On Measurement Uncertainty of a Vortex Flowmeter
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Abstract Measurement uncertainty of a T-shaped flowmeter was examined with a gas flow calibration

facility, for Reynolds numbers, Re,, in a range of 2.56x10%-1.56x10°.

The total uncertainty interval of the Strouhal

values deduced from a Fourier spectral analysis was £0.745%, and the linearity of the data was +1.78%. Meanwhile,

a scheme based on pulses counting in reference to the analog signals measured gave the total uncertainty interval of

the meter factor as +0.568%, with the linearity +1.89%.
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1. Introduction

Despite that the measurement principle of vortex
flowmeter is straightforward and simple, practically
the performance of a vortex flowmeter is concerned
greatly with its rangeability and measurement
uncertainty. It is logical to regard a vortex flowmeter
as a system. The system consists of a vortex shedder
to induce shedding vortices, a sensor detecting the
vortex shedding signal, and a data processing unit to
compute and display the flow rate measured. To
improve the performance of a vortex flowmeter, one
has to tackle various issues in conjunction with the
components indicated above.

This study was intended to explore the measurement
uncertainty of a T-shaped vortex flowmeter developed
in the laboratory as it being tested in a gas flow

calibration facility.
2. Experimental Facility
The vortex flowmeter employed is featured with a

T-shaped vortex shedder, shown in Fig.1.'"l The

diameter is 150mm, denoted as d, in this paper. A

piezoelectric sensor was hard-bounded in the middle
of the extended plate of the shedder for detecting the
vortex shedding signal,”! seen also in the figure.
The output signals could be analyzed by an analog
circuit for pulses counting, or converted into a digital

format to be processed by computer software.
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Fig.1 A schematic drawing of the vortex flowmeter of 150mm

in diameter.

The gas flow calibration facility employed for the
present study receives upstream compressed air at
pressure up to 50 bars. An array of regulators
designated for different ranges of flow rates are
situated immediately downstream of the inlet of the
system to ensure the downstream air pressure at a
preset value. The pipe flow is choked by a set of

standard nozzles, such that the mass or volume flow
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rate can be calculated according to the gas dynamics

relations with the pressure and temperature
immediately upstream of the nozzles known.

In the facility, the volume flow rate ranges from
10 to 2.4x10* m’/hr at the atmospheric pressure. The
system uncertainty is +0.31%, certified by CNLA

(Chinese National Laboratory Accreditation).

3. Data Reduction Schemes

The vortex shedding frequency of interest is
frequently expressed in the non-dimensional form as

follows.

se=LW 0
V

where 8¢, f; W, and V denote the Strouhal number, the
vortex shedding frequency measured, the width of the
vortex shedder and the bulk velocity, respectively.
W is assumed to be fixed in the present framework.
During the experiment, the output signals of the
sensor were sampled at the rate of 10°Hz, for which
18 data blocks were taken continuously at a fixed
In this study, each data block had 4096
points, which was then analyzed by Fourier transform
As the

mean volume flow rate within the time of a block of

flow rate.
to obtain the vortex shedding frequency.

data was obtained according to the pressure and
temperature upstream of the standard nozzles, the
Strouhal number for each block of data could be
reduced. Based on this data reduction scheme, the
standard deviation associated with the Strouhal values
obtained from the 18 data blocks can be deduced,
denoted as s(S7). Further, the standard deviation
corresponding to the mean Strouhal value, denoted as

s(St), can be determined as follows. ©*!

s(St) )
Jn

In (2), n=18 denotes the number of the blocks

s(ﬁ] =

employed in data reduction, where §r denotes the

mean Strouhal value of the 18 values. Consequently,
the uncertainty due to repeatability of §¢, denoted as

U, can be determined as

U, =2-£5 3)
St

The tests were repeated in six different days.
Therefore, for each flow rate perofrmed, six values of
St were obtained, the corresponding mean value, St
and standard deviation, s( ; ), were calculated.
Subsequently, the uncertainty due to reproducibility of
?, denoted as U,, was determined according to the

following expression.

St
In addition to U, and U,, frequency resolution in

U, =2-2 @)

spectral analysis and uncertainty of the flow
calibration system are two other possible sources
contributing to the total uncertainty of Sz. Hence, at
least four sources of uncertainties were associated
with the Strouhal value reduced; namely

Ug =U! +U; +U; +U; (5)
In specific,

Us,: total uncertainty of Strouhal value;

Uy repeatability;

Uy: reproducibility;

Us: uncertainty of resolution in spectral analysis;

Uy uncertainty of the flow calibration system.
Note that Uy, and U;-U; denote the expanded
uncertainties !, each of which is referred to the 95%
confidence interval. Since each block of 4096 data
points is chosen for the Fourier analysis, the
frequency resolution in the spectral results is about

0.25 Hz.

Hz to the vortex shedding frequency read from the

Thus, Us;is determined as the ratio of 0.25
spectral results.  Clearly, the higher the vortex
shedding frequency or the longer the length of a block
of the data, the lower the uncertainty of Us;.

