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Abstract

Introduction

In this paper, we have performed an experimental study of the effect of changing the
surface tension of the water in vertical annular concurrent two-phase flow (air + liquid)
by adding small amounts of 1-butanol to the liquid phase. Adding small amounts of this
chemical compound diminishes the surface tension of the water, while the dynamic
viscosity remains practically unchanged. A set of experiments have been performed in
the interval of surface tension values that ranges from 72. 10 N/m to 45. 10 N/m, and
with different values of the superficial velocities of the gas and liquid flows. In this broad
range of surface tensions and boundary condition values the following magnitudes which
characterize the interface behavior have been measured, average amplitude and frequency
of the disturbance waves for each boundary condition and surface tension value. In
addition, the mean amplitude of the ripple waves, the mean value of the unperturbed base
thickness, and the average film thickness were also measured. A set of correlations have
been obtained expressing all these magnitudes in nondimensional form in terms of the
Reynolds number of the gas, the Reynolds number of the liquid and the Kapitza number.
A brief discussion and comparison with the results of other authors have been also carried
out.

Keywords: Interfacial waves, disturbance waves, ripple waves, annular flow

Introduction

Annular concurrent vertical two-phase flow appears in a big number of nuclear reactor
applications as for instance in the vertical channels of Boiling Water Reactors, Advanced
Boiling Water Reactors, and in several accidental scenarios of the reactor channels of
PWR. In addition, this flow pattern also appears in chemical reactors, and other chemical
and energy technologies. When this flow pattern takes place inside a pipe, a liquid film
forms close to the pipe walls and moves upward dragged by the shear stress exerted by
the gaseous phase. Gas phase moves with much higher velocity than film’s velocity and
is located in the central part of the pipe, forming a gaseous core with small drops.
Generally large waves, denoted as disturbance waves (DW), which are coherent over
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large distances appear at the gas-liquid interface. Additionally, incoherent small waves
are observed between these large disturbance waves, which popularly are known as
ripples waves (RW). The small drops, which appear in annular flow are separated and
does not aggregate forming large droplets as in wispy flow.

These large-scale disturbance waves are separated by a thin film liquid layer known as
the base film layer, the small scale RW are travelling over this base film layer surface or
over the large scale DW. Some authors, as Azzopardi (1997), and Alekseenko et al.
(2018), consider the presence of these large DW as a necessary condition for the inception
of entrainment. Since they assume that the entrained drops are formed in the peaks or
crests of these waves by the shear stress forces exerted by the gas on the top of these
waves, which are able to overcome the liquid cohesion forces. Alamu and Azzopardi
(2011) showed experimental evidence of the relationship between periodicity/frequency
of the DW with respect to the fluctuation (frequency) of the drop concentration in time.

An important issue is the interaction between the DW and the RW, by high speed
fluorescence Alekseenko et al. (2014) have shown that RW appear always at the base of
the rear front of large DW. In addition, Chu and Dukler (1974) have proved that the RW
have a short life in comparison with that of the DW.

Early studies on disturbance waves were performed by Taylor, Hewitt and Lacey (1963),
they found that the formation of these waves was related with an observed transition in
droplet entrainment which is consistent with the recent findings by Alekseenko et al.
(2018). Besides, Taylor et al. (1963) found that the average wave velocity increased
rapidly when the gas flow increased but was insensitive to the changes in the liquid flow
rate. In addition, they also found that the frequency of these DW was insensitive to the
air flow rate but increased with the liquid flow rate. Zhao et al. (2013) found that the DW
once are formed remain axially and circumferentially coherent. In addition, small ripples
and no coherent waves appeared, which were located between the DW and in some cases
mounted on the DW.

In addition, a set of authors have performed previous studies on this subject specially we
must mention the works by Belt et al. (2010), and Azzopardi and Whalley (1980) which
performed a set of measurements in vertical annular flow, of the film thickness, velocity
of the DW, and distribution of these waves.

The main goal of this paper is to perform a set of experiments adding small amounts of
1-butanol to the water. The effect of this addition is to reduce the surface tension of the
water while the viscosity remains practically unchanged, this effect is like to rise the water
temperature. Proceeding in this way, it is possible to study the effect of the changes of the
surface tension on the disturbance waves and ripples wave properties, and to obtain more
general correlations for the magnitudes that characterizes these waves.

The organization of the paper is as follows: section 2 describes the vertical annular flow
facility (VAFF), the instrumentation used to perform the measurements of the physical
magnitudes, and the calibration methods. In section 3, we describe the conductance probe
measurements and methods, the test matrix of the experiments, the main magnitudes
being measured as height and frequency of the DW, average thickness of the film,
properties of the ripple waves and so on. In section 4, we correlate the



nondimensionalized physical magnitudes in terms of pi-monomial, discussing the results.
Finally, in section 5, we give the main conclusions of the paper.

2. The Vertical annular flow facility (VAFF), instrumentation, data
acquisition and calibration methods

2.1 Layout, operation, and characteristics of the VAFF facility

In this section, we give a short description of the VAFF facility and its operation. Figure
1 displays the main characteristics of the VAFF facility. This facility includes the
following interconnected circuits and components:

1) The air production circuit, which is formed by the following components: i-1) the
compressor; i-2) a big air tank, that acts as a reservoir of air to maintain the air flow
constant; i-3) a gas filter, that removes any small particle which is being entrained by the
gas stream; i-4) a demisting filter to eliminate any small drop or mist contained in the air
current; i-5) the flow control valve, that controls that the gas flow is within certain
operating limits; i-6) the pressure control valve; i-7) an air flow meter to measure the gas
flow entering the test section; i-8) a pressure sensor to measure the pressure near the inlet
of the test section.

ii) The water circuit with the following functions: to recover, filter, and store, the water
coming from the test section, and then to pump and inject it into the test section through
the water injection device (figure 1). This system is formed by the following components
and devices: ii-1) the extraction water device, which extracts the water annular film from
the test section, this water is removed through a metallic porous material to the water
extraction tank, this water is then pumped and after being filtered is send again to the
water injection tank; ii-2) The injection water device, which creates the annular flow as
shown in figure 1. The water flow between the tank injection system and the test section
depends of the pressure difference between both sides of the porous pipe in the injection
device.

iii) The test section, that has a height of 5 meters and 44 mm of inner diameter, is made
of methacrylate. In the lower part of the test section, this component is connected to the
injection device, which creates the annular flow, while its upper part is connected to the
extraction device and the demisting cyclone. Therefore, the test section receives an
annular flow that develops through the pipe of the test component. Two differential
pressure sensors, located in the upper part of the test section, measure the pressure drop
of the annular flow at different points to know if the annular flow is fully developed or
not (Cuadros et al. 2019). In the upper part of the test section, it is also located the
conductance probe that measures the film thickness evolution with time.

The operation of the facility is performed as follows: filtered and demisted air is injected
in the lower part of the injection device that creates the annular flow by means of the air
production circuit, which contains a compressor whose maximum working pressure and
volumetric flow rate are 8 bars and 3750 liters/min respectively. The flow rate of the
injected air ranges from 2250 to 3500 liters/min. At the same time, the injection water
device injects the water in the test section, at a lower flow rate ranging from 4 to 10
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liters/min. The water film flow created by this injection device is pushed up by the shear
stress acting on the gas-water interface produced by the gas flow moving upward at much
higher velocity than that of the water annulus close to the walls. This water-gas flow
develops through the test section and disturbance and ripple waves are produced at the
interface, which are registered by the conductance probe located in the upper part of the
test section. The characteristics of these waves depend on the boundary conditions,
mainly gas and liquid superficial velocities (j; and j,) and liquid surface tension (o). This
last effect is analyzed adding small quantities of 1-butanol to the water that modifies the
surface tension producing small variations on the viscosity.

The gas flow, when its velocity is high enough, can drag small drops from the crest of the
disturbance waves that then move with the gas stream. Some of these drops, due to the
turbulence motion, can interact with the water film flow, and others move toward the exit
of the test section and enter a centrifugal demisting cyclone, where are separated from the
gas stream. The demisted gas stream is then vented to atmosphere. New fresh air is
injected into the test section after compression, demisting and filtering, and a new air
cycle starts again.
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Figure 1: Layout of the vertical annular flow facility (VAFF) with a description of the
water injection and extraction systems, which create the annular flow and remove the
water film respectively.

2.2 Facility instrumentation, electronics and data acquisition
2.2.1 Main facility instrumentation

The VAFF facility is equipped with different sensors and probes to check all the state
variables and the boundary conditions. All the measurements are performed when the
annular flow is completely developed at the measuring point for each experimental



condition. To check this issue, two differential pressure sensors, denoted as 1 and 2, are
located in the upper part of the test section, if both sensors measure the same pressure
drop this means that the flow is fully developed. The equipment used to perform these
measurements is formed by two SMC PSE 550 low differential pressure transducers.
These sensors have a rated pressure range from 0 to 2 kPa, with an accuracy £1.0% at full
scale (F.S.) or smaller, a linearity error equal or less than £0.5% F.S., and a repeatability
error of 0.3% F.S. or less.

