMO: DS5I4), a high-luminance LED, and a button-typedyatt
(CR2032). Energy consumption of the circuit is lamd in standby condition, it can last for approxishathree
years. When used regularly, it works for aroundtg0

Figure 18 shows how the proposed mask triage searsoplaced. The LED emits light synchronized with
respiration. The light intensity is proportionalttee strength of the breathing.

High luminance

LED

Piczo

device

-x halati

Exhalation I';Ill_a
e o
(&)

The temperatureg
of the front side
increases by the
exhalation,

-

Transistor

— — W

IV 1002

Fig. 17. Respiration detection using the pyroeie@tifect of the piezo device, and the circuit éptical display.
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Fig. 18. Compact, low power consumption mask ty@ge sensor device.
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2.5 CONCLUSION
In this paper, we clarified the multiple-input/mplée-output characteristics of piezo devices. Ténersibility

of the device was explained by the fact that thaodehas internal feedback. From the analysis efftiedback
system, we demonstrated a variety of input andututgations for the device, including the relatioetween
temperature and voltage. Using the characteristelarified, we presented a new application fage. This
device which detects and shows the heartbeat apiraion condition of a patient, is set in a masle signal
level of the heartbeat measured by the device waswith a 39.2[dB] S/N ratio, but the signal wasaate
enough for use in a triage sensor. The respiraiigmal level was high with a 55.6[dB] S/N ratio.itigthe piezo
effect and the pyroelectric effect of the piezoidevn the buzzer, we presented a simple, robasgt, dower,
inexpensive, and disposable respiration sensor.

The theoretically calculated impedance in Fig.4gajl the experimentally obtained impedance in Fbp)4
agreed well in the bands around the anti-resonanderesonance frequencies. However, in the lowagaqy
range, the experimental impedance was greaterith#ime theoretical range. We could find no reasamtlis
finding and expect our future work to be able tplain it. Our future work is expected in order tkin this

aspect.
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3.Respirometer by a piezo device and its application to triage

Abstract: In this paper, we present a novel respirometergudie effect of piezo devices and show its apptica
to triage. We found that blowing on the piezo devigenerated several hundred millivolt voltage alst
synchronizes with the respiration. Our detail inigegions on the phenomena showed that it was dalngehe
pyroelectric effect. In general, the piezo devideew used as a sensing device generates outpuge/dtiaa
battery-less manner and also functions as a buxeich can lead to a compact, simple and low-power
respirometer. Here the piezo device was used a@sa dif respirometer, and used not only as a respter but
also as an alarm sound generator. Thus the propespidometer was realized only by one piezo desitg a
low-powered microprocessor driven by a small bgtté/e applied the respirometer to triage and redlia triage
sensing system. In the system, we employed thgetpaiority determination procedure defined asraerhational
standard. The triage sensing system set in a metektd respiration and displays its condition byihg an LED
on and off synchronizing the respiration and alepagates the alarm sound when the respirationifatighe pre-

specified ill-conditions.
Keywords. respirometer, piezo device, pyroelectric, triage

3.1 INTRODUCTION
A class of devices exhibit reversible charactarsstiThese devices function not only as actuatorsaalso as

sensors. One example of the applications usingreéfierse functions is a sensor-less time-sharingnaatic
feedback control [1]-[9]. In this paper, we focuseda piezo device which has reversible charatiesiand the
reversibility is explained by the existence of ateinal feedback in the device [10].

The piezo devices are applied in a variety of edd electronic filters, electronic oscillators,st generators,
acceleration and vibration sensors and vibratgrsiters, etc., [11]. Among these applications, tiest common
use of the devices are as electronic filters; hetihgepiezo devices have been modelled by an elguivalectrical
circuit [11] in spite of the fact that electricahechanical, and thermal phenomena occur and intesittt each
other through a feedback loop in the device. Thévedent electrical circuit model shows only ongext of the
phenomena occurring in the device, and therebytdlithe true potential of the device.

In this paper, we focus on the thermal—electrigaibplectric effect which induces voltage when tlegide is
heated. Based on the effect, we proposed a congagile and low-powered respirometer which candigrsa
mask and displays the respiration conditions ofiday turning an LED on and off in synchronizingitiv
respiration and also generates alarm sound wherefigration falls into the ill-conditions by usitige device

itself.
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3.2 CHARACTERISTICS OF PIEZO DEVICE

A. Model of pyroelectric effect of piezo device
Figure 1 shows a piezo device used in buzzers.

Fig. 1. Piezo device used in buzzers and will keus the proposed respirometer

Define the constants and variables of the piezo device as follows;
<General variable>
t: time
<Electrical constants>
d: gap between electrode plates
Q: permanent electric charge in piezo material beead residual polarization
C: capacitance
<Thermal constants>
K: pyroelectric constant of piezo material
T thermal time constant
<Mechanical constants>
m: mass of the movable plate
D: damping coefficient of plate
k: stiffness constant of plate
<Electrical variables>
e(t): input voltage
E(t): output voltage
q(t): electric charge generated by adding strain or by
feeding voltage between electrodes
i(t): electric current given by a time derivativeqff)
gr(t): total electric charge including pyroelectricesft

< Mechanical variables>
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f(t): externally fed force
F(t): total output force because of externally feccéand
piezo effect force
X(t): input displacement
X(t): total output displacement
< Thermal variables >
AT(t): temperature difference between front electrat® a
atmospheric temperatures at the rear electrode
< Biological variable>

E/(t): respiration signal

Then the reversibility characteristics of the piglawice can be represented by a feedback as shmown i
the block diagram in Figure 2 [10].

Temperature
difference CH.W i
A T:([) ; I"r(‘()
Y Y
K L]
g o 4O -
§ = Sl g Sp
E d -+ q(t) -+ C o :_._3
% ...*E et
2 Feedback loop
1 T 0

ms’+Ds+k ;I ;_I_ - 2d

Y
i Ao

Force

EEEEE

Fig. 2. Block diagram showing the internal feedbsiginal flows in the piezo device.

From the block diagram in Fig.2, the transfer fioictof the output voltag&(t) with respect to the
change in temperature differen&(t) is given as follow:

(1)
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Transfer function in eq. (1) expresses the chariatits of the pyroelectric effect. Immediatelyeafia
temperature change, the transfer function can peoajmated as follows from eq.(1) using the iniial

value theorem of Laplace transform:

2

B. Output voltage by the pyroelectric effect
In order to show that the piezo device generatéiag® by heating its surface, we carried out thgearments.

