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Abstract—Two-phase (gas/liquid) flow is common in
many industrial applications but its measurement remains T N i g e A P o gk
challenging for Coriolis mass flow meters (CMFM), especially for _ o4l ' Nl | T [(meanerror shown)
high Gas Void Fraction (GVF). In this paper, we present £ 1] " |
experimental results applying previously developed complex = 03} AN LT
signal processing techniques for tracking the rapidly changing ® 1 T .
sensor signals generated by two-phase flow. The techniques are g 027 L ™~
in a new System-on-Chip (SOC) prototype ? 01l I ———
transmitter connected to a commercial Coriolis flow tube. g /
Experiments have been carried out over a range of single phase 5 OFf
and two-phase (water/air) flows. The signal tracking as well as g (rangs showing Saaqaacting erors l
mass flow rate and density measurement performance is 017
compared with that of a laboratory version of a commercial 0.2 |7 True
Coriolis transmitter with two-phase flow capability. The result +— Measured
shows that the complex bandpass algorithms, coupled with 0.3 ' ' : ' ' '
flowtube control algorithms, reduce the standard deviation of the 0 10 20 %0 4GOVF 050 60 70 8090
mass flow measurement by a factor of 3 or more in 50% of the . . (%)
experiments undertaken. For the density measurement, the 9 1- ErTors intwo-phase mass flow rate measurement
corresponding reduction in standard deviation is by a factor of 6.
1000 pr—
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l. INTRODUCTION o 4 ] [
HE Coriolis Mass Flow Meter (CMFM) measures the mass £ 2001 o ' i T
flow rate and density of a pure fluid (liquid or gas) to high 2 oo | .|
accuracy. The CMFM uses the interaction between the flowing g / | I
material and the flowtube to create a Coriolis acceleration on 2007 g shoi ol rckdng rors |
the flowing material and to sense the reaction on the flow tube -400
([1].[2]). An overview of the development of CMFM over the 600 | [ True
last 20 years is given in [3]. The meter is widely used in +— Measured
industrial applications in the oil and gas, food and beverage, 800 w0 20 30 a0 s 0 70 0 o

chemical and pharmaceutical sectors. It also provides reference
measurement data in experimental research domains, including
combustion engines, heat exchangers, and thermal management
([3]1-[9]). Although CMFM has been called the “almost perfect”
flow meter [10], two-phase (gas/liquid) conditions present
challenges at two levels. The more widely recognized challenge
is the large systematic errors, categorised here as fluid
measurement errors, in the mass flow and density
measurements induced by two phase conditions ([11]-[22]); a

range of correction techniques have been developed ([23]-[28]).

A yet more basic challenge is the rapid variations in the

GVF (%)
Fig. 2. Errors in two-phase density measurement

sinusoidal sensor signals induced by two-phase flow. These
variations are a challenge to the signal processing algorithm
which tracks frequency, amplitude and phase; errors in the
tracking of these parameters are categorised here as signal
tracking errors, and these affect the quality of flowtube
oscillation control as well as feeding into the fluid measurement
errors [29]. The main target of the research described here is
this second challenge, i.e. developing signal processing
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techniques to reduce the signal tracking error in the frequency,
phase, and amplitude estimations that occur under two phase
flow conditions. This also indirectly addresses the first
challenge, the systematic density and mass flow errors, by
aiming to significantly reduce the instantaneous noise on these
measurements, thereby facilitating improved corrections.
Figures 1 and 2 illustrate the impact of the two different error
types on the mass flow rate and density during a series of
experiments where the water mass flow rate is kept constant at
0.5 kg/s, while the GVF is increased from 1% up to 85%. The
results were obtained using the *‘Oxbox’ ([29]), a laboratory
version of a commercial transmitter, which has been used for a
number of multiphase flow applications ([24], [30]).
Measurement updates are provided at approximately 200 Hz,
and the mean and standard deviation of the mass flow and
density values (recorded in 120 second experiments with
nominally steady reference conditions) are plotted as they vary
with GVF. Our assumption here (as verified by later results) is
that much of the mass flow and density measurement variation
(as quantified by the standard deviation) arises not from
genuine instantaneous changes in the gas/liquid mixture inside
the flowtube, but rather from signal processing errors when
tracking the rapidly changing sensor signals. These signal
tracking errors then feed into the fluid measurement
calculations. The large variations in fluid measurements have a
detrimental influence on both the development of error
corrections models (typically undertaken off-line), and the
application of real-time correction based on such models.
Hence reducing signal tracking errors makes a valuable
contribution towards improving the final corrected two-phase
flow measurement results.

