
energies

Article

Precise Determination of Liquid Layer Thickness
with Downward Annular Two-Phase Gas-Very
Viscous Liquid Flow

Krystian Czernek * and Stanisław Witczak

Department of Process and Environmental Engineering, Faculty of Mechanical Engineering, Opole University of
Technology, ul. Prószkowska 76, 45-758 Opole, Poland; s.witczak@po.edu.pl
* Correspondence: k.czernek@po.edu.pl; Tel.: +48-77-449-8778

Received: 9 November 2020; Accepted: 7 December 2020; Published: 10 December 2020
����������
�������

Abstract: The paper presents the characteristics of the original optoelectronic system for measuring
the values of hydrodynamics of two-phase downward gas-very viscous liquid flow. The measurement
methods and results of the research on selected values describing gas–oil two-phase flow are
presented. The study was conducted in vertical pipes with diameters of 12.5, 16, 22, and 54 mm.
The research was conducted with the superficial velocities of air jg = 0–29.9 m/s and oil jl = 0–0.254 m/s,
which corresponded to the values of gas stream density gg = (0–37.31) kg/(m2s) and of liquid
gl = (0.61–226.87) kg/(m2s), in order to determine the influence of air and oil streams on the character
of liquid films. The variations in oil viscosity were applied in the range ηl = (0.055–1.517) Pas.
The study results that were obtained with optical probes along with computer image analysis system
revealed vast research opportunities in terms of the identification of gas–liquid two-phase downward
flow structures that were generated as well as the determination of the thickness of liquid film
with various level of interfacial surface area undulation. The designed and constructed proprietary
measuring system is also useful for testing the liquid layer by determining the parameters of the
resulting waves. It is considered that the apparatus system that is presented in the article is the
most effective in examining the properties of liquid layers of oil and other liquids with low electrical
conductivity and a significant degree of monochromatic light absorption. In view of noninvasive
technique of measuring characteristic values of liquid films being formed, the above measuring
system is believed to be very useful for industry in the diagnostics of the apparatus employing
such flows.
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1. Introduction

The two-phase gas—very viscous liquid flow is a phenomenon occurring in a number of
technological systems applied in modern industry both in relation to transport and thermal processing
of liquid substances. Chemical, petrochemical, pharmaceutical, or food industries benefit from
two-phase gas–liquid systems. The simultaneous presence of both phases: gas and very viscous
liquid that arises from the nature of these processes, is very demanding while operating various
apparatus. Exploitation problems are mainly attributable to the significant stochasticity of two-phase
gas and liquid flow in variously oriented channels, Padilla et al. [1], Gabriel et al. [2], Pietrzak et al. [3],
Singh et al. [4], and Colombo et al. [5].

In the flow mentioned above—depending on the flow rates of liquid and gas phases along
with physical properties of mixture components—various structures of this flow are likely to occur.
The maintenance of adequate process parameters along the flow poses a challenge and it is conditioned
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in the stability of flow structure, depending on channel geometry and liquid properties. Consequently,
solutions providing the proper work of processing apparatus and eliminating adverse occurrences in
the process assume growing importance. The occurrences mentioned above are the flow instability,
sediments on the surface of the heating pipes of interchangers and vaporizers, liquid foaming,
and interphase surface instability. Unfortunately, only few scientific papers are concerned with the
flow of gas and very viscous liquid hydrodynamics and research on two-phase flow with concurrent
heat exchange seem to be even scarcer.

Padilla et al. conducted the studies on pressure drop and flow structures in curved pipe channels
with diameter of 6.7 mm [1], whereas Gabriel et al. undertook studies in rectangular curved channels [2].
In the studies flow patterns of gas and liquid mixture were observed. As an interesting complement to
the papers mentioned above, Pietrzak et al. [3], in their studies in pipes with the internal diameters of
0.016, 0.022, and 0.03 m, determined gas and liquid volume participation and devised maps of this
type of two-phase flow.

