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Abstract. Flow patterns exert a fundamental influence on the behaviour of multiphase flows,
and they must be brought into play when dealing with their modelling. This is usually done by
means of summarizing quantities as the phase holdups and the interfacial area concentration.
Many techniques have been designed during the years to measure them, among which the use
of probes relying on electrical resistance is one of the simplest and less expensive. While
having these points of strength, resistive probes are intrusive devices. This work is therefore
devoted to a comparison between liquid height (and derived quantities) measurements — for
stratified and stratified-wavy air-water flows — performed using a conventional resistive probe
and by means of an image-based technique. Validation of the latter was performed using
computer-generated flow images. Then, an experimental campaign was carried out for flows
with liquid superficial velocities in the range 0.03 + 0.06 m/s and gas superficial velocities in
the range 0.77 + 2.31 m/s. Results showed that the two methods give answers within very few
percent of difference, which is more than satisfactory in this field. The results are also in good
agreement with some of the most credited literature models and correlations.

1. Introduction

In the study of multiphase flows, the distribution of the phases within the duct plays a fundamental
role and it is usually taken into account in the models by means of quantities as the phase density
function, the phase holdups and the interfacial area concentration [1]. Sampling of such quantities is
far from being an easy task and many techniques have been designed during the years, ranging from
very complex and expensive ones (e.g., gamma-ray attenuation, high speed X-ray tomography,
magnetic resonance imaging and wire mesh sensors; reference to some fundamental papers about
these techniques can be found in [2]) to much simpler devices as the different types of optical and
electrical impedance probes which have been revised during the years ([3]-[8]).

In fact, in many multiphase flows, the phases have significantly different refraction indices and
electrical impedances, and local, section- or volume- averaged measurements based on these quantities
can reveal information about their spatial and temporal distribution within the flow. With a suitable
selection of the probe geometry and appropriate calibration, such probes have been used to measure a
variety of multiphase flow quantities, including film thickness in annular flows and liquid height in
stratified flows (e.g., measuring the liquid layer depth by detection of the interface, thanks to a
resistive probe in flush-wire configuration, as described in [8]). In fact, they can generate a practically
“Boolean” voltage signal when the probe tip switches from a phase to the other, crossing the interface.

However, they are an intrusive method, i.e., it is needed to have holes on the ducts under analysis
and the flow may be affected — even if minimally —by the presence of the probe. Hence image-based
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methods were developed, based on the processing of external views of the flow. (typically, from the
side, e.g., [9]). In this work, a technique suitable for stratified flows is presented and its results are
compared with those from resistive probes.

2. Experimental set-up and operating conditions
The experimental activity was carried out in the laboratory of Multiphase Thermal-Fluid Dynamics at
the Department of Energy, Politecnico di Milano.

| Compressed air line - ﬁ C’P

To transducer |

FL
ST Storage tank
WP Water pump
FL Flow meters

MIX  Mixing section

— MIX TS Test section
Pressure collector

Pressure gauge

ST L R Pressure reduction valve

(@)

o]

WP

Figure 1. Layout of the experimental setup

The liquid is supplied from the bottom of a 4.0 m® storage tank by means of a CALPEDA
centrifugal pump (volume flow rate = 0.12 + 0.75 m?/h; head = 6.5 +~ 20 m). The liquid flow rate is
measured by a float-type flow meter (whose characteristics are reported in Table 1) and set through a
bypass valve upstream of the flow meter. Air flow rate is provided by the Department compressed air
line at 0.8 MPa and measured by a float-type flow meter, the reading of which is suitably corrected to
account for pressure and temperature deviation from standard conditions; the working point is set both
through a pressure reducing valve and the flow meter valve. The liquid and the gas are injected into a
mixing section, subsequently the two-phase flow enters the test section, that is made of transparent
PMMA ducts having 60 mm inner diameter and 5 mm thickness. More details about the setup,
reported in Figure 1, can be found in [10] and in [11].

