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Abstract. This work proposes the design of the sensors for an independent multiphase flow rate meter which shall be
composed of two parts: (a) a differential pressure meter and (b) an electrical impedance tomograph test section, consisting
of 32 electrodes. The first sub-system shall measure pressure difference and its fluctuations around a restriction in the
duct. The second sub-system is the interface with the flow for an electrical impedance tomography device. This meter will
be tested with an air-water 2 inch diameter facility at the Multiphase Laboratory at the University of Sdo Paulo. The data
obtained from the set of sensors shall be sufficient for the determination of the flow pattern and the estimation of the flow
composition and the multiphase flow rate, in a future contribution.
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1. INTRODUCTION

The design of real-time independent multiphase flow rate meters is an open and challenging topic. In the petroleum
industry, such a meter would be especially useful for production monitoring — avoiding interruptions in the operation — and
fiscal purposes. A typical petroleum multiphase flow is composed of gas, oil, water and other substances at an unknown
fraction, requiring the knowledge of flow concentration.

An independent multiphase flow rate meter would require combining information of flow concentration and of pressure
difference around a restriction, such as an orifice plate, nozzle or Venturi. All of these systems have calibration curves
well established for single phase flows.

The present work presents the conceptual design of an air-water flow rate meter and an experimental setup for testing
it. This meter shall be composed of two parts: (a) a differential pressure device and (b) an electrical impedance tomograph,
measuring the flow composition. For validation purposes, this system is provided with flow rate meters for each single
phase flow, before the mixing, and with a camera for comparison of flow structure observation.

2. LITERATURE

Experimental studies of differential pressure multiphase flow rate meters were carried through in the 1990s (Silva et al.,
1991; Fischer, 1994). In these works, Venturi tubes were used to analyze the air-oil-water flows in order to obtain variables
that characterize the flow composition, such as the void fraction. Fischer’s work concluded that the flow meter could
provide reliable results only when the different phases were distributed homogeneously. Thorn et al. (1999) reviewed
three-phase flow meters from the literature, all with an uncertainty larger than 5%, and argued that tomographic techniques
could be used to narrow the uncertainty and to provide for a stand alone multiphase flow meter.

Without relying on composition meters, two-phase flow meter calibration models were critically reviewed in Bertani
et al. (2010). These models introduce a correction for the flow rate, as a single phase calibration curve would over estimate
it. Meng et al. (2010) compared different two-phase correlations for Venturi tubes, with a large variation of mean errors
depending on the flow regime. Oliveira et al. (2009) compared the accuracy of different correlations for a Venturi tube
and an orifice plate, also showing varying mean errors. Paz (2011) developed a virtual metering system for oil and gas
field monitoring by using a differential pressure transducer around an orifice plate. The fluid variables are obtained by the
operation condition and using a black oil model. Campos et al. (2014) performed multi-rate tests at the Petrobras Urucu
oilfield, located at the Amazon florest, using a virtual metering system based on continuous measurements on orifice
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plates and batch measurements of fluid composition in separator tests, showing an excellent agreement with oilfield data.

Numerical studies were also implemented since the start of the 2000s. Paladino and Maliska (1999) used CFX 4.4 to
study a two-phase flow in a two dimensional model of a Venturi tube and predicted a higher concentration of bubbles near
the walls, including the positions of pressure measurement. This result is a recommendation for caution, as the reliability
of the measurements is compromised whenever a compressible phase enters the pressure metering system. Indeed, Li
et al. (2013) use a swirl inducer flow-conditioning device at the Venturi inlet, to induce a more annular-like flow. Worner
(2003) performed an extensive bibliographic study about the various models for multiphase flow applied to numerical
simulation. Imada (2014) carried out a numerical study using the software Fluent with multiphase flows in differential
pressure flow meters. The study focused on wet gas flows and concluded that the void fraction is a viable alternative to
characterize the flow composition and estimate the multiphase flow rate.

Current industrial multiphase flow meters for oil applications commonly rely on a combination of a Venturi tube and an
auxiliary technique, which might be radiation based techniques (Schlumberger Ltd, 2016), ultrasound (Rosen, 2016) or on
integral electrical impedance methods (Pietro Fiorentini S.P.A., 2016; Emerson Electric CO., 2016). For other industrial
applications, EIT systems for flow composition monitoring are also in the market (Industrial Tomography Systems, 2016;
Rocsole LTD, 2016).

