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Abstract: In view of the necessity of measuring the air content in oil in two-phase flows in the
context of general industry, a review of the most popular methods of measuring the air content
in oil was carried out. This review includes an assessment of their advantages and disadvantages
and of whether they meet criteria such as the degree of filling, the size and number of bubbles,
verification, the absence of additional pressure drops, simplicity, and repeatability. In the review,
the following methods were examined: the classic trapping method, a modified trapping method, a
trapping method using hydrostatic pressure loss, the pressure loss due to frictional flow resistance,
the pressure loss with a rapid increase in diameter, the pressure drop in a Venturi tube, the pressure
drop in an orifice, a method using the Coriolis effect, the electrical resistance method, the electrical
conductivity method, the electromagnetic method, the electrical capacitance method, the thermal
anemometry method, the liquid-solid contact electrification method, the photographic method,
holography, light scattering, sound dispersion, the ultrasonic transit-time method, X-ray radiation,
gamma radiation, neutron radiation, and fiber-optic methods.

Keywords: measuring; air; gas; degassing; bubbles; method

1. Introduction

In this review, we examine methods of measuring the undissolved air content in
oil in two-phase flows, and we present the advantages and disadvantages of each. The
comparison of these methods of measuring air content enables easier selection of the
measurement method for use in general industrial and laboratory applications and for
studies that will be conducted in the future. Two-phase flows of air in 0il commonly occur
in different branches of industry—for example, the energy industry, oil and gas industry,
chemical industry, paper industry, mining industry, and others where oil is used. The
presented methods can be helpful, for example, in measuring the air content in oil during
studies of a tank’s return chamber in lubrication systems.

The tank is one of the basic elements of a hydraulic system; without it, it is impossible
to operate such a system. It performs many important functions, which include storing,
degassing, and cooling the oil. All functions performed by the tank require a certain amount
of time. The time needed for the implementation of all functions performed by the tank
is called the retention time [1,2] (definition: the retention time is the time allowed for the
disengagement of entrained air or gas (according to [1,2])).

Oil lubrication systems supply oil to slide bearings located on the turbine set shaft.
In order to ensure proper and trouble-free operation of the bearings, the oil should have
an appropriate viscosity, temperature, purity, and air and water content and be supplied
in an appropriate quantity. During the operation of the lubrication system, the oil in slide
bearings forms an oil film, reducing the coefficient of friction. Oil additionally performs
the function of heat dissipation by cooling the slide bearings. Slide bearings are equipped
with seals through which air enters the bearing. During the operation of the bearing, air
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comes into contact with oil in the gap between the rotating shaft and the fixed surface of the
bearing. This results in air being drawn into the oil, intensive mixing, and compression of
the mixture. Then, the oil-air mixture flows out of the bearing, expanding rapidly to form
a spray jet, which then goes through the return pipelines in the form of a heavily aerated
and heavily agitated mixture and into the tank. Lubrication systems are often equipped
with oil mist separators (OMSs), which perform several functions: they generate negative
pressure in the tank, return pipeline, and bearings; precipitate oil from the oil mist; and
blow air from the tank into the atmosphere. The resulting negative pressure in the slide
bearings additionally prevents oil from leaking, but at the same time, increases the amount
of air entering the bearing and then being entrained in the oil. Figure 1 shows an example
of a lubrication system’s tank [3]. The lube oil tank presented in Figure 1 is equipped not
only with a tank body, but also with elements such as pump units, a pressure control valve,
an oil mist separator, return strainers, pressure transmitters, temperature transmitters, level
transmitters, shut-off valves, manholes, ladders, and railings.

Figure 1. An example of a lubrication system tank (total capacity of the tank: 149 m?) [3].

Figure 2 shows an example of a simplified diagram of a lubrication system. The
diagram shows the following: a lube oil tank with pump units and a pressure control valve,
a cooler skid, a filter skid, a turbine set shaft with turbine stages, bearings, a generator, and
a gearbox with a main pump and starting motor. Air enters the hydraulic system through
all slide bearings located on the turbine set shaft [3].

LP1 LP2 LP3

Generator

Bearing Bearing Bearing Bearing { Bearing Bearing [ Bearing Bearing Bearing

AN

Lube oil tank Coolers Filters

Figure 2. An example diagram of a lubrication system [3].