Because, according to Darcy formula (Cuadros et al. 2019), the volumetric flow rate
depends on the pressure difference between the inner and outer sides of the porous
sintered material, then the local pressure measurements are made at two different points,
one in the water injection tank and the other one near the inner side of the porous sintered
pipe, see figure 1 for more details. These local measurements are performed with Burkert
8314 relative pressure transducers (difference in pressure between the inner part of the
facility and the surrounding atmosphere). These sensors have a pressure range
measurement between 0 and 1 bar, with a sum of linearity, hysteresis and repeatability
errors less than +0.3% F.S. and error adjustment accuracy zero point and full scale less
than +0.3%.

The temperature of the water was measured during the experiment and an average value
was computed for each particular run with given boundary conditions and 1-butanol
concentration which determines a surface tension value (j;, j, and o). Temperature
measurements were performed with Type T thermocouples (copper-constantan), which
are suitable in the range -200 to 350 °C. Their error, for measurements above 0°C, is the
biggest one of the following two values 1.0°C and 0.75% of the measured temperature in
Celsius degrees.

The water volumetric flow rate measurements were performed with a Krohne Optiflux
4300 C Series electromagnetic flowmeter (EMF). This EMF was located in the pipe that
supplies the water to the injection device. Its volumetric flow rate measurement interval
ranges from 0 to 20 I/min and has an accuracy better than £0.3% of span.

The measurements of the high-speed gas volumetric flow rate were performed with a
SMC PF2A706H magnetic flowmeter. Its volumetric flow rate measurement range covers
from 300 to 6000 I/min, the flowmeter has a linearity accuracy of £1.5 % of full scale
(F.S.) or less and a repeatability of +1.5 % F.S. or less.

2.2.2 Conductance probe characteristics

The estimation of the characteristics of the interfacial waves and the film thickness is
performed using a conductance probe. This type of probe, which is displayed in figure 2-
b, allows to measure and record the fast-moving wavy film behaviour produced at the
gas-liquid interface. This probe consists in three conducting electrodes flush mounted to
the wall and aligned with the tube in the direction of the gas and film flows. The first
electrode is the transmitter electrode, which emits a signal generated by a signal-
generator, the second one is connected to the ground and the third one is the receiver
electrode, which collects the current that the water film conduces. The amount of current
conducted from the emitter to the receiver depends on the film thickness existing between
both electrodes. The three electrodes are inserted into the conductance probe port that is



made of polypropylene. In addition, the three sensor electrodes are made of stainless steel
and are inserted in the port vertically to the port walls as displayed in figure 2-b, the space
between the electrodes is 1.5 mm, and have a diameter of 2 mm. The transmitter electrode
is excited, with a 300 kHz sinusoidal signal and 4 Volts peak to peak. The diameter of the
port is the same one that the diameter of the pipe and its length is 170 mm. Small slots
have been created at both sides of the port to connect it to the test pipe without connection
discontinuities.

EMITTER
ELECTRODE R

GROUND <=2
)~

RECEIVER
ELECTRODE

(b)

Data
" Adquisition
a4

Rectifier
N

A4

Signal generator > Amplifier > Probe > Amplifier
N N

A\ I\, ~ \,
\v \\j \

(©)
Figure 2 a) Electronic circuit built for the conductance probe, b) 3D view of the probe

with the arrangement of the 3 electrodes, ¢) flow diagram of the performance of the
electronic circuit.

The total amount of current collected by the receiver at any time instant is proportional
to the liquid film thickness existing at that time between both electrodes, i.e., the
transmitter and the receiver. Also, it is important to notice that the resistance and
capacitance between the transmitter and receiver electrodes depends also on the signal
frequency. Because of the resistance and the capacitance fall to asymptotic values as the
frequency increases, for this reason the frequency of the signal was set to 300 kHz, which
is beyond the frequency saturation point. The dependence of the signal voltage with the
film thickness has been analyzed by several authors for different types of conductance
probes (Coney 2001, Koskie et al. 1989, Kyu Byung Lee et al. 2016). All of them have
found that the signal in volts increases with the film thickness, being necessary a
calibration that depends of the fluid conductivity and the characteristics of the
conductance probe. Consequently, the electric signal collected by the receiver changes
when an interfacial wave crosses the sensor region for a conducting liquid as water, and
this change allows the determination of the liquid film thickness variations with time.

2.2.3 Electronics and data acquisition system

The electronic used for the conductance probe is displayed at figure 2-a, the functions
performed are: first the sinusoidal signal produced by the generator is amplified before
sending it to the excitation electrode or transmitter (Rivera et al. 2019). Next, the receiver
electrode captures the signal, which has been transmitted through the liquid layer. This
last signal is amplified again and transformed into a DC current by a rectifier incorporated
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to the electronics device. Finally, the data acquisition system acquires this DC signal,
whose value is related to the liquid film thickness existing between both electrodes. As
consequence, the variations with time in the value of this DC signal will indicate the
passage of the interfacial waves present in the liquid film. This electronic circuit is made
of 4 high frequency amplifiers, several precision resistances (0.1% tolerance),
capacitances and diodes 1N4148. All the components used are high precision ones, with
low tolerance.

During the test runs all the instrumentation devices, located in the positions given at figure
1 and described in the previous sections, are monitoring in real time. In order to acquire
all the major experimental conditions, the collected data include air and water volumetric
flow rates, temperatures and pressures, in addition to the recording of the experimental
data along the test section, i.e., conductance probe signal in volts and pressure test-section
values. The data acquisition system has been programmed in LabView. This system
distinguishes between two types of measurements: The conductance probe
measurements, which suffer fast variation with time and need high sample rates in order
to capture the shape of the wave peaks, and the rest of measurements as temperature,
pressure and flow rates, which need much smaller sample rates. The acquisition system
for the conductance probe records 10> samples per second (S/s) (National Instruments
PCI 6255 with 80 analogic channels and a maximum rate of 1.25 MS/s). For the rest of
experimental data, which suffer smaller variations with time, the acquisition system
records 120 samples per minute from each sensor of the facility (National Instruments
cDAQ-9174 chassis compact-DAQ with a module NI 9207 of 16 analogic channels and
a maximum rate of 500 S/s).

2.3 Calibration of the conductance probe

To obtain better accuracy (Rivera et al. 2019) than in previous measurements (Cuadros et
al. 2019) a new calibration device, displayed at figure 3, was designed and built with
higher precision components than the previous one. The goal of the calibration is to relate
the voltage signal with the water film thickness. For the measurement performed adding
1-butanol to the water, the sensor calibration must be repeated, because water
conductivity changes with 1-butanol concentration and therefore the electric signal is
different for each 1-butanol concentration when the rest of conditions are the same.
Proceeding is this way, it is possible to relate the information contained in the recorded
signals (V) with the amplitude of the waves (mm) and film thicknesses (mm) produced at
the fluid interface.

The calibration process was carried out with the calibration device, displayed at figure 3.
This device consists of three major components: one optical precision table; a precision
positioning system mounted on this table with an error of 0.002 mm; and several cylinders
with known diameters and made with a dielectric material. By setting the dielectric
cylinder at the desired position, in the inner part of the conductance probe port, by means
of the precision positioning system, we can know the fluid thickness between the
dielectric and the probe electrodes inserted in the polypropylene port and connected to
the electronics displayed at figure 3. Then, measuring the voltage in the receiver electrode
of the probe for each film thickness, we can find by a fitting process the existing
relationship between the signal voltage and the fluid thickness.



A total number of 33 calibration measurements were made with the calibration device for
each one of the three 1-isobutanol concentrations values, which are denoted by their
surface tensions at 25 °C, 68.5-10° N/m, 55-10° N/m and 45-10° N/m. As shown in
Figure 4, all the calibration measurements saturated beyond a given thickness, i.e., the
signal in volts attained a saturation value.
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Figure 3. Arrangement of elements of the high precision calibration device for the
conductance probe.
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Figure 4. Calibration curve obtained with 33 calibration points and a fitting
polynomial of fifth degree for ¢ = 68.5 - 1073 N /m.

However, as the experimental data for the boundary conditions used in this paper showed
that the signal amplitudes (Volts) were smaller than 0.8 Volts for all the cases with 1-
butanol, then the film thickness and the height of the disturbance waves were always
smaller than 1.5 mm for all the experimental condition used. Therefore, the boundary
conditions of these experiments were far away to produce disturbance waves and film
thicknesses which attained the saturation conditions. So, we reduced the number of
calibration points including only those below 1.5 mm, which are inside the area marked
in grey at figure 5, the number of points inside this shadowed area was 16. Another
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advantage of performing a fitting in this reduced region is that the curve slope has smaller
changes in this region, and therefore the fitting can be performed with a polynomial of
smaller degree and better determination coefficient (R?), practically one for the fits
performed.
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Figure 5. Calibration curve obtained using a third degree polynomial fit for two of the
experiments performed adding (a) 1-butanol to the water to reach 55-10° N/m and (b)
45-10" N/m.The crosses denote the experimental points and the shadowed area the region
were all the experimental values of this paper are found and the calibration points
selected.

The calibration curve used to fit the 1-butanol calibration experiments was a third degree
polynomial given by eq. (1), with coefficients denoted by the symbols x, to x5, while for
pure water the fitting curve was also given by eq. (1):

S(mm) = xq+ x; V + x,V? + x3V3 Q)

The coefficient of determination of the polynomials fits of the calibration curves for all
the 1-butanol cases inside the shadowed area was R? = 0.999.