Different techniques to measure the void fraction are presented and briefly discussed in Table 1. Two of these are
highlighted: the wire mesh and the electrical impedance tomography. The comparative advantage of the wire mesh, of a
better space resolution, is a direct consequence of its disadvantage, of intrusiveness. If the device selection was driven by
the concern of flow disturbance, wire mesh is a more appropriate technique as the flow is anyway going to be disturbed
at the differential pressure meter. However, for situations in which solid particles are carried along with the multiphase
flow — typical case within the petroleum industry —, non intrusiveness is desired, for a higher lifetime of the sensor.
Thus, Electrical Impedance Tomography (EIT) is selected as the technique for void fraction measurement, in spite of the
disadvantage of low spatial resolution, which imposes challenges.

Table 1: Comparative analysis of different methods for void fraction measurement. Based on Silva (2008).
Advantages Disadvantages

Computed tomography
(X or v rays)

e High spatial resolution

e Jonizing radiation imposes safety procedures
e Complex and expensive hardware

Magnetic resonance
imaging

e High spatial resolution

e Can provide velocity fields

e Low sampling rate
e Complex and expensive hardware

Optical systems (from
infrared to ultraviolet)

e High sampling rate
e High space resolution

e Fails in systems with high void fractions
e Requires (semi-)transparency of duct wall and fluids

e Unexpensive hardware
e High sampling rate
e High spatial resolution

Ultrasound e Fails in systems with high void fractions

Integral electrical
impedance methods

e High sampling rate

. libration is fl
« Unexpensive hardware e Calibration is flow pattern dependent

Electrical Impedance e High sampling rate

e Low spatial resolution

Tomography e Unexpensive hardware
e Very high sampling rate
Wire mesh e Good space resolution e Intrusive sensor

e Unexpensive hardware

EIT provides estimates for the spatial distribution of the phases via a characterization of the electrical properties in
the duct, using only measures in electrodes at the duct wall. This configures an inverse, ill-posed and nonlinear problem
and the choice of the algorithm used to solve the problem affects considerably the time resolution and the accuracy of
the estimates for the phase distribution (Holder, 2005). There seems to be a trade-off between processing speed and
precision, depending on the algorithm — issues out of the scope of the present work. Nevertheless, Rocsole LTD (2016)
obtains real-time estimates of good space resolution using EIT. An academic work of a partner university of Rocsole
reports that 20 H z is a low frame rate for three-dimensional analysis with 64 electrodes (Seppinen et al., 2007).

In industrial applications, EIT is traditionally divided in two branches: Electrical Resistance Tomography (ERT) and
Electrical Capacitance Tomography (ECT). The main differences are the excitation strategy — ERT imposes electric cur-
rent and ECT imposes electric potential, both measuring the system’s electric potential as a response — and the electrical
property reconstructed — with ERT estimating conductivity/resistivity and ECT estimating permittivity. Due to the prop-
erties of the fluids, an ERT system would be typically used to analyze an air-water flow and an ECT system for an air-oil
flow (Silva, 2008). The development of dual modality (ERT/ECT) systems is a recent goal in the field.

An important aspect of a successful implementation of EIT is to cope with the intrinsic challenge of ill-posedness —
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i.e., the low spatial resolution. One method to address this challenge is to include, in the estimation problem, information
known a priori about the multiphase flow under consideration (Kaipio and Somersalo, 2004). However, this prior infor-
mation on the phase distribution is pattern flow specific (Pellegrini et al., 2016). Thus, it is first necessary to know which
flow pattern is present.

Polansky and Wang (2016) used EIT data to identify flow characteristics of annular horizontal and vertical air-water
flow using direct proper order decomposition, a method that identifies typical flow structures and instabilities and could
potentially be used for flow pattern recognition (Polansky et al., 2015). Using Boolean logic and frequency analysis of the
ERT data with 16 electrodes for a air-water flow in a 2 inch diameter duct, Karki et al. (2016) were able to differentiate
among bubble, plug, slug, stratified and annular flows with minimum accuracy of 59 %. Dupré et al. (2016) suggest the
use of raw ECT data to differentiate the flow regime, with a Fast Fourier Transform to identify intermittent flow and the
analysis of the eigen-problem associated with a cross-capacitance matrix, defined among the potential of all electrodes, to
differentiate the other flow patterns.

Static pressure can easily be measured in different points and the differential pressure between two measurement points
can be analyzed by probability density functions (PDFs) showing different characteristic behaviors for each flow pattern.
Most of the investigations reported in the literature were performed in vertical flows, as there is a higher variation of
pressure and using sensors capable of measuring higher frequencies (over 50 Hz). Matsui (1984) identified four different
types of flow patterns (bubble flow, slug-like flow, annular flow and mist flow) using this method in a vertical section
using nitrogen gas-water. The works of this area also extend to developing other identification methods, always using
differential pressure signals, such as using the wavelet transform (Elperin and Klochko, 2002), elastic maps (Shaban and
Tavoularis, 2014a) and machine learning techniques, which may also estimate flow rates (Shaban and Tavoularis, 2014b).

