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ABSTRACT

Annular gas-liquid flows have been extensively studied over the years. However, the nonlinear
behavior of the interface is still currently the subject of study by multiple researchers worldwide.
The appearance of a liquid layer on the wall and its turbulent behavior support the heat exchange of
multiple systems in the industrial field. Research in this area allows the optimization of these instal-
lations as well as the analysis of possible safety problems if the liquid film disappears. This study
first shows some of the most important findings obtained in the GEPELON experimental facility
(GEneracién de PElicula ONdulatoria or Wavy Film Generator). The facility was built in order to
analyze the behavior of the liquid film in annular downward air-water flow. The experimental range
of the inlet conditions is 800-8000 for the Re, and 0-110,000 for the Re . Measurements for the mean
film thickness show a fairly good agreement with the empirical correlations and the measurements of
other authors. One of the most demanded applications of this type of measurements is the validation
of computational dynamics or CFD codes. Therefore, the experiment has been modeled using Ansys
CFX software, and the simulation results have been compared with the experimental ones. This
article outlines some of the reasons why two-phase flow simulations are currently challenging and
how the codes are able to overcome them. Simulation predictions are fairly close to the experimental
measurements, and the mean film thickness evolution when changing the boundary conditions also
shows a good agreement.

Keywords: CFD simulation, conductance probe, experimental measurements, film thickness, vertical
downward annular flow.

1 INTRODUCTION
The gas-liquid annular flow appears in multiple applications in the industrial field, and
its behavior has been of interest to researchers. Both natural and forced annular flow can
be found in multiple installations, such as condensers, evaporators, distillation towers, or
nuclear reactors. In the nuclear field, we can highlight the appearance of downward annu-
lar flow in accident scenarios for both pressurized water reactor (PWR) and boiling water
reactor (BWR).

The characteristic liquid film observed near the pipe wall provides to this flow important
properties, specifically those related to heat transfer. The appearance of interfacial waves in
this liquid film and the high turbulence observed in the form of eddies increase the exchange
of mass and heat. Multiple authors have focused their study on the behavior of these waves
such as [1] and [2] and more recent articles, for instance [3, 4]. Interfacial waves can be clas-
sified into three main groups: disturbance waves (DWs), ripple waves (RWs), and ephemeral
waves [5]. DWs are the largest waves with the longest lifetime, and they are characterized by
occupying the entire annulus of the pipe. On the other hand, RWs are smaller, non-coherent
waves that appear between the DWs and are usually absorbed by them. The ephemeral waves
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are intermediate in size between DWs and RWs, are non-coherent all around the pipe section,
and generally travel between DWs until they are absorbed by them.

Many other authors have investigated the behavior of the liquid film under both upward
and downward annular flow conditions where we highlight [6-9] or [10] among others. As
a consequence of the exhaustive measurements carried out by different researchers, a large
number of correlations have been described to obtain the value of some of the properties of
the liquid film. In the case of free-fall annular flow, multiple expressions have been proposed
over the years to obtain the mean film thickness. Some of these correlations can be found in
[11-14]. Other authors [15-18], although they have not calculated experimental correlations,
do show a large number of experimental measurements.

Although mean film thickness is the most studied variable, many other characteristics have
been analyzed. Some of them have been measured, but more research effort is needed to
complete the range of application as well as to propose empirical correlations. In general,
most of the authors measure the average height, the frequency, and the celerity of both DWs
and RWs.

CFD codes have been increasing their applications in two-phase flow over the years,
although their use still represents a challenge in many of them [19]. The information available
is becoming more and more extensive, but the high confidence requirements needed in some
of the applications reduce their use. In the field of nuclear safety, CFD codes have a promising
future [20] although a major contribution is still needed from the scientific community.

This article is structured as follows. Section 2 shows the information related to the exper-
imental setup detailing the boundary conditions and the measurement systems. Section 3
covers the CFD model that has been generated to carry out the simulations and provides
details of the methodology. Section 4 contains the discussion of the results showing the
most important experimental measurements and the simulations carried out. Finally, the
article ends with the main conclusions obtained that summarize the most important parts of
the study.