The expression used to obtain the fitting error & .4,0f equation (1), with N=16
experimental data points, for the 1-butanol cases, and m degrees of freedom (m=4), can
be found in chapter 7 of Bevington and Robinson book (2003) and is given by:

Efit,cal = \/ﬁ jyzl(aexp,j - 13=o xile)z (2)
Because of the experimental points display a smooth behavior in the interest region
(shadowed area) with small changes of slope as shown in figure 4. Then, a fit was
performed using only the calibration point located inside the area of interest and a third
degree polynomial, in this way the fitting error was notably reduced in comparison to the
result that was obtained using a fifth degree polynomial degree mainly in the region from
0 to 5 Volt as displayed in figure 5. For instance, the fitting error was reduced from 0.282
mm to 0.0059 mm for the case of 1-butanol with surface tension 68.5 103 N/m. The



coefficient obtained for the calibration curves for each one of the 1-butanol concentrations
are displayed in table 1. These curves also display the root mean square error (RMSE),
and the fitting error calculated with equation (2).

Table 1. Coefficients of the third-degree polynomial fits obtained for the calibration
curves of the different 1-butanol concentrations and the pure water. The last two
columns display the coefficient of determination R? and the root mean square (RMSE)
fitting error.

2
o (N/m) % %, % %o R RMSE eécr;t rgc)u
72.1073 | 1.605 | -2.227 | 2.413 | -0.0095 | 0.9992 | 0.0135 | 0.0191
68.510° | 3.793 | -2.915 | 2.659 0.002 | 0.9999 | 0.0051 | 0.0059
55. 10° | 4.123 | -3.372 | 2.765 0.005 | 0.9999 | 0.0049 | 0.0057
45, 10° | 5230 | -4538 | 3.351 0.000 | 0.9999 | 0.0026 | 0.0030

3. Conductance probe measurements: boundary conditions, filtering
results and errors.

3.1 Test matrix and boundary conditions

The test matrix consisted of four data series; three performed adding 1-butanol to the
water plus one additional with only water. Each one of the 1-butanol data series was
performed with a constant concentration of 1-butanol. As the surface tension of the
mixture diminishes when the concentration of 1-butanol increases, then we denote the
different runs by their respective surface tensions. That is 72 x 10~3N/m for the water at
25 °C, and 68.5 10 N/m, 55.0 103 N/m and 45.0 10" N/m for the different mixtures of
water-1-butanol with the concentrations of 1-butanol in increasing order.

For each solution of 1-butanol in water, we performed forty-nine experimental runs,
which were obtained by combining seven liquid and seven gas superficial velocities

m

respectively, denoted by j; (?) and jg(s).The experimental runs can be also

represented by their respective volumetric flow rates, denoted by Ql(”“m) and

minute

Q (”fte”). The seven liquid flow rates covered the interval from Q, = 4 to 10 I/min,
9 \minute

litter

with increments of AQ, =1 (mmute), or from j;, = 0.044 m/s to 0.11 m/s with

increments Aj; = 0.011 m/s. The seven volumetric air flow rates covered from Q, =
2000 I/mto 3500 I/m, with increments of AQ, = 250 [/m from run to run, or from j, =

21.9 m/s to 38.4 m/s, with increments Aj, = 2.75%.

The main goal of changing the water surface tension is to study the effect produced by
this change on the interfacial wave’s behavior. The interest of this issue is because
diminishing the water surface tension value is quite similar to the effect produced by a
temperature increment, which also reduces the surface tension. During all the
experimental measurements the pressure in the upper part of the facility was kept at
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atmospheric conditions, and the water and air temperatures were kept approximately
constant at about 30 and 25 °C respectively.

During each experimental test run, we followed the same procedure used by Cuadros et
al. (2019), which consisted in the following four steps:

i) Adjustment of the air and liquid volumetric flow rates to the desired boundary values.

i1) Check that the steady state conditions have been attained for the main variables (air
and liquid volumetric flow rates, pressures and differential pressures at the monitored
points, and liquid and gas temperatures).

iii) Check that the two-phase annular flow is developed at the measuring point of the
conductance probe. This condition is attained when the two differential pressure sensors,
located in the upper part of the test section at different positions, provide on average the
same value. If the flow is not developed for the set of stablished boundary conditions, this
experimental run is discarded. This is the reason to discard all the runs with Q; < 3 [/m,
see the paper by Cuadros et al (2019) for more details.

Iv) Once the steady state conditions are attained, the facility operator starts the collection
and recording of all the data for sixty seconds. The signal from the conductance probe is
sampled at a frequency of 10> Samples/s, for sixty seconds that yields a total number of
6.10° samples for each one of the 49 experimental runs performed for each 1-butanol
concentration. The signal coming from the other sensors are sampled at a slower rate of
2 Samples/s, which yield 120 samples for each monitored magnitude during the
measuring time.

Table 2 display all the boundary conditions used for the 49 experimental runs of one of
the four data series, notice that these boundary conditions are repeated for the other three
remaining data series.

Table 2. Boundary conditions of the experiments performed in the VAFF facility for each
1-butanol concentration.

Boundary conditions used for the 49 data series with ¢ = 45.1073 N/m
Jg (m/s) X ji(m/s)

21.92x0.044
21.92 x 0.055
21.92 x 0.066
21.92 x 0.077
21.92 x 0.088
21.92 x 0.099
21.92x0.110

24.66 x 0.044
24.66 x 0.055
24.66 x 0.066
24.66 x 0.077
24.66 x 0.088
24.66 x 0.099
24.66 x 0.110

27.40 x 0.044
27.40 x 0.055
27.40 x 0.066
27.40 x0.077
27.40 x 0.088
27.40 x 0.099
27.40x0.110

30.14 x 0.044
30.14 x 0.055
30.14 x 0.066
30.14 x 0.077
30.14 x 0.088
30.14 x 0.099
30.14 x0.110

32.88 x0.044
32.88 x 0.055
32.88 x 0.066
32.88 x 0.077
32.88 x 0.088
32.88 x 0.099
32.88x0.110

35.62 x 0.044
35.62 x 0.055
35.62 x 0.066
35.62 x 0.077
35.62 x 0.088
35.62 x 0.099
35.62 x0.110

38.36 x 0.044
38.36 x 0.055
38.36 x 0.066
38.36 x 0.077
38.36 x 0.088
38.36 x 0.099
38.36 x 0.110

The physical magnitudes, which were monitored, sampled and stored during each
experimental data run were: air and water volumetric flow rates, i.e., Qgand @Q,, liquid
and gas temperatures (T, and T, respectively), and pressures at the entrance to the test
section and in the water injection tank to the test section. In addition to the conductance
probe voltage signal collected by the receiver electrode and amplified by the electronic
system displayed in figures 2-a and 2-c.
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3.2 Conductance probe measurements and errors

From the probe signal in Volts (raw data), we applied first the corresponding calibration
functions to each one of the signals for the different experimental data runs of each data
series with different 1-butanol concentrations. In this way, the signals in volts versus time,
were converted in signals in mm versus time. These signals give the evolution of the film
thickness of the water plus 1-butanol mixture versus time. Figure 6 displays the evolution
of the film thickness versus time for the raw signals for the run case of 2250 litters/min x
7 litters/min (Q4 X Q;), and different values of the surface tension in N/m.
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Figure 6. Film thickness versus time for Q, x @, runs 2250 x 7 for different 1-butanol
concentrations, with o values of 45 10 N/m, 55 10 N/m, 68.5 10 N/m, and 72. 107
N/m, before applying the Savitzky-Golay moving average filter.

The next step was to apply a Savitzky-Golay moving average filter to the raw data. The
reason to use this kind of filter is because this type of filters preserve the width and height
of the peaks, while standard moving average filters tends to broad the peaks and to reduce
their heights as commented by Press et al. (1992). In addition, the Savitzky-Golay filter
(1962) produces very little distortion in the signal in comparison to the standard moving
average filters (Guifion et al. 2007). The application of this filter is performed choosing
several points or frame length (m), to obtain each component of the filtered signal and a
set of coefficients (c;), which are known as the convolution coefficients. In this filter, if
we denote by {y,} the sampled signal. Then the Savitzky-Golay filtered signal {ys;(j)}
Is given by the expression:
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vsa () = Z?:_np Ci Vj+i (3)

Where n,, = (m — 1)/2 and the convolution coefficients c; are obtained by a least square
polynomial fit to all the points inside each moving average window. If the degree of the
fitting polynomial is p, this means that the polynomials have the form ay + a;i + -+ +
a,iP. The fit is performed selecting the set of coefficients c; by a least-square fitting to
the m signal points contained in the window, which gives the following result:

c; = X o{(ATA) g i ©
Being AT the transpose of A, that is the matrix with elements given by:
Ail = il (5)

The elements of AT A are easy to obtain and are given by:

n n n Pq
ATA); = ki_np Al Ay = Zki_np Agi A = ki_np k) (6)
The calculation of the inverse (A7 A)~1 is simple because, according to equation (4), we
only need the elements of the first row.

The application of this filter has been performed choosing a polynomial of order p=8 and
several window points or frame length m=101. The results obtained by application of the
Savitzky-Golay filter to the signals of case Q, X @, = 2250 x 7, for different 1 butanol
concentrations are displayed in figure 7. We observe that the height of the peaks and their
widths remain practically unchanged after application of this filter.
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Figure 7. Film thickness versus time for Q, x @, runs 2250 x 7 for different 1-butanol

concentrations, with ¢ values of 45 10 N/m, 55 10 N/m, 68.5 10 N/m, and 72. 107
N/m, after application of the Savitzky-Golay moving average filter.

