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Abstract

Effects of inappropriate installation can bias the measurements of flowmeters. For vortex flowmeters, a method is proposed to
detect inappropriate installation of the flowmeter from the oscillatory signal of the vortex sensor. The method is based on assuming
the process of vortex generation to be a generic, noisy, nonlinear oscillation, describable by a noisy Stuart-Landau equation, with
a corresponding sensor signal that also contains higher harmonic excitations. By making use of the scaling properties of the Navier—
Stokes Equation, the method was designed to be robust with respect to uncertainties in the fluid properties. The diagnostic func-
tionality is demonstrated on measurement data. In the experiments, installation effects that lead to more than 0.5% error in the
output of the flowmeter could clearly be detected.

00 2003 Elsevier Ltd. All rights reserved.
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1. Introduction ultrasound barriers can be usg5]. There have also
been proposals for hot-wire anemomet§s$, polari-
Vortex flowmeters are widely used in industrial metric[7], optical [8], and electrostati§9] sensors.
flowmetering. Particular advantages of this technology It is well known, that “the calibrations of flowmeters
are the low cost of maintenance for the devices, their are dependent to some extent on the geometry of the
robustness to extreme condition, their low pressure drop,pipework and fittings both upstream and downstream”
and their comparatively high accurady,2]. Vortex [10]. Deviations from the specifications given by the
flowmeters rely on the phenomenon of the vorridan manufacturer can bias the measured flow Ijatg12]
vortex street: Downstream behindvartex shedder or Similar effects result from deposits at or erosion of the
bluff body a regular chain of vortices is generated. The bluff body or the pipe. Sometimes it is possible to avoid
frequency of vortex formatiohis approximately a linear  this susceptibility of the flowmeter to installation effects
function in the flow velocity or, for pipe flow, the vol- by constructive modificationgl3]. But generally, it is a
ume flow rateQ. By measuring the frequenc{) can more realistic goal to develop flowmeters which can at
be determined. The most common method to detect theleast alert the user by issuing an automatic warning
vortices is by a sensor measuring “pressure”, i.e. reactivemessage. This could be a simple warning light, or a
surface forces at the pipe boundaries, on “paddles” message on the field bus, which could then also contain
inserted into the flow, or at the bluff body itself—for information regarding the severity of the fault and an
example, by the piezo-electric effect. Alternatively, error estimate, a concept known as self-validating sensor
(SEVA) [14].
Various schemes to detect faulty conditions have been
~ Corresponding author. Tel+49-761-203-7707; fax+49-761-  Proposed. Some of these rely on special hardware
203-7700. [15,16] But, in order not to loose the technical advan-
E-mail address: axel@fdm.uni-freiburg.de (A.G. Rossberg). tages of vortex flowmetering, a detection on the basis of
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the signal of the vortex sensor aone is being sought.
The methods that have been proposed for this end have
in common that some quantitative characterizations of
the signal are computed and compared with the values
for norma conditions. Deviations are then identified as
faults. Some of the proposed characterizations are based
on a spectral analysis of the signal [17,18]. Others rely
on the statistical analysis of intermediate results of the
signal processing for the flow rate [19-22].

The method proposed here is based on a generic signa
model which takes the nonlinear nature of the vortex
dynamics explicitly into account. We argue that the
characterizations derived on the basis of this signal
model make use of essentialy al information available.
But there is another point that has to be addressed. Even
for the unperturbed flow with correctly mounted flow-
meter, the sensor signal depends on the flow rate and on
various fluid properties. It seems that, in order to be able
to detect deviant conditions, characterizations of the sig-
nal for a large number or “normal” conditions have to
be recorded at the flowmeter, and the correct one has to
be selected at each instant. The feasibility of this
approach is therefore not immediately clear.

Here we show that, by making use of the scaling
properties of the Navier—Stokes Equation, appropriate
characterizations of the signal can be constructed which
depend only weakly on the fluid properties or the flow
rate, and are sensitive to inappropriate installation. In
Section 2, the theoretical background for selecting these
characterizations is laid out. Based on these results, spe-
cific characterizations are defined in Section 3. These
are applied to experimental data in Section 4. Section 5
summarizes the results.

