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Abstract

The growing awareness of global warming potential has internationally aroused interest
and demand in reducing greenhouse gas emissions produced by human activity. Each
year, the UK consumes a significant amount of energy for residential and industrial
space heating and domestic hot water production. At present, gas boilers are mostly
installed in the domestic water heating which contributes significantly to excessive CO>
emissions and consumption of primary energy resources. However, air-source heat
pump system has higher performance efficiency comparing to the traditional gas boiler,
which can reduce the carbon dioxide emission and the usage of primary energy
resources. The coefficient of efficiency of the heat pump can be range from 2 to 4.5 in
various situations. The market shares of heat pump have been predicted to increase in
the coming years to meet the requirement of the European Union Commission. There
were about 22,000 heat pumps set up in the UK with 18 percent growth comparing to
2016 as reported by BSRIA. A range from 0.6 to 5.7 million heat pumps are estimated
by the National Grid to be set up by 2030 to increase the energy efficiency of the UK.
Although the energy efficiency of the heat pump is extremely high, there is still a space
for improvement in air-source heat pump water heating system. The performance of the
heat pump water heating system can be further enhanced if the dissolved gases in its
hot water circuit can be efficiently discharged. The undissolved bubbles can stack in a
specific position of the radiator, which would cause the cold spot. This could immensely
reduce the efficiency of the heat pump water heating system. To avoid this happening,
the bubble behaviors in the heat pump water heating system need to be extensively
investigated. The better understanding of the bubble behaviors in an air-source heat
pump water heating system can contribute to the design of an air evacuation valve and
heat pump piping systems. In this thesis, the effects of various heat pump hot water side
parameters on gas microbubble diameters and bubble productions were measured and
analyzed by varying different experimental conditions. Correspondingly, a summarized
conclusion has been presented to predict the gas microbubble’s diameter distributions
and volumetric void fraction distributions at different operating conditions. These
parameters include various system pressures, water flow rates, and saturation ratios.

In this thesis, the main results showed that larger average bubble diameter is at the
higher water flow rates at heat pump exit. At 2.2 bar condition, when system water flow
rate increased from 800 I/h to 1150 I/h, the average bubble diameter increased from
0.086 mm to 0.108 mm. Moreover, the average bubble diameters increase along with
the decrease in system pressures. At 1000 I/h condition, when system pressure increased
from 2.2 bar to 2.7 bar, the average bubble diameter decreased from 0.100 mm to 0.087
mm. At 850 I/h condition, when system pressure increased from 1.7 bar to 2.5 bar, the
average bubble diameter decreased from 0.101 mm to 0.081 mm. In addition, the
average bubble diameters slightly increase along with the increase in saturation ratio.
Besides, a prediction equation for the bubble diameter distribution in the water pipe
was proposed. At SR 1.15 and 2.5 bar condition, when water flow rate increased from
900 I/h to 1100 I/h, volumetric void fraction decreased from 2.25 E-05 to 4.83 E-06.
However, at 1000 I/h and SR 1.15 condition, when system pressure increased from 2.2
bar to 2.7 bar, volumetric void fraction decreased from 2.16 E-05 to 3.78 E-06. It is
found that the highest city main saturation ratio was achieved at 1.07 at the specific
environmental condition.
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Chapter 1 Introduction

“There is no energy crisis, only a crisis of ignorance.”

(R.Buckminster Fuller, 1968)

1.1 Context of the project

Each country has a responsibility to put forth the effort to solve the real existence of the
global warming crisis, which is damaging the global environment. Despite the reserve
of conventional fossil fuels such as oil and coal continue to decrease the demand for
energy experiences sharp growth. As the greenhouse gas emission generated from the
conventional fossil fuels is one of the main contributors to the climate changing and
global warming, the need for energy-saving technologies is more urgent than ever.
European Union countries have adopted European Union Energy Efficiency Directive,
which requires all Member States to introduce a programme of regular energy audits
for large enterprises, in order to perform the obligations of the Kyoto Protocol and
reduce their emission of ozone-depleting substances in 2002 (EU, 2002). Besides, based
on the article 8 of the EU Energy Efficiency Directive, the ‘Energy Savings Opportunity
Scheme’ (ESOS) is an approach proposed by the UK Government to identify energy
saving recommendations in July 2013 (DECC, 2013). Furthermore, the European
commission has decided to achieve 20 percent energy efficiency of Europe by 2020 and
30 percent energy efficiency of Europe by 2030 as introduced in its Energy Efficiency
Directive. (The European Commission, 2016) The growing awareness of global
warming potential has internationally aroused interest and demand in reducing
greenhouse gas emissions produced by human activity. Almost 50 percent energy of
the European Union was used for heating and cooling the residential and industrial
building as introduced by the European Commission (The European Commission,
2018). In the European residential field, 79 percent of energy is consumed by heating

space and residential hot water (The European Commission, 2018).

Under such a background as described in the preceding paragraph, improving the
building heating efficiency is an essential approach to improve the energy efficiency of
the European Union. Besides, a good understanding of bubble behaviours in the heat

pump water heating system can contribute to improving the efficiency of deaeration
1



equipment. Therefore, the reason of this research is to investigate bubble behaviours to

optimise domestic heat pump water heating system.

1.2 Aims and objectives

The principal aim of this project is to experimentally investigate the bubble behaviours

in the domestic air-source heat pump water heating system.

The broad objectives of the project include:

>

To study and improve existing experimental methods of investigating bubble
behaviours from previous PhD projects.

To investigate the lowest saturation ratio that can be achieved by keeping the
system run.

To investigate the bubble size distribution in horizontal pipe at the exit of an
air-source heat pump water heating system.

To investigate the bubble volumetric void fraction distribution in horizontal
pipe at the exit of an air-source heat pump water heating system.

To determine the relationship between bubble average diameter and the system
pressure.

To determine the relationship between bubble average diameter and the fluid
flow rate.

To determine the relationship between bubble average diameter and the
saturation ratio.

To determine the relationship between bubble volumetric void fraction and the
system pressure.

To determine the relationship between bubble volumetric void fraction and the
fluid flow rate.

To determine the relationship between bubble volumetric void fraction and the
saturation ratio.

To investigate the bubble behaviours in horizontal pipe at the inlet of an air-

source heat pump water heating system.



1.3 Structure of the thesis

This thesis mainly consists of six chapters which follows sequence of the adopted

methodology. The introduction of each chapter is briefly presented below:

Chapter 1: This chapter introduces the context, aims & objectives and the structure of

the project.

Chapter 2: In this chapter, a literature review is presented, which includes brief
working principle of the heat pump system. Furthermore, the gas bubble behaviours
reviewed. Finally, the solubility of gases in the water is explained.

Chapter 3: The methodology and design of the test facility are described in this chapter.
The air-source heat pump, the camera system, test rigs and instruments are illustrated.

Moreover, the methodology of experiment is also explained.

Chapter 4: The experimental procedure based on the order is described. The results of
the experiment are illustrated and discussed.

Chapter 5: The bubble production in the return pipe to heat pump has been introduced,

and the relationship between bubble production and system pressure drop is explained.

Chapter 6: The conclusion of the analysis is presented, and some recommendations

are proposed for further development.



1.4 Achievements

The main achievements of this research project are the research reports for the Spirotech
Limited to improve the air-vent products in the heat pump water heating system.
Besides, some research results were published in open literature. A new journal paper
is prepared to submit for summarising the findings in this research project.

1.4.1 Journal paper

Qin, J., Jiang, X. and Ge, Y. (2017) ‘Experimental investigation of gas bubble diameter
distribution in a domestic heat pump water heating system’, Energy Procedia. Elsevier,

123, pp. 361-368. doi: 10.1016/J.EGYPR0.2017.07.270.

1.4.2 Conference paper

Qin, J.,, Ge, Y. (2015) ‘Experimental Investigation of Bubble Behaviours in a Heat
Pump Water Heating System’, 14th UK Heat Transfer Conference 2015, Edinburgh
(Sept 7 — Sept 8, 2015)

Qin, J., Jiang, X. and Ge, Y. (2017) ‘Experimental Investigation of Gas Bubble
Behaviours in a Domestic Heat Pump Water Heating System’, ICEFM 2017: 19th
International Conference on Experimental Fluid Mechanics Zurich, Switzerland.



Chapter 2 Literature Review

2.1 Introduction

Now, more gas boilers are installed than heat pumps by residents in the UK, which
contributes to excessive carbon dioxide emissions and consumption of the conventional
fossil fuels (Vorushylo et al., 2018). However, if these gas boilers could be replaced by
heat pumps, which have higher performance efficiency, a significant saving of carbon
dioxide emissions could be achieved (Shuxue et al., 2018). A department of the UK
government, called Renewable Heat Incentive, supports the promotion of heat pumps
in the UK, which guaranteed 19p per kWh to domestic buildings for 7 years and 9p per
kWh to the commercial buildings for 20 years with using heat pumps. (The Renewables
First, 2018). Nevertheless, the progress is still slow to meet the target of the ten percent
of the heating energy delivered by renewable sources by 2020 (Vorushylo et al., 2018).
The cost performance of heat pumps has potential to be further improved to meet the
consumers’ expectations. The consumers can break even with at least the Coefficient
of Performance of heat pumps reached three comparing to gas boilers by considering
the price difference between electricity and gas (The Renewables First, 2018). This
demand causes many further researches of the heat pump in various aspects. The studies
of heat pumps have obtained many achievements and heat pumps continue to be
improved such as the commercial carbon dioxide heat pump applications (Nawaz et al.,
2017). The improvement of refrigerants of heat pumps is an effective way to increase
the performance of heat pumps. And the heat pump combined with the clean energy
generator is a solution as well (Wu et al., 2018). Furthermore, the cost performance of
the consumers could be improved by avoiding the cold spots in the heat pump water
heating system. The cold spots in the water heating system are caused by the trapped
gas bubbles in some positions of the pipe lines. These gas bubbles dissolve in the water
at the condition of low water temperature. And gas bubbles separate out from water in
the circumstances of the high-temperature on the condenser wall of heat pumps. In
addition, gas bubbles can also separate from water at the position of low pressures of

the system.

Two-phase bubbly flow behaviours in the heat pump domestic water heating system
had not been investigated thoroughly, which affects the energy efficiency of the heat
5



pump system. At present, most published literature focus on the fundamental bubble
generation on the flat heat transfer wall and the flow regime of the bubbly flow with
injected bubbles. There are few literatures studying bubbly two-phase flow in heat

pump water heating system.

A numerical study of the bubble collision and coalescence in the micro-channel has
been conducted by (Liu, Wang and Palm, 2017) as shown in Figure 2.1. They reported
there are three stages of bubbles in micro-channel, which are the sliding stage, merger
stage and post-merger stage. The bubbles keep growing in micro-channel until they are
big enough to reach the bubbles on the opposite wall. They also conclude detachment
diameters of the bubbles are affected by the mass flux and the heat flux. A larger bubble
detachment diameter can be found at a lower mass flux or a higher wall heat flux
condition. Liu found that the bubbles merge earlier at low Reynolds numbers. This
phenomenon could significantly affect the bubbly two-phase flow at the heat pump exit.
(Liu, Wang and Palm, 2017)

it

Figure 2. 1 Bubbles collision and coalescence in micro-channel (Liu, Wang and
Palm, 2017

(Kong et al., 2018) studied the flow regimes of the horizontal two-phase flow. There
are mainly three flow regimes, Bubbly Flow, Plug Flow and Slug Flow, involved in
water heating system, in which the water is the dominant phase. Figure 2.2 illustrates

the flow regimes with various superficial velocities of the water and the gas. Kong
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reported the effect of the pipe diameter on the flow regime (Kong et al., 2018). The
flow regime transitions are the essential research in the two-phase flow. In Figure 2.2,

Js represents superficial fluid velocity and jq represents superficial gas velocity.
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Figure 2. 2 Flow regimes of the horizontal two-phase flow in 38.1 mm and 101.6
mm pipes (Kong et al., 2018

Therefore, a literature review has been presented in this thesis to understand the

significance of studying bubble behaviours in the heat pump water heating system, the

solubility of nitrogen in the water, the bubble formation and the flow regime of the two-
phase horizontal flow.



2.2 Heat pump system

2.2.1 Introduction

Studying the bubble behaviours in a heat pump system contributes to improving the
energy efficiency of heat pump system, which helps popularizing heat pump systems.
The importance of the heat pump systems is introduced by (Chua, Chou and Yang,
2010), who reviewed heat pump systems and stated the enormous potential to boost the
energy efficiency by extracting energy from other sources in many fields such as
industry, residence and commerce. Hence, the understanding of the applications and
researches of the heat pump system is essential for this thesis. This section is going to
introduce the fundamental of the heat pump and the prospection and researches of the

heat pump system.

2.2.2 The fundamental of heat pump system

Along with the support of the European government and the increase of the energy
efficiency, the instalments of all kinds of heat pump systems have been increasing
during recent years (Desideri, Proietti and Sdringola, 2009). Heat pump system consists
of evaporator, condenser, expansion valve and compressor, which are main four core
components in common heat pump systems as shown in Figure 2.3 (The Renewables
First, 2018). The working principle of the heat pump system is transferring heat from
the low-grade energy to higher-grade energy in the opposite direction compared to the
spontaneous heat flow by using a few electricity with high energy efficiency (Wallerand
et al., 2018). The conventional categories of heat pump system for space heating are
air-source heat pump system, ground-source heat pump system, water-source heat
pump system. Nowadays, some other heat sources of heat pump system have gained
increasing attention such as waste heat (low-grade energy) and solar energy as reported
by (Miglani, Orehounig and Carmeliet, 2018), (Mohanraj et al., 2018) and (Wallerand
et al., 2018). However, as the best equipment to increase the energy efficiency in
residential and industrial fields and save the carbon dioxide emissions, there are still
some areas of the heat pump system that need to be improved such as the refrigerant
aspect and the waste heat recovery aspect (Liu et al., 2018; Wang et al., 2018).
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Figure 2. 3 The working principle of heat pump unit

2.2.3 Gas bubbles in heat pump systems

In the residential and industrial fields, gas bubbles always generate in the water loop of
closed heat pump water heating system causing the rapidly reduction of the heating
efficiency. The water loop of heat pump system is introduced in the methodology. In
the water loop, some gas bubbles dissolve into the water in returning piping again. And
the low-temperature water has the ability to absorb more quantity of gas than the high-

temperature water (Hefter and Tomkins, 2003a).