It is observed from figures 6 and 7 that the height of the disturbance waves increases when
the surface tension increases, i.e. when the 1-butanol concentration diminishes. This is
equivalent to say that the height of the disturbance waves diminishes when we increase
the temperature of the fluid. We remind here that the surface tension of the water at
saturation temperature and atmospheric pressure is 58.92 103 N/m, so the selected range
of interfacial tensions covers a good range of values that can be found in practical
applications.

The total error has been obtained from the following expression:

Af (V)2
s = \/( v ) 85 + gfzifjcal + 5505 + &&ec (7)

Where (V) is the polynomial calibration function given by equation (1), &y is the error
of the equipment used to measure the voltage, & cq; is the fitting error given by
expression (2), &, is the position error during the calibration process, and finally €. is
the accidental error, that is calculated by the expression:

S
£ace(8) = tr_ar2 =2, (8)

Where t;_g/,(df) is the t-Student of 1 — % quantile for df = n — 1 degrees of freedom,

being n the number of measurements performed, and S the variance. This quantile
depends on the confidence level and on the degrees of freedom, having a value of 2.26
for the usual 95% confidence level (¢ = 0.05) and with 9 degrees of freedom, i.e., when
the measurements are repeated ten times. The estimated accidental errors and the relative
errors in % for the various magnitudes measured in this work are displayed at table (3).

Table 3. Accidental errors obtained from the repeatability analysis for the main physical
magnitudes that characterize the interphase.

€acc (Sm) €acc (Sbun) €acc (ADW) Eacc (VDW)
(Hm) (pm) (km) (Hz)
Eace 29.3 5.12 534 0.92
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[ teroracc%| 62 | 2176 | 279 | 45 |

The estimated total errors for the average thickness, unperturbed base thickness and
amplitude of the DW have been computed from equation (7), on account of the calibration
curve for each surface tension value and are displayed in table 4.

Table 4. Total errors for the main magnitudes obtained for the different surface tension
values

a ot (Om) | Etor(Boun) | Eor (ADW)
(N/m) (Hm) (Hm) (Hm)
72.10°3 35 20 57
68.5 1073 30 8 54
55.103 29.9 8 54
45. 103 295 6 53

3.3 Measurement of the magnitudes that characterize the interfacial waves and the film

The magnitudes that have been estimated in the experiments for the different boundary
conditions and surface tensions are: the average amplitude Ay, of the disturbance waves,
the average thickness 6., Of the base film plus the ripples waves, the mean film
thickness &,,, the average thickness &, of the disturbance waves, the average thickness
Sn-pples of the ripple waves, the mean amplitude A,.;y.s Of the ripple waves, and the
mean frequency vp,, of the disturbance waves. A schematic view of the interfacial waves

and the previously mentioned magnitudes is displayed in figure 8.

Figure 8. Schematic view of the different magnitudes that characterize the interfacial
waves.

3.3.1 Liquid film thickness measurements
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Four variables related with the liquid film thickness have been estimated, these are the
mean film thickness &,,,, the unperturbed-base plus RW film thickness &,ypn+sw, the
unperturbed film thickness &,,,,,, and the average thickness of the DW &p,. The average
film thickness is the distance from the pipe wall to the mean height of the film, this include
computing the average value of the film thickness in all the film regions, i.e. regions with
disturbance waves, region with ripple waves and finally regions without any wave. The
Spun+rw 1S the average film thickness in the inter-space between disturbance waves,
including the ripple waves. Finally, the unperturbed film thickness is the average film
distance from the pipe wall to the base of all the waves J,,,,,. Based on these definitions,
we can define the average amplitudes of the disturbance waves, Apy,, and the ripples
waves, Az, as follows:

Apw = SDW - gbun (9)

Agw = gbun+rw - Sbun (10)

Table 5 displays Agy, in mm in the inter-space between disturbance waves. It is observed
that Agy increases with the liquid superficial velocity j; for all the cases and surface
tension values. Also, Agy, diminishes when the gas volumetric flow rate Q4 increases. In
addition, figure 9 displays the RW amplitude Agy, versus j, for the case with Q, =
2500 litters/min. This amplitude increases with a small slope with j;. Furthermore, this
amplitude shows a small tendency to increase with the increments in the surface tension.

ARW vst for different o values for Qg = 2500 I/min

D12 = ® (]
IE |
£ 01 o o o] o o o
(o]
E 0.08
<
0.06 %  g=72e-3Nm
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0.04 = 55e-3 N'm
Q  s=45e-3 Nm
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j, i)

Figure 9. Experimental average amplitude Agy, versus Q; for @, = 2500 [/m, and
different values of the surface tension series 72 (¢ = 72 1073N/m), series 68 (o =
68.5 1073N/m),series 55 (o = 55.1073N /m), series 45 (o = 45.1073N /m).

Table 5. Average amplitude of the ripple waves Ay, for different values of the gas and
liquid volumetric flow rates and surface tensions.

Agy (mm)
Qg XQ, 72.1073 68.5 1073 55.1073 45.1073
2500x4 0.119 0.111 0.108 0.086
2500x5 0.120 0.113 0.113 0.093
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2500x6 0.135 0.119 0.109 0.099
2500x7 0.154 0.121 0.122 0.098
2500%8 0.139 0.125 0.115 0.098
2500x9 0.141 0.128 0.118 0.099
2500x10  0.146 0.132 0.122 0.099
Qg xQ 72.1073 68.51073 55.107% 45.x 103
3000x4 0.090 0.068 0.057 0.067
3000%5 0.105 0.072 0.068 0.076
3000%6 0.120 0.077 0.074 0.082
3000x7 0.126 0.082 0.077 0.085
3000%8 0.120 0.084 0.083 0.089
3000x9 0.127 0.090 0.086 0.089
3000x10  0.139 0.092 0.091 0.089
Qg xQ 721073 68.51073 55.107% 45x 103
3500x4 0.086 0.053 0.046 0.058
3500x5 0.096 0.058 0.054 0.064
3500%6 0.105 0.066 0.061 0.074
3500%7 0.117 0.071 0.070 0.084
3500%8 0.102 0.074 0.077 0.085
3500%9 0.116 0.083 0.079 0.085
3500x10  0.121 0.092 0.085 0.093

Concerning the measurements of the unperturbed film thickness, which gives the average
film thickness obtained after removing all types of waves and that it is denoted by &,,,,,,
it is observed that this base film thickness decreases clearly when increasing the gas flow
Qg4qs Tor all the surface tension values, as displayed in table 6. However, this parameter
is not affected by the surface tension. In addition, there is a small tendency to increase
Spun When the liquid volumetric flow Q, rises. The value of the unperturbed film
thickness is computed by dividing each sensor signal with 60 seconds of recording time,
which contains 6.10° data points in 100 sub-intervals of 0.6 s containing 6.10* data
points per sub-interval. Each subinterval contains several DW and many RW, then at each
subinterval the minimum value of the film thickness is computed and finally the average
unperturbed film thickness is defined as the mean of all the minimum values obtained in
all the subintervals.

Table 6. Average value of the unperturbed base film thickness &,,,,, for different gas and
liquid volumetric flow rates and surface tensions.

gbun(mm)

Qg xQ 721072 6851073 55.1073 45x 1073
2500x4 0.031 0.031 0.035 0.028
2500x5 0.034 0.035 0.038 0.031
2500x6 0.037 0.035 0.041 0.031
2500x7 0.041 0.037 0.043 0.033
2500x8 0.034 0.041 0.044 0.036
2500x9 0.034 0.041 0.046 0.037
2500x10 0.034 0.043 0.048 0.038

QyxQ 721072 6851072 55.107% 45x1073

| 3000x4 0.027 0.021 0.020 0.024
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3000x5 0.030 0.022 0.021 0.026
3000%6 0.033 0.023 0.024 0.028
3000x7 0.035 0.024 0.025 0.029
3000%8 0.028 0.024 0.026 0.030
3000x9 0.030 0.026 0.028 0.032
3000x10 0.032 0.027 0.030 0.032

Qy*XQ 721072 6851073 55.1073 45x 1073
3500x4 0.028 0.021 0.019 0.023
3500x5 0.030 0.022 0.022 0.025
3500x6 0.031 0.023 0.024 0.027
3500%7 0.034 0.025 0.025 0.029
3500%8 0.024 0.026 0.027 0.031
3500x9 0.025 0.027 0.028 0.032
3500x10 0.027 0.030 0.029 0.034

Another important magnitude that have been measured is the average mean thickness,
which is defined as the distance from the pipe wall to the film surface, obviously this
include to consider the surface points located in the DW, in the RW and in regions without
waves. This magnitude is denoted as &,,. Table 7 displays the mean film thickness for
different values of Qg,,, Q; and the liquid surface tensions, o. From this table, it is
concluded that the average film thickness diminishes with the increases of the gas
superficial velocity and also with the increments of the surface tension. Also, there is an
increase produced in &, by the increments of the liquid superficial velocity, j;.

Table 7. Average film thickness &,,(mm) for different gas and liquid superficial
velocities in units of m/s and different surface tensions o in N/m.