2 EXPERIMENTAL FACILITY
2.1 Description of the facility

GEPELON experimental facility is designed to analyze the behavior of the liquid film in
annular downward air—water flow (Fig. 1). The installation has two separate circuits that are
joined together in the injector of the test section. On one hand, the water circuit is designed
to pump water with known temperature, flow, and pressure characteristics to the injector,
located in the upper part of the installation. On the other hand, the air circuit is composed of
the compressor and the measurement and control systems that send a controlled airflow to the
second inlet of the injector. Sensors in both circuits collect the information and send it to the
data acquisition system (DAQ) where it is stored at a frequency of 2 Hz.

The water accumulated in the injector crosses through a porous pipe and joins the air-
flow, forming a liquid film. Both fluids flow down the test section consisting of a transparent
MMA pipe equipped with multiple conductance probes. The time evolution of the liquid film
obtained by these sensors is recorded in the DAQ at a frequency of 5000 Hz.

Both the injector and the test section have been duplicated, so the behavior of the film can be
studied in two pipes of diameters and 42 and 30 mm. The test section is approximately 5 m long
in both cases. A total of five conductance probes have been installed at 180,785,1128,2500,
and 3500 mm from the inlet. For the 30-mm section, which is the one simulated with the CFD
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Figure 1: Flow diagram of the GEPELON facility [21].

Table 1: Inlet conditions of the liquid and gas for the experiments in the GEPELON facility.

Flow [1/min] Velocity [m/s] Reynolds number
Water 1-10 0.02-0.24 800-8000
Air 0-2500 0-60 0-110,500

code, the equivalent diameters of the positions with respect to the inlet are 6, 26, 38, 83, and
117 diameters. The inlet conditions of this facility are summarized in Table 1.

2.2 Conductance probes

Conductance probes are sensors designed to measure the thickness of a thin liquid film. Their
operation is based on the conductivity of water so that the current between two electrodes
will be higher when the thickness of the film increases [22]. This technique has been used by
a large number of authors [12, 23-29].

Among the different types of conductance probe configurations, GEPELON facility probes
consist of three flush-mounted electrodes (emitter, receiver, and ground) placed at a specific
spacing and diameter. The probes have been designed to have enough sensitivity without
compromising the maximum saturation liquid film value (Fig. 2). The transmitting electrode
sends a 100 kHz, 5 Vpp sinusoidal signal to the receiving electrode. The ground electrode is
placed in the middle of both, providing stability and controlling the signal.

The electronic device that controls the electric current through the probe is composed of
multiple amplifiers, a rectifier, and an electronic low-pass filter. The probe output signal is
therefore rectified and amplified, so it reaches the data acquisition card as clean as possible.
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Figure 2: Conductance probes’ design and dimensions.

There is a relationship between the current passing through the electrodes and the amplitude
of the liquid film. In order to determine this relation, it is necessary to calibrate the probes. For
this purpose, a calibration system has been developed consisting of a signal generator, the elec-
tronic circuit, a flatness table equipped with a high-accuracy positioning system, and a position
coordinate display. The probe is calibrated using precise dielectric cylinders that simulate a
film of known thickness. To ensure that the measurements are constant and stable, treated
water is used, maintaining a conductivity value of 50 uS. The calibration system places a die-
lectric cylinder of known diameter in the center of the probe creating a liquid ring of known
thickness. The output signal is collected by the data acquisition card, and the thickness-voltage
relationship is obtained for a total of 20 calibration points. More information about the calibra-
tion system can be found in [29], where each of the devices in the system is detailed. Equation
(1) is obtained adjusting the measurement points with a Sth-order polynomial.

h=0.111V° - 0.6598 V*+ 1.5582 V3 — 1.6682V2 + 1.2919 V + 0.0275, (1)

where V is the output voltage obtained and 4 is the thickness of the film.