Figure 3 shows the experimental setup. A bloweiclwvblows air at different temperatures, was setria of the
devices. Note that the peak air-flow speed in nblmaan exhalation is around 0.5m/s and the tentyerds
around 38C, which are the conditions cited in our examinatiofihe 28C room-temperature airflow at speeds
ranging from 0.5m/s to 10.0m/s, and thé3airflow at a speed of 0.5m/s, were fed to the cvFigure 4(a)
shows the output voltage when the@&oom temperature airflow at a speed of 10m/s wds The output DC
voltage is steady at approximately 0V, and its e is 8.6mV. When air-flow at the same room teragure
and 5.0m/s speed was fed, the output DC voltageagas steady and the amplitude was 4.2mV. Singilarl
when airflow with 0.5m/s speed was fed, the amgétuavas 3.0mV. On the other hand, Fig. 4(b) shows th
output voltage when airflow at 36and 0.5m/s speed (human exhalation) was fed. Ttribuoltage suddenly
increased to 743mV and gradually attenuated to 0V.

These results show that output voltage change medturot by the dynamic pressure applied to theopiez

device but by the temperature change in the dewibzsh was caused by the pyroelectric effect.

Blower
Cool / Hot

Piezo device

Blower ) .
Cool / Hot Piezo device

Fig.3 Experimental setup to investigate the efééatynamic pressure by airflow and pyroelectrieeff
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(b) Output voltages for airflow at 36and 0.5m/s

Fig.4 Output voltages when blowing on room-tempeeatnd hot (human body) temperature airflows

From Fig.4 (a), when the circumference temperatisame with the blowing temperature, zero outplitge
comes out. We investigated the relation betweenciteemference temperatures and the blowing tentpera
Figure 5 shows the circumference temperature vipubwoltage under the constant blowing temperatfre
36.4C.
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Fig.5 Circumference temperature vs. output voltage

Fig.5 shows that when the circumference temperasunear to the blowing temperature, the outputagd is
zero, when the circumference temperature is loWwan the blowing circumference, the output is pesjtiand
when the circumference temperature is higher, thgpud voltage is negative. Slight difference betwebe

circumference and blowing temperatures generagendh-zero output voltage.
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3.3 RESPIROMETER USED IN TRIAGE
Among a variety of applications of respirometers;eh we focus on triage. Serious natural disasteck as a

major earthquake, or tsunami, or man-made disastets as suicide bombing by terrorists leave majuyred at
once, and the hospitals may not be able to praidfecient medical care. After the Great East Japarthquake,
the wounded lay on beds, couches, and even orabe in dark passages. Their conditions changel thie
time and some died from the lack of sufficient mtiten and cares from medical staffs. Triage is arjy

determination procedure of cares, which ensurepapsrassignment of the available care resourcekeinrost
effective manner. It also helps in classifying gaients as: 0: DEAD (black card), I: IMMEDIATE ¢tecard),
II: DELAYED (yellow card), and Ill: MINOR (green c¢d). The patients are cared for in order, from llkoThe

simple triage and rapid treatment (referred to @&FST) is one of the international standard methotise

priority is determined based on the flow chart igufe 6 [12]. In this process, the bio-signals evgpt are: (1)
visual inspection of ambulatory ability, and (23peation.

Therefore, if respiration can be detected autorabyicit would be extremely useful for triage.

Breathing

Position airway

Over 30/min

Apnea

Absent

Doesn't obey
commands

Mental starus

Qbey
commands
Y .
Category I Category II Category I
DELAYED URGENT IMMEDIATE

Fig. 6. The simple triage and rapid treatment (STARocess
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Fig. 7. Measurement principles of respiration usarezo device

Figure 7 shows the measurement principles usedterdthe respiration using a piezo device. Thalexhhot
air arrives at the surface of the piezo device wihernpatient breathes, and a temperature differ&mg occurs
between the mouth side and other side of the deVlven the device generates a volteg#® in accordance with
the transfer function eq.(1) of voltage with resgedemperature.
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3.4 EXPERIMENTAL VERIFICATIONS

The experimental data were acquired following te thformed consent procedure described in the human

associated researches rule (1141) enacted by Hosegrsity [13].

A. Experimental setup

Figure 8 shows a proposed mask-type respirometéridge based on the principle shown in Fig. 6e prezo
device is set at the top of a mask, and the pieatenial is inside the mask such that the exhaladchinarrives

directly at the piezo device.

Fig. 8. Proposed respirometer for triage

Figure 9 shows the experimental setup using thegsed system. We also measured the respiratiomalsign

using a microphone-type respirometer for comparison

References

Microphone
(for respiration)

emmsmem==?

Proposed system

\

A 4
Band pass filter by FFT
AD PC }j=#  For the respiration  [™"® E.(0)
convertor Respiration
[0.1 —1.4Hz] signal

4

Fig. 9 Experimental setup and conditions for meagurespiration using the system in Fig.7
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The output from the piezo device was directly ADvweerted without using an amplifier, and transferirgd a
personal computer (OPTIPLEX 960). The voltage raoigthe AD converter (NR-2000) was set as +1.0V and
the sampling interval was set to 1.0ms. The sigrgjuired was digitally filtered using a non-recuesFFT

method. A bandpass filter with a pass-band front@.tb 1.4Hz was employed to acquire the respiratignal.

B. Experimental results
Figure 10 shows the respiration sigiglt). The slow-changing wave with the positive peakage of 500mV

and the negative peak voltage of -200mV is theirapn signal from the piezo device and the fdsirging
wave with the amplitude of 100mV is that from th&rmphone-type respirometer. They synchronize edlobr.
The S/N ratio for the measurement by the proposezbmlevice was 55.6dB. The output voltage of rasipin is

high and even a weak respiration can be detected.

600 | i .
By proposed

2200 : S \ . 7 B o

By microphone

-400 I I L i l |
0 1 2 3 4 5 o

Time [sec]

(5, [ SR

8 9 10
Fig. 10 Non-recursive digital bandpass filteredpiegtion signalE(t) detected by the piezo device, and the

respiration signal measured by the microphone-tgppirometer. The band was from 0.1Hz to 1.4Hz. The

S/N ratio was 55.6dB
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3.5 TRIAGE SENSOR
Figure 11 shows a device for triage sensor realtaedising PIC16LF1554-1/SL-ND microprocessor. The

triage priority determination procedure is followedthe flow chart shown in Fig.5 and working prdaees are

as follows:

(1) Waiting (mask setting) time is 10s and 10s aftatctwon, the device begins to measure respiration.

(@ If the respiration is ceased for 30s the buzzeeg@as continuous 2kHz sound.

(3) If respiation frequency is less than 9 per minthe,discreate 2kHz sound of every 1s with dutyor@tb is
generated.

4) If respiation frequency is greater than 30 per n@nthe discreate 2kHz sound of every 0.5s witly datio
0.8 is generated.

