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Abstract. The present paper describes the CFD numerical simulations of liquid-gas flows in the test rig at Nlcleo
Experimental de Atalaia (NEAT-PETROBRAS). Results for three flow patterns are presented and discussed: plug flow, slug
flow, and stratified wavy flow. In addition, flow patter n transitions wer e deter mined based on the CFD results. Thessimulation
results provided relevant information about the flow patterns as well as the transitions between them. Except for the annular
flow, which presents several difficulties for simulation, the flow pattern predictions in the simulations agree with the
predictions made using the Baker flow pattern map. Furthermore, the CFD simulations allowed for reliable, time dependent
GVF results, which can be used for direct comparison with the acoustic signals from the multiphase flow meter. The CFD
simulations described herein thus provide the necessary means for calibration of the ultrasonic multiphase flow meter being
developed.
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1. INTRODUCTION

Multiphase flows are very common in the petroleum, chemical, and nuclear industries, oftentimes involving harsh media,
strict safety restrictions, access difficulties, long distances, and aggressive surroundings. Accordingly, there is a growing
interest in non-invasi ve techniques for measurement of the dispersed phase concentration in multiphase flows. The ultrasonic
technique has been receiving increasing attention from researchers and professionals in the oil industry for multiphase flow
metering. This technique is already well established in other fields of application like medicine and flaw detection in solid
materias. The ultrasonic transducers and the necessary electronics are commercially available at relatively low costs and the
systems are compact and robust. Furthermore, ultrasonic signals areinformation rich and can penetrate pipe walls and process
chambers. Ultrasonic signals can also be used with optically opague fluids and dense suspensions. The disadvantage of the
ultrasonic technique is the need for calibration of the ultrasonic signal as a function of the dispersed phase concentration.

The main ultrasonic parameters normally used in process monitoring, measurement, and control are the signal amplitude
and the wave transit time (Bond et al., 2003). These parameters can be measured across the pipe diameter or along any other
acoustic path of interest in the multiphase flow. The distribution and the concentration of the dispersed phases (bubbles, oil
droplets, or solid particles) ater these parameters due to transmission, reflection, refraction, and scattering of the ultrasonic
beam so that the received acoustic signals can be cadibrated for determination of the hydrodynamic multiphase flow
parameters. An initial study to develop the ultrasonic technique for multiphase metering involved correlating acoustic
attenuation datawith GVF for vertical, upward water-gas flows (Tanahashi, 2010). Next, the transit time of the acoustic wave
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was used to determine the velocity of the elongated bubbles and the GVF of horizonta, intermittent water-air flows
(Grangeiro, 2010). As a further development, acoustic data and independent GV F measurements were obtained for vertical,
upward liquid-gas-solid flows using the mineral oil as the continuous phase (Goncaves, 2013). The previous studies clearly
demonstrated the feasibility of using the ultrasonic technique for multiphase metering; the task at hand then is to take the
technique from the laboratory environment to the field. In doing so, obtaining ultrasonic data for the rea fluids in the ail
industry is the obvious next step.

Inthisregard, NUcleo Experimental de Atalaia (NEAT-PETROBRAS) provides the proper facilities for accomplishing
this task. However, though acoustic data can be obtained for rea flows of the oil industry, the existing facilities currently do
not have any independent means of measuring the GVF to corré ate the ultrasonic data against. In view of the complexity of
the facility and the costs and safety regulations involved in carrying out any modification of this kind, for the time being
detailed numerical simulations of the flows seem a much more feasibl e solution to obtaining GV F data.

In this context, the proposed paper will present the development of 3D numerical simulations of liquid-gas flows in the
pertinent segments of the multiphase loop at NEAT-PETROBRAS. Theliquid phase will be dead oil from Sergipe Terraand
the gas phase will come from the Atalaia Gas Station. The gas and oil flow rates at the existing pressure and temperature
conditions will be as determined for obtaining bubbly and fully developed slug flows. Numerica results for the GVF as well
as flow patternsinformation will then be available for calibrating the prototype of the ultrasonic meter in future experiments.