3 CFD MODEL
The CFD model has been developed in ANSYS CFX® software. To simplify the case in
the first stage, a reduced domain has been generated when compared to the test section of
the experiment. Figure 3a shows the 300-mm geometry and 30-mm diameter that has been
created for this study.

The mesh generated with the ICEM CFD® tool contains 0.6 million hexahedral elements,
positioned in the flow direction. Special care has been taken in the nodes close to the wall where
the interface between water and air will be located. Figure 3b and ¢ shows the details of the upper
part of the pipe and the inlet. In order to determine the mesh quality, we have followed the rec-
ommendations of CFD best practice guidelines [20] and the Ansys Meshing User Manual [30].
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Figure 3: GEPELON model. (a) Fluid domain and dimensions, (b) detail of the top part of the
cylinder mesh, (c) detail of the inlet mesh, and (d) water volume fraction at the inlet.

A total of 27 steady-state simulations have been carried out covering the range of Re,
from 800 to 6600 and Reg from O to 44,000. Shear-stress transport (SST) turbulence model
has been selected to decrease the computational time and to obtain values closer to the fully
developed zone of the experimental facility. This model allows multiple simulations to be
carried out in a short period of time at the cost of reduced accuracy for such a thin film. The
large--eddy simulation (LES) model represents a more realistic option [31], but due to the
high computational cost, it has been decided to reserve this option for a more advanced stage
of the study. The buoyancy model selected is the density difference and the high-resolution
technique as the advection scheme.

Figure 3d shows the volume fraction of the liquid in the inlet. A volume fraction profile has

been generated following eqn (2).
- 1if x*+z27 27,

water — 2 2
0if \Jx*+2° <r, @

where x? and 72 are the radial coordinates with the origin at the center of the pipe, and Fint
is an arbitrary value of internal radius. This value has been set in all simulations to 0.013 m,
representing a virtual liquid film thickness of 2 mm. The initial values of the variables in the
domain correspond to an air volume fraction of 1 moving downward at a uniform velocity

similar to the gas inlet velocity.

4 RESULTS
The liquid film in annular downward air—water flow can be analyzed from multiple perspec-
tives. Some of the most interesting variables are the mean film thickness (,,, ), DW height
and frequency (hyy, vpy), DW celerity (cpy,), RW height and frequency (/g vgy), Or the
base unperturbed film thickness (4,,,) among others, as shown in Fig. 4a.
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Figure 4: Main properties and evolution of the liquid film. (a) Spatial evolution of the liquid
film and representation of some of the most important variables. (b) Time evolution
of the film thickness and DW peaks detected.

GEPELON facility has been in operation for the last few years, and some of the results
already published can be found at [21]. Data processing has recently been completed, and
multiple correlations have been obtained addressing many of the liquid film variables. In
this article, the analysis has been focused on the mean film thickness (%,,,,.) since it is the
simplest variable to analyze from the point of view of simulations using a RANS turbulence
model. Figure 4b shows the time evolution of the liquid film obtained in the experimental
setup with Re, = 2200 and Reg = 0. The average of the signal obtained over time will be the
mean film thickness.

Regarding the simulation, the liquid volume fraction has been used as a variable to obtain
the average film thickness. However, there is a diffuse zone that occupies multiple cells where
the volume fraction goes from 1 to O and where the interface is located. There are different
methods to approach this problem [32] although for this analysis it has been decided to sim-
ply locate the interface at the coordinates where the volume fraction is equal to 0.5. In the
future, it is expected to obtain the percentage of space in the cell occupied by the liquid and

Water Volume Fraction

Distance from wall [mm]

Figure 5: Water volume fraction for different Re, depending on the distance from the wall.
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Figure 6: Liquid film in a cross-sectional plane inside the pipe. (a) RANS turbulence model
simulation. (b) LES turbulence model simulation.

to collapse all the volumes into a single liquid film. Figure 5 shows the evolution of the water
volume fraction with the distance to the wall for different liquid Reynolds numbers and a
constant gas Reynolds number of 44,210.

