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ABSTRACT

Incipience of Two-phase Flow from a Stratified Gas-liquid Region in
Multiple Discharging Branches: Experimental Investigation Including
PIV Measurements

Robert Constantinos Bowden

The importance of predicting the incipience of two-phase flow from a stratified gas-liquid
region in discharging braches has strong implications in industries where safe operation 1s
of primary concern. This is particularly true in the nuclear reactor industry, where two-
phase flow in the reactor cooling channels occurs due to a loss-of-coolant accident
(LLOCA). The incipience of two-phase flow can be characterized by the location of the
gas-liquid interface relative to the discharging branch. If the gas-liquid interface is above
the discharging branch, gas can entrain into the branch liquid flow by either vortex
formation or vortex-free gas pull through. If the gas-liquid interface is below the

discharging branch, liquid can entrain into the branch gas flow.

A semi-circular test section geometry, with three discharging branches, was used to
simulate a typical CANDU header-feeder. The experimental investigation consisted of a
two part study. In the first, the onset of liquid entrainment was investigated in multiple
discharge scenarios. In the second, the liquid velocity flow field was investigated at the

onset of gas entrainment in a single discharging bottom branch.
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The experimental investigation of the onset of liquid entrainment (OLE) was reported
with single, dual and triple discharge scenarios. The critical height, H, at which liquid
entrainment occurs in the primary branch was presented as a function of the branch flow
Froude number, Fr. To record the critical height at the onset of liquid entrainment two
methods were used, the increasing liquid level (ILL), and decreasing liquid level (DLL)
techniques. The results showed that under multiple discharge scenarios a secondary
branch may either assist, or prevent liquid entrainment in the primary branch. The
location of the secondary branch, and its Froude number, determine the impact it has on

the onset of liquid entrainment in the primary branch.

The liquid velocity field at the onset of gas entrainment (OGE) in a single discharging
bottom branch was investigated using a particle image velocimetry (PIV) technique. The
flow field was divided into four separate, non-simultaneous, two-dimensional planes.
The liquid velocity fields in each of the four planes were recorded using the particle
image velocimetry technique. New information regarding the liquid flow structure was
presented. It showed a strong tendency of the flow to be dominated by the radial
velocity, towards the branch center, in the horizontal plane results. Contours of the
tangential velocity, from the horizontal plane results, were presented and showed a strong

dependence in regions near the solid wall.
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Chapter I

Introduction

Of paramount importance in the design of industrial coolant distribution systems
operating at high pressures and temperatures, is safety. The CANDU (CANada
Deuterium and Uranium) nuclear reactor incorporates a coolant distribution system
whereby coolant flows from a large reservoir, the header, through a network of pipes,
called feeders, to the cooling channels of the reactor. Under normal circumstances the
fluid flowing in the channels in the direction of the reactor core is a liquid. A break in the
header-feeder can cause a loss-of-coolant accident (LOCA), whereby, the coolant rapidly
escapes the header thus reducing the amount of coolant being distributed to the reactor.

In this instance, the coolant vaporizes, creating a two-phase environment.

In another instance of a LOCA scenario, it is possible that the pump that re-circulates the
coolant back into the header experiences a partial, or total, loss of power thus reducing
the flow of liquid towards the header. In this case, the level of coolant in the header will
decrease and a two-phase region will result. As the liquid level in the header decreases,
the possibility of a two-phase mixture occurring in the feeder branches increases. The
incipience of two-phase flow, with the interface above the inlet of the feeder branch, is
termed the onset of gas entrainment. This represents the instance when the cooling
effectiveness will begin to reduce in that particular branch. As the height of liquid in the

header decreases further, the flow in the feeder branch experiences a transition from a



two-phase mixture to a single phase gas, at which the onset of liquid entrainment occurs.
It is at this point that cooling effectiveness in the particular feeder branch is at a
minimum. The LLOCA scenario can therefore be characterized as the transition from a
single phase liquid flow to a two-phase gas-liquid flow, and finally a single phase gas
flow in the cooling channels. The presence of two-phase flow results in a reduction of
the cooling capacity of the fluid due to the reduction of the heat transfer characteristics of
the two-phase mixture. The magnitude of a LOCA can be catastrophic, and has been
well documented to have caused either a partial or full meltdown of the nuclear reactor
core. As a result, predicting the phenomena during a LOCA has received significant

attention.

The current experimental investigation is intended to present results pertaining to the
critical height at the onset of liquid entrainment (OLE) in a simulated CANDU header-
feeder system, using air and water as the two fluid phases. A typical header has a circular
cross-section and measures approximately 6 meters in length, with an internal diameter
between 0.356 and 0.406 meters, and closed on both ends. Flow enters the top of the
header through a number of orifices called turrets, and exits through a network of feeder
banks. Each feeder bank contains five 50.8 mm openings located at radial positions of
0°, 45°,90°, 135° and 180° from the horizontal axis, as shown in Figure 1.1. In addition,
a second experimental investigation will describe the liquid velocity flow field occurring

during the onset of gas entrainment (OGE) in a single bottom branch.



A parametric study to demonstrate the effect of multiple discharging branches on the
incipience of liquid entrainment in the primary branch is presented. Throughout the text,
the branch at which entrainment occurs, be it OLE or OGE, is referred to as the primary
branch and additional branches are referred to as secondary branches. The results of the
OLE experiments demonstrate that the critical liquid height, H, at which liquid
entrainment occurs can be influenced differently depending on the location and strength
of the secondary branches. The effects of surface wetness on OLE are demonstrated by
using two methods to record the critical height, being the increasing liquid level (ILL)

and decreasing liquid level (DLL) techniques.

A novel feature of this study is the liquid velocity field measurements, at the onset of gas
entrainment, using a state-of-the-art particle image velocimetry (PIV) system. Gas
entrainment presents a complex three-dimensional flow field, and the PIV system was
able to capture the phenomena in multiple two-dimensional planes. By predicting the
velocity field of the complex flow, at the onset of gas entrainment, theoretical models can

be verified.

This study is not limited to nuclear reactor cooling systems, and generally speaking can
be applied to pressure vessels with discharging branches from a stratified two-phase
region. The correct prediction of the phenomena that occur during the transition from a
single phase liquid to two-phase gas-liquid to single phase gas, as in a LOCA scenario,
will ultimately establish a benchmark for designers when creating the next generation

coolant distribution systems.



A literature review of previous studies relevant to the LOCA scenario will be presented.
The experimental methodology is presented, including a description of the test facility,
test sections, experimental procedures, test matrices, measurement uncertainty and
technical challenges. A discussion of the results obtained from the onset of liquid
entrainment experiments is presented. Following this, a discussion of the liquid velocity
fields obtained using the PIV system, at the onset of gas entrainment, is presented. A
summary of the conclusions formed from both the OLE and OGE experimental results

are presented, followed by a discussion of the future directions.



Header

Feeder
branch

Figure 1.1.Typical cross section of a CANDU header-feeder bank.



Chapter 11

Literature Review

2.1 Introduction

Presented here will be a brief review of research dealfng with LOCA, in particular with
both single and multiple discharging branches on the side of large pressure vessels. This
review will incorporate a comprehensive set of experimental works dealing with the onset

of liquid and gas entrainment phenomena.

2.2 Foundations of LOCA Modeling

Zuber (1980)’s report for the United States Nuclear Regulatory Commission titled
“Problems in Modeling of Small Break LOCA” presented the ground work for future
studies in LOCA. The focus of the study dealt with the onset of both liquid (OLE) and
gas entrainments (OGE) in a small discharging side branch. When the branch is located
above the gas-liquid interface, liquid could be entrained into the branch (OLE). On the
other hand, when the branch is located below the gas-liquid interface, gas could entrain
into the branch due either to vortex formation, or by vortex-free gas pull through (OGE).
Zuber (1980) found correlations for both OLE and OGE in prior literature and were of

the form,

H
—=m (Fr ml, 2.1
d ()



where

2.2

The correlation presented in Equation 2.1 describes the critical height, H, as the distance
from the gas-liquid interface to the center of the branch, as a function of the Froude
number, Fr, and two constants m; and m,. The Froude number is shown to be dependant
on the discharge velocity of the continuous phase at the inlet of the branch, vy, as well as
the gravitational acceleration, g, branch diameter, d, and density of the continuous fluid,
p. The remaining term, Ap, is the difference between the heavier and lighter fluid phases.
The constants m; and m; are dependant on the type of entrainment (OLE or OGE) and the
physical geometry. Zuber (1980)’s review presented the work of several authors who
demonstrated reasonable validity of their correlations with different values of m; and mj,

but stipulated the need for more complete models relevant to LOCA.

2.2.1 Onset of Liquid Entrainment

An analytical model for the onset of liquid entrainment through a side branch and was
derived by Craya (1949) and verified experimentally by Gariel (1949). Their work dealt
with two immiscible fluids at atmospheric pressure. Zuber (1980) argued their validity,
in that they demonstrated reasonable scaling and velocity field considerations. Craya
(1949)’s model used Bernoulli’s equation along the interface of the two fluids, and

potential theory to describe the motion of the lighter fluid. The branch was



approximated as a point sink, and both viscous and surface tension effects were
neglected. The analytical model yielded values of m; and m; to be 0.625 and 0.400. The
analytical model demonstrated reasonable accuracy with Gariel (1949)’s experimental

results.

2.2.2 Vortex-free Onset of Gas Entrainment

The onset of gas entrainment due to vortex-free pull through was presented by Lubin and
Hurwizt (1967) with experimental data and analysis. Their experimental investigation
comprised of a fluid draining through an orifice located at the bottom of a tank. The
purpose of their investigation was to provide a correlation for the liquid height at which a
dip formed at the interface during draining. This formation of the dip was said to define
the onset of vortex-free gas entrainment. Their analysis yielded two correlations

dependant on the height of fluid relative to the orifice inlet as,

(EJ = 0.574(Fr)**; (5) <1, 2.3
d d
and
[Ej = 0.624(Fr)™*; LAY 2.4
d d



2.2.3 Vortex Induced Onset of Gas Entrainment

In the case of OGE due to vortex formation, Daggett and Keulegan (1974) correlated
their experimental results for gas entrainment in a bottom orifice. In addition, their
experimental study provided the development of the velocity profile in the depth of the
fluid as a function of the distance from the orifice for both radial and tangential
components. Their parametric study included the effects of surface tension and viscosity
by using mixtures of different fluids. The experimental results yielded correlations of the

critical height for vortex formation as,

(%) =17.5x107 N.Re; Re<5x10°, 2.5

and

(%j =75N; Re>5x10*. 2.6

Where the Reynolds number, Re, circulation number, Ny, are defined as

Re= 24 27
U
And
Vd
Np=—2 28
2V H



The initial tangential velocity, V,, initial radial velocity, V,, and initial height of fluid in
the tank, H are defined. In addition, using the radial velocity components that were
measured experimentally, and the continuity equation in cylindrical coordinates, an
estimate of the vertical velocity component (z-direction) was determined. The estimate
assumed the flow was incompressible and that velocity was a function of the radial
distance from the center of the orifice. The results of this analysis demonstrated that a
significant vertical velocity component was present at a distance far from the inlet to the

orifice.

The outcome of Zuber (1980)’s report was the need for further studies regarding the two-
phase phenomena pertinent to LOCA in nuclear reactor cooling systems. As a result,
several studies were conducted to broaden the scope of knowledge concerning the
complex phenomena. Presented here will be the works dedicated to this effort, in terms
of the onset of both gas and liquid entrainment from side or bottom branches. To begin, a
discussion of the onset of gas and liquid entrainments from a stratified two-phase region
in single discharging side and bottom branches will be presented. Following this, the
work relating to the onset of gas and liquid entrainments in multiple discharge scenarios

will be presented.

10



2.3 Single Discharge

Reimann and Khan (1984) performed two-phase experiments in a horizontal cylindrical
pipe with a downward oriented branch, using air and water at an operating pressure of 0.5
MPa. Their work dealt with the onset of gas entrainment in the downward branch with
stratified flow in the pipe. The horizontal pipe had an overall length of 6 m with an
inside diameter of 206 mm. The downward branches consisted of 6, 12 and 20 mm
inside diameter bores with a length of 75 mm. Their work presented three scenarios of
cross flow, and demonstrated the dependence of onset due to either vortex-induced or
vortex free flow. In the instance of a symmetrical inflow of both air and water, their
observations indicated that the onset of gas entrainment was due to vortex-free gas pull
through and correlated well with the form of Equation 2.1. This correlation resulted in
similar values of m; and m; as found by Lubin and Hurwitz (1967). In the instance of
non-symmetric inflow, their results indicated that the onset of gas entrainment was
strongly influenced by the vortex formation, but fit the same correlation as Equation 2.1
with m; and m; equal to 1.9 and 0.4 respectively. Their work presented insightful flow

visualization by capturing images of the gas entrainment phenomena.

Smoglie and Reimann (1986) performed similar two-phase experiments for both bottom
and side oriented branches from a horizontal cylinder using air and water. They
presented results for both the onset of gas and liquid entrainment during single discharge
cases at an operating pressure of 0.5 MPa with stratified flow and using the same test
facility as Reimann and Khan (1984). Their correlations for both the bottom and side

branches demonstrated agreement with the form of Equation 2.1 with a value of 0.4 for
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m; for both the onsets of gas and liquid entrainments. The value of m; for the onset of
gas entrainment for the side branch was found to be 0.681, and for liquid entrainment to
be 0.626. For OGE in the bottom branch the authors found m; for vortex flow as 1.816,

and 0.625 for vortex-free flow.