As for the integration of the different measuring techniques, Meng et al. (2010) presented a combined Venturi-ERT
system in which the differential pressure information of the first sub-system was complemented with the informations of
flow pattern, void fraction and vapor quality, all extracted from the ERT sub-system. On the other extreme, Weatherford
(2016) combines information of absolute pressure, temperature, differential pressure over a Venturi tube, velocity obtained
with a sonar system, density obtained with a gamma densitometer and water cut obtained with a (near-)infrared sub-
system.

3. METHODOLOGY

To accomplish the objective of designing an independent air-water flow rate meter, the methods proposed will be
presented in three parts. First, the physical systems that measure the flow will be shown. Next, the strategy for integration
of the different measurements will be discussed. Finally, a method for validation is introduced.

3.1 Hardware specifics

The different parts of the measurement system shall be positioned such that the sub-systems which impose the greater
disturbance for the flow are more downstream. Care must be taken so that large enough pipe length is allowed to account
for entry effects. A scheme of the general layout of the system is shown in Figure 1.

As seen in Figure 1, the meter will be composed of two main sub-systems. On the most downstream part is a differ-
ential pressure meter over a restriction. Following on the upstream direction, a piezoresistive pressure and a temperature
transducers are positioned. Next, the EIT system is placed. Finally, on the most upstream end, there is a camera.

3.1.1 Differential pressure meter

The first sub-system will consist of a piezoresistive differential pressure sensor over a restriction in the duct, together
with absolute pressure and temperature transducers, upstream. The restrictions to be used in the differential meter are the
ones defined by the Standard ISO 5167 (ISO, 2003): orifice plates, nozzles and Venturi tubes. The last ones are usually
preferred for the low influence on the flow regimes — as orifice plates are more likely to cause the blockage of the fluid
phase — and for the lowest pressure loss (Bertani et al., 2010). On the other hand, Venturi tubes impose a larger initial
cost (which may be compensated by the lower maintenance costs, as this device is more immune to erosion and internal
scaling). Nozzles seem to provide a fair compromise in all factors. The choice of different types of restrictions was made
in order to do a comparative study about their effects, in terms of pressure loss and measurement accuracy. Different
restriction diameter ratios shall be analyzed, allowing to study varying operation conditions, related to the differential
pressure and air and water flow rates.

The operation conditions for the measuring system were determined in accordance with the operation range of the
multiphase laboratory. This calculation varies with each type of restriction and its relation with the maximum values
of flow rate. In a first approximation, the multiphase flow was considered to be a pseudo-fluid, using the homogeneous
model, in such a way that the expansion factor, ¢, related to compressibility could be neglected.

The range of superficial velocities considered was based upon two conditions: a) the measurement range of the existent
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(c) Lateral view
Figure 1: General layout for testing setup for independent multiphase flow meter. The visualization section is upstream
(left), followed by the tomograph and the absolute pressure, temperature and differential pressure sensors.

flow meters and b) operation range related to real data from the Urucu well production (Imada, 2014). The multiphase
laboratory works with maximum air and water superficial velocities of 3 m /s and 3.4 m/s, respectively, in the 2 inch
diameter section. To remain within the the facility bounds, the maximum velocity was defined to be 2 m/s for air and
1.5 m/s for water. This latter value tends to fit the experimental data taken from the Urucu well. Using these values
and fluid properties on ambient temperature, the discharge coefficient and the differential pressure for different values of
diameter ratio, 3, were calculated.

With the purpose of obtaining the differential pressure and the discharge coefficient, some other parameters had to be
considered, such as the Reynolds number for the equivalent multiphase flow. The homogeneous model was considered
to obtain the properties of the mixture: density and viscosity. The viscosity is calculated in the same way as the density
(W H McAdams, 1942):

T 1—z\ "
fim = ( + ) (1)
Hg K

Where z is the mass quality and the indices m, g and [ refer respectively to the mixture, gas and liquid. From then
on it should be noted that the calculation of the discharge coefficient, C, and its relation with the diameter ratio changes
between orifice plates, nozzles and Venturi tubes. In other words the following steps were taken into account in order to
define the range of differential pressures:

1. Calculation of the total mass flow considering maximum values of air and water superficial velocity.

2. Homogeneous model as an approximation considering air and water properties at ambient temperature.
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3. Determination of the equivalent Reynolds number Rep.
4. Definition of a range of diameter ratios.
5. Calculation of discharge coefficients for different types of restrictions.

