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Abstract. The multiphase flow through differential pressure (DP) flow meters has a complex behavior, mainly if large-scale
interfaces characterize the upstream flow. In this work, a transient Computational Fluid Dynamic (CFD) study of wavy-
stratified gas-liquid flow through an orifice plate is presented. The geometry considered is a 0.5 diameter ratio orifice
plate arranged in a 25.4 mm internal diameter horizontal pipe. The Two-Fluid model was employed as the multiphase
approach, and the realizable k-ε mixture model was used for turbulence modeling. A hybrid segregated-dispersed drag
model was implemented, considering the sudden phase morphology change that occurs with the interaction of the phases
with the orifice plate. Results for two air-water flow experimental conditions at atmospheric pressure are discussed.
Transient fluctuations of DP and phase distributions were compared with the DP signal and flow images acquired with
a High-Speed Camera in an experimental facility designed for this study. The model could represent the propagation
of waves in the upstream flow and the positive correlation between the DP fluctuations and the liquid fraction in the
gas-liquid mixture. The CFD results provide a detailed fluid dynamics analysis to understand the correlation between the
liquid fraction and the DP fluctuations, which is essential for developing the technique that measures the flow rate of both
phases from a single measuring DP instrument.
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1. INTRODUCTION

Inline multiphase flow measurement requires the determination of the mass flow rate or phase velocities together
with the phase fractions. However, the techniques used to measure the phase fractions could not be sufficiently robust,
especially in field applications in the oil and gas industry. Studies focusing on differential pressure (DP) flow meters for
high gas volume fraction gas-liquid flows have proposed the determination of phase fractions from their correlation with
the transient fluctuations of the DP signal (Wenran and Yunxian, 1995; Xu et al., 2003; Zheng et al., 2016). In this way,
it would be possible to determine from a single variable, that is, from the measurement of the transient DP signal, the
velocity and the fraction of the phases, providing significant advantages in terms of simplicity, operation, and maintenance
costs. Such an approach requires studies to determine how fluid dynamics characteristics of the two-phase flow are related
to DP fluctuations. Computational Fluid Dynamic (CFD) models are valuable tools for this study because they can provide
details on the transient pressure, velocity, and volumetric fraction fields in the DP flow meter. In addition, from a CFD
model, it is possible to evaluate different operational and geometric conditions at a much lower cost when comparing to
carry out experiments.

Most CFD studies on high gas volume fraction multiphase flow through DP flow meters were conducted in steady-
state simulations. The wet gas flow through a Venturi flow meter was studied by He and Bai (2012) and Jing et al. (2019)
applying the Discrete Phase model (DPM). The comparison between simulation results and the experimental data was
performed from the over-reading parameter (OR). The OR parameter is the ratio between the apparent gas mass flow
rate predicted from the multiphase DP through the throttle device and the actual gas mass flow rate. Wang et al. (2021)
used the mixture multiphase model to simulate the steam-water flow in a Venturi flow meter and showed that the OR
increases sharply with the amount of steam. Xu et al. (2014) presented a comparison between the DPM model and the
Eulerian model for the simulation of wet gas flow through a long-throat Venturi. He et al. (2018) simulated the wet
gas annular flow through a Cone sensor using the Volume of Fluid (VOF) model coupled with the DPM model. In this
study, a comparison between the gas-liquid distribution observed from flow images and results obtained by simulation
was presented. Regarding transient simulations, Imada (2014) and Weise et al. (2021) performed CFD studies of the wet
gas flow through an orifice plate flow meter with the Two-Fluid model. In Weise et al. (2021) the authors verified the
influence on transient DP fluctuations associated with upstream phase distribution. Zhang et al. (2021) also presented
a transient CFD study of the gas-liquid flow through an orifice plate. They applied the VOF model and simulated flow
conditions with higher liquid content, but DP fluctuations were not evaluated.

Modeling gas-liquid flow with high gas fractions through DP flow meters involves critical aspects. The measuring
device can cause abrupt changes in the cross-sectional area of the flow, and different interface scales can be observed
across the domain. Considering the orifice plate, if the upstream flow is characterized by a large-scale interface (stratified,
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wavy-stratified, or annular flow), the device causes the breakdown of the interface into liquid droplets that are entrained
in the gaseous core. The liquid can also form a film on the downstream wall. In these cases, interface tracking or capture
methods, such as the Level-Set method (Sethian and Smereka, 2003) or the Volume-of-Fluid (VOF) (Hirt and Nichols,
1981) are not applicable, given the multiplicity of interface scales observed in the flow. An alternative for modeling large
and small interface scales in the same domain is the use of closure laws and numerical schemes in the Two-Fluid model
capable of dealing with dispersed and segregated flows (Štrubelj and Tiselj, 2011; Marschall, 2011; Höhne and Vallée,
2010; Höhne and Mehlhoop, 2014; Porombka and Höhne, 2015; Mathur et al., 2019).