Schrock et al. (1986) presented experimental results for the critical height at the onset of
gas and liquid entrainments, at side and bottom branches discharging from a stratified
two-phase region. The experimental test facility consisted of a 102 mm L.D. horizontal
pipe with branches of 4, 6 and 10mm located at the side and bottom of the tube. They
used both steam-water and air-water as the two fluids at an operating pressure ranging up
to 1.07 MPa. It was found that the experimental results for the onset of gas entrainment,
for either the side or bottom branch, did not correlate well with the form of Equation 2.1.
As a result, the effects of viscosity and surface tension were accounted for and a

correlation for the side branch was found to be,

22

FrBo’N;** =194 ——| , 2.9
o
gAp
and for a bottom branch,
2.1
2 —0.5 H
FrBo Nﬂ =40.6| ——| . 2.10
o
g8Ap
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The effects of surface tension,o, are accounted for in the Bond number, Bo, defined as

Bo = —— 2.11

The effects of viscosity, w, were accounted for with the dimensionless viscosity number,

N,, defined as

A 0.25
Nuzu(gp] . 2.12

In terms of the critical height at the onset of liquid entrainment, the side branch results
were found to be independent of viscosity and surface tension effects, and of the same

form as Equation 2.1 with m; = 0.624 and m; = 0.400.

Yonomoto and Tasaka (1988) presented theoretical and experimental results for gas
entrainment in side and bottom branches and also for liquid entrainment in a side branch
from a stratified two-phase region. Their theoretical analysis provided a correlation
between the liquid height and the two-phase quality during entrainment and was derived
with several assumptions. They assumed that flow directions were toward the branch
inlet with uniform velocity in both phases, and was a function of the distance from the
branch. Pressure losses due to interactions of both phases and effects of flow contraction

at the branch inlet were neglected. Lastly, they assumed that the two phases could be
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considered to flow separately with negligible viscosity, compressibility effects, and phase
change effects, while the branch inlet could be regarded as a point sink on an infinite flat
plane. Their experimental facility consisted of a horizontal square duct with 190 mm side
length with sharp-edged orifices of either 10 or 20 mm simulating the branch and an
operating pressure of 0.7 MPa. They derived their theoretical model into the form of
Equation 2.1 and correlated their experimental results. This resulted in values of m; and
m» for OGE in the bottom branch of 0.909 and 0.400, and for the side branch of 0.681
and 0.400 respectively. The onset of liquid entrainment in the side branch yielded values
of m; and m; of 0.559 and 0.400. The liquid entrainment results demonstrated good
agreement with their theoretical model, but the gas entrainment model did not. The
reason for the disagreement was explained based on the earlier assumptions that were
made regarding the stability of the flow, and that the presence of a vortex and cross-flow
was omitted from the model. Notably, they mentioned that the presence of intermittent

entrainment could be neglected and represented a single phase flow in the branch.

Micaelli and Memponteil (1989) presented experimental results for the onset of gas
entrainment in side and bottom branches, as well as, the onset of liquid entrainment in a
side branch from a stratified steam-water region. Their experimental facility included a
135 mm I.D main pipe with 12 and 20 mm LD branches at the side and bottom. The
operating pressure ranged between 2 and 7 MPa. One of the objectives of the study was
to extend the range of flow conditions presented by previous authors. Their experimental
results for the onset of liquid entrainment correlated well with the form of Equation 2.1,

with values of m; and m; similar to that of Smoglie and Reimann (1986). With regard to
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the onset of gas entrainment in the bottom branch, the authors cited results for vortex-free
gas pull-through, stating that they represent the most probable case of gas entrainment.
Their results indicated that for low cross flow velocities in the main pipe, their results
correlated well with Equation 2.1. Values of m; and m; were found similar to that of
Smoglie and Reimann (1986), however, at higher cross flow velocities a significant
difference was observed. The authors stated that the gas core could be broken by the
transverse flow, and so the stability of the gas pull through is dictated by a balance of the
horizontal and vertical inertial forces and characterized by a ratio, R, of liquid cross flow

velocity, vic, to the velocity in of the flow in the branch, v, as

R =FPc 213

Using this ratio they developed an equation relating the critical height for the onset of gas

entrainment in a bottom branch as,

—I;— = 0.907[1 - R* [Fro. 2.14

Soliman and Sims (1992) presented a theoretical analysis for the onset of liquid
entrainment in a side branch from a stratified two-phase region. Their analysis provided
an improvement of the previous correlation by Craya (1949) for the critical height at the

onset of liquid entrainment. Their analysis demonstrated that the previous model had

15



limitations at very low Froude numbers, and did not approach the correct physical limits.
The authors suggested that at very low Froude numbers a more appropriate limit was H/d
= 0.5, which represents the gas-liquid interface located at the bottom of the branch inlet.

By applying potential theory the authors derived a relation for the critical height as,

E_:Lrl(fij i 42 2.15
d d 2\=&m s 1
2
and
s 1 (SJZ 1
— — | ——
md 2|34 4 2.16
s Ly (Fr
d 2 .

The additional parameter, s, defines the distance from the center of the branch to the tip
of the deflected liquid interface. Solving these two equations, the critical height, H/d,
approached the more appropriate limit of 0.5. At higher Froude numbers the model
approached that of Craya (1949) with a 1% deviation at Fr = 30.9, 16.6% deviation at Fr
= 1, and 106% deviation at Fr = 0.1. The authors compared their model with
experimental data and demonstrated very good agreement for the range of Froude number

investigated.
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Hassan et al. (1994) presented an experimental study of the onset of gas and liquid
entrainments, from a stratified two-phase region, in a single discharging side branch. The
diameter of the branch used in the investigation was 6.35 mm. Additionally, their study
presented experimental data regarding the two-phase quality and mass flow rate as the
fluid goes through the transition from single phase liquid to single phase gas, as the liquid
level is decreased. They performed their experiments using air and water at an operating
pressure of between 316 and 517 kPa and using two methods to record the onset of liquid
entrainment. Their first method used a decreasing liquid level technique which was
conducive to the actual process occurring during a LOCA, due to the reduction in liquid
height. The second method was to record the onset of liquid entrainment with an
increasing liquid level, where the surface above the gas-liquid interface was dried prior to
each case. The difference between the two methods indicated that the increasing liquid
level resulted in slightly lower values of critical height at the onset of liquid entrainment.
Their experimental results for the onset of gas entrainment demonstrated a significant
difference with the correlations of previous researchers. The closest correlations were
found to be with that of Micaelli and Memponteil (1989) and Parrott et al. (1991). The
onset of liquid entrainment results demonstrated relatively good agreement with the
correlations of previous researchers, although it is noted that their results tend to deviate

at lower Froude numbers.
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2.4 Multiple Discharges

Kowalski and Krishnan (1987) presented an experimental study on the flow phenomena
occurring during steady, two-phase, steam-water injection in a typical full scale CANDU
header-feeder. The test section consisted of a 4.15 m long pipe with 0.325 m internal
diameter steel pipe acting as the header, with two vertical turrets at the north and south
ends. Along the length of the header were six banks of equally spaced 50.8 mm diameter
feeder branches located at 0°, 45°, 90°, 135° and 180° as shown in Figure 1.1. The
operating pressure ranged from 1 to 5 MPa. They concluded that during steam injection
through the turrets flow stratification in the header occurs, whereby a two-phase steam-
water region is created. They compared their results for the critical height at the onset of
gas and liquid entrainments with the correlations offered by Smoglie and Reimann (1986)
and demonstrated very poor agreement. Their reasoning for the poor agreement was that

the previous authors presented correlations with liquid cross flow velocities.

Parrott et al. (1991) experimentally investigated the onset of gas entrainment during dual
discharge from a stratified air-water region. Their study was motivated by Kowalski and
Krishnan (1987)’s study, and aimed to further the understanding of the gas entrainment
phenomenon in multiple discharge scenarios. Their test section consisted of two 6.35
mm diameter branches located on a flat wall and separated by a vertical distance. Their
experiments were carried out at an operating pressure of 510 kPa. In their investigation,
the air-water interface was always above the top branch, indicating that the initial fluid
phase in both branches was water. Their results for single discharge cases correlated well

with the form of Equation 2.1, neglecting viscous and surface tension effects, with m;
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and m, of 0.425 and 0.529 for H/d< 1.15, and for H/d>1.15 m; and m, were 0.508 and
0.435. The authors pointed out that their correlations demonstrated good agreement with
the results presented by previous researchers, although, their investigation was carried out
without cross flow, and with a flat wall rather than a curved one. The authors indicated
that three regions are evident under the dual discharge scenario and depend greatly on the
individual branch flow rates and separating distance. The vertical separating distances
used in their investigation were 9.52 mm, 12.70 mm, 19.05, 25.40 mm and 38.10 mm. In
the first region gas entrainment occurs in the branch closest to the gas-liquid interface; in
the second gas entrainment occurs only in the bottom branch, and in the last simultaneous
entrainment occurs in both branches. The influence of decreasing the separating distance

between the two branches was seen to increase the critical height of gas entrainment.

Armstrong et al. (1992) investigated the onset of liquid entrainment during dual discharge
from a stratified two-phase region both experimentally and theoretically. The test facility
and test section was the same as used by Parrott et al. (1991) with an operating pressure
of 310 kPa. The vertical separating distances used in their investigation were 9.52 mm,
12.70 mm, 19.05 mm and 25.40 mm. In their investigation, the air-water interface was
always below the bottom branch, indicating that the initial fluid phase in both branches
was air. The authors noted that in every experimental case, the onset of liquid
entrainment was observed to occur only in the branch closest to the air-water interface.
In the instance of single discharge, their results correlated well with the form of Equation
2.1 with m; and m; equal to 0.625 and 0.4 and in good agreement with Craya (1949).
The dual discharge results indicated the effect of increasing the secondary branch flow

rate is to increase the critical height at which liquid entrainment occurs. Secondly, the

19



authors point out that increasing the vertical separating distance between both branches
results in a decrease in the critical height of liquid entrainment. The authors also
presented a new theoretical analysis which modeled both branches as point sinks,
neglecting both viscous and surface tension effects. The result of their analysis was a
relationship between the Froude number of each branch, and the critical height for liquid
entrainment.  Comparisons of their theoretical model and experimental results

demonstrated good agreement, with no more than 10% deviation.

Hassan et al. (1996a) experimentally investigated the onset of gas and liquid
entrainments, from a stratified air-water region, in two branches located on the same
horizontal plane. Their test section consisted of two 6.35 mm branches located on a flat
wall separated by a horizontal distance. The authors selected horizontal separating
distances, Ly, of 9.52 mm, 12.70 mm, 19.05 mm and 50.8 mm. The operating pressure
ranged between 316 and 517 kPa. Their results for the onset of gas and liquid
entrainment indicated that both branches will exhibit nearly identical values for the
critical height, given similar flow rates in both branches. Their results for the onset of
gas entrainment indicated that increasing the horizontal separating distance, keeping both
branch flow rates constant, yields a decrease in the critical height. Limiting cases are
also demonstrated in that as the separating distance increases, the results will approach
that of a single discharge scenario. The other limiting case occurs when the separating
distance approaches zero, and reduces to the case of a single discharging branch with

double the flow rate. Similar conclusions were also demonstrated for the onset of liquid
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entrainment experiments. The authors correlated their experimental results for the critical

height for both the onset of gas and liquid entrainments as,

H 2.17
—9GE = 0.57[A- Fryg, 1™
d
and
——H;E =0.87[B - Fry,. 1", 2.18
where
_ 15 2.19
A=1+exp|: 0.613(0L:/d) }
Froce
and
—2.06(L, / d)**
B:1+exp{ o 1"2/ ) } 2.20
Frye

Hassan et al. (1996b) continued in the same manner with an experimental investigation
using two branches located in the same vertical plane separated by a vertical distance L.
Their results demonstrated the onset of gas and liquid entrainments as the air-water
interface descended from above the top branch, to below the bottom branch, with both
branches active. Their observations indicated that as the distance between the branches

increased the interaction between the branches decreased. This resulted in a reduction in
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the critical height for gas entrainment in the top branch with an increase in the critical
height for the bottom branch. Similar conclusions were noted by the authors regarding
the onset of liquid entrainment results. Of notable interest, the authors also investigated
the two-phase quality and mass flow rates in the branches as the air-water interface
descended from above the top branch to below the bottom branch. This demonstrated the
effect of the location of the air-water interface relative to the branch where onset occurs.
In fact, their observations indicated that depending on the location of the air-water
interface relative to the branch where onset occurs, the secondary branch may assist or
hinder entrainment. The authors presented correlations for the critical heights of both the
onset of gas and liquid entrainments in the top, subscript A, and bottom, subscript B,

branches neglecting viscous and surface tension effects as,

H
——055"‘— =0.57[A, - Frog |, 2.21
H
";EvB =0.57[Fry,, |, 2.22
H
——Z‘E‘A =0.87[Fr,, I*, 2.23
and
HOLE,B _ 0.31
—ot = 0.87[A, - Fr,, ™", 2.24
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where

and

Hassan et al. (1997) further investigated the two-phase quality and mass flow rate
occurring in single, dual and triple discharges from a stratified air-water region. The test
section they used was scaled from a typical CANDU header-feeder bank arrangement. In
their case the authors used a 50.8 mm diameter semi-circular cross section to model the
header with three branches located at 0°, 45° and 90° from the horizontal. Reasoning for
the design of the test section was given due to the ease of measuring the liquid height
relative to the branches, good flow visualization and the exposure of the branches to the
stratified region was similar to the actual scenario as previously presented by Kowalski
and Krishnan (1987). Consequently, it turned out that their semi-circular design was a

good approximation of the circular cross section geometry with five branches, as in an

A, =04-0.223 exp{
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actual header-feeder. They discovered that the flow quality from the bottom 90° branch
was virtually independent of whether flow was present in the other two branches within
the tested range. They therefore concluded that it was unlikely for the missing two
branches to have an impact on the flow in bottom branch. Additionally, they stated that
the missing branches were sufficiently far from the 0° and 45° side branches as to not
impact their flow either. By comparing their previous results for flat vertical wall with
single and dual discharges the authors were able to demonstrate the effect of wall
curvature on the two-phase quality and mass flow rate. The information available from
their study regarding the onset of gas and liquid entrainment was somewhat limited due

to their focus being with the two-phase quality and mass flow rate.