S (mm)

JgXJji QgxQ  7210% 68510% 55.10° 45.10°
21.92x0.044 | 2000x4 0.318 0.282 0.241 0.192
21.92x0.055 | 2000x5 0.383 0.292 0.243 0.199
21.92x0.066 | 2000x6 0.395 0.302 0,242 0.215
21.92x0.077 | 2000x7 0.425 0.318 0.243 0.201
21.92x0.088 | 2000x8 0.451 0.314 0.240 0.203
21.92x0.099 | 2000x9 0.471 0.311 0.235 0.193
21.92x0.110 | 2000x10 0.500 0.307 0.230 0.189
27.4x0.044 | 2500x4 0.194 0.197 0.179 0.137
27.4x0.055 | 2500x5 0.219 0.211 0.200 0.155
27.4x0.066 | 2500x6 0.252 0.229 0.219 0.169
27.4x0.077 | 2500x7 0.275 0.244 0.234 0.178
27.4x0.088 | 2500x8 0.299 0.255 0.235 0.186
27.4x0.099 | 2500x9 0.304 0.267 0.244 0.188
27.4x0.110 | 2500x10  0.330 0.283 0.249 0.190
32.88x0.044 | 3000x4 0.136 0.113 0.089 0.103
32.88x0.055 | 3000x5 0.167 0.121 0.111 0.120
32.88x0.066 | 3000x6 0.190 0.132 0.125 0.134
32.88x0.077 | 3000x7 0.218 0.145 0.134 0.146
32.88x0.088 | 3000x8 0.226 0.153 0.146 0.155
32.88x0.099 | 3000x9 0.249 0.162 0.157 0.163
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32.88x0.110 | 3000x10 0.276 0.172 0.169 0.165
38.36x0.044 | 3500x4 0.112 0.091 0.077 0.091
38.36x0.055 | 3500x5 0.136 0.103 0.096 0.104
38.36x0.066 | 3500x6 0.150 0.114 0.107 0.122
38.36x0.077 | 3500x7 0,174 0.126 0.122 0.137
38.36x0.088 | 3500x8 0.177 0.137 0.134 0.146
38.36x0.099 | 3500x9 0.201 0.149 0.141 0.155
38.36x0.110 | 3500x10 0.221 0.170 0.152 0.166

In general, for a given fixed value of j; or @4, the mean film thickness 8,,increases with
the increments of Q; and the surface tension o, as displayed in figure 10-b, for the case of
Q, = 2500 lit/min. However, these increments in &,, seems to attain a saturation value
above 8 lit/min, for the cases with lower surface tensions. The same behavior is observed
for the case with Q, = 2250 lit/min as displayed in figure 10-a.

d_, vs Q for different & values Qg = 2500 I/min

8 vs Q for different & values Qg = 2250 l/min
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Figure 10. Mean film thickness &,,versus the volumetric liquid flow rate Q,, for fixed,
Qg = 22501/m (10-a) and Q4 = 2500 [/m (10-b) and different values of the surface
tension series 1 (o =72 1073N/m), series 2 (o = 68.5 1073N/m),series 3 (o =
55.1073N/m), series 4 (¢ = 45.1073N/m).

3.2 Measurements of the disturbance wave amplitudes and frequencies

The amplitude Apy, and frequency vy, Of the disturbance waves were measured for
different values of the superficial velocities of the gas and the liquid, and also for different
values of the surface tension covering a broad range of values in these magnitudes. To
obtain the amplitude of the disturbance waves, we have followed an iterative multi-
criteria. The procedure’s major aim is to count only the disturbance waves, eliminating
from the counting the ripples waves and also to consider as a single peak those in which
a crest with multiple close peaks are shown. The first of these criteria is performed
choosing a threshold value, as in the papers by De Jong and Gabriel (2003), and
Rodriguez (2004), so all the peaks which are below this cut value are eliminated in a first
round from the peak counting procedure. As observed in figure 10 (a) all the peaks below
0.2 mm have been removed from the DW counting.
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The second criterion concerns the needs to eliminate the multiple small peaks, which
appear in the crest of some disturbance waves as observed in figure 10 (a) for the fifth
DW, that contains two peaks. This second criterion, which was also considered by
Cuadros et al. (2019) and denoted as closeness criterion, is applied as follows, first it is
stablished a minimum distance d,,;, py between successive DW peaks, so that when the
distance between two successive DW peaks is smaller than this value, then it is considered
that we have only one DW. For instance, as shown in figure 11-a, we have considered
that this minimum distance is 3. 10~2s. Then, because the distance between the two peaks
located in the crest of the fifth DW of figure 11-a is smaller than 3.1072s then the
MATLAB program consider them as one peak.

Run 3250 x 7 Sigma = 68.5 10-3 N/'m

Measurements| | Run 3250 x 4 Sigma = 68.5 10-3 N/m
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Figure 11. (a) Identification of the disturbance waves peaks, denoted in the figure by an
asterisk (*), by the iterative multi-criteria implemented in a Matlab program for run
3250 x 7 with o = 68.5 103N /m. (b) Identification of DW peaks for run 3250 x 4
with ¢ = 68.5 103N /m.

There is a third criterion to eliminate the ripple waves formed on the disturbance waves
and those RW reached by the DW. This criterion, called prominence criterion, is based
on a prominence cut value defined as a relative value of the DW amplitude, which serve
as threshold criterion. Then, if the relative height of these secondary peaks is smaller than
this relative amplitude threshold value, these secondary peaks are considered to be also
produced by ripples waves mounting on some part of a DW. These peaks are more
frequently formed in the rear part of the disturbance waves, where the slope of the wave
is smaller than in the front part, as displayed at figures12-a and 12-b.
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Figure 12. Identification of the disturbance waves peaks, denoted in the figure by an
asterisk (*), by the iterative multicriteria implemented in a Matlab program for (a) run
2750 x 5 with 0 = 68.5 1073N /m. (b) Identification of DW peaks for run 2750 x 6 with
o =68510"3N/m.

After the implementation of this identification multi-criteria of the DW, which removes
the waves of small amplitude (RW) and also those RW that are mounted on a DW, we
display in table 8, the values of the DW amplitudes, Apy,, for different gas and liquid
volumetric flow rates and surface tensions. This table shows that, in general, when the
gas volumetric flow rate increases then the amplitude of the DW decreases. This
decrement in the DW amplitude is produced because increases the interfacial shear stress
exerted by the gas on the liquid-gas interface, shear stress which tend to diminish the
amplitude of the DW and to drag small drops from the crest of these waves. Another
clearly observed effect is that Apy, diminishes when the surface tension diminishes; this
effect is clearly observed for all the cases of the table 8. This means that when the
temperature increases and, consequently, the surface tension diminishes, then the DW
amplitude will be smaller for the same conditions of the other variables. Concerning the
liquid volumetric flow rate, it is observed that the amplitude of the disturbance waves
increases for pure water when the liquid flow rate increases. While for the rest of cases,
with smaller surface tensions, the effect of the liquid flow rates on the amplitude of the
disturbance waves does not show a clear tendency, except for very high gas volumetric
flow rates with Q, = 3500 litters/min.

Table 8. Amplitude of the disturbance waves in mm for different values of @, and @, in
litters/min and different surface tensions in N/m

Apy (mm)
Qg X Q o =72x103 68.5x10°3 55x10°  45x10°3
2500x4 0.7502 0.6504 0.4987 0.4384
2500x5 0.7687 0.6461 0.5070 0.4537
2500x6 0.8200 0.6499 0.4991 0.4459
2500x7 0.8642 0.6137 0.4874 0.4287
2500x8 0.8770 0.6202 0.4708 0.4143
2500x9 0.8649 0.6073 0.4658 0.3906
2500x10 0.9180 0.6085 0.4447 0.3777
Qg X Q 72x10°® 68.5x10°3 55x10°%  45x10°
3000x4 0.5922 0.4887 0.3936 0.3985
3000x5 0.6588 0.4799 0.4249 0.4083
3000x6 0.7035 0.4695 0.4245 0.4054
3000x7 0.7433 0.4733 0.4250 0.3857
3000x8 0.7817 0.4668 0.4155 0.3755
3000x9 0.7911 0.4633 0.4084 0.3633
3000x10 0.8379 0.4682 0.4033 0.3556
Qg X Q 72x10°8 68.5x10°3 55x10°  45x10°3
3500x4 0.5158 0.3710 0.3470 0.3723
3500x5 0.5628 0.3948 0.3851 0.3817
3500x6 0.6114 0.4150 0.3946 0.3945
3500x7 0.6271 0.4359 0.4143 0.3972
3500x8 0.6613 0.4449 0.4253 0.3795
3500x9 0.7032 0.4649 0.3877 0.3621
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3500x10 0.7419 0.4930 0.4036 0.3616

The figure 13 displays the variation of the amplitude Apy, of the disturbance waves in
mm with the surface tension in Newtons/m for a fixed value of the gas superficial velocity
equal to j, = 21.92m/s. It is observed that the amplitude increases when the surface
tension increases for the three values of j; represented in this figure, i.e., 0.055 m/s (blue
points), 0.077 m/s (orange points) and 0.099 m/s (grey points). It is noticed that the
influence of liquid superficial velocity on the DW amplitude is small compared with the
influence of the surface tension.
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Figure 13. Average amplitude Ap,, (mm)of the disturbance waves versus the surface
tension (N/m) for j, = 21.92m/s , and j; values of 0.055 m/s (Q;, = 5ﬁ,data 5),

l l
0.077 m/s (Q; = 7ﬁ, data 7)and 0.099 m/s (Q; = 9%' data 9).

