DESCRIPTION ULTRASONIC APPARATUS AND METHOD FOR MEASURING THE
~CONCENTRATION OF GAS Technical Field The present invention relates to an apparatus and
‘method for measuring the concentration of a sample gas by an ultrasonic wave. In more detail, the

present invention relates to an apparatus and method for measuring the oxygen concentration of an

oxygen concentrated gas fed out of an oxygen concentrator used for medical purpose, for example.

Background Art It is widely known that propagation speed of an ultrasonic wave propagating

through a sample gas is represented as a fun @ﬁﬁ% ration and temperature of ' the sample

gas. Supposing that an average molecular Welght of the sample gas is M and the temperature is T [k],

an ultrasonic propagation speed C [m/sec] in the sample gas is expressed by the following expression

(1):
ULTRASONIC APPARATUS AND METHOD FOR MEASURING THE

CONCENTRATION OF GAS

Technical Field

The present invention relates to an apparatus and method for measuring the
concentration of a sample gas by an ultrasonic wave. In more detail, the present
irvention relates to an apparatus and method for measuring the oxygen concentration
of an oxygen concentrated gas fed out of an oxygen concentrator used for medical

purpose, for example.

Background Art

It s widely known that propagation speed of an ultrasonic wave propagating
through a sample gas is represented as a function of concentration and temperature of -
the sample gas. Supposing that an average molecular weight of the sample gas is M
and the texmerature is T [k], an ultrasonic propagation speed C [mv/sec] in the sample
gas 1s expressed by the following expréssien (1)

[Expression (1))

kRT
M
Here, k and R are constants (k: Ratio between constant-volume molar specific
heat and constant-pressure molar specific heat, R: Gas constant). That is, if the
ultrasonic propagation speed C [m/sec] and the temperature T [k] in the sample gas
can be measured, the average molecular weight M of the sample gas can be

determined. I such sample gas is composed by two compeonents of oxygen and



[Expression (1)] IFR Here, k and R are constants (k: Ratio between constant-volume molar
specific heat and constant-pressure molar specific heat, R: Gas constant). That is, if the ultrasonic
propagation speed C [m/sec] and the temperature T [k] in the sample gas can be measured, the
average molecular weight M of the sample gas can be determined. If such sample gas is composed by
two components of oxygen and nitrogen, for example, it is known that k = 1.4. Supposing that the
molecular weight of oxygen is 32 and the molecular weight of nitrogen is 28, the average molecular

weightMofthei am le X e. i = + - P)d > 0 x P [%]
(0O5P 1) and nﬁr‘t?r)g%kr%l ’1%%a§ %fn %gj E%S%ﬁr%ﬁ &@%%geﬁ%znce%éést}ig% tghcﬁﬁgbﬁe?(%tgi%n%fg from the

measured avesags-raeleeiEr wright MholeculabheghsWInasingethat tse tirasenigaprepiagation speed
in the sample gas is C [m/sec] and the flow velocity of the sample gas is V [m/sec], since an ultrasonic

propagation speaghy M mfsbe]smapkuges sehdre thesertpad oisicMvavills trafisthittdd) i & fersoartl direction
to the flow of the sample gas is represented by VI =.C + V an ultr IC propagation speed V2
[m/sec] measlﬁ}é‘éEWhéﬂ{%Hé Ditraddiic Wave i uHgen ﬁ]ﬁg Ba@LvV:]?g @%ﬁcﬁ@ﬁ%ﬁﬁ@ﬂ&ﬁ of the
sample gas is [ERIERENIGH P>26a\{1[205 &téfmﬁ'ﬂ%‘e?%}]%a&eéﬁéﬁye%mém%ma@&ﬂmﬁg&@ﬁ%be acquired

by the following expression (2): [Expression

Further, supposing that the ultrasonic propagation speed in the sample gas is
C [m/sec] and the flow velocity of the sample gas is V [m/sec], since an ultrasonic
propagation speed V; [m/sec] measured when the ultrasonic wave is transmitied 1n a
forward direction to the flow of the sample gas 1s represented by Vi = C + V and an
ultrasonic propagation speed V. [m/sec] measured when the ultrasonic wave is
transmitted in a backward direction to the flow of the sample gas is represented by V;
= C — V, the flow velocity V [m/sec] of the sample gas can be acquired by the
following expression (2):

[Expression {2)]

V-V,

V= 2

By multiplying the flow velocity V [m/sec] of the sample gas obtained as
above by an inner area [m’] of piping through which the sample gas flows, a flow rate
[m’/sec] of the sample gas can be obtained. Moreover, by volume conversion or
time conversion, the flow rate can be easily obtained in {L/min].

Various apparatuses and methods for measuring the concentration and flow
rate of the sample gas from the propagation speed or propagation time of an ultrasonic
wave propagating through the sample gas using the above principle have been
proposed. For example, Japanese Patent Laid-Open Publication No. H6-213877
describes an apparatus for measuring the concentration and flow rate of the sample
gas by arranging two ultrasonic transducers in the piping through which the sample

gas



V=2 By multiplying the flow velocity V [m/sec] of the sample gas obtained as above by an inner
area [m2] of piping through which the sample gas flows, a flow rate [m3/see] of the sample gas can be
obtained. Moreover, by volume conversion or time conversion, the flow rate can be easily obtained in
[L/min] Various apparatuses and methods for measuring the concentration and flow rate of the
sample gas from the propagation speed or propagation time of an ultrasonic wave propagating through
the sample gas using the above principle have been proposed. For example, Japanese Patent

Laid-Open Pul%iication No.t Ht6'21 87 hdescril%es an %%paraéus for metasurtln th Egon entration and
flow rate of the Sample gas by affang ngtwg O ASERTE B AL e AL aER e ﬁ’ée FolfiRWRIZN the

sample gas flqus OpRAsitaLa Lach-terRNG Py sgasurina.thepropagatiandims,af dhe plirasonic

wave propagating between the ultrasonic transducers. In addition, Japanese Patent Laid-Open
Publication NoL#d-2062 dhiblickiapaNesé] PatitilSaicdOhanafRub|Ration Mol-08<23Bub3i derkgribe an
apparatus for measuring}lthe concentration of the sample gas by measuring the propagation speed or

propagation timé ofthé e Rteris e FroRmaRE g tRe TR RS BYsing wrdtion ebme Wil geflection

method using %ass"1‘%'%n%'é%%?&%“%ﬁéa&%%‘éggtﬁbn speed or propagation time of the ultrasonic wave

propagating through a sensing area in a sonic wave reflection method using a single

ultrasonic transducer.