The oil returning to the tank takes a long time to restore its properties to the optimal
values. Thus, the retention time is long. It is possible to shorten this time by properly
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designing the tank and, in particular, the tank return chamber. In the next section, the
methods of measuring the content of undissolved air in oil are shown.

2. Known Methods for Measuring Undissolved Air Content in Oil

In this section, an overview of the methods of measuring the undissolved air content
in liquids is presented. Furthermore, the section includes an assessment of these methods
in terms of the following criteria:

- The method allows for the determination of the degree of filling for the mixture;
- The method allows for the determination of the size and number of bubbles;
- The method allows verification;
- The method does not cause additional pressure drops;
- The method should be simple;
- The method should be repeatable.
The following methods of measuring air content in oil are the most frequently used:
(1) Trapping methods;
(2) Methods using two-phase flow resistance;
(3) Methods using the Coriolis effect;
(4) Electrical methods;
(5) Optical methods;
(6) Acoustic methods;
(7) Radiation methods;
(8) Fiber-optic methods.

2.1. Trapping Methods

Trapping methods include the classical method, the modified method, and those that
use hydrostatic pressure loss.

2.1.1. Classic Trapping Method

The classic trapping method relies on a visual assessment of the content of gas and
liquid phases by means of locating the boundary between the phases. In order to perform
the measurement, the flow of a two-phase mixture is passed through a transparent, marked
test section. Then, using two three-way quick-acting valves, the marked test section is
closed, and at the same time, the bypass allowing the mixture to flow is opened. In the
closed and marked test section, the phases are separated. After a sufficient amount of time,
a clear phase separation boundary appears. A diagram of the measurement system for the
classic trapping method is shown in Figure 3 [4,5].

TTTTTTTTTOUTT

Figure 3. Diagram of the measurement system for the classic trapping method [4,5].
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The advantages of the classic trapping method are its simple operation and lack of
pressure loss. However, the disadvantages of this method are the following:

- The need to modify the system;

- The lack of suitability for measurements of two-phase flows with a long time for
phase separation;

- The strength of the transparent test section;

- The measurement of the filling degree is feasible only in steady states;

- Itis not possible to measure the filling degree in real time.

This method fulfills all of the criteria, and it should be taken into account when
selecting the research method for air content in oil, especially when selecting the best
research method.

2.1.2. Modified Trapping Method

The modified trapping method involves assessing the content of the gas phase and
liquid phase by reading the change in hydrostatic pressure. In order to perform a mea-
surement, a two-phase mixture flow is passed through a test section. Then, using two
three-way fast-acting valves, the test section is closed and, at the same time, the bypass
allowing the mixture to flow is opened. Then, the test section should be vented, and the
pressure shown by the pressure gauge may be converted into the degree of filling of the
test section. By calibrating the pressure gauge and filling the test section only with the
liquid phase, it is possible to read the degree of filling directly from the pressure gauge
with a good approximation. A diagram of the measurement system for the classic trapping
method is shown in Figure 4 [4].

P

Figure 4. Diagram of the measurement system for the modified trapping method [4].

The advantages of the modified trapping method are its simple operation, shorter
measurement than that of the classic trapping method, and the lack of a need to use a
transparent test section. However, the disadvantages of this method are the following:

- Itisnotsuitable for measuring the degree of filling of mixtures with a low boiling point;

- The gas phase is partially released into the atmosphere, which precludes the determi-
nation of some parameters, such as the mass and degree of dryness of ‘x” in the case of
measuring water vapor parameters.

This method fulfills all of the criteria, and it should be taken into account when
selecting a research method for the air content in 0il, especially when selecting the best
research method.

2.1.3. Trapping Method Using Hydrostatic Pressure Loss

The trapping method using hydrostatic pressure loss, otherwise known as the side-
tube method, is based on the assumption that the only pressure losses during a two-phase
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flow in a vertical pipe are losses resulting from the gravitational resistance of the two-phase
flow. Therefore, it is assumed that the total pressure loss during the flow of the two-phase
mixture through the side-tube test section is hydrostatic pressure loss. The measured
hydrostatic pressure is a function of the amounts of liquid and gas in the side tube, i.e., a
function of the degree of filling ¢. A diagram of the measurement system for the trapping
method using hydrostatic pressure loss is shown in Figure 5 [4,6].

S

Two-Phase
9 Flow

l — D1 —»|

<A~ W

Figure 5. Diagram of the measurement system for the trapping method using hydrostatic pressure
loss [4,6].