In ([31],[32]), a family of complex bandpass filtering and
tracking algorithms was introduced, offering both good noise
suppression and a fast dynamic performance, which is desirable
in Coriolis applications beyond multiphase flow ([33]-[35]). In
[32], simulation studies demonstrated that these techniques out-
performs a number of commonly-used CMFM signal
processing algorithms, in terms for both noise reduction and
dynamic response. In this paper, we report on experimental
results obtained applying two complex methods in a prototype
CMFM, consisting of a commercial flowtube and a SOC based
prototype transmitter.

Section Il briefly reviews the signal processing methods
tested in the system. Section Il introduces the hardware
platform. Section IV describes the single-phase and two-phase
flow tests. The two-phase flow results are compared with the
performance of an algorithm that is used in a commercial, two-
phase capable flow meter.

Il. COMPLEX BANDPASS FILTER METHOD

The signal processing of the CMFM is responsible for
filtering noise and tracking the sensor signal’s parameters in
real time. These parameter values are used for flowtube control
and higher level measurement calculations. Figure 3 shows a
typical sensor signal for two-phase air/water flow (25mm
flowtube diameter, 1 kg/s liquid flow rate with 70% GVF),
where the rapid variation in sensor signal amplitude is due to

high and varying damping on the flowtube caused by two-phase
flow.

The Complex Bandpass Filter (CBF), Complex Notch Filter
(CNF) and their combination (CBF-CNF) are introduced in our
earlier paper [32]. Here, an overview of their derivation and
properties is given to provide context for the experimental work
described later in the paper.

In the CBF, a complex shift factor el js applied to the filter
coefficients of an ordinary low-pass filter design (for example
based on an elliptic filter). This procedure has two effects.
Firstly, the shift in frequency converts the low pass into a
bandpass filter, which can be designed to match the operating
frequency range of the Coriolis meter. Secondly, the real and
imaginary outputs of the filter form an analytic signal (i.e.
consisting of an orthogonal sine/cosine pair), so that the
sinusoidal properties of the outputs, such as frequency, phase
and amplitude, are readily derived on a sample-by-sample basis.
By tracking both sensor signals simultaneously, the phase
difference (and hence mass flow rate) is readily calculated from
the phases of the individual signals.

One way of viewing the construction of the CBF is that the
frequency shift results in the suppression of the negative
frequency component which results in the analytic form. In the
CNF approach, the negative frequency component is removed
using a notch instead of a bandpass filter. This has the
advantage that the tracking delay may be very small at the
(positive) resonant frequency of the flow tube. Given that a
CMFM typically has a range of resonant frequencies, this idea
may be generalised by creating a bandstop filter in the negative
frequency domain. The CBF and CNF concepts remain distinct
however: in the CBF a low pass filter is shifted higher so that
the negative frequency range is excluded, while in the CNF a
high-pass filter (with a stopband around 0 Hz) is shifted lower
so that the stopband covers the desired negative frequency
range.

While the reduced delay of the CNF is advantageous, it offers
no filtering over positive frequencies, making the technique
vulnerable to noise. Accordingly, a combined approach (CBF-
CNF) can be used whereby the CNF stage is used primarily to
block the negative frequency range and hence generate the
analytic signal, while the CBF element provides the desired
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Fig. 3. Sensor signal obtained with 1 kg/s water flow rate and 70% GVF
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Fig. 4. Diagram of CMFM, including System-on-Chip

noise attenuation. The CBF-CNF approach provides additional
flexibility to select a suitable balance between tracking delay
and noise reduction.