To discharge bubble production in hot water circuit of heat pump system, passive
deaerators are widely installed in the heat pump water heating systems(Hefter and
Tomkins, 2003a). There are many journal papers about subcooled boiling and two-
phase bubbly flow through microchannel but the data and theoretical scientific models
to predict two-phase flow characteristics in heat pump water heating system in open
literature are limited at present. At present, the performance of the deaerators installed
into heat pump water heating systems is still lower than expected. Besides, the guidance
of the design of passive deaerators in domestic heat pump system are limited by the gap
of the study in this field.

Bubble diameters detached from the surface of a heat exchanger has been studied and
discussed by many researchers (Dean, 1944; Winterton, 1972; Blander and Katz, 1975;
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Jones, 1999; A.M. Fsadni, Ge and Lamers, 2011; Yin, Jia and Xu, 2015; Hoang et al.,
2016). Dean (Dean, 1944) reported the study of the formation of bubbles in a
supersaturated liquid. Winterton (Winterton, 1972) proposed the bubble detachment
model in the aspect of mechanical analysis. As reported by(Jones, 1999), he found the
insufficient of the classical nucleation models developed by (Blander and Katz, 1975)
and discussed bubble generation in low supersaturated liquid. (Fsadni, Ge and Lamers,
2012) extends Winterton’s theoretical model to other shapes of ducts and reported the
bubble detachment diameters in a domestic gas boiler central heating system. Their
work contributes to the design of gas deaerators in a gas boiler water heating system.
(Yin, Jiaand Xu, 2015) achieved experimental investigation on sub-cooled boiling flow
on a flat wall of a microchannel. They reported the bubble slides on the horizontal heat
transfer wall until it slid to the end of channel. There are two sliding stages of a bubble
on a horizontal flat wall, one is the slow sliding stage and the other is the accelerated
sliding stage. They also reported the characteristics of the bubble in two stages are
significantly different. The diameter of the bubble in slow sliding stage was constant
while it in accelerated stage decreased along with the increase of the velocity. (Hoang
et al., 2016) obtained a mechanistical model for predicting the maximum diameter of

attached bubble nucleating in a sub-cooled flow boiling.

There are many other researchers have studied bubble diameters detached from the heat
transfer wall. This knowledge can be used in most industry area such as designing a
heat exchanger. But there is still a gap in knowledge in the bubble production at heat
exchanger exit of heat pump system for discharging gas bubbles. This is because of the
involving of turbulent flow in a plate heat exchanger. Experimental investigations of
gas-liquid turbulent flow characteristics inside a plate heat exchanger have been
conducted by some researchers such as (Vlasogiannis et al., 2002; Tsai, Liu and Shen,
2009; Nilpueng and Wongwises, 2010). Strong turbulent flow affects bubble diameter
detached off the plate heat exchanger. (Abdelmessih, Hooper and Nangia, 1972)
considered the bubble collapse and the effect of fluid velocity but the heat exchange
wall is still smooth which is different from the plate heat exchanger which is

investigated in the air-source heat pump system.

(Abdelmessih, Hooper and Nangia, 1972) experimentally investigated two-phase flow

in the corrugated gap created by two adjacent plates of a PHE. Polyurethane was used
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to caste the plates instead of standard stainless-steel, which is normally used for the
majority of heat exchanger plates, to achieve the visualized two-phase flows. They
observed three different flow regimes which are bubbly flow, film flow and slug flow
respectively. They also studied the pressure drop in a PHE and had a comparison
between the predicted pressure drop and the experimental data. As reported by (Bonjour,
Clausse and Lallemand, 2000), the coalescence phenomenon during boiling on a
vertical heated wall is presented. The heat fluxes were varied, and the wall was
superheated at various temperatures. Besides, they reported the coalescence
phenomenon caused a decrease in the bubble frequency. (Bonjour, Clausse and
Lallemand, 2000) experimentally investigated the sub-cooled flow boiling of the
refrigerant in a vertical PHE with a chevron angle of 60 degree. They report that,
particularly at low mass flux and high saturation temperature, boiling curves change
significantly during onset of nucleate boiling. Furthermore, the boiling hysteresis
phenomenon is significant when the refrigerant mass flux is low and sub-cooled boiling
is affected significantly by the mass flux of the refrigerant. Boiling hysteresis is an
adverse phenomenon, preventing high heat flu system from thermal stabilization,
characterized by a boiling curve variation at an increase and decrease of heat flux
density. However, this hysteresis phenomenon does not exist on water-side of plate heat
exchanger in heat pump water heating system, as the maximum temperature of heat
transfer wall is lower than 100 degrees Celsius. In addition, the heat transfer coefficient
had been improved slightly by increasing the inlet sub-cooling and saturation
temperature. There is a gap of knowledge over the experimentally studying the effect
of bubble coalescence phenomenon at water-side heat exchanger. The research of
Bonjour etc. at refrigerant side provide a guess that bubble coalescence phenomenon

causes a decrease in bubble frequencies.

The effect of buoyancy on bubble nucleation and flow, which is at water loop, is
concerned with bubble behaviours in sub-cooled flow boiling in a domestic water
heating system and it has been investigated by many researchers such as (Pamperin and
Rath, 1995; Zhang et al., 2015). (Zhang et al., 2015) extensively studied the effect of
buoyancy in dynamics. They claim the effects of buoyancy are not particular concerned
with microscopic cavitation bubbles, while the effects of the buoyancy on the large
bubbles are essential, but the effects are still important to understand the bubble flow
distribution in the pipe. (Pamperin and Rath, 1995) studied the effect of buoyancy on
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bubble nucleation and reported the effect of buoyancy on the size of nucleated bubbles

weakens with the increase of Weber number (W).

The bubbles easily stack at some positions of pipes to cause cold spots of radiators.
This phenomenon causes poor water circulation which leads to parts of the heating area
do not achieve heating requirements (Lu, Fern&ndez and Tryggvason, 2005). The gas
bubbles seriously affect the practical heating effect of the heat pump system. Those gas
bubbles flow through pipe works of heat pump system causing noise (RENSEN,
LUTHER and LOHSE, 2005). The noise is extreme loud while the bubbles flowing
through uncovering fin system. As a result of this phenomenon, the sleep quality of the
home users is affected seriously by the noise of the heat pump system. The bubbles
mainly contains nitrogen, but still have some oxygen and other corrosive gases (Leith
and Thompson, 1960). These corrosive gases in the piping of the heat pump system can
lead to the equipment of the system to corrode including the terminal heat sink and the
heat equipment. This problem causes substantial economic losses in lack of protective
methods. A good understanding of bubble behaviours in heat pump heating system
could optimise heat pump system. And consequently, as an environment-friendly
equipment, an optimised heat pump water heating system would have significant

environmental benefits.

2.2.4 Summary

This section provides some up-to-date insights of the heat pump system developments.
Gas bubbles reduce the heating efficiency of heat pump heating system by forming cold
spots in radiators. The broad prospect of the heat pump water heating system proves
the significance of studying the bubble behaviours in heat pump water heating system.
A further development of the heat pump technologies is the vital approach to meet the
energy efficiency required by the European policies. Optimised heat pump system has
the enormous potential to reduce the carbon dioxide emissions in most application

environments.
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2.3 The solubility of gases in the water

2.3.1 Introduction

The study of the solubility of gases is a vital fundamental subject, which is used in many
disciplines widely. The present project uses the knowledge of the solubility of gases in
the water. The solubility of gases in water has been studied experimentally since the
19" century, which describes the ability of the gas, as a solute, dissolving in water under
specific temperature and pressure (Battino and Clever, 1966). (Fogg, 2003) introduced
the solubility of gases, as the solute, rest with many aspects such as the nature of the
gases, chemical and physical of the solvent, partial pressure of the gases, the
temperature and the involvement of substances. In another way, (Wilhelm, Battino and
Wilcock, 1977) reported the solubility of the gas represents the saturated status, in
which the concentration of the gas is steady at specific conditions. A good
understanding of the solubility of gases in water is important for controlling

experimental conditions and analysing the experimental results.

2.3.2 Henry’s law

There are two methods to express the solubility of gases. One method is representing
the solubility by using the volume of gases dissolved in the solvent at specific
conditions, and the other one is representing the solubility by using the mole fraction to
the solvent (Hefter and Tomkins, 2003b). The mole fraction method has been very
common, which is calculated by using the moles of solute over the moles of the solvent
at specific conditions. In present project, the solute is mainly the nitrogen, and the

solvent is the water.

Henry’s Las is proposed by the English chemist, William Henry, to describe the
solubility of gases, based on the comprehensive experimental investigations in the 19"
century. (Henry, 1803) reported there is a relationship between the solubility of the
gases in the solvent and the partial pressures of them at the area which is contacting the
solvent. However, Henry did not describe the relationship between the solubility of
gases and the pressure in the mathematical language. There are some restrictions of
Henry’s law, which limit the working condition of it. Henry’s law only can work, when

the system pressure is low and there is no chemical reaction between the solute and the
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solvent (Staudinger and Roberts, 1996). Moreover, the highest system pressure is 2.7
absolute bars and the there is no chemical reaction between the nitrogen and the water,

in the present project. Hence, the henry’s law can be used in the present study.

(Perry, Green and Maloney, 1997) introduced Henry’s law in the mole fraction method

as shown in Equation 2.1.

(2. 1)

In Equation 2.1, Cgas represents the mole fraction of the actual dissolved gas in the
liquid (-), Py represents the partial pressure of the gas (atm) and H represents the

Henry’s proportionality constant (bar).

Henry's proportionality constant (H) of nitrogen in the water
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Figure 2. 4 Henry’s proportionality constant (H) of nitrogen in the water

Figure 2.4 illustrates the relationship between Henry’s proportionality constant of the
nitrogen and the temperature, which is reported by (Perry, Green and Maloney, 1997).
This figure can be used to calculate the mole fraction of dissolved gas in the water in
the present project. In equation 2.1, Henry’s proportionality constants (H) can be found

in Figure 2.4 at different temperatures.
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2.4 Bubble behaviours in gas boiler water heating system

There is a gap in knowledge of bubble behaviours in domestic heat pump water heating
system. However, Dr. Fsadni and Dr. Shefik did researches of bubble behaviours in
domestic gas boiler water heating system (Fsadni, 2012; Shefik, 2015). The knowledge

of their research can be used to compare to the study of heat pump system.

Dr. Fsadni reported water flow rates has the largest effect on detachment average
bubble diameter from the primary heat exchanger wall. Average bubble diameters
decrease along with increases in water flow rates. It is also stated that heat flux and
pressure have shown marginal effects on bubble sizes. In his experiment, saturation
ratios did not result in any effect on bubble sizes. Furthermore, Dr. Fsadni reported
bubble production rates to increase along with increases in heat flux, saturation ratios,
and water flow rates. On the contrary, bubble production rates decrease along with
increases of system pressures. (Fsadni, 2012)

Dr. Shefik reported bubble production and void fractions increase along with the
temperature, boiler heating load, and saturation ratio escalate. On the contrary, bubble
production and void fractions reduce along with increases in system pressure and water
flow rate. Furthermore, he stated there was not a clear relationship between average
bubble diameters and system parameters, except for the water flow rate. It is reported
that bubble sizes at boiler exit decreases along with water flow rates increase. (Shefik,
2015)

2.5 Summary

This chapter introduced the fundamental of the heat pump system. Several key findings,
which is related to current study, of journal papers in open literature are introduced.
The solubility of gases in the water is reviewed, which is used for calculation in current

study. The bubble behaviours in gas boiler heating system are introduced.

The thorough understanding of bubble behaviours in heat pump water heating system

contributes to filling the gap of knowledge in open literature. The knowledge could
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improve predicting the bubble behaviours in pipelines, guidance to heat pump system

operation conditions, and designing air-vents with higher efficiency.
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Chapter 3 Methodology and Design of the Test
Facility

3.1 Introduction

The gas-water two phase flow characteristics in a domestic air-source heat pump central
heating system has not been well investigated as described in the preceding sections.
Effects of system pressures, water flow rates and saturation ratios on gas-water two

phase flow, need to be investigated thoroughly.

A small size simulative air-source heat pump central heating system was designed and
constructed to achieve the requirements and objectives set by Spirotech b.v., the
Netherlands and Brunel University London. The data acquisition equipment was

installed to monitor the conditions of the system for control and evaluation purposes.

This chapter consists of seven sections that detail the test facility and the methodology
was used in this project. First section provides a brief introduction of this chapter.
Second section details the construction of the test facility which includes mechanical,
image acquisition, control and monitoring systems. Third section describes the image
analysis techniques. Fourth section introduces the experimental run conducted to
achieve the objectives. Fifth section explains the equations used for calculation in the
project. In addition, the sixth section introduces the experimental uncertainty. Finally,

the seventh section sums up this chapter.

3.2 Test facility

The test facility has been designed to investigate gas bubble behaviours in a domestic
central heating system powered by air-source heat pump. The test facility includes
mechanical setup, image acquisition system, control system and monitoring system.

This section describes these systems in detail.

3.2.1 Mechanical setup

The mechanical part, experimental setup, consists of four main modules; Air-source

heat pump module, sight-glass module, cooling system module and buffer vessel
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module. The schematic diagram of the experimental setup is shown in Figure 3. 1. In
Figure 3. 10, the city main water injection valve is shown, which is used to inject the
working water to the heating system, control the system working pressure and offset
the system water losses.