2. Modeling the sensor signal
2.1. Basic theory

The pipe flow through the vortex flowmeter is
described by the Navier—Stokes Equation for incom-
pressible media

vV + (v:V)v = —p~Vp + W2y, (@)

with the mass density p, the kinematic viscosity v, and
a velocity field v = v(r, t) and pressure field p = p(r,
t) depending on space r and time t. The Navier—Stokes
Equation is supplemented with the incompressibility
condition

Vv =0 @)

and appropriate boundary conditions. When using suit-
ably rescaled variables (indicated by a caret *), the Nav-
ier—Stokes Equation can be written in the dimen-
sionless form

do/dt + (0-0)0 = —0p + Re 0%, (3)

where Re: = 4Q/(mav) is the Reynolds number, Q is the
flow rate, and d is the pipe diametert. This rescaled form
correctly reflects the fact that the magnitude of the vis-
cous term Re 102V generally decreases with increasing
Re, while the other three terms balance each other.

It is now important to notice [23] that neither the
phenomenon of vortex shedding nor the short-term
dynamics of the resulting von-Karman vortex street do
essentially depend on viscous effects (vortex shedding
has been observed even in Bose-Einstein condensates,
inviscid “quantum fluids’ [24,25]). At high Reynolds
numbers, viscous effects enter merely as small correc-
tions, roughly of the order Re~*. Of course, due to turbu-
lence, the effective viscosity is larger than v, and the
decay of viscous effectsis not quite asfast as Re 2. Thin,
viscously dominated boundary layers do also remain.
But the overall effect persists. The higher the Reynolds
number, the better the bulk vortex dynamics at not too
large distance from the bluff body are described by the
inviscid (v—0) limit. On the other hand, for small Re,
viscous effects suppress vortex shedding.

A straightforward anaysis shows that in the limit
v—0 solutions of (1) and (2) are, up to scaling, inde-
pendent of Q, with velocities ~Q and times ~Q~1. (We
assume the flowmeter’s geometry to be fixed, hence the
length scale is fixed.) This is why the proportionality of
the frequency of vortex shedding f and the flow rate Q
is satisfied so well that, in simple vortex flowmeters, f
x K1 with an appropriate “K-factor” K, is used as a
direct measure of Q without corrections. In modern vor-
tex flowmeters, corrections to the scaling law are taken
into account, e.g., by using a Re-dependent K. Since the
Re-dependence of K is wesk, it is easily determined and
stored in the flowmeter based on measurements of afew
data points only. Below we will make use of this
approximate scaling law also for other characterizations
of the flow field.

2.2. The signal model

It is well known [26-31], that the signal x(t) of a
sensor mounted behind a vortex shedder in a laminar
flow can be described by the Stuart-Landau Equation

A= (e + iwgA—(g, + ig)|A”PA, 4

where A = A(t) is the complex amplitude of the signal,
X(t) = A®) + (B + IB)AAD) + ( + INAXY) + cc. +
h.o.t. (c.c.=complex conjugate, h.o.t.=higher order
terms), and €,0,9,,0;,53..,5:,%;, ae rea parameters to be
chosen appropriately with wg,g, > 0. With a symmetric
setup of flow, bluff body, and sensor 5, = 5; = 0.

1 The diameter of the bluff body in typical flowmetersis within the
same order of magnitude.
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Under the conditions where vortex flowmeters are
used, the inlet flow is wusualy not laminar
(Re=10*—10°). The effect of turbulence can be modeled
by supplementing Eq. (4) with a noise term, i.e.

A = (e + iw)A—(g + ig)|APA + ¢, (5)
where
(O = 0, and (CWOL(t)) = 4FS(E—t), (6)

with (-) denoting the expectation value and the overbar
complex conjugation.

In order to take also the small-scale turbulence near
the sensor into account, the a.c. part of the signal must
now be expressed as

X®) = A + B, + IBIA) + (n + IWAY) )
+ c¢.c. + h.ot. + [noisg].

In principle, bifurcation theory leads to these results
by the mere fact that the onset of vortex formation is
a supercritical (=forward, continuous) Hopf bifurcation
(=transition to oscillation from a steady state), either
with [32] or without noise [33]. However, in other sys
tems that satisfy these conditions, the range of validity
of the Stuart—-Landau Equation is limited to a small range
in control parameter space near the bifurcation point (i.e.
the point corresponding to e = 0).

