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The knowledge of the behaviour of the two-phase flow is important when optimizing the
heat transfer in nuclear reactor. Swirling of the flow is desirable feature and it is enhanced
in the fuel bundles with the structure of the spacer grids. Flow can be modelled
computationally but the numerical models need experimental data for validation. The
information about the phase distribution is useful in modelling and can be expressed with

a term void fraction that describes the portion of the gas phase.

For this bachelor’s thesis, measurements with the HIPE test facility in LUT were
performed. Two-phase flow was made swirling with a swirl generator and void fraction
measurements were performed with a traditional cross-sectional wire-mesh sensor and an
axial sensor. The distance from the swirl generator and the flow rate of the air phase were

varied in the measurements.

The one-dimensional void fraction distributions extracted from the sensor data are
compared to see how well axial sensor performs in swirling flow. It is noticed that the
upstream edge of the axial sensor disturbs the flow significantly and it is not very well
suited for measuring swirling flow with its current structure. The results of the different

sensors are in a better agreement when the flow is less swirling.
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Kaksifaasivirtauksen tunteminen on tarkedé ydinreaktorin [ammansiirron optimoinnissa.
Virtauksen pyorteisyys on tavoiteltava ominaisuus, ja sitd tehostetaan sauvanippujen
vélihilarakenteella. Virtausta voidaan mallintaa laskennallisesti tietokoneella, mutta
mallien validointiin tarvitaan kokeellista dataa. Mallinnuksessa virtauksen faasijakauma
on hyddyllinen tieto, jota voidaan tarkastella kaasun osuutta kuvaavan aukko-osuuden

avulla.

Taté kandidaatintyoté varten tehtiin mittauksia LUT:n HIPE-koelaitteistoilla. Pyorteinen
kaksifaasivirtaus luotiin pyorteenkehittimelld ja aukko-osuusmittaukset suoritettiin sek&
perinteiselld, putken poikkipinta-alan suuntaisesti asennettavalla, etta aksiaalisella lanka-

anturilla. Mittauksissa varioitiin etaisyytta pyorteenkehittimeen ja ilmafaasin nopeutta.

Anturidatasta erotettuja yksiulotteisia aukko-osuusjakaumia verrataan, jotta nahdaan,
kuinka hyvin aksiaalinen sensori toimii pyOrteisessd virtauksessa perinteiseen
poikittaiseen anturiin verrattuna. Tuloksista huomataan, ettd aksiaalisensorin alareuna
héiritsee virtausta huomattavasti eikd se nykyisella rakenteellaan sovellu kovin hyvin
pyorteisen virtauksen mittaukseen. Vahemman pyorteisessa virtauksessa sensoreiden

tulokset vastaavat paremmin toisiaan.
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LIST OF SYMBOLS AND ABBREVIATIONS

Roman symbols

A
J
\

Qv

area m
superficial velocity m/s
volume m3
volumetric flow rate m/s

Greek symbols

a

Subscripts

G

void fraction %

gas

Abbreviations

ADC
AXE
CFD
CHF
HIPE
HZDR
LUT
PCB
TRAD

WMS

Analog-to-Digital Converter
Axial sensor

Computational Fluid Dynamics
Critical Heat Flux

Horizontal and Inclined Pipe flow Experiments, test facility

Helmholtz-Zentrum Dresden-Rossendorf, German research laboratory

Lappeenranta University of Technology
Printed Circuit Board
Traditional cross-sectional sensor

Wire-Mesh Sensor



1 INTRODUCTION

Modelling of two-phase flow has been studied extensively due to its importance in various
industrial processes. A guantitative knowledge of the behavior of the two-phase flow is
crucial when designing and optimizing a thermodynamic system. Calculation of the heat
transfer inside a nuclear reactor core requires the information about the phase distribution
of the flow. The high-resolution data from experiments is needed for the development
and validation of modern computational fluid dynamics (CFD) models. Numerous

measurement techniques have been developed to offer that data. (Ishii & Hibiki 2011.)

Wire-Mesh Sensor (WMS) measurement technique based on the electrical conductivity
of the fluid was developed by Professor Prasser and his team at the German research
center Helmholtz-Zentrum Dresden-Rossendorf (HZDR) in the late 90°s (Prasser et al.
1998). The sensor technique is based on a patent by Johnson (1987) but was introduced
broadly to the public when Prasser et al. (1998) published the results from their WMS
measurements. Since then the performance and the intrusiveness of the wire-mesh sensors
have been examined in several studies with different sensor applications and
measurement circumstances (Velasco Pefia & Rodriguez 2015; Shaban & Tavoularis
2017).

