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This work presents a study of two-phase flow generated inside a rock-flow cell setup. It is characterized by a pipe
section filled with fluid (oil in our studies) that is put into oscillation around its mass centre by an electric motor.
This type of apparatus has been used by some research groups worldwide to mimic the flowing conditions of
complex pipe multiphase flows but with the advantage of being compact in size. In this work, a rock flow cell was
used to characterize stratified-wavy and slug flow regimes to investigate the phenomenological dynamics and
behaviour around the liquid interface. The experimental procedure cases covered two total cell liquid loadings (30%
and 75%), and the setup configuration was kept the same in terms of angular frequency oscillation (100 rpm) and
oscillation angle amplitude (19°). Ultrasound Doppler Velocimetry (UDV) was used to monitor and assess the flow
field velocity behaviour and distribution inside a rocking pipe, obtained through the EAM (Extended Auto-
Correlation Method) velocity estimator algorithm. From the resulting velocity profile, we estimated the shear rate
parameter. Furthermore, we could identify the air-oil phase interface position using the echo amplitude information.
The UDV technique applied to rock-flow cell has a great potential to generate detailed flow information, which in

turn can be used, for example, to validate Computational Fluid Dynamics (CFD) numerical simulations.

Keywords: Rock-Flow Cell, Doppler Velocimetry, Multi-Phase Flow, Velocity Profile.

1. Introduction

As the interest in a better understanding of flows’
behaviour and characterization has grown through the last
decades, various methods and technologies have emerged
to shed more light on the fluid dynamics research field.
Amongst some of the approaches to working with the fluid
dynamics field, we can mention optical methods such as
Particle Image Velocimetry (PIV), which require both the
fluid and its casing to be transparent and has high
implementation and computational costs. FElectrical
impedance and conductance probes, which are invasive
options prone to lead to flow disturbances. On the other
hand, ultrasound-based methods, such as Ultrasound
Doppler Velocimetry (UDV), have the desirable
advantages of being non-invasive, non-intrusive, capable
of working with opaque fluids, and ease of installation and
operation [1]. The UDV method also encounters
applications in various industry and research fields such as
nuclear plants, food engineering, chemical plants, oil and
gas exploitation and transportation [2], [3].

The ideal scenario for studying the flow behaviour would
be having access to real plants and installations, which is
only sometimes possible and would be costly. Thus,
alternatives have to be found to promote the studies. Such

options are flow loops, which can be built in different
configurations, trying to resemble the real plants and
installations, enabling the assessment of characteristics of
the phenomena in more detail. Another option is the rock-
flow cells, which have the advantage of being compact in
size and able to produce complex multiphase flows, using
fewer resources as, for example, the reduced volume of the
liquid phase. The main applications of rock-flow cells are
in the flow assurance field, where hydrate formation and
deposition are studied [4], [5], and also the assessment of
hydrate mitigation methods [6], [7].

In this work, we first present the stratified-wavy flow
assessment, a more straightforward flow pattern through
which we could understand the experimental process and
signal processing. Then, the slug flow pattern is addressed
with a higher level of liquid loading. This type of flow is
commonly found in multiphase flows, receiving particular
attention due to their presence in various applications,
particularly in the oil and gas industry. This specific flow
pattern poses a significant challenge in fluid transportation
due to problems associated with pipeline corrosion caused
by the erosion of anticorrosive materials. Additionally, the
mixing region of slugs enhances hydrate formation, one of
the significant concerns in flow assurance. In such
scenarios, the presence of bubbles originates from the



detachment of the gas phase at the rear of the long bubble.
This detachment is caused by an imbalance of forces,
primarily resulting from excessive shear near the fluid
interface. This paper proposes the use of a new approach
for estimating the shear rate using the US method in the
rock-flow cell configuration.