In this work, we investigate the capability of the Two-Fluid model with a hybrid dispersed-segregated drag model in
representing a wavy-stratified gas-liquid flow through an orifice plate, focusing on the relation between the DP fluctuations
and the liquid fraction. In this way, the fundamentals of the method that uses only one DP flow meter to evaluate the gas
and liquid mass flow rates through the transient DP measurement are investigated.

2. METHODOLOGY

A transient simulation of the gas-liquid two-phase flow through an orifice plate was performed for the present analysis,
with the Two-Fluid model combined with a hybrid dispersed-segregated drag model. The URANS (Unsteady Reynolds-
averaged Navier–Stokes) approach has been used to evaluate the transient behavior. Considering the Two-Fluid model, the
mass and momentum conservation equations for a turbulent flow without mass transfer between phases are, respectively,
given by,

∂

∂t
(αkρk) +∇ · (αkρkuk) = 0, (1)

∂

∂t
(αkρkuk) +∇ · (αkρkukuk) = −αk∇P +∇ ·

[
αk

(
Tk + Tt

k

)]
+ αkρkg + MI,k, (2)

where k denotes the phase, αk is the phase volume fraction, ρk, is the phase density, uk is the phase velocity, P is the
pressure that is shared by both phases. Tk and Tt

k are the phase viscous and turbulent stress tensors, respectively, and
MI,k represents the interfacial momentum transfer through the interfaces.

The turbulent stress tensor of each phase is calculated from the turbulent viscosity (µt
k), assuming the Boussinesq

hypothesis. In this work, turbulent viscosity is calculated according to the realizable k − ε model, using the mixture
multiphase approach. The enhanced wall treatment was applied to modeling turbulence in the near wall regions, which
combines a two-layer model with wall functions (Ansys Inc., 2018).

The simulations were performed considering only the drag force in the interfacial momentum transfer. Regarding the
phase morphology, two regimes were considered: the dispersed regime of droplets distributed in a continuous gas phase
and the segregated regime. So, the interfacial momentum transfer is given by,

MI = fsMD,s + fdMD,d, (3)

where the weighting function depends on the gradient of the volume fraction as proposed in Porombka and Höhne (2015),
such that,

fd =
[
1 + ead(αl−αlim)

]−1

[1 + cg|∇αg|]−1
, (4)

fs = 1− fd (5)

where the model constants were set as ad = 50 and αlim = 0.3 as sugested by Porombka and Höhne (2015) and cg was
considered equal to 5 × 10−2 in the orifice plate upstream pipe and 5 × 10−4 in the downstream pipe. The drag in the
regions identified as large-scale interfaces is based on the model proposed by Marschall (2011). The expression is written
as:

MD,S = λ(ReI , πµ)
|∇αg|

δ

µgµl

µg + µl
ur, (6)

where ur is the relative velocity between phases and λ(ReI , πµ) = mReI + nπµ represents a dimensionless friction
coefficient, in which the first term is based on the definition of the interfacial Reynolds number, which in this work is
given by

ReI =
ρmδ|ur|

µgµl/(µg + µl)
. (7)
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The second term, πµ was calculated from Eq. (8):

πµ =
αgαlµgµl/(αlµg + αgµl)

µgµl/(µg + µl)
. (8)

The parameters m and n are model constants, to which the values 0.5 and 8 are assigned, respectively, and δ is the
thickness of the interface which is approximated by,

δ =
1

|∇αg|
. (9)

In regions characterized as dispersed liquid, the drag is calculated as follow,

MD,d =
1

8
CDAiρg|ur|ur, (10)

where the CD is the drag coefficient calculated according to Schiller and Naumann (1935) correlation and Ai is the
interfacial area density, which is a function of the droplet diameter (dl),

Ai =
6αl

dl
, (11)

wherein dl was considered equal to 0.5 mm, based on Pan and Hanratty (2002) and Bae et al. (2019).
The simulations were carried out for air-water flow. The compressible nature of the air was modeled using the ideal

gas law. So, the energy conservation equation was solved for the gas phase, but the viscous dissipation and the interfacial
heat transfer have been neglected.

The computational domain consists of the orifice plate and the upstream and downstream pipes, with 25.4 mm internal
diameter (D) and lengths of 100 D and 50 D, respectively. The diameter ratio of the orifice plate is 0.5, and the thickness
is 3 mm. The computational domain dimensions were based on test section dimensions of an experimental bench designed
for the DP acquisition simultaneously with the flow images from a High-Speed Camera. The hexahedral O-grid type mesh
has about 1,930,000 elements. The mesh appearance is shown in Fig. 1 in the longitudinal view and at the pipe and the
restriction cross-section views. The grid was refined near the pipe walls. Also, the refinement is performed gradually
from the domain ends towards the orifice plate in the mean flow direction.