When the piezo device and the preamplifier havehtbk insulation impedance, the electric chargeegated
by the pyroelectric effect hardly discharges frdme tlevice. This yields the situation that the devand the
preamplifier functions as the peak hold circuit,endronce the peak voltage is holed, the voltageddhan the
peak does not occur. To avoid this phenomena, tihdemicroprocessor reset and dischage the clerge

time just after the respiration voltage is measured

Alarm

sound Piezo
Generation device

&
|
P
=
—

%

<

17mm

Fig.11 Developed triage sensor
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Figure 12 shows the LED lighting in synchronizinghathe respiration.
Experiments under 10 time trials by 25 healthy ecisj using the sensor in Fig.10 showed 100% correct

Fig.12 LED emission in synchronizing with the regfion

Time [sec]

judgments of respiration status defined by therirvggonal triage diagnosis and/or decision proceslur
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3.6 CONSIDERATIONS
Fig.4(b) shows that the output voltage suddenlyeased after the step change in temperature addajha

attenuated to OV. This phenomenon is explainedbytheoretical results given by the transfer fuorctn eq. (1)

of the output voltage with respect to the changéemperature difference. The transfer functionudek the
high-pass filter characteristiaS/(1+sT.) with the time constant;, which cuts off the DC component and the
output voltage decreases to zero with the timetaoh$.. From Fig.4(b) the time constafgis about 12s which
is long enough not to filter out the voltage bypiestion.

Putting on a less air permeable mask may let patiel stuffy. This can be one demerit of the psma
method. The piezo device on the other hand can ewek when it is set on a mask of single pieceaokg with
good air permeability. This type of mask may redetiee stuffy feeling. Furthermore the device catectethe
normal respiration blowing 20cm apart from the nmo@ome noninvasive setting of device other thanntiask

basing on the characteristics above provides teffy $eeling.

3.7 CONCLUSIONS
In this paper, we presented a novel respirometeéchwhises the pyroelectric effect of piezo deviced a

shows an application for triage. The device set mask can detect respiration with a 55.6dB S/N.ratsing
the piezo effect and the pyroelectric effect of piezo device in the buzzer and a signal processopresented
a compact, simple and low power sensor. Experimenter 10 time trials by 25 healthy subjects usimg
sensor 100% correctly judged the respiration cotht defined international triage priority deteration

procedures.
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4.Powder and Bulk Level Monitoring by an Acoustic Tube M ethod

Abstract— This paper describes a novel acoustic-tube lewékh that detects hot powder and finely gainek.blihe
tube lengthL is selected at&=nx (half-wavelength and the input port of the tube is acoustically enivby a piezo-
sounder. When the output detection port is covesegowder and bulk, the electric impedance of thengler increases

with the increase of the acoustic impedance otube. The wavelength of a constant frequency isa®aroportionally

to the temperature, which causes a deviation fitoenoptimal length. above. However, theoretical studies showed that

covering the detection port mostly influences tbeustic viscosity and robust to the temperaturea Assult, the method
worked well in a wide temperature range. The metbjperated consistently in the range +50°C fromréference and
detected powder and bulk with 13 kd/bulk density. Additionally, the technique relialilgtected level of gravel heated

to 450°C; in this case, the tube functioned as a heat radiator. Furthegntbe sound at the detection port could blow out

dust accumulated in the tube. A dust filter locaedhe quarter-wavelength position had little ueficed on the normal
measurement function, even for a dust layer of bthickness.

Index Terms- powder and bulk, level switch, acoustic tube,-lawk-density, high-temperature.

4.1 INTRODUCTION
Level meters are industrial instruments that dateetsurface level between a gas and a liquid, detvdifferent

liquids, or between a gas or liquid and powder bult. The level meters can be categorized as aomti® type, which
measures the surface continuously, and level syitbith evaluates whether the surface reachesdifispgdevel. Despite
the difficulty of the associated measurement temimi continuous-type level meters are mainly usad simple
monitoring of a level, whereas level switches, héeem to involve an easy technique, are usednasrsefor condition-
sequence control purposes [1]. Thus, level switcbggire high reliability and stability. A liquidelel meter is relatively
easy to realize owing to the continuity charactessof liquids. For example, the most popular awrdus differential
pressure level meters measure the pressure diffepdretween the bottom and the top of a liquid. WHendensity of the
liquid is p and the liquid level i& under gravityg, the pressure differengeis given byp=pgh; thus, the level of the liquid
is obtained from the measured pressure=aspg.

Continuous liquid-level meters include those ugimgrowaves [2]-[5], those using ultrasonic [6] amdnethod that
assesses the level by the tone of the tank histuend [7], and a technique that employs the optéeféction of a thin core
fiber installed in a liquid tank and a noncontaapacitance-type level transducer [8]. In contraghe liquid level meter,
few new researches of the powder and bulk poin¢lleneters are available [9,10], which use the mwerge radar
technique. The old and simple methods such asiiggasn switch, paddle level switch, tilet level &hi capacitive level
and vibrating level switch are major in powder dndk plants. This is because powders and bulk sdlehave in a
complicated manner [11] which cannot be describedphysical laws to explain the behaviors. Furtloeerbulks stored
in a tank cover a very large variety of substardes grains, powder, sand, plastic pellets, ash alsd very rough

materials like stones, coal, and others [11]. Adddlly, the temperature of the bulks can vary Wideanging from room
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temperature to several hundred degrees centigratiee case such as combustion ash and dust adhesiioe instrument
always occurs. Thus, in the powder and bulk levehsurement, a variety of measurement principles haen employed.
Among above old and simple methods, the vibratawvgll switch by a tuning fork is widely used anddeal for use
either in adhesive and abrasive substances asawdillk solids with very low density. However thming fork faces
heavy stress when it is covered and suppressedvwgigr and bulk and the folk is frequently bent dedtroyed. To avoid
such the situation, instead of using mechanicalatitin, we considered to use acoustical vibratibrens there is not any
mechanical vibrating component. Authors previoyslgposed an acoustic level switch for bulks and qere [12,13]
which detects the change in the impedance of ansticdube when the detecting port is covered leypiwder and bulk.
In the previous works, we developed a theoreticaleh and showed the feasibility via simulations][&Rd simple
laboratory experiments [13]. Here we newly investiigthe feasibility of the acoustic method, undslistic conditions

that a large environmental temperature changeseetand also the temperature of powder and butkhigh.
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4.2 ACOUSTIC TUBE LEVEL SWITCH
A. Proposed level switch

Figure 1 shows the proposed acoustic-tube levaichwConsider a storage ta@kwith a port in which an acoustic

tube with uniform cross sectional ar&a is inserted. The tube is acoustically excited bpiezo-soundefd at its

resonance frequency. The detection port of the islligside the tank. When the detection port iseced by powder and
bulks, the acoustic impedance of the tube is medifieading to the change in the electric impedaftie piezo-sounder.