The last issue to be analyzed in this section is the frequency of the disturbance waves.
The average value of the DW frequency was computed counting the number of DW peaks
and dividing by the measuring time interval in seconds. In this way, we have obtained the
average frequency of the DW in Hz for each boundary condition. Table 9 shows the
frequency of the disturbance waves in Hz for different values of j, and j; in m/s and
different surface tensions a in N/m. It is observed that the mean frequency v, increases
with the liquid superficial velocity j, for any fixed j, value, and any fixed surface tension
o value. Also figure 14 confirms this result, where it is clearly observed that the frequency
increases with the liquid flow rate Q;, for all the surface tension values, when Q4 remains
fixed at 3000 I/min (j, = 27.4 m/s).

Table 9. Frequency vy, of the disturbance waves in Hz for different values of j; and j; in
m/s and different surface tensions in N/m

vpw (Hz)
Jg X Ji Qg% Q 7210° 68510° 55x10% 45x 103

21.92x0.044 | 2500x 4 7.53 7.75 7.77 5.82
21.92x0.055 | 2500x 5 8.42 8.32 8.23 6.60
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21.92x0.066
21.92x0.077
21.92x0.088
21.92x0.099
21.92x0.110
Jg X Ju
27.4x0.044
27.4x0.055
27.4x0.066
27.4x0.077
27.4x0.088
27.4x0.099
27.4x0.110
jg X jl
32.88x0.044
32.88x0.055
32.88x0.066
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4. Discussion of results and correlations
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Figure 14. DW frequency vpy, (Hz) for different values @, in litters/min and Q, =
BOOOéand different surface tensions in N/m (series1, 72 1073, series 2, 68.5 1073, series
3, 55. 1073, series 4, 45. 10®)

When performing the analysis of the results and the development of the new correlations
for the different magnitudes, it is necessary to consider which non-dimensional numbers
must be included in the correlations for the main magnitudes. In particular, non-
dimensional numbers have been used to characterize all annular flow magnitudes, as




mean film thickness, unperturbed film thickness, amplitude and frequency of the
disturbance waves. It is well known (Cuadros et al. 2019), that the Reynolds numbers of
the gas Re, and liquid Re; phases play a fundamental role in the characterization of these
magnitudes. However, these Reynolds numbers are normally expressed in experimental
applications in terms of the superficial velocities j, and j; as follows:

_PgigD
Reg—% (11)
_ puiD _ 4T
Ree == =4 (12)

Where T is the liquid mass flow rate of the film flow per unit of circumferential length.
However, this last assertion is true when there is not entrainment of the film by the gas
flow, which verifies only for low gas superficial velocities, but not for high superficial
velocities, condition that usually take place in vertical annular co-current flow. In this
case, to characterize properly the flow characteristics of the film, we must consider the
entrainment fraction, and to take into account a corrected liquid film Reynolds number,
which is given by:

_ pUi(1-E)D _ 4T(1-E)
Reum, === w (13)
Being E the entrainment fraction, which can be measured or obtained from correlations.
However, it is common practice to express the correlations in terms of expression (12).

In annular two-phase flows with a gaseous core that exerts a shear stress on the gas-liquid
interface, as mentioned in the introduction, three types of waves are shown: disturbance,
ripples and ephemeral. Obviously, the shear stress depends on the relative velocity of both
phases. Because of the liquid velocity is small compared with the gas velocity, then the
shear stress depends in a first approximation on the gas velocity, and the friction factor
which is a function of the gas Reynolds number. Oron et al. (1997) studied the Navier-
Stokes equations in film flow and the boundary condition which must be satisfied at the
gas-liquid interface. The balance of forces at the liquid-gas interface lead to the following

equation for the stress force £ at the interface:
= —ph+T.8=—0KA+ for (14)

Where k is the film curvature, 7 is the normal vector to the interface, and f‘ex denotes the
interfacial forces due to the gas, p is the pressure, and T, is the shear stress tensor of the
liquid. The first term of the right-hand side depends on the surface tension and the film
curvature. This term, when nondimensionalized, will produce the dependence of the
Navier-Stokes equations with the Kapitza number.

The surface wave characteristics depend on liquid surface tension and viscosity, and in
addition, on the gas and liquid velocities, these last two magnitudes are incorporated into
the gas and liquid Reynolds numbers. To take into account the effect of the surface tension
o, we can use two non-dimensional numbers the Weber and Kapitza numbers. Weber
number is denoted by We, which is the ratio of the inertial to the surface tension forces.
While the Kapitza number, denoted by Ka, and which can be defined in two different
ways, the first one defines this non-dimensional number as the square of the ratio of the
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capillarity length, [.,,, and the characteristic length of the fluid, [,,, which has advantage
to be independent of the flow characteristics, so we have:

g

_ (leap)? _
Ka = ( ) - plgl/gvlzl./g (15)

by

Where the characteristic lengths .4, and [, are defined by means of the expressions:

2 1/3
lcap = ’i by = (V;) (16)

The Kapitza number can be also defined as the ratio of the surface to gravitational forces,
choosing the characteristic length as [, it is obtained again equation (15):

_ (o/ly) _ 4
a= (e191y) N plgl/3v?/3 (17)
Because of the considerations of the previous discussion, we have performed the fitting,
to obtain the correlations for the physical magnitudes, in terms of Re,, Re; and Ka and
also in terms of Rey, Re; and We, obtaining slightly better results with Rey, Re; and Ka.

4.1 Mean film thickness

The experimental data for the non-dimensional mean film thickness, §,,/D, were
correlated in terms of Re, for the gas superficial velocity given by expression (11), the
Reynolds of the liquid Re; given by expression (12), and the Kapitza number Ka, defined
by equation (15). A total number of 196 experimental data points were used to obtain this
correlation, which is given by the following expression:
%n =235 Relo'414 Reg—1.415Ka0.781 (18)

The coefficient of determination obtained for this correlation is R? = 0.98, and the root
mean square error for &, is RMSE (5,,) = 0.0299 mm. Figure 15 displays the measured
values versus the fit results for the average mean film thickness. It is clear, from this
correlation, that the mean film thickness diminishes with the gas Reynolds number, and
increases with the Kapitza number and Re;. The advantage of this correlation, equation
(18), is that provides the mean film thickness for different values of the Kapitza number,
i.e., when the surface tension of the liquid changes.
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Film Thickness Measurements vs Fit results
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Figure 15. Experimental data versus correlation predictions for the mean film thickness.

A preliminary analysis of the correlation given by eq (18) and the experimental data of
table (7) shows that the mean film thickness increases with the liquid Reynolds and the
Kapitza number and diminishes with the gas Reynolds number. This reduction with the
gas Reynolds number is produced by two effects, the first one is that the shear stress
produced by the gas cut the peaks of the disturbance waves and drag drops, while the
second one is that the shear stress exerted by the gas on the interface reduces the mean
thickness of the film.

4.2 Height and Amplitude of the disturbance waves

The average height of the DWSs, &,,,, and their average amplitudes, Apyy, see figure 8,
are key factor to characterize the DW. Obviously, the gas velocity has a great effect on
these two magnitudes because both are affected by the liquid entrainment produced on
the crest of the DW. In earlier studies, Woodmansee and Harrantty (1969) showed
evidences that the production of drops from the film in the channel walls took place at the
crests of the DWs. Later, Azzopardi (2006) found more evidences of this effect, which
obviously affects the height and the amplitude of the DWs. For this reason, it is expected
that the height of these waves will reduce when increasing the gas velocity. Also, from
physical considerations related to the curvature terms that appears in the Navier-Stokes
equations for film flow (Oron et al. 1997), it is expected that the height of these waves
will increases with the Kapitza number. Then, from the data of the experiments performed
at the VAFF facility with different surface tensions, we have found that the height of the
DW can be correlated by the expression:

20w — 0,554 10~Re{ "' Re; 057 Ka'1? (19)

The coefficient of determination was R? = 0.9757, and the root mean square error for
Spw Was RMSE (8py,) = 0.0928 mm. Figure (16-a) displays the experimental value
versus the obtained from the correlation (19) for the average total height of the DW, &,y .
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Figure 16. Experimental data versus correlation predictions for the mean height of the
DW (a) and the amplitude of the DW (b).

In addition, from the experimental data for the amplitude Ay, of the DW, obtained in the
VAFF facility for different superficial tensions, we have correlated the non-dimensional
amplitude of the DW, i.e., Apy, /D, in terms of Re;, Reg, and Ka:

ADTW = 0.245 1073 Relo'0479Reg_0'551Ka1'203 (20)

The coefficient of determination was R? = 0.9737 and the root mean square error for
Apw Was RMSE (Apy,) = 0.0917 mm.