Nomenclature: Symbol:

BV =Ball Valve EFM = Electromagnetic Flow Meter U = Temperature sensor
AAV = Automatic Air Vent WMS = Water Main Supply

HX = Heat Exchanger EV = Expansion Vessel é = Pressure transducer
PG = Pressure Gauge OH = Outlet of Heat Pump

PRV = Pressure Relief Valve IH = Inlet of Heat Pump

SV = Solenoid Valve 5G = Sight-glass

Air Source Heat Pump

8

Compressor s«l
[+

/ Evaporator

Condenser

L,

Expansion Valve

Figure 3. 1 Schematic diagram of experimental setup

3.2.1.1 Air-source heat pump

The air-source heat pump water heating unit is provided by Kingspan Limited and it is
connected to 22 mm BSP copper tubing which supplies the buffer vessel.
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Figure 3. 2 Air-source heat pump

Figure 3.2 shows the image of air-source heat pump provided by Kingspan. The detail

of the heat pump is shown in the Table 3.1.

Table 3. 1 Kingspan air-source heat pump specification

Brand Kingspan
Model KHP0004
Serial 07AV108451
Maximum supply water temperature 60°C
Maximum water pressure 300 kPa
Capacity 5.8 KW
Refrigerant R410A (135009)

COP 3.0

The heat pump was selected to study the potential gas bubble behaviours in a domestic
water heating system due to its popularity worldwide and the space of the system energy
efficiency to improve. (Song et al., 2018) The manufacturer’s maximum flow

temperature is set at 60°C. However, the compressor cannot keep work on its highest

19



frequency, and it will shut down after working on the target of 60 °C supplying water
for a period. In the test run, 55°C was chosen as the supply water temperature. 55 °C is
the highest temperature that the heat pump system can maintain with no compressor
shut down. As shown in the Figure 3.1, the air-source heat pump is mainly consisted of

compressor, plate heat exchange (condenser), evaporator and expansion valve.

The heat pump system is installed outside and connected to piping system through the
drilled hole across the wall. The drilled hole across the wall is horizontal and makes

sure the pipe can directly connect to the plate heat exchanger outlet.

3.2.1.2 Sight-glass

There are two sight-glasses horizontally installed on the supply and return position
respectively as shown in Figure 3.1 and 3.3. As that has been showed in the Schematic
Diagram of Heat Pump System, the SG1 is positioned 920 mm from Outlet of Heat
Pump and 170 mm from the pipe bend, and SG2 is positioned 935 mm from Inlet of
Heat Pump and 200 mm from the pipe bend. They were designed by Fsadni (Ge, Fsadni
and Wang, 2013) and developed by Shefik (Shefik, 2015). Sight-glasses are the key
component of the test setup providing the possibility to investigate the bubble diameter.
Figure 3.4 illustrates the top view of the sight-glass case which is mounted on the flange.
There is another hole on the bottom of the sight-glass allowing the light provided by
the light-source to reach the high-speed camera. Inside the aluminium case, two 3 mm
glass was glued on the case at the top and bottom side. Silicone was injected into the

gap between the flange and the aluminium case to prevent the water leaking.
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Figure 3. 4 Sight-glass aluminium case (Shefik, 2015)

Figure 3.5 illustrates the CAD model of the sight-glass details the design in different
views. Two pieces of copper pipe were mounted on the outer side of the flange. During
the test, light-source was fixed underneath the central of the sight-glass and the high-
speed camera was installed above the central of the sight-glass. Sight-glass was cleaned
every three months to make sure there is no incrustation on the inner surface of the
glasses. Bubble filming and data acquisition are introduced in the section 3.2.2 Image

acquisition.
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Figure 3. 5 CAD model of the Sight-glass (Shefik, 2015)
3.2.1.3 Buffer vessel

Figure 3.6 shows the yellow water tank which is used as buffer vessel in the simulative
domestic water heating system. The system water is heated and stored in the vessel.
The capacity of the buffer vessel is about 40 Litres. It is connected to the total gas
measurement equipment and three heat exchangers which is used as a simulative
heating load. The total gas measurement equipment is introduced in the 3.2.4 data
logging system. Three heat exchangers have been installed as a cooling system to make
the heat pump working continuedly which is introduced in the next section. There is an
automatic air vent installed on the buffer vessel which exhausts majority gas
precipitated from water. The circulation pump lets the water run through the heat

exchangers and the total gas measurement equipment from the buffer vessel.
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Figure 3. 6 Buffer vessel

Figure 3. 7 Nitrogen gas cylinder
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A nitrogen gas cylinder is connected to the buffer vessel and can inject nitrogen into it

to achieve supersaturated water as shown in Figure 3.7.

3.2.1.4 Cooling system

Figure 3.8 shows three tube heat exchangers connected to the buffer vessel and total
gas measurement equipment. They are connected to the mains water supply to achieve
cooling function. The cooling system is a separate loop from the primary water loop.
The control method of the cooling system is introduced in 3.2.3 control system section.

Float tvypc  Pressure sensor

flow meter (Prem) TOM Solenod
vahe

AAV
Bufter
vessel
Cooling
Nitrogen water taps
imjection
valve
Inlet _Thermocouple
Outlet (Trem)
Tube heat
. exchanger for
Nitrogen TR
NS T'GNI cooling
mjection
pipe
Circulation ‘ :
pump Cooling Tube heat exchangers

water outlets  for system cooling

Figure 3. 8 Tube heat exchanger and total gas measurement (Shefik, 2015)

3.2.1.5 Other equipment
There is an expansion vessel installed on the supply position of the pipe as shown in
Figure 3.9. The function of it is reducing the system pressure fluctuation and vibration

while system water temperature fluctuates. The electromagnetic flow meter is installed
on the return position of the pipe as shown in Figure 3.9.
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Figure 3. 10 Picture of test facility
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Figure 3.10 shows the panorama of the test facility. The water charging of the water
primary system is by using the city main water injection valve. Main water can come
into the primary system by opening the valve and water system pressure can be set by

control the amount of water injected into the system.

3.2.2 Image acquisition

The bubble measurement system consists of the high-speed camera, light-source and
data logging software. Figure 3.11 illustrates the bubble measurement system in a
straightforward way. Number one in Figure 3.11 is the light-source fixed underneath
the horizontal sight-glass (number two). Number three is the high-speed camera which
is connected to the computer (number five). Image data logging system is introduced
in section 3.2.2.3 data logging system. One camera focal plane is shown as the number
six in the figure. Number four is the microscope lenses. This section introduces the

function of these units respectively.

Light source

Square sight glass section
High speed camera
Microscope lens

PC wired to camera

Focal plane

TR LR

Figure 3. 11 Bubble measurement system

3.2.2.1 High-speed camera

The high-speed camera used in the test is Phantom V5.1 Digital High-Speed Camera
which is provided by the EPSRC. The specifications of the high-speed camera are
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shown in the Table 3.2. This high-speed camera is sponsored by EPSRC. It provides
the ability to track bubbles and analyse the bubble behaviours in the horizontal pipe in

the simulative domestic air-source heat pump water heating system.

Table 3. 2 Phantom V5.1 Digital Higkzlb%gt)eed Camera Specifications (Phantom,

g-bit CMOS sensor composed of 1024 x 1024 pixels

{ colour or monochrome

1200 frames per second full resolution

fup to 25,000 fps maximum

Continuously Adjustable Resolution in 64 x 4-pixel increments
2400 ISO/ASA monochrome
600 ISO/ASA colour sensitivity equivalency

Global on-chip shuttering to 2 microseconds

PIV - Particle Image Velocimetry {standard)
4 Gigabytes DRAM

IRIG-B timing capture modulated or unmodulated
/ARIG lock w/phase shift
Continuous video output: RS-170 (NTSC, PAL)

Range data input

Automated multiple session recording for remote unmanned operation

Gigabit Ethernet or ES232 control
Size: 4.3 x 4.0x 9.5 mch (HWD)
Weight: 3 2kg
Power: 1.5 Amp
Mounting: 1/4-20 inch and four 10-32 threaded hole pattern in base and top
Mounting Axis:

Any position

Figure 3.12 illustrates the high-speed filming at the return position of system. The
camera is fixed on the 3-axis base which allows it moving subtly between two sight-
glasses as shown in Figure 3.13. Figure 3.13 also illustrates the working method of 3-
axis camera base. This 3-axis base contributes in the ability to investigate the bubbly

flow at supply and return position in one test run at different saturation ratios.
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Figure 3. 13 3-axes camera base
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The camera and lens were set as shown in Table 3.3 by considering the objectives and

requirements of the test.
Table 3. 3 Camera and lens settings

Camera used Phantom V5.1 High Speed

Camera
Zoom Leica Monozoom 7
Amplifier 3.0x
Objective used 20x
Zoom level Ix
Resclution TGExTOR
Sample rate 30FPS
Exposure time 20ps
EDR exposure lps
Post trigger Ip

Two-minutes image filming had been achieved for each focal plane at one test run to
investigate bubbly flow in a period. Hence, there is a big demand for computer hard
drive space. 30 frames-per-second is a reasonable filming speed considering the supply
water speed to avoid one bubble had been captured two times. The amplifier and

objective were set to film clear micro-bubble in the sight-glass.

3.2.2.2 Light-source

One light-source is used to provide enough bright illumination to high-speed camera
for capturing bubbles. Figure 3.14 presents the light-source used in the test. It comes
with high-speed camera. There is a rotary knob on it to control the level of illumination.
The light-source calibration was done before every set of tests by analysing the images

taken by the high-speed camera.
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Figure 3. 14 Light-source
3.2.2.3 Image data logging software

The camera is connected to a lab computer by using the Phantom Control Software,
which is for Phantom totally digital high-speed cameras, as shown in Figure 3.15. As

Table 3.3 presents, resolution is 768 * 768 pixels.

PHANTOM software

Camera Control Software
for Phantom Totally Digital High Speed Cameras

Copyright 2008 Vision Research Inc. USA All rights reserved

Figure 3. 15 Cine viewer application, image data logging software

And sample rate is 30 Fps, exposure time is 20 ps, EDR exposure is 1 ps and post

trigger is 1 picture.
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3.2.3 Control system

The automatic control system in this project includes heat pump control and cooling
load control. Most bubbles generate in the condenser of the air-source heat pump. To
investigate the bubbly flow, heat pump should be set to work continually. Two methods
had been conducted. One is to use dry contact and choose the highest heating climate

curve and another one is to cool down the water in the system.

3.2.3.1 Heat pump control

Figure 3.16 shows how the user control panel is connected to the printed circuit board
of the air-source heat pump. User control panel can be used to set the target indoor

temperature and heating climatic curve as shown in Figure 3. 17.

Figure 3. 16 Heat pump user control panel connection (Kingspan, 2014)

In each test run, 38°C is set as the target indoor temperature which is also the highest

temperature user can set.

Figure 3.17 shows the heating climatic curve that this air-source heat pump can provide.
Curve 1 to 3 are used for under floor heating with lower supply water temperature.
Curve 4 to 6 are used for fan coil heating with higher supply water temperature. Curve
6 was chosen by using control panel. The maximum supply water temperature of this
operation curve is 60°C. By using curve 6, desire experimental supply water

temperature, 55 °C, can be achieved.

This heating climatic curve is affected by outside air temperature. Hence, the sensor of
outside air temperature is fixed in an ice box. The reading value of the sensor is around

0 °C. This method keeps the compressor work on the highest frequency. As a result, the
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wall temperature of the plate heat exchanger is maintained at the highest value that this

heat pump can achieve.

C HEATING CLIMATIC CURVE
65
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Figure 3. 17 Heating climatic curve (Kingspan, 2014)
3.2.3.2 Cooling load control

A cooling control formula is added into the LabVIEW code. This control method is a
kind of PID control (proportional-integral—derivative control). It is used to maintain
the supply water temperature at a certain value without unwanted fluctuation. Formula
3.1 presents this cooling system control formula, in which Ty is the wanted supply
water temperature, x is time (3 samples per second) and Ts is the real-time actual supply

water temperature.

. TX
T, + 0.5 x |31n(?)| <T
Formula 3. 1 Cooling system control formula

When this inequality exits, the cooling system is turned on. The cooling system is an
independent cycle. The control of the cooling system is conducted by the solenoid valve
as shown in the Figure 3.19. When the solenoid valve is turned on, the cooling system

is working and reducing the water temperature in the buffer vessel by three heat
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exchangers as shown in Figure 3. 1.

Figure 3.18 illustrates the working method of the control method. The pink dash line
represents the Ts and the red curve represents the converted Tw. As pink dash line is
higher than red curve, which means the real-time supply water temperature is higher
than the wanted supply water temperature, the solenoid valve is open. In Figure 3.18,
(a) and (b) represent the solenoid valve on/off signal at different real-time supply water
temperature. In another way, cooling system opens longer when the temperature

difference between Tw and Ts is bigger.
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Figure 3. 18 Cooling system control method
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Figure 3. 19 Solenoid valve

Solenoid valve is connected to the National instrument data acquisition equipment and

controlled by the LabVIEW programme which is introduced in the next section.

3.2.4 Data logging system

This section introduces the equipment and software used for data logging. Section
3.2.4.1 presents the temperature and pressure sensors. And section 3.2.4.2 and 3.2.4.3
introduce the national instruments data acquisition equipment and LabVIEW software.
In addition, section 3.2.4.4 illustrates the total gas measurement equipment.
Furthermore, section 3.2.4.5 shows the flow meter. Finally, section 3.2.4.6 introduces

the calibration.

3.2.4.1 Temperature and pressure sensors

Seven stainless steel sheathed K-type thermocouples and three pressure transducers are
installed along the piping in air-source heat pump unit and domestic water heating
system. Figure 3.20 illustrates how the pressure transducers are mounted on the pipe.
These are industrial level pressure transducers of which the serial number is PTX 7517.
As shown in Figure 3.1, the pressure transducers are installed at the heat pump exit,
heat pump inlet and the buffer vessel inlet. The working range of the pressure
transducers is between 0 and 10 bars and the temperature of the system should be at the
range from - 40°C to 100°C (Druck, 2014). It contains two wires. Current output of the
pressure transducer is from 4 mA to 20 mA. The pressure transducers measure total

pressures at specific positions respectively.