Disclosure of the Invention

In order to accurately measure the concentration of the sample gas using such
propagation speed of the ultrasonic wave and the like, an accurate propagation speed
of the ultrasonic wave considering influencing factors in the piping through which the
sample gas flows should be known.

As a treatment method for disorders in respiratory organs such as asthma,
emphysema, chronic bronchitis and the like, an oxygen inhalation therapy in which a
patient inhales an oxygen gas or oxygen-enriched air, and as its oxygen supply source,
there is known a pressure-fluctuation adsorption type oxygen concentrator that
concentrates oxygen existing in the air in approximately 21% fo high concentration
and supplies it to a user. Such pressure-fluctuation adsorption type oxygen
concentrator 1s an apparatus for adsorbing nitrogen in a pressurized condition and
taking out unadsorbed oxygen as an oxygen concentrated gas using an adsorbent bed
filled with molecular seive zeolite of SA type, 13X type, Li-X type, MD-X type and
the like as an adsorbent that selectively adsorbs nitrogen rather than oxygen and
supplying compressed air from a compressor to the adsorbent bed. Such an
apparatus is usually provided with two or more adsorbent beds, and by conducting a
pressurized adsorption process for having nitrogen adsorbed by the adsorbent so as to

generate unadsorbed oxygen at one of the adsorption beds and a desorption



Disclosure of the Invention In order to accurately measure the concentration of the sample gas
using such propagation speed of the ultrasonic wave and the like, an accurate propagation speed of
the ultrasonic wave considering influencing factors in the piping through which the sample gas flows
should be known. As a treatment method for disorders in respiratory organs such as asthma,
emphyesgmerpghnopriecosenthitis dnprtsentike f dheoxtpge adspraatio b el draisdinadie s ipatiditfthales an
oxygen gas or oxygen-enriched air, and as its oxy eﬂysug% sourge there is known a erated

pressAfeNbed RIS RSB FEH BB R YLH COHERIMS 88 8%8@@??%&8’8 BREHAG M the air

in app(ggﬁ({'%gy‘o/zl% to high concentration and supplies it to a user. Such pressure-fluctuation
adsorption type dxygen concentrator is an apparatus for adsorbing nitrogen in a pressurized condition

and taking og uedgREbadORYGRARMARMSYPEMCEnEeNtatechg@ssing.aun, adsrthantyped fidked with

molecular seive zeolite of 5A type, 13X type, Li-X type, MD-X type and the like as an adsorbent that

selectiveljradssibeaietiyeh Pattreritabinoxpgepressarsgs pRAPTREPAPPERSHY adrdhs lesmbidissor to

the adsorbent bed. Such an apﬁ.aratus ia:uzﬁa"? tro%jded iNIH] two or more ads(?gg%% ggns €zg,[nd by

condUEERBERAHPRSRSS R JRO RIS SPSL A R TR 8 e RRES G SRR fab b &by e Bt o rBart 2o as to

genergle LEHRQ,ngQs%ﬁx%XMQ‘%HeaEQH?Qf%&e RIBIRiRM PedsR.a:AeSOrRIiE, degenaEation mocess in
on

which pressure of the other adsorpti ed is reduced so as to exhaust adsorbed nitrogen for

regengratigrutidiilepsed o€ ritiallysudiching thém peosygen canthe giderdtat adbmtinuolisihich ifrathe
pressure-fluctuation adsorption type oxygen concentrator, since oxygen is continuously generated by

switchiffaho ﬁ%@@%ﬁ%w&ﬁbﬁfﬁfﬁé@%@@ﬁﬂtﬁé%ﬁm _ ABYSRBACBIEEREs in the piping,
and a flow raje. oF SupRICL SXNAST, R ARaieer In SINING 24 @My NS, BISaSHIE QLIS sarple gas In

the piping is d&baed. Howaver, ¢ ange in the propagation spee ultrasonic wave by pressure
is not consifered Aol diyabwhich isa facierterdeiesiamte @8 assipRCYLAl Bsasktamentyalues of

the sample gas concentration. The present invention has an object to provide an ultrasonic method
for measwsing the dericintrationetfisanpfer gesthetngarthacpuateiytiveaperd thecemppivigasthe
concentration by pressure by deriving a coefficient for correcting the propagation speed accompanying
the pr@é%‘i?f%ed?%t/ saRiRga S Hh ATAPRYPRIRII R Bding it.

As the result of keen examination by the inventors in order to achieve the above object,
they have found that the sample gas concentration can be accurately measured by changing the
pressure in the piping through which the sample gas flows is changed at each temperature,
calculating a propagation speed correction coefficient, expressing the propagation speed
correction coefficient as a function of the temperature, and correcting the propagation speed.

That is, the present invention provides in one aspect, an ultrasonic method for measuring
the concentration of a specific component gas in sample gas based on a propagation time till an
ultrasonic wave transmitted from two ultrasonic transducers transmitting / receiving the
ultrasonic wave, arranged opposite to each other in piping through which a sample gas flows, is
received by the ultrasonic transducer arranged on the opposite side, the method comprising steps

of: measuring a propagation time till the ultrasonic wave transmitted from each of the two



As the result of keen examination by the inventors in order to achieve the above object, they have
found that the sample gas concentration can be accurately measured by changing the pressure in the
piping through which the sample gas flows is changed at each temperature, calculating a propagation
speed correction coefficient, expressing the propagation speed correction coefficient as a function of
the tenippesativeramdworréstingeived hop dpatidres péisgionic Thasdycthe PpraserinieesitioplpEasides in
one aspect, an ultrasonic method for measuring the concentratjon of a specific compone sin
d Ao