Hassan et al. (1999) followed their experimental investigations with a theoretical analysis
of the onset of liquid entrainment in two discharging branches located on the side of an
inclined wall. Their model neglected viscous and surface tension effects and assumed
that inertia and gravity forces were dominant. Their finite branch model demonstrated an
improvement to Armstrong et al. (1992)’s point sink model in predicting the critical
height at the onset of liquid entrainment. This was due to its ability to predict the correct
physical limit at very low Froude numbers, that is H/d = 0.5. At moderate to high Froude
numbers, both the point sink and finite branch models predict almost identical values for
the critical height. The authors compared their theoretical model with experimental data
for a flat vertical wall with two discharging side branches, from a stratified air-water
region, with excellent agreement. This was particularly true at the lower Froude range,

where the physical limit was correctly predicted.
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Maier et al. (2001a) provided a theoretical investigation of the onset of liquid entrainment
during dual discharge, from a stratified gas-liquid region, with branches located on a flat
wall and with centerlines falling on an inclined plane. Their analysis predicts the critical
height for liquid entrainment to occur, and neglects viscous and surface tension effects,
while assuming that gravity and inertia forces are dominant. Their analysis follows a
similar finite branch analysis as demonstrated by Hassan et al. (1999) and demonstrates
the ability to correctly predict the physical limits, as the Froude number approaches 0, at
H/d = 0.5. Maier et al. (2001b) further investigated experimentally the onset of gas and
liquid entrainments during dual discharge, from a stratified air-water region, with branch
centerlines falling on an inclined plane. The test section was a flat wall with four 6.35
mm branches located with center-to-center separating distances of 12.7 mm and 50.8
mm. To achieve the inclined axis, along which both branches were located, the authors
could rotate the entire test section to yield the desired angle between Q° and 90°. They
used an operating pressure range between 510 kPa and 310 kPa for the gas and liquid
entrainment experiments respectively. Their results demonstrated the effect of separating
distance, relative inclination of the branch centerlines, and branch Froude number on the
critical height of both gas and liquid entrainments. The authors also compared their
experimental results with the finite branch model they developed earlier with excellent

agreement.

Ahmad and Hassan (2005) established an experimental test facility at Concordia

University in Montreal, Canada similar to that of Hassan et al. (1997). It consisted of a

T-shaped pressurized reservoir with controllable air and water inlets to provide the
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smooth stratified two-phase environment. The test section used by the authors was also
similar in design to that of Hassan et al. (1997) and consisted of a semi-circular cross
section with three 6.35 mm diameter branches located at 0°, 45° and 90° from the
horizontal axis. They used air and water in their experiments, at operating pressures of
206.8 and 413.7 kPa. The air-water interface, throughout their experimental cases, was
always above the top branch. That is, in all cases water was the initial fluid phase in all
active branches before onset of gas entrainment occurred. The authors presented results
for the onset of gas entrainment under single, dual and triple discharge cases for a wide
range of Froude numbers. They demonstrated the effects of vertical separating distance
between the branches, and secondary branch flow rates, on the critical height for gas
entrainment. The authors also demonstrated that regions exist where the onset of gas
entrainment will occur in the branch closest to the air-water interface, in both branches or

in the branch furthest away from the interface.
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2.5 Current Investigation

The current work is an experimental investigation and will present data pertinent to
LOCA in a CANDU header-feeder, and generally speaking, any application that
demonstrates single, dual or triple discharges from a stratified two-phase region. To
further add to the contribution of Hassan et al. (1997) and Ahmad and Hassan (2005), the
present work will provide new information regarding the onset of liquid entrainment
under a variety of discharge scenarios from a stratified two phase region. The critical
height for the onset of liquid entrainment will be presented for single, dual and triple
discharges, and the effects of branch separating distance, branch Froude number, location
of the air-water interface relative to the branches will be investigated. Additionally the
results for the onset of liquid entrainment will be presented using two methods to record
the critical height, the increasing and decreasing liquid level techniques as demonstrated

by Hassan et al. (1994).

The second objective of this experimental investigation will be to measure the liquid
velocity field at the onset of gas entrainment in a single discharging bottom branch using
the particle image velocimetry technique. This will provide new information regarding
the onset of gas entrainment phenomena, and is intended as a preliminary study which
can be used to guide future investigations. The practical aspect of the velocity field is
that it can be used to solve theoretical models that require semi-empirical solutions, and

ultimately be used in their validation.
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Chapter III

Experimental Investigation

3.1 Facilities and Resources

Recently an experimental test facility was established at Concordia University in
Montreal, Canada, by Ahmad and Hassan (2005) and used in the present investigation.
The facility incorporated design features as outlined by Hassan et al. (1997), including a
similar test section. The present work featured this test facility and test section but also
modified the setup to include the PIV measurement technique. To incorporate the PIV
system the design of a new test section was required. Below, the two test sections used in
this work will be described followed by the experimental facility, including the two-
phase reservoir flow loop and PIV system, and finally the experimental procedures used

in both experimental runs will be described in detail.

3.2 Test Sections

The test section geometry used to simulate a typical CANDU header-feeder system is
shown in Figure 3.1. It has a semi-circular cross section with branches located at 0°, 45°
and 90° from the horizontal axis, which are referred to as branches A, B and C
respectively throughout this text. A dimensional analysis of the geometry, using relevant
physical parameters and neglecting viscous and surface tension effects, provides the

following relationship,
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The parameter H is the critical height at the onset of gas or liquid entrainments, and
measured from the branch center to the gas-liquid interface. The branch diameter d, and
the center-to-center distance between two branches L are defined. With a circular branch
the Froude number, Fr, is defined as,

4m
Fr =—4——— 3.2

nf(gd’p Ap)

The mass flow rate of the single phase fluid flowing in the branch is defined by m, and
gravitational acceleration is defined as g. The difference between the heavier and lighter
fluid phases, Ap, and the density of the single phase fluid p are defined. The convention
used throughout this text uses ‘primary branch’ to denote the branch where onset occurs
and is denoted by subscript ‘1’ in Equation 3.1. If additional branches are active then
they are denoted as secondary branches and denoted with subscripts 2’ and ‘3’ for dual
and triple discharges respectively in Equation 3.1. Two test sections were used during
experimentation, and it is helpful to point out that for each of the phenomena studied,
onset of liquid or gas entrainments, only one test section was used for each study. The
OLE experiments were performed using the semi-circular brass test section shown in
Figure 3.2, and the OGE experiments were performed with the quarter-circular acrylic
test section as shown in Figure 3.3. A further discussion regarding the design features of

both will be presented below.
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Figure 3.1 Test section geometry simulating a CANDU header-feeder.
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3.2.1 OLE Experiments

The brass test section used in the OLE experiments is shown in Figure 3.2, and was
manufactured by Ahmad and Hassan (2005). The figure shows the test section mounted
in the two-phase reservoir, as will be discussed later. The test section was designed to
provide experimental advantages, such as flow visualization conducive to the OLE
measurements. Due to it’s design, the test section is also exposed to a smooth stratified
two-phase region when installed in the test facility. Hassan et al. (1997) concluded that
the semi-circular test section design could reasonably simulate a single CANDU header-

feeder bank.

The test section was manufactured from a solid brass block, with a diameter of 50.8 mm
and a length of 50.8 mm. Three 6.35 mm diameter holes were drilled into the semi-
circular surface at 0°, 45° and 90°, and extended until a minimum of four diameters and
then enlarged to a diameter of 9.56 mm. The test section represents a 1/8 scale of a

typical header-feeder bank section.

3.2.2 OGE Experiments

The test section used in the OGE experiments, with the PIV system, required a
modification to enhance optical access. As a result, the test section shown in Figure 3.3
was designed and manufactured. The overall concept of the design was similar to that of
Ahmad and Hassan (2005), with the objective to simulate the CANDU header-feeder
geometry. Three 6.35 mm diameter holes were drilled into the quarter-circle surface at

0°, 45° and 90° and extended until a minimum of four diameters, and then enlarged to
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9.56 mm. The difference with this design is that the top quarter of the semi-circular cross
section was replaced by a flat vertical wall. It is expected that this will result in a small
difference in the OGE results due to the effect of wall curvature. The advantage of this
design is that it allows the velocity fields to be captured in a horizontal plane using the
PIV system, previously not possible with the brass test section. Another new feature of
the test section was the material from which it was made, cast clear acrylic. After
machining the test section, all surfaces were polished using an abrasive technique to
maintain the surface quality. An unexpected outcome of this test section, due to the high
quality of machining and polishing, was the ability to visualize the flow inside the
branches, as was previously not possible with the brass test section. In order to mount
copper plumbing to the outlet side of the test section branches it was necessary to design
a rugged seal capable of withstanding the operating pressures. To accomplish this three
brass blocks were machined with a groove on one face to accept an o-ring, and a larger
hole on the opposite face to accept a 12.7 mm 1.D. copper pipe. The copper pipe was
inserted into the brass block and soldered together. This assembly was mounted onto the

outlet side of each branch and fastened using four 10-24 UNC cap screws.
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3.3 Experimental Test Facility

The experimental test facility consists of two main systems, and will presented here as
such, the flow distribution and the particle image velocimetry (PIV) systems. The flow
distribution consists of the components necessary to establish the two-phase environment
and maintain the operating set points, such as pressure and flow rate. The PIV system is

a standalone package that can be adapted to a particular fluids experiment.

3.3.1 Flow Distribution

The test facility flow loop is presented in Figure 3.4, of which further details can be
found in Ahmad and Hassan (2005). An image of the two-phase reservoir is presented in
Figure 3.5. The two-phase reservoir was made from thick walled stainless steel pipe
capped at the three ends. At the right, a section of clear acrylic tube is fastened to the
two-phase reservoir. The test section is mounted on a flange to the right of the acrylic
tube, and sealed with an O-ring. To supply air to the two-phase reservoir, an open loop
system is used. To provide a steady controllable source of air a Fisher Pressure
Controller was selected to maintain the air pressure at a set-point. As air discharges
through the test section branches, from the two-phase reservoir, it enters a distribution
block connected to five air flow meters connected in parallel, with overlapping ranges up
to 2.83 m*/min (100 ft’/min). To monitor the static air pressure in the two-phase
reservoir, a Rosemount LCD pressure transducer was used and factory calibration
provided a range of 0-830 kPa. To supply water to the two-phase reservoir, a closed loop
system was used. Water was stored in a 208 L (55 gallon) tank and was connected to a 3

hp SSV 8-stage vertical pump, which directed the water flow to the inlet of the two-phase
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reservoir. As water exits the branch it is directed towards a distribution block connected
to four water flow meters connected in parallel, with overlapping flow rates up to 75
L/min. From the water flow meter the flow is directed back to the water tank, completing
the loop. To measure the liquid height inside the two-phase reservoir, a Rosemount LLCD
digital display differential pressure transducer was used, and factory calibration provided
a 0-255 mm H,O range. Connections were established using flexible PVC tubing,
maintaining hydraulic resistance throughout, valves provided flow control. A summary

of the measurement components are presented in Table 3.1.
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3.3.2 PIV System

The particle image velocimetry system was obtained from Dantec Dynamics and has both
two-dimensional, as well as three-dimensional capabilities. The current study takes
advantage of the two-dimensional abilities, and the system will be described as such. An
image of the PIV system adapted to the two-phase test facility is presented in Figure 3.6.
The particles used to seed the liquid flow were polyamide, PSP-20, having a mean
diameter of 20 wm and have the property of being nearly neutrally buoyant in water. A
New Wave Research Solo XT 120 Nd:YAG pulsed laser, capable of 120 mJ/pulse at a
532 nm wavelength and a maximum pulse rate of 15 Hz, was used to illuminate the
particles. Pre-packaged optics converted the single beam output from the laser head, into
a light sheet. To capture the particle displacement a HiSense MKII 12 bit digital output
CCD camera with 1344x1024 pixel resolution was used, and in the current setup, allowed
for a maximum capture rate for a pair of images at 5.67 Hz. A Nikon objective lens,
mounted to the camera, provided focal length and shutter illumination adjustments. To
record the images a National Instruments NI-IMAQ PCI-1426 frame grabber card was
used in conjunction with the camera. The camera and laser pulses were synchronized
using a National Instruments NI-DQQ PCI-6601 timer board. In order to handle the large
data processing requirement a Dell Precision Workstation with two 3.60 GHz Intel Xeon
processors, 4 GB of RAM, two 250 GB 7200 RPM hard disks, and a 128 MB video card
was used. The Flow Manager software, provided by Dantec Dynamics, performed the
necessary data processing such as cross-correlation, adaptive-correlation, filtering, and

statistical analysis to generate the desired velocity field.
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3.4 OLE Experimental Procedure

The procedure for recording the onset of liquid entrainment is described below. It should
be noted that the following procedure yields results for both increasing liquid level (ILL)
and decreasing liquid level (DLL). The method to capture OLE is determined based on
flow visualization, as will be described below. Routine cleaning of the test section

surface was performed to maintain surface integrity.