Figure 3.21 illustrates the installation of K-type temperature thermocouples. Figure 3.1
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has shown the positions of 6 thermocouples. The other one is used to investigate the

Pressure
transducer
Female
brass
housing

(a)

Brazing point

Copper pipe Steel pipe

(c)

Figure 3. 20 CAD model of the pressure transducer (Shefik, 2015)
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Figure 3. 21 CAD model of the K-type thermocouples (Shefik, 2015)

outdoor air temperature. The positions of heat pump exit, heat pump inlet and total gas
measurement equipment where are installed thermocouples to monitor temperature.
The other three thermocouples are installed in the air-source heat pump unit outdoor.
In the heat pump unit, the temperatures of compressor exit, plate heat exchanger exit,

and the evaporator have been measured by them respectively.

3.2.4.2 NI Data Acquisition

All the signals from the transducers, thermocouples and electromagnetic flow meter are
collected by the National Instrument cDAQ-9172 chassis and N19211, N19203, N19481
data modules as shown in Figure 3.22. This chassis can be loaded with maximum 8
modules and recognizes analogue and digital signals with USB connection (National
Instruments, 2008). There are four modules are installed in this project which are NI-
9211, NI1-9203 and N1-9481 respectively.
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Figure 3. 22 NI data acquisition chassis with modules

Green cables stand for the temperature thermocouples and blue cables stand for the
pressure transducers. The NI-9211 module receives signals from temperature
thermocouples and the NI1-9203 module receives signals from the pressure transducers
and the electromagnetic flow meter. The NI-9481 module is connected with the

solenoid valve signal cable to control the cooling system as discussed in section 3.2.3.2.

3.2.4.3 LabVIEW

A programmed LabVIEW code used to collect and save the signals. It was also used to
control the system water supply temperature by controlling the cooling system as shown
in the Figure 3.23. All the signals were calibrated, and the calibrating equations are
programmed in the LabVIEW software.
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Figure 3. 23 Programmed LabVIEW user interface

The names of each value have been introduced in the nomenclature. In the user interface,
there are mainly four parts: threshold temperature, outdoor temperature, heat pump
measurement and hot water loop measurement. The T1 represents the temperature of
the condenser inlet, which is also named as the plate heat exchanger inlet. The T»
represents the temperature of heat pump exit, which is also named as the temperature
of supply water. The T3 represents the temperature of the outdoor air temperature. The
Ta represents the temperature of the evaporator of the heat pump. The Te represents the
temperature of the condenser outlet, which is also named as the refrigerant temperature
of the condenser exit. The Ts represents the temperature of the heat pump inlet, which
is also named as the return water temperature. In addition, the Tim represents the

temperature of the total gas measurement equipment. Moreover, the P1 stands for the
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pressure of the buffer vessel inlet. The P> stands for the pressure of the heat pump exit,
which is named as after-sight-glass pressure as well. Furthermore, the P3 stands for the
pressure of the return position, which is named as heat pump inlet as well. Finally, the
Piwm represents the pressure of the total gas measurement. The detail of the block

programme design is presented in Appendix II.

3.2.4.4 Total gas measurement

Working temperature of the total gas pressure monitoring system is between 20 and
45 <C. As shown in Figure 3.24, the system consists of a pressure transducer, semi-
permeable silicone membrane and a two-hole tube sheet which allows water to go
through the holes and have a contact with the silicone membrane. The partial gas
pressure is calculated through the subtraction of the relevant water vapour pressure

from the total gas pressure.

3.2.4.5 Flow meter

An electromagnetic flow meter is used to measure system fluid flow rates as shown in
Figure 3.25. This flow meter, 500 series, is from Litremeter Company. It can work at
the conditions of fluid temperature ranging from -20 to 160 °C and system pressure
reaching to 1600 Kilopascals (Litremeter, 2010). This flow meter is located at the heat

pump inlet position as shown in Figure 3.1.
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Figure 3. 24 Total gas measurement equipment (Shefik, 2015)

Figure 3. 25 500 series electromagnetic flow meter



3.2.4.6 Calibration

The temperature thermocouples and pressure transducers installed in this air-source
heat pump water heating system have been calibrated by using the methods of the water
bath and the dead weight to enhance the accuracy of the data logging. The flow meter
company, Litre Meter Limited, has calibrated the electromagnetic flow meter used in
this project and provided the calibrated the calibration data for the tester (Shefik, 2015).

Figure 3.26 has shown the calibration equation for the T1 condenser inlet temperature.
Nine different temperatures were tested to increase the accuracy of the calibration
equation. The x-axis represents the original temperature recorded by the temperature
thermocouple at a specific actual temperature. The y-axis represents the actual
temperature maintained by the water bath equipment. After several tests, the
relationship between the temperature of the temperature thermocouple data logging and
the accurate and actual temperature has been found. Then the calibration equation has

been presented.

This calibration equation was used in the LabVIEW programme to calibrate the raw
data of the thermocouple, and make sure the final recorded data is accurate. All the

other calibration equations for other sensors have been presented in Appendix I11.

T1 Condenser inlet tmeperature
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Figure 3. 26 Calibration equation for T1 condenser inlet temperature
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3.2.4.7 TGM Assembly

Saturation ratio of bulk fluid in the system is a very important value to understand
bubble behaviours in heat pump water heating system. This value is calculated by Cgas-
act/Cgas-max (aCCOYdIng tO Ptgm, Ttgm, Psupply T supply). Ptgm |S aChleved by reading fl’0m
TGM.

Figure 3. 27 Membrane in TGM

However, the TGM requires exceptionally high assembling skills to work correctly.
The most frequent problem is caused by different pressures at four different screws of
the flange of TGM. As shown in Figure 3.27, the membrane is in the middle of the
TGM, and there are four screws at the rim of the TGM. The membrane can prevent
water going through to reach the pressure sensor of the TGM. The uneven pressures of
four screws of the flange affect the reading of the pressure sensor of the TGS. This
problem can lead to the wrong interpretation of the saturation ratios. And the false value
of the saturation ratio would cause wrong conclusions about bubble behaviours in the
heat pump water heating system. This problem has been solved by using torque wrench
as shown in Figure 3.28. The best value, 10 NM, of the torque wrench, has been found
by proceeding several experiments. By using this torque wrench, the pressure readings
of the TGM are more accurate comparing to without it.
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Figure 3. 28 Torque wrench
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3.3 Image process

The bubble images, captured by the Phantom V5.1 camera, were saved in the laboratory
computer. And these images needed to be processed to achieve the digital data. Hence,
the image process is a vital part of this project as all the image files are converted to the
raw digital data during this process. The Phantom control software saves the bubble
images in the ‘Cine’ format as shown in the section 3.2.2.3. An efficient and accurate
method is needed to analyse the mass of data. In this project, a MATLAB programme,
used to conduct the bubble images processing, is developed by Collette Baptiste with
the help of Dr. Hongying Meng, Prof. Yunting Ge, Ali Shefik, Jianbo Qin and Asim
Jan (Baptiste, 2015). This MATLAB code improved by Xianghua Jiang and Jianbo Qin.
This programme can only analyse the ‘.avi’ format files. Hence, the original data was
converted to the ‘Avi’ format by the Phantom Cine Viewer application as shown Figure
3.29.

2 Cine Viewer Application

§ g
“ViSiON < PHANTOM

@ RESEARCH]

Copyright 1992-2015 Vision Research, Inc. USA. Alfrights reserved

Figure 3. 29 Cine Viewer Application

Figure3.30 shows an example of the processed bubble image. The clear bubble, which
is in the depth of the focal plane, is recognized by the programme. This section is going
to provide an introduction of the image process in three parts. These three parts are the
MATLAB programme, calibration of the size of the picture and the depth of the focal

plane respectively.
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Figure 3. 30 Recognized bubbles by the programme

3.3.1 The MATLAB programme

The MATLAB programme as described in the preceding section is attached in the
Appendix IV. The user interface of the MATLAB has been shown in Figure 3.31. The
functions of this programme include output plot option, bubble tracking, change filters
and other options. It can process several files in a row by clicking the ‘all file’ button.
The results of the bubble numbers, bubble diameters and volumetric void fraction are
written in the excels. Figure 3.32 has shown the result of removing the background of
the bubble images. The background of the bubble images is calculated by summing all
the images to compute an average image, which does not affect the recognition of the
blurred and non-blurred bubbles. In Figure 3.32, the left one is the original picture and
the right one is the picture after background removed. The dirt particles and stains on
the sight glass are motionless. Hence, they are treated as the background during the
image processing and thus removed. After removing the background of the images, the
blurred bubbles need to be removed which affects the accuracy of the data. Bubbles are
blurry when they are not in the focal plane. The Sobel Filter, a blurring filter, is used in
the program to do the edge detection which determines in or out of focus. During the
images processing, the image was reduced to half ratio of the original size to increase
the computing time and efficiency of the analysis.
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Figure 3. 31 The MATLAB programme user interface

Figure 3. 32 Removing background of the bubble image
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3.3.2 Calibration of the size of the bubble image

The calibration is an essential task for image processing. The resolution of the image
(Ppicture) IS 768 * 768 pixels in the camera settings. In order to investigate the actual size
of the whole image, a calibration test was conducted. A bag of metal balls had been
provided by the Spirotech Limited as shown in Figure 3.34. The diameter of the metal
balls is 2 mm with the absolute uncertainty of 0.00254 mm, which is described by the

manufacture (Simply Bearings Ltd, 2010).

A metal bubble was located on the sight-glass (Dvan = 2 mm), and a test film was taken.
The original image has been in Figure 3.33. The metal ball’s pixel size, Ppan, Was
measured. Hence, the actual dimension of the image can be calculated based on
Equation 3.1.

Dpall

image image Pball

(3.1)

Based on all the information, the actual dimension of the image is 4.2 mm * 4.2 mm.
And the size of one pixel is 0.0055 mm. As the error of the metal ball is smaller the size
of one pixel, the calibration is acceptable. These values are used in the calculation of
the other parameters in the following sections. Furthermore, the minimum diameter of
the bubble that can be identified is 0.05 mm in this project by using the experimental
method and equipment.

Figure 3. 33 Calibration of the size of the picture; Figure 3. 34 Metal balls
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3.3.3 Depth of the Focal Plane measured

Five focal planes were measured as shown in Figure 3. 35. The actual dimension of the
cross-section of the pipe is 20 mm x 20 mm. However, the measurement of the camera
shows that the distance between the bottom of top glass and the top of bottom glass of
sight-glass device is close to 14 mm. The reason of this phenomenon is due to the light
refraction. During the test, the focal plane depths measured of the 1%, 2", 3 4" angd 5%
layer is 1 mm, 2 mm, 5mm, 8 mm and 11 mm respectively. These lengths represent the

distances of the high-speed camera moving from the bottom of the top glass.

High-speed

Cross-section of the pipe camera

A
—_—
Light channel o _ )
Inner dimension:
20 mm * 20 mm
—
—_—
v

Light source

Figure 3. 35 Depth of focal plane measured (Cross-section of the pipe)
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The apparent total depth of the sight-glass affected by the light refraction has been
studied in Shefik’s thesis (Shefik, 2015). However, the apparent depth of each focal
plane has not been discussed by Dr.Shefik. This gap has been filled.

This section is going to discuss the effect of the light refraction on the depth of focal
plane measured and calculate the actual depth of DOF measured. In Equation 3.2 to

3.5, © indicates an angle.

n-air
Glass
3 mm
n-glass
A
A
Apparent n-water
DOF: a
R SN SN A A
Actual DOF: b
v

Figure 3. 36 The effect of the light refraction on the DOF
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According to the Snell’s Law the following equation 3.2 can be summarised (Nassar,
1994). In Equation 3.2 to 3.5, the parameters of the equations are identified in Figure
3.36. And n represents the refractive index.

NgirSinlg = nglassSlneglass = NyaterSiNOyater
(3.2)

In order to find out the relationship between the apparent DOF and actual DOF, the
following mathematical proceedings have been done.

x+y

tanf,;, = —
ar 3+a

_y

X

tanqrer = b

(3.3)
Equation 3.3 has shown the sine of each angle. In this project, the angle of incident is
very small. Hence, the angle of refraction is very small as well. Then, an assumption

can be made based on this information that tanO=sin©.

Nyater _ SiNBglass _ tanbgigss by
Nglass sinByater tanbyqter 3x
Nyater __ Sinfqir _ tan® qir __ b(x+y)
Nair sinBwater tanbyqter x(3+a)

(3. 4)
By combining Equation 3.2 and Equation 3.3, Equation 3.4 is obtained. By using the
mathematical skills to arrange the Equation 3.4. The relationship between actual DOF
and apparent DOF is obtained as Equation 3.5.

Actual DOF = b = Nwater(3+a) __ 3Nwater
Ngir Nglass

(3. 5)

Therefore, a table has been made to illustrate the relationship between the actual DOF

and apparent DOF as shown in Table 3.4.
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Table 3. 4 Depth of focal plane table

D-apparent (mm) D-real (mm)
1 3
2 4
3 5
4 7
5 8
6 9
7 11
8 12
9 13

10 15
11 16
12 17
13 19
14 20

The apparent depth of focal is equal to the distance of the high-speed moving from the
bottom of the top glass. The actual depth of focal plane measured can be found in Table
3.4. The 1 mm, 2mm, 5mm, 8mm and 11 mm depth of focal planes are corresponding

to the 3 mm, 4mm, 8mm, 12mm and 16 mm respectively.