In this thesis, the working principle of the wire-mesh sensor measurement technigue is
introduced and different types of sensors are compared. The goal of this thesis is to test
an experimental measurement set-up with swirling flow. The used test facility, wire-mesh
sensors and swirl generators are presented. Two swirl generators with a different blade
angle are used to create swirling flow into a vertical pipe. The void fraction is measured
with two types of wire-mesh sensors: cross-sectional and axial. Time averaged void
fraction distributions are then calculated and plotted with the WMS Framework software
developed in HZDR to visualize the data from WMS measurements.

The void fraction distributions obtained from the axial sensor are compared to the results
from the cross-sectional sensor. The velocity of the air phase and the distance from the
swirl generator are varied to evaluate the performance of the axial sensor in swirling flow.
It is known from previous axial sensor measurements that the structure of the sensor

disturbs the flow so three axial positions from the sensor are compared.
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2 CHARACTERISTICS OF THE GAS-LIQUID FLOW IN
VERTICAL PIPE

One of the most important aspect in nuclear engineering is the design of the heat transfer
inside the reactor core. For stable operation of the reactor, all generated heat must be
removed from the surface of the fuel rod by the coolant flow. The improved heat transfer
design increases the heat power of the reactor. The boiling of the coolant is highly
efficient way of transferring the heat. (Lamarsh & Baratta 2001, 403.)

However, the heat transfer is limited by the critical heat flux (CHF) where the heat
transfer coefficient decreases and the boiling crisis occurs. In the boiling crisis, the
bubbles form a vapour film to the surface of the fuel rod which leads to the rise of the
fuel temperature and threatens the integrity of the rods. (Ylonen 2013, 4.) In a nuclear
reactor, the heat transfer must be designed in way that the temperature of the fuel stays
under safe level to ensure that the cladding of the fuel rods remains unharmed. (Lamarsh
& Baratta 2001, 403.)

Boiling flow can be simulated by adiabatic water-air flow where air bubbles are injected
to the system to act like the steam phase. In adiabatic flow, the initial flow rates of liquid
and gas mostly determine the flow regime whereas in diabatic flow the regimes evolve
along the flow channel due to the heat that is brought to the fluid. If the flow regime is
near the transition, the coalescence of the bubbles and the axial pressure drop can change

the flow regime also in adiabatic flow. (Hyvérinen 2014, 22.)

When modelling two-phase flow, it is important to know how the control volume or area
is divided between the two phases. In gas-liquid flow, void fraction is the parameter that
is used to describe the fraction of the total cross-sectional area A or volume V occupied
by the gas phase (Whalley 1987, 2). Thus, the void fraction « is defined as

_Ag Vg

= (2.1)

a

Another important parameter is the fluid superficial velocity J. It can be described as

j=< (22)
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where @y is the volumetric flow rate of the phase. The superficial velocity is the velocity
that the phase would have if it was flowing alone in the channel (lbid). Superficial
velocity is widely used because it is the value that is usually known and unambiguous.
The real velocity is often highly variable and complex to retrace. With the help of void
fraction and superficial velocity, the geometric configurations called flow regimes or flow
patterns can be detected and categorized (Whalley 1987, 4). The common flow regimes

for vertical upward two-phase flow in a round pipe are introduced in Figure 2.1.
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Figure 2.1. Flow regimes of vertical gas-liquid flow (Whalley 1987, 5).

The flow rates of the both phases are important factors in transition from one flow region
to another. As the flow rate (and so the velocity) of the gas increases, the coalescence of
the bubbles get more frequent and large bullet-shape bubbles are formed. However, if the
liquid flow rate is high, large bubbles break into smaller ones. The dependency of the
phase velocities can de described with a flow regime map. (Whalley 1987, 6.) There are
multiple different versions of flow regime maps in literature since many authors define
slightly different flow patterns and decide to use different names for them. The
recognition of the flow regimes is however not that important in this thesis since the

swirling flow is the target of interest.



2.1 Swirling flow

Swirling flow is used in many industrial applications such as cyclones, separators and
heat exchangers (Liu & Bai 2015, 187). In nuclear reactors, the swirling flow is created
inside a fuel rod bundle to enhance the heat transfer. Spacer grids in a fuel assembly are
used to support the fuel rods but can also be designed to direct the flow with mixing vanes.
The flow can be directed to swirl either inside the sub-channel or around the single rod

by different placing and formatting of the vanes. (Hyvérinen 2014, 40.)

Due to the centrifugal forces, the flow patterns in the swirling two-phase flow are different
than in straight flow. The gas bubbles gather in the center of the channel and the heavier
liquid accumulates on the walls. Swirling annular flow is thus formed. (Liu & Bai 2015,

187.) A schematic view of swirling two-phase flow is presented in Figure 2.2.

