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ABSTRACT

The design, performance and safety analysis of nuclear reactors, in particular, Boiling
Water Reactors (BWRS), require accurate and extensive information about the vapor-liquid
water flow dynamics. Computational fluid dynamics (CFD) has evolved over the last several
decades as an important tool for improving the safety and performance of the nuclear reactors.
However, CFD results must be validated and verified by reliable experimental data (at multiple
scales) to guarantee, with adequate confidence, the reliability and worth of the model
predictions. Most of the experimental data available in the literature suffer from the limitations
posed by conventional invasive techniques, which interfere with the flow itself. Their
limitations are magnified in the context of flow boiling wherein bubble nucleation and vapor
evolution is known to be a complex and multi-scale problem. Additionally, the experiments
performed in the past are predominantly based on test sections which are single rod annular
geometry or rectangular geometry. Also, most of the experimental data available in the past are
based on systems operating at a very high pressure and high flow rates.

The present thesis focuses on investigating multiphase flow dynamics of convective
boiling flows on two test sections. In this process, two non-invasive techniques i.e. y-ray
densitometry and Radioactive Particle Tracking (RPT) has been developed for performing
experiments pertaining to boiling flows. The first test section is a vertical annular channel of
single heater rod whereas the second experimental test section has the provision of holding
different heater rods arrangements. For both experimental test sections, experiments were
performed at the different inlet flow conditions, i.e., inlet flow rates and inlet liquid
temperatures. In the case of the second experimental test section, experiments were also
performed at various heater rods configuration. Radial and axial void fraction measurements
were performed on these experimental test section using non-invasive y-ray densitometry and
Radioactive Particle Tracking (RPT), respectively. Non-invasive Radioactive Particle Tracking



(RPT) has been used for measuring liquid velocity field, mean flow patterns and “turbulent”
kinetic energy. The unique aspect of this thesis lies in the fact that non-invasive radiation based
techniques have been used for all experimental measurements.

Another aspect of the present thesis was to make RPT suitable for systems having large
interrogation volumes and possessing internals such as in the present case. Two new
reconstruction algorithms were developed in this thesis. First was the extension of classical
Monte-Carlo (MC) technique known as “MC-RGA” technique, whereby the convergence and
computational speed of the algorithm are enhanced using Real Coded Genetic Algorithm
(RGA). This modification results in drastic reduction in computational time required for
detector parameter estimation and altogether eliminates the need for the “distance-count map,”
which was earlier inherent to RPT experimentation. RPT application was limited to convective
boiling flow experiments owing to the “shadow effect” caused by the solid heater rods. The
“shadow effect” makes classical position reconstruction algorithm based on Monte Carlo (MC)
technique futile. A novel tracer particle reconstruction algorithm based Support Vector
Regression (SVR) and Relevance Vector Machine (RVM) has been applied in this study. The
machine learning based reconstruction algorithms were very fast and accurate in terms of
position reconstruction.

Apart from providing mean phase velocities and other “turbulence” quantities, RPT also
provides the actual Lagrangian trajectory of the tracer particle mimicking liquid phase in the
present study. Hence, it is an appropriate method for the detailed characterization of the
complex liquid dynamics observed in boiling two-phase flows. The position time series of the
radioactive tracer particle conveying information on the liquid motion were examined by
Recurrence Plots (RP) and Recurrence Quantification Analysis (RQA). The Lagrangian
trajectories were also quantified using mean displacement model. Eddy diffusivity was

calculated in axial and radial direction for different experimental conditions.
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7.19

7.19

7.20

7.21
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7.23

8.1

8.2

(@ Contour plot of axial liquid velcoity for three heater rods
arrangement at axial height of 75 cm (inlet liquid flowrate = 0.01 cm/s
and inlet liquid temperature = 70 °C).

(b) Contour plot of axial liquid velcoity for three heater rods
arrangement at axial height of 90 cm (inlet liquid flowrate = 0.01 cm/s
and inlet liquid temperature = 70 °C).