Water was first added to the two-phase reservoir, keeping the air-water interface well
below the primary branch. The two-phase reservoir was then pressurized to the desired
set point. The primary branch air flow rate was adjusted to the desired value, as well as,
the flow rates of any additional branches. The water level was slowly increased until a
stream of water was seen to be pulled into the primary branch, as shown in Figure 3.7.
The liquid height was recorded as the onset of liquid entrainment with ILL. It is
important to note that at low Froude numbers, with ILL, care must be taken to observe
the air-water interface near the inlet of the branch. The water level was then slowly
decreased until the stream of water ceased to flow into the primary branch, at which time
the liquid height was recorded. This value determined the onset of liquid entrainment
with DLL. The brass test section was dried using a high air flow rate and the procedure

was repeated for the next primary branch flow rate.

The test matrix of experimental data for the single, dual and triple discharge cases are
presented in Table 3.2, Table 3.3 and Table 3.4 respectively. The physical

representations of Cases 1 to 9 are presented in Figure 3.8. This figure demonstrates the
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location of the air-water interface with respect to the primary branch, prior to OLE. From
the tables, and Figure 3.8, it can be seen that branch C is omitted as a primary branch.
The reason for this is that branch C is located at the physical lower limit of the test
section. At any liquid level above this limit implies that water is present in branch C, so
onset of liquid entrainment is not definable for that branch. The heavier fluid used in all
experimentation was filtered water and maintained at a constant temperature using the
cooling coil. Air was used as the lighter fluid at an absolute pressure of 510.2 kPa and
room temperature was taken as the bulk temperature. It is important to note that
throughout this investigation the critical height, H, was measured from the center of the
primary branch to the water free surface as shown in Figure 3.1. This was selected for

consistency between the two methods, ILL and DLL.

Following Maier et al. (2001b), a data reduction method was required to correct the
properties at the branch inlet. To determine the air density at the branch inlet, the
following method was used. The measurement of air pressure and temperature at the
branch inlet was not practical, but the stagnation pressure and temperature are known
inside the two-phase reservoir. An energy balance between the stagnation conditions and

the inlet to the branch, assuming isentropic conditions and air as an ideal gas produces,

v
T,C, == +T,C,. 3.3
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Subscript ‘0’ and ‘b’ refer to the stagnation properties and branch inlet properties

respectively. Also, C, is defined as the specific heat at constant pressure for air, 1005

J/kgK. The mass flow rate of air, at the onset of liquid entrainment, m, is defined as,
1, :%dzprb. 3.4

The density of air, pp, at the inlet of the branch can be found with R’, the ideal gas
constant taken as 287 J/kgK for air, and with P, and T, defining the pressure and

temperature at the inlet of the branch,

F,

7t 3.5
R'T,

Oy =

An isentropic process between the stagnation conditions and the inlet of the branch is

used to define the relationship between pressure and temperature as,

k-1
L5t 36
T, B

The ratio of specific heats ‘k’ is defined here as being 1.4 for air. An iterative process
was used to solve Equations 3.3 to 3.6 simultaneously for pressure, temperature and
velocity at the inlet of the branch. The known quantities are the mass flow rate of air at
onset, m,, and the stagnation pressure and temperature. An initial guess for density at
the branch inlet was determined, and then verified for every iteration, until a satisfactory
error was obtained; here 1x10® error was observed. The Froude number was then

determined from Equation 3.2 using the values obtained from above.
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CASE 1

CASE 3

CASE 5

CASE 7

Air — Water
Interface

Air — Water
Interface

Air - Water
Interface

Air — Water
Interface

CASE 2

Air — Water
Interface

CASE4
Air — Water
Interface
C
CASE 6
Air — Water
Interface
C
CASE 8,9

Air — Water
Interface

Figure 3.8. Experimental cases demonstrating air-water interface.
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3.5 OGE Experimental Procedure using PIV

The procedure used for recording the liquid velocity field at the onset of gas entrainment,
in the bottom branch C of the acrylic test section, is described below. It should be noted
that the following procedure yields results for decreasing liquid level (DLL) only.

Routine cleaning of the test section surface was performed to maintain surface integrity.

The polyamide seeding particles were mixed with the water in the storage tank. Water
was then added to the two-phase reservoir until the air-water interface was well above the
primary branch, which throughout this study was the bottom branch C. The two-phase
reservoir was then pressurized to the desired set point. The primary branch water flow
rate was adjusted to the desired value, and the flow rate of water into the reservoir was
adjusted such that a steady liquid height was obtained. The liquid height that is desired to
be maintained constant is the instance when a steady stream of air can be seen to entrain
into the primary branch liquid flow. At this point the onset of gas entrainment due to

vortex-free gas pull through is defined, and is presented in Figure 3.9.

The digital CCD camera was positioned such that the desired field of view was obtained
and the laser was pulsed at low intensity to make adjustments to the focal length and light
shutter until a reasonable particle resolution was obtained. To determine the scaling of
the field of view, an image was captured with a known distance in the image. For the
scaling factor, the branch diameter was used as the reference. Typically, finding the most
suitable particle resolution was on a best effort basis, this technique requires many fine

adjustments to the focal length, light shutter and orientation of the camera and laser light
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sheet. In some instances, it was possible that the seeding density required adjustment, to
resolve this issue more particles could be added until the seeding density was satisfied.
Having obtained the best possible particle resolution, the laser is then run with a higher
intensity, typically the light shutter needs to be closed slightly at this point, and a sample
image is captured. Using the cross-correlation technique, outlined in the Flow Manager
software, the timing sequence used to capture the flow appropriately is determined. The
timing sequence is defined as the time between the captured image pair. If the validation
shows poor correlation then capture time between image 1 and image 2 is adjusted, and a
new sample image is captured. This iterative procedure is repeated until a satisfactory
validation is obtained. Satisfactory validation occurs when the maximum particle
displacement in an interrogation area does not exceed 25% of the interrogation area.
With a satisfactory timing sequence established a set of images is captured, typically on

the order of 100, at the onset of gas entrainment in the primary branch.

For each primary branch flow rate four camera-laser setups were used to resolve the gas
entrainment liquid flow structure in three dimensions. A typical experimental setup, as
shown in Figure 3.10, captured the liquid velocity flow field in a vertical plane. The
coordinate system to describe the vertical image plane is shown in Figure 3.11. In the
vertical image plane it is shown that the origin of the coordinate system is centered at the
branch inlet. The velocity vector, V, is resolved into components in the x and z
directions respectively as V, and V,,. Note here that V is taken positive to the right and

V. positive upwards.
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The setup shown in Figure 3.12 enabled to capture the velocity field in three horizontal
planes by traversing the light sheet vertically. Three horizontal planes were selected, the
first at just below the air-water interface, at z = Hogg, the second at the mid-plane, where
z = Hoge/2, and the last just above the branch inlet, where z = 0. The coordinate system
used to describe the horizontal image plane is shown in Figure 3.13. In the horizontal
image plane it is shown that the origin of the coordinate system is centered at the branch
inlet. The velocity vector, V, is resolved into components in the radial and tangential
directions relative to the branch center as V; and V.. Note that V; is taken positive

towards the branch center and V. is positive counterclockwise.

Using the adaptive correlation technique provided by the Flow Manager software, the
data set of raw PIV images were correlated to produce the velocity vectors for each
image pair. The validation used an interrogation area of 32x32 pixels, and a relative peak
validation of 1.2. Next, each image pair velocity field was filtered using a moving-
average filter provided by the Flow Manager software, with a 3x3 neighborhood size. A
statistical analysis was performed on the full set of images captured to provide the best

estimate of the liquid velocity field at the onset of gas entrainment.

The test matrix of the experimental runs performed for the onset of gas entrainment
during single discharge through a bottom branch is presented below in Table 3.5. The
two fluids used were again, air and water. The temperature of the water was maintained
through the use of a cooling coil, and the absolute air pressure was maintained at 306 kPa

and at room temperature. The data reduction method determined the Froude number of
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the branch flow rate using Equation 3.2, knowing the properties of air and water and in

addition the mass flow rate of the water.

3.5.1 Technical Challenges of Implementing PIV

Although the PIV system used in this investigation is a turn-key product, several
technical challenges were met in order to produce results in the two-phase test facility.
Due to the necessity for the laser light sheet to be perpendicular to the field of view of the
camera, and the fact that many curved surfaces were present, complicated the alignment
process. In fact the calibration and alignment process consumed a significant portion of
the time to record a single set of data. Originally the cylindrical acrylic viewing section
was to be replaced by a square section to reduce distortions. However, it was believed
that due to the large radius of curvature of the acrylic viewing section relative to the small
field of view, this modification would not be required. The second challenge was the
uncertainty of capturing the displacement of the seeding particles given the two-phase
nature of the flow field. In fact, it was found that at the inlet of the branch this issue was

most noticeable.

To overcome the challenge of providing a vertical light sheet a mirror was used to reflect
a horizontal light sheet downward 90 degrees. Using a mirror resulted in an additional
loss of laser light sheet intensity and therefore the quality of the images that could be
captured. Once the alignment issues were overcome through the acrylic viewing section
and the laser light sheet aligned with the area of interest it became evident that the

reflections produced distorted the image quality significantly. As a result of the laser
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light sheet reflecting on the surface of the branch inlet and air-water interface, large
reflections could be observed on the image which resulted in a loss of viewable area. To
overcome this obstacle a masking method was used whereby the areas that laser light was
reflecting from were masked temporarily until the reflections were minimized.
Additionally to improve the contrast within the field of view all surfaces in the
background were also masked temporarily. An additional issue that the laser light
reflections generated was with respect to safety and when possible all external reflections

were minimized through masking.
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3.6 Uncertainty Analysis

All measurement devices were calibrated by the manufacturer as per component
specifications. The maximum uncertainty in the calculation of the Froude number, where
air was the working fluid, was found to be +11%. The maximum uncertainty in the
calculation of the Froude number, where water was the working fluid, was found to be
+5%. The instrument uncertainty in measuring Py was +0.83 kPa, and an acceptable
range for this parameter during experimentation was 510.2 + 6.8 kPa, The instrument
uncertainty in measuring the height of water, H, in the reservoir was found to be + 0.165
mm H>O. An estimation of the liquid velocity field uncertainty, using the PIV system,

could not be determined at the present time.
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Chapter IV

Results and Discussion of OLE Experiments

4.1 Results

The results obtained from the experimental onset of liquid entrainment cases will be
discussed below. When reviewing Figures 4.1 to 4.11, it is helpful to distinguish between
the two methods used to record OLE. The decreasing liquid level (DLL) cases are
represented with symbols, and the ILL cases are shown with filled symbols. A trend that
exists in all the results, and previously not reported, is an inflection point in the
increasing liquid level results near Froude number equal to 1. The DLL method does not
predict this inflection point, it is only found using the ILL method. It is due to the air-
water interface increasing beyond the center of the primary branch without the presence
of liquid entrainment. This means that, as the air-water interface approaches the center of
the primary branch the critical height decreases towards zero. As the air-water interface
is increased beyond the center of the primary branch the critical height increases again
but negatively (Fr < 1 typically). By taking the absolute value of the critical height it is
possible to present this on a log-log scale. This new information for the ILL method,
however, does not present a danger in the use of the DLL method to predict the onset of
liquid entrainment. In fact using the DLL method leads to a more appropriate estimate of

OLE, due to the actual physical scenario occurring during LOCA.
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To aid with interpretation of Figures 4.1 to 4.11 some general features will be consistent
throughout. The horizontal axis represents the Froude number, Fr, of the primary branch,
the primary branch is indicated with a subscript being either A or B. The vertical axis
represents the critical height ratio, H/d, for OLE at a given Froude number. Two
horizontal lines are also shown on each figure at constant H/d. The lower line represents
the edges of the primary branch, while the upper line represents the dry-out condition.
The branch edges line represents the bottom of the primary branch inlet for the DLL
results, and to the right of the inflection point for ILL results. The branch edges line to
the left of the inflection point, for ILL results only, represents the top of the primary
branch inlet. When the primary branch is A the lower line is 0.5 and the upper line is 4.
When the primary branch is B the lower line is 0.3535 and the upper line is 1.1715. The
term dry-out refers to the condition that exists when the air-water interface is at the
bottom of the test section, and a physical limit is reached. Any further increase in Froude

number will result in the same value of H/d.