The swirl effect can also increase the coalescence of the bubbles when they travel towards
the center. Because of the resultant liquid film and turbulence, the heat transfer and the
critical heat flux in the nuclear fuel bundle increases. (Krepper et al. 2006, 727-729.)
Unfortunately, swirling flow cannot be used to even out the temperature distribution of

the whole fuel bundle since the swirl is usually very local (Hyvérinen 2014, 40-41).

Liquid phase

Gas column 4

g

Figure 2.2. Schematic of the swirling gas-liquid flow (Liu & Bai 2015, 190).
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3 THE WORKING PRINCIPLE OF THE WIRE-MESH SENSOR

Wire-mesh sensor measurement technique is a flow visualization technique that allows
the investigation of multiphase flow with high spatial and temporal resolution. Technique
Is based on the measurement of conductivity or permittivity of the fluid with a matrix-
like measuring point arrangement. The electrical signals are used to derive local
instantaneous gas fractions in two-phase flows or tracer concentrations in case of mixing
experiments. (HZDR 2016.)

In two-phase flow, the inherent difference in the conductivity of the phases provides the
primary signal. In steam-water flow, the vapour is practically non-conducting, whereas
the conductivity of pure water is sufficient to be detected. (Ibid.) For single-phase mixing-
experiments tracer salts are used to increase the electrical conductivity of the fluid
(Ylonen et al. 2011).

At least one flow phase must have a detectable electrical conductivity when measuring
with conductivity wire-mesh sensors. For this reason, the capacitance based wire-mesh
sensors that measure the permittivity of the fluid were developed. (Da Silva & Hampel
2013, 114.) Capacitance wire-mesh sensors are applicable in flow problems with oil or
other organic and electrically non-conductive liquids. This sensor type enables the
measurements for example in chemical engineering and in oil industry. (HZDR 2016.) In
this thesis the focus is in air-water flow and the used sensors are conductivity based

SEeNsors.

3.1 Measuring the conductivity of the fluid

The measurement system is made from two parts: data acquisition and sensor unit. These
are illustrated in Figure 3.1. The sensor consists of two layers of thin metallic wires in
90° angle to each other. A small gap is left between the layers. One layer is used as a

transmitter and the other one as a receiver layer. (Prasser et al. 1998, 112.)
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Figure 3.1 The working principle of the wire-mesh sensor (Krepper et al. 2006, 402).

During the measurement, the transmitter wires are activated one by one by supplying
them with voltage pulses. The current read from the receiver electrode is a measure of the
conductivity of the fluid in the crossing point of the two wires. The current signal is
amplified and transformed into voltage by operational amplifier and sampled by
sample/hold circuit. After that, the analogue signal is converted to binary format by
analogue-to-digital converters (ADC). (Prasser et al. 1998, 112-116.)

After the activation of all transmitter wires, the measurement frame is saved by a
computer connected to the data acquisition unit and the recording of the new measurement
frame is started. Each frame contains a matrix of measured signal values that represents
the two-dimensional conductivity distribution in the sensor cross-section. These values

can be converted to two-phase flow parameters such as void fraction values. (Ibid.)
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3.2 Converting the raw data to void fractions

In two-phase flow measurement, the values of the liquid phase must be separated from
the values of the gas phase. Calibration values for the mesh points are measured from
pure gas free water flow. The signal values of these gas free frames are then averaged.
By this calibration process, a certain baseline level is achieved and can be used to
calculate the void fractions. The electrical conductivity of air is negligibly small. (Beyer
et al., 6-7.) Therefore, if the measured signal value is less than the baseline, some air is
connecting the wire layers. For gas-liquid flow the local instantaneous void fractions can
be calculated by assuming linearity from

e =~ WK 100 % (3.1)

where i and j are the x and y indices of the sensor and k is the index of the frame. The lw,i
Is the averaged signal value for the de-mineralized water at the crossing point i,j. lijk IS
the local instantaneous sensor signal from the crossing point. (Yl6nen & Hyvérinen 2015,
6.)

The time averaged void fractions are calculated for all the crossing points i,j from
1N
a;j = EZ @i jk 3.2)
k=1

where n is the total number of the measurement frames.