The piezoelectric sensor signals were processed by an
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Fig.2 (a) Raw signals obtained at a number of the flow rates.(b) The corresponding frequency spectra.

analog circuit separately. The volume flow rate
could be reduced in terms of a K factor defined.
K= pulse _number (6)
volume _ flow
Hence, the total uncertainty of the K factor, denoted
as Uy, can be expressed as follows.
UP=U +U3 +U +U. (7)

Note that in this expression, the quantity Uj is due to
the uncertainty of pulses counting over the time
sampled. Since in the measurement, at least 10,000
pulses were counted for reducing a K factor value,
this uncertainty basically was less than 0.01%.
Therefore, the uncertainty is rather small compared to
the other terms in (7), hence can be neglected. The
raw signals obtained at a number of the flow speeds
are presented in Fig.2a. Moreover, the
corresponding frequency spectra are given in Fig.2b
for reference. From these plots, one realizes that the
vortex shedding frequency can not be disernable at
the lowest Reynolds number shown, Re, = 0.55x10",
where Re; denotes the Reynolds number based on d
and V. As Vis increased, two frequency components
other than the vortex shedding frequency gets
pronounced, indicated by £, in the spectral plots,
which appear to be invariant with the flow velocity.
As confirmed by the of an

output signals

accelerometer placed on the piping structure, these
components were due to structural vibrations. At
V=99.4 m/s, the structural vibrations appear to
dominate over the vortex shedding component in
sensor signals measured, thus identification of the
vortex shedding frequency becomes impossible.
Consequently, the present measurements of vortex
shedding frequency were limited in the range of
V=12.72-77.6m/s, equivalent to Re, = 2.56x10™
1.56x10",

4. Analysis of Measurement Uncertainty

Fig.3 presents the results of St versus the Reynolds
numbers studied. In the figure, every six “A”
symbols of about the same flow rate are clustered
around a “x” symbol, where each of the “A” symbols
indicates a §r value obtained and the “x” symbol
A 6"-order

polynomial function was used to fit the “x™ symbols,

indicates the resultant S value.

shown by a solid curve in Fig.3. The uncertainty

level of the solid curve in reference to the

experimental data can be evaluated as follows.
U.s:_mf = U\z.' +U§ (8)
where Uy ns denotes the uncertainty of the curve

fitting and Us refers to the deviation of the Strouhal
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value §¢ from the curve fitting. The total uncertainty
intervals of Uy, ,.; deduced are +0.748% and +0.854%
indicated by two pairs of dashed curves. Note that
+0.748% is

deduced with U, taken as the average of the standard

the uncertainty interval of U, =

deviations, s(Sr), obtained in six different days;
whereas the uncertainty interval of Uy, s = +0.854%
is deduced with U, taken as the largest among the
standard deviations obtained in six different days.

The “0” symbols in Fig.3 show the data points of Sr
values obtained afterwards to validate the uncertainty
intervals of Uy, ., shown. These proof data appear
to fall within the total uncertainty intervals of Uy .y,
hence give a direct support to the relevance of (8). If
there were other major uncertainty sources not
included in (8), some of the proof data points would
have been fallen outside the uncertainty intervals of
Ust ny:

Fig.4 shows the individual contributions of U;, U,, U;,
and Us to the total uncertainty, Uy, ., at the five flow
rates studied. First of all, it is seen that higher
measurement uncertainty is resulted at lower volume
flow rate. In fact, the total uncertainty interval of
Usi ey = 10.854% or +0.748% shown in Fig. 3 were
deduced in reference to the data obtained at the
volume flow rate 1212 m’/hr, which is the largest
among those of the five volume flow rates tested.
Secondly, among the uncertainty sources, U,
associated with repeatability is always noticeable
regardless of the flow rates. On the other hand, U,
associated with reproducibility appears to be less
significant.  Thirdly, the contribution of U; gets less
important as the flow rate gets increased. This is
plausible, since the frequency resolution of the
present spectral analysis is invariant with respect to V,
but the vortex shedding frequency gets increased with
V. Based on the observations above, one can say
that an effective strategy to improve the measurement

uncertainty of Uy, ., would be to reduce U,. Hence,

one might have to look into the possibilities of
improving the stability of vortex shedding or the
design of the sensor. The other strategy would be to
improve the frequency resolution of the spectral
analysis, especially when flow rate is low.
Implementation of this strategy would imply an
increase of the sampled time, if the number of the

blocks is kept the same.
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Fig.3 Strouhal values versus the flow rates tested in the gas

flow calibration system.
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Fig.4 Comparison of the uncertainty contributions at the five

flow rates tested in the gas flow calibration facility.

