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Abstract

The converging-diverging structure is introduce@xtend the lower limit of measurementvofitex flowmeters
As a compact device, the converging-diverging voftewmeter is proposed and designed, andeét$gomanc
is studied experimentally. It is found that, fioftall, an up td1% extension of the lower measurement limit
be realized through the converging-diverging struest compared with conventional vortex flowmeteseconc
the converging-diverging vortex flowmeter with @pgezoidal bluff body has krger Strouhal number a
smaller pressure loss. The results suggest thatoineerging-diverging vortex flowmeter provides aternativ:
device especially suitable for the measuremenw#velocity fluids.
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1. Introduction

As one of the most promising flow measurement deyithe vortex flowmeter is adopted
in many industrial fields and is regarded as amlidabstitute for orifices. Vortex flowmeters
are suitable for the measurement of gases, ligaits,even some gas-liquid two-phase flows
[1,2]. Performances of vortex flowmeters, howewdsteriorate at low flow rates, because
signals picked up by the sensors in these casesrigegveak and vortex frequencies are
difficult to be extracted from the sensor signdlghe performance of vortex flowmeters at
low flow rates is improved or the lower measurenianit is extended, the application range
of vortex flowmeters will be widened considerably.

Efforts to extend the lower measurement limit ofter flowmeters have been made for
decades. The techniques employed in these effas ke mainly divided into three
categories: adoption of sensitive signal pick-upthmds, application of advanced signal
processing algorithms, and use of dual or multiyéf bodies.

Barton and Saoudi used the multimode optical fagebluff body and detected the vortex
frequency from the intensity modulation [3]. Hamsl &Vindorfer applied ultrasound to vortex
flowmeters with improved sensitivity [4]. These apgches may complicate the manufacture
of the vortex flowmeter and lead to additional sosfhanget al extended the lower
measurement limit of vortex flowmeters through welat-transform-based denoising [5]. Sun
et al improved the anti-disturbance ability of vortexviimeters by applying the Hilbert-
Huang transform to the vortex signal processing X&j et al developed two kinds of digital
signal processing systems to improve the accurdlyeooutput pulse of vortex flowmeters
[7]. Advanced signal processing techniques can dowmrthe ability to extract vortex
frequencies from noisy signals, but real-time measents are hard to achieve. Fu and Yang
developed a dual bluff body vortex flowmeter witbog noise immunity and improved
sensibility [8]. Penget al also proposed a dual bluff body vortex flowmetathwgood
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sensitivity and range ability [9]. In the dual Hlbbdy vortex flowmeter, one more bluff body
is used, so the pressure loss due to the vorteldsitgrises.

This paper introduces the converging-diverging (CsBucture into the vortex flowmeter
to extend the lower limit of measurement. The bhdfly is embedded in the C-D structure,
and a new type of compact flow measurement detheeC-D vortex flowmeter, is proposed.
Unlike the three categories of approaches mentiabhede, the C-D vortex flowmeter can be
used as a conventional vortex flowmeter withoutcgderequirements to signal pick-up,
signal processing, and even installation conditidriee basic properties of the C-D vortex
flowmeter are analyzed, and then the effects df blody shapes on the Strouhal number and
the drag coefficient are also discussed.

2. Design principle

The C-D vortex flowmeter consists of a convergiobe, a throat tube and a diverging
tube, with a bluff body mounted in the throat tube,shown in Fig.1. Denote the average
fluid velocity and the inner diameter at the enteonf the converging tube ssandD,, and
denote the average fluid velocity and the innemditer of the throat tube as andD», it
yields

D?v, = Div,, 1)

which is deduced from the continuity equation afdk.

Ps P Py
el ! el
e
Vi V2
[ ——> —> % D, Dy
bluff body
< T
62 P,

Fig.1. Structure of C-D vortex flowmeter.

Eq.(1) shows that, is greater than; because of the convergence of flow passage. If the
vortex sensor is placed in the throat tube, theetolimit of measurement of the vortex
flowmeter will be extended due to the increasduitifvelocity compared with that in front of
the converging tube. This is the basic principlethd C-D vortex flowmeter whose lower
limit of measurement can be extended markedhhdfG@-D vortex flowmeter is well designed
and manufactured as a compact device, it can b ase@ conventional flowmeter without
special requirements to installation conditions.