The advantages of the trapping method using hydrostatic pressure loss are that it
is easy to apply and allows real-time measurement. However, the disadvantages of this
method are the following;:

- The flow should be directed vertically upward.

This method fulfills the majority of the criteria, and it should be taken into account
when selecting a research method for the air content in 0il, especially when selecting the
best research method.

2.2. Methods Using Two-Phase Flow Resistance

Methods for determining air content in a liquid using two-phase flow resistance
include methods based on:

(1) Calculating the pressure loss as a result of frictional flow resistance;
(2) The pressure loss with a rapid increase in diameter;

(3) The pressure loss in the Venturi tube;

(4) The pressure loss in the orifice.

2.2.1. Pressure Loss Due to Frictional Flow Resistance
The total resistance of a two-phase flow consists of the following three components [4,7]:

(1) The friction component of the pressure drop: This is an important component of the
total resistance of a two-phase flow. Multiple calculation models or experimental
studies are used to determine the friction component of the pressure drop.

(2) The acceleration component of the pressure drop: This is important during the phase
change in the course of a flow, but in the absence of a phase change, it can be omitted.

(38) The hydrostatic component of a pressure drop: This is important in vertical flows. It
can be omitted in horizontal flows.

The advantage of this method is that it allows easy measurement of the amount of gas
in a two-phase flow after proper preparation of the measurement apparatus. However, its
disadvantages are the following:

- Itis not suitable for measurements in flows where small pressure drops are required;
- It requires one to force a high flow rate;


http://mostwiedzy.pl

A\ MOST

Energies 2024, 17, 4800

6 of 22

- It is not suitable for measurements at a low flow rate;
- Itrequires many calculations or much research to obtain good results.

This method does not fulfill any of the criteria, and it should not be taken into account
when selecting a research method for the air content in oil, especially when selecting the
best research method.

2.2.2. Pressure Loss with a Rapid Increase in Diameter

This method consists of measuring the pressure recovery in the cross-section of a
segment with an enlarged diameter. In order to perform the measurement, a sufficiently
high flow rate in the supply pipeline should be forced so that the pressure drop in the supply
pipeline and in the outlet pipeline with a larger diameter can be measured. According to
the Bernoulli equation, due to a reduction in the two-phase flow rate, the pressure changes,
which depends, among other things, on the degree of filling of the two-phase mixture (see
Figure 6) [4,8].

I

Figure 6. Diagram of the pressure change during a rapid increase in diameter [4,8]. * A section where
the flow is fully developed.

The advantage of this method is that it allows easy measurement of the amount of
gas in a two-phase flow after proper preparation of the measurement apparatus. The
disadvantages of this method are the following;:

- Itis not suitable for measurements in flows where small pressure drops are required;
- Itrequires a high flow rate to be forced;

- Itis not suitable for measurements at a low flow rate;

- Itrequires prior analytical calculations to be conducted.

This method does not fulfill any of the criteria, and it should not be taken into account
when selecting a research method for the air content in 0il, especially when selecting the
best research method.

2.2.3. The Pressure Drop in a Venturi Tube

This method consists of measuring the pressure drop in a Venturi tube. In order
to measure a pressure drop, the flow of a two-phase liquid through the Venturi tube
should be forced, and experimental measurements should be carried out to determine
the characteristics of the pressure drop for mixtures with different filling degrees (see
Figure 7) [4,9].
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Figure 7. Venturi tube [4,9].

The advantage of this method is that it allows easy measurement of the amount of
gas in a two-phase flow after proper preparation of the measurement apparatus. The
disadvantages of this method are the following;:

- Itis not suitable for measurements in flows where small pressure drops are required;
- Itis not suitable for measurements at a low flow rate;
- Itrequires prior analytical calculations to be conducted.

This method does not fulfill any criteria, and it should not be taken into account when
selecting a research method for the air content in oil, especially when selecting the best
research method.

2.2.4. Pressure Drop in an Orifice

This method, which is similar to the method of measuring pressure drops in a Venturi
tube, consists of measuring the pressure drop in an orifice. In order to measure the degree
of filling of a two-phase mixture, the pressure drop and the flow rate should be measured.
On the basis of the parameters measured and using the determined appropriate correction
factors, it is possible to determine the degree of filling of the mixture (correction factors
are determined experimentally for the needs of the mathematical model). Figure 8 shows
examples of orifices [4,10].

