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Abstract: The paper presents description of a flow meter for measurements of very smal gas flows
(some or severd mi/min). Low dementary volumes of gas are counted. The dementary volumes
ae generated as gas bubbles located in a liquid. In the applied method of measurement of the
bubble volume, a verticd column is subjected to a homogeneous light beam, next a luminous flux is
detected by a set of opticd wave-guide detectors. Detection enables to find a bubble and determine
its dimensons. Findly, dgnds from the detectors are changed into eectric sgnds in the measuring
converters and they are registered in acompuiter.
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1. Introduction

Measurements of amount and flux of the flowing gas are very often done in laboratories and in
industry. Gas volume is a function of pressure and temperature, so the measured volume is usudly
reduced to norma conditions (273.15 K, 0.1013 MPa). Gas volume measurement resolves itsdef to
determination of the tank volume. There are different gases, so different methods and measuring
indrument are applied. If amount of the flowing gas is smdl, energy, veocity and pressure caused
by the flowing gas are smdl, too. Thus, for smdl amounts of the flowing gas we cannot goply any
rotameters, anemometers and vibratory flow meters. Application of condriction flow meters
requires relatively large contractions causing suitable large pressure changes and it is not aways
acceptable in technologica processes.
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The methods applied for measurements of flows from some to tens nt/h incdude measuring equd
gas baches and counting how many baiches have flowed. Suitable insruments are cdled flow
counters. The Crosdev drum counter (Fig. 1a) is an example of such ingrument. In this gas meter,
in a tight housng 1 containing water to a controlled levd, there is a drum with partitions 2 of
gpecid shapes. The chamber shagpes and didtribution of gas inlets and outlets should provide
uniform flow without pulsation. Volume messurement includes determination of equa batches of
gas in chambers A, B, C and D. The free surface of water is a limit for a batch of gas, which fills in
the rotor chambers and causes its rotation. The pressure drop in the apparatus is 3-5 mm of the
column of water. In order to determine the measurement conditions, we measure gas pressure
before the gas meter and gas temperature a the gas meter outlet. The drum gas meters are very
accurate insruments and they are often gpplied in laboratories (measuring error 0,5-1 %). They are
used for measurements of inert gases, insoluble in the digplacing liquid. The range of measurements
of the drum gas meters usualy does not exceed 50 n/h [1].

Fig. 1. Flow counters a) Crosslev drum; b) two-bellows c) rotor

There are dso very popular chamber gas meters, especidly bellows gas meters. In a two-bellows
gas meter (Fig. 1.b), the internd space is divided into two parts by a Saionary baffle, and they are
divided into four pats A and B and C and D by two eadtic leather bellows. The chambers are
dternately filled and emptied. The bdlows drive a connecting-rod, joined with their rigid wals. The
connecting-rod drives a counter and dides. The gas meters have the measuring range 6+100 ni/h.
An error of the bellows gas metersis 2-3%.

For indudtrid measurements of large volumes of the flowing gas, the rotor gas meters are used
(Fig.1.c). Swirling ova-concave pistons are driven as a result of a difference in gas pressure
between inlet and outlet. The horizontad axes of the pistons are coupled with a gear transmisson
located outsde the counter housing. Each revolution of the pistons causes determination of volume
V. De\?{ices of that type are reliable and accurate (accuracy 0.2-0.5) and their measuring range is 10-
200 m/h.

If a technological process requires automated measurements and a low pressure drop, and the flow
is not congtant but varies at time, it is necessary to find other measuring methods. In this paper, the
authors propose a solution enabling automated measurements and causing low pressure drops.

2. The flow-meter structure

The flow meter dructure is shown in Fig. 2. The gas is ddivered to the nozzle 2 mounted a the
bottom of the messuring tank 1 containing a liquid. The check vave 3 protects againg the liquid
oveflow and suction in the case of negative pressure in the measuring system. The gas from the
nozzle is present in the liquid as bubbles. If a nozzle diameter is suitably chosen, we can abtan
bubbles of regular shapes, flowing out a constant time intervals. This is a base for measurements of
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the bubbles volume. Those measurements include scanning the tested section and detection of the
gas bubble presence. The tested section is subjected to a coherent light beam, emitted by the source
4. When the light beam meets a gas bubble, it divides into some components and, as a consequence,
the light beam weskens and the weskening is recelved by the wave-guide detector 5. In the
measuring converter 6, light signds from the detector are changed into an dectric sgnd of TTL

standard.