2. EXPERIMENTAL APPARATUSAND PROCEDURE

2.1 NEAT —-PETROBRAS Multiphase Flow Test L oop and the M ultiphase Flow Meter Prototype

The facilities at Nucleo Experimental de Atalaia (NEAT-PETROBRAS) are part of Centro de Pesquisas e
Desenvolvimento Leopoldo Américo Miguez de Melo, located in Aracaju, Sergipe, Brazil. Of particular interest to the
development of the ultrasonic multiphase flow meter is the well test loop shown in Figure 1. Thisloop is made of two parts,
a permanent circuit and a dedicated one built to suit the needs of the particular equipment under test. The main components
in the permanent circuit are the il storage tank, pump, oil and gas flow rate meters, and first and second stage gas separators.
The well test set-up has a 38 m¥hr closed-loop liquid flow rate capacity and an 8,000 Nm3%hr open circuit gas flow rate
capacity. The gas supply pressure is 35 kgf/cm? and pressure reducing valves are used to lower it to the desired operating
pressure; the maximum operating pressure in the test areais 20 kgf/cm?. Pressure and temperature sensors are located close
to the flow meters and pump. The uncertaintiesin the liquid and gas flow rate are 0.13% and 0.90%, respectively.

A schematic view of the dedicated circuit for testing the ultrasonic multiphase flow meter is shown in Figure 2. The ail
and gas are mixed at point A; points B and F denote the beginning and end of the dedicated circuit, respectively; point C
i ndicates the multi phase flow meter; points D and E are pressure and temperature probes, respectively. The temperature probe
causes great disturbance in the flow and was thus located downstream of the return elbow. This location represents a trade-
off between measuring atemperature that is still representative of the conditions at the ultrasonic meter and causing the least
disturbance possible to the flow profile. The gas-oil mixer (Figure 3) is made of concentric tubes; the ail flows in the annular
space while gas is injected into the oil through holes in the inner tube. A 50.8-mm (2-in) diameter, 13-m long, horizontally
oriented straight steel pipe leads to the ultrasonic meter; the L/D ratio upstream of the ultrasonic probe thusis 343, which is
believed to ensure satisfactory flow development (Hewitt et al., 1986). A 5.3-m long straight pipe stretch connects the
multiphase meter to the return elbow. The B-E portion of the circuit will be assembled 45 cm above the ground on regularly
spaced supports to avoid vibration problems.

The 2-in diameter was chosen because it has aready been used in previous studies for the development of the ultrasonic
multi phase flow meter (Grangeiro, 2010; Tanahashi, 2010; Paiva, 2011; Goncalves, 2013) and it al so makes possibleto obtain
severa flow patterns in this test loop. The L/D ratio for the straight pipe stretch upstream of the multiphase meter is 343,
which is above the 120 minimum recommended for flow development (Hewitt et al., 1986).

Figure 4 shows alongitudinal section view of the ultrasonic multiphase flow meter installed between flangesin dedicated
circuit. The meter has four ultrasonic stations; the first and fourth ones will be used to measure the dispersed phase
concentration while the middle ones will be used to measure the flow velocity. A detailed discussion of the design of the
ultrasonic probe and reduction of the ultrasonic signaswill be published in aseparate paper in the near future. For the moment,
it is only emphasized that the ultrasonic sensors are not invasive and the meter and pipe inner diameters are very close;
therefore, disturbances to the flow profile are expected to be negligible.
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Figure 1. Schematic view of the multiphase flow test loop (Circuito Poco) at NEAT-PETROBRAS.

