
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 function of concentration and temperature of ' the sample
gas. Supposing that an average molecular weight 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
(I): 



[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
weight M of the sample gas can be described as M = 32P + 28 (1 - P) in a case of oxygen 100 x P [%]
(05 P 1) and nitrogen 100 x (1 - P) [%], and the oxygen concentration P can be determined from the
measured average molecular weight M.        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 V1 [m/sec] measured when the ultrasonic wave is transmitted in a forward direction
to the flow of the sample gas is represented by VI = C + V and an ultrasonic propagation speed V2
[m/sec] measured when the ultrasonic wave is transmitted in a backward direction to the flow of the
sample gas is represented by V2 = C V, the flow velocity V [m/sec] of the sample gas can be acquired
by the following expression (2): [Expression (2)] 



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 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  flows opposite to each other and by measuring the propagation time of the ultrasonic
wave propagating between the ultrasonic transducers. In addition, Japanese Patent Laid-Open
Publication No. H7-209265 and Japanese Patent Laid-Open Publication No. H8-2337I8 describe an
apparatus for measuring the concentration of the sample gas by measuring the propagation 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% to high concentration and supplies it to a user. Such pressure-fluctuation
adsorption type oxygen concentrator is 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 5A 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  regeneration process in
which pressure of the other adsorption bed is reduced so as to exhaust adsorbed nitrogen for
regeneration while sequentially switching them, oxygen can be generated continuously.       In the
pressure-fluctuation adsorption type oxygen concentrator, since oxygen is continuously generated by
switching the pressurized adsorption process and the desorption regeneration process in the piping,
and a flow rate of supplied oxygen is also used in switching at any time, pressure of the sample gas in
the piping is fluctuated. However, change in the propagation speed of the ultrasonic wave by pressure
is not considered at all in usual, which is a factor to deteriorate an accuracy of measurement values of
the sample gas concentration.       The present invention has an object to provide an ultrasonic method
for measuring the concentration of sample 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 and an apparatus using 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  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: k R T  R (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  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:
(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. 



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 extending along an axis and through which the oxygen enriched 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 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 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: k RT
B() MRT  (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 oxygen 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. 



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
Further disclosed is an ultrasonic apparatus for measuring the concentration of gas characterized in
that such concentration calculation means is means for correcting a propagation time till the ultrasonic
transducers receive the ultrasonic wave using the propagation speed correction coefficient according
to the measured temperature and the measured pressure of the sample gas and correcting a
propagation speed C till the ultrasonic tranducers receive the ultrasonic wave by the following
expression (3): [Expression (3)]    



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 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  concentration
characterized in that propagation speed correction coefficients (B(Ta), C(iI)) at a temperature Ta is
acquired from ultrasonic propagation speeds of the plural sample gases with different pressures at the
temperature Ta and 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 configuration of an ultrasonic apparatus for measuring the concentration of oxygen
of the present invention. Fig. 2 shows a relation between an oxygen concentration value and a
pressure of a conventional ultrasonic apparatus for measuring the concentration of oxygen. Fig. 3
shows a relation between a propagation speed correction coefficient and a temperature, and Fig. 4
shows a relation between the oxygen concentration value and the pressure 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 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 to a gas composed by other molecules.         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 ultrasonic 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 is 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  



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 = jkR T  P  L+RT+ R OCT) + 



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 



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 13a, 13b for measuring the concentration of sample gas is made longer. The rube 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 PI, P2 are prepared, and by measuring ultrasonic propagation speeds Cl and C2
at a given stable temperature T1 in each condition, average molecular weights MI, M, of the sample
gas can be acquired by the following expressions (5), (5). However, temperature conditions in the two
types of pressure standards do not necessarily have to be matched. [Expression (5)] M1 k R+-) 



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



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 correction coefficient 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) = aT2 + pT +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 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 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.  CLAIMS 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: k R 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 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.  2.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 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 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 fill 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 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 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 extending along an axis and through which the oxygen enriched gas to be measured flows, a
first ultrasonic transducer an-anged 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 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
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 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 oxygen 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. 



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. 