This change is detected by a divider electric @iréi, and the voltage is acquired by a processdrto evaluate

switching using dynamic-threshold logic. The lengththe acoustic tube isx(half-wavelength wheren is an integer

number and the wavelength is determined by theneesme frequency of the sounder and the averageetatape around

the tank. When the length is<(half-wavelength a dust filter©® is placed at the position if21)x(quarter-wavelength

where the filter has less influence on acoustimpheena. The filter setting position of the tubedasily dis-connectable
and attachable for easy filter changing. The moginargy of air at the detection port can blow awgtdhccumulated in the

tube.

@Output voltage detector
(3)Piezo Sounder
|

..

o __RAL
\@iw (2)Acoustic tube
Dust blowing out - X ——
Plugging (e
@Dust filter
A,
Particulates

l Voltage divider circuit

) Amplitude
change

et

() Micro-processor
L beseneie T

[INITIAL stagel

preset OPEN threshold e,

judgment time #and margin £
measuring voltage e

and obtain average e of e for the period 4
if § < g thenit is OPEN and go to v

else it is CLOSED and go to vii

[OPEN stagel

iv
v

Vi

measuring voltage e

obtain average g of e for the period ¢
and replace ¢ +£- OPEN threshold e
if €< e thenit is OPEN and go to iv
else it is CLOSED and go to Vil

[CLOSED stage]

vil
viil

measuring voltage e

obtain average  of e for the period t.
and replace ¢—¢- CLOSED threshold e,
if 5< e, thenit is OPEN and go to iv

else it is CLOSED and go to Vii

Fig.1 Proposed acoustic-tube level switch for pafétes

This level switch focuses on the detection of lightl hot powders or fibers and is used in the fgtig conditions.

(C1) The temperature difference at the acoustiatipprt outside the tank and the detection output ipside the tank
is approximately 100°C and the temperature is idigted linearly along the acoustic tube. Furtheemothe

environmental temperature changes0°C with respect to the reference temperature.

(C2) The powders or fibers in the tank have lowkbadénsity and the air can pass through them witla@atustic

reflection. Thus, the acoustic characteristicsvegeous and the air-passing area is slightly sm#iien the cross sectional

area of the acoustic tube.
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Hot combustion ash is an example of powders unaiedition (C1). The temperature of the combustidmiaghe tank
is several hundred degrees centigrade, and thefptr¢ metal acoustic tube that is located outdidetank radiates heat
and decreases the temperature. If the temperatonaims high, equipping the tube with a radiation donsiderably
decreases the temperature. From the various tetupewdistribution profiles along the tube, we seddcthe typical but
simple linear distribution profile. The change bktenvironmental temperature in the radg#®°C is also a strict
condition. The viscosity that satisfies conditi@R] is given by (air density(sound velocity)/(area through which air
can pass). For example, for the air in a cylindriche with diameter 1.0cm, the viscosity is 12.@xRa/(nf/s) or 12.4
acoustic ohm. Under the conditions described abdhe, acoustic-tube level switch suffers from envimental
disturbances, namely, the change in the enviroreh&hperature and the dust that may be accumulatibe tube. The
proposed method handles these disturbances usiiousatrategies: the temperature robustness ofngtaod itself, a
dust blow-out function, a dust-filtering functioand ultimately, if these fail, using the dynamicetthold approach for
switching judgment. The proposed method has a sanple structure. In the study, we theoreticallyestigated the
temperature robustness and experimentally verifiedrobustness, dust blowing and filtering functioas well as the

validity of the dynamic threshold strategy.
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B. Variables and constants
The employed variables and constants are definéallaws:

o: sound angular frequency [rall
f: sound frequency /2r) [Hz]
<Environment and powders>
P: atmospheric pressure [atm]
T(X): air temperature at locatio]{°C]
To: environmental temperature [°C]
Ty: temperature at detection port [°C]
1. temperature deviation froim, [°C]
p(T): air density [kgm?]
C(T): sound velocity [nfs]
A(T): sound wavelength [m]
6(t): angle [rad]
A,: area of the powders through which air can pab&iwis inversely proportional to the bulk densifythe powders [
R. viscous resistance of the powders [P/
da: mechanical viscous coefficient [N/(m/s)]
<Piezo-sounder>
m: total mass of sounder and air in the cavity [kg]
k: total spring constant of sounder and air in taty [N/m]
D: mechanical damper coefficient [N/(m/s)]
d: gap between electrodes or thickness of piezoeddw]
C: capacitance of the piezo-device [F]
Q: permanent charge in the piezo-device [C]
Z(iw): electric impedance of the soundetdiQ]
fr: resonance frequency of sounder with acoustic g
far: @anti-resonance frequency of sounder with acotisbie [Hz]
{ : damping coefficient [-]
<Acoustic tube>
A: cross-sectional area of the acoustic tubeR{r[m?]
L: length of the acoustic tube [m]
Z{(iw): acoustic impedance at[Pa/(ni/s)]
<Divider circuit>
r: divider resistance for outpu®]
g(t): output voltage [V]
<Detection logic>

e: threshold voltage [V]
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t;: judgment time [s]

e: margin of threshold [V]
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C. Acoustic impedance and mechanical spring constant
The air density(T), sound velocityC (T), and anglé (t) are given as follows:

(M= rimars @ [(A3)]

C(T)=331.5m/s+0.6 (2) [(A4)]
_ ol 0.6(Tu—To)

0(r) = sommsIn |1+ gome) - (3) [(A15)]

From the previous theoretical investigation [18f Bicoustic spring constant is given by a complexber for a tube
with arbitrary lengtiL under conditions (C1) and (C2) as follows:

2
[0 A%Z, (i) = o 200500 42 _1Han PO {i +2(E - )sin 29(1)} (4)
p 1+<:;ptan9(r)) P

which is a function of the angl&(z) or, eventually, a function of the temperature ddwn r from the environmental
temperaturd,. The imaginary part of eq.(4) is always positivel éndicates the viscosity characteristics, andréiad part

can be positive or negative according to the sifjsi®4(z). If it is negative, it shows the mass charactedstand if
positive, it reveals the spring characteristicguFe 2 shows the loci of> A2Z, (iw) when the acoustic angl&t) changes

from % (generally % m) to m(generally nm).

iwA*Z,(iw)  Imaginary

4

lw-dq Damper
P (TH) C(TH) 2
=iw- A—A
P \ ________________ when
Damping coeffici 6(t) =nm
d, decrease
increases

iw-dg,
= iw p(Ty)C

Damping coefficien s

2n+1
dg increasesas A, 0(z) = 5T
decreases
Mass Sprin
bring Real

Fig.2 Loci of the mechanical impedance for varyamgled (t)
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As shown in Fig.2, from eq.(4), whé{r) = nx (thus,tan 8(7) = 0), i w A2Z,(iw) has only an imaginary part and the

real part becomes 0.