In [32], simulation studies are carried out to compare the
performance of the CBF, CNF and CBF-CNF algorithms with
well-established techniques for Coriolis signal tracking. A 2
kHz sampling rate was used to match the typical rate used in
these prior techniques, and this proved adequately fast to
successfully track simulated sensor signals with a nominal
resonant frequency of around 100 Hz. In noisy conditions, such
as during two-phase flow, the pure CNF technique was shown
to perform poorly, and so is not considered further in this paper.

I11. DIGITAL TRANSMITTER HARDWARE PLATFORM

The CBF and CBF-CNF algorithms have been implemented
to run on a dual ARM core Xilinx Zyng 7000 series FPGA
programmed in C++. As shown in Fig. 4, the CMFM consists
of two components: a vibrating flow tube in series with the
process piping, and an electronic transmitter that maintains flow
tube vibration, performs measurement calculations, and
transmits measurement data to the user. In the prototype
transmitter, we have implemented the complex bandpass
filtering signal processing methods alongside a digital drive to
maintain flow tube oscillation. The two velocity sensors detect
the flow tube motion. Their signals are amplified and sampled
by a two-channel Analog-to-Digital Converter (ADC).
Processing algorithms are applied to the sensor signals to track
their amplitude, frequency and phase. Based on the tracked
parameters, a digitally synthesized driver signal is generated by

P1 control algorithm and Digital-to-Analog Converter (DAC).
Note that the PI amplitude control and drive synthesis
techniques used here are broadly similar to those described in
[29]. Finally, the driver signal is amplified by current amplifiers
before being applied to the flow tube drive coils. For
measurement purposes, the frequency of oscillation is used to
calculate the density of the process fluid, while the phase
difference between the two sensor signals is used (along with
the frequency) to calculate the mass flow rate.

The hardware platform is shown in Fig. 5. The digital board
is an off-the-shelf Zynq prototyping card called the Zedboard
[37], which provides the FPGA/processor and peripherals
including two 24-bit ADCs and two 24-bit DACs with 48 kHz
sampling rate. The digital board is responsible for sensor data
sampling, measurement calculation, drive signal generation and
so on. The analogue board was developed in-house to provide
a suitable interface to Coriolis flow tubes, containing
operational amplifiers, analogue peripherals etc.

In the following experimental results, the ADCs and DACs
and the tracking algorithms all operate at 48 kHz i.e. the
estimates of frequency, amplitude and phase for each of the two
sensor signals are updated every sample. This provides a fair
basis for comparison with the ‘OxBox’, an older research
transmitter [29], which implements a zero-crossing based signal
tracking algorithm which has been used in commercial
multiphase Coriolis products (e.g. [30]). However, although the
OxBox processes data at 48 kHz, it generates measurement
results only at zero crossings i.e. twice every period of the
flowtube vibration. This update rate is therefore comparatively
slow, and varies with the resonant frequency.

The flowtube used is a Foxboro 25mm diameter design.
Conventionally, this flowtube is driven in its second mode of
vibration (at around 82 Hz for pure water). In this experimental
work the lowest mode of vibration is used — at around 55 Hz —
so the CBF and CNF-CBF filters have been designed
accordingly. Further consideration is given to the role of the
higher modes of flow tube vibration in the concluding section
of the paper.

Connection between digital board
and analogue board

Analogue board

DAC out
ADC in

Digital board Connection to flow tube

Fig. 5. Hardware platform for transmitter
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IV. EXPERIMENTS

Initially, single phase experiments were performed to
calibrate the prototype and demonstrate good flowmeter
performance. Subsequently, two-phase flow experiments were
carried out to evaluate the performance of the CBF and CBF-
CNF methods against the OxBox.