The fluid film variables derived from the appearance of waves, both DWs and RWs, require
the use of advanced transient simulations with more complex turbulence models such as LES
or certain URANS. Simulations of this type are currently being carried out but outside the
scope of this article.

A comparison of the volume fraction in a longitudinal plane inside the pipe for a time
instant between the RANS and LES simulation can be seen in Fig. 6. On the left, the RANS
model predicts a constant and uniform film while a long ripple is slightly observed at the
interface in the LES model as well as a thinner interface. Since the pipe extension in the
simulations is much smaller than that in the experiments and the DWs need a wide path to
develop, it is expected not to see clear DWs at this stage. According to [33], waves are formed
at the beginning of the pipe and have a high frequency. As they move down the pipe, they
coalesce into larger scale DWs.

A large number of authors have studied the mean film thickness, and it is possible to
find measurements for a wide range of free-falling conditions in the literature. Figure 7
shows the experimental measurements of different authors for the mean film thickness in
free-fall annular flow. Continuous lines refer to the expressions of [11] and [13] widely
accepted by the scientific community. The different markers correspond to experimental
measurements by other authors specifying the reference, the measurement system, and the
pipe diameter. First, measurements using electrical methods correspond to: [34] using con-
ductance probes; [12] with capacitance probes; [14, 35] using parallel wire probes; and our
measurements by means of flush-mounted conductance probes in the GEPELON installa-
tion [21]. On the other hand, experimental measurements using optical methods are also
included such as [15] measuring kerosene with the photo-chromic dye tracer technique;
and [16—18] using different variants of the laser-induced fluorescence (LIF) technique. The
CFD results obtained following the model described in this article correctly predict the
experimental measurements, although a more linear trend is observed than the followed by
the experiments.
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Figure 7: Comparison between experimental measurements from different authors, corre-
lations, and CFD results. Red squares and blue cycles represent the experimental
measurements, while the black crosses correspond to the CFD predictions.
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Figure 8: Comparison between experimental measurements and CFD results for downward
co-current annular flow. (a) Mean film thickness vs Re;. (b) Mean film thickness
vs Re,.

g

Finally, Fig. 8 shows the experimental measurements and simulation results of the average
film thickness for different Re, and Reg. Currently, CFD results are limited to the range of Reg
between 0 and 44,210 although it is expected to increase these values to cover the full range
of the experiment. As shown in the figure, there is a good agreement between simulation
predictions and experiments for small Reynolds numbers of the gas, but the CFD calculations
overpredict the mean film thickness for higher values.

5 CONCLUSIONS
This document summarizes the operation of the GEPELON installation, whose objective is
the development of a downward annular air—water flow. The installation is equipped with
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five conductance probes located at different heights and capable of measuring the time evo-
lution of the liquid layer. By processing this signal, it is possible to obtain measurements of
the mean film thickness, the height and frequency of the DWs, or the base unperturbed film
height among other variables. The measurement range of this facility is 800-8000 for the
liquid Reynolds number and 01,100,000 for the gas Reynolds number.

The CFD model of the GEPELON facility is simulated using Ansys CFX® code. In this
first stage, the model has a 0.6 million nodes mesh, and it is designed to work with the SST
turbulence model in steady-state simulations. A total of 27 simulations have been carried out
covering the range 800-6600 for the liquid Reynolds number and 0-44,000 for gas.

The comparison of the simulation predictions with experimental measurements from dif-
ferent researchers and the GEPELON facility shows a fairly good agreement. For free-fall
annular flow (Reg =0), a high accuracy is obtained in the CFD results although a more linear
trend is observed compared to the tendency of the experiments. In relation to the co-current
results with forced airflow, good agreement is observed for small Reynolds number of the
liquid but the discrepancy increases for higher Re, .

In the next stage of the investigation, it is expected to complete the CFD model to cover
the full range of initial conditions of the experiment. In addition, it is planned to increase
the accuracy using more complex models, such as LES turbulence model. Additionally, an
uncertainty quantification analysis is expected to be carried out to include the error bands in
the predictions of the CFD simulations.
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