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Abstract. Air flow measurements are very important in tedbgial processes. A new air flow measurement nteiko
proposed. The method is based on the interacti@ir dfow with the end of a fiber waveguide locatadhe flow. As the
result of this interaction, random high frequendprations are generated in the fiber waveguide. Bterhastic
transducers are created for the realization of teshod. The stochastic transducer consists ofilliee waveguide, the
piezoceramic element and the preamplifier.
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Introduction The structure and working principle of the stochastic
transducer

Air flow measurements are very important in the
industry. Methods that are currently in use cardiveded
into two groups: aerodynamic and kinematic [1].
Aerodynamic methods are based on the interactiotmef
force with some artificial obstacle in the flow. &h
methods of differential pressure, vortex, turbisenall as
variable area flow rate measurement are classifisd
aerodynamic methods [2-4]. The method of the difiérl
pressure is based on the use of constrictive dev®ech
as diaphragms, nozzles, Venturi nozzles, etc.),chvhi
create the difference of pressures. Kinematic nreasent

methods are based on the measurement of air fIOWressure) and their propagation in the waveguidadBm

velocity. If average air flow velocity or its prédiin the . - .
space is known then the flow rate can be calculateé1 igh frequency vibrationg(t) with power spectrurG,

Thermo-anemometric, electromagnetic, ultrasounderla are generated in the end of the waveguide. Highutracy
flow rate measurement methods are kinematic on@$. [5  Vibrations propagated along the waveguide are atewe
The above-mentioned air flow methods are not able tinto voltage with the help of piezoceramic elemdrtien
operate in high-pressure, high-temperature envieosrisa this voltage is amplified with a preamplifier. Tiock
The air flow measurement method proposed in thpepis ~ diagram of the stochastic transducer is showngn Ei
based on the interaction of the air flow with the ®f the The power spectrum of the signal of the transducer
fiber waveguide located in the flow [8]. As a resoil this ~ output is:
interaction, random high frequency vibrations are 2 2
generated in the fiber waveguide. The intensityhigh Ot (@) = G; (@, Py V. T)-[Ko (@)| - [Kyy ()| x
frequency vibrations depends on the air flow vejocThe 2 2
stochastic transducers are created for the reializaf this ><|K"(a))| '|KA("))| ’ (1)
method.
The purpose of this work is to propose an air flow,,
measurement method, to create a measurement tcamsdu
and to investigate its metrological characteristics frequency vibrations;P, is the pressure fluctuatiow, is

The stochastic transducer consists of the fiber
waveguide, the piezoceramic element and the preafenpl
The fiber waveguide can be made from various nelteri
In our case the waveguide is composed of a sehiof t
copper wires. Several fiber waveguides of differenigth
were produced and analyzed.

The working principle of the stochastic transduiser
based on the fact that air whirls are generatednwaie
flow moves past the end of the fiber waveguide.yThe
cause high frequency vibrations (fluctuations of th

here Gg(w,Pp,V,T) is the power spectrum of high
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air flow velocity; T is the temperaturetKo(w)| is the converter. Afterwards the signals are fed to a adep

modulus of the acoustical transfer function of gpace The Matlab software was used for data analysis.
between the end of the fiber waveguide and therinne
surface of the pipe. It depends on the diametéhebipe,
the pressure of the air, the sound speed in theadt the

diameter of the end of the fiber waveguidiéy ()| is the
modulus of the transfer function of the fiber wawiekg;
|Kp(®)| is the modulus of the transfer function of the

A 4
9
(2]

piezoceramic element|K (®)| is the modulus of the

transfer function of the preamplifier. ) .
Fig. 2. The experimental measurement system:

C — air compressor; ST — stochastic transducer; Fldw-meter;
AM — amplifier; O — oscilloscope; PC — computer; Ri flap;
CB — control block;Ut — voltage of the output of the stochastic
transducer

To test whether a single distribution function dmeal
from an experiment is Gaussian, we run the Jarcgre-B
test (Matlab, Statistics Toolbox) for goodnessibfat a
significance level of 0.01 (99 % confidence levelhe
Jarque-Bera test evaluates the null hypothesis tiat
given sample data has the Gaussian distributioainag
the alternative hypothesis that the same sampke diaes
not have a Gaussian distribution. The distributignthe
output signal of the stochastic transducer is mprteskein
Fig. 3.