2.2 Test Fluids

Thetest fluids for experimentation with the prototype of the ultrasonic multiphase meter will a mixture of dead oils from
Guaricema and Dourado fields and rich natural gas. The oil mixture has API gravity of 38.5, specific gravity of 0.8285, and
kinematic viscosity of 45.59 centistokes at 20°C. The reasonsto usethislight oil isto reduce the operating pressure of the test
loop and to make the results more comparable to those obtained with minera oil in the laboratory. The rich natural gasis
supplied at 35 kgf/cm?2 and is approximately 78% methane, 13% ethane, 2.6% propane, 2.6% carbon dioxide, 1.3% nitrogen,
and less than 3% heavier hydrocarbons. The gas specific gravity is 0.867, dynamic viscosity is 0,010598 cP, and the
compressibility factor Z is 0.99681.

2.3 Experimental procedure

The experimental procedure to be adopted to obtain ultrasonic data for the oil-gas flows at NEAT-PETROBRAS
determined the operating conditions for the numerical simulations presented in this paper. The oil and gas flow rates will be
adjusted so that under the pressure and temperature conditions at the ultrasonic test section the flow patternswill be plug flow,
slug flow, and annular flow. The test matrix was generated based on Baker’s flow pattern map (Baker, 1954). This map uses
mixed dimensionless/dimensiona coordinates and correction factors for fluid properties (Figure 5). The expressions for the
correction factors a and b are given below. Baker’s map is probably one of the most durable, as it is still in use in the ail
industry (Shoham, 2006). The map works well aso for oil/gas mixtures with diameters smaller than 50 mm and is expected
to till provide reasonabl e results for the 54-mm ID pipein thisinvestigation.
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Thefirst step was to select the test pointsin Baker’s flow pattern map taking into account the limitationsin thetest rig at
NEAT-PETROBRAS; the vertical red linesin Figure 5 represent the oil flow rate bounds due to limitations in the oil pump.
The operating conditions used to generate the test matrix were p = 10 bar and T = 30°C. The oil was assumed incompressible
and, from the Z factor given above, the natural gas was assumed ided gas. Table 1 gives the values of the hydrodynamic
parameters corresponding to the points in Figure 5; the red circles are those that were numerically simulated in the present
investigation. Table 1 also shows the corresponding flow patterns predicted by Baker’s flow pattern chart (Baker, 1954) and
those predicted by the numerical simulationsto be discussed further below. The test pointswere selected so that the ultrasonic
meter performance can be investigated well into the flow patterns as well as on the transitions between them.

Figure 2. Dedicated loop at NEAT-PETROBRAS, Aracgju, Sergipe, Brazil.

Figure 3. Gas-oil mixer inthewell loop at NEAT-PETROBRAS.
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Figure 4. Longitudinal section of the multiphase flow meter to be tested at NEAT-PETROBRAS.

Figure 5. Baker's flow pattern map and the test matrix for experimentation at NEAT-PETROBRAS. Red circles are the
points that were numerically simulated.
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Table 1. Test matrix for experimentation at NEAT-PETROBRAS.