6. Determination of differential pressure values.

The following equation was used to determinate the pressure drop as a function of the other parameters according to
the standard ISO5167:2003:

C8(1-p8Y [ W\’
ap= M ()

Where W is the total mass flow and p,, is the density of the mixture. The diameter ratio 3 was varied from 0.5 to
0.75. The orifice plate considered was with flange tappings. For the nozzles the ISA 1932, long radius and Venturi tubes
were considered.

The Reader-Harris/Gallagher (Reader-Harris and Sattary, 1996) equation was used to calculate the coefficient dis-
charge for orifice plates:

0.7 0.3
C = 0.5961 + 0.02615% — 0.2168/3% + 0.000521 (%) + (0.0188 + 0.0063A4) 335 (;g;) +

(0.043 +0.08¢ 1051 — 0.123¢~ 41 ) (1 — 0.114) 257 —

0.031(M} — 0.8M4"1)313 +0.011(0.75 — ) (2.8 — 725) 3)

Where L, and M} are quotients related to the upstream and downstream tappings. The discharge coefficient for [SA
1932 and long radius nozzles are calculated as:

108
C =0.99 — 0.22625*" — (0.001753% — 0.00335* %) <Re> 4)
D
1 6 0.5
C =0.9965 — 0.00653 ( 0 B) (5)
ReD
For last the Venturi tubes was considered. The equation used was:
C = 0.9858 — 0.19645*5 (6)

A table summarizing the value of AP in kPa and discharge coefficient for different types of restrictions together with
diameter ratios is shown below. The uncertainty of the discharge coefficient values is lower than 2% in all cases.

Table 2: Differential pressure for different types of restrictions (ISO, 2003).
Orifice Plate ISA 1932 Long Radius Venturi
6 C(op AF)op Cisa APisa Clong A1:)long Cvent APve’mf
0.5 | 0.610 | 77.50 | 0.971 | 30.59 | 0979 | 30.12 | 0.977 30.21
0.55 | 0.614 | 50.73 | 0.965 | 20.51 | 0.978 19.97 | 0972 | 20.19
0.6 | 0.618 | 33.82 | 0.957 | 14.11 | 0.977 13.53 | 0.966 13.84
0.65 | 0.624 | 22.74 | 0.947 | 9.87 | 0.976 9.29 0.958 9.65
0.7 | 0.632 | 1526 | 0.935 | 6.96 | 0.975 6.40 0.946 6.80
0.75 | 0.642 | 10.07 | 0.921 | 490 | 0.975 4.37 0.932 4.78

From Table 2 the two following differential pressure ranges were defined: 0 to 100 kPa and O to 15 kPa. The
differential pressure sensors are going to be piezoresistive because these type of sensors have a response time short
enough (< 1 ms) to enable the collection of high-frequency data. The absolute pressure range p(t) was defined from 0 to
400 kPa. The temperature range 7'(t) on the laboratory varies from 0 to 50°C'. All the sensors are planned to have at
least 50 H z of frequency in data collection. The data from the three sensors is intended to be collected using the software
Fast Tools from Yokogawa.
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3.1.2 Electrical Impedance Tomography

The tomograph excitation strategy is the imposition of electric current, configuring an ERT system. This is justified
as the main interest in this study is on air-water flow. The interface with the flow is composed of a set of 32 electrodes,
arranged in four cross sections comprised within around 1.5 D. An additional electrode is included, to act as a physical
ground. The geometrical disposition of the electrodes and the current injection patterns are an important combined issue,
addressed for instance by Graham and Adler (2007); Kaipio et al. (2007); Silva et al. (2017). Stainless steel is selected as
the material for the electrodes. This is a critical property, as it defines how the system shall age and what are the contact
impedances. The duct wall will be made of nylon, for high electrical resistivity and good machinability, besides it being
an adequate cheap material for pressure vessels (Ashby, 2011). A final concern for the mechanical design is the sealing
of the electrodes. The maximum manometric pressure for the flow in the laboratory is of 300 kPa. O-rings were chosen
for being the off-the-shelf solution which allows for a simpler manufacturing process for the electrode. The tomography
data will be collected with an independent system (Lima et al., 2016).

3.1.3 Flow visualization

An auxiliary measuring system, with a camera, is included in the system for validation purposes. To mitigate dis-
tortions related to the curvature of the pipe, a rectangular prism made of acrylic is assembled onto the pipe. This prism
should be filled with a fluid of refractive index similar to the acrylic’s one. Backlight should also be included. The main
constrains for this sub-system are an adequate frame rate and a fair image resolution.