The shear rate parameter may suffer from
multidimensional velocity vectors, however, in this work
we are primarily interested in the shear force in the vertical
ultrasound beam plane. In this scenario, the shear rate is
estimated from the field velocity (in the flow direction),
calculated through the following relation: € = du/dy ;
where ¢ is the shear rate (s!) to be analyzed, u (m/s) the
particle velocity in x direction (flow direction), Yy (m)

position of pipe section.
2.Experimental Set-Up and Methodology

The experimental apparatus developed for the experiments
and results presented in this work is named Rock-Flow
Cell. It consists of a 1200 mm long acrylic pipe with a 50
mm inner diameter, mounted on an aluminum frame with
an oscillating pivot (Figure 1). One engine performed the
RFC oscillating movement through a connecting rod and
crank system. An accelerometer located at one edge of the
pipe measured the oscillation frequency and oscillation
amplitude range, which were kept at 100 rpm and 19°,
respectively, throughout the whole experimental set.
Images were captured through a high-definition camera
(Logitech ¢920) and processed in the MatLab® 2019b
release.

Figure 1: Rock-Flow Cell schematic description.

The test fluid is a mineral oil, which density is 843.32
(kg/m>), its viscosity is 0.0687 (kg/ms), and its superficial
tension is 0.031 (N/m). We worked with two distinct total
cell liquid loadings (30% and 75%, concerning the total
cell volume) as our experimental cases; the amount of oil,
in volume, corresponding to each liquid loading, was
weighted, mixed with yellow dye to identify the air-oil
interface better, and poured inside the pipe. An acrylic box
filled with water was disposed around the pipe to reduce
the light refraction effect and, thus, the distortion of the
image captured by the camera. A frequency inverter was
applied to regulate the oscillation speed (100 rpm).

The instrumentation of the rock-flow cell was made
through a 4 MHz ultrasonic transducer, positioned beneath
the pipe, aligned with its axis, and at 10° to the pipe’s
cross-sectional plane. The data set was acquired using the
National Instruments-based PXIe-1078 chassis with a

PXIe-7966R FPGA module. The entire signal post-
processing has been done offline in the MatLab® 2019b
release. Polyethylene seeding particles of 937 kg/m?, with
a mean diameter of around 250 um, were added and mixed
with the oil phase. These particles played the role of tracers
for the Ultrasonic Doppler technique.

The experimental approach, briefly described, was as
follows: initially, we positioned the pipe section perfectly
horizontally, with the aid of an electronic angle meter; then
we started the data acquisition system; after about 2.5
seconds, we started the motion system. We intentionally
did this process to capture a portion of the flat, steady state,
part of the liquid phase, which enabled us to confirm the
liquid loading through the liquid height obtained from the
ultrasound backscattered signal. Finally, the offline post-
processing part encompasses the air-oil phase interface
identification through the amplitude threshold technique
from the raw, backscattered signal [8] and the velocity map
obtained through the Extended Auto-Correlation Method
(EAM) [9].

3. Results and Discussions

In this section, we provide a qualitative and quantitative
discussion about the outcomes of our experiments. Figure
2 displays the phase interface estimated and the velocity
map for the 30% of liquid loading. Given this level of cell
filling, we have the stratified-wavy flow pattern developed,
characterized by the undulatory behaviour of the liquid
phase that does not touch the upper part of the pipe. In the
first nearly 2.5 seconds the cell was kept in its steady state,
and then the system was put into oscillation. In this figure,
we can also see two well-defined, alternating equivalent
behaviour regions, governed by the direction of oscillation
of the rock-flow cell. R1 and R2 represent the clock-wise
sense of motion of the rock-flow cell, where the flow
moves away from the transducer, and R3 and R4 being the
opposite.
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Figure 2: Stratified-wavy flow pattern obtained with 30% of total
liquid loading.

Additionally, from the velocity map (Figure 2) we can
observe that the magnitude of velocity field distribution is
higher on the back of the wave structure. In a similar
manner, we compared the mean velocity profiles for the
corresponding lines R3 and R4, as shown in Figure 4.

Figure 3 depicts the instantaneous velocity profiles along
lines R1 and R2, exhibiting an equivalent behavior
between them, and good agreement in terms of shape and
magnitude, also reproducing the no-slip condition at the
wall surface. We noticed that an oscillation frequency of
100 rpm results in a max velocity of about 0.75 m/s in both
directions.
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Figure 3: Comparison of velocity profiles for the equivalent
behaviour regions R1 and R2.
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Figure 4: Comparison of velocity profiles for the equivalent
behaviour regions R3 and R4.