Table 1. Flow meters characteristics

Name Fluid Full Scale (FS) Error T. [° C] P [Pa]
ASAMETRO P13-2800 Water 0.1+ 1mh +3%FS 20 -
ASAMETRO N5-2008 Air 2.5+23.5m’h +2.5%FS 20 101 325

The superficial velocities of the phases for the flow conditions investigated in this work were Ji =
0.03 = 0.06 m/s for the liquid and Jg = 0.77 + 2.31 m/s for the gas. Within these ranges, the flow was
perfectly stratified or stratified with small-amplitude waves. Therefore, the liquid holdup, &2 was
evaluated by measuring the liquid layer depth /; and by making use of equations (1) and (2), linking
the geometrical quantities shown in Figure 2. Similarly, the interfacial area concentration in its 2D
cross-sectional definition can be very easily calculated as the ratio between the length of the chord
representing the interface and the cross-section area of the duct.

Uncertainties of the main quantities are reported in Table 2. Further details about repeatability and
uncertainty analysis for the same setup and similar flow conditions can be found in [10].
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Table 2. Relative uncertainties of the main quantities

Quantity Jao [m/s] Jr [m/s] er [-]
Uncertainty [%] 2+7 2+3 1+6

hy liquid

5
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Figure 2. Sketch of the phase distribution
in the pipe cross section

As anticipated in the Introduction, to measure the liquid height the use of a resistive probe and an
image-based, non-intrusive, methods were compared.

Concerning the resistive probe, it is a single-tip, external-electrode resistive probe that consists of
the sensing needle, fully insulated apart from the tip, and introduced radially from above into the flow,
and of a second wire, submerged into the liquid phase, that acts as a reference electrode. The latter is
connected to a +5 V power supply, while the needle is connected to an analogue input of the
acquisition board and grounded through a resistor. Since air is not electrically conductive, such a
probe allows to sample the state density function (at a frequency of 10 kHz): the voltage signal is zero
until the needle touches the liquid phase, then the circuit closes and the signal jumps to a positive
value. As the probe is inserted into the duct by means of a probe support endowed with a ruler to
provide the immersion depth, when the probe tip touches the liquid the height of the latter can be
easily determined. Further details can be found in [10].
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Figure 3. Scheme of the experimental setup for the image acquisition, including the duct with an air-
water stratified flow, the reflex camera on its tripod and the light with the screen, on its light stand.
The resistive probe is also shown in red and sketched in further details in the inset.

As for the image-based measurement, the experimental photographs were acquired using a
conventional back-illumination technique, using a photography lamp (800 W) with a diffusing screen
and a Nikon D90 single-lens reflex camera with an AF-S Micro NIKKOR 60mm lens. The camera
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was placed at 1 m distance from the portion of the pipeline under analysis, whereas the light with the
screen was placed at 0.50 m distance from the latter. Both were aligned at the same height of the duct
axis. Figure 3 shows a scheme of the experimental setup for the image acquisitions and of the resistive
probe. The acquired images were analysed to determine the liquid height by direct measurement of the
pixel distance between the duct bottom generatrix and the air-water interface. The interface position is
manually identified, as the image characteristics and in some cases the interface waviness make the
application of automated interface detection techniques impossible. The duct external diameter is
known and provides the pixel-to-meter conversion factor. The liquid height, the liquid holdup and the
interface area can be then calculated. As the camera was vertically aligned with the duct axis, while
the liquid height was always lower than the latter, due to perspective a small difference between the
interface heights in the front and back parts of the duct is present in all the acquired images. Therefore,
liquid height was measured at both the front and back triple lines, and the two values were averaged.
For each of the images, measurement was also performed in three axial positions, again averaging the
results, and by different operators. The latter proved to have a negligible influence on the results.

3. Validation of the image-based technique

In the use of the proposed image-based technique, many aspects may in theory originate trueness
issues. First of all, the capillary effects, leading to water rise with formation of a meniscus at the duct
wall, and the optical distortions due to the changes in refraction indices between water, PMMA and
air. Then, in decreasing order of likely importance, also the potential effects of lighting (adequate and
in proper position/orientation), field of view and depth-of-field, lens distortion, and sensor resolution
should be considered.