Fig. 1. Block diagram of the stochastic transducer: x 10
ST - stochastic transducer; A — preamplifier; Piez@ceramic
element; FW — fiber waveguideKg - acoustical transfer

function of the space between the end of the fitmreguide and
the inner surface of the pipdSyy — transfer function of the fiber

waveguide;K p — transfer function of the piezoceramic element;
K ao — transfer function of the preamplifiddp — voltage of the
output of the piezoceramic elemetity — voltage of the output
of the stochastic transducer

Number of valu

Experimental results and discussion

Q
It can be assumed that the resulting signal at the 0.4 -0.2 A I'(t)d v 0.2 0.4
transducer output is random and has a Gaussign o mplituae, . .
S ! . Fig. 3. The distribution of the output signal of the stasfic
.dlstrlbutlon. because the elements of fiber Wave@wdtransducer—l; the Gaussian distribution — 2. Resné obtained
interact with the flow and create elementary random, e stable air flow velocity
signals at the transducer output. Propagation aasumd

air flow velocity will determine the power spectrwhthis

signal. A measurement system shown in Fig. 2 isiéof in The signal characteristics at the transducer otitptlte
order to check this assumption. . . frequency domain as well as in the time domain are
A stable air flow is generated supplying air by #18  jhortant. This paper presents the characteristfcthe
compressor. This air flow is measured simultangouslo created stochastic transducers. The calculpesger
using the stochastic transducer and the flow mefer. gnecirum densities for different stochastic transds are
calibrated Venturi nozzle is used for flow measuzam given in Fig. 4 and Fig. 6. The signals of the bastic
The signals are amplified and visualized in  theyansducers have resonance character and diffehepies
oscilloscope. Then the signals are measured usiBg tqf the power spectrum densities as illustratediin & and

Agilent Technologies digital oscilloscope 54622Atwihe Fig. 6. They depend upon the parameters of théhasiic
sampling frequency 200 MHz and the 8-bit analogtalig ;ansducers.
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relationship between
spectrum density and air flow velocity is presenteéFig.
4. It is demonstrated that the positions of theydency
band resonances do not depend upon the air flovcitel

100

150
Frequency, kHz

200

the calculated powereason the autocorrelation is calculated and dwall to

250 ajr flow welocity, m/s

Fig. 4. The relationship between power spectrum densitthef

stochastic transducer signals and air flow velofthye parameters

of the stochastic transducer are presented inabé&TlL — 1)

Each stochastic transducer has analogous struistire
different parameters. The structures of the stdihas

transducers are presented in Fig. 6 (b,d,f) and &ighe
values and the parameters of the stochastic trapsslare
presented in Table 1, Fig. 5 and Fig. 6.

Table 1. The parameters and values of the stochastic tuapssl

Shape

- d, m | s l, g
Notations mm arr:ﬁr?, mm | mm | mm Characteristicg
1 4 o 6 6 0.4 40 Figs. 4, 8,
Figs. 6(a),
2 1 o 25| 25| 0.1 13¢ 6(b)
Figs. 6(c),
o 25| 0.1 90 6(d)
4 o 5 0.1| 80| Figs. 6(e), 6(1)

Fig. 5. Stochastic transducers

estimate the necessary minimum measurement duration
The minimum measurement duration ensures statigtica
reliable and non-correlated measurement result.

The minimum measurement duration (the quadratic
correlation interval) is evaluated according to fiblllowing
equation:

Ty g =J‘p2(r)dr, @)
0

where 17, is the quadratic correlation interval;

p (1) =% is the standard autocorrelation function. In

our caseryq ~ 05-103s. It can be noted that signals,

obtained by dividing the measured signal into time
intervals of a length, ,, do not correlate with each other

[9-10]. The standard autocorrelation function ofe th
stochastic transducer signal is presented in Fig. 7

The measured output signal of the stochastic traresd
is a noise type non-stationary signal. It can texdeed by
the root mean square (RMS) value and the envelbpe [
RMS value of the stochastic transducer signal lisutated
according to the following equation:

RMS= |~ \ U2(n) 3)
N-1& T

where U+ (n) is the digitized time signal of the stochastic

transducerN is a number of points.

The signal envelope is a slowly varying function,
which can be estimated by using various algoritfibig.
The signal envelope is calculated by dividing thepat
signal of the stochastic transducer into overlaggif
length segments and calculating their RMS:

r+M
ENV(r) = /ﬁ D UM, r=12..(N-m-1), (4)

whereM is the length of a segmentt; (n) is the digitized

time signal of the stochastic transducer.

The calibration of the stochastic transducer shgwulie
dependence of the output signal RMS of the stoihast
transducer on the air flow velocity has been pentx.