. Average GVF
Point # (V) Use m, Mg | Clhomogeneous . Flow Pattern
(numerical)
[m/s] [m/s] [kg/hr] | [kg/hr] [%] [%] Baker | Numerical
1 0,80 0,03 5.287,74 2,00 3,73
2 1,80 0,03 11.897,41 2,00 1,69 1,94 Plug Plug
3 4,40 0,03 29.082,55 2,00 0,70
4 0,80 0,06 5.287,74 3,87 6,98
5 1,80 0,06 | 11.897,41 3,87 3,23 2,99 Plug Plug
6 4,40 0,06 | 29.082,55 3,87 1,35
7 0,80 0,12 5.287,74 7,74 13,04
8 1,80 0,12 11.897,41 7,74 6,25 5,82 Plug Plug
9 4,40 0,12 29.082,55 7,74 2,65
10 0,80 0,24 5.287,74 15,49 23,08
11 1,80 0,24 | 11.897,41 15,49 11,76| 10,90 Plug Plug
12 4,40 0,24 | 29.082,55 15,49 5,17
13 0,80 0,48 5.287,74 30,98 37,50
14 1,80 0,48 11.897,41 30,98 21,05 16,55 Slug Slug
15 4,40 0,48 29.082,55 30,98 9,84
16 0,80 0,96 5.287,74 61,95 54,55
17 1,80 0,96 | 11.897,41 61,95 34,78 28,02 Slug Slug
18 4,40 0,96 | 29.082,55 61,95 17,91
19 0,80 1,90 5.287,74| 122,61 70,37
20 1,80 1,90 11.897,41f 122,61 51,35 39,74 Slug Slug
21 4,40 1,90 29.082,55| 122,61 30,16
22 0,80 3,80 5.287,74| 245,23 82,61
23 1,80 3,80 | 11.897,41| 245,23 67,86| 59,54 Annular |Transitional
24 4,40 3,80 | 29.082,55| 245,23 46,34
25 0,80 7,60 5.287,74| 490,46 90,48
26 1,80 7,60 11.897,41 490,46 80,85 65,99 Annular Wavy
27 4,40 7,60 29.082,55| 490,46 63,33
28 0,80 13,00 5.287,74] 838,94 94,20
29 1,80 13,00 | 11.897,41| 838,94 87,84 85,02 Annular | Wavy
30 4,40 13,00 | 29.082,55| 838,94 74,71

3. THREE-DIMENSIONAL NUMERICAL SSIMULATIONSOF THE LIQUID-GASFLOWS

Numerical simulations of the liquid-gas flows were performed to better understand the phase distribution in the test rig
and to determine the GVF values at the ultrasonic test section. In order to obtain reliable results, the CFD simulations
proceeded as follows:. (i) set-up of the pertinent portions of the NEAT-PETROBRAS multiphase flow test loop; (ii) mesh
generation and grid independency tests; and (iii) selection of physical models and boundary conditions.

Regarding the set-up of the numerical model, a straight 18-m long section of the pipe where the ultrasonic meter will be
installed was selected for smulation (Figure 6). It isrecalled that the L/D ratio upstream of the ultrasonic probeis 343, which
ensures satisfactory flow development and insensitivity of the flow patterns to the boundary conditions (Hewitt et al., 1986).
The CAD modeling was developed using STAR-CCM+ v9.02. A structured mesh was used to ensure more accuracy in the
results and decrease the computational time. An example of the pipe cross-section generated for this study is shown in Figure
7. The mesh uses a constant spacing in the inner region of the pipe and a hyperbolic progression in the regions closer to the
pipewall. This progression starts at 0.15 mm from the wall in order to ensure a better resolution of the boundary layer.
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Figure 6. Schematic view of the simulation domain and virtual GVF sensors.

Figure 7. Mesh path used in the normal mesh.

In connection with mesh generation and grid independency tests, three different meshes were investigated in order to
assess the influence of mesh structure on GVF and flow development aong the pipe (Table 2). In addition, 17 virtua sensors
were placed along the pipein order to observe the GVF variation as afunction of time. When the flow is fully devel oped, the
GVF behavior at the sensor |ocations must be the same as one moves from one sensor to the next. The condition simulated in
the test was Uss=0.48 m/s and Us.=1.8 m/s; slug flow is the expected flow pattern in this case and, due to the intermittent
flow structure, large fluctuationsin the cross-section GV F should occur when the flow isfully devel oped. For dl three meshes
used, the cross-section GV F remained unchanged after 11 meters downstream of the gas injection point. Therefore, the coarse
mesh was selected for the remainder of this investigation in order to reduce the computationa time required for the
simulations.