samplEYRS HHER IIBFA S PR AgSHTBR fird s tiar Hitra BRI C WS R AP RTGRAEAIY it

transd ittl receiv e [ r itet0. e ther. inpiping
M B L SR G S B R e S
side, the:-methad:cesnniging Siepsmwbmeasurng arampagatias tamepldl fhe, ulthasanichwaus tfansmitted
from each of the two ultrasonic transducer is received by the other ultrasonic transducer; measuring a
sampleogastiemiber atapagatisastimegtll shmpleyasipressstacantearectitgiesogayatio s tine till
the uItrasofnic transducer receives the ulii%?n'ié wave based on a‘?ro agg ion.speed correction
coeficHERE S EORAI o RE PARPR Ly SPelCE MBI Sple A6 RSB Sh Se8iSor
correcting the propagation time till the ultrasonic transducer receives the ultrasonic wave is a step for
correcting a propagation speed (C) of the ultrasonic wave by the following expression: k R T R (where
k: ratio between constant-volume molar specific heat and constant-pressure molar specific heat, R:
gas constant, T: mﬁiﬁur mperature ofggample gas;sM: average molecular weight of sample gas, P:

measured, pressur o e %?as_ Bé_T): Opag%i_ : geed correction coefficient), and the step for
;ba1se ' |€%§
d

sak
correcti 'ia"b'l*bpaéamé@d 0 ngnc temperature T of the propagation speed
correction coefficr@nt byf!‘;ﬂ:quiri?ng a proa on spee g}orrection coefficient B(Ta) at a temperature
Ta from the ultrasonic propagation speeds of sample gases with two different types of pressure values
at the temperature Ta.
(where k: ratio between constant-volume molar specific heat and constant-pressure molar

specific heat, R: gas constant, T: measured temperature of sample gas, M: average molecular
weight of sample gas, P: measured pressure of sample gas, B(T): propagation speed correction
coefficient), and the step for correcting a propagation speed based on a function of a temperature
T of the propagation speed correction coefficient by acquiring a propagation speed correction
coefficient B{Ta) at a temperature Ta from the ultrasonic propagation speeds of sample gases
with two different types of pressure values at the temperature Ta.

According to another aspect, there is provided an ultrasonic apparatus for measuring the
concentration of gas comprising piping extending along an axis and through which a target gas to
be measured flows, a first ultrasonic transducer arranged inside the piping for transmitting/
receiving an ultrasonic wave, a second ultrasonic transducer arranged inside the piping and
opposed to the first ultrasonic transducer for transmitting/ receiving the ultrasonic wave, a

transmission / receiving switch for switching control an ultrasonic transmission mode in which
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According to another aspect, there is provided an ultrasonic apparatus for measuring the concentration
of gas comprising piping extending along an axis and through which a target gas to be measured
flows, a first ultrasonic transducer arranged inside the piping for transmitting/ receiving an ultrasonic
wave, a second ultrasonic transducer arranged inside the piping and opposed to the first ultrasonic
transdbeen forstraieswitting (eosivingdhbaritrdsonidresave; airsdsmeissioh dredeisingi switchviog
switching, control an ultrasonic transmission mode in which mode in which the transmitted ultrasonic

wave 188 et e tRBsmittcsh A LEEBRl UtEYSoM cTRSHLeRi TS ehe s e Rl ra s iseR B ranged
at the piping, forMearing 2 sMRerAreALiDs ardelaas, and. 8 rassIs Senser auande Al the
piping for measuring a pressure of the farget gas, wherein concentration ca cu1aﬁng means for
calculafimgethe caneentalianeidiedageboas is o vded basad an arRRRAGALOP-6RR8E Gokection
coefficient by a propagation time till the ultrasonic wave transmitted from each of the two ultrasonic
transdergsts fesevdigrsehbyotisthopulvalsohitteansduscioanadutitingathe obticentertiperafutkesensor,
and a pressure value ,c()ifﬁg:)e prassure sensor; the concentration calculating means is provided with

mean e aF BT S g AT5 opEd ( oRALR B RS L AP BRSSP LY Gl BRI L8fon:
whergRUREMRSDCATSIRA NPT Tler SPSAITG bk a0 cepsiantaressUIE Ol s

(
heat, R: gas constant, T: measured temperature of sample gas, M: average molecular weight of

sampletigas;iFasveastiedipessurevdpsaraple gase Béhy dprapagation, spaedsesseation cosffrient), and
the means for correcting a propagation speed based on a function of a temperature T of the
propafticw e peetPohectisivavEicisebylatgginnees propayadioh spbet ey deticrreeifigients

B(Ta)atat t f t It [ ti ds of I ith two diff t
o B B S RS ESPRARRR S o e s it o it

{where k: ratio between constant-volume molar specific heat and constant-pressure molar
specific heat, R: gas constant, T: measured temperature of sample gas, M: average molecular
weight of sample gas, P: measured pressure of sample gas, B{T): propagation speed correction
coefficient), and the means for comrecting a propagation speed based on a function of a
temperature T of the propagation speed correction coefficient by acquiring a propagation speed
correction coefficients B(Ta) at a temperature Ta from the ultrasonic propagation speeds of

sample gases with two different types of pressure values at the temperature Ta.
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According to a further aspect, there is provided an oxygen concentrator for generating an oxygen
enriched gas, comprising an adsorbent bed filled with selectively adsorbing nitrogen in a pressmized
air and taking out unadsorbed oxygen enriched gas, a compressor for supplying compressed air to the
adsorbent bed, and ultrasonic apparatus for measuring the concentration of the oxygen comprising
piping extendingoadimg) tarx dixithenes texdLidlere v ghrdhid akyg en wremched gasitor Herpessatiegd flows, a
first ultrasonic transducer arranged inside the pi in%for transmitting/receiving an ultrasonic wave, a

secorfFUEFASIRIENFSruERPaIERG AR MSRIBTRENSH IFd M Bpsbatiy b S Aratng SRR Wehsducer
for transmijttina/,receiving the ultrasoni v ission/receivi itch fo itching..control an
uItrasgﬁgsﬁ%ﬁ%s%?slgigfrl]&r%%%g%n &%%ﬁ@hgé% t?a%é&%%%v%@é%%éa Egglr’n i?t%ﬁy %1@% Ié%%r?s%ﬁ%%%ansducer

and agoiasSQBICAees e ddRadeniadishdhetisnsmiipd-uiiasaniccnaye istecriveshhehween the first
and second ultrasonic transducers, a temperature sensor arranged at the piping for measuring a

tempéhatorey gétheopyerg anpisigeek tradjan dlangressure seddbroaghngudhatihepigimgciordirshsuring a

pressure of the oxygen enriched gas, wherein concentration calculating means fqr calculating the
conceffttation st tﬁéwpa%rﬁ@ﬁﬁeh%dfga% fﬁ?a%a%&r@ag&% %‘?ﬁllﬁ?ggéﬂﬂf?%r} EdRBHECHDh