3.3 Different types of wire-mesh sensors

Because of the wide variety of the WMS applications also numerous different sensor
designs have been made. The first sensors were — and the most sensors still are — cross-
sectional and are thus called traditional sensors. With traditional sensors, the cross-
sectional void fraction distribution can be measured. The bubble sizes and the gas phase
velocity distribution can also be determined with two sensors together in a known distance
from each other. (Prasser et al. 2001, 303-305.) It is also possible to combine two sensors
in one so-called Three Plane WMS. The middle plane is used as transmitter and the upper
and the lower planes as receivers. (Velasco Pefia & Rodriguez 2015, 258.)

It is known that the flow conditions change along the axial length of the channel because

of the impact of coalescence and pressure drop (Hyvarinen 2014, 22). If the purpose is to
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measure and study the development of the flow in the axial direction traditional sensors
would not be ideal. For that reason, the axially-aligned wire-mesh sensor was created. It
can be installed axially into the centerline of the flow channel. The velocity estimations
can also be made from the data obtained from axial WMS. (Telkké et al. 2017.)

The mesh constructed from transmitting and receiving wires does not have to be
rectangular. The electrode wires can be placed radially to form measuring circles like
illustrated on the left side of the Figure 3.2. This type of sensor is also transformable into
a cylindrical sensor. The geometry of the fuel bundle can be imitated with a sub-channel
void sensor that takes into account the fuel rods. The rod-to-wire mode of the sensor uses
the rods as transmitters and all the wires as receivers. (Velasco Pefia & Rodriguez 2015,
259-261.) This principle is illustrated on the right side of the Figure 3.2.

: t flow flow ‘m‘ Transmitter

Receiver Electrode
R (\ Electrode
; Transmitter - G
" \ QEIectrode {. 7 ‘\’ AZReceiver
"

Figure 3.2. Schematic view of the radial WMS (left) and the sub-channel void sensor in the rod-
to-wire mode (right) (Velasco Pefia & Rodriguez 2015, 259-261).

Wire-mesh sensors for high pressures and temperatures are developed. Sensor for an
operation at up to 7 MPa and maximum temperature of 286 °C has been constructed.
(Pietruske & Prasser 2007.) Wire-mesh sensors are also combined with thermocouples to
obtain information of temperature distribution as well (Velasco Pefia & Rodriguez 2015,
258).
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4 ADVANTAGES, DISADVANTAGES AND THE ACCURACY OF
THE WIRE-MESH SENSOR

Wire-mesh sensor technique enables high spatial and temporal resolution. In gas-liquid
flow, the high measuring resolution allows the recognition of individual bubbles. Small
individual bubbles are often measured by optical methods such as laser-based imaging.
With WMS, non-transparent fluids can be also measured and an opaque pipe or channel
is not a problem since the optical access is not needed. Optical techniques also have
difficulties with higher void fractions when the bubbles near channel boundaries prevent

the optical view to the center of the channel. (Prasser et al. 2001, 299.)

One of the main advantages and a motive for developing the WMS technique is the low
cost. Widely used high-resolution methods like X-ray and y-ray tomography are highly
expensive compared to WMS. (Prasser et al. 1998, 111-112.) Also, the possibility to
measure over the whole horizontal or vertical cross-section of the pipe gives advantage
compared to the needle probes that supply information only from a small area at the time
(Prasser et al. 2001, 300-301).

WMS is an intrusive method that affects the flow parameters that are being measured.
The disturbance of the flow cannot be entirely avoided even though the wires can be very
thin. The sensor causes fragmentation of bubbles and changes their velocity by
acceleration or deceleration. WMS is not very well applicable to study flow with low flow

rates because then the bubbles are noticeably slowed down by the sensor. (Ibid, 302.)

There are several studies that compare the results measured with WMS to those using
other methods. WMS technique has been compared to X-ray and y-ray densitometry,
optical techniques and electrical methods such as conductivity needle and electrical
resistance tomograph. (Velasco Pefia & Rodriguez 2015, 263.) In general, WMS
measurements were found to be in fair agreement with the results obtained from other
methods. Studies show that WMS tends to overestimate the void fraction near the pipe
wall and in bubbly flow. (Shaban & Tavoularis 2017, 193.) Recently Prasser & Héfeli
revealed that “the assumption of a linear dependency between local instantaneous gas
fraction and the local instantaneous conductance signal for the evaluation of wire-mesh
sensor signals leads to a significant overestimation of bubble sizes and void fractions”
(Prasser & Hafeli 2017, 12).
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5 DESIGN OF THE TEST FACILITY

The experimental test facility located in the nuclear safety research laboratory of the
Lappeenranta University of Technology (LUT) is described next. The set-up needed for
the measurements performed for this thesis consists of an adiabatic test loop called HIPE
(Horizontal and Inclined Pipe flow Experiments), an axial and two traditional wire-mesh

sensors and two swirl generators.