A. Single-phase Experiments

Firstly, single-phase tests have been carried out against a
reference meter in order to verify the linearity between the time
delay observed and the true mass flow rate and hence to prove
the basic functionality of new prototype transmitter. The single-
phase experimental setup is shown in Fig. 6.

In the figure, a commercial CMFM is used as a reference
meter. This meter was calibrated at the UK National Flow
Laboratory NEL with an uncertainty of approximately 0.1% (k
= 2) over the flow ranges used in these experiments. The pump
and reference CMFM are connecting to a controller which
regulates the experimental conditions. The prototype
transmitter is coupled with a 25 mm diameter commercial flow
tube.

Single-phase flow tests were carried out at Okg/s, 1kg/s,
2kg/s, 3kg/s and 4kg/s. The phase difference and hence time
difference calculated by the CBF and CBF-CNF algorithms
were recorded in each experiment. A linear fit is used to verify
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Fig. 7. Linear fitting for measured phase difference and mass flow rate
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Fig. 8. Two-phase flow experiment facility

the linearity between the reference flow rate and the measured
time difference. Note that other factors — such as fluid density,
pressure and temperature — which may affect the time
difference/flow rate relationship, are assumed constant in these
tests. The results are shown in Fig. 7.

From the figure, the time difference generated by both the
CBF and CBF-CNF algorithms track the reference flow rate
well; assuming a linear relationship the residual errors remain
within approximately +1e-7s. If temperature and pressure are
taken into account, this error is expected to be reduced further.
These results demonstrate that the prototype transmitter,
following the basic physical principle of the CMFM, generate
acceptable measurement results for single-phase flow.

B. Two-phase Experiments

After validating the newly developed Coriolis flowmeter
prototype for single-phase flow, two-phase flow (water mixed
with air) tests have been carried out using different liquid flow
rates and different Gas Void Fractions (GVF). The two-phase
flow experiment facility diagram is shown in Figs. 8 and 9.
Compressed air is metered and mixed with water to create a
two-phase flow. Reference CMFMs together with a pump
(water) and valve (air) are connected to a higher level controller.
The inlet pressure and the differential pressure across the

Flow Pipeline

Foxboro CFS10 |
Flow Tube

2 "Oxbox’
. Transmitter

Water and air
Mixing Point

New Research Transmitter

Fig. 9. Experiment setup for single-phase and two-phase flow tests



flowtube are measured by the T+P+DP (Temperature, Pressure,
Differential Pressure) sensor so that the local GVF, which is a
function of gas volume and therefore of the water/air mixture
pressure, can be calculated. As the injection of air results in an
increase in back-pressure on the water flow, independent
control loops are used to maintain on the one hand the desired
liquid flow rate (by adjusting the variable speed drive on the
water pump) and on the other hand the GVF (by adjusting the
mass flow rate of the gas via a set of Coriolis based gas flow
controllers, where the desired gas mass flow is calculated from
the desired GVF and the current pressure at the flowtube
entrance). In these experiments the pressure at the flowtube is
not controlled, and, for a fixed flow rate, it exhibits a gradual
rise as the GVF increases. However, this inlet pressure can also
be kept steady if required by including a further independent
control loop, for example by controlling a valve downstream of
the flowtube.

There is a complex relationship between the pattern of two-
phase flow passing through the flowtube and the resulting
sensor signals (for example as illustrated in Fig. 3). The most
important source of amplitude variation is the damping along
the flowtube, which for two-phase flow is likely to be non-
uniform [15], rapidly changing, and typically one or more
orders of magnitude higher than for single phase flow. With
many flowtube designs including a flow splitter at the inlet, the
pattern of flow through the complex geometry may not even be
repeatable. To maintain flowtube oscillation, the control system
provides a drive signal, which introduces additional dynamics.
These strong amplitude dynamics in turn influence the
instantaneous frequency and phase of the flowtube oscillation.
Overall, therefore, other than for certain slug flow conditions
where the passage of liquid or gas slugs are observable in the
sensor signals, correlation between flow distribution and sensor
signal behaviour is not established, and as discussed in [32],
changes in amplitude frequency and phase are currently best
modelled simply as filtered white noise.