In addition, the view angle of camera can be obtained by using Equation 3.6

Dima e
6 = 2 arctan ( g )

focal distance

(3. 6)

In Equation 3.6, Drocal distance 1S the distance between the camera lens and the focal plane,
and Dimage is dimensions of the image. The results of tan © and sin © are approximate

as the value of © is very small.
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3.3.4 The obtainment of the depth of field

As shown in Figure 3.37, when observing from a set of lenses, the scene of the object
would appear acceptably sharp only in the area near the focal length of the lenses. This
distance, from the upper side of the sharp area to the lower side, is called the depth of
field (DOF).

DEPTH OF FIELD
DEPTH OF FIELD

JEPTH OF FIELD

Figure 3. 37. Depth of field WhenCobservmég text through lenses (Cambridge in
olour

Referring to the theory of DOF, the DOF can be expressed by equation 3.7.

2NCU?

Dpor ® £2

(3.7)

In Equation 3.7, N --F-number of lens; C --Circle diameter of confusion (on image,

mm) In optics, Circle of confusion is a spot caused by a corn of light which may blur
the picture; U --distance to focus plane (in object space, mm); f --Focal length of lens,

mm.

When camera has been set up, these parameters are also fixed, and DOF is fixed
consequently. Hence, we can measure DOF by detecting the critical position where the

image turns from sharp to blurred, or vice versa.

To obtain the DOF of the high-speed filming system, a DOF measurement system has

been designed and arranged as shown in Figure 3.38. The bubbles are in the water and
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stick to the side glass wall. The material of the side wall is same with the sight-glass (3
mm glass). The critical position can be found by continuously adjusting subject distance

(the distance from camera lens to the bubble).

As shown in Figure 3.38, the light source and sight-glass filled with water were fixed
on the table. And high-speed Camera was fixed on the slider. The screw pitch was
marked with angles and measured. When the slider moves, pictures of various positions
can be captured and marked. All these images are going to be analysed by MATLAB
programme. According to the results, the DOF was calculated based on the range of
sharp bubbles which are recognised by programme. Hence, the depth of focal plane can
be obtained by measuring the distance of two critical positions. 11 identical experiments
were carried out to get a mean value of DOF with the standard error of mean, as shown
in Table 3.6.

By conducting this test, initially, the camera should be adjusted in a place very close to
the bubble, where the image, could be judged by eye, is blurred. The movement of the
camera towards a direction closing to the bubble leads to the image becoming sharper
and more precise. When the bubble is first identified as a sharp one by the MATLAB
program, it represents the lower critical position of DOF has been found. And keep

moving the camera until the bubble is finally identified as a blurred bubble again. And

this represents the last sharp position is the upper critical position of DOF.

Figure 3. 38. DOF Measurement Test
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Figure 3.39 shows the bubble series images taken from a lower position to a higher
position, which illustrates that a series of continuously bubbles gradually change from

blurred to sharp, and back to blurred again.

(d) (e) (f)
Figure 3. 39. Image of a bubble with continues changes of subject distance

Figure 3.40 shows the images near the critical position, in which image A is identified

as a blurred one and the image B is identified as a sharp one.

(a) Image A (b) Processed image of image A
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(c) Image B (d) Processed image of image B

Figure 3. 40 Two images near the critical position and after procession

Figure 3. 41 Bubble Attached at Glass Wall
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Table 3. 5 Experimental result of DOF measurement

Index DOF /(mm) Index DOF /(mm)
1 0.6647 6 0.6008
2 0.6967 7 0.5049
3 0.5688 8 0.6647
4 0.5369 9 0.5049
5 0.6008 10 0.6967
11 0.6647 Average 0.6095 £ 0.022

As shown in Table 3.5, the average result of DOF is calculated as 0.6095mm, and the
standard error of mean is 0.022 mm. The repeat tests have been conducted, and the

result of the depth of focal plane is accurate.
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3.4 Experimental methodology

3.4.1 Introduction

To conduct the aim and objectives as described in the preceding chapters, an elaborate
experimental methodology is introduced in this chapter. Section 3.4.2 introduces the
test procedures during the experiment. Section 3.4.3 explains how to achieve the lowest
saturation ratio. Section 3.4.4 presents how to investigate the effect of system pressure
on the bubble size and production at the heat pump exit. A summary test conditions
carried out at the heat pump exit has been shown in Table 3. 6. In addition, section 3.4.5
presents how to investigate the effect of system water flow rate on the bubble size and
production at the heat pump exit. Finally, section 3.4.6 introduces the test to investigate
the bubble production in return pipe to heat pump.

A summary of the test conditions conducted has been shown in Table 3.6. In total, there
are about eight series tests have been conducted to achieve specific aims. In Table 3. 6,
superficial water velocities are calculated by using water flow rates over the cross-
sectional area of the pipe. The series 1-LS investigated the lowest saturation ratio of the
water in the system. The series 2-EP investigated the effect of system pressures at water
flow rate 1000 I/h on bubble diameters. The series 3-EP investigated the effect of
system pressures at water flow rate 850 I/h on bubble diameters. The series 4-EF
investigated the effect of water flow rates at system pressure 2.5 bar on bubble
diameters. The series 5-EF investigated the effect of water flow rates at system pressure
2.2 bar on bubble diameters. The series 6-ES investigated the effect of saturation ratios
on bubble diameters.

Table 3. 6 Summary of the test conditions

Superficial | Pressure at | Temperature
Test series Water flow water hegt pump at heat_ Satu_ration
rate (I/h) velocity exit (abs- pump exit ratio (-)
(m/s) bar) (°C)
1-LS 1000 0.88 2.5 55 1.20-1.00
2-EP 1000 0.88 2.2-2.7 55 1.15-1.00
3-EP 850 0.75 1.7-2.5 55 1.15-1.00
4-EF 800-1100 0.71-0.97 2.5 55 1.15-1.00
5-EF 800-1150 0.71-1.02 2.2 55 1.15-1.00
6-ES 800-1100 0.71-0.97 2.2-2.7 55 1.15-1.00
7-CM 1000 0.88 2.4 55 1.07-1.00
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8-RT 800-1100 0.71-0.97 2.2-2.5 55 1.15-1.00
9-VF 850-1100 0.75-0.88 2.2-2.7 55 1.15-1.00

The series 7-CM investigated the highest saturation ratio of the city main water in the
system without nitrogen injection. The series 8-RT investigated the bubble production
in the return position. The series 9-VF investigated the void fraction at various
conditions. The results are going to discuss in each section respectively.

3.4.2 Test procedures

In this section, the experimental procedures based on the order are described. The focal
plane investigated are set by controlling the adjustable slider manually. The
experimental procedure is not very complicated but incredibly time-consuming. One
day can only investigate one test condition due to the complex of the experiment. A
detailed introduction of experimental procedure has been organised. In this way, it is
easy to follow the experimental procedure and avoid the happening of mistakes. The

following example shows the process for each test.

Test Procedure

Step 1: Decide next experimental conditions

» Inject or release water to increase or decrease system pressure

Step 2: Inject nitrogen into buffer vessel.

» The amount of nitrogen is quantitative

> Increase the pressure of system to a specific value

Step 3: Open circulating pump

» Enhance the dissolution of nitrogen gas

Step 4: Wait 9 hours

» Wait for the process of dissolution of nitrogen gas

Step 5: Open LabVIEW program

» Check all conditions

Step 6: Put the sensors of heat pump system into cold environment

» Put the sensor of outdoor unit into ice box (0 °C)

» Put the sensor of indoor control panel into ice box (5 °C)

Step 7: Close circulating pump

Step 8: Open buffer vessel circulating pump
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Step 9: Open valves of TGM

» Check the accuracy of TGM

Step 10: Set up camera system

» Fix and open the position of light source

» Power on the camera and open the Phantom 663 software

» Fix the focal plane of camera

» Calibrate camera settings

> Make a testing record and check the quality of video

Step 11: Power on heat pump system (7 kW)

Step 12: Set target temperature 38 °C at UI control panel

Step 13: Set target supply temperature 55 °C at LabVIEW

Step 14: Adjust water flow rate by using buffer vessel inlet valve (1 flow rate each
day)

Step 15: When temperature of TGM reaches 30 °C

» Open cooling system for TGM

Step 16: Open AAV to release gas from buffer vessel

» Make sure system pressure drops slowly

Step 17: When all conditions reach target values

> Start to record data and videos

Step 18: Save data and videos in the order

» Convert video file format from *. Cine into *. AVI

» Use MATLAB self-code program analysing pictures

Step 19: Power off heat pump system

Step 20: Close camera system

Step 21: Cool down the system temperature below 30 °C

Step 22: Close the valves of TGM

After the data measurement, the post processing is taken to calculate the results and
make the result visualization. The data was recorded by computer as described in

section 3.2.4.

3.4.3 Lowest saturation ratio investigation

There is no such investigation on the lowest saturation ration in public literature. One
of the main objectives is to know is there bubble production in the air-source heat pump
water heating system. Hence, this test has the priority to be designed and conducted
first. If there is bubble production in the heat pump water heating system, it means the

dissolved gas in the water come off. Therefore, the lowest saturation ratio can be
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achieved by running the heat pump system continuedly till there is no gas come off.

The lowest saturation ratio leads to the design of other experimental conditions. As
illustrated in Table 3.7, The designed water flow rate is 1000 I/h. The Superficial water
velocity is 0.88 m/s. The pressure at the heat pump exit is 2.5 abs-bar. The saturation

ratio is going to be measured and recorded during the test.

Andrew and Ali have achieved the lowest saturation ratio 0.4 at gas boiler water heating
system (Shefik, 2015). The comparison of the lowest saturation ratio between the gas

boiler and heat pump can help the air-vent industry design their products.

Table 3. 7 Test condition for the lowest saturation ratio investigation

Superficial | Pressure at | Temperature
Water flow water heat pump at heat Saturation
rate (I/h) velocity exit (abs- pump exit ratio (-)
(m/s) bar) (°C)
1000 0.88 2.5 55 1.20-1.00

3.4.4 The effect of the system pressure on the bubble size and

production at heat pump exit

There is an effect of the system pressure expected on the bubble behaviours in the heat
pump water heating system as this effect is presented in Ali’s thesis (Shefik, 2015).
Hence, serious test conditions are designed to investigate the effect of the system

pressure as shown in Table 3.8.

During the tests, it is essential to make sure all the conditions are fixed on the same
value except the system pressures. There are two series of tests have been conducted
which are 2-EP and 3-EP respectively. The EP represents effect of pressures. The
reason of 1000 I/h and 850 I/h used to investigate the effect of pressures is these water
flow rates are close to the actual flow rate applied. And various pressures were

investigated to find out the effect based on the requirements of the company, Spirotech.

Table 3. 8 Test conditions for investigating the effect of the system pressure

Superficial | Pressure at | Temperature
Test series Water flow water heat pump at heat Saturation
rate (I/h) velocity exit (abs- pump exit ratio (-)
(m/s) bar) (°C)
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2-EP 1000 0.88 2.2 55 1.15-1.00
2-EP 1000 0.88 2.35 55 1.15-1.00
2-EP 1000 0.88 2.5 55 1.15-1.00
2-EP 1000 0.88 2.7 55 1.15-1.00
3-EP 850 0.75 1.7 55 1.15-1.00
3-EP 850 0.75 1.9 55 1.15-1.00
3-EP 850 0.75 2.1 55 1.15-1.00
3-EP 850 0.75 2.3 55 1.15-1.00
3-EP 850 0.75 2.5 55 1.15-1.00

In the 2-EP series, the water flow rate is set at 1000 I/h, which represents the superficial
water velocity is 0.88 m/s. The superficial water flow rate is an essential factor which
contributes the flow regime with superficial gas flow rate in the two-phase bubbly flow.
It has not been studied intensively in the horizontal pipe in the open literature, and a
few tests have been done in high superficial speed region which is not suitable for the
air-source heat pump water heating system. And the pressures at the heat pump exit are
setas 2.2,2.35, 2.5and 2.7 abs-bar respectively. These pressures are the variable factors
in this series test. Furthermore, the temperature at the heat pump exit is set as 55 °C
which is a simulative value with the domestic hot water condition. The saturation ratio
is in the range from 1.15 to 1.00. The bubble images have been recorded at the

conditions of four saturation ratios which are 1.15, 1.10, 1.05 and 1.00 respectively.

In the 3-EP series, the water flow rate is set at 850 I/h, which represents the superficial
water velocity is 0.75 m/s. And the pressures are set as 1.7, 1.9, 2.1, 2.3 and 2.5 abs-
bar. In addition, the temperature at heat pump exit is set as 55 °C. The saturation ratios
change from 1.15 to 1.00 as well.

After the data processing, the comparison of results at these test conditions can illustrate

the effect of the system pressures on the bubble behaviours.

3.4.5 The effect of system water flow rate on the bubble size and

production at heat pump exit

The water flow rate supposed to be another factor affects the bubble flow behaviours
in the air-source water heating system (Fsadni, Ge and Lamers, 2012). Therefore, two

series test conditions are designed to study the effect of the system water flow rate on
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the bubble behaviours as shown in Table 3.9.

Table 3. 9 Test conditions for investigating the effect of the system water flow

rate
Superficial | Pressure at | Temperature
Test series Water flow water heqt pump at heat. Satu_ration
rate (I/h) velocity exit (abs- pump exit ratio (-)
(m/s) bar) (°C)
4-EF 800 0.71 2.5 55 1.15-1.00
4-EF 850 0.75 2.5 55 1.15-1.00
4-EF 900 0.80 2.5 55 1.15-1.00
4-EF 950 0.84 2.5 55 1.15-1.00
4-EF 1000 0.88 2.5 55 1.15-1.00
4-EF 1050 0.93 2.5 55 1.15-1.00
4-EF 1100 0.97 2.5 55 1.15-1.00
5-EF 800 0.71 2.2 55 1.15-1.00
5-EF 900 0.80 2.2 55 1.15-1.00
5-EF 1000 0.88 2.2 55 1.15-1.00
5-EF 1100 0.97 2.2 55 1.15-1.00
5-EF 1150 1.02 2.2 55 1.15-1.00

In 4-EF series, the pressure at heat pump exit is set as 2.5 abs-bar. And the temperature
at heat pump exit is 55 °C. As this series tests are designed to study the effect of the
system flow rate, the system water flow rates are variable factors. Hence, the system
water flow rates are set as 800, 850, 900, 950, 1000, 1050 and 1100 I/h. The superficial
water velocities are 0.71, 0.75, 0.80, 0.84, 0.88, 0.93 and 0.97 m/s respectively. Four
saturation ratios, 1.15, 1.10, 1.05 and 1.00, are the filming conditions as well.