Figure 1. Longitudinal and cross-sections of the computational grid.

Numerical simulations were carried out using the commercial CFD code ANSYS FLUENT 19®, which uses the finite
volume method for unstructured grids to solve the governing transport equations. Regarding numerical schemes, volume
fraction and velocity were discretized using the modified HRIC scheme and second-order upwind, respectively, and for
turbulent properties, first-order upwind was applied. The second-order implicit transient formulation was used with a
time-step of 2.5× 10−5 s. The Phase-Coupled SIMPLE algorithm was applied for pressure–velocity coupling.

Air and water enter separately in the flow domain, setting the mass flow rate of each phase according to the conditions
evaluated experimentally. The liquid inlet is performed peripherally while the gas enters from the core region. The gas
mass flow rate at the inlet is 0.0063 kg/s in both analyzed flow conditions, resulting in a superficial velocity equal to
10.3 m/s at the outlet (atmospheric pressure). The liquid superficial velocity is 0.065 m/s for Case 1 and 0.1 m/s for
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Case 2. Pressure-outlet boundary condition was applied at the outlet (atmospheric pressure), and the non-slip boundary
condition was set at the walls for gas and liquid phases. The temperature at the inlet and the walls is considered equal to
20◦C. The convergence criterion was set as 10−4 for scalable residuals. About 4 s of physical time was used for statistical
analysis after a statistically developed regime was observed.

3. RESULTS AND DISCUSSION

In Fig. 2 and Fig. 3 a set of results are presented for the cases with the liquid superficial velocity equals to 0.065 m/s
and liquid superficial velocity equals to 0.1 m/s, respectively. The analysis of the results is based on the mass flow
rate fluctuations of the liquid phase and DP fluctuations through the restriction. Also, the contours of the gas volume
fraction and gas velocity are presented. In Fig. 2 and Fig. 3, images of the flow and the fluctuations of the DP obtained
experimentally are also shown for comparison.

The liquid mass flow rate was evaluated in the simulations in a plane positioned perpendicular to the main flow
direction focusing in the orifice plate region. In the simulations (point monitors) and in the experiments, the DP was
monitored at the bottom of the pipe with a distance of 1 D from the upstream and downstream faces of the orifice plate.
The correlation between liquid mass flow fluctuations and DP fluctuations is evident in both cases. In turn, liquid mass
flow rate fluctuations are directly related to the propagation of waves through the orifice plate, as can be seen from the
contours of the gas volumetric fraction. Proportional fluctuations in the liquid mass flow through the orifice plate were
observed related to the amplitude, velocity, and length of the upstream waves. As more liquid is present in the orifice
plate, the smaller the area available for the gas flow, and the higher the velocity that the gas phase reaches when passing
through the orifice plate. This behavior can be observed from the analysis of volumetric fraction fields in conjunction with
the gas velocity field in Fig. 2 and Fig. 3. The blockage in the gas flow area causes abrupt variations in upstream pressure,
which result in larger DP fluctuations, in the same way as it was observed in the experiments. Therefore, Fig. 2 and Fig. 3
show the fluid dynamic characteristics that result in the observed relationship between DP fluctuations and the upstream
flow structure, which depends on the liquid fraction and it’s the main focus of the developed analysis.

Figure 4 shows the structure of the gas phase flow for the case with the liquid superficial velocity of 0.1 m/s at different
times during the propagation of a wave through the orifice plate. The time interval between the images is 0.3 s, and the
height of the images has been two times enlarged for better viewing. Between t0 and t2, it is observed the changes in
the gas flow behavior due to the growth of the wave upstream of the restriction, with the formation of a low-velocity
region ahead of the wave and high-velocity region over the wave crest. At the time t3, when the liquid volume at the
orifice reduces the gas flow area even more significantly, the deceleration of the upstream gas is observed, and at t4, the
flow of gas is accelerated again, as the area of the orifice occupied by the liquid decreases. In the downstream region,
larger recirculation regions are observed predominating in the lower part of the pipe, below the liquid jet, and smaller
recirculation regions in the upper part, especially on the edge of the orifice plate. The structure of the downstream flow is
constantly modified because of the phases interaction and the dynamics of the liquid jet that forms from the orifice plate.