Coeﬁgxlﬁﬁ%}ftﬁmg%%%ée%ﬂi@%irﬁ‘ﬁr&ﬂh}ﬁs Wasopicave Mﬁ@%ﬂi@%’aﬁ&fﬂc@@%%%@g WQdditgsonic

transducersis r by the other ultrasonic transducer, an output value of the temperature sensor,
and apgfessulieiveppoetithe peessiralsansoi; themconeenisatiomealalglingesieiagstit pravdsiedowith
means for correcting a propagation speed (C) of the ultrasonic wave by the following expression: k RT
B() MRAV ¢ e kni &t oTHesrBenscoREtantov sTirEBLme Ieamiid cifl Hezsoad tesrBEastoprasisréimolar

ific heat, R: tant, T:. dt t fth iched , M .
e cUIAF o RIS o AT ASC P AL i RS0 & BFHE DS e RS s, B(T)

Propagalian SPReA CAl S RHANGORHIGIGRILANELBeBARS TRl CAURRATINE A RIPRRIBUP,ER_EMLRased on

a function of a temperature T of the propagation speed correction coefficient by acquiring a

propaghtieorpesmhchirestan«aopéicientsdd (baatagehipehatpigifafiromdientittsas ontpprapagation

speeds of oxygen enriched gases with two different types of pressure values at the temperature Ta.
of the oxygen enriched gas, and a pressure sensor arranged at the piping for measuring a pressure
of the oxygen enriched gas, wherein concentration calculating means for calculating the
concentration of the oxygen enriched gas is provided based on a propagation speed correction
coefficient by a propagation time till the ultrasonic wave transmitted from each of the two
ultrasonic transducers is received by the other ultrasonic transducer, an output value of the
temperature sensor, and a pressure value of the pressure sensor; the concentration calculating

means is provided with means for correcting a propagation speed (C) of the ultrasonic wave by

the following expression:

““fo““i1 tRT B(T)|

h‘u

H

R e

i
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C= | |
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There is also disclosed an ultrasonic apparatus for measuring the concentration of gas comprising two
ultrasonic transducers for transmitting / receiving an ultrasonic wave, arranged opposite to each other
in the piping through which the sample gas flows, a temperature sensor, and a pressure sensor,
characterized in that concentration calculation means for calculating the concentration of the sample
gas bésberenktheatiroagation spesahtorkotionmodeffisisniiby ratpress wanshtesample yaks

Further disclosed is an ultrasonic apparatus for measuring the concentration of gas characterized in

that séﬁ?f’%b@?ﬁrgﬁ&%&‘?@ﬁféﬁb R RIBRE B B St SRE NS T SRS RED R ALt YRE $ftrasonic
ransAiSRIRCRIR N psenc AT Helng. (e MRRRIRNANRERAFUHEGHONAHIEIRA' agcording

to the measu?éavteel%perature the measuted pressure of the sample gas and correcting’a
propageatipnsepechlotill dhediaseniedrapaunaessmecaiveibenttiasonicopaveiny the-foleydicn

expression (3): [Expression (3)]
speed based on a function of a temperature T of the propagation speed correction coefficient by
acquiring a propagation speed correction coefﬁcien’;s B{Ta) at a temperature Ta from the
ultrasonic propagation speeds of oxygen enriched gases with two different types of pressure
values at the temperature Ta.

There is also disclosed an ultrasonic apparatus for measuring the concentration of gas
comprising two ultrasonic transducers for transmitting / receiving an ultrasonic wave, arranged
opposite to each other in the piping through which the sample gas flows, a temperature sensor,
and a pressure sensor, characterized in that concentration calculation means for calculating the

concentration of the sample gas based on the propagation speed correction coefficient by the

pressure of the sample gas.
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Where, k: ratio between constant-volume molar specific heat and constant-pressure molar specific
heat, R: gas constant, T: measured temperature of sample gas, M: average molecular weight of
sample gas, P: measured pressure of sample gas, and B(T), C(T): propagation speed correction
coefficients. Furthermore, there is provided an ultrasonic method for measuring the concentration
of gas, in a niethioet fdrselessuninguithelteswentaiorabisafoamplesyts habe dcomcantrapaygatiogatime till
an ultrasonic wave transmitted from ultrasonic transducers for transmitting / receiving the ultrasonic

wave SHAERSEASAIBSMA! R SR EAGIEFHPBIBHE IS JRWHICH T S bR GEE HSWSHE RAERAEY by the
rasos iansuaRnaranod A e oReasle Silc.ehaRARenAed Whiha e panasaiR e Tl e
eed correctl

ultrasonic transducer recelves the ultrasonic wave based on a propagation s n coefficient
accordingeaithedsspasatiecanind oplessiigelihe-spnalarganis bereaiadcandpaitic vk
characterized in that the propagation speed C till the ultrasonic transducer receives the ultrasonic
wave guoptee gisd anorsorestitherenis previded wxadit@sohidhnathitsdoicnitasindar  consbentiation

characterized. in that propagation speed correctiqon coefficients (B(Ta), C(il)) at a temperature Ta is
acquir ?FBH%WF&?OEX&%% %‘ﬁ%%ﬁ’éeéﬂé’%é 31'e plural sample gases with different pressures at the
tempe %@S'g%g@]the propagation speed is corrected based on a function of the temperature T of
the propagation speed correction coefficient. Brief Description of the Drawings Fig. 1 is an outline
diagram illustrating contiguration of an ultrasonic apparatus for measuring the concentration of oxygen
of the present inventipRREIG. 2 ghows a relation between an oxygen toncentration value and a
pressurg ef a converjtional ultrasonic apparatus far rﬁea}sﬁrin the copcentration of oxygen. Fig. 3
shows a relatiombefweelYa pr pégﬁtﬁ@%ﬁ’é@ Eoér?@c“f@h%ﬁ fficiért aind a temperature, and Fig. 4
shows a relation between the oxygen concentration valtie and the prgssure of the ultrasonic apparatus
for measuring the concentration of oxygen for which the propagation speed correction coefficient of the
present invention is employed. Fig. 5 shows a testing device for acquiring the propagation speed
correction cogftictenk ofatio Bonbvocinendtant-volume molar specific heat and constant-pressure molar

specific heat, R: gas constant, T: measured temperature of sample gas, M: average molecular
weight of sample gas, P: measured pressure of sample gas, and B(T), C(T): propagation speed
correction coefficients.