A much larger proportion of papers relate to the studies that involve quantities characterizing
two-phase flow in the conditions of horizontal flow. The structures were observed by, among others,
Singh et al. [4] while studying phase volume fractions during the flow of liquid nitrogen flow through
horizontal channels. Research concerned with the area of identification of flow structures and the
determination of volume ratio of the phases was also carried out for such a system by Colombo et al. [5]
while using water and mineral oil and a trap method applied in plexiglas channels. In the study that
was reported by Charnay et al. [6], the results of qualitative visual observation of two-phase flow
structures are explored with regard to various refrigerants accompanying flow in horizontal channels.
The classification of areas that correspond to the occurrence of different forms of two-phase flow in the
form of so-called flow maps. Yang et al. [7] presented conducted several types of experiments while
using similar refrigerants in addition to the analysis of the heat transfer process during. The study
by Rassame and Hibiki presents the results of research that was concerned with the determination of
two-phase flow structures in horizontal channels, combined with the calculations with regard to the
volume ratios of individual phases [8]. This study also conducted a review of the calculation models
that are based on drift-flux correlation to calculate the gas volume fraction. Whan Na and Chung
carried out the measurements related to the determination of the heat transfer coefficient during flow
in horizontal micro-channels [9]. On the basis of this study, models were developed that can be applied
for the calculation of liquid film thickness, pressure drops, and heat transfer coefficient at the interface.
In rectangular mini-channels, research involving the determination of the heat transfer coefficient
was conducted by Jige and Inoue [10], while using refrigerant flow. The modeling of the liquid film
thickness during horizontal flow in terms of the intensification of momentum and heat exchange
formed the subject area of the research conducted by Cioncolini and Thome [11]. The database used
in modeling included nine fluids (water, two hydrocarbons, and six refrigerants) for vertical and
horizontal pipes with the diameter range of 1.03–14.4 mm and pressures between 0.1 and 7.2 MPa.

Vertical flow channels dominate in both academic research and full-scale plants. Interphase surface
is the most significant value determining heat and mass exchange conditions. The surface value mainly
depends on flow structures that originate as a result of mutual relations between flow parameters
and physicochemical properties of gas and liquid. Ebrahimi-Mamaghani et al. [12], Hamidi et al. [13],
Liu et al. [14], Smith et al. [15], and Shen et al. [16] conducted studies to identify the above in conditions
of heat exchange. Additionally, the testing involved gas and liquid volume participation. Shen et al.
also conducted the studies on the volume participation and factors velocity during the ascending flow
in rectangular channels [17] in order to verify previous tests by Shen et al. [18] concerning pressure
loss during the flow. Liquid layer thickness directly determining interphase surface value was then
tested by Ju et al. [19] and Liu et al. [20], who also conducted numerical simulation. Comprehensive
experimental studies on that flow were also within the interest of Dang et al. [21], who applied pipes
with a diameter of 25.4 mm. By the use of conductivity probe, they tested the types of flow patterns,
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velocity, and Sauter mean diameter of gas bubbles velocity, its volume participation, and the interphase
surface of interacting factors.

Descending flow is another type of two-phase flow of gas and liquid that is recommended in
vaporizers and pipe reactors. Gao et al. [22] and Lee et al. [23] verified the influence of the structures
of this type of flow on heat transfer coefficient. Jiang et al. [24] investigated the relations between
flow patterns and pressure loss value. The studies on flow patterns and determining the areas of their
occurrence were also the subject of research conducted by Julia et al. [25,26]. The maps of flow were
formulated as a result of their studies. The influence of two-phase flow patterns on the value of the
heat transfer coefficient was tested by Lee et al. [23]. Qiao et al. [27] and Xue et al. [28] also formulated
the maps of two-phase flow in circular section channels.

In the studies of two-phase flow, a number of theoretical and numerical models have been widely
applied. They apply the modelling of multiphase flow dynamics control for a variety of flow patterns
and value change of flow pressure drop and volume participation of phases. In this group of studies,
the discoveries of Dell’Acqua et al. [29], Afshari et al. [30], and Leporini et al. [31] are worth mentioning
as a significantly valuable source of complementary knowledge in this area.