p(Tp)C(To) A2 (5)

iwd, = iw "
p

The acoustic tube shows only the viscosity charasties. Furthermore, whea, = 0, i.e., the detection port is

completely closedi, = <.
In these situations, the acoustic tube functionsaadamper. From condition (C1)(T,)C(T,) = p(T)C(T) =
p(Ty)C(Ty), andd, is robust against temperature changes but is autimty influenced by the ared,, which is

inversely proportional to the bulk density of thenglers or fibers in the tank.
When the tube length iIs= n x (half wavelength),

C(T, C(T,
L=5 ATy =250 =20 (6)

and the anglé@(t) is given as follows:

C(To)

0.6(Ty—To)
0.6(Ty—To)

6(r) =nm- C(Ty)+0.67

()

WhenTy =T, andt = 0, i.e., there is no difference between the enviremial temperature and the temperature of the

-ln|1+

detection port and no temperature deviation, thggean eq.(7) isf(t) = nm, which results in the situation described by
eq.(5)
We calculated the complex spring constant of edd#, = 50 C, 7 = +50°C, andT;=100°C andA4,, = 0.9A, which
satisfy condition (C1).
WhenL = - A(Ty) andt = —50°C
iwA%Z,(iw) = (0.0015 + 1) wd,
WhenL = - A(Ty) andt = 50°C
iwA%2Z,(iw) = (=0.026 + 1i)wd,

In this case, considering an imaginary valu€lothe real parts are 0.0015 and -0.026, respégtivlich are

C(To)
0.6(Ty—Tp,)

0.6(Ty—To)|

*In |1 t @ roerl ©

sufficiently small to be neglected. Th
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D. Electrical impedance of the piezo-sounder
The electric impedance of the piezo-sounder i®bovs [14]:

. —mw?+k+iwD
Z,(lw) = - 102 . 8
1wC{—mw2+k+E(E) +1wD}

which includes the electrical as well as the medarelements (such as the mass, spring constadtdamper) of the
vibrating plate and the air in the sounder cavycording to the description provided in sect©mf this chapter, when
the acoustic tube is connected to the sounder, la®svrs in Fig.l, the viscosity component, given by

iwd, = i 20050 42|

in eq.(5), is substantial in the temperature raofyeondition (C1). This factor is added to the

p
impedance of the sounder and expressed as follows:
; p(To)C(To)
—mw2+k+1w<D+TA2)

i0c—mawz+k+ (@) 4 P(TYIC(T0) 47
1wC{ mw +k+2C(d) +1w(D+ Ap A )}

Ze(iw) =

9)

After connecting the tube, the resonance and astifrance frequencies of the piezo-sounder ardlgliguenced by
the viscosity characteristics and mass and thexgmharacteristics when the temperature deviates the reference.

However, they are assumed to be same as those system with the sounder alone. Thus, they afallasys:

K+1(2)*

o N
K

farzi m (11)

However, the damping coefficient is directly infheed by the acoustic viscositly =@A2 and expressed as
p

follows:

D+P(T0)C(T0)A2
¢ =i 4o (12)
2 1 /Q\?
m(k+ae(q) )
The damping coefficient is inversely proportional to the ardg through which air can pass, which is inversely
proportional to the bulk density of the objectsughusing double negation, the damping coefficieris proportional to

the bulk density of the objects, as shown in Fig.3.
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[l ectric impedance of
the sounder connected with the tube

The electric impedance
increases in propottional
to the increase of the bulk
density of objects -

2 Frequent:}r [Hz]

Fig.3 Frequency response of the impedance whedeteetion position is covered and open.
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4.3 EXPERIMENTAL VERIFICATIONS

A. Verification of theoretical results
Here, we investigate the electric impedance of ezgisounder connected with the acoustic tube umdgous

environmental temperatures and compare the theategsults with the experimental results. Figushdws the sounder
and the tube, which is inside the tank. The tulibthe air inside it were heated or cooled by pautiot water or placing
ice blocks into the tank. The piezo-sounder (MuRKaM44EW) had a resonance frequency of 760 Hz.radeus of the
acoustic tube was 7 mm and its length was 0.22 hichwmvas the half-wavelength with open-end compimsd.6x7

mm, 760 Hz sound, and a temperature of 16°C.

T
|

¥
el
Thermometer— 1-

1

;Piezn Sounder

Pipe

e

Tank to heat or cool the tube
by pouring hot water or entering ice blocks

Fig.4 Experimental set-up used to measure therelacimpedance of a sounder connected with thesttotube

First, hot water of 90°C was poured into the taaukg the temperature gradually deceased by heatticadi When the
temperature decreased to approach room temper#ierejater was further cooled to 5°C by inserticgy blocks into the
tank. The frequency response of the electric impeelavas measured at several temperatures usingcasp analyzer
(Digilent 410-321). The electric impedance was deieed by dividing the sounder terminal voltagetbg current. The
frequency range was 500 Hz to 1 kHz, which inclutheslresonance and anti-resonance frequenciesddteetion port
was closed by covering it with cotton of bulk deyn$6 kg/ni, which is approximately 30 times higher than tbiair.

Figure 5 shows the frequency responses of the iammedof the sounder whée port was open and closed; for example,

at temperatures of 5°C, 40°@nd 80°C. In the open condition, the impedance nathximal value near the resonance
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frequency for all temperatures. The maximal valiighe impedance at a low temperature of 5°C anigjla temperature of
80°C decreased compared to that observed at appatedy 40°C.

5000~ - 1 5000— 5000
1300 -— 760Hz 1300 { 4300
1008 1000 1000
< g =}
3508 3300 3500
] 2 =
Ea000 0 N 3000 3000
2 23 S | we e
2 5 £
S2s08 Szl S50
2009 Closed 2000 Closed 2000
Closed
1508 1500 1500
S Z 300 600 700 800 00 1000 g Z
300 600 00 L, S0 S0 1000 E L 00 600 To0 L SO0 %00 1000
5C 40°C 80°C

Fig.5 Frequency response of the electric impedaftke sounder when the detection point is opeciaged with cotton
of bulk density 36 kg/rhin the temperature range 5°C—80°C

However, the electric impedances of the closed itiondwere flat for the entire temperature rangareined in the
experiment and were lower than those measurederofien condition. Throughout the studied tempegatange, the
frequencies of the open condition impedance wesemed as maxima and ranged from 753 Hz to 766nid4lse average

frequency was 758 Hz. At the anti-resonance freguehe impedances of the closed condition weratgrahan those of
the open condition.
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Fig.6 Frequency range for which the open resonance impedance is greater than the closed impedance; resonance

frequency for temperature ranging from 5°C to 80°C

Figure 6 shows the frequency range when the impedanf the open condition is greater than that ef ¢tosed

condition, as well as the resonance frequencyh@témperature range from 5°C to 80°C.