From the velocity profiles (Figure 3 and Figure 4), we also
calculated the shear rate parameter, shown in the Figure 5
and Figure 6.
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Figure 5: Comparison of the shear rate parameter for the
equivalent behaviour regions R1 and R2.
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Figure 6: Comparison of the shear rate parameter for the
equivalent behaviour regions R3 and R4.

As expected, both the oil-air interface and the pipe wall
experience the effects of liquid shear stress. This stress is
slightly more pronounced at the air-oil phase interface due
to the counter-flow pattern, wherein the liquid flows in the
opposite direction to the gas. In this configuration, the
region near the interface of the fluid layers undergoes a
relative movement.

Figure 7 illustrates the velocity map for the liquid loading
of 75%. At this level of cell filling, we have the slug flow
pattern developed, characterized by alternating gas
bubbles and slug body structures. As we could expect, the
slug flow is a more complex flow pattern compared to the
stratified-wavy, resulting in a diversified range of
outcomes.
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Figure 7: Slug flow pattern obtained with 75% of total liquid
loading.

In the flow map (Figure 7), one can notice that we have
two distinct field velocity distributions at each slug unit
that repeat themselves throughout the equivalent
behaviour regions. In Figure 7, the region labeled as 'D'
indicates that the leading edge of the slug bubbles, often
referred to as the bubble nose, carries a certain amount of
oil mass with it due to viscous effects, and this
phenomenon occurs in both directions.
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Figure 8: Comparison of velocity profiles for the equivalent
behaviour regions R1 and R2.

Figure 8 and Figure 9 highlight the velocity profile lines
plotted at the rear part of the slug bubble, where it is
possible to see the changes in velocity direction between
liquid film and slug body. This is due to the high
turbulence and mixing factor at the bubble tail.

As the proposal is to estimate the shear rate at the end of
the bubble, the pair of positions R1-R2 and R3-R4 were
selected. The behaviour in both cases follows the
aforementioned results, demonstrating  acceptable
repeatability.
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Figure 9: Comparison of velocity profiles for the equivalent
behaviour regions R3 and R4.
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Figure 10: Comparison of the shear rate parameter for the
equivalent behaviour regions R1 and R2.

It is interesting to note that the shear rate, at the positions
selected, reaches a peak in magnitude at the inflection
point portion of the flow, where the velocity fields change
direction, which occurs approximately at 25 mm for
regions R1 and R2 (Figure 10), and at 12.5 mm for regions
R3 and R4 (Figure 11), respectively.
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Figure 11: Comparison of the shear rate parameter for the
equivalent behaviour regions R3 and R4.

4. Summary

In this work, we presented a novel and insightful
application for the Ultrasonic Doppler Velocimetry
technique. We could instrument a Rock-Flow Cell, an
innovative laboratory-scaled flow generator, and analyze
two different flow patterns.

From the results, we found that the UDV technique was
able to successfully characterize the stratified-wavy and
slug flow patterns in terms of phase interface identification
and velocity field distribution. Through further analysis of

the velocity profiles and velocity maps we could
qualitatively and quantitatively describe the velocity
behavior in different structures for both flow patterns.
Thus, some overall and conclude remarks can be drawn:

e For the stratified-wave flow, the velocity profiles are
similar in shape and magnitude, in both directions, as
expected, and the velocity field distribution magnitude is
higher at the rear part of the wave structure, which we
believe is due to the increasing flow momentum. The
shear rate was found to be slightly greater at the phase
interface.

o With the slug flow pattern the observations were that we
have two well defined velocity fileds on each slug
structure. One is at the liquid film portion, and the other
is at the slug bubble tail, which is also a highly turbulent
and mixing region, and the velocity fields develop in
opposite directions. This behaviour is also highlighted
and confirmed with the velocity profiles. The highest
level of shear rate occurs at the intersection of the two
velocity regions of the slug unit
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