For detailed analysis of numerical models, it is advisable to study selected parameters whose
values can only be obtained through experimenting with over determined flow regimes. The flow
widely used in the industry is annular flow of gas and liquid of various properties.

The annular flow is frequently defined as thin-layer flow of liquid with free surface formed as a
result of gravity, shear stress, and other external influences. In comparison to other representative
measurements, the above flow is typically of small thickness, which significantly influences its
characteristics and areas of its formation. Waves of various length and amplitude occurring on the
gravitational flow free surface and on the gas–liquid forced flow interfacial surface significantly impede
any thorough theoretical description of the flow phenomena. In terms of liquid film hydrodynamics,
the values of the mean thickness for various surface state and the values determining changes of the
interfacial surface state appear to be very interesting.

The state of liquid film surface and its local thickness are frequently assessed based on flowing
mixture being visually observed. For the case when observation is not feasible, various vision systems
or nonconventional observing techniques are applied, including:

• special phototechnical system Al-Kizwini et al. [32], An et al. [33], Da Silva et al. [34] Damsohn
and Prasser [35], Hanafizadeh et al. [36], Marchetti and Svendsen [37], Tibiriçá et al. [38],

• X, γ or β-ray photography Boden et al. [39], Heindel et al. [40], Osta et al. [41], Roshani et al. [42],
and Roshani et al. [43,44],

• optoelectronic detection of structure transverse image Charalampous et al. [45],
Jand apper-Jaafar et al. [46],

• CT scan Ismail et al. [47], Li and Soleimani [48], Tschentscher et al. [49], and Zhang et al. [50],
• thermographic systems Akafuah et al. [51],
• sonic and ultrasonic systems Albion et al. [52], Chiou and Li [53], Fang et al. [54], Furlan et al. [55],

Wang et al. [56], and Xu et al. [57],
• electronic and electromagnetic systems Hazuku et al. [58], Hu et al. [59], and Liu et al. [60], and
• holographic photography de Jong et al. [61].

Despite such a diversity of techniques, a single system that is capable of measuring the above
values with two-phase dielectric very viscous liquid flow has not been constructed so far.

The goal of this paper is to indicate the metrological potential of the proprietary optoelectronic
system that is used to measure the hydrodynamic values of descending annular two-phase flow of gas
and viscous liquid in vertical pipes. The paper presents the characteristics of original optoelectronic
system, selected tests and analysis results concerning the identification and description of flow
patterns that formed as well as liquid layer thickness determining the interphase surface condition.
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New dependencies that are used to calculate mean values of liquid film thickness and interphase
surface values are also introduced.

2. Materials and Methods

Experimental Setup

An experimental stand was built in order to study the hydrodynamics of the fluid film and to
learn about the phenomena accompanying its flow (Figure 1).
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Figure 1. Test stand diagram: 1—rotameter of air, 2—rotameter of oil, 3—feeding chamber (central jet),
4—measuring channel, 5—oil tank, 6—system of optoelectronic sensor, 7—pump, 8—mixer, 9—heater.

When considering the need to describe the hydrodynamics of gas–liquid two-phase flow for
viscosity over 0.1 Pas, the studies on influence of liquid viscosity on the type of liquid films being
formed and their average thickness were conducted.

The working factors that were used in the study were oils and air of different quality. Their fluxes
were measured in two independent circuits while using Kobold and Rotametr flow meters. The accuracy
of the flow meters ranged from 1.4 to 4.5%.