Figure 8. Examples of orifices used when measuring the degree of filling by means of a pressure drop
in an orifice [4,10].

The advantage of this method is that it allows easy measurement of the amount of
gas in a two-phase flow after proper preparation of the measurement apparatus. The
disadvantages of this method are the following;:

- Itis not suitable for measurements in flows where small pressure drops are required;
- It is not suitable for measurements at a low flow rate;
- Itrequires prior analytical calculations to be conducted.

This method does not fulfill any of the criteria, and it should not be taken into account
when selecting a research method for the air content in oil, especially when selecting the
best research method.
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2.3. The Method That Uses the Coriolis Effect

The method of measuring the gas content in a liquid using the Coriolis effect consists
of measuring the frequency of oscillatory vibrations recorded by two pairs of sensors placed
at some distance from each other on two bent measuring tubes. The flowing mixture is
subjected to oscillatory vibrations of different frequencies in both measuring tubes. The
recorded vibration frequencies allow for an accurate calculation of the density and degree
of filling of the two-phase mixture. Figure 9 shows the PromassQ flowmeter using the
Coriolis phenomenon to measure two-phase flow [4,11].

Flow transmitter

Curved tubes

Figure 9. The PromassQ flowmeter is dedicated to measuring the flow of two-phase fluids [4,11].

The advantage of this method is that it allows easy measurement of the mass flow rate
and density of a liquid. The disadvantages of this method are the following:

- Itis not suitable for measurements in flows where small pressure drops are required;
- It is not suitable for measurements at a low flow rate;
- It does not allow for the measurement of the size of air bubbles.

This method does not fulfill any of the criteria, and it should not be taken into account
when selecting a research method for the air content in oil, especially when selecting the
best research method.

2.4. Electric Methods

Electric methods are used to determine air content in liquids. These methods include
the following:

(1) Electrical resistance method;

(2) Electrical conductivity method;

(38) Electromagnetic method;

(4) Electrical capacitance method;

(5) Thermal anemometry method;

(6) Liquid-solid contact electrification method.

2.4.1. Electrical Resistance Method

The electrical resistance method involves measuring the magnitude of electrical resis-
tance that occurs when current flows through a two-phase mixture. This method uses the
difference in electrical resistance between each phase. Many kinds of measurement probes
are available, allowing for local or average measurements. Figure 10 shows an example of
a method of measuring the electrical resistance in a measurement pipeline [4,12].
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Guard electrode
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Figure 10. An example of a method of measuring electrical resistance in a measurement pipeline [4,12].

The advantage of this method is its ability to measure the degree of filling in real time
with high accuracy. The disadvantages of this method are the following:

- The construction and calibration of the electronic system;
- Itis not suitable for liquids with high electrical resistance, such as oils;
- It does not allow for the measurement of the size of air bubbles.

This method does not fulfill any of the criteria, and it should not be taken into account
when selecting a research method for the air content in oil, especially when selecting the
best research method.

2.4.2. Electrical Conductivity Method

The electrical conductivity method involves measuring the electrical conductivity (the
inverse of electrical resistance) that occurs as current flows through a two-phase mixture.
Similar to the electrical resistance method, this method exploits the difference in electrical
conductivity between each phase. Figure 11 shows an example of a method of measuring
electrical conductivity in a measurement pipeline [4,13].

.| Square wave

l

Power
Amplifier

e

(Generator

Upper Probe . -
e Currentto Violtage | | Lock-inAmp. |
B _ Converter & Low-pass Filter
. ‘
(a)/(b) 0:
: utput
T I P Currentto Voltage | | Lock-inAmp. p—
- Converter & Low-pass Filter
-« .
Lower Probe

Figure 11. An example of a method of measuring electrical conductivity in a measurement pipeline [4,13].
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Many kinds of measurement probes are available, allowing for local or average mea-
surements using the electrical conductivity method. One such probe is the wire-mesh sensor
(WMS), which allows for the visualization of two-phase flow. Figures 12 and 13 show ex-
amples of WMSs [4,14,15].

- transmitter
electrodes

—— tube

receiver alectrodes

R1-4

1 4
2] 3 =
[ T——ADC p=—gP>
. data
| o ADC bus

E

45 ’_Ii ADC
l_{_ .
b

TH—faoc

operational 1
amplifiers - sample/haold
SIH — circuits

Figure 12. The diagram of a wire-mesh sensor (WMS) [14].