Regardless of wave formation, it is observed that the orifice plate causes liquid blockage on the upstream face. The
dammed liquid tends to be deposited again on the film by the gravity action, joining the liquid main flow, while the liquid
closer to the edge of the orifice ends up being dragged by the gas. This interaction between the upstream liquid film and
the orifice plate produces variations in the liquid flow through the restriction device and, consequently, DP fluctuations.
Therefore, even when there is no formation of characteristic structures in the upstream flow, such as waves or slugs, DP
fluctuations can still be correlated with the liquid flow through the orifice plate and with the liquid fraction in the mixture.
This result was observed by Weise et al. (2021) in the simulation of the wet gas flow through an orifice plate, considering
a dispersed phase morphology upstream of the constriction, and better correlation was observed when an annular phase
distribution was simulated. Zhang et al. (2021) also showed that the water extrusion degree into the air constantly is
changed in a stratified flow with higher liquid fractions through an orifice plate. The conclusion was reached based on the
downstream jet structure, although the simulations were conducted for a short time after a clear morphology for the jet
was detected.

The comparison of gas volume fraction contours with the images obtained from the flow allows the observation that
the simulations can capture the wave behavior when it gets closer to the orifice plate. The liquid at the wave crest is
dragged with a higher velocity, resulting in the increase of the liquid entrainment in the gaseous core, which is observed
in the Fig. 3c) (t1 and t2), as in Fig. 3e) (t2). However, the CFD model does not adequately capture the rupture of the
gas-liquid interface in the orifice plate. Therefore, higher dispersion of the liquid phase downstream of the orifice plate
is observed in the flow images. It is noteworthy, however, that the analysis of the flow images in the downstream region
is more affected by the fact that the entire flow section is captured and not just the flow in the central plane. Thus, all
the liquid dragged through the orifice plate is visualized in the flow images, while just the liquid dragged from the lower
edge of the restriction is shown in the simulation results. The formation of a liquid film on the pipe walls after the orifice
plate observed in the experiments is also observed in simulations, such as exemplified in Fig. 5 from isosurfaces for the
gas volume fraction with the isovalue of 0.3 in Fig. 5a) and 0.9 in Fig. 5b).

Comparing the DP results presented for Case 1 and Case 2, both from numerical simulations and experiments, it is
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Figure 2. Simulation results for the Case 1 with gas superficial velocity of 10.3 m/s and liquid superficial velocity of
0.065 m/s: (a) liquid mass flow rate fluctuations through the orifice plate; (b) diferential pressure fluctuations through the
orifice plate; (c) contours of gas volume fraction at a central plane; (d) contours of gas velocity magnitude at a central
plane; (e) HSC flow images; (f) experimental diferential pressure fluctuations. The time interval between images is equal

to 50 ms.
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Figure 3. Simulation results for the Case 2 with gas superficial velocity of 10.3 m/s and liquid superficial velocity of
0.1 m/s: (a) liquid mass flow rate fluctuations through the orifice plate; (b) diferential pressure fluctuations through the
orifice plate; (c) contours of gas volume fraction at a central plane; (d) contours of gas velocity magnitude at a central
plane; (e) HSC flow images; (f) experimental diferential pressure fluctuations. The time interval between images is equal

to 30 ms.
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Figure 4. Gas volume fraction and gas velocity vectors instantaneous fields during a wave propagation through the
orifice plate. The time interval between images is 0.3 s and in the images the height has been magnified twice for better

visualization.

Figure 5. Isosurfaces for the gas volume fraction with the isovalue of (a) 0.3 and (b) 0.9
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possible to notice a positive correlation between the liquid fraction with the mean of the DP and the amplitude of the DP
fluctuations. So, numerical and experimental results are qualitatively consistent. However, the mean and the standard
deviation of the DP are overpredicted by simulations. CFD simulations overpredict the mean of the DP by approximately
36% for both cases. Concerning the standard deviation of the DP fluctuations, the value obtained from the simulation is
3.7 and 6.7 times greater than the experimental result for Cases 1 and 2, respectively. These errors can be related to the
model failure in representing the interface rupture as the liquid comes into contact with the orifice plate and the liquid
phase behavior as this rupture occurs. Therefore, the peaks of the DP fluctuations in the simulations are higher than in
the experiments because the interface does not break up, causing a more significant reduction in the gas flow area at the
orifice plate. The point mentioned seems to be the major challenge in modeling the large-scale interface flow through the
orifice plate, and further investigations are needed.

4. CONCLUSIONS

In this study, a hybrid model for the drag force was implemented for the transient simulation of a wavy-stratified
flow through an orifice plate using the Two-Fluid model. The influence of the liquid superficial velocity on the transient
behavior of the flow was evaluated, and the numerical results were compared with experiments through DP fluctuations
and High-Speed Camera flow images.

The numerical model can represent the formation of waves upstream of the restriction for the conditions analyzed and
qualitatively capture the positive correlation between the mean and standard deviation of the differential pressure through
the orifice plate with the liquid fraction in the flow. However, both parameters are overpredicted by the CFD model.
Further studies should investigate the process of the interface rupture in the orifice plate and improve the modeling of
interfacial transfer terms to better deal with liquid entrainment and liquid dispersion.
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