5.1 The HIPE test loop

The test loop shown in Figure 5.1 was constructed to examine two-phase flow structure
in a vertical, horizontal and inclined pipe. HIPE is used in educational purposes as well
since the transparency of the flow channel allows to observe the different two-phase flow

phenomena. (Ylonen & Hyvérinen 2015, 2.)

The transparent test section marked in the Figure 5.1 can be inclined to any angle between
vertical and horizontal with the pivoting mechanism. The test loop is constructed from
acrylic pipe sections with inside diameter of 50 mm. The order of the pipe sections can

be changed arbitrarily which makes the facility highly versatile. (Ibid.)
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Figure 5.1. The HIPE test facility (left) and the drawing of the flow channel constructed from

transparent acrylic pipe sections (right). The wire-mesh sensors are installed into pipe sections.
(Ylénen & Hyvérinen 2015, 3.)

The air-water flow is generated with three co-axial capillary-pipe injectors. The pipes for

water injecting are in a triangular array and the smaller air injection capillaries are inside
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of those pipes. In that way, it is possible to adjust the initial bubble sizes with the
secondary flow through the water tubes. The design of the air injectors is adopted from
the SUBFLOW test facility designed and constructed at the Paul Scherrer Institut in
Switzerland (Yl6nen 2013, 30). The air injection of HIPE is illustrated in Figure 5.2. In

this thesis, the secondary water flow is set to zero to reduce the number of the variables.

Figure 5.2. The location of the air and water inlets (left) and the formation of the bubbles in the
air injector (right) (Ylénen & Hyvarinen 2015, 3).

5.2  Wire-mesh sensors

The test facility has two traditional cross-sectional wire-mesh sensors placed with an axial
distance of 20 mm from each other. Both sensors have 32 x 32 wires and a spatial
resolution of 1.5 mm x 1.5 mm. In addition, there is an axial sensor (AXE) designed in
LUT that has a mesh of 16 transmitter wires and 128 receiver wires. The size of the sensor
is 45 x 381 mm? and the spatial resolution is 3 mm x 3 mm. (Ylénen & Hyvérinen 2015,
4.

The sensors are constructed in LUT. They are made from a Printed Circuit Board (PCB)

to which the stainless-steel wires are soldered. The thickness of the wires is 0.1 mm and
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the thickness of the PCB (the wire layer distance) is 1.6 mm. The model of the traditional

sensor and the design of AXE are illustrated in Figure 5.3.

Illllmm“lll

i munnniin

Figure 5.3. The model of the traditional WMS constructed in LUT (left) and the schematic design
of the axial sensor (right). The stainless-steel wires form a measurement mesh. In the traditional
sensor the mesh covers the whole horizontal cross-sections of the pipe. The axial sensor is
installed axially to measure over the vertical cross-section.

In the HIPE test facility, the sensors are installed into transparent pipe sections with an
inner diameter of 50 mm. The innovative design of AXE has caused some problems in
the earlier measurements. The measuring wires have been loosened up and the structure
of the sensor system does not allow repairing of the wires since the PCB has been glued
to the pipe. Regardless of that the sensor has stayed in a measuring condition. The leading
edge of the sensor is known to be intrusive. To reduce the flow disturbance, the upstream
end of the axial sensor was designed leaner than the downstream which is used for the
transmitter signal routing. In addition, a gap of 10 mm was left between the sensor board

and the first receiver wire.
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5.3 Swirl generators

The test set-up also consists two different swirl generators that enable the studying of
swirling flow in HIPE. The swirl generators and their blade angles are illustrated in Figure
5.4. The green one has a blade angle of 60° and the red one has a blade angle of 30°. The
purpose is to create a stable two-phase swirling flow in order to examine the performance

of the wire-mesh sensors in that situation. (Telkka et al. 2017, 11.)

Figure 5.4. The swirl generator with 60-degree blade angle (left) and the swirl generator with
30-degree blade angle (right). (Telkka et al. 2017, 10).
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In Figure 5.5, the swirl generator with the blade angle of 30° is installed into HIPE. The
air-water flow is clearly swirling after the device. When the flow reaches the upstream
edge of the axial sensor the dynamics of the flow changes. These changes and the impact

of AXE are discussed in the Chapter 7.

":,,
g4

Figure 5.5. Axial sensor measurement in swirling two-phase flow created with the 30° swirl
generator.
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6 MEASUREMENT PARAMETERS

Measurements performed for this thesis continue the measurement series started by
Telkké et al. (2017). The measurement parameters are kept similar so the data can be used
for other future studies. In this thesis, the test matrix is reduced so that only one inclination
angle for the pipe and one flow rate for the water is used. The vertical position i.e. the
inclination angle of 90° is the only one evaluated in this work. The superficial velocity of

the water is 0.8 m/s in all measurements analysed in this thesis.