Figure 13. An example of a WMS [4,15].

The advantage of this method is its ability to measure the degree of filling in real time
with high accuracy. The disadvantages of this method are the following:

- The construction and calibration of the electronic system;

- Itisnot suitable for liquids with low electrical conductivity, such as oils;

- It does not allow for the measurement of the size of air bubbles (except with WMSs).
This method does not fulfill any of the criteria, and it should not be taken into account

when selecting a research method for the air content in 0il, especially when selecting the

best research method.

2.4.3. Electromagnetic Method

The electromagnetic method is based on exploiting the phenomenon of electromag-
netic induction. As a liquid flows through a pipe in a variable magnetic field oriented
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perpendicularly to the direction of flow, a difference between potentials arises on electrodes
positioned along a line perpendicular to the plane formed by the direction of the mag-
netic field and the velocity of the liquid flow over the measured section of the pipe [4,16].
Figure 14 shows a diagram of an electromagnetic flowmeter.

Yoke (Laminated Core) i
ectrode;

(@2.8 mm, L=20 mm)

Frassure
Port

Cail

Fressure

Connection )
Flange Ring Flow Tube
(ID=1", 00=1.25", L=250 mm)

Figure 14. A diagram of an electromagnetic flowmeter [4,16].

The advantage of this method is its ability to measure the degree of filling in real time.
The disadvantages of this method are the following:

- Itis not suitable for liquids with low electrical conductivity, such as oils;
- Ithas a complex power supply system;
- The construction and calibration of the electronic system;
- Noise (transformer, power source, electromagnet);
- It does not allow for the measurement of the size of air bubbles (except for detecting
passing air pockets).
This method does not fulfill any of the criteria, and it should not be taken into account
when selecting a research method for the air content in oil, especially when selecting the
best research method.

2.4.4. Electrical Capacitance Method

The electrical capacitance method consists of measuring the electrical capacitance
during the flow of a two-phase mixture. Oil and air have different electrical capacitance
coefficients, due to which it is possible to measure the degree of filling (the ratio of the
amount of air to the amount of oil) [4,17]. Figure 15 shows a diagram of a flowmeter
exploiting the phenomenon of electrical capacitance.

The advantages of this method are its ability to measure the degree of filling in real time
and its suitability for liquids with low electrical conductivity, such as oil. The disadvantages
of this method are the following;:

- Itis not suitable for evaluating the structure of a two-phase flow;
- The construction and calibration of the electronic system;
- It does not allow for the measurement of the size of air bubbles.

This method does not fulfill any of the criteria, and it should not be taken into account
when selecting a research method for the air content in oil, especially when selecting the
best research method.
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Figure 15. A diagram of a flowmeter using the phenomenon of electrical capacitance [4,17].

2.4.5. Thermal Anemometry Method

The thermal anemometry method involves measuring the voltage change in a thin
insulated wire through which electric current flows. As electric current passes through, it
generates heat, which is then released into the environment. During the two-phase flow of
a liquid and a gas, the cooling conditions of the wire change due to the varying thermal
conductivity and heat capacity properties of the phases, leading to a change in the wire’s
temperature and its resistance and, consequently, a change in the voltage drop along the
wire. Figure 16 shows a hot-wire anemometric probe [18].

Tip of the probe
ST Sensor 1
e -

Main flow direction T \ A
e __.--"  Sensor2

Figure 16. A hot-wire anemometric probe used to measure a two-phase flow [18].

The advantage of this method is the possibility of measuring the size of air bubbles in
a two-phase flow. The disadvantages of this method are the following:

- It has a complicated nature;

- It only allows for local measurements in a small volume;

- Difficult interpretation of results (multiple air bubbles can simultaneously affect the
voltage characteristics measured by the probe).

This method does not fulfill any of the criteria, and it should not be taken into account
when selecting a research method for the air content in 0il, especially when selecting the
best research method.

2.4.6. The Liquid-Solid Contact Electrification Method

The liquid—solid contact electrification method consists of measuring the voltage
change when a liquid makes contact with an electrode. The voltage change depends
on a liquid and its contamination. The sensor does not need an external power supply.
Figure 17 shows a diagram of an O-S TENG sensor [19].
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Figure 17. Diagram of an O-S TENG sensor [19]. (a) Structural schematic diagram of the O—S TENG
sensor; (b) typical output signal generated by the interfacial interaction between a pure lubricating
oil and a Cu electrode; (c) output generation of the lubricating oil with contaminant ingressions.