The convergence and divergence of tubes can bieaddly linear or curved forms. The
flow field behind a curved convergence is normatipre uniform than that behind linear
ones. The linear convergence, however, is prefarradost practical applications due to its
simple manufacture and low cost. The ratidgfto D, is normally restricted to less than two
to avoid causing large pressure loss by the coewery In addition to uniform flow field and
small pressure loss, the most important factor-Id @rtex flowmeter design is to maintain a
regular and stable vortex street in the throat.tdbereover, the compactness of the whole
device is also vital to practical applications. fidfere, the length of the throat tube and the
converging angle need proper design and carefe¢teh.
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The optimal length of the throat tube is definedtesshortest length at which the vortex
street can be generated and maintained regulatheirthroat tube. For lack of theory on the
optimal length of the throat tube, this paramesedetermined mostly by trial and error based
on experiments. The local resistatcef linear converging tubes is calculated by [10]

V2
hj=52—;; (2
2 4
=k 1)+ A 1—&; 3
£ g D4
8tan— 1
2
g=057+L432, 4)
11-—=2
D;

where ¢ is the local resistance coefficient, is the frictional drag coefficientf is the
converging angle; andk are experimental coefficients. By comparing thealgesistances at
various converging angles according to Egs.(2) ) if4is found that the minimum local
resistance is reached whér 40°.

3. Experiments
Experiments were conducted with air under normiabdatory conditions to evaluate the

performance of the C-D vortex flowmeter designduk €xperimental rig is composed mainly
of five sonic nozzles and the C-D vortex flowmets,shown in Fig.2.

air inlet @ |] |] 9 0‘Q air outle
1<} — | ><] >
C-D vortex G‘Q
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Fig.2. Experimental rig.

The sonic nozzles were used as the standard fl@device. When their valves were fully
opened, the five sonic nozzles corresponded tdidherate of 10, 20, 40, 60, and 8",
respectively. The flow rate through the system wadsulated from the valves fully opened. A
variety of flow rates, from 10 to 210°nh™, could be obtained by adjusting the combination
of the sonic nozzles. The measurement uncertaintiieoflow rate obtained from the sonic
nozzles was 1%, calibrated by the manufacturer.

The C-D vortex flowmeter for the experiments iswhdn Fig.1. The inner diameteB;
andD, were 36 mm and 50 mm. The reason for choosingttves values is that the average
fluid velocity in the 36-mm tube is just twice dfat in the 50-mm tube, and it is convenient
for comparison and discussion. The upstream anchstiogam straight pipes connecting the
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C-D vortex flowmeter were both B long. Under the experimental conditions, the ssirt
or optimal length of the throat tube that generatiadble vortices wasD}b at the converging
angled = 40° by trial and error. The bluff body was madhat the center of the throat tube.
The shapes of the tested bluff bodies includedezal and square, both with the width of 10
mm.

The vortex signals were obtained by the Duct-waddfeDential Pressure Method (DDPM)
[11,12]. The differential wall pressures behind lihff body were measured by a Honeywell
24PC sensor. The two tags &d B connected with 24PC through sampling tubes were
situated symmetrically on the tube wall and wePH9 downstream of the front surface of the
bluff body. The output of 24PC was acquired by &tiiamix TDS 430A digital oscilloscope.
The pressure losses caused by the convergenceiargesce of tubes were measured by a
Keller PD-23 transmitter and were recorded by apser. The two tagssPand R for the
pressure loss measurement were located 15 mm teghedrom the entrance and the outlet
of the C-D vortex flowmeter. The sampling frequertdyall the pressure signals was 1000
Hz, and the duration time was 10 s.

4. Results and discussion
4.1. Basic performance of the C-D vortex flowmeter

At flow rates from 10 to 140 ¥h', experiments were carried out on the C-D vortex
flowmeter with a trapezoidal bluff body to test thasic performance improved through the
converging-diverging structure. The differentiall@essure measured by the 24PC sensor
was stored, from which the vortex frequetieyas extracted by Fourier analysis. Fig.3 shows
the relationship between the vortex frequehaypd the average fluid velocityg in the throat
tube. Fig.4 presents the relationship between theu&al nhumbelSt and the average fluid
velocity v, in the throat tube.

The average fluid velocity, in the throat tube and the Strouhal nuntbexere
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Fig.3. Vortex frequency versus average flow velotitthe throat tube.
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Fig.4. Distribution of Strouhal number versus Rdgismumber.

Fig.3 shows good linearity in tHev, relationship, and Fig.4 shov&is nearly constant at
0.25. The nonlinearity in thiev, relationship is + 5.6%. These results imply thegré exist
regular and stable vortex streets in the throat.tdihe flow rate in the pipe, therefore, can be
obtained from the vortex frequency. The formuldl@iv measurement based on the theory of
Karman vortex street seems still tenable in the &Dcture properly designed. The average
fluid velocity v, in the throat tube was 2.8 38.22 m-$ during the experiments, so the
average fluid velocity; at the entrance of the converging tube was 1.37%41 m-§
correspondingly. Compared with the lower limit oéasurementv(= 2.78 m-$) of DDPM-
based vortex flowmeters without convergence anérdence [13], a 51% extension of the
lower limit of measurement was achieved by the @uidcture. It also indicates that the C-D
vortex flowmeter can provide a solution to the flovgasurement of low-velocity fluids.