An analysis of experimental time series reveas that
for von-Karman vortices in vortex flowmeters, the range
of validity of Egs. (5) and (6) extends over the complete
working range of the flowmeter, at least in a semi-quan-
titative sense. This can be understood by the results of
Section 2.1. Three ranges for the Reynolds number have
to be distinguished: (i) At low Reynolds numbers, vortex
shedding is suppressed by viscous damping. (i) In the
cross-over region vortex shedding setsin. (iii) At higher
Reynolds numbers, the large-scale flow pattern is inde-
pendent of Re up to scaling. Apparently, the cross-over
region (ii) is narrow, and the transition from (ii) to (iii)
is still close enough to the bifurcation point such that
Egs. (5) and (6) hold. By the scaling behaviors of the
solution, Egs. (5) and (6) are than valid over the com-
plete range (iii). Hence, those characterizations of the
sensor signal will be particularly useful which are sensi-
tive to changes in the parameters in Egs. (5)—7).

2.3. Dependence of the signal on fluid properties

Regarding the dependency of the sensor signal on the
material parameters of the fluid in the pipe, two aspects
have to be distinguished: (a) dependencies due to the
particular sensor technology at given flow field and (b)
dependencies due to the effect of the fluid properties on
the flow field itself. As far as (@) is concerned, we shall
here assume that only the amplitude of the sensor signd
depends on fluid parameters, i.e. the sensor signal is

independent of the fluid up to a constant factor. For
example, for sensors sensitive to reactive forces exerted
by the fluid on the solid boundary (e.g., a paddle reach-
ing into the fluid), the signa is, at fixed flow rate, pro-
portional to the mass density of the fluid. For ultrasonic
sensors, the phase modulation of the recorded wave
train, for example, isinversely proportional to the square
of the velocity of sound in the fluid.

In order to understand the dependence (b) of the signal
on fluid parameters through the flow field, the well
known scaling laws for the Navier—Stokes EqQ. (1) can
be used. The flow field at fixed volume flow depends on
the fluid only through the kinematic viscosity. If v(r,
t) = vy(r, t) (and a corresponding p(r, t)) is a solution
of (1) and (2) with viscosity v = v,, then v(r,t) =
V'o(r,t) = svy(r,st) isasolution of (1) and (2) at viscosity
Vv = sv, for any positive s. Obviously, the flow rate Q
for v’y is s times larger than the flow rate for v, and the
solutions v, and v’y have the same Reynolds number.
Corresponding relations hold aso for the probability dis-
tribution of the random velocity field in turbulent flow.
Now, assume that, for a given viscosity vy, the (random)
flow field vy(r, t) is known for al flow rates Q. Then
the flow field for viscosity v'g = sv, at flow rate Q' is
v(r,t) =Vv'o(r,t) = svy(r,st), where vy(r, t) isthe flow field
for viscosity v, at flow rate Q = s71Q’. When the depen-
dence of the flow field on the flow rate is known for one
viscosity, it is known for all viscosities.

It is desirable to preserve this scaling behavior for the
sensor signal x(t). The scaling behavior is preserved if
X(t) depends on v(r, t) in such a way that, when v(r,
t) = vo(r, t) leads to the signal x(t) = xq(t), then v(r, t)
= sv(r, st) leads to x(t) = f(s)xq(st). The function f(s) is
typicaly a power of s. The precise form of f(s) is not
relevant here, since the overall amplitude of x(t) depends
on the properties of the particular fluid anyway. Both
reactive-force and ultrasound flow sensing lead to sig-
nals which are linear functionals in the instantaneous
flow field [i.e. they do not depend on time derivatives
of v(r, t)], and the scaling law for the signal is satisfied
with both technologies.

3. Characteristic quantities

The strategy to detect improper mounting of the
flowmeter is to obtain several quantitative characteriza-
tions, features, of the sensor signal and to verify if these
features are in the range expected for proper mounting.
Ideally, these features depend as little as possible on the
flow rate and the fluid properties, and are sensitive to
the geometry of the flow. Features that give the same
value for the two signals x(t) = Xq(t) and x(t) = uxy(st)
with any positive u and s are particularly well suited for
this task: by the discussion in Section 2.3, such features
depend, with proper mounting, only on the Reynolds
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number. By the results of Section 2.1, the flow field, and
thus the signal, vary, up to scaling, only little with the
Reynolds number. Since the features are assumed to be
invariant under scaling, it follows that their dependence
on the Reynolds number is weak.

The higher the number of independent features that
can be used to classify the flow, the more reliable is the
diagnosis. In order to estimate the number of inde-
pendent features that can be extracted from the signal,
we make use of the model (5)—7). It has the nine free
parameters €,0,,9:,0i,F .0:.6i.%.%. Two degrees of free-
dom depend on fluid properties and should not be used
as characterizations. Thus, as far as our model of the
signal is good,? there are at most seven independent fea-
tures.