The advantage of this method is the possibility of continuously measuring a two-phase
flow. The disadvantages of this method are the following:
- It does not allow for the measurement of a two-phase flow with big air bubbles;
- Difficult interpretation of the results.

This method does not fulfill any of the criteria, and it should not be taken into account
when selecting a research method for the air content in oil, especially when selecting the
best research method.

2.5. Optical Methods

Optical methods are used to determine the air content in liquids, and such methods
include the following:

(1) The photographic method;
(2) The holographic method;
(38) Light scattering.

2.5.1. Photographic Method

The photographic method consists of taking photographs of a two-phase mixture
flowing through a specially prepared section of a pipeline, which should be transparent.
The resulting images are then processed so that gas bubbles in the liquid can be counted
and measured. On this basis, it is possible to determine the degree of filling and the nature
of the flow. High-speed cameras are increasingly replacing traditional ones. Figure 18
shows a diagram of the use of the photographic method [4,20].

//_b\‘ Zoom-in view of port 3

a

I | e Return Line r___________z)m_m ________ |

I
I ®12/D,=136 | 1
: 1 ] |
- T il 19 I
Compressed ,E:E Background y 1
Air Line bl parallel light e/ i

Visualization 5 & |
Ports @ En :' - ° ‘ ﬁ 1
z/D, h:i - Water — P Q: - High-Speed 1
=724 L % Tank ey —— ® IRy Camera |
Air Flow Meters' o ° ,"T] |
I
- /D, =838 2 o 11Ls
Gas-liquid flow ®z h b K UHH fp 1
direction y ok | z) :
LED panel /,\

O [ Gas-liquid flow 4 :

i I
- k(= . LN direction
P e o e Y I & 4
M ti
X ngne e Water

Water Flow P
Meters ump

Figure 18. A diagram of the use of the photographic method [4,20]. (a) Schematic diagram of the test
stand. (b) The imaging system.
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The advantage of this method is the possibility of measuring the size and number
of air bubbles, the degree of filling, and the nature of the flow in a two-phase flow. The
disadvantages of this method are the following;:

- Complicated data processing;
- In order to implement this method, a high-quality camera or high-speed camera
is needed.

This method fulfills all of the criteria, and it should be taken into account when
selecting a research method for the air content in oil, especially when selecting the best
research method.

2.5.2. The Holographic Method

The holographic method involves capturing holographic images of a flowing two-
phase mixture through a specially prepared section of a pipeline, which should be trans-
parent. Unlike a standard photographic image, which captures the wave amplitude and
frequency information (as seen in color photos), a holographic image also contains addi-
tional information about the wave phase. Taking a holographic image requires a suitable
light source emitting two beams of light with the same wave phase. One light beam illu-
minates the object under study, while the other one is reflected off of a mirror, creating
a reference wave. These waves then converge on the hologram, where the information
is recorded. The resulting images are processed and analyzed to count and measure gas
bubbles in the liquid. On this basis, it is possible to determine the degree of filling and the
nature of the flow. Figure 19 shows a diagram of the use of the holographic method [21].

x=0 mm

y(vertical)
:(spanwise)l
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5. Bubble field

I

Figure 19. A diagram of the use of the holographic method [21].
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The advantage of this method is the possibility of measuring the size and number
of air bubbles, the degree of filling, and the nature of the flow in a two-phase flow. The
disadvantages of this method are the following;:

- More complicated construction of the measurement system compared with that in the
photographic method (requiring a suitable light source);

- Complicated data processing;

- In order to implement this method, a high-quality /high-speed camera capable of
capturing holographic images is needed.

This method fulfills the majority of the criteria, and it should be taken into account
when selecting a research method for the air content in 0il, especially when selecting the
best research method.
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2.5.3. Light Scattering

The light-scattering method involves taking photographs that capture light reflected
from the photographed measurement section through which a two-phase mixture flows.
The resulting images are then processed so that gas bubbles in the liquid can be counted
and measured. On this basis, it is possible to determine the degree of filling and the nature
of the flow. Figure 20 shows a diagram of the use of this method, which exploits the
phenomenon of light scattering [22].