Furthermore, there is provided an ultrasonic method for measuring the concentration of
gas, in a method for measuring the concentration of a sample gas based on a propagation time till
an ultrasonic wave transmitted from ultrasonic transducers for transmitting / receiving the
ultrasonic wave arranged opposite to each other in piping through which the sample gas flows is
received by the ultrasonic transducer arranged on the opposite side, characterized in that the
propagation time till the ultrasonic transducer receives the ultrasonic wave based on a
propagation speed correction coefficient according to the temperature and the pressure of the
sample gas is corrected, and particularly characterized in that the propagation speed C till the
ultrasonic transducer receives the ultrasonic wave is corrected.

Moreover, there is provided an ultrasonic method for measuring



Best Mode for Carrying-out of the Invention An embodiment of an ultrasonic method for measuring
the concentration and flow rate of gas of the present invention will be described below. In this
“embodiment, an apparatus for measuring oxygen concentration of a sample gas composed by three
components of oxygen, nitrogen, and argon or two components of oxygen and nitrogen will be
described. The sample gas that can be measured by the present invention is not limited to the sample
gas composed by oxygen, nitrogen, and argon shown in this embodiment, but the present invention
can be easily applied 10,2, gas composed by el moleeles. q oo ConfigUIRRN LI izasonic
means for measuring e oXygen concentration And flow rate 6 gasis shown in Fig. 1. Iping 1
through which thg sample gasflawsdwa wirasgiieitrmnsduoessi¢lisst pragenipsanssiuger 2a and
second ultrasonic transducer 2b) are arranged opposite to each other, and a switch 4 for switching
transmission / radeivinerufiergagkrasbiidiornsarsais Lt beilkprs e akisphittthe RIANIEAYSBNIC
transmission pulse to the ultraspnic transducers 2, a zero-cross time.detection circuit 6 for detecting
zero-cross time TR fi)ﬁ|f‘r%%%"r%F&%@%‘i&?ﬁg%ﬁ%f%?‘rﬁ% gb?n?l%fn&%?nngﬁ%r %}r ggﬂgﬁ%ﬁﬁa Sanc";:ei)éjrlcentration,
flow rate of the samplggasecaiemperature sensor 3 for measuring a temperature of the sample gas in
the piping 1, a pressure sensor 8 for measuring a pressure in the piping in the piping 1, and a
non-volatile memory 9 in which the propagation speed correction coefficient is stored are provided. A
display 10 displ concentra{titgglgf the measured sample gas. As long as a flow of the sample
uré

gas is not distu %%% & ERIPEALITE SERSOF

SEng0Fand the pressure sensor may be arranged at the center

on an ultrasonic propagationipathy, oudirdetnee:for measuning dhergansrmtration ohigrgample gas
using the above apparatus configuration will be described. It is widely known that the propagation

speed of the ultrazemitowivenseopaatingtrrsoihtibie Sanipisyesths exgrrasseeradoa-fulttion of the
concentration arégéempera}utr.e of the samEPIe gqségh{gt IS %1”9[%%95@3 ]}qutn%n a_avergggleremgﬂegular
weight of the sa I\gsggsrl%%\/lognaet%%mﬂera e’is , an ultrasonic propagatlon speed C [m/sec]

in the sample gag i &xpieIsadRyiieahevacxpression{d )t amdaiience afdhespiessugess not
considered as in the expression (1) or if the pressure in the piping is zero, an accurate oxygen

concentration of #esanmplsioabaioodng Bwpughienasiping easiibs rpedisireideny AHBPEHEE. However,

fa pressure s present i the pining, L2 impossible {9 detive an aceurate, measiied valug of the
oxygen concent onFArésulto € oxygen concentration In the sample gas derive y a
of the ultrasonic apparatus for measuring the concentration of oxygen for which the
propagation speed correction coefficient of the present invention is employed. Fig. 5

shows a testing device for acquiring the propagation speed correction coefficient of an

embodiment.

Best Mode for Carrying-out of the Invention

An embodiment of an ultrasonic method for measuring the concentration and
flow rate of gas of the present mvention will be described below. In this
embodiment, an apparatus for measuring oxygen concentration of a sample gas
composed by three components of oxygen, nitrogen, and argon or two components of
oxygen and nitrogen will be described.  The sample gas that can be measured by the
present invention is not limited to the sample gas composed by oxygen, nitrogen, and
argon shown in this embodiment, but the present invention can be easily applied to a

gas composed by other molecules.



measuring method using a conventional algorithm not considering the pressure as described in Japan
Patent Laid-Open Publication No. 2004-317459 is shown in Fig. 2. As shown in Fig. 2, since the
propagation speed of the ultrasonic wave depends on the pressure, it is known that an output value of
the oxygen concentration is lowered as the pressure rises. The fact that the ultrasonic propagation
speed C depends on the pressure and is expressed as a function of the temperature is generally
known and can be expressed by an expression (3): [Expression (3)]C=jkRT P L+RT+ R OCT) +

Configuration of the ultrasonic means for measuring the oxygen
concentration and flow rate of gas is shown in Fig. 1. In piping 1 through which the
sample gas flows, two ultrasonic transducers 2 (first ulirasonic transducer 2a and
second ultrasonic transducer 2b) are arranged opposite to each other, and a switch 4
for switching transmission / receiving of the ultrasonic transducers 2, a driver 5 for
transmitting an ultrasonic transmission pulse to the ultrasonic transducers 2, a
zero-cross time detection circuit 6 for detecting zero-cross time in an ultrasonic
receiving waveform, a microcomputer 7 for calculating a concentration, flow rate of
the sample gas, a temperature sensor 3 for measuring a temperature of the sample gas
in the piping 1, a pressure sensor 8 for measuring a pressure in the piping in the piping
1, and a non-volatile memory 9 in which the propagation speed correction coefficient
is stored are provided. A display 10 displays the concentration of the measured
sample gas. As long as a flow of the sample gas is not disturbed, the temperature
sensor and the pressure sensor may be arranged at the center on an ultrasonic
propagation path.,

A method for measuring the concentration of a sample gas using the above
apparatus configuration will be described. It is widely known that the propagation
speed of the ultrasonic wave propagating through the sample gas is expressed as a
function of the concentration and temperature of the sample gas. That is, supposing
that an average molecular weight of the sample gas is M and the temperature 1s T [K],
an ultrasonic propagation speed C [m/sec] in the sample gas is expressed by the above
expression (1). If an influence of the pressure is not considered as in the expression
(1) or if the pressure in the piping is zero, an accurate oxygen concentration of the
sample gas flowing through the piping can be measured by this method. However, if
a pressure is present in the piping, it is impossible to derive an accurate measured
value of the oxygen concentration.