The relationship between measured RMS values of the
stochastic transducer signals and air flow velody
presented in Fig. 8. The RMS values are measured 10

In order to evaluate the maximum speed ofimes at the each point of the calibration curvéie T
measurement it is necessary to establish the gimdrameasurement duration for each RMS value is 5 ms. Th
correlation interval. The measurement duration Ehde
longer than the quadratic correlation interval [Bar this

averages of the RMS valueRNIS, ) are used for the
calibration curve (Fig. 8).
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Fig. 6. (a), (c), (e) The power spectrum densities fofedgnt
stochastic transducers; (b), (d), (f) the relatiops between
measured RMS values of the different stochasticstracers
signals and air flow velocities; (a), (b) first shastic transducer
(Table 1 — 2); (c), (d) second stochastic transd(iEable 1 — 3);
(e), (f) third stochastic transducer (Table 1 — 4)
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Fig. 7. The standard autocorrelation function of the shsti
transducer signal (the parameters of the stoch@atisducer are
presented in Table 1 — 1)
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Fig. 8. The relationship between measured RMS values (wih
uncertainties) of the output signals of the stottbasansducer
and air flow velocity (the parameters of the st@ticatransducer
are presented in Table 1 — 1)

wherek is the coverage factor.

The coverage factor will bk =2, providing a level of
confidence of approximately 95%. The results of the
calculated uncertainties of the RMS values aregmtes! in
Table 2 and in Fig. 8.

One of the most important transducer propertieigsis
dynamics. The measurement system shown in Fig. 2 is
used in order to evaluate the transient responséhef
stochastic transducer. The air flap opens and sldlse
pipe (it is used to change the air flow). Fig. @wh the
transient response of the stochastic transduceis Th
transient response enables to define a settling timThe

settling time is used to evaluate the transienpomse
characteristic of the stochastic transducer. defined as
the time for RMS value to vary from 0 — 90 % ofaste-
state value. For the present stochastic transdugeis

approximately 20 ms as is indicated in Fig. 9. Trhasient
change in the air flow velocity is shorter than Hedtling
time of the stochastic transducer.

A filter that distinguishes a certain frequency daman

The uncertainties are estimated experimentally anBe used in order to increase signal-to-noise ratiothe

calculated for each point of this curve. The RM$&uga at
each point of the calibration curve are calculaecording
to:

case of the analyzed transducer (Fig. 4), the digsal-to-
noise ratio is equal to 39 if the filter of 30 kHz60 kHz
frequency band is used.

N
1
—— 1.5
RMSye = > RMS(n) (5)
n=1
1
where RMS, ¢ is the average of the RMS values at each .
point; N is the number of the RMS values. 5 0.5
=
The standard uncertainty of the measured signal RMS% 0
values is calculated in the following way: 5
-0.5
u RMS(n) - RMS 6 _
RS = JN(N 1)2( S -RMSye)® . (6) 1
-15 " s " I "
The expanded uncertainty of the measured signal RM¢ 0 5 100 150 200 250 300
values can be obtained: it
Fig. 9. Dynamic characteristic of the stochastic transd(ehite
Ugxp = k- Urms @) line indicates the envelope of the measured sighalparameters

of the stochastic transducer are presented in Tabl&).

Table 2. The results of the calculated uncertainties oRMS values at each point of the calibration cunig.(8)

Flow velocity, m/s 4.69 6.48 8.29 8.96 9.77 10.44 0.86
RMSye » MV 6.10 8.61 23.25 32.52 46.81 67.14 81.26
Upys ,MV 0.0467 0.1961 0.78 0.87 1.02 1.70 1.86
Coverage factor 2 2 2 2 2 2 2
Ugxp » MV 0.0935 0.3922 1.56 1.74 2.05 3.40 3.73
Ugxp , %0 1.53 4.55 6.71 5.35 4.38 5.06 4.59
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Concluding remarks (3]

A new air flow measurement method was proposed as
well as stochastic transducers for air flow measerst [
were developed. Transducers are based on highefinegu
vibrations measurement. It is demonstrated thasethe [5]
stochastic transducers have a simple constructidrtteeir
working principle is based on the generation ofhhig
frequency vibrations in the fiber waveguide. Thechistic  [6]
transducers can be wused for high-pressure, high
temperature environments since fiber waveguide aslen
from copper. It is estimated that the settling time [7]
stochastic transducer is approximately 20 ms ara th
accuracy of the measurement of air flow velocity is
approximately 7 %.

Further work will be devoted to investigate the[8]
application of the stochastic transducer for the
measurement of the different ranges of air flonoegy.
Investigation of the application of the stochastimsducer
under different environmental conditions is also the
scope of our future research.

(9]

[10]
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