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ABSTRACT

In this paper, on an experimental facility, the measurement characteristics of a diameter 50 mm dual
triangulate bluff body vortex flowmeter in steady flow and oscillatory flow were investigated. Then, the
Hilbert Huang Transformation (HHT) method was used to assess the anti-interference performances and the
vortex street stability in oscillatory flow for the dual triangulate bluff body vortex flowmeter and a single
bluff body vortex flowmeter. Offline simulation was carried out on the anti-interference performances of the
dual triangulate bluff body vortex flowmeter signal noise in oscillatory flow by the method of the EMD-scales
filter. The major findings are: (a) in most case, the EMD-scales filter may be as good at de-noising effect for
the dual bluff body vortex flowmeter in oscillatory flow than that for the single bluff body vortex flowmeter
in oscillatory flow. The vortex street stability in oscillatory flow for the dual bluff body is similar to that for
the single bluff body. (b) In some special case, the EMD-scales filter is unable to play a better de-nosing role
for the dual bluff body vortex flowmeter in oscillatory flow. The invalid condition of the EMD-scales filter for
the dual bluff body vortex flowmeter in oscillatory flow is different to that of the single bluff body vortex
flowmeter and it was advanced in this paper. (C) The vortex street stability for the dual bluff body vortex

flowmeter is better than that for the single bluff body vortex flowmeter.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction and background

The phenomenon of vortex shedding from bluff bodies has
been studied over one hundred years. When a bluff body is placed
in a flow stream, vortices shed alternately from each side surfaces
of the body. The non-dimensional shedding frequency, the Strou-
hal number, is defined as:

_fD
5=Un

where f is the vortex shedding frequency. D is the bluff body
diameter, and U, is the mean free-stream velocity. Over a wide
range of Reynolds numbers, the Strouhal number is a constant,
implying a linear relationship between shedding frequency and
mean velocity, thus providing the basis of a flowmeter [1,2].

The vortex flowmeter has a number of attractive advantages, i.e.
high reliability, low maintenance, and insensitivity to fluid proper-
ties and temperature. So it is widely used in the measurement of
flow rate in a pipe flow. However, it has its own disadvantage i.e.
poor noise immunity and low flowrate sensitivity [3,4]. In order
to improve the noise immunity and low-flowrate sensitivity of the
vortex flowmeter, great efforts have been made by a number of
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researchers. One method of improving low-flowrate sensitivity and
repeatability of the vortex flowmeter is to use two bluff bodies in
series or tandem separated by a narrow gap. Many researchers
[5-12] have investigated the characteristics of vortex shedding for
two bluff bodies in series or tandem separated by a narrow gap.
Those works showed that dual bluff body combinations gave more
regular and stable vortex shedding than a number of single bluff
bodies of different shapes. Based on above works, Jiegang Peng
proposed a new type vortex flowmeter of dual triangulate bluff body
[13,14]. From their work, the low flowrate sensitivity of a dual
triangulate bluff body vortex flowmeter is superior to that of a single
bluff body vortex flowmeter. However, their previous works, which
were aimed at improving low-flowrate sensitivity and repeatability
of the vortex flowmeter by using a dual triangulate bluff body, did
not mention anything about the response of the dual triangulate
bluff body vortex flowmeter to oscillatory flow. But the signal
characterization of flowmeter in oscillatory flow is an important
influential factor in industrial application because of fluid oscillation
in fluid transfer process and it is a key phenomenon for the stability
of the vortex shedding from bluff bodies too. Now, the response of
the dual triangulate bluff body vortex flowmeter to oscillatory flow
is still an unresolved problem. So, it deserves further investigation.

In this study, we investigated the measurement characteristics
of a diameter 50 mm dual triangulate bluff body vortex flowmeter
in steady flow and oscillatory flow on an experimental facility.
The dates of the dual triangulate bluff body vortex flowmeter in
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Nomenclature

en the relative error of the main frequency of the noisy
test signal for the single bluff body vortex flowmeter

e the relative error of the main frequency of the noisy
test signal for the dual bluff body vortex flowmeter

e the relative error of the main frequency of the recon-
structed signal for the single bluff body vortex flowmeter

€22 the relative error of the main frequency of the recon-
structed signal for the dual bluff body vortex flowmeter

Se the Strouhal number

d the bluff body diameter

Q the experiment volume flow rate (m>/h)

Un the flow velocity of the fluid (m/s)

f(n) the original signal without adding noise

SNR4;  the SNR of the noisy test signal for the single bluff
body vortex flowmeter

SNRys>  the SNR of the noisy test signal for the dual bluff body
vortex flowmeter

far(n) the noisy test signal for the single bluff body vortex
flowmeter

faa(n) the noisy test signal for the dual bluff body vortex
flowmeter

SNR the SNR of the reconstructed signal for the single bluff
body vortex flowmeter