A result of the oxygen concentration in the sample gas derived by a



Here, P [N/m2] indicates an output value of the pressure sensor built in the ultrasonic apparatus for

measuring the concentration of sample gas according to the present invention. B(T) and C(T) [m3Irriol]
“indicate ultrasonic propagation speed correction coefficients. In this embodiment, up to the term
of B(T) is applied and shown by using the following expression (4): [Expression (4)] jkR1- P M LR

measuring method using a2 conventional algorithm not considering the pressure as
described in Japan Patent Laid-Open Publication No. 2004-317459 is shown in Fig. 2.
As shown in Fig. 2, since the propagation speed of the ultrasonic wave depends on the
pressure, it is known that an output value of the oxygen concentration is lowered as
the pressure rises.

The fact that the ultrasonic propagation speed C depends on the pressure and
is expressed as a function of the temperature is generally known and can be expressed
by an expression (3):

[Expression (3)]

RT [ o W
B P B(T) + 2
M T

i

i

z (
;L = . RT G(T) + J

Here, P [N/mz] indicates an output value of the pressure sensor builf in the

i
M

ultrasonic apparatus for measuring the concentration of sample gas according to the
present invention. B(T) and C({T) [m"/mol} indicate ultrasonic propagation speed
correction coefficients.

In this embodiment, up to the term of B(T) is applied and shown by using the
following expression (4):

[Expression (4)]

| F%T( P ]
C= + |
v % T B{T}j

One of calculating methods of the propagation speed correction coefficient
will be illustrated. As shown in Fig. 5, a plurality of ultrasonic apparatuses 133, 13b

for measuring the concentration of sample gas are installed inside a device 14 capable



One of calculating methods of the propagation speed correction coefficient will be illustrated. As shown
in Fig. 5, a plurality of ultrasonic apparatuses 13a, 13b for measuring the concentration of sample gas
“are installed inside a device 14 capable of temperature adjustment such as a constant-temperature
bath, for example. A gas bomb 16 installed outside is connected to the ultrasonic apparatuses 13a,
13b for measuring the concentration of sample gas through a flow-rate adjuster 11. In order to stabilize
the temperature so that the sample gas temperature matches a set temperature of the
constant-temperature bath, a length of a tube 12 in the constant-temperature bath up to the ultrasonic

apparatuses 1369,@3@%‘?&“?&%?%@1‘?%?E%@éﬁtr"éﬁ’é%f@ﬁ?ﬂ?}%‘ﬁé ?@H&Hé"ﬁiﬁ@'@r. Thé&¥ube coming
out of the Conswﬁbﬁ?@r@@eﬁ%ﬁge}bgms% 'R 90%%@&%%‘11;50’:%@(83%%% er%%la% ngNajvg 1pgodhat a

i{
pressure value can be adjuste By using such pressure regu éti valve 15, two types of
pressure conditiena 2 2iarecprepasedn afdapyp ragastiingditighonie:prepagation sgaedscl and C2
at a given stable temperature T1 in each condition, average molecular weights MI, M, of the sample

gas can be acquited8yitre thflo\wRRFEXesSionsl (She (STrprivEver IBRTHEHatUIBADISditos!in the two
types of pressure.standards do ot nscessarlyhave o pemaiched, [Bxpressign (94 M1k R+-)
constant-temperature bath up fo the ultrasonic apparatuses 13a, 13b for measuring the
concentration of sample gas Is made longer. The tube coming out of the
constant-temperature bath 14 is connected to a pressure regulating valve 15 so that a
pressure value can be adjusted.
By using such pressure regulating valve 15, two types of pressure conditions
Py, Py are prepared, and by measuring ultrasonic propagation speeds C1 and C2 at a
given stable temperature T In cach condition, average molecular weights M,, M, of
the sample gas can be acquired by the following expressions {5), (6). However,
temperature conditions in the two types of pressure standards do not necessarily have
to be matched.

[Expression {5)]

kFQT‘iE( ‘ F’}? m‘\f

My = 1+ — = B(T)
1 cz | RT, O
[Expression {6}]
fly TT e e .
M e | i R T, B(Tmi

If the sample gas at actual measurement is the same, M1 = M2, and the
propagation speed correction coefficient B(Ta) can be calculated.
The propagation speed correction coefficients Bs, Bs at the other

temperatures T, Ts and the hike are also acquired by the similar method, and a relation



B(Ta) C121R [Expression (6)] P M2=k R1 + R B(dT-) C22

between the propagation correction coefficients (B, ~ Bs) and the temperatures (T ~
T3) mcluding the propagation speed correction coefficient B(Ta) = B; at the
teraperature T; is plotted in Fig. 3.

Here, by approximating the piotted points by a second-order approximation
curve, as shown in the following expression (7), the propagation correction coefticient
B (T) can be acquired as a function of the temperature (T). However, the
approximation curve does not necessarily have to Be a second-order curve.

[Expression (7}]
B(T) = oT* + BT +6y

A result of measurement of the concentration of the sample gas by the
ultrasonic propagation speed by substituting an output value of the temperature sensor
and the output value of the pressure sensor into the expression (7) and the expression
(4) for correction is shown in Fig. 4.  As shown in Fig. 4, the oxygen concentration is

not affected by pressure fluctuation, but accurate concentration measurement can be

made,

Effect of the Invention

By wsing the method of the present invention, there can be provided an
ultrasonic method for measuring the concentration of sample gas and an apparatus for
measuring the concentration of gas that can accurately measure the sample gas
concentration by pressure by deriving a coefficient for correcting the propagation

speed accompanying the pressure of the sample gas.