4 Incident light

f Scattering light

Scattering particle

H

Figure 20. A diagram of the use of the method exploiting the phenomenon of light scattering [22].

The advantage of this method is the possibility of measuring the size and number
of air bubbles, the degree of filling, and the nature of the flow in a two-phase flow. The
disadvantages of this method are the following;:

- More complicated construction of the measurement system compared with that in the
photographic method (suitable light source);

- Complicated data processing;

- Inorder to implement this method, an accurate camera/high-speed camera is needed.

This method fulfills the majority of the criteria, and it should be taken into account
when selecting a research method for the air content in oil, especially when selecting the
best research method.

2.6. Acoustic Methods

Acoustic methods are used to determine the air content in a liquid. These methods
include the following:

(1) Sound dispersion;
(2) The ultrasonic transit-time method.

2.6.1. Sound Dispersion

The method using the phenomenon of sound dispersion consists of measuring the
parameters of an acoustic wave that a sensor receives after the acoustic wave passes through
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the two-phase mixture under study; then, the parameters of this wave are compared
with those of the wave emitted by the emitter. Changing the velocity and phase of the
acoustic wave allows for the determination of the number and size of gas bubbles in liquids.
Figure 21 shows a diagram of the use of the acoustic method of sound dispersion [4,23].

50kHz Hydrophone

150kHz Hydrophone

250kHz Hydrophone

(101 []
ERERE

O
Test section .~ o/ b o
[+]
Air-water two-phase o o

Figure 21. A diagram of the use of the acoustic method of sound dispersion [4,23].

The advantage of this method is the possibility of measuring the size and number
of air bubbles, the degree of filling, and the nature of the flow in a two-phase flow. The
disadvantages of this method are the following;:

- Complicated construction of the measurement system;
- Complicated data processing.

This method does not fulfill any of the criteria, and it should not be taken into account
when selecting a research method for the air content in oil, especially when selecting the
best research method.

2.6.2. Ultrasonic Transit-Time Method

The ultrasonic transit-time method consists of measuring the difference in the transit
times of an ultrasonic wave through a flowing two-phase mixture. An ultrasonic wave is
sent in two directions: downstream and upstream. The difference in the time of transit
of the ultrasonic wave through the mixture allows for the calculation of the flow rate and
the number and size of air bubbles. Figure 22 shows a diagram of a measurement method
exploiting an ultrasonic flowmeter using the transit-time method [24].

The advantage of this method is the ability to measure the size and number of air
bubbles, the degree of filling, and the flow rate. The disadvantages of this method are
the following:

- Complicated construction of the measuring system;
- Complicated data processing.

This method does not fulfill any of the criteria, and it should not be taken into account
when selecting a research method for the air content in oil, especially when selecting the
best research method.
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Figure 22. A diagram of a measurement method exploiting an ultrasonic flowmeter using the
transit-time method [24].

2.7. Radiation Methods

Radiation methods are used to determine the air content in a liquid. These methods
may include the following:
(1) X-ray radiation (X-ray radiography);
(2) Gamma radiation;
(3) Neutron radiation.

2.7.1. X-ray Radiation

Methods based on X-ray radiation use the phenomenon of attenuating X-ray radiation
penetrating the object under study. X-rays emitted by the source passing through the
medium under study are attenuated in proportion to the density of the medium and then
reach the detector. When testing a two-phase mixture of a liquid and a gas, the liquid,
which has a much higher density, will attenuate the radiation more strongly than the gas.
Figure 23 shows a diagram of the use of the X-ray radiation method [25].

The advantage of this method is the possibility of measuring the size and number
of air bubbles, the degree of filling, and the nature of the flow in a two-phase flow. The
disadvantages of this method are the following;:

- Very complicated construction of the measurement system;
- Risk of irradiation;

- Complicated data processing;

- Irradiation of the object under study.

This method does not fulfill any of the criteria, and it should not be taken into account
when selecting a research method for the air content in oil, especially when selecting the
best research method.
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Figure 23. A diagram of the use of the X-ray radiation method [25].

2.7.2. Gamma Radiation

Methods based on gamma radiation use the phenomenon of attenuating gamma
radiation penetrating the object under study. Gamma radiation emitted by the source while
passing through the medium under study is attenuated in proportion to the density of the
medium and then reaches the detector. When testing a two-phase mixture of a liquid and a
gas, the liquid, which has a much higher density, will attenuate the radiation more strongly
than the gas. Figure 24 presents a diagram of the use of the gamma radiation method [4,26].