As a first step in analyzing the signal, the angular
oscillation frequency @ = 21 is determined using stan-
dard methods. From w the flow rate can be obtained.
Moreover, the period 2w is used as a natura time
scale, which can be used to make the features invariant
with respect to scaling of time. For the model (5) one
has, with not too strong noise, w=~wy—ge/g;.

For the subsequent analysis, the fundamental mode of
oscillation is extracted from the signal. This is achieved
by convoluting the signa with the Morlet wavelet

Ao

o(t) = \/ﬁexp<iwt—;(Awt)2), (8)

where the band width Aw = 0.2w was chosen such as
to optimize the sensitivity of the characterizations. The
result of the convolution, z(t) = w(t)*x(t) is an estimate
for the complex signal amplitude A(t) of Eq. (5). It can
be interpreted as the analytic signal corresponding to x(t)
after band-pass filtering. The filtering aso eliminates
most of the measurement noise.
From z(t) the instantaneous frequency [34]

w;(t) = Im{zg} 9
and the phase
mn=f@wmv (10)

are obtained. As a measure for the phase stability of the
oscillation, the feature D given by

_ var[g(t + 2m/ o) —¢(t)]
n

with n = 10 isused. Asis easily verified, D satisfies the
scaling invariance as required. Using the model (5)—7),

D:

(11)

2 In fact, a faithful description requires corrections to the model.
But these effects are small, and their quantitative characterization
would be difficult.

one obtains D=41(g, + g?/g,)/ew in the weak-noise
limit [35]. The feature

_ ()P ~()? 2

(Jz(®)h?
is a measure for the strength of fluctuations in the signa
amplitude. It is estimated as S=Fg,/4e2.
A feature quantifying the nonlinear frequency shift is,
for example, given by

_ (lz(t)Pa(t)) — (2t P ex(t))

(2O PXwi(t) '
Approximately, one has R=—2Fg;/e®.
Finally, amplitude and phase of higher harmonics can

be used to characterize the signal. This leads to the fea-
tures

R (13

e ¢ V(]
B BB ) a4
and

_ o X))
G =G, +1iG; =~ (15)

For model (5)—7), B=(B, + iB)(e/g,)*'? and G=(y, +
iy)(e/g,). Obvioudy, S R, B, and G do also satisfy the
desired scaling invariance. Using the approximation for-
mulas given above, it is readily verified that the seven
features that have been introduced span, up to scaling of
time and amplitude, the full parameter space of the
model (5)—(7). Introduction of further features would
therefore not lead to significantly better characteriza-
tions.

In order to compare the features proposed here to
those that could be obtained by a spectral analysis of the
signal, it should be observed [36] that the general shape
of main spectral peak depends little on the model para-
meters in Eqg. (5). Only the center frequency, the width,
and the height of the peak depend on the parameters.
Regarding the higher harmonics, their amplitudes can be
determined, but not their relative phases. Thus, using the
same signal model as above, a spectral characterization
of the signal would have to be restricted to three instead
of seven quantities: the ratio of spectral width to center
freguency for the fundamental mode, and the amplitudes
of second and third harmonic relative to the funda-
mental.

4. Experimental results
4.1. Experimental setup

Measurements were performed on a vortex flowmeter
VORTEX VT4000 DN150-ANSI3, with water at 20 °C

3 Produced by ABB Automation Products, Germany.
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streaming steadily out of a large tank. Apart from the
irregularities imposed for the experimental purpose, the
mounting conditions conformed to the specifications of
the device. The flow rate was measured independently
using an inductive flowmeter mounted upstream. The
flow rate and the oscillatory signal of the vortex sensor
(frequencies in the range 2-13 Hz) were recorded at a
sampling rate of at least 1 kHz using a digita data
recorder (Viper-TA, Gould). Data analysis was perfor-
med off-line using the MATLAB software package.

4.2. The reference experiment

In order to verify the prediction that the features intro-
duced above do in fact depend only little on Re, and to
obtain reference data for a test for inappropriate mount-
ing, the dependence of the features D, S, and G on the
flow rate was determined. The setup used was aways
symmetric, so B=0. The feature R turned out to be too
sensitive to external perturbations such as acoustic noise.
It is therefore not used for the analysis.