The aim is to see how well the results of axial sensor AXE compares to the traditional
sensor referred here as TRAD. Only the upstream traditional sensor is used since the
purpose is to evaluate void fractions and the first sensor disturbs the results of the second
one. Due to the numerous studies of the performance of the traditional cross-sectional
sensors and the good results from its accuracy compared to other measuring techniques,
TRAD is the benchmark measurement with assumption of high accuracy.

The traditional sensor is placed in three different distances from the air injector. These
are the same three measuring positions as in the study of Telkké et al. (2017) and they
correspond to three different receiver wires of AXE. This practise gives results from
upper, middle and lower part of the axial sensor. The fixed section sizes of HIPE limit the
variation of the possible comparable measuring positions. The test matrix applied in this

thesis is presented in Table 6.1. All listed parameters are varied in the measurements.

Table 6.1. Test matrix of the varied parameters for the measurements.

Sensor Swirl generator Measuring position (wire from Superficial

AXE, distance from air injection) | air flow rate

traditional 30° blade angle upper (90", 1915 mm) 0.2 m/s
(TRAD)

axial 60° blade angle middle (70", 1855 mm) 0.4 m/s
(AXE)

lower (20™, 1705 mm) 0.6 m/s
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The used data acquisition system is purchased from HZDR. The WMS200 system is
capable of measuring up to 128 x 128 mesh sensor at the frequency of 1250 Hz. The
measurement frequency depends on the number of used transmitter wires since they are

activated successively while the receiver wires are sampled in parallel.

In the measurements for this thesis, the used frequencies are the highest possible: 10 000
Hz for axial sensor measurements and 2000 Hz for traditional sensors. The calibration
measurements are carried out with the single-phase de-mineralized water flow when
starting a new measurement series. The duration of the calibration measurement is 5

seconds and the duration of each air-water flow measurement is 20 seconds.
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7 RESULTS AND DISCUSSION

The data is processed with the Wire-Mesh Sensor Data Processing Software developed
in HZDR. It is developed for reorganization and conversion of the data, extraction of
single sensors’ data from a matrix, calculation of instantaneous void fractions and
averaged void fraction profiles. It can also be used to define bubble velocities and bubble

size distributions if the measurement conditions allow. (Beyer et al., 4.)

The software is well suited for visualization of the data since it offers a possibility to
observe the results with 3D plots and animations. The calculation of void fractions is fast
and simple when the sensor size and the geometry is known. The software consists of
ready-made modules and their functionalities cannot be easily modified. For example,

exporting the data from the software is not convenient.

The packed 12-bit measurement files that consist the raw signal data are converted into
binary data files for each single sensor with the sensor size information. The void fractions
are calculated from these files using the geometry of the sensor and the calibration values.
The void fraction values for each crossing point are stored as a number 0 to 100,

corresponding the range of 0 % to 100 %. (Beyer et al., 38-42.)

7.1 Measurements with the 30° swirl generator

With 30° swirl generator, the flow is clearly swirling and focused in the center of the pipe.
That is possible to be seen during the measurement and in the photograph taken from the
flow (Figure 5.5). The swirling effect can also be noticed from the visualization by the
software. The partial view captured from the software is presented in Figure 7.1. The
instantaneous void fractions measured with TRAD are shown from top view and vertical
view. The top view represents a single frame that contains the instantaneous void fraction
information over the whole horizontal cross-section of the pipe. The vertical view on the
other hand, is reconstructed from multiple frames. In the software, these frames can be

played as an animation to clarify the characteristics of the flow.
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Figure 7.1. A top view (left) and a vertical view (right) of the phase distribution reconstructed
from the data obtained with the traditional sensor. The air phase is focused in the center in the
swirling flow.

An example of the 3D graph of the instantaneous void fraction distribution measured with
TRAD is shown on the left side of the Figure 7.2. For comparing the axial and traditional
sensor the void fractions are time averaged. The 3D graph of the averaged void fraction
distribution is presented on the right side of Figure 7.2. It must be noted, that the obtained

distributions are two-dimensional even though they are presented with 3D graphs.
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Figure 7.2. Instantaneous void fractions (left) and averaged void fraction distribution (right)
measured with TRAD in the middle position with the 30° swirl generator.