4.2 Single Discharge

Figure 4.1 demonstrates Case 1 for OLE in branch A with ILL and DLL results. The
current results indicate that for all Fry values the critical height ratio, H/d, is greater with
DLL than for ILL. This trend is also shown for Hassan et al. (1994)’s experimental
results, where both ILL and DLL methods were also used. This implies the presence of
an additional physical parameter that directly affects OLE. This physical parameter is
defined here as the surface wetness between the air-water interface, and the primary

branch inlet. The surface wetness contributes to the degree of surface tension between
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the air-water interface and the brass surface. The difference between the two ILL and
DLL methods describes the effect of surface wetness. This can be explained in that with
the ILL method the surface above the interface is dry before OLE, and with the DLL the
surface above the interace is wet. As Fra is increased, however, the effect of surface
wetness is seen to decrease as both ILL and DLL results tend to converge. The ILL
results demonstrate an inflection point near Fra equal to 1. To the left of the inflection
point the values of H/d are lower than the 0.5 limit. This indicates that the air-water
interface is between the center and top of branch A. When the ratio H/d increases
negatively, to the left of the inflection point, the new physical limit becomes the top of
the branch, but from symmetry H/d is also equal to 0.5. It is believed that increasing the
primary branch diameter can remove the inflection point. The surface tension is
independent of the branch diameter, and will remain constant with increasing branch
diameter. A larger branch diameter increases the distance between the center and the
bottom of the primary branch, the inflection point is dependant on this distance. Both the
ILL and DLL methods tend towards the expected physical upper and lower limits of H/d,
4 and 0.5 respectively. At the upper range (Fra>10) the current DLL results have good
agreement with Maier et al. (2001)’s and Hassan et al. (1994)’s experimental results for a
flat vertical wall. The difference observed below this range is due to the curvature of the
wall. In the same Froude range, good agreement between the present DLL and analytical
results of Maier et al. (2001), Armstrong et al. (1992), Yonomoto and Tasaka (1988) can
be seen. As Fry decreases, only Maier et al. (2001) correctly predicts the limiting value
for H/d of 0.5. Their correct prediction shows good agreement with the present DLL

results but does not predict the ILL results.
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Figure 4.2 demonstrates Case 2 for OLE in branch B, with ILL and DLL results. Similar
trends, as reported for Case 1, are demonstrated in the figure. Both the ILL and DLL
results tend towards convergence with increasing Frg. The critical height ratio, H/d, is
shown to be higher with DLL than ILL with similar conclusions as presented in Case 1.
Both the ILL and DLL methods tend towards the expected physical upper and lower
limits of H/d, 1.1715 and 0.3535 respectively. The ILL results demonstrate an inflection
point near Frg equal to 1. Of interest, it was observed with the ILL method and low Frp
numbers the water level could surpass the top of the primary branch before OLE
occurred. As was discussed in Case 1, a larger branch diameter will reduce the relative
effect of surface tension on OLE. The experimental work of Hassan et al. (1997)
indicates an agreement with the present data, and the dry-out condition is correctly
predicted by both. The theoretical finite-branch model by Hassan et al. (1999) for a side
branch on a flat inclined 45° wall demonstrates a reasonable prediction of the DLL
results. It is believed that the differences between Hassan et al. (1999)’s results and the
present are contributed to by the curvature of the test section. The ILL show a

discrepancy with Hassan et al. (1999)’s model due to surface wetness.

4.3 Dual Discharge

Figure 4.3 demonstrates Case 3 for OLE in branch A with ILL and DLL results. This
figure demonstrates the effect of Frg (0, 5.10, 15.9, 26.4) on OLE at branch A. The
critical height ratio, H/d, is shown to be higher with DLL than ILL. The ILL and DLL
results tend towards convergence with increasing Fra. Both the ILL and DLL methods

tend towards the expected physical upper and lower limits of H/d, 4 and 0.5 respectively.
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The ILL and DLL results demonstrate that by increasing Frg the critical height ratio H/d
decreases. This means that the air-water interface is closer to the primary branch as OLE
occurs as compared with the single discharge case. The effect of Frg, therefore, is to pull
the air-water interface in it’s direction. Of interest, it was seen that air could be entrained
into branch B at some critical height H/d. Reporting the two-phase nature of the flow
after the onset of gas entrainment (OGE) occurred, was beyond the scope of this study.
On the figure, the last data point symbol to the right (Frg = 5.10, 15.9, 26.4) indicates
when OGE began and OLE could still be recorded. For both ILL and DLL the critical
height ratio is almost the same as at OGE, but Fra is seen to vary greatly. The
momentum difference between an upward or downward traveling air-water interface is

believed to contribute to this difference.

Figure 4.4 demonstrates Case 4 for OLE in branch A with ILL and DLL results. This
figure demonstrates the effect of Fr¢ (5.10, 15.9, 26.4) on OLE in branch A. The critical
height ratio, H/d, is shown to be higher with DLL than ILL. The ILL and DLL results
tend towards convergence with increasing Frs. Both the ILL and DLL methods tend
towards the expected physical upper and lower limits of H/d, 4 and 0.5 respectively. It is
seen that Frc has little impact on the critical height ratio, H/d. By increasing the ratio L/d
to 5.65 (Case 4), from 3.06 (Case 3), the effect of the Froude number of a second branch
on H/d is seen to decrease. Of interest, it was seen that air could be entrained into branch
C at some critical height H/d, similar to Case 3. On the figure the last data point symbol

to the right (Frc = 5.10, 15.9, 26.4) indicates when OGE began and OLE could still be
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recorded. An image of the instance when OGE began in branch C with OLE in branch A

is presented in Figure 4.12.

Figures 4.5, 4.6 and 4.7 demonstrate Case 5 for OLE in branch B with ILL and DLL
results. The critical height ratio, H/d, is shown to be higher with DLL than ILL. The ILL
and DLL results tend towards convergence with increasing Frg. Both the ILL and DLL
methods tend towards the expected physical upper and lower limits of H/d, 1.1715 and
0.3535 respectively. The effect of Fra (1.15, 6.13) on OLE in branch B is demonstrated
in Figure 4.5. It is seen that for both ILL and DLL the critical height increases as Fry is
increased. This means that the air-water interface is further away from branch B with
increasing Fra. This implies that, a second branch located above the primary branch will
pull the air-water interface in its direction. A comparison of the present results with
Hassan et al. (1999) and Armstrong et al. (1992) is presented in Figure 4.6. Hassan et al.
(1999)’s experimental results are presented for a flat vertical wall with two branches in
the same vertical plane and L/d equal to 3 and top branch Froude number of 5.5. Their
theoretical finite branch model is presented for two branches located on a flat 45°
inclined wall, with L/d equal to 3, and Froude number of the top branch equal to 5.5.
Armstrong et al. (1992)’s point-sink model is presented for two branches located on the
side of a flat vertical wall with L/d equal to 3, and top branch Froude number of 5.5. The
comparison demonstrates good agreement between Hassan et al. (1999)’s model and the
DLL results for moderate Frg. Where the dry-out condition is represented at higher Frp,
both Armstrong et al. (1992)’s and Hassan et al. (1999)’s models do not predict this

physical limit but this is believed to be due to the curvature of the wall. The ILL results
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are not predicted by either theoretical model. A comparison of the present results with
Hassan (1997)’s experimental and Hassan et al. (1999)’s theoretical model are presented
in Figure 4.7 for Fra equal to Frg. Their experimental results are presented for a semi-
circular wall with L/d equal to 3.06. Their theoretical finite-branch model is presented
for two branches located on a flat 45° inclined wall with L/d equal to 3. The present DLL
results demonstrate excellent agreement with both the analytical and experimental results.
The ILL results are not accurately represented by the analytical model but show

agreement with the experimental data at the dry-out condition.

Figure 4.8 demonstrates Case 6 for OLE in branch B with ILL and DLL results. This
figure demonstrates the effect of Fre (0.14, 0.38) on OLE in branch B. The critical height
ratio, H/d, is shown to be higher with DLL than ILL. The ILL and DLL results tend
towards convergence with increasing Frg. Both the ILL and DLL methods tend towards
the expected physical upper and lower limits of H/d, 1.1715 and 0.3535 respectively.
The effect of Frc on OLE in branch B is to decrease the critical height ratio H/d. This
means that the air-water interface is closer to branch B for OLE to occur, with an increase
in Frc. The flow in branch C effectively pulls the air-water interface in its direction. Of
interest, it was seen that air could be entrained into branch C at some critical height H/d,
similar to Case 4. On the figure the last data point symbol to the right (Frc = 0.14, 0.38)

indicates when OGE began and OLE could still be recorded.
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4.4 Triple Discharge

Figure 4.9 demonstrates Case 7 for OLE at branch A with ILL and DLL results. This
figure demonstrates the effect of Frg (5.10) and Frc (5.10) on OLE at branch A. The
critical height ratio, H/d, is shown to be higher with DLL than ILL. The ILL and DLL
results tend towards convergence with increasing Frg. Both the ILL and DLL methods
tend towards the expected physical upper and lower limits of H/d, 4 and 0.5 respectively.
The effect of having a second branch active below the primary branch is a reduction in
the critical height ratio H/d (Case 3). The greatest effect is generated by branches with
smaller L/d ratios as discussed in Case 4. Having both branches, B and C, active results
in the highest ratio of H/d compared with the dual discharge cases, as shown in the figure,
this is opposite of what was expected. It is believed that this is due to flow interaction
between branch B and C causes a total reduction in the pull on the air-water interface. It
was observed during experimentation that additional traces of air could be seen flowing
between branches B and C, an image of this was captured and is presented in Figure 4.13.
The image also shows the instance when OLE in branch A can occur simultaneously with
OGE in branches B and C. The lowest value of H/d obtained was for Frg equal to O,
aside from both equaling 0, and Frc equal to 5.10. Of interest, it was seen that air could
be entrained into branch B or both branches B and C simuitaneously at some critical
height. Reporting the two-phase nature of the flow after OGE occurred was beyond the
scope of this study. On the figure the last data point symbol to the right (Frg = 5.10 and
Frc =0, Frg = 0 and Fre = 5.10, Frg = Fre = 5.10) indicates when OGE began and OLE

could still be recorded.

68



Figure 4.10 demonstrates Case 8 for OLE in branch B with ILL and DLL results. This
figure demonstrates the effect of Fra (1.15, 13.8) and Fre (0.38) on OLE in branch B.
The critical height ratio, H/d, is shown to be higher with DLL than ILL. The ILL and
DLL results tend towards convergence with increasing Frg. Both the ILL and DLL
methods tend towards the expected physical upper and lower limits of H/d, 1.1715 and
0.3535 respectively. The effect of Fra on OLE in B is to increase the critical height (Case
5), and Fre will decrease the critical height (Case 6). Therefore, the two branches A and
C produce a pulling force on the air-water interface in opposing directions. From the
figure as Fry is increased, maintaining Fre constant, the effect is to increase the critical
height ratio H/d which was expected from the discussion in Case 5. It was seen that air
could be entrained into branch C at some critical height H/d. On the figure the last data
point symbol to the right of each data set indicates when OGE began and OLE could still

be recorded.

Figure 4.11 demonstrates Case 9 for OLE in branch B with ILL and DLL results. This
figure demonstrates the effect of Fra (1.15) and Fre (0.14, 0.38) on OLE in branch B.
The critical height ratio, H/d, is shown to be higher with DLL than ILL. The ILL and
DLL results tend towards convergence with increasing Frg. Both the ILL and DLL
methods tend towards the expected physical upper and lower limits of H/d, 1.1715 and
0.3535 respectively. The effect of Fra on OLE in B i1s to increase the critical height (Case
5), and Frc will decrease the critical height (Case 6). Therefore, the two branches A and
C produce a pulling force on the air-water interface in opposing directions. The figure

demonstrates that increasing Fre from O to 0.14 results in an increase in critical height
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H/d. When Fre was increased from 0.14 to 0.38 the critical height H/d is seen to
decrease, as expected. From this it can be determined that a second branch located below
the primary branch has a higher impact on the critical height H/d than a second branch

located above the primary branch.

4.5 Discussion

The simulation of a CANDU header-feeder system under LOCA conditions was
presented for the onset of liquid entrainment. The scenarios of single, dual and triple
discharge were presented with nine cases where OLE occurred at either branch A or B.
In all cases presented the branch above, and closest, to the air-water interface was seen to
experience the onset of liquid entrainment. The method for recording the onset of liquid
entrainment, the increasing and decreasing liquid level methods, presented unique results
towards the understanding of the effects of surface wetness on the onset of liquid
entrainment. The increasing liquid level method leads to the discovery of an effect
created by surface tension between the air-water interface and the solid surface. The air-
water interface was seen to surpass the center of the primary branch without the presence
of liquid entrainment. This phenomenon manifested in the results as an inflection point
on the log-log plots due to the critical height H/d approaching zero, and then increasing
negatively. By increasing the primary branch diameter the inflection point will diminish,
and at some critical diameter will cease to exist. By using the increasing liquid level
results a safer prediction of OLE is achieved due to an under estimate of the critical
height. Future studies will benefit by using only the increasing liquid level method. The

presence of a second branch will lead to two results, depending on its location. If the
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second branch is located above the primary branch it will increase the critical height. If
the second branch is located below the primary branch it will decrease the critical height.
The stronger influence on critical height is found with the second branch located below
the primary branch. The results predict the phenomena during LOCA conditions with
respect to the onset of liquid entrainment in the ongoing effort for safer design standards

in the next generation cooling systems.