Fig.5 presents the variations of the K factor with
respect to the flow rates tested, based on the same
sensor signals as those led to Fig.3. Similarly, in this
figure, two pairs of the curves indicating the total
uncertainty intervals of Uy ., correspond to U,
reduced according to as the maximum value of s(K )
among the values obtained in six different days, and
U, reduced according to the mean of the s(K ) values
obtained, respectively.

+0.577% and +0.568%, which are notably less than

The uncertainty intervals are
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the Uy .y intervals in Fig.3. The difference is
mainly due to that U; was negligible in computing
Uk e mentioned earlier.  Referring to Fig.4, one can
see that as flow rate gets higher, U; gets less
significant, consequently the total uncertainty interval

of Uy rr becomes comparable to Uy .
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Fig.5 K values versus the flow rates tested in the gas flow

calibration system.

The symbols “x”, “A”, and “0” in Fig.5 bear the same
meanings as those shown in Fig3. It is also
worthwhile to mention that all the proof data points
indicated by the symbols “0” fall within the total
uncertainty intervals of Uy defined.

Also noted in Figs.3 and 5 is that the distributions of
St, St, K, and K values show significant
non-linearity at Re, around 1.5x10°. The trend of
drastic variations is further confirmed by several
proof data points shown in the figure, whose flow
rates fall in the vicinity of Re,=1.5x10°. As the data
points indicate the trend consistently, one realizes that
the non-linearity is an intrinsic characteristic of the
present flowmeter in the range of the Reynolds
numbers studied. Following the ASME standard', a
quantitative description on the non-linear behavior of
the St-Re, relation can be given in terms of the
linearity defined below.

Linearity (St)= 5! max — St mia (9)
2S! mean

§max + Emin
2

In (9), the subscripts “max™ and “min” denotes the

where ﬁmﬂm =

maximum and minimum values seen in Fig.3. Hence,

the linearity corresponding to the s values

indicated by the symbols “x™ in Fig.3 is found
+1.78%. Similarly, the linearity corresponding to the
K values indicated by the symbols “x” in Fig.5 is
found £1.89%.

5. Discussion

Further discussion on the linearity of the St-Re,
relation is made here.  Referring to the literature"”’,
it is known that for a uniform flow over a bluff body,
the characteristics of the wake flow, such as, base
pressure, vortex formation length and vortex shedding
frequency, appear to be sensitive to Reynolds
numbers in specific ranges. In Corpron®, the data
concerning the performance of a T-type cross section
vortex flowmeter revealed that the meter factor values
reduced were in fact varied substantially over a range
of Reynolds numbers of 10%-10". Hence, the
non-linearity as an intrinsic behavior of the St-Re,
relation over a wide range of Reynolds numbers is
well recognized. Also, the non-linearity varies with a
number of the parameters, for instance, the
configuration of the vortex shedder®! freestream
turbulence intensitym, and so on. Physically
speaking, the non-linearity could be involved with the
three-dimensionality of vortex shedding"™'"). These
complicated flow phenomena are sensitive to
Reynolds number. Based upon the understandings
above, in practical application one might look for a
proper shape of the vortex shedder to avoid severe
non-linearity in the measured flow range, thus the
flow rate could be converted from the vortex shedding
frequency measured with a linear relation simply.

Otherwise, one has to face the issue of non-linearity,
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which might affect the accuracy of flow measurement
considerably. Along this consideration, more

complicated data reduction scheme would be

(2]
necessary' .

6. Conclusions

This study conducted a serious of tests of a vortex
flowmeter in a gas flow calibration facility. In the
range of Re,/~2.56x10"1.56x10°, the total uncertainty
intervals of the flowmeter deduced by the Fourier
transform analysis and the analog circuit are +0.745%
and +0.568%, respectively. The discrepancy is
attributed to that in the spectral analysis the
uncertainty associated with frequency solution has to
be included into consideration. Also noted, the total
uncerfainty is significantly contributed by the
component of repeatability. The proof data points
shown in Figs.3 and 5 validate the expressions of (8)
that the total uncertainties can be estimated with the
components of U;-Us. Noticeable non-linearity is
found in both of St-Re,; and K-Re, relations for Re, in
the vicinity of 1.5x 10°. The linearity factors reduced

accordingly are +1.78% and +1.89%, respectively.
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