10



If the sample gas at actual measurement is the same, ML - M2, and the propagation speed correction
coefficient B(Ta) can be calculated, The propagation speed correction coefficients 132, 83 at the
other temperatures 12, T3 and the like are also acquired by the similar method, and a relation
between the propagation correction coefficients (B1 - B3) and the temperatures (T1 - T3) including the
propagation speed correction coefficient B(Ta) = B1 at the temperature Ti is plotted in Fig. 3.

Here, by approximating the plotted points by a second order approximation curve, as shown in the
following expression (7), the propagation correcti gl;uent B (T) can be acquired as a function of
the temperature (T). However, the apprOX|mat|on curve does not necessarily have to be a
second-order curve. [Expression (7)] B(T) = aT2 + pT +6y

1. An ultrasonic method for measuring the concentration of a specific
component gas in sample gas based on a propagation time till an ultrasonic wave
transmitted from two ultrasonic transducers transmitting / receiving the ultrasonic
wave, arranged opposite to each other in piping through which a sample gas flows, is
received by the ultrasonic transducer arranged on the opposite side, the method
comprising steps of:

measuring a propagation time till the ultrasonic wave transmitted from each
of the two ultrasonic transducer is received by the other ultrasonic transducer;

measuring a sample gas temperature;

measuring a sample gas pressure; and

correcting the propagation time till the ultrasonic transducer receives the
ultrasonic wave based on a propagation speed correction coefficient according to the
temperature and pressure of the sample gas, wherein the step for correcting the
propagation time till the ultrasonic transducer receives the ultrasonic wave is a step for

correcting a propagation speed (C) of the ultrasonic wave by the following expression:

S sy "‘”

f =
'k R T P
Xj 1 + 2T B( T;

“=—.. v

(where k: ratio between constant-volume molar specific heat and constant-pressure

molar specific heat, R: gas constant, T: measured temperature of sample gas, M:

11



A result of measurement of the concentration of the sample gas by the ultrasonic propagation speed
by substituting an output value of the temperature sensor and the output value of the pressure sensor
into the expression (7) and the expression (4) for correction is shown in Fig. 4. As shown in Fig. 4, the
oxygen concentration is not affected by pressure fluctuation, but accurate concentration measurement
can be made. Effect of the Invention By using the method of the present invention, there can be
provided an ultrasonic method for measuring the concentration of sample gas and an apparatus for
measuring the caneeniialion el 4asJa Fanase ralel MEASHER (e SamRle das congenyaion by
pressure by deriving a coefficient foF correct g e propagation spee accompaﬁym% the pressure of
the sample gagropbdodtMSshn tltrasapiccngthaehiprameasuring the concentration of a specific
component gas in sample gas based on a propagation time till an ultrasonic wave transmitted from two
ultrasonic transducers tirangepittfioy tretaivigg thewipasdnic weee, dasmged opposittao edch other in
piping through which a sample gas flows, is received by the ultrasonicft ansduger arranged on the

opposite side, BT dorfl rf&ﬁ]djﬁ?é’ﬁ%%lﬁn speed” correction coefficient by acquiring a

propagation speed correction coefficient B(Ta) at a temperature Ta from the ultrasonic
propagation speeds of sample gases with two different types of pressure values at the

temperature Ta.



measuring a propagation time till the ultrasonic wave transmitted from each of the two ultrasonic
transducer is received by the other ultrasonic transducer; measuring a sample gas temperature;
measuring a sample gas pressure; and correcting the propagation time till the ultrasonic
transducer receives the ultrasonic wave based on a propagation speed correction coefficient according
to the temperature and pressure of the sample gas, wherein the step for correcting the propagation
time till the ultrasonic transducer receives the ultrasonic wave is a step for correcting a propagation
speed (C) of the ultrasonic wave by the following expression: KR T R T (T) (where k: ratio between
constant-volume molar specific heat and constant-pressure molar specific heat, R: gas constant, T:

measured temperature\gf saRIgigaspMatus for measuring the concentration of gas comprising
piping extending along an axis and through which a target gas to be measured flows, a
first ultrasonic transducer arranged inside the piping for transmitting/ receiving an
ultrasonic wave, a second ultrasonic transducer arranged inside the piping and
opposed to the first ultrasonic transducer for transmitting/ receiving the ultrasonic
wave, a transmission / receiving switch for switching control an ultrasonic
transmission mode in which the ultrasonic wave is fransmitted from the ultrasonic
transducer and an ultrasonic receiving mode in which the transmitted ultrasonic wave
is received between the first and second ultrasonic transducers, a temperature sensor
arranged at the piping for measuring a temperature of the target gas, and a pressure
sensor arranged at the piping for measuring a pressure of the target gas, wherein
concentration calculating means for calculating the concentration of the target
gas is provided based on a propagation speed correction coefficient by a propagation
time till the ultrasonic wave transmitted from each of the two ultrasonic transducers is
received by the other ultrasonic transducer, an output value of the temperature sensor,
and a pressure value of the pressure sensor;
the concentration calculating means is provided with means for correcting a

propagation speed (C) of the ultrasonic wave by the following expression:

13



average molecular weight of sample gas, P: measured pressure of sample gas, B(T): propagation
speed correction coefficient), and the step for correcting a propagation speed based on a function
of a temperature T of the propagation speed correction coefficient by acquiring a propagation speed
correction coefficient B(Ta) at a temperature Ta from the ultrasonic propagation speeds of sample
gases with two different types of pressure values at the temperature Ta. 2.An ultrasonic apparatus for
measuring the concentration of gas comprising piping extending along an axis and through which a
target gas to (f S easdred %W?fw%eiir%to%'s‘{a%ﬁ’@d fansdy rgggqncqggamgﬁ%eggi% JP#&Q eQlre
transmitting/ receiving an Ultrasonic wave, a secor% ultrasontc transducer arrange e the piping
and opposed tg dng fifsi-uiicasonicirapsdusattor transheitnglresapsngdhe dfltiaspmic saver.a
transmission / receiving switch for switching control an ultrasonic transmission mode in which the
ultrasonic wavevigagansmiittathfromi ghe afisasphigiaiidocesund presirasgniemptersnghinblie in
which the transmitted ultrasonic wave is received between the first and second ultrasonic transducers,

a temperature 8R&GH KR SR QIR B AG S THEa&ing a temperature of the target gas, and a
pressure sensor arranged,gLie pRINGIRLMsAsNg ARERASURAS heJraR! S3anUNRISR o