71



"] @SB — AINIBAIND [[BM JO J09]J9 ‘931eyosIp o[3uIs ‘y youeIq ur 10 ‘1 2Ind1g

Vi
01 1 10 10°0
— — S — ey S —— 100
(8861) Byese] pue Mo&o:o% ...... " jurog uonosuY
‘Te 19 dU0I]S — J
I (T661) 1 LTy _
(1007) T8 1 JOIRIA ---~-
, 1 ‘(#661) Te 19 UesseH [ i v ooeprowy
T ‘(P66T) T8 30 Uesse M oM ~ Y ]

T T T

T1d (Q1007) ‘T8 19 BB A |

TIa O 1'0
TH @
=
¢0o =
S98pa -
youeiq |
1 1
®)
! Mo-A1p | v

bedmndennd

72



“7 9SBD)-2INIBAIND [[BM JO 109530 oY Sunensuowap ‘g youeiq ut gJQ 7'+ 9ms1y

mw 1
08 01 I o 100
JUI0J UOT3[JU] Mmoaw T8 0 UBSSE}] —
¢ ‘[® 12 uEsse
[ > TIA “(L66T) T HO |
TId O
i 20BLIAIU] 0
. oM — A1V o .
[ o . :
I . |
| i sa8ps 1
| o) youerq |
: . |
TR o o) ]
MOo-AIp

100

I'0

S0

p/H|

LT'T

0

73



‘¢ 9s8)~91] JO 109]J2 93 IeyosIp [enp ‘Y Yourlq Ul IO €'t 2Ing1g

Vi
08 01 1 10 10°0 100°0
r—r—r—r—r— rrrrr—r—— - Tr—r—mr——r rrrrrr——r— rr—————— 100
(3 - m
TIAY9T= 1 V U104 UOTIOQ[Ju] q
- g
TH'vor="11 V >
qd
| TIaesT="H © veé v
F Tmest="a ¢ Souprony
i “ q - I9JBA\ — ITY
L TIq‘ors=1g O g
g a 1 1
THors= 14 M [ 0
q
TIA‘0= 14 © v »
q
TH0= 11 ® M ¢
‘ u .“ . ]
® M It v ® .1 co
I - muﬁ \@ sa8pa
i u] \gHo O youeiq |
a3 i1
o) o)
I
NO-AIp | v
” " 1. 1 L. . 1 OM

74

p/H]



08

‘$ 958)-01L JO 109]J9 28IeyOSIp [enp ‘Y Youelq ul 70 ' 2Ind1g

fm
01 ! 10 10°0
. N , S — .
oy O 9)
TIAv97="14 V JUI0J UO1O[JU]
THY9T= uﬁ v <~}
TIa6s1 =21 O N
. o) A%
[ To6ST="11 ¢ Qoppron] ]
i [ | _ ]
L Tia0rs=" O s M Y]
[ Tmors="w ™ o' i
TIq0="11 O ]
D v °
TIH0="1 ® v
| ML |
! DO 0 « gD0 I.I/M $93p9 1
[ A\\ 14 ouriq |
] ' s 50 A 4ourq ;
N 8.8 o0 o0 o
2 oQ_ g
Wbooo
PR 1o
2900”80
no-AI1p |
| 1. |

100

10

S0

0t

p/|H|

75



08

G 958)-V1] JO 109)J0 93IeyDSIp [BNP ‘g Youelq ul FIO "'t 211y

100

mum
01 1 10
r - . Py rrrr
‘1o="Yi1 O
U0 UONO[JUT TIA €T9= 14
<« TIEro="141 ¢
CRIAREII n ¢ TIa 1= " 4g O
oep — Iy
i THsTT="37 ™ “
” * = TIa'0="4 O ]
- < -
To0= 14 @
L 4 e
n
° ° 9 g
[
.“‘ 5 m so3pe 1
8 o yourlq |
. 4 WDW o
1 . [ ] @
- 8.0 . 00m. 8 .
No-AI1p

10°0

10

geo

LT'1

01

p/lH]

76



G 9SB)-0IMBAIND [[BA JO 109330 ‘08IeYDSIp [enp ‘g Youelq ul IO "9y 3Ly

€
01 I 10 100
. e T rr————— Tt 10°0
JuI0J UOTIOS[JU] (2661) ‘T 12 Suonsuiry ‘G = <Hml||
. i (6661) T2 10 UesseR G = 1q-=-=- .
[ oowjI03U] L TIa (666T) TR uEssEH G = 1y O ]
i Il — ATy 1
i TIQ'€To="11 O u
: Tocr9="14 ® :
d 4 10
® o
: . . | sc0 E
[ sadpo 1 =
I o 0 youeiq |
- 11 .
no-AIp LTI

] 1

77



¢ 958)-ALI=V1,] ‘2INRAIND [[BM JO 103132 ‘05Iey0sIp [enp ‘g yourlq ul FJO L't SIN3L]

dq 11
01 1 I'0 100
T T L4 T yrrrTy — T r rrr—r——r , . ﬁo.c
(6661) 'Te 10 uessey A L= <EI
. ! 4 v ]
TIA “(L66T) Te1o uesse ‘" 1= "1y O
| g Vv
I oLl JUIOJ UOTIOQ[Ju] TIqS M= 1 O ,
v I9)ep\ — 1Y I p y
” ——> TOH =" @
.. ° 1 10
L
! ° o | B
* Se0 &
. so8po 1 =
youerq |
O i,
n0-AIp LT'T

78



08

'g 958)-O1] JO 109]J9 95IeYDSIp [Bnp ‘g Yourlq Ul F10 "8y 2131y

m.ﬂm
01 I 1I'0
r . rrrr Ty
D JUI0J UONOR[IUL TId hwm.ouoi %
«t— TI8e0="11 ¢
Q0B IaIU] LA | TIq $10="1g O
RN — Iy
- THP10="11 B -
I L d “
” * TIa0="1 O |
i TH0="11 ® ]|
n | |
4
o ¢ -
|

¢
r P sogpe 1
[ ] 4 o O M youelq |
: o «/ n oo ]
- 80.000.° Ve y
< Mo-KIp

2400

100

100

10

Geo

LT'T

01

p/H]

79



"/ 9seD)-OL] pue &1] Jo 100130 o31eyosip o[du} ‘Y youelq ut FIO 6y 1]

10°0

\4
2G|
) I 10
L] L] T r T q LN e § T r L g r LS —1 rr L) T ¥ L4 ¥ ﬂ LI A A L2 Li L]
iy O o _d
TIA0IS="1="1 V JUIOJ UOTIOS[IU] )
- g O _ g <> ]
TUOISs="1="19 V¥ g

| T1a01¢= O g0="1g 0 'S

e =D rpen_ g ]
- THoIS=" 0= "1 ¢ v A
L TIa0=" 10Ts="14 O ¢ " M -y ]
[ Tm0=" mors="ig W oY v |
i TIq'0="11="11 O ¢ n |

TI0="11="17 ® * 3

. . YRR | -
IR ) 4 ]
5 sogdpe
: “ t a 8 @ ° youeiq L
- 8¢ w0 o Qv v v 3
i 60 a%%u 1
| 2300 ]
- no-A1p

L | TS TV 'Y

100

I'o

p/H]

0

01

80



08

‘g 9s8)-01] JURISUOD puR VL] JO 109350 a8reyosip ofdm ‘g yourIiq ur 410 0T 2In31g

o
01 I 10 100 100°0
T r—————r T r———r—r S — T ————— 100
e D eV
5 JUI0J UOTII9U] TIA8€0=" M‘gcT="11 V
> o v
TH8E0=" 1‘8cI= 1 V¥
D v
-4- TIA8E0=" LIs1'1="11 ©
ERIAS I | D eV .
[ ISTR M -ITY ¢ TH8E0= MCTT= Id
L . 9] . Vv
[ v TIa‘'8c0=" 1°0= 14 O
. ) o .V 3 710
. THO‘8€0=" ‘0= 14 M
u ¢
n V v
v v
. Y. » sco
¢ @ so8po 1 =
youeIq |

no-Kip LT1

A"
N4 |

&1



'6 9sBD)-Y1] 1URISU0D pue O1] JO 1991J0 ‘o8reyosip o[du ‘g yourlq ul gIO 11 2In3L]

mum
01 1 10 10°0
— ———————— —————— rr—r————— 100
o D e UV
. JUI0J UOTOS[JU] TIA'8E0=" 'SI'1= " V
<~ e D eV
TI8C0=" HCI'I="14V
m TIAP10=" 1's1T= "1 ¢
QoeyIR)U] ot pricrr= ¥
R b4 g Eo;u ST |<E ¢
- TIA0=" Hsr1="4 O
Tn0=" sgcrr="agm | 1Y
vV u
n ¢ ¥
N
] v « $ o T
ll v ¢ w [ | so8po 1 s£0 =
O = ]
. v ¢ D@ ] o \v/ youelq |
N - ‘ / a o ]
0.0 nﬂny A 1 1.
\Vd JN0-A1p LTT
SHD0
]

82



* JOURIq UI JUSUIUTRNUS SeS PIM V Youelq UL IO 71 231

83



"V Jouelq ur 7O Suump D) pue g SSydUBIq U39M]aq UONIRINU] "¢ UNTL]

84



808¢'T | CTO00

8¢l <r80°0 | L9TI¥0O | TCOO00
808C'T | 90L60 | ¥LOY'O | 65000
808C'T | TILY90 | LYOV'O | S9Y0°0
eVIv'T | SLS6'0 | 90LE0 | T¥80'0
SESY'T | CSI6'T | 8CCL0 | evIT0
PBCCT | T€L8T | SLITO | 90L60
I¥89°1T | ¢Ic8¢ | 90LE°0 | 8I9T°0
686L°T | 668LY | 8PETO | SETED
ITS8'T | TovL'S | TLBOO | €S8¥0
12S8° 1T | 160L9 | 600T°0 | 68080
LIT6'T | 8699°L | ¥8€¥0 | TSI6'T
€LIOC | PIE9'8 [ TIS90 | €1€8'€E
6L80°C | ¥6L1'6 | TO08'0 | CO6VL'S
eSeT'T | 6S8Y'IT | 8CV6'0 | 8699°L
C96TT | SO08°CT | 9TET'T | Vv6LT°6
LO6VC | STIOL [ evby’l | SO08°CT
Y6SGT | TIOP8T | ELIL'T | TI9¥'8I

P/ vag P/ vag

TId T
1 dSVD

98reyosIp 9[3uls ‘v YoueIq 9pIs Ul §IO ‘T 2IqeL

85



=] LSo¥0 | 22000
1150 | 22000 | P8EC0 | 65000
8S8E0 | 65000 | S65°0 | 800
L1190 | V800 | LFOE0 | SECE0
88050 | S£ZE0 | 6S61°0 | 1290
TILSO | 1L#90 | 6900 | SLS60
68LS0 | SLS6'0 | LS900 | 25161
SL60 | E£1€8°€ | L9610 | £1€8¢€
T9L0°T | 26VL'S | SOV O | C6bLS
T9L0T | 8699°L | 29¢¥0 | 8699°L
T9L0°T | ¥6L1'6 | TLESO | ¥6L16
T9LO'T | SOOZET | €0V80 | SO08ET
T9L0°T | TIOV'81 | SL60 | Z19V81
P i P/ T1y

T1id T
7 ASVD

931eyosIp S[3uls ‘g youelq ul FIO T 9Ll

86



LSEE0 | 65000
¥SEE0 | <h80°0
65000 | 9991°0 | 81910
T#80°0 | £990°0 | 5870
8T9T°0 | 11000 | 1Lb90
€S87°0 | TPOS0 | SLS60
1790 | 9TPS0 | 25161
SLS60 | 61VL0 | £1g8°€
ZST61 | 1980 | 26VLS
e 65000 6SLET | £1€8€ | SPOT | 36991
V670 | 65000 | 65670 | SLS6'0 | CEVO0 | TvS00 | 86€S0 | CIE8E | PS6CT | T6VLS | 6051 | ¥6L16
P | vid | PM | 44 | PM | Yad | A | YA | P4 | Ydd | Pu | vad
TId TTI T1d T TId TTI
po7 = 914 6'S1 =91 or'S = 91
£ ASVD

gl yourIq s 95TRYOSIp [eNp Y YoueIq ur FTO '€'H 9IqBL

87



6050 | 65000

65000 | LOSFO | S9v00

1Lv9°0 | S9Y0°0 | 8e¥E0 | P8O0

65000 | S6£90 | TPBO'0 | €89CT0 | 8I9TO

T ZSE£0 | 65000 | €86L°0 | 2P800 | SPEE0 | 29800 | €810 | SI9T0 | 9¥€000 | €587°0

110€°0 | TP80°0 | TIYLO | 8I91°0 | TCLTO | 8I9T'0 | 8CE0O | €S8O | €990°0 | 1L¥9°0

€89C°0 | BIST'O | 9GLL'O | £S81°0 10 €e8Y'0 | TLO6'0 | SLS6'0 | ¥69T1'0 | SLS6'0

o €S8y°0 | CO16°0 | 6808°0 | COTO 6808°0 | 6vvI'T | CTSI6'T | 19060 | TSI6'1

C0T°0 | 6808°0 | 6EV6'0 | SLS60 | TEOTO | SLS6'0 | 8PE'1 eI1e8'C | T8OL0 | £IE8'¢

1€0T°0 | SLS6'0 | L8BI'T | CSI6T | 69050 | CSI6'L | 69LV'] | CO6VPL'S | €1S6'0 | CTOPL'S

PIPSO | TSI6'T | 6S6€°T | €1€8°C | CBOL'O | €IE8'C | LBEST | 8699'L SOl 8699°L

S6LL'O | €IE8°C | 8TBY'T | COPL'S | 8EV8O | TOVL'S | €vEL'T | V6LT'6 | vEITT | POLI6

;Nww.o ,.,mmoo.,o ev8'0 | TOovL'S | TOSS'T | 8699°L | 600T°T | 8699°L | 9V8T'C | SO08°CT | ¥9IST | SO08'CI