For the selection of physical models, immiscible and compressible ideal gas was assumed. This condition was simulated
using the Volume Of Fuid (VOF) modd. Thismodel isasurfacetracking technique applied to immisciblefluidswith particles
larger than the grid size; the solution for the dispersed gas phase follows directly from the closure condition of volume fraction
for compressible flows. A single set of momentum equations was solved for the continuous phase of the two-phase flow; the
effect of the volume fraction of the dispersed phase was taken into account by means of the gas density and viscosity
(Hernandez-Perez et al., 2011). In addition, the effect of turbulence was considered in the numerica simulation, asthe bubbles
moving through the liquid create a devel oping film around themsel ves and awake behind them (Tahaand Cui, 2006). A high
velocity gradient is expected to occur at the gas-liquid interface, with the gas moving much faster than the liquid phase (slip
condition). Accordingly, the Realizable k-¢ model was used to simulate the turbulence in the two-phase flow. This model was
chosen becauseit is computational ly efficient and has been successfully used to simulate many industria processes, including
multi phase flows (Hernandez-Perez et al., 2011). Gravity was taken into account due to its strong effect on phase distribution
for horizontal flows. Finally, the simulations considered unsteady flows and the physica time simulated was two times the
length of the pipe divided by the mixture velocity. It was thus ensured that the initia conditions do not affect the results
because after this time interval the flow is aready developed; this could be checked by the flow behavior then remaining
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constant as a function of time. The time step in the simulations varied in the 4 x 105 to 8 x 10 range in order to ensure a
Courant number below 0.2 in the entire domain.

Theinlet boundary condition was specified asavel ocity inlet condition, which requires specifying the vel ocity and volume
fraction of the mixture. In order to reduce the developing length, the liquid and the gas enters through the same boundary but
they are not mixed; the liquid enters through the upper haf of the boundary and the gasin the lower half. The velocities for
each phaseis specified as twice the corresponding superficial velocitiesin order to achieve the same volumetric flow. Findly,
the separation generates aforced mixing between the fluids. The outlet condition was specified as apressure outlet condition;
a zero gauge pressure (atmospheric pressure) was used. The measurement region, i.e. the location of the ultrasonic probe, is
13 m downstream of theinlet condition and 5 m upstream of the outlet condition.

In order to anayze the flow development, afast Fourier transformation (FFT) of the GVF variations as a function of time
was carried out for the virtual sensors placed every 1 m downstream of the gas injection point. Figure 9 shows the frequency
spectrum of the GVF results a 7, 10, and 13 m of the injection point. It can be observed that while thereis adifferencein the
7 m spectrum, the 10 and 13 m spectraare essentially the same. A doubl e-check was performed by means of cross-correlations
between successive GVF sensors using an 80% of the maximum correlation threshold as the flow development criteria; the
cross-correl ations showed the flow to be fully devel oped between the 13" and 14™ sensors. Therefore, the flow was considered
fully developed 13 m downstream of the gasinjection point.

Table 2. Mesh structures and corresponding simulation parameters.

Mesh Number of Length required for flow Computationa
structure elements development [m] time required [hr]
Coarse 453,600 11 115
Normal 1,198,800 11 41.26
Fine 1,801,800 11 48.87

Figure 8. Volume fraction of gasin theinlet boundary condition.

4. RESULTS

Ten conditions of the test matrix were selected to evaluate the performance of the numerical code developed. These
conditions correspond to Ug =1.8 m/s and are indicated by the red circlesin Figure 5. It was then possible to investigate the
transitions from plug to slug flow and from slug flow to annular flow. Figure 10 and Figure 11 show the GVF profile for the
ten cases simulated at the virtual probe located at 13 m; the flow patterns inferred from the numerical simulations are listed
in Table 1 along with the corresponding predictions from Baker's flow pattern map. The sampling time is different for each
case because the time required for flow devel opment decreases with increasing mixture velocity. Thefirst two plotsin Figure
10, cases 2 and 5, exhibit small peaks, which indicates the presence of cap bubbles in the flow. Cases 8 and 11, third and
fourth plots, show small peaks as those in cases 2 and 5, but also larger ones, which indicates the presence of bigger and
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longer bubbles in the pipe. This would indicate the onset of slug flow. Case 14, the last plot, only display large peaks, which
evidences the presence of elongated bubbles only and thus represents a fully developed slug flow.
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Figure 9. Comparison of the frequency spectrum of three sensors used in the simulation.