The features were measured using time series of 1 min
duration at flow rates Q = 19132 mi/h (Re =
4.7-32.5 x 10%), with the expectation values (-) estimated
by temporal averages. Measurements were repeated 8—
43 times at each flow rate, and the average values of the
features and their covariance matrix were calculated. The
functional dependence of the features and the covariance
matrix on the flow rate Q was then estimated using poly-
nomia interpolation of the data. Leave-one-out cross
validation was used to guard against overfitting. Third,
fourth, and second order polynomials were used to fit D,
S and G, respectively. The full covariance matrix was
taken into account to optimize the fit. For the covariance
matrix itself alinear fit was used. Fig. 1 shows the meas-
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Fig. 1. The dependence of the featuresD, S and G =G, +iG;, defined

in Section 3 for a correctly mounted flowmeter. The points correspond
to measurements (1—o errorbars), the curves to polynomial fits.

ured and fitted reference data. As expected, the depen-
dence on Q, respectively Re, is weak, especially for high
Q (Q > 60 m®/h).

4.3. Detection of improper mounting

Data was collected with flowmeters mounted
improperly in order to investigate if this could be
detected from the measured features. For each setting,
eight time series of 1 min duration were recorded at the
flow rate Q = 50 m3/h (Re = 1.23 x 10°). Two kinds of
improper mounting were investigated: off-axis mounting
of the flowmeter and a DIN/ANSI mismatch in the diam-
eter of the flowmeter pipe (ANSI, d = 146.8 mm) and
the upstream and downstream pipes (DIN, d = 159.3
mm). The features D, S G, turned out to be the most
efficient for this purpose. Fig. 2 is as 3D scatter plot of
the these features under all conditions. We evaluated this
data under the assumption that, in practice, the kinematic
viscosity or, equivaently, the Reynolds number, are not
known. Instead, a maximum likelihood estimate of the
Reynolds number is used, assuming correct mounting.
As aresult of the weak dependence of the features on
the Reynolds number, the maximum likelihood estimates
of Re have arather low accuracy. Estimates of Re based
on single 1-min time series have a standard errors of
40%. But, again due to the weak dependence, this accu-
racy is sufficient to obtain estimates of the expectation
values of D, S and G, corresponding to some flow rate
in Fig. 1 or, respectively, to some point on the curve in
Fig. 2, that can be used to detect improper installation
in the following way.

With respect to the estimates of the expectation values
of the features and the corresponding covariance matrix
C, the deviations & = (AD, AS AG,)" of the measured
features from their expectation values are calculated, and
quantity y? given by

y>=¢€C e (16)

is obtained. This quantity is used as a criterion to dis-
tinguish appropriate from inappropriate mounting. Situ-
ations with y? value larger than some threshold (which
depends on the confidence level) are identified as inap-
propriate mounting. In practical, on-line applications, a
moving average over 2 might be a more appropriate cri-
terion.

The average x? values for the data collected for each
experimental setting are shown in Fig. 3. The value
increases drastically as the mounting conditions worsen.
For symmetry reasons, one expects the average y? values
to be an even function in the eccentricity for off-axis
mounting. Hence, the effect of off-axis mounting setsin
quadratically with the eccentricity and is initially weak.
For all cases of off-axis mounting, the averages are sig-
nificantly (o = 5%) increased compared to ordinary
mounting. Only for the DIN/ANSI mismatch, the
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Fig. 3. Average vaues of y? derived from the sensor signal in order
to detect inappropriate mounting. The data point for DIN/ANSI mis-
match was shifted to the left. The inset is a blowup of the low-y?

region.

hypotheses of an average y? equa to the value for ordi-
nary mounting could not be regjected (p = 0.07). A rep-
etition of the experiment for Q = 100 m*/h gave simi-
lar results.

In order to assess the sensitivity of the method, we
note that the shift in the vortex frequency due to inappro-
priate mounting and, as a result, the error in the flow-
meter reading, is larger than 0.5% only for the 10 and

15 mm eccentricity cases. These can clearly be identified
by an increase in 2. Thus, as a conservative estimate,
irregularities that lead to more than 0.5% error in the
output of the flowmeter can be detected.

5. Conclusion

A method for detecting inappropriate installation of
vortex flowmeters was demonstrated. The method is
based on a general model of the sensor signa of the
flowmeter. It is therefore expected to work aso for other
flowmeter geometries and to be able to detect severa
other kinds of faulty conditions, such asirregularities in
the inlet or outlet piping, erosion of or depositions at the
bluff body, or inhomogeneity of the fluid.

So far, the independence of the method from the fluid
properties has not been verified experimentally. But the
weak dependence of the scale-invariant features on the
flow rate is a strong indication that the general theoreti-
cal considerations which lead to the predicted indepen-
dence on the fluid materia are correct.
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