From Fig.6, the highest frequency of the lower freacy limit is 741 Hz and the lowest frequency lué upper
frequency limit is 877 Hz. The standard deviation the resonance frequency 758 Hz WHS; thus, the resonance

frequency was almost constant for changing tempegat
Figure 7 shows the acoustic impedance of the pmermder and the output voltagft) of Fig.1 at a constant

frequency of 760 Hz for a temperature ranging f&5@ to 80°C.
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Fig.7 Open and closed resonance impedances foetatape ranging from 5°C to 80°C

The impedance measured in the closed conditiotmest constant for the entire temperature rangesreds that
observed in the open condition decreases whenethpedrature is lower or higher than room temperafline output
voltage shows the inverse characteristics to thmedance. In this case, setting a fixed threshotel 1 V can judge the
open or closed condition.
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B. Detectable bulk density of objects
Figure 8 shows the bulk density of an object asration of the output voltage when the environmieteiaperature

is 23°C. The object employed here was cotton with llensity ranging from 13 kgfrto 70 kg/ni and the port was
covered with cotton with bulk density 13 kgirthe output voltage was 1.9 V, which was the lowest detectable limit.
2_1__ ........................ iR R R R e R R L R A

Completely closed : —o

1.8 :
10 20 30 40 50 60 70

Bulk density [kg/m’]

Fig.8 Bulk density vs. output voltage
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C. Effect of a dust filter placed at the quarter-wavelength position
At the quarter-wavelength position of the tube, @aheplitude of the sound velocity is minimal or addes with the

node location of the sound velocity. Thus, the kiatic energy lost by the air filter plugging is mnival, which leads to
lower influence to the acoustic resonance. This weagied experimentally. For a tube with lengtR®m, we placed a
dust filter at the quarter-wavelength location,10rh. The dust was substituted by cotton of 36 Rgjuik density

attached to the filter. The environmental tempeeatvas 23°C. The detection port was closed by @oget with cotton

of the same bulk density as that of the dust coftagure 9 shows the dust and output voltages whermletection port
was open and covered by cotton as a function df @asgton) thickness. From Fig.9, even when thestulas plugged
by 26.5-mm-thick dust, the method detected thetemee of the object (cotton). Furthermore, whendhe@ronmental
temperature did not change, from the output voltafgle open condition, the thickness of the dosilad be estimated,

which could generate a message to clean the filter.

Thickness of dust

0 5 10 15 20 25 30
Thickness of dust [mm)]

Fig.9 Effect of the thickness of the dust attacteethe dust filter
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D. Dust blow-out phenomena at the detection port
Because the tube length was the half-wavelerggtthe open detection port, the amplitude ofstiend velocity of the

air, and thus its kinetic energy, was maximum; thisufficiently large to remove the dust around tietection port. The
force required by the piezo-sounder to draw aimftbe exterior of the detection port is lower thlaat required to extract
it from the tube. Because the air pushes out, gesrand scatters into space and a part of thiessdhair is pulled into the
port. Thus, the resulting force acting on the dsistirected toward the exterior of the tube, whatbws out the dust near
the detection port and maintains the interior @ thbe clean. Figure 10 shows this phenomenon. Wheesounder was
driven by 3.6 mV. First, 100 Styrofoam balls witl) 3nm diameter and with group bulk density of 1nkgwere placed

inside and near the detection port of the tubezbatally. The air gradually pushed the balls agaihe friction force

between the balls and the tube surface and extrdleean all from the tube after 45 s. From Fig.10s ievident that the

tube has the capability to blow out dust locateniad the detection port.

t=0s t=10s

Fig.10 Dust blown out by acoustic energy
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E. Switching under changing environmental temperature
We performed an experiment using a level switchedam the scheme shown in Fig.1 under the sameaimegmeal

conditions as those shown in Fig.4. Here, we engaldiie dynamic-threshold logic presented in Figth warameters, =
2.2V, ;=10 s, and: = 0.1 V. The sampling interval of the AD convengais 1 ms. In a 8000 s period, the detection port
was covered (using cotton with bulk density 36 Ki/and opened every other 120 s and the temperehameged from
90°C to 5°C. Figure 11 shows the observed switctiagavior and environmental temperature. The teatper was
changed in the same way as in the verification exymant described in section A of this chapter. Dgrihe time interval,

all switching was correctly estimated. The voltatiference between the open and closed conditiorteé temperature

range from 5°C to 90°C was almost the same.
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Fig.11 Level switching when the environmental terapgre changes from 90°C to 5°C
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F. Experimental detection of hot soil
Using a stainless tube of lendgtt= 0.900m, which is equal to two wavelengths, we performadeaperiment to

detect the presence of heated gravel with a bullsitieof 810 k¢gm®. Figure 12 shows the temperature of the gravel and
the tube. The highest surface temperature of tiaetegravel was 345°C and its interior temperatuase 450°C. The
surface temperature was measured with a thermerticamera (Japan Avionics F30) and the internapézature was
measured with an optical thermometer (CUSTOM CTEZDO The temperature distribution along the tubs 832.1°C
30.2°C 30.3°C 29.8°C and 29.7°C beginning from the gravel side. Thénktas tube functioned not only as an

acoustic tube but also as a heat-radiation tube.

‘;,;' 47.8
345.4 100.0

(a)Heated gravel (b)Temperature

Fig.12 Temperature of the heated gravel and teryperdistribution along the acoustic tube

Figure 13 shows that the output voltage was 2\shén the detection port was covered with the havel, and 0.9 V
when the gravel was removed. The presence of theedhgravel was correctly assessed using a cortbtashold of 2.2

V.
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Fig.13 Change in the output voltage observed wherdétection port was covered by heated gravet tiimees
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44RESULTS
Here, we summarize the results of the experimesgsribed in Chapter Il.

An acoustic tube with 7 mm radius and 0.22 m lengthich is the half-wavelength of a 760 Hz soundl@tC, was
acoustically excited by a sounder with a resondremiency of 760 Hz. The detection port was covevél cotton and
then uncovered. The bulk density of the cotton @&ikg/ni. When the environmental temperature changed fro@nté
80°C, we obtained the following results:

(R1) In the frequency range from 740 Hz to 874 tHe, electric impedance of the sounder was gredtenwthe detection
port was open than when it was covered or closed.

(R2) When open, the resonance frequency was 75&t4ht the difference between the impedances ofltsed and
open conditions was maximum at the resonance frayue

(R3) When the half-wavelength was equal to the tlermf the tube, the temperature was optimal. As tbptimal

temperature, the difference between the impedantebe closed and open conditions was maximum. Bween

deviating from the optimal temperature conditigk50°C), the open and closed conditions were correctluated by
using a fixed threshold.