—
Output of ge 7

Fig. 2. A flow meter structure

2.1 | dea of the method

In the opticdl method, a tested section is subjected to a homogeneous light beam and next intensty
of the light passng through the liquid with the moving bubbles is detected (Fig.3). The light emitted
from its source passes through the column filled with a liquid and is partly absorbed by the it.
However, if it meets a bubble, the flux decomposes into some components. As a consequence, the
light reeching the detector has a lower intersity. The detectors contain the optica wave-guides
placed in the collimation deeves. Applicaiion of the collimation deeves causes that the opening
angle decreases. Since reflection and refraction are dependent on the wave length, it is preferable to
use a source of monochromatic light or of a relaively narrow emisson spectrum. It is necessary to
use an optical system in order to obtain a homogeneous light beam.

Ir

' /\ collimator
/
D\
w/ = ==t
i wave guide

Fig. 3. Distribution of components of light intensity

Decrease of intendgty of the light beam after the bubble meeting is determined from the following
equation:

E:|09I|—0:|09I+IR-:IZ+IA’ (1)

where |p is the beam intendity emitted by the source, | is the beam intensity received by the detector,
Ir is the intengty of the beam disspated by a bubble, 17 is the intengity of the beam reflected from a
bubble, |4 istheintengty of the beam absorbed by a bubble.

The presented measuring method alows to determine a bubble shape on the basis of detection of the
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luminous flux in the visud field of the detector. Decrease of the light intensty of the ray passng
through the liquid beow the limit vaue informs us about that fact. The data obtaned from
measurements are in a binary form. Recongruction of a bubble shape is possble as a resut of
application of the agorithm for image recongtruction

2.2 Light source and detector

A light source is a fibre light bulb located in the centre of the concave mirror with a set of
correcting lens (Fig.4d). The bulb should be cylindricd, its length should be more than a detector
length. Such a shepe endbles to obtain uniform light beam intendty dong the lightened section.
Location of the bulb 1 in the mirror focus 2 provides obtaining pardld light rays in verticd
direction. For better directing the beam in horizonta direction, a series of minilens 3 was applied.

A detector dructure is shown in Fg. 4b. It contains a row of opticd wave-guides 4 located in
collimation deeves 3. Application of an additional sensor dlows to measure the bubble movement
rate and, as a consequence, it is possble to determine its verticd diameter. For a modd solution
s = 4 mm. The sysem resolution is dependent on a distance R between the wave guides and the
detector visud field which can be controlled by the collimation dot length of the wave-guide
sensor. In the conddered detector, it is 0.5mm. The collimaion dot length is controlled by a
displacement of a movable plate 1 with the fixed wave-guides in reldion to a Saionary plate 2 with
the callimation deeves. 1 5

a)

Fig. 4. a) Light source; b) Wave guide detector

2.3. Calculation of the flow volumes

Volume of the flowing gas bubbles is determined in a numericd way, with use of a suitable
dgorithm for recondruction of bubble shgpe. On the recondruction, a bubble shape is
gpproximated by a series of cylinders (Fig..5) [2]. Bubble shapes are determined by volume
determination by cylinders d in haght.

Cdculaions of bubble volume indude summation of volumes of cylinders included into one
bubble. The equation for volume takes the following form:

n-1 n-1
Vo = é. V= dzrp é. d(i)2 ' (2
i=1 i=1

where V; is the condtituent volume of one dice, dj) is the diameters of the cylinder of the i-th dice,
d; isthe dice height, n is the number of dices forming a bubble.
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Fig. 5. Approximation of a bubble shape a) an idea; b) approximation by cylinders

Determination of the displacement d, between paticular dlipses includes cdculation of a way
travelled by a bubble between successve measurements. The way is dependent on the bubble
motion rate and the sampling time, according to the equation:

d,=wt ©)

z np:’
where t, isthe sampling time, w;, isthe bubble rate.
The bubble movement rate is determined from andysis of courses of the measuring signds coming

from suitable optical probes located in the upper and bottom layers of the detector. The rates are
determined on the basis of calculations of the mean time of the bubble passage.

Wo=—""" (4)

where nz isthe mean number of clock cycles.

A number of the clock strokes i was determined by the corrdaion method. Determining a number
n for which the correlation function reaches the maximum vaue, we have:

an

a d'd%, . (5)

nz®N =0

where d! is the measuring data from the bottom sensor, d? is the measuring data from the upper
sensor, N, isthe number of specimens of the tested Sgnals.

3. Analysis of the gas gubble forming and their movement in a liquid

In the presented flow meter, the measuring accuracy is srongly influenced by a suitable sdection of
the nozzle diameter, from which the bubbles are getting away. In this case, a measuring range and a
measuring error should be taken into account. In order to sdect a proper nozzle diameter, the
authors andysed bubble formation and used a smplified dynamic modd. In this modd it is
assumed that a bubble is like a bal and that there are no interactions between the considered bubble
and other bubbles and the wadls and the surrounding liquid is at rest. It is dso assumed that the
volume flowing through the pipe causes increase of the bubble volume. Any forces connected with
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the gas compressibility are neglected in the consdered modd (Fig.6a).