In 5-EF series, the system water flow rates are set as 800, 900, 1000, 1100 and 1150 I/h
respectively. The superficial water velocities are 0.71, 0.80, 0.88, 0.97 and 1.02 m/s
respectively. In this series, the system pressure is set as 2.2 abs-bar to study the effect
of the water flow rate at different system pressures. The two series tests can make sure
to achieve the accurate the relationship between the bubble behaviours and the water

flow rates.

After the data processing, the comparison of results at these test conditions can illustrate

the effect of the water flow rates on the bubble behaviours.
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3.4.6 The effect of the saturation ratio

As discussed in the Ali’s thesis, the saturation ratio is proved to affect the bubble
production in the gas boiler water heating system (Shefik, 2015). Hence, the saturation
ratio is expected to affect the bubble production in the heat pump water heating system.
A series of test results are summarised to find out the effect of the saturation ratio on
the bubble behaviours as shown in Table 3.10.

Table 3. 10 Test conditions for investigating the effect of the saturation ratio

Superficial | Pressure at | Temperature
Test series Water flow water heat pump at heat Saturation
rate (I/h) velocity exit (abs- pump exit ratio (-)
(m/s) bar) (°C)
6-ES 800-1100 0.71-0.97 2.2-2.7 55 1.15-1.00

The higher the saturation ratio, the higher the bubble production is supposed to be. The
comparison of the results can identify the assumption. In addition, the relationship
between the bubble average diameter and the saturation ratio can be found.

3.4.7 Bubble production in return pipe to the heat pump

Bubble production in the heat pump inlet is another aim of this project. There is no
information published in open literature about the bubble production in the return pipe
to the heat pump. Considering the bubble generation principle, it is interesting to find
out whether there is bubble production in the heat pump inlet as the pressure of heat
pump inlet is lower than the heat pump exit. The bubble generation principle in the heat
pump water heating system is explained in the section 4.2. The test conditions are
shown in Table 3.11.

Table 3. 11 The test conditions for investigating the bubble production in the

return pipe
Superficial | Pressure at | Temperature
. Water flow water heat pump at heat Saturation
Test series . . . .
rate (I/h) velocity exit (abs- pump exit ratio (-)
(m/s) bar) (°C)
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| 8RT

| 800-1100 | 0.71-0.97 |

2.2-2.5

55

| 1.15-1.00 |

3.4.8 City main water test

For industrial interests, a test has been done to find out the highest saturation ratio with

filling the city main water at 10 °C outdoor temperature. The test conditions are shown

in Table 3.12.

Table 3. 12 The test conditions for investiogating the highest saturation ratio of
C outdoor temperature

the city main water with 10

Superficial | Pressure at | Temperature
Test series Water flow water heat pump at heat Saturation
rate (I/h) velocity exit (abs- pump exit ratio (-)
(m/s) bar) (°O)
7-CM 1000 0.88 2.4 55 1.07-1.00

This test provides the insight of the actual working condition of the air-source heat

pump water heating system.
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3.5 Data reduction

As described in the objectives of this thesis, to study the bubble behaviours in the
domestic air-source heat pump water heating system, there are some parameters used
for investigation. However, these parameters cannot be investigated immediately.
These parameters such as saturation ratio, bubble volume, volumetric void fraction and
superficial flow rate are calculated. This section presents how these parameters are

calculated.

3.5.1 Saturation ratio

The saturation ratio is an important parameter for studying the bubble behaviours in the
two-phase flow. It represents the degree of the gas dissolved in the water in this project.
The Equation 3.8 is used to calculate the saturation ratio, which is defined by Jones et
al. (Jones, Evans and Galvin, 1999).

Sr = Cgas
Csat

(3.8)

In Equation 3.8, the Cgss is the actual dissolved gas mole fraction present in the bulk

fluid; The Csa is the maximum mole fraction at saturation conditions.

Dry air consists of 78% Nitrogen, 21% Oxygen and 1% others (Moumouni and Galupa,
2018). The oxidation process in the system leads to iron oxide and hydrogen gas. Hence,
Nitrogen is the dominant gas in the closed loop heat pump water heating system.
Andrew has proofed this phenomenon in his thesis (Fsadni and Ge, 2012). Hence, the
property of Nitrogen is used to represent the properties of the dissolved gas in the study.
The Cgas and Csat are needed to be calculated to get the saturation ratio at specific

conditions.

Equation 3.9 is used to calculate the actual dissolved gas mole fraction, Cgas, Which is

known as the Henry’s Law (Perry, Green and Maloney, 1997).

(3.9)
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In Equation 3.9, the Pg (pa) is the partial gas pressure, which can be calculated by the
following Equation 3.10: The H is calculated based on the Trem, which represents the

Henry’s law proportionality constant.

Lubetkin introduced that the total gas pressure Ptem is equal to the sum of vapour
pressure Py and partial pressure of gas Py as shown in Equation 3.10 (Lubetkin and
Blackwell, 1988).

Total Gas Pressure Prgy = Vapour pressure P, +

Partial pressure of gas p,

(3. 10)

The total gas pressure Prom can be measured by the pressure transducer. The vapour
pressure Py can be calculated based on the temperature of the liquid. Hence, the partial

gas pressure Py can be obtained by using Ptem subtracts the Py.

Equation 3.11 can be obtained by combining Equation 3.8, Equation 3.9 and Equation

3.10. Equation 3.11 is used to calculate saturation ratios.

P9 PremM-f1Trem)
SR = Actual air mole fraction _ Hrpey _ f2(Trem)
maximum air mole fraction Psat Psg=f1(Tsg)
Hrgg f2(Tsg)
(3.11)

fi = 3.15232721856732 x 107 1% x x® + 3.66127774257229 x 107! x x5 +
1.84328324132066 x 107° x x* + 3.08107798385748 x 1077 x x3 +
1.35040050608382 x 107> X x2 + 4.49924430427018 X 10™* x x +

6.0991293371444 x 1073

(3.12)

f> = ((2.32758222502898 x 10711 x x® — 4.99871071662009 X 1079 x x> +
3.93484457905657 X 1077 x x* — 2.08339008800351 x 107> x x3 +
1.51929463299894 x 10™* X x% + 1.3994852081214 X 1071 x x +
5.28392426835126) x 1000) x 1.01325

(3.13)
In Equation 3.11, Tsy is the temperature at heat pump exit position, and Psq is the
pressure at heat pump exit position. Besides, Prowm is the pressure of the TGM (Total

Gas Measurement), and Trewm is the temperature of the TGM. Equation 3.12 is used to
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calculate the vapour pressure at specific temperature, and Equation 3.13 is used to
calculate the Henry’s constant at specific temperature. Therefore, all the equations

involved in the calculation of the saturation ratio have been introduced in this section.

3.5.2 Bubble volume

The bubble volume is calculated based on the bubble diameter provided by the
MATLAB programme. There are two situations for the calculation of the bubble
volume. As shown in Figure 3.42, the bubbles could be in or out of the focal plane, and
the bubble could be in the focal plane with a larger diameter than the depth of the focal

plane.

Diameter is bigger
than DOF

/l\

O N

Focal plane Depth

plane

N~ 7

Figure 3. 42 Gab bubbles go through the focal plane

First, when the bubble is in the focal plane with a smaller diameter than the depth of

the focal plane, the bubble volume can be calculated by using Equation 3.14.
Vb = %T[dbs

(3. 14)

In the second situation, when the bubble is in the middle of the focal plane with a bigger

diameter than the depth of the focal plane, the bubble volume can be calculated by using
68
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Equation 3.15 which is proposed by Ali (Shefik, 2015).

3dp?  3DOF?
2 2

Vb=DOF><%><( + DOF?)

(3. 15)

3.5.3 Volumetric void fraction

The volumetric void fraction is another essential derived parameter to express the
bubble production at specific test condition. In the two-phase bubbly flow, the
volumetric void fraction represents the volume of the minority phase over the volume

of the majority phase as shown in Equation 3.16.

_ Vgas bubble

gsample B Vwater

(3. 16)

In Equation 3.16, the Esample represents the volumetric void fraction of the sample
investigated, the Vgas busble represents the total volume of all the gas bubbles in the
sample investigated, and the Vwater represents the volume of the water in the sample

investigated.

3.6 Uncertainty Analysis

In engineering experiments, errors exist inevitably in all measurements (Taylor, 1997).
These errors of sensors and parameters cannot be avoided in most situations. It should
be ensured all the errors are at a minimal level and can be calculated (Taylor, 1997). As
described in Taylor’s book, errors consist of bias errors and random errors (Taylor,
1997). In this project, the bias errors are repeatable and come from the sensors. The
random errors of the repeated tests can be calculated by using the standard error of the
mean. The bias errors of the derived parameters can be calculated as introduced in the
section. The random errors are nonredundant, and the best method to find the true value
is repeated measurement. This section is going to introduce the bias errors of the sensors
and the resultant parameters. The standard error of the mean method was used for the

repeated tests, which is shown in Appendix V.
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Sometimes, errors of resultant parameters depend on more than one factor. For example,

a resultant value C is calculated from Xz, Xz, Xstill to Xn as shown in Equation 3.17.
C = f(Xl,Xz,Xg, ""XTL)
(3.17)

In the case of C = X; X X, the deviation of C (6C) can be obtained by using Equation
3.18.

ac

5C = 6X1 =
2

25X,

(3. 18)

In Equation 3.18, 6X1 and 86X are the deviations of X1 and X respectively. The partial
derivative Z—; represents the differentiating C with respect to X. The law of propagation

of the uncertainty can be obtained by squaring the Equation 3.18 and take the average
of X1 and 6X>as shown in Equation 3.19 (Taylor, 1997).

(6C)? = (- )25)(1 + (o )25)(2 +26—61;—C(5X15X2

(3. 19)

In the case of X1 and Xz are uncorrelated, the §X; X, is zero. Hence, the Equation 3.20

is obtained when there are n factors in the equation of the C.
The Equation is used to calculate the combination of individual errors as shown in
Equation 3.20. In this formula, dc represents the absolute uncertainty of C, dxi

represents the absolute uncertainty of Xz and BaTC , differentiating C with respect to X1,
1

represents the influence coefficient of Xi1. The influence coefficient provides the ability

to emphasize some main factors and ignore the others. (Taylor, 1997)

ac ac ac
dc = \/(Tl)zd 2+ (E)dezz +- +(a)2dxn2

(3. 20)

The relative uncertainty of C (Rc) can be calculated by dividing C at both sides of the
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Equation 3.20 as shown in Equation 3.21.

_ ﬁ"’_‘f)z A1, (&"’_C)Z dxpng o ... (M_C)Z danv 2
RC_\/(CE)X1 (Xl) t C 09X, (xz) et C 39X, (Xn)

(3. 21)

The uncertainty values of measured of derived parameters have been summarised in
Table 3.13. The uncertainty values of measured parameters are obtained during the
calibration process. The relative uncertainty of the sensors is calculated based on the
maximal difference between the fit line and the line of the calibrated actual conditions.
The uncertainty values of derived parameters are calculated by using Equation 3.21

relative uncertainty calculation.

The details of the relative uncertainty of the derived parameters are introduced in the
following sections respectively.

Table 3. 13 Summarised uncertainty values

Measured/derived Uncertainty
oarameter Instrument category %)

Tl K-type_Thermocouples +0.37
T2 K-type_Thermocouples +0.31
T3 K-type_Thermocouples +0.34
T4 K-type_Thermocouples +0.34
T5 K-type_Thermocouples +0.25
T6 K-type_Thermocouples +0.19
Trem K-type_Thermocouples +0.20
P1 DRUCK_PTX_7500 +0.44
P2 DRUCK_PTX_7500 +0.53
P3 DRUCK_PTX_7500 +0.51
Prom Keller PAA 35S +0.27
Water flow rate Euromag_Electromagnetic_Flowmeter_500 +0.81
Bubble diameter MATLAB Programme +1.01
Bubble volume MATLAB Programme +3.02
Saturation ratio LabVIEW +3.12
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3.6.1 Bubble diameter

The MATLAB programme can distinguish the bubble in or out of the focal plane. It
also can count the pixels inside the bubble. Hence, the bubble diameter can be
calculated by using Equation 3.22. The length of the pixel is calibrated as described in

the preceding section.

Bubble diameter d, = D, X N,

(3. 22)

In Equation 3.22, the Dy, represents the length of a pixel, and N represents the number

of pixels of the bubble diameter.

The absolute uncertainty of the bubble diameter can be calculated by applying Equation

3.20 as shown in Equation 3.23.

dy = |Goy2(aD,)? + Gy, )?

(3. 23)

The Equation 3.24 is derived from Equation 3.23 by calculating the differentiation.

dp =/ (N,)2(dDp)? + (D,)?(dN,)?
(3. 24)

Hence, the relative uncertainty can be derived by dividing dy on both side of Equation

3.24 as shown in Equation 3.25.

Ry = (G2 + (G2
(3. 25)

In Equation 3.25, the dDﬂ represents the relative uncertainty of the size of the pixel. As
P

described in the previous section, the size of the bubble image is calibrated by the metal
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ball. The size of the metal ball is 2 mm =£0.00254 mm, which is provided by the

manufacturer. Hence, the relative uncertainty of the pixel is £0.127%. Besides ivﬂ is
P

the relative uncertainty of the number of pixels of the diameter of the bubble.
Sometimes, the shapes of the gas bubbles are irregular, which leads to the uncertainty.
This value is found out to be 1% by analysing the bubble data.