concentration calculating means for calculatirig th ncentration of the target gas is provided based
on a propagatiemsaead<orrestioncogibicientiby apapagatiantimediithauitragonigiave teansmitted
from each of the two ultrasonic transducers is received by the other ultrasonic transducer, an output
value of the tempeFaatics sepesst, @@meatms@mﬁﬁvmé dbthe) préssurensegisbre Ta areoigentration
calculating moﬁg‘%? éarowded with mea correcting a pr t%aggti%nﬂ%)_eed Cgsof %he ultrasonic

wave by the f )EHP@@&%%QH spee s samp € gdses wi ent t ol pressure

values at the temperature Ta.
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(where k: ratio between constant-volume molar specific heat and constant-pressure molar specific
heat, R: gas constant, T: measured temperature of sample gas, M: average molecular weight of
sample gas, P: measured pressure of sample gas, B(T): propagation speed correction coefficient), and
the means for correcting a propagation speed based on a function of a temperature T of the
propagation speed correction coefficient by acquiring a propagation speed correction coefficients
B(Ta) at a temperature Ta from the ultrasonic propagation speeds of sample gases with two different
types of pressure values at the temperature Ta. 3.An oxygen concentrator for generating an oxygen
enriched gas, comprising an adsorbent bed filled with selectively adsorbing nitrogen in a pressurized
air and taking gut Una%@@%%&%%ﬁ@eﬁ%%ﬁ@&@a@f?@@f?%%%éﬁre?}%ﬁ'é’&ngaﬁo&ﬁ{&ﬁﬁg air to the
adsorbent bed, and ultrasonic apparatus for measuring the concentration of the oxygen comprising
piping extending atbaghant ddd ahlddhrothgelvtiictelthedsrylgien enrchedigas pochariredsiirechdlows, a
first ultrasonic transducer an-anged inside the piping for transmitting/receiving an ultrasonic wave, a

second ultrasdAldtRaAEdURAISaFPSAGEY B35 GBTRRCHi Sty AKETBRTSSEdtS Menery sueBresthnsducer

for transmittingd/. rQCEﬁ}/ina%th ulgr%sgnic waye a_transmissionfreceivin .swi{ﬁh for swj{tcpinrg ntrol an
. 1r 10 [+] SOrDer [ 4 Hlrdsonic. apparatus [or me dl%_ eﬁgl)nc Tatiomr o
ultrasonic transmission mode in which the ultrasonic ‘wave s transmitted from the ultrasonic transducer

and an ultrasopie sR¢ebANGAMASIEHR WHish thetansmitied MRsORE WAYEJE (Raeived between the first
and second ultrasonic transducers, a temperature sensor arranged at the piping for measuring a
temperature ofthizlmd/ gen onbichechaasd dhaba, prestre isensoe arasysdratithegsipingiftr theasuring a
pressure of the oxygen enriched gas, wherein ) ,

piping for transmitting/receiving an ultrasonic wave, a second ultrasonic transducer

arranged inside the piping and opposed to the first ultrasonic transducer for

transmitting/ receiving the ultrasonic wave, a transmission/receiving switch for

switching control an ultrasonic transmission mode in which the ultrasonic wave is

transmitted from the ultrasonic transducer and an ultrasonic receiving mode in which

the transmitted ultrasonic wave is received between the first and second ultrasonic

transducers, a temperature sensor arranged at the piping for measuring a temperature

of the oxygen enriched gas, and a pressure sensor arranged at the piping for measuring

a pressure of the oxygen enriched gas, wherein

concentration calculating means for calculating the concentration of the

oxygen enriched gas is

15



concentration calculating means for calculating the concentration of the oxygen enriched gas is
provided based on a propagation speed correction coefficient by a propagation time till the ultrasonic
wave transmitted from each of the two ultrasonic transducers is received by the other ultrasonic
transducer, an output value of the temperature sensor, and a pressure value of the pressure sensor;
the concentration calculating means is provided with means for correcting a propagation speed (C) of
the ultrasonic wave by the following expression: (where k: ratio between constant-volume molar
specific heat and canstant-pressure molar.specific;heat, R; gas constant, T: measured te rature of
the oxygen e D e o L e A e e
pressure of thg;pxygen exuiehedaas, Bishiepagationapegdkorestion sasflicientidands is the
means for correcting a propagation speed based on a function of a temperature T of the propagation
speed correctioravedficictemircqlirasgracprepaditiorns padel it yplectidiilsoetivionts B (tajoat a
temperature Ta from the ultrasonic propagation speeds of oxygen enriched gases with two different

types of pressfd ¢AITESUAT HlU e PR s UFg sensor;

the concentration calculating means is provided with means for correcting a

propagation speed (C) of the ultrasonic wave by the following expression:

(where k: ratio between constant-volume molar specific heat and constant-pressure
molar specific heat, R: gas constant, T: measured temperature of the oxygen enriched
gas, M: average molecular weight of the oxygen enriched gas, P: measured pressure of
the oxvgen enriched gas, B(T): propagation speed correction coefficient), and

the means for correcting a propagation speed based on a function of a
temperature T of the propagation speed correction coefficient by acquiring a
propagation speed correction coefficients B(Ta) at a temperature Ta from the
ultrasonic propagation speeds of oxygen enriched gases with two different types of

pressure values at the temperature Ta.
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ABSTRACT In an ultrasonic apparatus for measuring the concentration of gas provided with two
_ultrasonic oscillators for transmitting / receiving an ultrasonic wave, arranged opposite to each other in
piping through which a sample gas flows, a temperature sensor, and a pressure sensor, an ultrasonic
method and apparatus that can accurately measure gas concentration regardless of pressure of the
sample gas are provided as an ultrasonic apparatus for measuring the concentration of gas comprising
concentration calculating means for calculating sample gas concentration based on a propagation
speed correction coefficient by pressure.

ABSTRACT

In an ultrasonic apparatus for measuring the concentration of gas provided
with two ultrasonic oscillators for transmitting / receiving an ultrasonic wave,
arranged opposite to each other i piping through which a sample gas flows, a
temperature sensor, and g pressure sensor, an ultrasonic method and apparatus that can
accurately measure gas concentration regardless of pressure of the sample gas are
provided as an ultrasonic apparatus for measuring the concentration of gas comprising
concentration calculating means for calculating sample gas concentration based on a

propagation speed correction coefficient by pressure.
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