3.2 Integration of sensors

The fusion of sensors measuring quantities of different physical natures is not an evident task. For that purpose,
Figure 2 shows a possible scheme for the information flow among the different sensors, determining how the data can be
enchained to provide a more reliable estimation for the multiphase flow rate.

Ap
ri —
flow pattern —

Vi(t)

— B

Vanlt)
i1(t)

ng(t)

Figure 2: Information flow for independent two-phase flow rate measurement.

The absolute pressure p and the temperature 7' are important to characterize the thermodynamic state of each fluid.
Once a reference thermodynamic state is defined, fluid electric and thermophysical properties can be assessed, either with
models or from previous experiments.

The time series of the differential pressure over the restriction Ap(¢) and of the absolute pressure p(t) can be used
to support the determination of the flow pattern. Also, a time average of the differential pressure, Ap, is an important
quantity for the determination of the mass flow rate.

As for the ERT system, the time series of the measurements of electric current and potential is combined with the
information of which flow pattern is present, to infer the void fraction («) and the volumetric quality (3,). The volumetric
quality differs from the void fraction as one considers the ratio of the areas («) while the other considers the ratio of the
volumetric flow ratios (3,).
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Finally, the combined set of data is then used to predict a multiphase mass flow rate, according to Paz (2011):

2

2 Ap
(z+15%) (i + 1;—1‘1’5) (1- 8%

Pg

W =CpAs (7

The previous equation relates the total mass flow rate W to the differential pressure Ap, the cross-sectional area at the
restriction Ag, the vapor quality x, the slip ratio S, the specific masses of the air p, and water p; and the diameter ratio 3.
The slip ratio can be calculated using the Chisholm correlation (Collier and Thome, 1994):

5:[1_:5(1_;)’1)}2 ®)
g

The vapor quality can be determined from the average void fraction &, according to Eq. 9 (Imada, 2014).
Spgau
T = - -
Spga+pi (1 —a)
Imada (2014) defines the average void fraction & as a space average of different cross sections, as his study was
numerical. For the current analysis, a time average for the ratio of area occupied by the gas at a given section can be
calculated from the image estimated with the ERT system.

Synchronization between the data input of both systems is an important property. It is intended to create a shared
interface to combine all the data obtained.

€))

3.3 Validation

The meter shall be tested at the Multiphase Laboratory located at the Mechanical Engineering Department of the
Polytechnic School of the University of Sdo Paulo (Yamaguchi and Balifio, 2015). The facility consists of a pipeline-riser
system of 2 inch diameter pipes, in which air and water can flow. It is intended to test the system initially at the horizontal
part of the facility.

The facility pipes have transparent walls, allowing for the visualization of the flow. The camera shall support the
validation of the two-phase flow structures identified with the ERT system, at least in a qualitative sense.

Before the mixing of the fluids, the mass flow rate of each phase is measured with single phase meters. Thus, these
integral steady state values can be used as a reference for validation of the multiphase flow rate inferred by the independent
two-phase flow rate meter.

The expected flow patterns were inferred from the flow pattern map of Taitel and Dukler (1976). The operation range
should cover three flow patterns: stratified flow, bubble flow and slug flow.

Table 3 shows the main comparisons which can be made for the parameters of the flow, estimated from the measure-
ments.

Table 3: Validation of the measured parameters.

Parameter Method 1 Method 2
Void fraction () Flow visualization Single phase measurements
Mass flow (W) | Single phase measurements -
Flow pattern Flow visualization Flow pattern maps

4. CONCLUSIONS

The design of an independent multiphase flow rate meter was described in this work. This meter is a combination of
absolute pressure, temperature, differential pressure over a restriction and ERT sensors. A strategy for the integration of
these measurements was briefly shown, leading to estimates for the two-phase flow rate. Technical characteristics and
operation ranges were presented, alongside with the planned validation method.

The lack of results at this stage of the work is simply related to the strong dependence of experimental results and
measurements of the aparatus which is still in its initial development phase. Future works will cover results and possibly
make more pertinent comparisons to other models and even existent meters.

Different types of nozzles shall be tested and compared, for different flow regimes. The two-phase mass flow rate
can be predicted with different models. Thus, the accuracy of Eq. 7 could be compared with ISO 2003:5167 and other
proposed two-phase correlations.

It is foreseen that processing speed, specially for the flow pattern recognition and the ERT algorithms, might be
challenging, and might eventually lead to the determination of the flow rate W with a fixed time delay.
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