The relative uncertainty of bubble diameter can be calculated by substituting the
relative uncertainty of the pixel and the relative uncertainty of the number of pixels into

Equation 3.25 as shown in Equation 3.26.

Rpubbie diameter = \/(0-127%)2 + (1%)? = 1.008%
(3. 26)

3.6.2 Bubble volume

As introduced in the preceding section, the bubble volume is calculated by using
Equation 3.14. The absolute uncertainty of the bubble volume can be got by substituting
Equation 3.14 into Equation 3.20 as shown in Equation 3.27.

_ | (ovp)? 2
dbubble volume — a_db (ddb)

(3. 27)

Equation 3.28 is obtained by calculating the differentiation in Equation 3.27.

7'l,'db2 2
— 2
dbubble volume — ( 2 ) (ddb)

(3. 28)

Hence, the relative uncertainty of the bubble volume can be calculated by dividing

Equation 3.28 by Equation 3.14 as shown in Equation 3.29.
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4,2\
T
( 1y ) O
Ryubbie votume = 1 =3 X <ﬂ> = 3 x 1.008%
=md,> dy
6 b
= 3.024%

(3. 29)

As shown in Equation 3.29, the relative uncertainty of the bubble volume is 33.024%

3.6.3 Saturation ratio

The saturation ratio is calculated by using Equation 3.11. The relative uncertainty of
the saturation ratio can be calculated by using the same method as the preceding derived
parameters. The summarised equation is introduced in this section, and the process of

calculating is not going to be presented as the complex calculating.

The absolute uncertainty of the Cgas is calculated as shown in Equation 3.30.

0Csas \ ac. \* ac. \*
— 2 4 gas 2 gas 2
dcgas <6PTGM> (Aprgy) < 3P, ) (dp,) +( 5H ) (dy)

(3. 30)

Relative uncertainty of Cgas can be derived by calculating the differentiation in Equation

3.30 and dividing by Cgas as shown in Equation 3.31.

dPGM
= |Gy 4 (e

Py = Prou )+ G

Cgas

P _PTGM

(3. 31)

In an equivalent way, the relative uncertainty of the amount of the dissolved gas at

saturated condition can be derived as shown in Equation 3.32.
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dp,
Rewe = G202+ G220 Gy

(3. 32)

Hence, the relative uncertainty of the saturation ratio can be derived by using Equation
3.31 as shown in Equation 3.33.

dc dC
R — ( act)z + ( sat)z
e Csae

(3. 33)
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3.7 Summary

This chapter introduced the brief test equipment, data logging and processing
information, the fundamental theory used in this project and the test conditions to
achieve the aims of this project. This chapter provides the insight of how to conduct the
two-phase horizontal bubbly flow tests and how to convert the video data to the digital
data. First, the function of the mechanical parts of the test rig is explained. Second, the
data logging system is introduced in detail. Thirdly, the image process method is
presented in several sections which include the MATLAB programme, calibration of
the size of the bubble image, depth of the focal plane measured and the obtainment of
the depth of field. The MATLAB programme code is attached in the appendix. The
light refraction in the filming system is illustrated in the figure. Besides, the
experimental methodology is provided. The effects of the several parameters are
investigated in the air-source heat pump water system. Furthermore, the calculations of
the several parameters are introduced including the saturation ratio, bubble volume,
void fraction and superficial flow rate. Finally, the uncertainties of the derived

parameters are discussed and calculated.
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Chapter 4 Results and discussion

4.1 Introduction

The test conditions presented in the experimental methodology has been achieved and
this chapter is going to introduce and discuss the experimental results. There are three
parameters might affect the gas bubble two-phase horizontal flow behaviours in the air-
source domestic water heating system and these parameters are varied in the experiment
to study the effect of each parameter. The investigated parameters include system fluid
flow rate, system pressures and system saturation ratios. Both the bubble average
diameters and bubble void fractions at various conditions are investigated. The bubble

production behaviour has proved the theoretical analysis in Figure 4.3.

It should be mentioned that the number of processed images is in a large quantity. And
the differences between processed images are bubble numbers that recognized.

Therefore, representative processed images are presented in Appendix V1.

This chapter is organised as follows; First, section 4.2 introduces the typical
experimental conditions achieved. Second, section 4.3 illustrates the lowest saturation
ratio achieved by keep running the heat pump system. In addition, section 4.4 presents
and discusses the bubble size characteristics and section 4.5 talks about the bubble void
fraction characteristics. Besides, section 4.6 discusses the bubble production rate, and
section 4.7 introduces the city main water test. Finally, section 4.8 discusses the flow

regime of two-phase horizontal flow and section 4.9 summaries this chapter.

4.2 Typical experimental conditions achieved

This section briefly introduces the typical experimental conditions achieved during one
test. The temperatures and pressures measured by the sensors are plotted in Figure 4.1.

The saturation ratio is shown in the figure as well.

Figure 4. 1 shows the experimental conditions from 50 minutes to 310 minutes, which
is suitable to conduct the test. The locations of these sensors can be found in Figure 3.1.

The purple line represents the water temperature of the heat pump exit, which is set at
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55 °C in purpose. The blue line represents the water temperature of the heat pump inlet,
which is around 48 °C. This temperature is affected by the heat pump capacity and the
cooling system load. The light red line represents the pressure of the heat pump exit,
which is around 2.5 bar. This pressure is adjustable by injecting or releasing the water
of the test system. The dark green line represents the pressure of the buffer vessel, which
is around 2.15 bar. The light blue line represents the pressure of the heat pump inlet,
which is around 2.05 bar. The dark red line represents pressure of the total gas
measurement equipment, which is decreasing along with the experimental time. This is
due to the gas comes off the water and flows off from the system through the air-vent.
According to the equation of the saturation ratio, the decrease of pressure of total gas
measurement results in the reduction of saturation ratio. The orange line represents the
temperature of the total gas measurement, which is around 30 °C. This temperature is
in the range of its working temperature. The grey line represents the actual gas dissolved
in the water. The yellow line represents the saturated condition of the dissolved gas in

the water. The light green line represents the saturation ratio, which decreases from
1.17t0 1.0.
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Figure 4. 1 Typical experimental conditions

There are four circles in the figure highlight when the films were taken at specific
saturation ratios. There are four saturation ratios have been investigated which are 1.15,
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1.10, 1.05 and 1.00 respectively. These saturation ratios stand for the supersaturated
water conditions. As explained in the section 4.2, due to the low wall temperature of
the plate heat exchanger of the heat pump, the undersaturated condition does not need
to be investigated, which means no bubble exist.

4.3 Lowest saturation ratio achieved by keeping the system run

The lowest achievable saturation ratio of the air-source heat pump water heating system
is an essential information for this project. This value leads to the design of
experimental conditions. The system was maintained to keep running about 9 hours till
to the stabilization of the value of saturation ratios. As illustrated in Figure 4.2, the
lowest SR at supply position (SG1) achieved is around 1. As the decreasing trend shown
in Figure 4.2, saturation ratios would take longer time to reach lower than one. The test
cannot run for longer time as the limitation of the open-time of the laboratory. However,
this lowest saturation ratio is verified by all the experiments achieved. There is no more
bubble as the saturation ratio reached lower than one, which means the saturation ratio

cannot decrease due to no gas bubble come off from the water.

SR decreasing

Saturation ratic

Time [min]

Figure 4. 2 Lowest saturation ratios achieved by keeping the system run
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The lowest saturation ratio depends on the wall temperature of the plate heat exchanger
of the air-source heat pump. This is different from the gas boiler which can let SR keep

decreasing.

It is essential to compare the wall temperature between the heat pump and gas boiler,
which can help understand the differences in bubble production between a gas boiler
and a heat pump. The flame temperature of Methane (natural gas) in air is
1950 <C/3542 <F. The refrigerant goes into the plate heat exchanger at around 90 <C.
The following figure illustrates 0 ml N2 can dissolve in the water if the temperature is
more than 130 <C at 2.5 bar.
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Figure 4. 3 Air and Nitrogen dissolution data

In another way, there would be gas bubble production at the heat transfer wall in gas
boiler even though the actual dissolved gas in water is 10 ml per litre, which is a very
low value. But at the same condition, there would not be gas bubble production because
the highest temperature is about 90 <T which is smaller than 115 <C. (10 ml/litre: 115 <C)
In addition, the effects of sub-cooled boiling in gas boiler is uncertain. The steam
bubble my speed up the gas bubble production. But there is no sub-cooled boiling in

heat pump system.
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As illustrated in Figure 4.3, the situation at the wall of the plate heat exchanger in the
heat pump, the situation at heat pump inlet and the situation at the heat pump exit have
been shown. The water in the system goes through these positions in the directions as
the arrow shows. When the actual N2 dissolved in the water more than max N2 at these

three positions, the gas bubble generation would happen at each position.

The temperature thermocouple is fixed on the surface of the refrigerant pipe of the heat
pump rather than installing a temperature thermocouple inside the pipe to avoid causing
other factors affect the bubble production. Hence, the reading value of the refrigerant
plate heat exchanger inlet is not the average temperature inside the micro channel of
the plate heat exchanger. There is a way to estimate the average wall temperature
between the refrigerant and water channels in the plate heat exchanger by checking the
air and nitrogen dissolution chart (see Figure 4.3). The actual dissolved N2 and the
pressure and temperature conditions affect the gas bubble production at certain time.
When there is no more bubble production or SR stop decreasing, it reflects the actual
dissolved gas is equal to the max dissolved gas in the water. When SR is 1, the actual
dissolved gas is about 23 ml/litre. Therefore, the average heat transfer wall temperature

should be more than, but close to 73 <C.

4.4 Bubble diameter characteristics

Bubble diameter characteristics is an essential part of this project. The experimental
methodology was proposed to investigate the bubble diameter behaviours at the heat
pump exit. As shown in Figure 4.4, several test conditions had been achieved to study
the bubble diameter behaviour. Bubble diameter in the piping system at the heat pump
exit could be affected by several factors such as system pressure, system water flow
rate and system water flow rate. This section is going to study and discuss the effects
of these factors respectively. First, section 4.4.1 presents the effect of system pressures.
Second, section 4.4.2 introduces the effect of system water flow rates. In addition,
section 4.4.3 illustrates the effect of the system saturation ratios. Finally, section 4.4.4
presents the bubble diameter distribution at the heat pump exit and proposes the

prediction function of bubble diameter distribution at heat pump exit.
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Experimental conditions at heat pump exit
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Figure 4. 4 The experimental conditions investigated on heat pump exit position

4.4.1 Effect of system pressures

The effect of system pressures is tested in two series investigations which are at 1000
I/h and 850 I/h respectively. The codes of the two series are 2-EP and 3-EP as described
in the methodology. Figure 4.5 illustrates the relationship between the average bubble
diameter and the heat pump exit pressure at 1000 I/h. In this series of tests, the system
pressures were set at 2.2, 2.35, 2.5 and 2.7 absolute bars respectively. At the heat pump
exit, the temperature of the supply water is 55 °C. The standard error of mean is
calculated to represent the uncertainties of the average bubble diameters at each test
condition. The data of uncertainties is attached in Appendix .

As shown in Figure 4.5, the average bubble diameters of four pressures are around 0.09
mm. This value is smaller than the 0.12 mm of the average bubble diameter in the gas
boiler water heating system (Shefik, 2015). The effect of the exit pressure in the gas
boiler system is reported by (Shefik, 2015) that there is no significant effect on the
average bubble diameter. In another way, the average bubble diameters at different

system pressures are quasi-constant in the gas boiler system.

However, Figure 4.5 shows that the average bubble diameters decrease along with the
increase of the heat pump exit pressure. This trend is identical with the result of Fsadni
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in the gas boiler system (A. M. Fsadni, Ge and Lamers, 2011). Both trends are achieved
in the supersaturated water conditions. But, as reported by (Shefik, 2015), the saturation

ratio was undersaturated. This is could be the reason of the different trend.
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Figure 4. 5 The effect of the pressure on the average bubble diameter at 10001/h

Besides, as reported by (Prodanovic, Fraser and Salcudean, 2002), in the subcooled
boiling, the relationship between the average detachment diameter and the system
pressure is same with the finding of this project.

The relationship between the average bubble diameter and the exit pressure is validated

by another series of tests as shown in Figure 4.6.

Figure 4.6 illustrates the relationship between the average bubble diameter and the heat
pump exit pressure at 850 I/h. In this series of tests, the system pressures were set at 1.7,
1.9, 2.1, 2.3 and 2.5 absolute bars respectively. At the heat pump exit, the temperature
of the supply water is 55 °C as well. The relationship between the two axes at 850 I/h

is investigated to identify the accuracy.
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Figure 4. 6 The effect of the pressure on the average bubble diameter at 8501/h

Figure 4.6 presents the average bubble diameter of five pressures at 850 I/h is around
0.9 mm. But, without considering the two low pressures, 1.7 bar and 1.9 bar, the average

diameter of the rest reduces to 0.085 mm.

With the trends as shown in two figures, a conclusion can be made that the increase of

the exit pressure results in the decrease of the average bubble diameter.

4.4.2 Effect of system water flow rate

The effect of system water flowrates is tested in two series investigations which are at
2.5 absolute bars and 2.2 absolute bars respectively. The codes of the two series are 4-
EF and 5-EF as described in the methodology. The temperature of the supply water is
55 °C at the exit of the heat pump, which is controlled by the cooling system as
introduced in chapter three.

Figure 4.7 illustrates the relationship between the average bubble diameter and the
water flow rate at 2.5 absolute bars. In this series of tests, the system water flow rates
were set at 800, 850, 900, 1000,1050 and 1100 I/h respectively. The uncertainties of the

measurements are represented by the standard error of mean, which is shown as the
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error bars in Figure 4.7. The data of these uncertainties are presented in Appendix |.

As shown in Figure 4.7, the average bubble diameters of seven water flow rates are
around 0.09 mm. This value is smaller than the minimum bubble diameter of all test

conditions in the gas boiler water heating system (Shefik, 2015).