(R4) Under a constant temperature condition, theatible bulk density of powders (cotton) was 18rkg

(R5) Even when a dust filter placed at the quastavelength position of the tube was plugged wittb2@m-thick dust
(cotton) with 36 k¢m® bulk density, the method detected the presentigegbowder (cotton) with the same bulk density as
that of the dust. Furthermore, when the detectiort pias open, the output voltage increased prapuatly to the
thickness of the dust.

(R6) The acoustic tube had the capability of blapdut dust accumulated inside and near the deteptd.

(R7) In an environment with varying temperaturerir80°C to 5°C, the dynamic-threshold logic correddentified the
presence of a powder (cotton) of 3@rkgbulk density.

(R8) Under the different conditions described ahdkie 0.90-m-long acoustic tube detected the poesehgravel with
bulk density 810 kin® heated from 345°C to 450°C.
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4.5 CONSIDERATIONS
From the results (R1) and (R2), the objects (in élkperiment the cotton) that satisfied conditio2)®ad little

influence on the resonance frequency of the piezmder. The results confirmed that the air in tbeuatic tube functions
not mass or spring but viscosity. This result cgponds to the theoretical results given by eq(8)),(10), (11), (12), and
Fig.3. From result (R3), even with an environmenémhperature deviation @50°C from the optimal temperature, the
open and closed conditions can be determined.

Two common problems of powder-level meters is @ixgig by condensation and the drying of dew thattains dust.
In this method, we placed a dust filter at the tprawvavelength (namely, at the position of the leéphe sound pressure
or the node of the sound velocity) that had littifuence on acoustic phenomena and obtained réR8)t Furthermore,

the acoustic tube driven by the sounder had thaaigpto blow out dust from the vicinity of the detion port.

4.6 CONCLUSIONS
In this paper, we propose a novel acoustic-tubel Iewitch that detects the level of light and hoivders or fibers in a

tank. A mathematical model was build and the initeeof the environmental temperature was theotbticevestigated.
From this investigation, we determined that themat length of the acoustic tube for a certain terature still operates

well for a temperature deviation af50°C from the optimal temperature. Experimentally, fveposed level switch

evaluated the level for the temperature range f&dthto 90C or a wider temperature range under a fixed evialmat
threshold. The acoustic method, which has beenideresl to be easily influenced by temperature changas observed
to be robust against such changes. The temperauigtion of the exterior of the tank was withit50°C from the

reference temperature, it is feasible. Furthermateen we used the dynamic-threshold logic showRiinl, the system

could operate in a wider temperature range tha®’C. The main feature of the method is that it carctdight powders.
Experimentally, we confirmed that the method catectea fibrous substance (cotton) of 15rktpulk density, which is
approximately ten times higher than the atmospleiridensity. A filter set at the quarter-waveldngosition had little
influence on the acoustics, even when 26.5-mm-ttlicit was plugged. Furthermore, an acoustic tuberdby a sounder
could blow out dust from the vicinity of the detect port. Finally, by using the acoustic tube dseat radiator, we can
detect gravel heated to approximately @50The proposed method can be used in the ash-gingeslants of garbage
incinerators or in bubble level detectors in sagiovironmental conditions.

Here, we described the simplest acoustic levelctwitith a constant length tube driven by a piezmsler at a constant
frequency. Although the level switch had the simplstructure, it was sufficiently robust againstmpes in the

temperature and dust. A variety of advanced schearede considered based on the proposed method.
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5. Conclusion

We construct a comprehensive theoretical modeliefgpdevice based on the piezoelectric effect tiébat property,
mechanical property and pyroelectric effect of pieevice, and derived a system block diagram toesgpthe physical
modeling. We revealed that the reversible phenomesaue to feedback. Moreover, the structure oftipla input /
multiple output characteristics of piezo device wisified by the structure that various physicaantities are applied to
this feedback loop. By understanding the physitakture of this piezo device, the possibility affious multi-input and

output function is introduced.

5.1 Multiple-Input/Multiple-Output Characteristics of Piezo Devices
The multi-input / multi-output characteristics detpiezo device was explained by feedback systeithvit inherent

in the electrical and mechanical elements relatioraddition, the reversibility characteristic bktpiezo device was also
explained based on this feedback theory. From ¢hized feedback block model, we introduce considleraarious new
application of the piezo device.

The piezo ceramic device was reviewed from thermatephysical phenomenon and modeling was introdluEeom
the derived block diagram model, we found that pfezo device has inherent feedback loop swhichbeamneversely
operated. Some of piezo ceramic elements compobddrmelectrics had not only piezoelectric effedist also

pyroelectric properties, and experiments showetitémperature differences can be detected by expets.

5.2 Respirometer by a piezo device and its application to triage
Based on a new insight from chapter 2, we devel@padw triage support device using the pyroeleetfiect of the

piezo device and the feedback characteristicséretament. The proposed triage support devicedd as two sides of
the piezo device, such as (1) respiration sen2pag a buzzer. In the normal condition, proposedé support device
detects as a respiration sensor. However, whem@or@ality is detected in respiration, the triagpport device act as a
buzzer to warn for the triage. This function canréaized with a power-saving microprocessor asihgle piezo device
as a dual function of sensor and actuator.

The proposed triage support device demonstrate passibilities in the field of medical engineeringtronly as a

triage sensor but also simple respiration sensor.

5.3 Powder and Bulk Level Monitoring by an Acoustic Tube Method
We developed a level switch that utilizes a piegeick as a sound generating mechanism to drivel¢iraholtz cavity

and acoustic tube and detects whether the tipeofitioustic tube is covered with an object havitigra bulk density
from the piezo device impedance change. The prapaseustic level switch demonstrates a capabifityaviety of new

industrial field instruments.

We studied acoustic tube level switch which detdutsexisting of powder / granular material witlwlbulk density. A
mathematical model of acoustic tube was construatetithe temperature dependency of this systemtiveasetically

explained. In other words, the optimum design ef disoustic system (constant acoustic tube lengthaatuated sound
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frequency) optimally designed under a certain taatpee disintegrates with the temperature changegeker it is still
possible to detect as level switch. As a resultiais theoretically confirmed that discriminationssaade normally at the
optimum condition temperature £ 50 ° C, experimiynth was determined with a fixed threshold in ttemperature
range 5 to 80 ° C with robustness and robust tqésature was confirmed. The temperature outsidetahle of the
proposed level switch is within + 50 ° C at roormperature and can be examined as practical situdticaddition, even
if the temperature further changes by the dynaimieshold method, it can deal without false detectRegarding the
bulk density, we confirmed that 13 kg / m 3 of oottan be discriminated. It was confirmed thatléivel of adhesion of
dust on the dustproof filter can be monitored arfdrimation on filter replacement can be outputtéidally, using the
fact that the sound tube acts as a heat radiaif fhe presence or absence of dirt at a temperafu345.4 to 450 ° C
can be stably switched regardless of temperatunesage. Such a level switch can be expected to feetiek for
detection of low bulk density objects in an advezsgironment, such as ash treatment process ofagarimcineration

plants and bubble level detection of food / wateatiment plants.
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APPENDIX

Fig.Al shows a cylindrical tube with uniform crassetional area. Here, we consider its acousticacieristics.