Z808°0 | TPBO'0 | €TIOT | 8699°L | 6088°T | ¥6LT'6 | 60SY'T | SO08°ET | TO6IET | CTIOF 8T | €6TL'T | CTI9P'8I
P/ vag P/ \EE | P/ vaq P/ vag P/ vaq P/Y vaq
T1d T TI1d TI1I T1d T
v'9C =214 6°ST =214 01°S =214

v ASVO

D YOURIq I SFXeyosIp [enp ‘v Youeiq ut FI0 by 9[qeL

88




OFEF0 | 60000 | PBEE0 | 600000 | 960 | 60000 | ¥657°0 | 60000
. TLSP0 | 65000 | P8EE0 | 650000 | €82H0 | 65000 | 12650 | 65000
90050 | 65000 | PSLTO | 65000 | ST6V0 | S0%00 | ¥8EE0 | SOv00 | 16650 | S9p00 | 2SO0 | <9500
¥L0S0 | ¢v80'0 | 66920 | V800 | 99050 | 8I9T0 | 992€0 | 81910 | S€0S0 | SIOT0 | 12LE0 | 81910
6950 | SETE0 | TLT0 | SECE0 | 60LS0 | €580 | 950T0 | £S87°0 | LOSSO | £S8%0 | 68220 | €350
S08S°0 | €58%'0 | S80T°0 | €5850 | 81L0°0 | 190 | ¥9€10 | 1Lv9°0 | 8619°0 | 63080 | $9£10 | 63080
€8€9°0 | 6308°0 | 91000 | 6808°0 | SSOL'0 | SLS6'0 | TE0'0 | SLS6'0 | 9¥09°0 | SLS60 | 20L00 | SLS60
P6L9°0 | SLS60 | ¥660°0 | SLS60 | 6Lv6°0 | TSI6T | 1€€1°0 | 2SI6T | 9SL80 | 25161 | 2€00 | 25161
9L060 | TST6'T | 68160 | CSI6T | T9LO'T | €I€8°€ | 2L6T0 | €1€8€ | 1901 | S1e8°€ | 89910 | £iese
SL6'0 | £1£3°€ | COLVO | €1€8°€ | 1901 | €€1'9 | 2O6h0 | €10 | 19L0T | 26vLS | €21€0 | 26PLs
L6LT'T | T6VL'S | 60LS0 | T6¥WL'S | T9L0L | 8699°L | S€0S0 | 8699°L | 19L0°T | 8699°L | 2070 | 8699°L
L6LTT | ¥6LT'6 | 81L9°0 | 8699°L | T9LOL | ¥6L1'6 | ¥950 | ¥6LT6 | 1901 | 6L 6 | 65850 | $6LI6
L6LT'T | SOOS'ET | 99080 | ¥6LT'6 | TOLO'T | SOOSET | £269°0 | SO0S'ST | 19201 | SO0SEI | 8€2L0 | SO0S €T
L6LTT | TIOV'ST | L6LT'T | CI9V'ST | T9L0°T | CI9F'8T | 1108°0 | TIOW'ST | T9L0°T | 219V 81 | S228°0 | Z19b 81

/Y Tiy P/ I P/ ] P/ T P/ ] P/ T
TIA T1I T1d T TIA T
Wiy = Vig €19 = vag ST =14
S ASVD

'V YoueIq Yiim 93IBY0SIp [enp ‘g youelq ur gI0 'Sy AqeL

89



¥8¢e’0 | 65000

P8ee’0 | TP80°0

686C°0 | 81910

9C°0

65000

€LETO | TP800

COLT'O | 8I9T0

YITTO | €S8%Y°0 | 9¥09°0 | 65000 | ¥9¢1°0 | €58¥°0
IS€0°0 | TLY9°0 | 8LED'O | TPBOO | SELO0 | TILY9O
7€0°0 | SLS6'0 | SSOLO | 8I9T'0O | TEEl'0O | SLS60
29¢Y'0 | 6500°0 | 8991°0 | TSIG6'T | 889L0 | €S8¥Y0 | VIOLO | TSI6'T
GE0S'0 | TH80'0 | 90€0 | €1€8°¢ | €98L°0 | ILYOO | €00S0 | £IE€8'E
SELSO | 8I9T'0 | €L6S0 | TOYL'S | 9908°0 | SLS6'0 | €890 | TovL'S
P/Y daq P/Y qaq P/Y g1y P/Y Rt |
T1d TTI TI1d TII
8¢°0 = 014 P10 =214
9 ASVD

"D youeIq YIM 9FIeYOSIp [enp ‘g YyourIq ul 470 "9 SIqRL

90



7690 | 65000
STTE0 | ¢h80°0
ObE£T0 | 81910
SPTLO | 6S00°0 | LEET'0 | £587°0
9%98°0 | <h80°0 | 2OL'0 | 68080
76680 | 1910 | £9050 | 25161
169670 | £58F°0 | Z80L0 | €1£8°€
T186°0 | 63080 | SOL80 | Z6VLS
YPPET | 25161 | ¢S00'T | 8699°L
6S1ST | €18 | L6LL'T | P6LI6
6219°T | 26VL'S | POIST | SO0 €l
/A | Vi | P/ vig
TIa T
0T'S =931 ‘0L'S =914
LASVD

"D pue g soyouelq [ 98reyostp o[dm ‘v youriq ur 470 ‘L'¥ SIQBL

91



€LETO | 65000
9¢07°0 | 7800
¥S81°0 | 81910
6900 | €S8¥°0
¥8€0°0 | 68080
SE0S'0 | 65000 | THET0 | SLS60
TLESO | TH80'0 | 969¢0 | TSI6'T
68LS°0 | 8T9T°0 | 86£S°0 | €1¢8°€C
81L9°0 | €S8%°0 | 81,90 | T6VL'S
Py g P/ EEE|

T1d TII

8€°0 = V14 Q'€ =VIq

8 ASVD

"D puE ¥ seyouelq yim 981eqostp o[dw ‘g youeiq ul F70 '8’y 9[qRL,

92



LY0e0 | 65000

LYOE0 | T¥80°0

¥8€€°0 | 65000 ILT0 | 81910

gec’o | Tr80°0 T0LT°0 | €58¥°0

LY0E0 | 8I91°0 | 89S0 | 65000 | LS900 | 68080

TOLT'0 | €S8%°0 | 8€95°0 | THBO'0 | 89910 | SLS60

CLSO0 | 68080 | 9¥09°0 | 8191°0 | CTLEO | TSI6'T

wmuv.o; 65000 | TECTO | TobI'T | €8€9°0 | €580 | SE0S0 | €1€8°¢C

60LS°0 | TP8O0 | ¥I0L0 | TSI6'T | 8IL9°0 | 6808°0 | 9090 | T6VL'S

93

€LE90 | 8I9T°0 | STOVO | €I€8EC | TOELO | SLS6'0 | 8€99°0 | 8699°L

YLY9'0 | €S8Y°0 | 8090 | TO6VL'S | 9L060 | CSI6'T YL O V6L’ 6

P/Y dagq P/q dag P/ qayq P/Y et |

TId TII TId TII

8€'0="14 P1°0="14

ST1="1y

6 HSVD

"D pue v soyoueq 1 3reyostp o[dm ‘g youeiq ur F10 "6y A9RL.



Chapter V

Results and Discussion of OGE using PIV

5.1 Results

The results for the onset of gas entrainment, in the bottom branch, using the particle
image velocimetry system will be presented here. The results will demonstrate the
velocity fields in the water side of the two-phase environment during vortex-free gas pull
through in branch C. The complex flow structure occurring in the water side of the two-
phase environment, at the onset of gas entrainment, was divided into four two-
dimensional planes. The four planes consist of a single vertical plane through the center
of the branch, and three horizontal planes located just below the interface, just above the
branch inlet and mid-way between the two. Throughout the text the three horizontal
planes will be referred to their vertical coordinate, z, relative to the water height at the
onset of gas entrainment Hogg. As such the horizontal plane just below the interface will
be denoted by z/d = Hogr/d, just above the branch inlet as z/d = 0, and at the midway
plane as z/d = Hpge/2d where both parameters are non-dimensionalized using the branch
diameter, d. The term Hogg refers to the critical height at the onset of gas entrainment. In
addition, the values of z/d are only estimates of the actual vertical height of the horizontal
plane; this is due in part to the thickness of the laser light sheet and the technical
challenges associated with the refraction of the laser light sheet as it passes through the
various mediums. It should also be noted here that the results are presented for non-

simultaneous measurements of the individual planes, and as such, the out of plane
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motions between the three horizontal planes are only estimated by the vertical plane

results.

The presentation of the velocity field for each case will be described in four separate
plots, in a single figure. First, the velocity vector field will be presented as obtained from
the PIV system, followed by a contour plot describing the magnitude of the velocity field.
The next two figures will describe the components of the velocity field in terms of V and
Vy for the vertical planes and V; and V, for the horizontal planes. The choice of
demonstrating the horizontal plane velocity fields in terms of the radial and tangential
components, V,and V. respectively, relative to the center of the branch are conducive to
the actual flow. This information can be further used to determine additional parameters
such as the circulation, and as such, will present more appropriate results than if the
vector field were resolved in rectangular components, V, and V,. In all the velocity
fields presented, both vertical and horizontal, the curved wall is in the negative x-

direction, and the open end of the test section in the positive x-direction.

5.2 Test Section Validation

The values for the critical height, Hogg, at the onset of gas entrainment first needed to be
determined with the acrylic test section. It was also instructive to determine what the
effects were of having the test section made from acrylic as opposed to brass. In
addition, the effects of having a quarter-circular cross section instead of a semi-circular
one. To demonstrate these two points the results for both the brass and acrylic test

sections are presented in Figure 5.1. The figure demonstrates that both the brass and
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acrylic test section results are in excellent agreement. As was expected, the results did
show some small deviation at the lower Froude ranges and this is understood to be the

effect of the difference in material.

5.3 OGE Liquid Velocity Fields

This section will present the liquid velocity fields obtained from the nine cases presented
in Table 3.5. First, to demonstrate the raw images captured with the PIV system, during
experimentation, two sample images are presented in Figure 5.2 for the vertical and
horizontal planes. The images show the illuminated particles that were captured with the

PIV system, and were used to generate the liquid velocity fields.

In order to aid the reader with the large amount of information that is presented in the
figures, a few key features can be noted that are consistent in the results. For the velocity
fields in the vertical planes, presented in Figures 5.3, 5.7 and 5.11 for Frc equal to 3.47,
15.84 and 36.96 respectively, a similarity in the flow structure approaching the branch
inlet exists at x/d = 0. The similarity, although not entirely symmetric, is represented by
two separate regions, as can be seen in the velocity field magnitude contour plots, on
either side of x/d = 0. The remaining Figures 5.4 to 5.6, 5.8 to 5.10 and 5.12 to 5.14
demonstrate the results of the velocity fields in the horizontal planes, for Frc equal to
3.47, 15.84 and 36.96 respectively. Throughout these figures a noticeable similarity is
present between the velocity field magnitude and radial velocity component, V,, contour
plots. As the flow approaches the branch center, located at x/d = y/d = 0, the radial

velocity component tends towards zero, in fact this is due to the transition from a radial
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velocity component to a vertically downward component, in the z/d direction. What this
demonstrates is the presence of a strong dependence of the flow field on the radial
component, as would be expected for vortex-free flow. However, it should be pointed
out that for vortex-free gas entrainment in the discharging branch to be present, the
tangential velocity component should be zero. In fact this is not the case, as will be seen,
and the results presented here demonstrate new information for the onset of gas
entrainment phenomenon. A problem now arises in the interpretation of the horizontal
and vertical velocity fields presented, due to the fact that the actual velocity vector is
inherently three-dimensional. As a result the velocity fields presented are only in plane
projections of three dimensional velocity vectors. Nevertheless, the results presented

here represent the first steps towards resolving the flow structure in three-dimensions.

Presented in Figures 5.3, 5.4, 5.5 and 5.6 are the velocity fields obtained in the vertical,
and three horizontal planes with z/d = 0, z/d = 0.47 and z/d = 0.94 respectively for Frc
equal to 3.47. As stated earlier, the individual figures represent results captured at
separate instants in time, yet due to the relatively stable nature of the vortex-free gas
entrainment phenomena, they yield a fair approximation of what could be expected from
simultaneous measurements. The vertical velocity profile shown in Figure 5.3
demonstrates a similarity of the flow structure about x/d = 0. It can be seen from Figure
5.3 (c) that as the flow approaches x/d, from ecither side, the magnitude of V also
increases. In a similar fashion, V, also increases as it approaches the branch center, at
x/d = 0. The velocity field in a horizontal plane, closest to the branch inlet at z/d = 0, is

presented in Figure 5.4. The relative magnitudes of the radial and tangential components
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suggest that the flow field is strongly related to the radial component. A stronger velocity
field magnitude is demonstrated to the right of x/d = 0, as opposed to the left, where the
influence of the wall is present. In fact the influence of the wall is exhibited by the larger
tangential velocity component, at the left of the branch center x/d = 0. Similar features
are demonstrated at the mid horizontal plane, located at z/d = 0.47, in Figure 5.5. In fact
this figure demonstrates a slight shift in the tangential velocity component towards the
curved wall, in the negative x-direction, from the plane located at z/d = 0. One possible
reason for this trend is the fact that with the increase in z/d of the horizontal plane, the
horizontal distance between the curved wall and x/d = 0 also increased, thus shifting the
influence of the wall to the left of x/d = 0. In Figure 5.6 the shift in tangential velocity
component towards the wall is also evident. In comparison of the three horizontal
velocity field figures, it is interesting to note that the more significant differences in the
velocity field occur about the branch center, at x/d = 0. On the left of the branch center
the influence of the curved vertical wall is demonstrated, while on the right no wall
effects are felt on the flow field. In addition to this, the complex flow field does not
demonstrate exact symmetry about the branch center, at x/d = 0 or at y/d = 0, which
raises the question of the effects of having a curved vertical wall also to the right of the

branch center.

Presented in Figures 5.7, 5.8, 5.9 and 5.10 are the liquid velocity fields obtained in the
vertical, and three horizontal planes with z/d = 0, z/d = 0.91 and z/d = 1.81 respectively,
for Frc equal to 15.84. As was the case with the Fre = 3.47 results presented above, the

vertical velocity field results in Figure 5.7 demonstrate some similarity about the branch

98



center at x/d = 0. Interesting to note in the velocity field magnitude plot in (b), is that the
structure of the liquid velocity field also seems to demonstrate the shape of the air side
flow, above z/d = 1 and about x/d = 0. The horizontal velocity fields presented in Figures
5.8, 59 and 5.10 demonstrate, again, a strong dependence on the radial velocity
component, however, the presence of the tangential component is also observed
throughout. As the flow approaches the branch center, the radial velocity component
tends towards zero as it transitions in the negative z/d direction. The shift in the
tangential velocity component to the left of x/d = 0, towards the curved wall, is also seen
in these figures. Similar to the results for Frc = 3.47, this demonstrates the effect of the
relative horizontal distance between the wall and the branch center, at x/d = 0. Note that
of particular interest in Figure 5.10, a discrepancy in the results is observed below y/d =0
and near x/d = 0, as compared with the previous results obtained. It is believed that this
is due to perhaps poor correlation from the PIV data obtained, or perhaps due to
reflections produced as the light sheet passes through the acrylic test section. If the light
sheet refracted sufficiently as it passed through the acrylic viewing section, part of the
flow field could also potentially be out of focus, resulting in poor correlation. One
important outcome of this is the need to refine the experimental technique, by either
replacing the curved surface through which the laser light sheet passes or by using a

refractive index matching method to reduce the distortions on the light sheet.