(@) Time-averaged axial liquid velocity (b) Liquid turbulence Kinetic
energy plot for three heater rods case (arrangement C) at inlet liquid flow
velocity of 0.01 cm/s and inlet liquid temperature of 70 °C.

(@) Time-averaged axial liquid velocity (b) Liquid turbulence Kinetic
energy plot for three heater rods case (arrangement C) at inlet liquid flow
velocity of 0.02 cm/s and inlet liquid temperature of 50 °C.

Comparison of the (c) time averaged liquid velocity and (d) kinetic
energy for single and three heater rods at different axial locations.

(@) Schematic representation of the heater rods arrangements: a)
arrangement A (single rod), b) arrangement B (two rods), c)
arrangement C (three rods) and d) arrangement D (four rods).

(b) Self-diffusion of 5000 tracers virtually injected in the imaginary
compartment with 0 <z <200 mmand 0 <r <12 mm.

Mean square displacement of 500 tracer particles (virtually injected) for
a compartment 0 mm < z < 200 mm, 0 mm < r < 12 mm (heater
arrangement A): (a) axial displacement and (b) radial displacement.

(@) Axial eddy diffusivity and (b) Radial eddy diffusivity as a function
of dimensionless radial position for heater rod arrangement A (inlet
liquid temperature = 70 °C).

(@) Axial eddy diffusivity and (b) Radial eddy diffusivity as a function
of radial position for heater rods arrangement B (inlet liquid temperature
=70 °C).

(a) Axial eddy diffusivity and (b) radial eddy diffusivity as a function of
radial position for heater rod arrangement C (inlet liquid temperature =
70 °C).

Schematic diagram of the (a) test loop and (b) test section with an
arrangement of detectors around the column.

(c) Schematic diagram of the planar arrangement of detectors
arrangement around the test section.

(a) Schematic representation of the construction of the recurrence plot
(RP) (Savari et al., 2016).

(b) Representation of the time series.
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8.5

8.6

8.7

8.8

8.9

Al

B.1

B.2
B.3

(@) RP of stochastic system (white nose).
(b) RP of periodic system (sine function).
(c) RP of chaotic system (Rdssler system in chaotic regime).

Variation of (a) % Recurrence Ratio (RR) and (b) % Determinism
(DET) with a number of data points (inlet condition: liquid flow rate =
5 LPH and liquid temperature = 70 °C).

Variation (inlet condition: liquid flow rate = 5 LPH and liquid
temperature = 75 °C) of Recurrence ratio (RR) with threshold radius,
for axial direction position time series.

(b) Variation (inlet condition: liquid flow rate = 5 LPH and liquid
temperature = 70 °C) of DET with threshold radius, ¢ for axial direction.

Axial direction position time series and corresponding recurrence plot
for inlet flow rate of 5 LPH and temperature of 70 °C for heater rod
arrangement A.

RP in the axial direction for inlet flow rate of 5 LPH and temperature of
70 °C for (a) arrangement A (b) arrangement B (c) arrangement C and
(d) arrangement D.

Variation of (a) % recurrence rate (RR) and (b) % determinism (DET)
for different heater rods configuration at fixed liquid flow rate of 5 LPH.

(c) Variation of entropy (ENT) for different heater rods configuration at
fixed liquid flow rate of 5 LPH.

(@) Variation of % RR for different heater rods configuration at fixed
inlet liquid temperature of 70 °C.

Variation of (b) DET and (c) ENT for different heater rods configuration
at fixed inlet liquid temperature of 70 °C.

(@) Comparison of Abel inversion using MFH method with known radial
function 1 (Table A.1).

(b) Comparison of Abel inversion using MFH method with known radial
function 2 (Table A.1).

Schematic of the experimental set-up showing the installation of RPT
and RTD (all dimensions are in mm).

Configuration of the internals used for RPT experiments.