With that end in view, an optoelectronic measuring system that consists of optical probes, software,
and optical endoscope was completed. While measuring the oil layer thickness, optical signal rejection
was measured with a photo detector that was illuminated by a diode illuminator located opposite.
Optoelectronic sensors were joined to a personal computer that was equipped with a TAURON digital
measuring system for image registration and acquisition and MVSD8 card along with dedicated
software. The sensors were applied in order to measure the flowing liquid local thickness and
determine its undulation. Figure 2 shows the measurement schematic diagram along with the above
installation part.
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The length of light wave that was emitted by the illuminators was experimentally selected after
the spectrum of oil sample absorption had been measured (Figure 3) and it was of 470 nm (blue color),
owing to the most significant signal rejection of oil in that spectrum range was observed.
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Figure 3. Light absorption spectrum for ITERM-12 oil.

The light source from illuminators and return signal to the photo detectors were connected to the
measuring controller by optical wave-guides, two for each measuring probe. The measuring probes
were placed in 100 mm intervals and pairs of probes K0–K2 and K1–K3 were located perpendicularly
to each other. Figure 4 presents the diagram of measuring light absorption.
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Figure 4. The rule of measuring light absorption.

The measuring driver was equipped with signal amplifiers from photo detectors and LED
illuminators diodes drivers. The driver was controlled by a AT89S52 microprocessor with software
enabling the communication with the measurement controlling program in a personal computer.

The system was factory-calibrated and ready to work; however, while the tank was filled with
oil, the system required re-calibration with a calibrator that was constructed for that specific purpose
(Figure 5).
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Figure 5. The calibrator image and work diagram.

The elaborated software could be applied in order to calculate the wave period, frequency,
and velocity. After measurements, the program calculated the average total thickness of the oil film
on the pipe walls. The character of the waves of flowing oil films was determined in two stages.
At first, a high-resolution digital camera using the SVHS system was located in the transparent part
of the measuring channel. The camera registered the occurrence of flow patterns being analyzed
afterwards in the measuring system and other programs for image analysis, which provided the means
to determine the characteristics of the liquid film waves. The obtained results were verified at the next
stage. The digital camera was equipped with a CCD-video interface, so it was possible to couple it
with a stiff endoscope. (Figure 6).
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Figure 6. Stiff endoscope.

The optical endoscope system and computer software for image recording and analysis offered
the assessment of the nature of the liquid film flow in the channel cross-section. The combination
of the results from the endoscope and optical probes allowed for extensive experimental research to
identify different types of annular flow and their areas of occurrence. Selected quantities that were
characteristic for the flows of high-viscosity dielectric liquid films were also determined.

The obtained images of the liquid film flow in the cross section allowed for observing a level and
character of the interface undulation for different flow parameters of gas and very viscous liquid.

3. Results and Discussion

The gravitational flow of a film and its flow with a gas were both investigated in order to determine
the influence of velocity of both phases and liquid viscosity on the liquid film formation. The study
was performed in vertical pipes of 12.5, 16, 22, and 54 mm in diameter. In order to determine the
influence of air and oil streams on the character of the forming liquid films, the investigation was
conducted for superficial velocities of air jg = 0–29.9 m/s and oil jl = 0–0.254 m/s, which corresponded
to densities of gas stream gg = 0–37.31 kg/(m2s) and liquid stream gl = 0.61–226.87 kg/(m2s). The oil
viscosity was being changed within ηl = 0.055–1.517 Pas.

3.1. Flow Patterns

Figure 7 presents the flow patterns that were obtained from the study. Several groups of flow
patterns were distinguished, depending on liquid hold-up with the increasing gas phase stream.
If a liquid stream that was delivered to the pipe was sufficient to the total hold-up of the channel,
bubble flow, plug flow, stalactite flow, and foam flow, being a transient flow leading to annular flow
were observed.
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Figure 7. Patterns of downward two-phase gas-very viscous liquid flow in vertical pipes: B—bubble,
P—plug, S—stalactite, F—foam, AR—annular core, AL—annular smooth, AW—annular wave,
AH—annular hydraulic.