Figure 11 shows the flow behavior asthe gas flow increases. Figure 12 shows a numerical image of the flow for case 23
in the region where the ultrasonic probe will be installed. In this case, the elongated bubbl esinterface becomes wavy and the
flow eventually entersthe stratified flow regime. Thisis contrary to the annular flow predictionin Baker’s flow pattern map.
Similarly, for case 29 the numerical simulation points to a wavy stratified flow despite the very high corresponding void
fraction values in Figure 11 and the annular flow prediction in Baker’s map. In this respect, numerical simulations of the
annular flow pattern are quite challenging, especially at very high gas flow rates when most of the liquid will be entrained in
the gas as droplets. In addition, the interface between the liquid film on the pipe wall and the gas core is highly dynamic
(presence of large disturbance waves along with smaller ripple waves).

In the particular case of horizontal pipes, the film thicknessis usudly larger at the bottom of the pipe due to the effect of
gravity. The physics of the circumferential liquid film distribution on the pipe wall is then governed by four mechanisms
(Paras and Karabelas, 1991; Hulburt and Newell, 1997; McCaslin and Desjardins, 2014): (i) wave spreading, when the
disturbance waves travel faster along the bottom than aong the top, creating a wedge effect that pushes the liquid film
upwards; (ii) wave pumping, when the waves travel upwards due to circumferentia pressure gradient and liquid drains by
gravity after the passage of each wave; (iii) secondary gas flow, when circumferential variations in the interfacia roughness
cause secondary gas flows that slow down film drainage due to gravity; and (iv) entrainment of droplets, when the dropletsin
the annular core come predominantly from the surface of disturbance waves. In addition, the CFD approach should consider
the dynamics of the droplets flow in the gas core and the interaction between them.

Dueto thiscomplex structure, capturing this particul ar flow patternis extremely difficult. Efforts are under way toimprove
the CFD modelling of the annular flow pattern in order to make the numerical results more reliable for calibration of the
ultrasonic probe. These efforts involve: (i) solving the liquid film explicitly by means of a modified Volume of Fluid (VOF)
method; (ii) tracing the droplets entrained in the gas core using a Lagrangian technique; (iii) taking into account the film to
droplets (entrainment) and dropletsto film (splashing, spread, bounce and stick) interactions using sub-models to complement
the VOF model (McCadlin and Degjardins, 2014).

Finally, the average GVF values at the ultrasonic probe location were obtained for each condition simulated (Figure 14).
As the dip between the liquid and gas phases increases, the numerical average GVF values should become increasingly
smaller than the void fraction cal cul ations based on the homogeneous model. As discussed above, the expected trend is not
exhibited by the annular flow results.
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Figure 10. From top to bottom, GVF profiles at the 13-m sensor for cases 2, 5, 8, 11 and 14.

Figure 11. From top to bottom, GVF profiles at the 13-m sensor for cases 17, 20, 23, 26, and 29.

Figure 12. Numerica image of the flow for case 23 at the ultrasonic probe location.
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Figure 13. Numerica image of the flow for case 29 at the ultrasonic probe location.
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5. CONCLUSIONS

Three-dimensional numerical simulations of the liquid-gas flow in the multiphase test loop (Circuito Pogo) at NEAT-
PETROBRAS were performed using STAR-CCM+ v.9.02. The numerical flow pattern predictions agreed with those in
Baker’s flow pattern map except for the annular flow regime. Due to the difficulties in capturing in the simulations all the
complex aspects of the annular flow physics, the numerical resultsincorrectly predicted stratified wavy flow. Efforts are under
way to improve the numerical simulations, especially in the annular flow pattern. Nonethel ess, the present work showed that
for the plug and dug flow patternsit is possible to use CFD to obtain reliable time-dependent and average GVF values. The
former can be used for direct comparison with the acoustic signals obtained from the ultrasonic two-phase flow meter while
the latter can be used for the meter calibration.
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