Lead shiclding [ Stainless steel housing
o] N :
Radio-isotope source e / Signal processing

-+
'
|
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Gamma rays
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Test seetion — - SN R
Al Amplifier
Steam-water two-phase —— |07 Yo \Scintillation detector (Nal)

Figure 24. A diagram of the use of the gamma radiation method [4,26].

The advantage of this method is the possibility of measuring the size and number
of air bubbles, the degree of filling, and the nature of the flow in a two-phase flow. The
disadvantages of this method are the following:

- Very complicated construction of the measurement system;
- Risk of irradiation;

- Complicated data processing;

- Irradiation of the object under study.
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This method does not fulfill any of the criteria, and it should not be taken into account
when selecting a research method for the air content in 0il, especially when selecting the
best research method.

2.7.3. Neutron Radiation

Methods based on neutron radiation use the phenomenon of the absorption thereof
by the atoms of the object under study. The neutron radiation emitted by the source while
passing through the medium under study is attenuated and then reaches the detector. When
testing a two-phase mixture of a liquid and a gas, the liquid, which has a much higher
density of atoms, will attenuate the radiation more strongly than the gas. Figure 25 presents
a diagram of the use of the neutron radiation method [4,27].

Side view [] LFS Front view [ —

(—
Air-water mixture i
Imaging system

o
—>
—>
—_—

Neutron
beam
Converter

w=12 mm /”"

¥ S=2 mm
air
water {otameter | —> | (O

Figure 25. A diagram of the use of the neutron radiation method [4,27].

The advantage of this method is the possibility of measuring the size and number
of air bubbles, the degree of filling, and the nature of the flow in a two-phase flow. The
disadvantages of this method are the following;:

- Very complicated construction of the measurement system;
- Risk of irradiation;

- Complicated data processing;

- Irradiation of the object under study.

This method does not fulfill any of the criteria, and it should not be taken into account
when selecting a research method for the air content in oil, especially when selecting the
best research method.

2.8. Fiber-Optic Methods

The fiber-optic method consists of measuring reflected light in an optical probe, the
tip of which is placed in a measuring tube through which a two-phase mixture flows. The
light flowing through the optical fiber reaches the end of the probe, which has the shape of
a sharp cone. If the end of the probe comes into contact with a liquid, then, due to light
refraction at the liquid—probe border, light is emitted from the optical fiber. If the end of the
probe comes into contact with a gas, the light is reflected internally and returns through
the optical fiber to the detector. Based on the analysis of signals from the optical probe, the
local fill coefficient, bubble size, and flow velocity can be determined. Figure 26 presents a
diagram of the use of the fiber-optic method [4,28].
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Figure 26. A diagram of the use of the fiber-optic method [4,28].

The advantages of the optical method are its simple design and the ability to measure
the size and number of air bubbles. The disadvantages of this method are the following:

- Local measurement;
- Complicated data processing.

This method does not fulfill any of the criteria, and it should not be taken into account
when selecting a research method for the air content in oil, especially when selecting the
best research method.

2.9. Summary of the Measurement Methods

The analysis of the available methods for the measurement of the undissolved air
content in oil carried out in this study indicated that the most promising methods are the
following: the classic trapping method, modified trapping method, trapping method using
hydrostatic pressure loss, photographic method, holography, and light scattering.

However, the methods that were rejected were the following: the pressure loss due
to frictional flow resistance, the pressure loss with a rapid increase in diameter, the pres-
sure drop in a Venturi tube, the pressure drop in an orifice, methods using the Coriolis
effect, the electrical resistance method, the electrical conductivity method, the electromag-
netic method, the electrical capacitance method, the thermal anemometry method, the
liquid-solid contact electrification method, sound dispersion, the ultrasonic transit-time
method, X-ray radiation, gamma radiation, neutron radiation, and the fiber-optic method.

3. Conclusions

The methods for the measurement of the amount of undissolved air in oil presented
in this study constitute the main set of methods used for measurement. Depending on
individual needs, the choice of method may be different. However, on the basis of the
review carried out here, it is worth noting that the best accuracy was demonstrated by the
trapping and optical methods. The analysis of these methods allows the development of the
ways of conducting measurements in industrial installations and in tests in future research.
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