- L >
Pl plx.1 Pl
u((),t> ( t) U(L,l’)

Fig.Al Cylindrical acoustic tube with uniform cressctional area

The acoustic wave propagation in the tube is desdrby the following wave equations, eq.(Al) and/A) [11].

du(xt) _ A dp(xt)
T ot p(m) ox (A1)
_9p(t) _ p(T)(C(T))? du(xt) (A2)

Jat A dx
In these equations, the air dengiyf") and sound velocit¢ (T) are a function of the temperatufeand are expressed

as follows:

1.239%xP
p(T)= 14+T/273.15 (A3)
C(T)=331.5m/s+0.% (A4)

As the change of the temperature is very slow mparison with the acoustic phenomena, the temperédlassumed
to be constant. Under this condition, the solutdbrthe ordinary differential equation with respéetthe displacemen
obtained by the Laplace transformations of eq.(add eq.(A2) for zero initial conditions, are givienthe form of the
following four terminal network relations

p(MIC(M) . s
P(x S)] l cosh— C(T) - " sinh ﬁ X P(O, S)] (A5)
U(x s) s S U(o,s)
(T)C(T) hom ™ cosh e

When the tube is driven by a steady-state sinubsadand with angular frequenay, the relation in eq.(A5) is
expressed as follows:

w . p(T)C(T) . W
P(X, l(J)) CoS oo X l —A sin o X P(O, l(L))
U(x, i)~ i Sin—— x COS——X U(0,iw) (A9)
p(T)C(T) c(T) c(T)

From condition (C1), the temperature distributitix) along the tube is as shown in Fig.A2 and giverdpyA7)
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Fig.A2 Linear temperature distribution along the acoustic tube
T(x) =T, +22x (A7)
In the tube, the length of a short part of the tube is given by Ax and the total length of the tube is divided into m =
L/Ax parts. Here, we define the angle 6(k) = C(Tw(—izx)) for the short tube. From eq.(A4) and eq.(A7), the angle 6 (k) at

the k-th tube is given as follows:

wlAx
6 k) = Ty — T,
3315+ 0.6 (T, + L% kAx)
w Ax
) 0.6(To)+—TH;T0kAx (A8)
C(To)
and the four terminal matrices of the k-th tube from kAx to (k + 1)Ax are obtained from eq.(A6).
cos H(k) —i (T(kAx)lC(T(kAx)) 9(/{)
F(kAx) =] 4 ' (A9)
—i ST GRBCTRAT) sin 8(k) cos 0(k)

Thus, the acoustic characteristics from kAx to (k + 1)Ax are expressed as follows:
P((k + 1)Ax,iw)] _ P(kAx,iw)
U((k + 1)Ax, ia))] = Fkax) [U(kAx, iwy|  (A10
The characteristics of the entire tube from x = 0 to x = L are given by the products of F(0),F(Ax),...F(kAx), ... ,F(mAx),
which are expressed as follows:

P(L,iw) m P(0,iw)
(0L ] = T Pk [ (ALD
From condition (C1), the temperature difference between Ty and T, is approximately 100°C; from eq.(A3) and (A4), in the
Ta+To

temperature range 0°C < 7'< 100°C with central temperature T = = 50°C, the maximum deviation is approximately

+4%, which yields the following approximation

p(To)C(To) = p(T)C(T) = p(Tu)C(Tw) (A12)
Using the approximation above and the additional theorem of the trigonometric function, we have:

cosz;gl L0(k) —i 20X i 3 6 (k)
k=1 F(kAx) = ; (A13)
- p(TO)C(TO) ———sin Y ,j=, 0(k) cos Y=, 0(k)
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Furthermore, by lettingx — 0 the anglee? Y=, 6(k) is calculated as follows:

6 = li Ze(k)— I i ax
- A}}l‘ok T C(TO)A}cTok L 06T =T,
- B C(To)L
_ w L dx wlL 0.6(Ty—To)
= a5k LT, et In|1+ 2] (a14)
C(To)L
Then, when the environmental temperature deviatesfiom T, the anglé(t) can be described as:
0.6(Tu—To)
0(r) =7, 6(T To)l |1 t T ro6r (A15)
Thus, the acoustic charactenstlcs frem O tox = L in the temperature distribution of Fig.A2 are giJ®y:
[ CD o
P(L,iw) cos 6(1) — 200)Co(o) oy 0(t) P(0,iw)
U(L iw) B —i—2 ___sing (1) cos 0 (1) U(0,iw) (A16)
| p(Tp)Co(To)

Conversely, those from=L to x = 0 are given as follows:

p(To )C ™)
P(0, i'a)) _ cos 6 (1) j—— i
(0 iw) sin 6 (1) cos 6(1) U, iw)

9(7)] [P(L, i)

_ A

j—

p(To)Co(T,)

(A17)

From condition (C2), the objects are acousticalscous and the area that the air can pass thraugly thus, the
viscosity resistancB, can be obtained as:

R — p(THjC(TH) (A18)
p
Then, the acoustic volumetric velocity is giverfaiows:
U(L,iw) = P“ fw) (A19)
From eq.(A18), eq.(A19), and eq.(A12) the acoua’upedance viewed the fror= 0 port is:
(To)C(To) A
. P(0iw)  €OS 9(‘[)+1p751n o(t) 1+i=2 tan 6(1)
Z,(iw) = o0 i(:)) — A =R,—% (A20)
§ R_aHm sin8(t) 1+1Ap tan 8(t)

The multiplication ofd? with R, leads to the following mechanical viscous coefiiti
_ P(TH)C(Ty)
d, = A%R,= ”HA—pHAZ (A21)

Furthermore, the operation of the time derivatiweon Z, (iw) with dimensions [Pa/(f¥s)] yields the spring constant,
which is given by a complex number with dimensif¥s]:

A
1+ ijptan 6 (1)
iwA%Z,(iw) =iwd, "
1+ iA—tan 6(1)
p
2
= o ETCT) 4z _1+tan 60 {i +1 & —2)sin ze(r)} (A22)
Ay A 2%a, 4
1+(Etan9(‘r))
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