It is observed in both correlations that the height and the amplitude of the DWs diminish
with the gas Reynolds number, Reg, and increases with the Kapitza number, Ka, and are

practically independent of liquid Reynolds number, Re;.
4.3 Frequency of the disturbance waves

The DW frequency is defined as the number of large peaks associated to DW per time
unit and it is obtained counting the number of peaks of the disturbance waves in a given
sampling interval, and dividing by the sampling time. To non-dimensionalize the DW
frequency, we have used the Strouhal number, which can be expressed in terms of the gas
superficial velocity as follows (Cuadros et al. 2019):

_ VpwD
Stg === (21)

Performing the fit of the Strouhal number experimental data in terms of Re,;, Re; and the
Ka numbers, the following correlation is obtained:

Sty = 0.262 Re**°Re; %7K a4 (22)

The coefficient of determination of this correlation was R? = 0.9845, and the root mean
square error was RMSE (St,) = 0.0016. Figure 17 displays the experimental versus the
calculated gas Strouhal number using equation (22).
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In addition, another fit was performed directly with the DW frequency in terms of the
same non-dimensional numbers, as carried out in equation (20), the correlation obtained
in this case was:

vpw(Hz) = 0.003468 Re>*"Re) %" Ka®3*3 (23)

The coefficient of determination for this last equation was R? = 0.9863, and the root
mean square error was 1.0 Hz.
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Figure 17. Experimental data versus correlation predictions for the gas Strouhal number
4.4. Velocity of the disturbance waves

Belt et al. (2010) have measured the velocity of the disturbance waves in a vertical pipe
of inner diameter of 0.05 m with an annular flow configuration, with water and air
concurrent flows at ambient conditions, i.e., injecting dry air and water at the bottom of
the test pipe. The film thickness and other parameters, as the velocity of the disturbance
waves, were measured for different gas and liquid superficial velocities. Because some
of the boundary conditions for the tests with water were close to our boundary conditions,
we can perform a cross-comparison for some particular cases of the mean interfacial
velocity of the disturbance waves, Cpy,. They found that for a fixed gas superficial
velocity, j4, the velocity of the DW increases with the liquid superficial velocity, j;, until
it attains an asymptotic value for superficial velocities of the liquid larger than 0.08 m/s.
Also, they found that for fixed liquid superficial velocity, the DW velocity Cpy, increases
with the gas superficial velocity.

Marmottant and Villermaux (2004) deduced the formula for the waves velocity in coaxial
jets, also Belt et al. (2010) used Marmottand and Villermaux formula. Berna et al (2014)
developed a new expression in terms of dimensionless numbers given by:

_ Pgligt/Put . —038 016 , -0.13
Cow = NN 50 - Rey Re; Cw (24)

Where Cy, corresponds to a factor related with the surface tension, which is defined as
follows:
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Cy =0.028-N,~** ; N, = —-— (25)
U [ons
The expression of Cy, could be applied when the viscosity number N, is less or equal to
1/15, otherwise, Gy, is equal to 0.25.

Comparison of the results with the experimental measurements of Belt et al. (2010) shows
a good agreement. For low liquid and gas superficial velocities, closer predictions have
been reached, as for high liquid and gas superficial velocities. However, for low liquid —
high gas and high liquid — low gas velocities the differences are a little bit higher.

Cw DIFFERENCES BETWEEN BELT AND EXPERIMENT
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Figure 18. Average velocity of the DW, in the laboratory reference system versus the
liquid superficial velocity for different gas superficial velocities obtained by Belt et al.,
and comparison with the results of this paper using equation (24).

4.5 Average thickness of the unperturbed base film plus RW, amplitude of the ripple
waves and amplitude of the unperturbed film thickness

The main magnitudes that characterize the small incoherent waves, denoted as RW, are
the average thickness of the unperturbed base film plus the amplitude of the RW, denoted
by 8z, and the amplitude of the RW, Ag,,. Table 5 displays these amplitude values for
several representative cases, and as shown in the table, this amplitude is influenced by the
surface tension value. It is observed in table 3 that, in general, the amplitude Agy, of the
RW diminishes when the surface tension diminishes, for all the gas superficial velocities
that are below or equal to j, = 27.4 m/s (Q4 = 2500 lit/m), while for all the liquid
superficial velocity values above this j, value there is not a clear tendency. Also, it is
observed that Ay, increase when j; rises for all the values of j, and more clearly that
Agy diminishes when j, increases.
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To quantify this behavior, we have performed a fit of A’%W in terms of Re;, Rey, and Ka,

using the non-linear fitting routine of MATLAB. The correlation obtained for ARTW using
the 196 available experimental points to perform the fit is:

ARTW — 0.084 Re{)'249Reg_0'896Ka0'553 (26)

The coefficient of determination was R2?=0.98, and the root mean square error
RMSE=0.015 mm. Finally, figure 19 displays the experimental versus the calculated Az,
values.
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Figure 19. Experimental data versus correlation predictions for the amplitude of the RW.

In addition, the correlation obtained for 8zy, is given by the expression:
SRW — 03175 Re{?"Rey 0895 K 27)
D

With a coefficient of determination R? = 0.982, and RMSE=0.018 mm for &gy, .

Concerning the base film thickness that remains unperturbed by the disturbance waves
(DW) or he ripples waves (RW), and that it is denoted by &,,,,; we have correlated this
non-dimensionalized film thickness with Re;, Re; and Ka, as previously, obtaining the
result:

51;.% — 1.48 Rel°'347Re£;°'889Ka_0'054 (28)

The coefficient of determination was R? = 0.977 and RMSE=0.005 mm for §,,,,. It is
observed that the base unperturbed film thickness increases slowly with the liquid
Reynolds and diminishes with the gas Reynolds almost linearly. This base unperturbed
film thickness is not influenced by the Kapitza number, this means that is practically
insensitive to the changes in the surface tension.

4.6 Comparison with the correlations of other authors

In this subsection, we compare the results of the correlations obtained in the previous
sections for the different physical magnitudes with the results of the correlations of other
authors and the experimental data obtained in this paper. The first physical magnitude to
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be compared is the mean film thickness &,,, that is compared with the correlations by Pan
et al. (2015) and the Berna et al. (2014), which are given respectively by the following
expressions:

Sm

~% = 2.03 Rejj'°Re %, (29)
Sm _ 0.48p,—1.07 (Frg)***
™ = 7.165 Ref**Re; (Frl) , (30)

where the film Reynolds number in equation (26) is given by Re;s = (1 — E)Re,, being
E the entrainment fraction, and Fr, and Fry, are the gas and liquid Froude numbers
respectively, defined in terms of the superficial velocities. Figure 20 gives the results
obtained for the mean film thickness versus the gas Reynolds number at different
boundary conditions, i.e., different Re, with ¢ = 72.1073N/m. It is observed that &,
diminishes when the gas Reynolds number increases. Also, one notices that Berna et al.
(2014) correlation is lower than the experimental data for Re, < 75000. When the
surface tension decreases to o = 45.1073N/m, the average mean film thickness
decreases, as observed in figure (21). However, this behavior is well predicted by the
correlation obtained in this paper but Pan et al. correlation is above the experimental
results for all the cases, and Berna et al. correlations (2014) over predicts a little bit some
of the experimental data.

rim vs Re different authors and new correlation for & = 72e-3 N/m
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Figure 20. Mean film thickness versus Re, for the different run cases performed at
different Re;, and 0 = 72.1073N/m. The circles are the results obtained with Berna et
al. (2014) correlation, the squares denote the results obtained with Pan et al. (2015)
correlation, the triangles denote the results obtained with the correlation given by eq. (16)
of this paper, and the Saint Andrew crosses are the experimental results of this paper.
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é‘m vs Re different authors and new correlation for o = 45e-3 N/m
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Figure 21. Mean film thickness versus Re, for the different run cases performed at
different Re;, and 0 = 45.1073N/m. The circles are the results obtained with Berna et
al. (2014) correlation, the squares denote the results obtained with Pan et al. (2015)
correlation, the triangles denote the results obtained with the correlation given by eq. (16)
of this paper, and the Saint Andrew crosses are the experimental results of this paper.

Another important physical parameter to characterize the film thickness is the amplitude
of the disturbance waves, Apy,, this amplitude can be affected by two causes. The first
one is that the gas velocity entrain droplets from the peaks of the disturbance waves,
reducing their height. While the second one is that the amplitude of this waves depends
on the surface tension and increases with it as proved by Chandrasekar (1981), therefore
it is expected that Apy, will reduce when diminishing . The height of the disturbance
waves will depend in general of Re;, Re; and the Ka. The results for Apy, will be
projected on the planes (Apy, Rey) and (Apw, Re;) for fixed values of o. In addition, we
will compare the results obtained by Han et al. correlation (2006) for Ay, with the results
of Chandrasekar formula (1981) for the amplitudes of the waves of the Helmholtz- Kelvin
instability, which are respectively given by:

A

=% = 4.10%/Rej*? (31)
o a(1+(pg/pD)

Apw = 3m v (30)

Where v is the mean velocity in the film, and g; the liquid surface tension.

Figure 22 displays the results obtained for Ap,, with Han et al. (2006) and Chandrasekar
expressions given by equations (28) and (29), respectively. Also this figure displays the
experimental results and the results obtained with equation (18) of this paper. Obviously
Chandrasekar equation for the amplitude over predict the results because does not
consider the effect of the drop entrainment performed by the gas and that reduces the
effective height of the DW peaks.

32



A_ . Vvs Reg different authors and new correlation for o = 72e-3 N/m

DwW
i O  Han
16 g O  Chandrasekar
14} Mew Correlation
) X Expwvalues

O

1271

Anyy [mm]
=
oo -
Ol =
O
OO
I
O xebmas:

D i i i i i i i i i
5.5 6 6.5 7 7.5 8 B.5 9 9.5 10 10.5

4
Reg %10

Figure 22. Mean amplitude of the DW versus Re, for the different runs performed at
different Re;, and o = 72.1073N /m. The circles are the results obtained with Han et al.
(2006) correlation, the squares denote the results obtained with Chandrasekar et al. (1981)
correlation, the triangles denote the results obtained with the correlation given by eq. (18)
of this paper, and the Saint Andrew crosses are the experimental results of this paper.