In bubble flow, the gas phase, which is in the shape of regular gas bubbles with linear dimensions
significantly lower than the pipe diameter, is diffused in the continuous liquid phase. The bubbles
invariably assume the form of revolving paraboloid segments and individually relocate along the pipe
axis. In plug flow, the gas phase takes the form of large paraboloid bubbles (plugs) with a length
comparable to the channel diameter flowing in continuous liquid phase. Within the rear plug wall,
a significant deformation of interfacial surface is observed in the form of central convex with the
inward-looking top. The plugs flow individually along the pipe axis. In stalactite flow, the gas phase,
which is in the shape of large toroidal bubbles and the length comparable to the channel diameter
or significantly longer, occurs in a continuous liquid phase. The part of the liquid in the shape of
thin spout relocates within the gas torus. In foam flow, none of the phases occurs in continuous
form. The interfacial surface experiences significant changes in terms of size and shape and no
privileged structures were distinguished. The intensive mixing of phases along the pipe axis and
radius accompanies the flow.

Various forms of annular flow were obtained with lower liquid streams and the increase of the
gas supply. In annular core flow, both phases occur in a continuous form. Gas in the shape of a thin
core relocates along the pipe axis. Smooth or minimally wavy liquid film flows with high velocity
and its thickness is compared to a gas core diameter. In annular smooth flow, both phases occur in
continuous form. A smooth liquid film thoroughly covering the pipe perimeter flows with low velocity.
Gas relocates along the pipe axis implicating no waves. In annular wave flow, both phases occur in
continuous form. Liquid flows along the wall of the wavy film and gas relocates along the pipe axis.
The increase of gas velocity changes the shape and amplitude of waves. In annular hydraulic flow,
both phases occur in continuous form. Gas concentrates in the shape of continuous core along the pipe
axis. Thin liquid layer flow humidifies the pipe perimeter. The undulation of interfacial surface is
intensive. With very high gas velocities, the part of the liquid in the shape of small drops relocates
with gas.

The possibilities of various annular flow occurrence were analyzed. Figure 8 presents various
states of annular flow observed and registered in measurements.
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The images that were obtained from an optical endoscope (Figure 9) reveal the diverse character
of the flowing liquid films. In the case of low liquid velocities with a relatively large range of gas
velocities, a smooth film is usually formed. The size and character of the waves being formed with
various amplitudes and frequency were mainly dependent on liquid stream and viscosity and the gas
phase velocity.
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Throughout an extensive stage of experimental studies, sinusoidal waves, rolling waves,
and irregular capillary waves, with lengths that depend on the gas phase velocity changes,
were observed. Both long (0.1–0.5) m and short (0.001–0.01) m waves were observed. In strongly
waving flows and annular hydraulic flows, liquid film surfaces were mostly irregular and complex
undulation states as a result of interference of different wave types were observed.

The authors of the paper compared the obtained results of the research in the area of descending
annular flow structures occurrence with the flow maps that are available in the foregoing literature
Oschinowo et al. [62], Troniewski et al. [63], Yamazaki et al. [64], and Crawford et al. [65].

In view of conducting tests in an unprecedented range of liquid viscosity changes, satisfying
compatibility was not obtained. Consequently, a propriety and universal map of flow was formulated
and it is shown in Figure 10.
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Calculations included statistical tests that were conducted by the adoption of literature
recommendations and they showed that the formulated dependencies were correct with a probability
of 0.95 at the average correlation rate value of 0.986.

3.2. Liquid Film Characteristics

The thickness of the forming liquid films and efficient value of surface at the liquid–gas boundary
seemed to be interesting in terms of liquid film hydrodynamics. The measurements of the liquid
film thickness were performed with an optoelectronic system enabling the determination of real-time
variations in the liquid film thickness (Figure 11).
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This tendency was observed for all pipe diameters and liquid viscosities. It is to be noted that the
above tendency is particularly distinct for the turbulent flow of the gas phase. For the low velocities of
the gas phase, the liquid film thickness is close to the values that were obtained for gravitational flow
of the liquid.