Presented in Figures 5.11, 5.12, 5.13 and 5.14 are the velocity fields obtained in the

vertical, and three horizontal planes with z/d = 0, z/d = 0.91 and z/d = 1.81 respectively,

for Frc equal to 36.96. A difference in the velocity field magnitude contour plot is
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evident, from the previous two cases of Frc = 3.47 and 15.84, in that although a similarity
exists about x/d = 0 the two regions that were previously seen on either side are not
present. They are present, however, in the contour plot of Vy, similar to the previous two
cases. One possible reason for this is that as the Froude number is increased, the critical
height also increases. With the increased distance that the gas must travel to entrain into
the branch, comes a thinning of the gas cone structure from the interface to the branch
inlet. In fact, the gas cone structure near the gas-liquid interface can be observed in
Figure 5.11 (c) near z/d = 2 and x/d = 0. The horizontal plane velocity fields, in Figures
5.12, 5.13 and 5.14, demonstrate a similar dependence of the flow field on the radial
velocity component. Interesting to note, in the horizontal velocity field contour plots, for
the radial velocity component, is that as z/d increases the influence of the curved vertical
wall seems to become more apparent to the left of x/d = 0. The tangential velocity field
contour plots demonstrate a similar relationship that, as z/d increases, the tangential

velocity component shifts to the left of x/d = 0 and closer to the curved vertical wall.

5.3.1 Effects of Froude Number on Velocity

The contour plots presented to demonstrate the velocity fields obtained, while instructive,
present a challenge when trying to compare effects of the branch discharge strength. As
such presented here will be comparisons of the vertical and horizontal velocity profiles at

selected planes.

For comparisons of the vertical velocity fields, Figures 5.15 and 5.16 are presented for

selected planes. Figure 5.15 demonstrates the vertical velocity field results to the left of
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the branch center, at x/d = -0.5 in the direction of the curved wall, for both V, and V,
velocity components. In Figure 5.15 (a) the effect of Froude number is a certain increase
in the peak value of V. In a similar fashion, Figure 5.15 (b) demonstrates a similar
relationship with the Froude number. As expected, as the flow approaches the bottom
wall, along z/d = 0, the velocity magnitude tends toward zero. Another feature, that is
apparent from this plot, is the height of the gas-liquid interface by the maximum value of
z/d for each profile. Figure 5.16 presents the development of the velocity field with Frc,
on either side of the branch centerline in a vertical plane, for a height above the branch of
z/d = Hoge/2d. What can be seen from Figure 5.16 (a) is that, with increasing Froude
number, the magnitude of the vertical component tends to increase towards the branch
center, at x/d = 0. Figure 5.16 (b) shows that V, also increases towards x/d = 0, with

increasing Frc.

For comparisons of the horizontal velocity fields, Figures 5.17, 5.18 and 5.19 are
presented for the three horizontal planes investigated, for each Froude number. Figure
5.17 presents the effects of Frc on the radial and tangential velocity components, in a
horizontal plane closest to the branch inlet, recall z/d = 0 and at y/d = 0. The evidence is
inconclusive regarding the effect of the Froude number at this height above the branch,
and this is in part due to the results for Frc = 15.84. If the results for Frc = 15.84 are
disregarded, then it could be said for the other two that an increase in Froude number
results in an increase in the magnitude of both the radial, and tangential components.

Comparing the other two horizontal plane results, in Figures 5.18 and 5.19, a similar
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discussion regarding the effect of Frc on the radial, and tangential, components can be

found.

5.3.2 Effect of Height above Branch Inlet on Velocity

To demonstrate the effect of height above the branch inlet, on the velocity components in
the three horizontal planes, for each of the Froude numbers investigated, Figures 5.20,
5.21 and 5.22 are presented. Figure 5.20 is presented for Frc = 3.47, along y/d = 0 of the
horizontal planes at z/d = 0, z/d = 0.46 and z/d = 0.94. The results here demonstrate that
at the highest horizontal plane, at z/d = 0.94, the highest values of the radial and
tangential velocities occur, which is just below the gas-liquid interface. Comparing this
with the Figures 5.21 and 5.22, the highest values tend to be closest to the branch inlet, at
z/d = 0. Recall, it was found from the vertical plane results the highest velocities were
found in regions near z/d = 0.5, so the fact that Figures 5.21 and 5.22 demonstrate this

inconsistency with Figure 5.19, is not altogether incorrect.

5.4 Discussion

Results obtained for the liquid velocity field, at the onset of gas entrainment in a bottom
branch, is presented for three discharge flow rates using the PIV measurement technique.
To resolve the complex three-dimensional velocity field, using a two-dimensional PIV
technique, four non-simultaneous planes were considered. A vertical plane passing
through the center of the branch, and extending outward into the flow from the curved

vertical wall; along with three horizontal planes just below the gas-liquid interface, z/d =
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Hoge/d, just above the branch inlet, z/d = 0, and midway between the two, z/d = Hogr/2d,
were presented. To demonstrate the velocity fields, contour plots of the vertical and
horizontal planes were presented. Consistent to the velocity fields, in the vertical planes,
was a similarity about the branch center at x/d = 0, although not symmetric. In addition,
consistent with the horizontal velocity fields was a strong relationship between the
velocity field, and the radial component. Also demonstrated was the effect of the curved
vertical wall, on both the tangential and radial velocity components. Several comparisons
were made to demonstrate the effect of the Froude number, and vertical position above
the branch inlet, on the velocity fields. In fact, many inconsistencies were found, and are
believed to be in part due to the inherently three-dimensional complex flow being
resolved in two-dimensional velocity components. As a result, the two-dimensional
velocity fields represent in plane projections of the three-dimensional flow rather than the
fully resolved velocity vector. With this being said, the results presented do however
demonstrate the first steps towards accurately predicting the liquid velocity field in three-

dimensions during the onset of gas entrainment in a bottom branch.

To complete the discussion of the complex, three-dimensional, liquid velocity field using
the particle image velocimetry technique, a few improvements can be made to the current
experimental setup. First, due to the three-dimensional nature of the flow field a PIV
system capable of simultaneous three-dimensional measurements should be incorporated.
Secondly, the viewable section of the test facility should be modified to adjust for the
laser light sheet refraction. This can be achieved by replacing the cylindrical acrylic

viewing section by a section with a square cross section, therefore reducing the refraction
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due to the curvature of the section. In order to get a better representation of the complex
flow field a new test section could be designed whereby a curved wall extends vertically

on both sides of the bottom branch.
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Figure 5.4. Velocity field in a horizontal plane at z/d
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Figure 5.8. Velocity field in a horizontal plane at z/d
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(b) Velocity Field Magnitude (m/s)
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(b) Velocity Field Magnitude (m/s)

(a) Velocity Field
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Figure 5.14. Velocity field in a horizontal plane at z/d
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Figure 5.22. Velocity in horizontal planes at y/d



Chapter VI

Conclusions and Future Directions

6.1 Conclusions

The importance of predicting the incipience of two-phase flow, from stratified gas-liquid
regions, in channels has strong implications in industries where safe operation is of
primary concern. This is particularly true in the nuclear industry where two-phase flow
occurring in the reactor cooling channels has been responsible for loss-of-coolant
accidents (LOCA). It was Zuber (1980), who pointed out that the two-phase flow in
cooling channels could be predicted by two phenomena occurring from a stratified two-
phase region. It was stated that if the gas-liquid interface was above the discharging
branch it was possible for the gas to entrain into the liquid flow. The mechanism by
which the onset of gas entrainment occurred was said to be due to either vortex
formation, or by vortex-free gas pull through. In a similar fashion, if the gas-liquid
interface was below the discharging branch, liquid could be entrained into the gas flow.
In both instances, the point at which the onset of entrainment occurs is characterized by
the distance of the gas-liquid interface relative to the discharging branch, termed the

critical height.

The current two part experimental work presented new information regarding the onset of
liquid entrainment, in multiple discharge scenarios, as well as, the liquid velocity field at

the onset of gas entrainment. The study presented the results using a scaled cross section
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of a typical CANDU header-feeder, using the experimental facility developed by Ahmad
and Hassan (2005). In addition a state-of-the-art particle image velocimetry system was
adapted to the experimental facility to produce the liquid velocity fields. In fact, the
current study is not limited by this single application, and can be applied to similar

geometries in industrial applications where a stratified two-phase region is present.

The experiments performed to record the critical height at the onset of liquid entrainment
demonstrated new evidence in single, dual and triple discharge cases. It was found that
the effect of a second or third discharging branch, on the critical height, could be
characterized by two factors. The first is related to the discharge strength of the
additional branch, and the second by its relative position to the primary branch and gas-
liquid interface. For example, a branch located above the primary branch would increase
the critical height, the amount of which is determined by the flow Froude number of that
branch. Conversely, a branch located below the primary branch, and therefore the gas-
liquid interface, would decrease the critical height, the amount of which is dependant on
the flow Froude number. In addition to this, the study demonstrated, through the use of
two experimental methods, the effect of surface wetness on the critical height. The two
methods used were the increasing liquid level and decreasing liquid level techniques.
Comparison of the results from both methods demonstrated that the dry surface will
always exhibit a lower critical height than a wet surface, particularly at low branch
discharge flow rates. In addition to this, a safer estimate of the onset of liquid
entrainment results is demonstrated by using the increasing liquid level method. Of
special interest, new information at very low Froude numbers demonstrated the effect of

surface tension characterized by an increase of the gas-liquid interface beyond the bottom
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of the primary branch. Prior to this study researchers considered that when the gas-liquid
interface reached the bottom of the primary branch onset of liquid entrainment was said
to occur. In fact, the results presented in the current study demonstrate that the gas-liquid
interface can surpass the bottom, and even the center, of the primary branch without the
onset of liquid entrainment. It was also described that this effect, while present in the

current geometry studied, would diminish with an increase in branch diameter.

The experiments performed to record the liquid velocity field at the onset of gas
entrainment due to the vortex-free mechanism in a bottom discharging branch presented
novel information of the flow structure at four discrete planes. The motivation for
pursuing this study was based on assisting in the validation of analytical models that will
try to predict the flow field at the onset of gas entrainment. A particle image velocimetry
system developed by Dantec Dynamics capable of recording the velocity field in a two-
dimensional plane was used. The planes studied were a single vertical plane passing
through the center of the branch, and three horizontal planes at selected liquid heights.
The heights selected were just above the branch inlet, just below the branch interface, and
midway between the two. The results demonstrated that the flow structure in the
horizontal planes were highly dependant on the radial velocity component relative to the
branch center. In addition, the tangential velocity component indicated that flow
circulation was present and was demonstrated in regions closest to the curved vertical
wall. Comparisons in terms of the branch discharge strength and plane location were
provided. The results of which demonstrated that due to the complex three-dimensional

nature of the flow field, and the two-dimensional measurement technique some
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improvements to the system should be made. It was observed that each plane recorded
could only demonstrate the projection of the velocity in that plane, and therefore did not
present accurately the true velocity field. The results presented, however, do represent
the first steps necessary towards fully mapping the liquid velocity field at the onset of gas

entrainment in a bottom branch.

6.2 Future Directions

A continuation of the current study could include some of the following improvements,
and additions regarding both the experimental setup and methodology. It is expected that
these suggestions for improvements could yield additional information regarding the

onset behavior.

First, with respect to the current experimental facility at Concordia University,
improvements can be made to adapt the particle image velocimetry system more readily
to the two-phase reservoir. This can be achieved by modifying the viewable section to
minimize the laser refraction caused by the curved acrylic surface. The cylindrical clear
acrylic viewing section can be replaced by a section of the same material with a square
cross section. An alternative solution would be to attempt a refractive index matching by
building an enclosure around the existing viewing section and filling it with a liquid to

correct the light sheet refraction.

Second, with respect to the particle image velocimetry technique, it is suggested that due

to the complex three dimensional nature of the flow field to use the three-dimensional
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capability of the PIV system. Although many more technical challenges will be faced by
implementing the 3-dimensional system, the outcome will be improved prediction of the
velocity field. This will be achieved through simultaneous measurement of all three

velocity components in a particular plane.

Thirdly, the test matrix can be expanded to include the effects of multiple discharges on
the liquid flow structure in a similar fashion that the OLE experiments were conducted.
The PIV measurement technique could also be extended to include measurements of the
gas side velocity field during two-phase flow. Of particular interest the test matrix could
also be extended beyond the onset domain to include simultaneous two-phase, quality
and velocity field measurements. This information could map, for example, the liquid
velocity field as the fluid in the branch goes through the transition from single phase
liquid, two-phase gas-liquid, to single phase gas. The results of which could yield a more
precise definition of the incipience of the two-phase mechanism from a stratified two-

phase region in discharging branches.

Lastly, to approach the real scenario in a header-feeder under LOCA conditions, and in
general to expand the applicability of the current work, two additional parameters can be
included. The first is the addition of the cross-flow parameter, which would require
modifications to the test facility, of which measurements of the flow structure could be
obtained with the PIV technique. The second is the inclusion of a stratified wavy surface

as apposed to a stratified smooth interface. Such a study would be relevant to a jet
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impinging on the gas-liquid interface, and practically speaking, a header-feeder under

LOCA will have a jet impinging on the surface from the turrets.
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