7.1.1  Comparison of the 1D void fraction distributions

The void fraction distributions along the diameter of the pipe are obtained from the
traditional sensor data by taking the average value of two middle wires, 16" and 17", and
comparing it to the corresponding receiver wire in AXE. Figure 7.3 represents the void
fraction distributions in the upper sensor position (90" wire from AXE) for the 30° swirl

generator set-up. The x-axis describes the distance from the centreline of the pipe.
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Figure 7.3. Average void fractions in the upper position with the 30° swirl generator. The
distributions of TRAD are symmetrically focused to the center and their maximum values are
clearly higher than the values of AXE.

The void fractions measured with TRAD are significantly higher than those measured
with AXE. For the case where the air superficial velocity is 0.2 m/s the maximum void
fraction is more than double the value obtained with AXE. The difference becomes
smaller when air superficial velocity increases since the increasing air flow rate also
increases the maximum void fraction in the distributions of AXE.

Increasing of the flow rate also makes the void fraction distributions wider. The widening
can be seen mostly in the TRAD data meaning that the swirling air column in the middle
of the pipe becomes wider. The distribution is wider in the AXE data than in the TRAD

data in every case. It can be noticed that the distributions of AXE are also slightly

—TRAD
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emphasized to the right. The void fractions obtained from the middle position (70" wire

from AXE) are presented in Figure 7.4.
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position with the 30° swirl generator. The

distributions of AXE are uneven and varying compared to the smooth distributions of TRAD.

In Figure 7.4, the void fraction distributions from AXE and TRAD still clearly differ from

each other. When the air flow rate increases, th

e maximum void fraction obtained with

AXE is also increasing noticeably like in the case of the upper position. Also in this case,

AXE fails to produce similar narrow center

distribution of TRAD is again widening with i

focused distribution as TRAD. The

ncreasing velocity of air and therefore

bringing the results closer to each other. The distributions of AXE are more asymmetric

than in the upper position.
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As it is mentioned in earlier axial sensor studies from Ylonen & Hyvarinen (2015) and
Telkka et al. (2017) the upstream edge of AXE disturbs the flow significantly. It is stated,
that the flow is not yet recovered at the lowest measuring position (20" wire) but
reasonable good results have been obtained from other parts of the sensor. (Ylénen &
Hyvarinen 2015; Telkké et al. 2017.) The influence of the leading edge of AXE can be
seen in high-speed camera photograph in Figure 7.5 and in 3D plot in Figure 7.6.

W
b (

Ll
.

Figure 7.5. A photograph of the upstream edge of AXE taken with a high-speed camera.
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Figure 7.6. The influence of the upstream edge of AXE on the average void fraction distribution
measured with 30° swirl generator and air flow rate of Jc = 0.4 m/s.

The flow appears to be disturbed still around the 20" wire. For that reason, not very good
results are expected from the lower position. The calculated 1D void fraction distributions
in the lower position are presented in Figure 7.7.
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Figure 7.7. Average void fractions in the lower position with the 30° swirl generator. The
difference between AXE and TRAD is as large as in the other measuring positions.

The 1D results are not as distorted that could be concluded from the 3D graph. The
distributions of AXE are a little smoother than in the middle position but not as symmetric

as in the upper position. The averaged values of void fractions are almost the same as the
ones measured by the 70" and the 90" wire.

It is probable that the upstream edge of AXE scatters the focused air swirl over the whole
volume of the pipe. For that reason, the void fraction measured with AXE stays lower in
every case. The void fractions are higher on the right side in the distributions of AXE.
This could also be a consequence of the interaction with the leading edge of the sensor.
The air phase is pushed towards the pipe boundary determined by the direction of the

rotation of the swirling flow. The effect can be seen also in upper part of the Figure 5.5.
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7.2 Measurements with the 60° swirl generator

With the 60° swirl generator, the flow is in fact not very swirling. It was visually observed
already during the measurements that the flow looks mainly slug flow that swirls only
slightly and only near the swirl generator. With the lowest air flow rate, the flow seems
bubbly in every measuring position. When air flow rate is increased the bubbles grow and
form slugs that swirl when the velocity is high enough and they are close to the swirl
generator. The characteristic of the flow is easily observed with the software animations.

In Figure 7.8, a view of bubbly and slug flow is presented.

Figure 7.8. With Js = 0.2 m/s the flow is bubbly (left) and with higher air velocity Jec = 0.6 m/s
the flow looks like slug flow (right). The views are reconstructed from multiple frames measured
with TRAD.

The weak swirling effect can be seen also from the 3D graphs presented in Figure 7.9 and
Figure 7.10. The void fraction distributions are not as center focused and symmetric as
they were with the 30° swirl generator. In Figure 7.10, the impact of the upstream edge

of AXE is again visible.
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Figure 7.9. The average void fraction distribution measured with TRAD in the upper position
with the lowest air flow rate.