Concerning the optical distortion, a preliminary analysis was performed in Matlab® [12]

considering 1D optical paths according to the Snell law, as shown in Figure 4, where a ray is traced
from an ideal pinhole camera (on the left) to the duct. The real liquid level is drawn in cyan. For better
visibility in scheme, the camera in this example is placed at only 0.1 m from the duct axis and the
liquid height is set at 10 mm, so the discrepancy between real and apparent levels is much larger than
in real experimental conditions. The real results evidenced that given the relatively small thickness of
the duct, the distance of the camera from the duct itself and the liquid heights in the investigated flow
conditions, the correction is by far lower than the overall experimental uncertainty. As for the capillary
effects, Figure 5 shows the shape of the interface and the meniscus for different liquid levels. The
interface shape was obtained by CFD simulations of the system, using the Volume-of-Fluid approach
in a finite volume framework, by means of the interFoam solver of OpenFOAM® [13].
The settings for such simulations are the same as those described in [14]. A value of the water-air
surface tension equal to 72 mN/m and a contact angle between water, air and PMMA equal to 70°
were considered. These are likely to be not fully accurate values for the investigated flows, so the
results should be considered mainly as qualitative ones. Nonetheless, it can be seen how the combined
effect of the contact angle and of the inclination of the duct wall with respect to the viewing direction
reduces very much the meniscus apparent height for the liquid levels of interest. With the additional
consideration that the liquid height is manually identified by the operator, it is possible to conclude
that the meniscus is not an issue for the measurement.

As no-truly “reference” technique is available for measurement in this field, validation of the
proposed image processing approach was made by using computer-generated images.

Virtual ducts with stratified and stratified-wavy air-water flows were created by the already cited
numerical simulations and by the 3D modelling software Art of Illusion [15], exported in Wavefront
OBJ format (a format widely used for computer graphics) and rendered with the physically-based
rendering engine Appleseed [16]. Duct dimensions (diameter, thickness, etc.) and the camera and light
positions with respect to the duct were set to replicate the experimental ones. PMMA and water
refractive indices were set to 1.51 and 1.33, respectively. Photorealism in a strict sense was not of
interest, the aim was to obtain images including the major optical features of the experimental ones.
Figure 6 and Figure 7 show two examples of rendered images compared with the corresponding
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experimental photographs of flows with the same liquid height, for a case with a practically flat
interface and for a stratified-wavy flow pattern. A small drop, floating on the air-water surface, was
also included. Similar drops were occasionally observed in the experimental photographs, and they
help in identifying the correct level of the air-water interface.

duct —

camera 100 mm
position —_

T \ | 60 mmid. | |

\ IlO mm
liquid free surface -~

Figure 4. An example of the optical ray deviation Figure S. Menisci formed by the air-water
analysis. interface.

Figure 6. An example of rendered flow image (on the left) compared with an experimental photograph

of flow with the same liquid height (on the right), for a flow with a practically flat interface

Figure 7. An example of rendered flow image (on the left) compared with an experimental photograph
of flow with the same liquid height (on the right), for flows with a wavy interface

Measurement of the liquid height on the rendered images was carried out with the same procedure
used on the experimental pictures. In each picture, liquid height was measured at both the front and
back triple lines, and the two values were averaged. As the liquid was modelled/simulated, its exact
height was known, and the measurement error could be calculated. Table 3 reports the results for the
investigated liquid heights, both when considering the camera perfectly aligned with the duct and
when intentionally introducing a misalignment, to assess the sensitivity of the measure to this
parameter. The percentage error shown in the table is calculated as (measured value — true value) / true
value - 100. As it can be seen, there are regularities in the errors, as it was expected being the optical
paths influenced by the changes in the refraction indices in a deterministic way (they are less affected
when the interface is near to the duct mid-plane). A couple of odd values are present, since for those
condition the interface was more difficult to identify, and a single pixel of variation significantly
changes the error for the rendered images. In any case, the error is always very small, independently
from the eventual camera misalignment, and particularly in the range of liquid heights (> 16 mm) of
interest for this work.
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The vertical shift of the camera with respect to the duct axis that may occur in the experimental
campaign is very small, as confirmed by the very thin stripe representing the interface in the
experimental photographs. In any case, vertical shifts up to 30 mm — which is an exceedingly large
value equal to one half of the duct internal diameter — were investigated, but as they are always very
small with respect to the camera distance from the duct (1 m), they have practically no influence on
the results. As already said, the measurement is obviously sensitive to errors in the manual selection of
the interface, but the high resolution of the experimental pictures (the duct diameter occupies around
830 px, with respect to 260 px in the rendered images) effectively mitigates this issue.