SNR,» the SNR of the reconstructed signal for the dual bluff

body vortex flowmeter

fri(n) the reconstructed signal for the single bluff body
vortex flowmeter

fra(n) the reconstructed signal for the dual bluff body vortex
flowmeter

Jor the main frequency of the original signal without adding
noise for the single bluff body vortex flowmeter

Joz the main frequency of the original signal without
adding noise for the dual bluff body vortex flowmeter

fa the main frequency of the noisy test signal for the
single bluff body vortex flowmeter

faz the main frequency of the noisy test signal for the dual
triangulate bluff body vortex flowmeter

fr the main frequency of the original signal without
adding noise for the single bluff body vortex
flowmeter

fr2 the main frequency of the original signal without
adding noise for the dual bluff body vortex flowmeter

f the imposed disturbing frequency of oscillatory flow

fa the main frequency of the noisy test signal for a pipe

IMFi, IMFi for the single bluff body vortex flowmeter

IMFi, IMFi for the dual bluff body vortex flowmeter

K, decomposition layers for the single bluff body vortex
flowmeter

K> decomposition layers for the dual bluff body vortex
flowmeter

oscillatory flow are inherently nonstationary and nonlinear
because they are the result of propagation of various type waves
with different amplitude, frequency, and wave speed in fluid that
are likely nonlinear.

In order to analyze those nonstationary and nonlinear dates, an
analysis method for nonlinear and non-stationary data, the Hilbert
Huang Transformation (HHT) method, was used [15-17].In the
flow measurement, the HHT method was used in many areas. Sun
et al. proposed a novel vortex flowmeter signal de-noising method
based on Hilbert-Huang transform (HHT) [18]. Zheng et al. pro-
posed a HHT-based signal processing method to overcome the
problem of weak vortex signal detection at low flow rate [19].
Jiegang et al. using HHT method, the signal characteristics of
swirlmeter and a single bluff body vortex flowmeter in oscillatory
flow were analyzed [20,21].

In this paper, the HHT method was used to analyze the signal
characterization for a dual triangulate bluff body vortex flowmeter
in oscillatory flow. For the dual bluff body vortex flowmeter, the
anti-interference performances and the vortex street stability
were discussed. Offline simulation was carried out on the anti-
interference performances and the vortex street stability of the
dual triangulate bluff body vortex flowmeter in oscillatory flow by
HHT method. In the end, we compared the data of the dual
triangulate bluff body vortex flowmeter and that of the single
bluff body vortex flowmeter in literature [20].

2. Hilbert-Huang transform (HHT)

First, We give a brief description of HHT algorithm. A detailed
presentation can be found in the articles of Huang et al. [15,16].
The HHT consists of two parts: empirical mode decomposition
(EMD) and Hilbert spectral analysis (HSA). The key part of the
transform is EMD, with which any complicated data set can be

decomposed into a finite and often small number of intrinsic mode
functions (IMFs) that admit well behaved Hilbert transforms.
However, each IMF is defined as any function satisfying the
following conditions [17]: @ In the whole data set, the number
of extrema and the number of zero crossings must either equal or
differ by at most one. @ At any point, the mean value of the
envelope defined by the local maxima and the envelope defined
by the local minima is Zero. Then, to extract the IMF from a given
dataset, the sifting process can be implemented as follows [23]: ®
Take the signal x(t) for example and identify all the local extrema
of x(t); @ Connect all of the local maxima by a cubic spline line as
the upper envelope e;.x(t)), Repeat the procedure for the local
minima to produce the lower envelope e;;,(t). ® Calculate the
mean valuem;(t) of upper and lower envelopes, that is m(t)=
(emax(t)+emin(t))/2. @ Subtract my(t) from original signal, named
as hq(t):hq(t)=x(t)—m;(t). Judge whether h;(t) satisfies IMF con-
ditions or not, if so, then as the first IMF it is denoted c;(t)=h4(t); if
not, replace x(t) with hy(t), and then calculate hq;(t)=h(t) —mq(t),
where myy(t) is the mean of the upper and lower envelopes of
hy(t). This process can be repeated up to k times, until hq(t)
satisfies IMF conditions, then the first IMF component from the
data is designated as c;(t)=h,(t). ® Once c,(t) is obtained, it can
be separated from the rest of the data by using x(t) — c;(t)=r1(t). ®
Repeat above five steps using ri(t) as x(t) to obtain c,(t) until r,(t)
is a monotone function or a direct current component. That is:
r1(t) — Co(t) = r2(b) -+ Tp—1 () — Cp(t) = rp(t). @ By summing up above
Egs., we finally obtain

X = 3 ct)+ra(d)
i=1

To guarantee that each IMF component retain enough phy-
sical sense of both amplitude and frequency modulations, the
sifting process can be accomplished by limiting the size of the
standard deviation, SD, computed from the two consecutive
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