Typical experimental curve (Eg v/s ) with corresponding simulated (

E(.; v/s 6) curve using axial dispersion model.
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B.4

B.5
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C.2

C3

CA4

C.5

C.6

C.7

C.8

C.9

C.10

C.1

Variation of liquid dispersion coefficient with gas flow rates at
measurement plane of H/D = 3.33 for liquid flow rate of (a) 200 LPH
and (b) 500 LPH respectively at various internals arrangement.

Variation of dispersion coefficient with gas flow rate at measurement
plane of H/D =4.16 for liquid flow rate of (a) 200 LPH and (b) 500 LPH
respectively at various internals arrangement.

Schematic of the phantom for which the data were generated by
simulation. Deoi = 8 inch (Varma et al., 2008).

(a) Exact phantom and (b) Reconstructed phantom with AM algorithm.
(c) Reconstructed phantom with VARD-AM algorithm.

(a) Reconstruction of Exact phantom.

(b) Reconstruction of Exact phantom with AM algorithm.

(c) Reconstruction of Exact phantom with VARD-AM algorithm.

Parallel beam arrangement of source and detectors. A: The source and
detector are simultaneously moved at different angular orientation to
make parallel line measurements. B: Another arrangement where the
source and detectors are fixed, and the domain is moved laterally at
different angular orientation (Varma, 2008).

(@) Schematic representation of the heater rods arrangement and (b) 0°
azimuthal plane.

Variation of the chordal intensity with a chordal number at (a) 0° and
(b) 45°.

(@) Reconstruction of empty column using VARD-AM algorithm and

(b) Reconstruction of column filled with water using VARD-AM
algorithm.

Reconstruction of the empty column with 3 rods using (a) AM algorithm
and (b) VARD-AM algorithm.

Reconstruction of a water filled column filled with 3 rods using (a) AM
algorithm and (b) VARD-AM algorithm.

(@) Chordal holdup for time of acquisition = 5 s (18 azimuthal locations
and 33 chordal locations at each azimuthal position).

(b) Chordal holdup for time of acquisition = 30 s (36 azimuthal locations
and 33 chordal locations at each azimuthal position).

(a) Tomographic reconstruction of water filled column (Ti, = 25 °C and
Vi =0.025 cm/s).
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(b) Tomographic reconstruction of empty column (Tin =25 °C and V, =
0.025 cm/s).

(c) Tomographic reconstruction of boiling two-phase flows (Tin =25 °C
and V| = 0.025 cm/s).

Schematic diagram of y-ray densitometry setup.

(@) Schematic representation of Abel transform and (b) Schematic
representation of movement detector and source assembly in a
horizontal plane.

Schematic diagram of experimental setup.

(@) Polynomial fitting of chordal averaged experiment data and (b)
Radial gas holdup profiles of corresponding chordal averaged profiles.

(@) Time averaged chordal- averaged holdup profile and (b) Time
averaged radial gas holdup profile.

Gas hold profiles for Vy = 0.3 m/s and Hp/D = 2 at different axial
locations.

Gas holdup profiles for Hp/D = 2 and h/D = 1.2 at different air
superficial velocities.

Flowchart of the MATLAB GUL
Snapshot of the MATLAB GUI.
Snapshot of the GUI window showing plot options

(a) Plot showing a variation of the tracer particle in Y direction with time
for 50 s.

(b) Plot showing a variation of the tracer particle in Y direction with time
for 100 s.

(a) Plot showing a variation of the tracer particle in the X direction with
time for 50 s.

(b) Plot showing a variation of the tracer particle in the X direction with
time for 100 s.

(a) Plot showing a variation of the tracer particle in Z direction with time
for 50 s.

(b) Plot showing a variation of the tracer particle in Z direction with time
for 100 s.

Variation of the tracer positions in the X-Y plane (a) 5 s and (b) 10 s.
Variation of the tracer positions in the Y-Z plane (a) 5 s and (b) 10 s.

Variation of the tracer positions in X-Z plane (a) 5 s and (b) 10 s.
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