Figure 7.10. The average void fraction distribution measured with AXE with the lowest air
flow rate.
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7.2.1  Comparison of the 1D void fraction distributions

The results from the upper sensor position for the 60° swirl generator set-up are presented
in Figure 7.11.
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Figure 7.11. Average void fractions in the upper position with the 60° swirl generator. With
higher air flow rates, the distributions are getting closer to each other.

The maximum void fractions are clearly smaller than with the 30° swirl generator. The
distance from the swirl generator is the longest in the upper position and the weak swirl
has already started to dissipate. The asymmetric void fraction distributions seen in Figure
7.9, Figure 7.10 and Figure 7.11 support this statement. It is again supposed that the
leading edge of the axial sensor pushes the air aside and that is why the measured void
fraction is lower. However, the effect is not as significant in this case where the flow is

not so swirling. The results from the middle position are presented in Figure 7.12.
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Figure 7.12. Average void fractions in the middle position with the 60° swirl generator.
Especially the distribution of TRAD with Jg = 0.4 m/s is far from the symmetrical center focused
void fraction distribution seen with the 30° swirl generator.

The maximum void fractions are almost the same as in the upper position. The distribution
of TRAD is quite symmetric with the lowest air flow rate but with velocity Jc = 0.4 m/s
it becomes asymmetric again. This shows that the flow conditions do not stay same when
the air flow rate is increased. More series should be measured with the same parameters
to get more reliable results since the flow conditions change and the flow is not so stable

and swirling as it was planned. The results from the lower position are presented in Figure
7.13.
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Figure 7.13. Average void fractions in the lower position with the 60° swirl generator. The
distributions of AXE are quite incoherent whereas the distributions of TRAD are more symmetric
than they were in the upper and middle positions.

The lower position is closest to the swirl generator so the flow is at least a little swirling.
This can be noticed from the symmetric distributions and the high maximum void fraction
values of TRAD. It cannot be deduced from the AXE data since the flow is disturbed by
the edge of the sensor. In the lower measuring position, the flow is not recovered after the

interaction with the edge of AXE. This leads to high and asymmetric void fractions seen
in Figure 7.10 and Figure 7.13.
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8 CONCLUSIONS
It can be concluded that the void fraction distributions measured with TRAD and AXE

do not correspond to each other. With the 30° swirl generator, the flow is clearly swirling.
The upstream edge of AXE disturbs the flow by deflecting it towards the boundaries of
the pipe. The flow does partially recover along the axial length of the sensor but does not
respond undisturbed flow. For that reason, the void fraction distributions measured with
AXE are wider and the maximum values clearly lower than with TRAD in every case
where the flow is swirling. Upstream disturbation of the center focused air column also
makes the distributions measured with AXE much more asymmetric and emphasized to
the right compared to the distributions of TRAD.

With the 60° swirl generator, the flow is not so strongly swirling and the swirl dissipates
along the observed pipe length. The effect of the upstream edge of AXE is visible but the
correspondence of the results in middle and upper measuring positions is better than with
the 30° swirl generator. The swirling flow has more tangential momentum so the impact
of the transverse edge is bigger than it is in straighter flow. That explains the smaller

difference in the sensor distributions with the 60° swirl generator.

The results from TRAD and AXE are in a better agreement when the air flow rates are
higher. The air phase is more continuous in those cases, and it is more likely that
consistent void fractions can be measured along any radial direction even if the flow is
disturbed.

Based on the results obtained in this thesis, it seems that AXE disturbs swirling flow more
than normal bubbly or slug flow. The correspondence in results is worst with the lowest
air flow rates in the strongly swirling flows. The closest correspondence is obtained with
the highest air flow rate in the least swirling flow i.e. the upper position with the 60° swirl

generator.

Therefore, AXE is not very well suited for measuring swirling flow with the current
structure of the sensor. In the future, the sensor should be modified so that the upstream
edge does not disturb the flow as much. The upstream edge is already made axially leaner
than the downstream end of the sensor but it is not thin enough. The edge should be made
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thinner and still more axially leaner to get better results by reducing the disturbance of
the flow.

The wires of the sensor also disturb the flow, but the effect of their intrusiveness is hard
to examine because of the dominant impact of the edge. The impact of only the edge itself
could be studied by preparing an object to imitate the edge of AXE and measuring the
void fraction with TRAD. If the influence of the edge of the sensor could be excluded,
the impact of the wires could be examined. With an ideal axial sensor that does not disturb
the flow, the axial changes of the flow dynamics could be measured. For example, the

dissipation of the swirl could be observed.
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