The pressure drop depends on tube design, i.e. primarily the
length of the tube and its inner diameter [38], as well as the two-
phase flow conditions. A combination of high flow and high
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Fig. 10. Two-phase flow experiment testing points. The maximum GVF at
each flow rate is determined by limiting the pressure drop across the 25mm
Foxboro CFS-10 flow tube to below 150 kPa

GVF can lead to an impractically large pressure drop across the
flow-tube [24]. For testing two-phase performance, water flow
rates from 0.5 kg/s up to 4 kg/s are used in steps of 0.5 kg/s
while the GVF varies from 1% up to 85%. At each flow rate,
the maximum GVF was selected to restrict the pressure drop
below 150 kPa, for a 25 mm Foxboro CFS-10 flowtube. The
resulting test grid for two-phase flow experiments and the
nominal pressure drop limit line are shown in Fig. 10.

When assessing the performance of frequency, amplitude
and phase difference tracking in two-phase flow experiments,
and their subsequent influence on the mass flow and density
measurements, a number of difficulties arise. The first is the
absence of any ‘true’ reference measurements: given the
random nature of two-phase flow, the instantaneous values of
the sensor signal parameters are not known. However, our
previous study has evaluated the algorithms’ performance with
simulated two-phase data, where the true, time-varying signal
parameter values are known [32]. The second difficulty is that,
with real flow experiments, even though reference
measurements are available for the time-averaged mass flow
and density, ‘true’ instantaneous values (i.e. the exact mixture
passing through the flowtube at the current time) are also not
available. A third difficulty is that, in addition to the short-term
random variations, it is well established that there are
systematic errors in the average mass flow and density
measurements with two-phase flow, requiring modelling and
correction [23]. Finally, the frequency, amplitude and phase
measurements are complicated by the closed loop control of the
flow tube oscillation — their variations are a function of the
control loop responsiveness as well as the time delay and errors
associated with the measurement algorithms.

Given these difficulties, the approach taken to assess the
performance of the CBF and CBF-CNF algorithms is as follows:
for a given set of experimental conditions (liquid flow rate and
GVF), the standard deviation of frequency, phase difference
and amplitude are compared with those generated by the Oxbox,
working with the same flow tube in the same experimental
conditions. It is assumed that, given the same flow tube and
experimental conditions, and a broadly similar flow tube
control strategy (programmed by the same team in each case),
any improvement in measurement quality (as indicated by
reduced standard deviation) will be attributable to an
improvement in the signal tracking algorithms, in terms of
accuracy and/or reduced delay, rather than any other factor.

To assess the performance of the complex signal processing
methods, we calculate the ratio between the CBF and CBF-CNF
standard deviations and those of the Oxbox transmitter for
amplitude, frequency and phase difference. Thus a value below
1.0 indicates that the standard deviation for the complex signal
processing technique is lower than that generated by the Oxbox.
This approach needs careful interpretation: for example, the
application of a simple low pass filter can potentially reduce the
observed standard deviation of a time series, but only at the cost
of a reduced dynamic response (and hence tracking ability).
Here, as illustrated in simulation studies ([32]), the complex
methods have a faster dynamic response than the zero-crossing
technique; furthermore, the standard deviations are based upon
a 48 kHz update rate (as opposed to approximately 200 Hz for
the zero crossing technique — the exact update rate varies with
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Fig. 13. Phase difference standard deviation comparison between CBF and
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the resonant frequency). Accordingly, it is reasonable to
claim that a ratio below 1.0 indicates an improved measurement
performance.

The measurement results for CBF for all test points are
shown in Figs. 11-13. Note that at 1.5 kg/s water flow rate and
25% GVF, the Oxbox cannot maintain flow tube vibration and

the ratio is given as zero. The amplitude standard deviation (Fig.