Wy

qv V7

Fig. 6. Analysis of the gas bubble a) bubble formation in an unrestricted flow;,
b) distribution of forces acting on a bubble

Thus, the equation for the bubble diameter takes the following form:

2
dog|—2%% e 4 (6)
g(rc're) (rc'rG)ZQ

where rc is the liquid density, rg is the gas dendty, d, is the hole diameter, g acceeration of
gravity, v is the veocity of the gas flow from the nozzle, s is the coefficient of the liquid surface
tendon.

This modd is vaid for dynamic formation of bubbles however, the flow out velocity must be rather
small because it cannot cause bubble deformation.

A shgpe of the gas bubble moving in a liquid changes dl the time because the moving bubble is
subjected to the forces causng its deformations. It is a result of continuous changes of pressure
digribution ingde the bubble. Changes of a bubble shape directly influences veocity of its
movement in the liquid.

Movement of a sphericd bubble in an immovable liquid after covering a disance becomes
approximately uniform. It is caused by equilibrium of forces acting on the bubble (Fig.6b). A gas
bubble moving in the liquid is subjected to two main forces. One of them is the hydrodtatic lift force
W, it is directed upward and its vaue is according the Archimedes principle. The other force is
directed downward and it is the ressting force, it acts oppodtely to the bubble movement direction.
This force is dependent only on veocity and it counteracts to the hydrodtatic lift force.
Deformations of the bubble shape are manly caused by the redgting forces of the bubble
movement. On the other hand, this force depends only on the bubble movement rate and the
resistance coefficient.

Veocity of the moving bubbles can be determined from:
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— 29 (rc' rG)V
" ‘Jc—ar—cx’ 0

where Cp is the resstance coefficient (Fig.7), A is the cross-section area of the bubble, V is the
bubble volume.

Basing on andyss of the bubble movement we can sdect a suitable liquid for the flow meter. The
Tadaka criterid number can be assumed as a criterion for sdection. Its vaue should not exceed 55
[3, 4]. The Tadaka number can be defined as.

Ta=ReM %%, (8)

where Re is the Reynolds number, M isthe Morton number.

Re= \N¥—drc (9)
M
M = 9"3:+S'3re) | (10)

where d isthe bubble diameter, ng is the orton number.

Such andlysis is important because it is necessary to minimize measuring errors, shapes of bubbles
should de regular. They should teke the form of a sphere or a flattened dipsoid. Fig.7 presents
changes of bubble shapes versus the Reynolds number.
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Fig. 7. The bubble shape on the Reynolds number
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3. Tests and results of measurementsthe gas flow

During the tedts, a congant gas flux was delivered from a diffuson pump. Its vaue was precisdy
determined. Next, the flow was measured with the flow meter. Fig. 8 shows a comparison of the test
results. Six measurements were done for each flow vaue 0 it is posshble to edimae the
measurement uncertainty. The measuring points were approximated by a sraight line. The broken
line shows adeviation + 10% [6].

150

140 - E E : P
130 4 Qm [Ml/min] e =

120 - s

110 o
pe

100 e =

90 A=

80 2 -
70 2 >

60 =

50 ” <.

40 . ’, 2
30 /’ -
20 = Qin [ml/min]

10 #

0 i i i
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Fig. 8. Dependencies between uncertainty and flow

Properties of the light source can be improved by location of a light bulb n the focus of the concave
mirror, gpplication of the system of lenses and increase of the distance L between the light source
and the measuring point. Flow measurements were done for the gas flux changing and unchanging
at time.

The results are shown in Fig. 10. A gas of the congtant flow intensty 40 mi/min was ddivered to
the flow meter. Since the flow is dtationary, the bubbles generated in the flow meter should have
gmilar dimendons and move with Smilar velodties Increment of the messured volume of the
flowing gas should be linear (see dark gray line).

180

V]

160
140 —

120

100
80

N -
ol Lt

/
20 41—
I

0 20 40 60 80 100 120 140 160 180 200

Fig. 10. Measurements of the variable flow at time a) volume increase at time; b) measuring error
depending on a number of specimens of the tested signals
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5. Conclusions

The presented method enables to measure very small flows under a low drop of the gas pressure.
The messuring range is about some nt/h. It is dependent on a flow meter structure. For a mode
flow meter the messuring uncertainty from the confidence interva 95% is included into 10%
measured vaue. We can obtain decrease of the measuring uncertainty using a detector of less
reolution and a light source of better convergence — for indance a laser with a st of
semitransmitting mirrors [5]. The proposed solution was gpplied for measurements of gas emitted
from moulding sands while drying where it stisfies the assumed requirements.
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