Table 3. Results of the measurements on the rendered images

hr, [mm)] Camera vertical position Percentage Error [-]
11 aligned with the duct axis -0.83
11 10 mm higher than the duct axis -0.83
11 30 mm higher than the duct axis 0.38
16 aligned with the duct axis -0.33
16 20 mm higher than the duct axis -0.33
18.5 aligned with the duct axis -0.18
21 aligned with the duct axis -0.07
21 5 mm higher than the duct axis -0.07
21 30 mm higher than the duct axis -0.07
23.5 aligned with the duct axis 0.58
27 aligned with the duct axis 0.31
30 aligned with the duct axis 0.00

Based on the rendered images, a correction function could also be obtained to account for the
effects of the duct curvature and change in the refractive index along the optical path between the
interface and the camera. Given the very small values of the errors that can be obtained without any
correction, this step would change the final values of the phase fractions by a negligible amount
(fractions of percent), so it can be safely skipped in the measurement. In summary, the validation on
rendered images proved that the image-based measurement technique can return accurate values of the
liquid height.

4. Results

Figure 8 shows some representative examples of the acquired images, at the different values of the
liquid superficial velocity J. and gas superficial velocity Je. It can be seen how the liquid height (and
therefore the liquid holdup and the interfacial area concentration) increase when both the liquid and
the gas superficial velocities are increased. The flow pattern is always stratified, even if small waves
appear at the highest superficial velocities. Figure 9 reports the liquid holdup measured with image
processing technique, with respect to the liquid holdup obtained using the classical resistive probe
method. The values obtained are included in the £ 15 % band, showing a good match for the lower
values of the liquid holdup, whereas a worse accuracy is envisaged at the higher liquid holdup values.
This is likely due to the presence of small waves in the latter cases. In fact, the liquid height with the
image-based method is measured averaging the samples at three different axial coordinates, so it
returns a value related to the mean liquid height. On the contrary, with the resistive probe it is assumed
that the liquid region has been stably entered when the signal is dominantly zero, so the measured
liquid height is nearer to the wave bottom. This results in a lower value of the estimated liquid holdup
with respect to the image processing method.
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Figure 8. Examples of the acquired flow images, at the different values of Ji and Je.
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Figure 9. (a) Parity plot of liquid holdup obtained through image processing vs. liquid holdup
obtained with resistive probe and (b) focus on the region of interest

The obtained results were also compared to three well-known models available in the open
literature, the Armand [17], Toshiba [18] and Lockhart-Martinelli [19] models (Figure 10 (a)). Also, in
this case the results well agree with the correlations, showing a variation included in + 15 %, which is
an acceptable range for multiphase flows. Whereas in Figure 10 (b) is reported the interfacial area
concentration for the various superficial velocities.
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Figure 10. (a) Parity plot of gas holdup obtained through image processing vs. gas holdup obtained
through models and (b) Interface area concentration vs. Superficial gas velocity
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5. Conclusions

An image-based technique was tested for the measurement of the liquid height, liquid holdup and
interfacial area concentration in stratified flow conditions. The technique was validated on images
created by computer graphics and then used on 24 flow conditions at different values of the liquid and
gas superficial velocities. The results were compared with those obtained with resistive probes. A very
good agreement was found both between the two measurement methods and with the predictions of
some widely used literature correlations.
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