11) is consistently reduced against the Oxbox. This
demonstrates a combination of better measurement resulting in
better flow tube control using the new signal processing
techniques. The frequency results (Fig. 12) are similar to those
for amplitude. The phase difference results (Fig. 13) show up to
10 times improvement over the Oxbox for low flow and
moderate levels of GVF.

Over the eight flow lines a wide variety of standard deviation
ratios are generated. In order to summarise the performance
across different liquid mass flow rates and GVFs, the
cumulative probability distribution for each parameters’
standard deviation ratio for both CBF and CBF-CNF have been
calculated, as shown in Figs. 14 and 15. Each line shows, for
the corresponding parameter and complex calculation method,
what percentage of experimental points (y-axis) have a standard
deviation ratio less than the x-axis value. From the figures, the
amplitude standard deviation for both CBF and CBF-CNF are
roughly 2 times better than the Oxbox in 50% of the
experiments. For frequency, the CBF and CBF-CNF methods
are roughly 2.5 times better than the Oxbox for 50% of the
experiments. For phase difference, 50% of the experiments
show at least 3 times improvement.

Figs 14 and 15 show the CBF and CBF-CNF performance
are broadly similar, with some systematic improvement of CBF
over CBF-CNF for amplitude, possibly due to its deeper
stopband attenuation. This suggests that to achieve improved
flowtube control during two-phase flow, both the dynamic
response and the noise suppression capabilities of measurement
algorithms are important.

Finally, the results for the signal tracking are propagated
through into the flow and density measurements to see the
resulting reductions in standard deviation as shown in Fig. 16.
For the mass flow rate result, the improvement is similar to that
of phase difference, where 80% values are 2 times better than

the Oxbox, and all results show at least a 1.2 times improvement.

Furthermore, 50% of results are at least 3 times better than
Oxbox. For density, the improvement is very promising, with
50% of results at least 6 times better than the Oxbox, and 90%
of the results showing at least a 2 times improvement.

To illustrate how the improved results are reflected in
reduced fluid measurement errors, Figs. 17 and 18 repeat the
results from Figs. 1 and 2 with new CBF results superimposed.
They show the mean and standard deviations for mass flow rate
and density obtained from the OxBox (blue) and CBF (red) for
the 0.5 kg/s water flow experiments. The reduction in standard
deviation delivered by the CBF is clearly indicated.

Overall, these results demonstrate that CBF and CBF-CNF
methods can operate successfully in real time over a range of
liqguid mass flow rates and GVFs. Furthermore, significant
improvements are achieved for CBF and CBF-CNF methods
over the Oxbox zero-crossing technique, which has previously
been used in a wide range of two-phase applications.
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Fig. 17. Comparison of standard deviations for Oxbox and CBF techniques for
mass flow rate at 0.5 kg/s
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Fig. 18. Comparison of standard deviations for Oxbox and CBF techniques for
density at 0.5 kg/s

V. CONCLUSION

In this paper, we have implemented a family of complex
signal processing techniques on a prototype CFMF transmitter.
From single-phase flow tests, we have demonstrated that the
CBF and CBF-CNF algorithms provide acceptable
measurement performance when running on the prototype
transmitter connected to a commercial flow tube. The two-
phase flow test results demonstrate that the new algorithms
deliver reduced standard deviations compared with an
established algorithm that has been used in two-phase and
multiphase applications.

One issue not directly addressed in this approach is the
presence of additional vibrational modes in the flow tube,
which are readily excited in the presence of two-phase flow
([39], [40]), or other mechanical noise ([41]), and are likely to
be a more important noise source then general broadband noise.
If the nearest mode to the drive frequency is sufficiently distant,



then this is relatively easily dealt with using the bandpass
mechanism described here. However, if the nearest mode is
relatively close and/or if this mode is below the drive frequency
(as is the case for the conventional operation of the Foxboro
flowtube), then additional filtering stages may be required, for
example additional notch filtering at the positive frequency
range associated with the undesired mode of vibration. This
issue will be further explored in future work.
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