The following relationship has been proposed in order to describe the influence of the gas stream
phase on the liquid film thickness s in relation to conditions attending the gravitational flow s0:

s
s0

=
1

1 + 5.68 · 10−3Re0.132
z Re0.471

g
, (4)

with the liquid film thickness s0 should be calculated from the equation:

s0

ϑz
= 0.8252Re0.516

z , dla Rez < 2 (5)

s0

ϑz
= 0.9335Re0.334

z , dla Rez > 2 (6)
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where ϑz =
(
ηl

2

ğρl
2

)1/3
, Rez = 4Γ

ηl
, Γ =

.
ml
πd , Reg =

jgdρg
ηg

, and ğ-gravitational acceleration,
.

ml-mass flow.

Equation (4) was developed with the correlation coefficient of 0.984 and the mean value of standard
deviation 0.181.
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Because the interfacial surface value forms an important quantity that affects conditions of heat
and mass transfer, an attempt was made to determine it. To that end, changes of the liquid film



Energies 2020, 13, 6529 13 of 17

thickness versus time were used to calculate the contact surface of gas and liquid F2F. In order to
determine F2F related to the internal surface of the pipe Fp, it was assumed that:

Fp = πd∆Lcal, (7)

where:
∆Lcal = w∆τ. (8)

The calculated length ∆Lcal determines a liquid film path that is traveled at the speed of j,
determined for the average layer thickness s. Figure 14 shows the obtained results.Energies 2020, 13, x FOR PEER REVIEW 13 of 17 
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The above figure reveals that, for each Reg = const, the increase of the Reynolds number for the
liquid Rez a significant reduction of the efficient surface is observed. It results from the increase of the
liquid film thickness as well as from changes in waves nature. Expression F2F/Fp < 1 is significance for
annular smooth flow—AL. Surface F2F, as a result of thickness of film liquid increase, is invariably
lesser than inner surface of pipe Fp. The remaining values of relations F2F/Fp > 1 result from various
interfacial surface undulation levels.

The following equation was obtained from the theoretical considerations and correlation
being calculated:

F2F

Fp
= 46.73

(
ε

1− ε

)0.635
Re−0.679

g Re−0.108
z . (9)

where ε =
jg

jg+ jl
.

The equation was developed with the correlation coefficient of 0.989 and mean value of standard
deviation 0.143.

In the consideration of the adequate precision of the above correlations (4) and (9), along with
the wide range of included parameters, they could be recommended for the process calculations of
apparatus with a hydraulic liquid film.
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4. Conclusions

The study results that were obtained with optical probes and computer image analysis system
revealed vast research opportunities in terms of the identification of gas–liquid two-phase downward
flow structures being formed as well as the determination of the thickness of liquid film with various
levels of interfacial surface undulation.

• The study result analysis demonstrated that the application of the optoelectronic measuring
system enables a range of singularities in the flowing liquid films that resulted from the oil liquid
viscosity changes, to be determined. This parameter considerably affects the local and mean
thickness of the flowing liquid films and its capability for reducing liquid films undulation have
been observed. The increase of liquid viscosity invariably implicates the increase the liquid layer
thickness, whereas the increase of the gas phase velocity at the constant liquid velocity implicates
the reduction of the film thickness. This tendency has been observed for all of the investigated
pipe diameters and liquid viscosities.

• The designed and constructed original measuring system is also useful for the liquid undulation
level study by determining the velocity, length, and amplitude of waves being formed.

• In the apparatus system introduced in the paper, is believed to be the most effective in terms of
investigating the characteristics of oil liquid films and other dielectric liquids with a significant
level of absorbing monochromatic radiation.

• Dependencies allowing for calculations of values that are typical of two-phase flow dynamics,
devised in the range of viscosity (55–1517) mPas unprecedented until now. Because of the
above, they are highly recommended for the purposes of design and structure calculations of
thin-layer reactors.

In view of noninvasive technique of measuring characteristic values of liquid films being formed,
the measuring system that is introduced in the paper is believed to be very useful for industry to
diagnose the working of apparatus employing such flows.
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