4.2. Effect of bluff body shape

The bluff body is the core part of a vortex floweretThe discharge characteristics of a
vortex flowmeter are closely related to the shajpte bluff body. However, there is lack of
theoretical foundation for the design of optimalfblbody shapes. Bluff bodies with shape
edges have good mechanical properties to generatesive vortex shedding and have been
widely adopted in vortex flowmeters.

After having established the basic structure ofGHe vortex flowmeter, the effects of the
bluff body shape on the Strouhal number and thg doefficient are discussed in this section.
The shapes of the tested bluff bodies includedrdpezoid and square, both with the width of
10 mm. The structure and geometric dimensionsebthff bodies are shown in Fig.5.

@) (b)

flow flow

I:> 10 22 |:> 10

10.8
N D 10

Fig.5. Structure of bluff bodies (unit: mm): (a)dpezoidal shape; (b) Square shape.
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At the flow rates from 10 to 140%™, the differential wall pressure output from thedC-
vortex flowmeters respectively with a trapezoidad @ square bluff body were measured and
transformed to the frequency domain, and then tréex frequencies were obtained. Fig.6
shows the relationship between the Strouhal numéedsthe average fluid velocities in the
throat tube for the trapezoidal and square bluffié® The Strouhal numbers of both bluff
bodies are constant on the whole, but the Stronbhalber of the trapezoidal bluff body is
slightly greater than that of the square bluff bodger the same fluid velocity. Moreover, the
invariability of the Strouhal number of the trapiiad bluff body is better than for the square
one, especially at, less than 10 m*s
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Fig.6. Strouhal numbers of different bluff bodies.

Pressure loss is one of the most important fadtothe selection of flow measurement
devices. For a C-D vortex flowmeter, additionalgstgre loss arises due to the C-D structure
besides the pressure loss caused by the bluff bbsrefore, the pressure loss should be
considered carefully, and is used as an indicat@vtaluate the performance of C-D vortex
flowmeters. The drag coefficient is a dimensionlgasameter to describe the pressure loss of
fluid flows, and its definition is as follows:

_2Ap
o
At flow rates from 10 to 140 ¥rh', the pressure losses of the trapezoidal and sdpliaffe

bodies were measured from the tagsaRd R by the Keller PD-23 transmitter, and the

average value of each pressure loss time seriasradgvas adopted asp to calculateCp
using Eq.(7). The relationship of the drag coedfits and the average fluid velocities in the
throat tube for the trapezoidal and square blufflié® is shown in Fig.7. The relations
between the drag coefficient and the average flaldcity in the throat tube of the trapezoidal
and square bluff bodies are basically uniform, thetdrag coefficient of the trapezoidal bluff
body is less than that of the square one at thee garid velocity. For both bluff bodies,

moreover, whenm, is less than 10 mi'sthe drag coefficient decreases markedly withfltrid
velocity; whenv; is greater than 10 m*sthe drag keeps nearly constant.
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Fig.7. Drag coefficients of different bluff bodies.

From the above discussion, it suggests that tipezadal bluff body is more suitable for
the C-D vortex flowmeter. The reasons can be empthifrom the view of fluid mechanics.
The processes of the velocity decrement and trespre increase of the fluid are smooth and
steady near the trapezoidal bluff body due tovits sloped edges, along which the boundary
layers develop gradually if the slope angle is glesdl appropriately. Under such
circumstances, the vortex signals are intensive stattle, and the effects of the fluid
disturbance will be reduced reasonably. Thus, thvéex frequency is to be easily extracted
from the differential wall pressure signals ane tlow rate is obtained with high accuracy.

5. Conclusions

The idea of using the C-D structure is proposeéxtend the lower limit of measurement
of vortex flowmeters. The C-D vortex flowmeter igsijned as a compact device compared
with conventional ones, and has no special reqrgsto the installation. The performance
of the C-D vortex flowmeter is tested experimentalhd the effect of the bluff body shape is
analyzed. Major findings are summarized as follows:

(1) The lower limit of measurement of vortex flowtewis can be extended through the C-D
structure. A 51% extension of the lower limit of aserement is realized by the present
design, compared with vortex flowmeters withoutwengence and divergence using the same
vortex frequency acquisition technique.

(2) By comparing the overall performance of theézoidal and the square bluff bodies,
the trapezoidal one is recommended to be useckiCtd vortex flowmeter, because it has a
larger Strouhal number and smaller pressure loss.

However, some questions still remain open for fertmvestigations. For example, the
optimal length of the throat tube should be deteadimore precisely, either by experiments
or by numerical simulations.
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