The figure 23 displays Apy, versus the Reg number for the different values of Re;.
Obviously, Chandrasekar expression and Han correlation over predict the experimental
values except at very high gas Reynolds numbers, where all the expressions give
approximately values that are close. The reason for this over prediction is that Han
expression is calculated for pure water that has higher Kapitza number and, therefore, the
amplitude of the peaks is higher. In addition, Chandrasekar expression also over predicts
the DW amplitude because does not considers the entrainment of drops from the peaks of
the DW. Also, diminishing the surface tension reduces the cohesion forces in the water
and makes easier the entrainment, reducing more the height of the peaks.

A__ vs Reg different authors and new correlation for « = 45e-3 Nfm
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Figure 23. Mean amplitude of the DW versus Re, for the different runs performed at
different Re;, and o = 45.1073N /m. The circles are the results obtained with Han et
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al.’s (2006) correlation, the squares denote the results obtained with Chandrasekar et al.’s
(1981) correlation, the triangles denote the results obtained with the correlation given by
eq. (18) of this paper, and the Saint Andrew crosses are the experimental results of this

paper.

Also, it is interesting to display Apy, versus Re;, to see the influence of liquid Reynolds
number on the amplitude of the disturbance waves. Figure 24 displays Ap,, versus Re;
for all the experiments performed with different Rey, and water with a surface tension
o = 72.1073N/m. The variations of Ap,, with Re, are very small, the observed variations
in Apy , displayed on figure (22), are mainly produced by the changes in Reg, this fact is
confirmed by the exponent of Re; in equation (18) that is equal to 0.0479. Chandrasekar’s
expression, eq. (29), clearly over predicts Ap,, as displayed in figure 22, while Han et
al.’s correlation predicts a range of amplitudes between 0.4 mm and 0.8 mm, which is
close to the range predicted by the correlation (18) of this paper, that gives values between
0.5 mm and 0.9 mm. When the surface tension diminish to ¢ = 45.1073N/m, it is
observed that Ap,, practically does not change with Re;, and the range of variation for
different Re, reduces to small variations between 0.35 mm and 0.48 mm for the lower
Re; = 2064 and even smaller range, between 0.36 mm and 38 mm, for Re; = 5100.
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Figure 24. Mean amplitude of the DW versus Re; for the different runs performed at
different Rey, and o = 72.1073N/m. The circles are the results obtained with Han et
al.’s (2006) correlation, the squares denote the results obtained with Chandrasekar et al.’s
(1981) correlation, the triangles denote the results obtained with the correlation given by
eg. (18) of this paper, and the Saint Andrew crosses are the experimental results of this

paper.
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Figure 25. Mean amplitude of the DW versus Re; for the different runs performed at
different Rey, and o = 45.1073N/m. The circles are the results obtained with Han et
al.’s (2006) correlation, the squares denote the results obtained with Chandrasekar et al.’s
(1981) expression, the triangles denote the results obtained with the correlation given by
eq. (18) of this paper, and the Saint Andrew crosses are the experimental results of this

paper.
The last comparison performed was with the results obtained by Alamu and Azzopardi

(2011), for the Strouhal number of the DW, the experimental results of this paper, and the
two correlations obtained in this paper for the Strouhal number:

St, = 0.429 X~0:908 (32)

Being X the Lockhart—Martinelli parameter defined by the expression:

ot
X = poli (33)
It is observed that the DW frequency, vp,,, versus Re; obtained using the correlations of
this paper, given by equations (20) and (21), is within the limits of the frequency obtained
by Alamu and Azzopardi (2011), for the lower Re; and in the upper part for higher Re,
values, for the different Re, values, as displayed in figure 23, for the water and increases
with the Re;. When the surface tension diminishes from 72.1073 N/m to 45.1073 N/m,
by adding small quantities of 1-butanol, the overall behavior is that the DW frequency,
Vpw, Versus Re; still increases, as displayed in figure 25, but the values are smaller. Both
correlations, (22) and (23), show that the frequency and the Strouhal number increase
with the Kapitza number, so that for the same gas and liquid Reynolds numbers vy,
increases with the surface tension because the density and the kinematic viscosity are very
little affected by the small amounts of 1-butanol added. Concerning the change of
vpw With Reg, it is observed that vy, increases with Reg, for Alamu and Azzopardi
correlation, as displayed in figure 24 and 26. An increment of vpy, with Reg, it is also
observed in correlations (22) and (23), but these increments are smaller than the obtained
by Alamu and Azzopardi. The frequency changes proportionally to jg-z, as deduced from
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equations (22) and (22), this small exponent is probably caused by the surface tension
effects.
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Figure 26. DW frequency values versus Re; for ¢ = 72.1073N/m and different Re,
obtained with Azzopardi correlation (2011) (circles), the correlation of this paper,
equation (22) (squares), the second correlation of this paper for the frequency, equation
(23) (triangles) and the experimental data (Saint Andrew crosses).
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Figure 27. DW frequency values versus Re, for o = 72.0 1073N/m and different Re,
values obtained with Azzopardi’s correlation (2011) (circles), the correlation of this
paper, equation (22) (squares), the second correlation of this paper for the frequency,
equation (23) (triangles) and the experimental data (Saint Andrew crosses).
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VS ReL different authors and new correlation for o = 45e-3 N/m
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Figure 28. DW frequency versus Re; for o = 45.10‘3% and different Re, values

obtained with Alamu and Azzopardi’s correlation (2011) (circles), the correlation of this
paper, equation (22) (squares), second correlation of this paper, equation (23) (triangles)
and the experimental data (Saint Andrew crosses).
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Figure 29. DW frequency versus Re, for o = 45.107% N/m and different Re; values
obtained with Alamu and Azzopardi’s correlation (2011) (circles), the correlation of this
paper, equation (22) (squares), second correlation of this paper, equation (23) (triangles)
and the experimental data (Saint Andrew crosses).

5. Conclusions

The study of the variations produced in the physical magnitudes that characterize the gas-
liquid interface when changing the surface tension, and the gas and liquid superficial
velocities in annular vertical concurrent two-phase flow has been the main goal of this
paper. Many experiments have been performed in the past (Alamu and Azzopardi 2011,
Belt et al. 2010, Alekseenko et al. 2010) with pure water, but very few changing the
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surface tension of the water and maintaining the value of the viscosity. This has been
possible adding small amounts of 1-butanol to the water, which has the property of
changing the surface tension of the water, a, while maintaining practically constant the
dynamic viscosity, u. The range of surface tensions selected was from 0.072 N /m equal
to the surface tension of the water at 25 °C and p = 1 atm to 0.045 N /m that is below
the surface tension at boiling conditions and p = 1 atm. We performed experiments at

water surface tension of ¢ = 0.072 % 0.0685% : 0.055% and 0.045 N/m with a broad

range of superficial velocities of the gas and liquid phases, as displayed at table 2, which
covers a broad range of applications for the correlations developed in this paper.

In general, it is observed that the amplitude of the DW and the RW diminishes when
increasing the superficial velocity of the gas for all the surface tension values as showed
in tables (8) and (5). This effect is caused by two mechanisms, the first one is that
increasing the gas velocity increases the shear stress exerted by the gas on the peaks of
the DW and this effect drags small drops from the crest of these peaks. The second one
is that reducing the surface tension by adding 1-butanol to the water, it reduces the
intermolecular cohesion forces and makes easier that the gas drags small drops from the
peaks of the waves reducing the DW amplitude when the surface tension diminishes as
observed in table 8. This same effect is also observed in the dependence of Apy, found in
this paper, with the Kapitza number given by equation (20), which is proportional to
Ka'%. In addition, it is noticed that the dependence of Apy, with Re, becomes smaller
at lower surface tension values, as observed comparing figures 22 and 23.

The unperturbed base film thickness, 8y,,,, diminishes when Re, increases, probably due
to the shear stress exerted on the interphase by the gas moving at higher velocity, being
this effect observed for all the surface tension values, as displayed in table 6. Also
diminishing with Re, the amplitude of the ripple waves. In addition, Agy, diminishes
when the surface tension becomes smaller.

The DW frequency, vpy,, increases with Re; for all the surface tension values, as it is
observed comparing figures 26 and 28, and also in the correlation given by equation (23).
However the dependence of vy, with Rey, given by expression 23, is smaller than the
one found by other authors, as Alamu and Azzopardi for water (2011), which depends on
ReJ?°%, while for the expression found in this paper vpy, o Reg?. The explanation of
this fact could be that increasing the gas velocity increases the shear stress acting on the
interphase and this perturbation increases the number of DW per second. But, at the same
time, when the surface tension diminishes maintaining the viscosity practically constant
the height of the peaks diminishes, because the Kapitza number that governs the term that
depends on the interphase curvature, with a decreasing tendency. In addition, the cohesion
forces in the water diminish, so drops are easily dragged from the crest of the peaks and,
in general, the height of all the peaks become smaller when reducing the surface tension.
So it is expected a reduction of the exponent of the dependence of the DW frequency with
Re, at lower Ka numbers, as happens according to the experimental results, figures 26
and 28 and equation (23).
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