As introduced by (Shefik, 2015), there is no significant relationship between the
average bubble diameter and the water flow rate due to the effect of the 90-degree bend
near the sight-glass. However, the relationship between the average bubble diameter
and the water flow rate is investigated by (A.M. Fsadni, Ge and Lamers, 2011) as well,
who reports that the average bubble diameter decreases along with the increase of the
water flow rate. Fsadni’s find is identical with the results of the single bubble boiling
test on the flat heat exchanger wall. The researches of the boiling on the flat heat
exchanger wall have been investigated by many researchers in the laboratory conditions,
in which (Zeng et al., 1993) reported that the average bubble diameter decreases along
with the increase of the water flow rate. But, as shown in Figure 4.7, there is a clear
trend that the average bubble diameter increases along with the increase of the water
flow rate at the heat pump exit. This relationship between the average bubble diameter
and the water flow rate is caused by the effect of the bubble collision and coalescence
in the micro-channels and the 90-degre bend in the supersaturated water. As reported
in the newest research by (Lee, Devahdhanush and Mudawar, 2018), the increase of the
bubble size and the decrease of the bubble number in the smooth micro-channel are
filmed by the camera. Lee’s study proves the existence of the bubble collision and
coalescence. In Lee’s test, the bubbly two-phase flow develops to be the saturated
boiling (Lee, Devahdhanush and Mudawar, 2018). Hence, Lee’s research provides the
reason to the trend in Figure 4.7. Figure 4.7 summarises the relationship between the
average bubble diameter and the system flow rate at heat pump exit which is not at the
plate heat exchanger in the heat pump.

This investigating position chosen is intended to study the bubble behaviours at the heat
pump exit to improve the design of the deaerator equipment. The fins of the plate heat
exchanger increase the chance of the bubble collision and coalescence in the micro-
channel. Furthermore, the higher water flow rate results in the higher Reynolds number

in the micro-channel of the plate heat exchanger, which boosts the turbulence level.
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Figure 4. 7 The effect of the water flow rate on the average bubble diameter at
2.5 absolute bar

Figure 4.8 illustrates average bubble diameter at different saturation ratios. Totally, four
saturation ratios, 1.15, 1.10, 1.05 and 1.00 are presented. At each water flow rate, the
high saturation ratio tends to have bigger average bubble diameter as shown in Figure
4.8. This trend accounts to the effect of the bubble collision and coalescence as there
are more bubbles at the higher saturation ratio, which is going to be intruded in the

following sections
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Figure 4. 8 The effect of the water flow rate on the average bubble diameter at
2.5 absolute bar in four saturation ratios

The flow regime changes with the increase of the water superficial flow rate. In Figure
4.8, from 800 I/h to 950 I/h, which is from 0.71 m/s to 0.84 m/s representing by using
superficial velocity, the relationship between the average bubble diameter and
saturation ratio is not clear as there is a huge number of bubbles to participate in the
collision and coalescence with low turbulence level resulting in the irregular results.
However, from 1000 I/h to 1100 I/h, which is from 0.88 m/s to 0.97 m/s representing
by using superficial velocity, the trend is clear that the higher the saturation, the higher
the average bubble diameter, which is because the turbulence level is high in high
saturation ratio with enough bubbles resulting the sizeable average bubble diameter. On
the contrary, there is not enough bubbles in low saturation ratio to participate in the

collision and coalescence, even though the turbulence level is high.

In order to validate the trend found in Figure 4.7, another series of tests is conducted at
different experimental conditions. Figure 4.9 illustrates the relationship between the
average bubble diameter and the water flow rate at 2.2 absolute bars. In this series of
tests, the system water flow rates were set at 800, 900, 1000,1100 and 1150 I/h
respectively. The uncertainties of the measurements are represented by the standard

error of mean as well, which is shown as the error bars in Figure 4.9. The data of these
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uncertainties are presented in Appendix I.

Figure 4.9 shows the relationship between the average bubble diameter and the system
water flow rate is in the same trend with Figure 4.7. The average bubble diameter of
the bubble diameters at these five water flow rates is around 1.0 mm which is larger

than that in Figure 4.7 due to the effect of the system pressure.
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Figure 4. 9 The effect of the water flow rate on the average bubble diameter at
2.2 absolute bar

4.4.3 Effect of system saturation ratio

This section is going to introduce the effect of the system saturation ratio on the average
bubble diameter at various water flow rates. Figure 4.10 shows the effect of the system
saturation ratio on the average bubble diameter at various flow rates at 2.5 absolute bars.
The codes of this series of tests is 6-ES as described in the methodology. The
temperature of the supply water is 55 °C at the exit of the heat pump, which is controlled

by the cooling system as introduced in chapter three.

In this series of tests, the system water flow rates were set at 800, 850, 900, 950 1000
and 1100 I/h respectively. Figure 4.10 shows there is a slight trend that the average
bubble diameter increases along with the increase of the saturation ratios. Although, it
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is reported by (Shefik, 2015) that the relationship between the average bubble diameter
and the saturation ratio is quasi-constant in the gas boiler water heating system, the
bubble production sharply increases along with the increase of the saturation ratio in
his tests. This trend is observed in heat pump water heating system as well. This trend
could be the reason for the larger average bubble diameter at high saturation ratio,
because that the high bubble production contributes to the bubble collision and

coalescence as discussed in the preceding section.
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Figure 4. 10 The effect of the system saturation ratio on the average bubble
diameter at various flow rates at 2.5 absolute bars

4.4.4 Bubble diameter distribution

This section is going to illustrate the bubble diameters distribution of the bubbly flow
at the horizontal heat pump exit. First, the average bubble diameters of different focal
plane depths are presented at four different saturation ratios. Four water flow rates,
1100 I/h, 950 I/h, 900 I/h and 800 I/h are presented to introduce the average bubble
diameter distributions in the pipe cross-section. Second, a gamma function is

introduced to predict the bubble diameter distribution at heat pump exit in the domestic
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heat pump water heating system.

4.4.4.1 Average bubble diameter distributions in the pipe cross-section

The average bubble diameter distributions at the cross-section of the pipe have been
shown in this section at four various saturation ratios. A good understanding of the
distributions of the average bubble diameter provides the insight of the bubbly flow

behaviours in the heat pump water heating system.

Figure 4.11 shows the average bubble diameter distributions in the pipe cross-section
at saturation ratio 1.15. The trend is clear that the average bubble diameter at 1100 I/h
is bigger than that at 800 I/h. Besides, the average bubble diameters of 950 I/h and 900
I/h are similar, which is bigger than that at 800 I/h and smaller than that at 1100 I/h. The
average bubble diameters at 1 and 2 DOF are higher than that at the other DOF. This
trend is caused by the buoyancy which lifts the big bubbles to the top layers of pipeline

in the horizontal flow.

Figure 4.12 shows the average bubble diameter distributions in the pipe cross-section
at saturation ratio 1.10. The trend is clear that the average bubble diameter at 1100 I/h
is still the biggest amid four water flow rates due to the bubble collision and coalescence
as discussed in preceding section. The effect of the water buoyancy is still clear
resulting in the average bubble diameters decreases along with the cross-section of the

pipe from the top to bottom.

Figure 4.13 shows the average bubble diameter distributions in the pipe cross-section
at saturation ratio 1.05. Along with the decrease of the saturation ratio, the bubble
number decreases rapidly. The less number of the bubbles, compared to saturation 1.15
and 1.10, the random error of the average bubble diameter increases leading to the

irregular trend of the distribution of the average bubble diameters.

Figure 4.14 shows the average bubble diameter distributions in the pipe cross-section
at saturation ratio 1.00. As the saturation ratio is around the lowest saturation ratio that
this system can achieve, the gas bubble numbers are extremely small, which leads to
the irregular trend of the distributions of the gas bubbles at different water flow rate.
There are no bubbles found at lower DOFs at 800 I/h. The reason of the absence of
bubbles at lower DOFs at low water flow rate is that gas bubbles have enough to be lift

to upper DOFs by the water buoyancy.
91



Bubble averate diamter (SR 1.15)

©
=
o

©
=
~

©
=
)

(@]
=

0.08 —_— —e

e —e—950//h
—8—900 I/h
800 I/h

Average bubble diameter [mm]
S

(@]

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Focal plane depth [mm]

Figure 4. 11 Average bubble diameter distributions in the pipe cross-section at
saturation ratio 1.15
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Figure 4. 12 Average bubble diameter distributions in the pipe cross-section at
saturation ratio 1.10
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Figure 4. 13 Average bubble diameter distributions in the pipe cross-section at
saturation ratio 1.05
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4.4.4.2 Prediction of bubble diameter distribution at a focal plane

The sight-glass is installed horizontally near the plate heat exchanger exit as shown in
Figure 3.1 to investigate the bubble behaviours due to the sub-cooled boiling. For each
test, 5400 images were captured by the camera in 3 minutes. A large number of images
ensures the accuracy of the experiment to illustrate the possibility of the bubble
diameter distributions. This experiment investigated four parameters which may affect
bubble diameters in a domestic heat pump water heating system. There were 104 tests
have been conducted at various experimental conditions during this series. It is found
that most results of the tests obey the Gamma probability density function as shown in
Figure 4.15 and Figure 4.16. Based on the experimental data, the following three
parameters Gamma probability density Equation 4.1 is proposed.

—a _(x—w
(x—w*le P

f(x, CZ,,B,‘H) = f(a)

(4.1)

The a is the shape parameter, the B is the scale parameter and the p is the location
parameter. The value of  is the smallest diameter of bubbles which can be recognized
by the camera is 0.046 mm.

The 2 test (chi-square test) is used to test whether the bubble diameter distribution obey
the Gamma probability density function. 86 of 104 tests, 82.69%, obeys the Gamma
probability density function. The reason of those tests does not obey Gamma probability
density function is the amount of bubbles is too small. Therefore, it is clear, at most
conditions, bubble diameter distributions obey the Gamma probability density function.
As illustrated in Figure. 4.17, the increase of water flow rate can result in the increase
of parameter o and . Parameter § increases along with the system pressure increases
as shown in Figure 4.18. The system heating load has limited effect on the parameters.
Figure. 4.20 shows the bubble diameter distributions based on the Gamma probability
density function fitting. The increase of water flow rate can result in the skewness of
the distribution curve and the distribution peak decrease. This is because of the
turbulent flow and the increase of water flow rate enhanced the bubbles colliding and

coalescing.
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Figure 4. 16 (A)FR 1000 I/h, Pressure 2.2 bars, heating load 6 kW; (B)FR 1150
I/h, Pressure 2.2 bars, heating load 8 kW
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4.5 Bubble volumetric void fraction characteristics

This section is going to introduce bubble volumetric void fraction characteristics at the
heat pump exit. The code of the test series is 9-VF as introduced in the experimental
methodology. Section 4.5.1 presents the effect of system water flow rates and section
4.5.2 illustrates the effect of system saturation ratio. Moreover, section 4.5.3 introduces
the effect of system pressure on the bubble volumetric void fraction. Finally, section

4.5.4 introduces the distributions of the bubble volumetric void fraction

4.5.1 Effect of system water flow rate

Table 4.1 shows the experimental conditions has been conducted to study the effect of
the system water flow rate on the volumetric void fraction distribution at heat pump
exit. The relationship between the system flow rate and the volumetric void fraction
was investigated at 2.5 absolute bar. Five water flow rates were covered which are 850
I/h, 900 I/h, 950 I/h, 10001/h and 1100 I/h respectively. Four saturation ratios were

achieved as the preceding tests achieved.

Three test conditions have been shown as follows. Figure 4.21 shows the experimental
conditions at 900 I/h. Figure 4.22 presents the experimental conditions at 1000 I/h.
Figure 4.23 illustrates the experimental conditions at 1100 I/h. The bubble measurement

periods have been marked in the figures.

Table 4. 1 Experimental conditions for the effect of system water flow rate

System Heat Pump
Flow rate (LPH) | SR (-) Pressure exit temp. Sight-glass Position
(Bar) (C)
850 1-1.15 2.5 55 Heat pump exit
900 1-1.15 2.5 55 Heat pump exit
950 1-1.15 2.5 55 Heat pump exit
1000 1-1.15 2.5 55 Heat pump exit
1100 1-1.15 2.5 55 Heat pump exit
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Figure 4. 23 System conditions variation during the measurements at 1100LPH
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Figure 4. 24 Volumetric void fractions with various water flow rates at heat
pump exit at saturation ratio 1.15
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Figure 4. 25 Volumetric void fractions with various water flow rates at heat
pump exit at saturation ratio 1.10
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Figure 4. 26 Volumetric void fractions with various water flow rates at heat
pump exit at saturation ratio 1.05
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Figure 4. 27 Volumetric void fractions with various water flow rates at heat
pump exit at saturation ratio 1.00

The figures present the results for the bubble distribution at heat pump exit (outlet) in
a horizontal bubbly two-phase flow. As illustrated in figures, the results are presented
through the measured volumetric void fractions with various water flow rates and

saturation ratios.

Figure 4.24 shows there is a clear trend that bubble volumetric void fraction decreases
along with the increase of the water flow rate. This trend is same with the results of
Fsadni (Fsadni, 2012). In the supersaturated two-phase fluid, the bubbles continue to
grow up till to breakup. There is an enough long distance between the plate heat
exchanger and the sight-glass at heat pump exit for bubble growing. The bubbles with
lower flow rate has longer time to reach the sight-glass compared to the bubbles with
higher flow rate. Hence, the volumetric void fraction at low water flow rate is higher

than that at high water flow rate.

Figure 4.25, Figure 4.26 and Figure 4.27 illustrate the same trend with Figure 4.24 at
saturation ratio 1.10, 1.05 and 1.00 respectively. Some data in these figures are not in
the trend due to the minor differences of the water flow rates and the bias and random
errors. The random errors at saturation 1.00 are higher than the other saturation ratios

due to the small number of bubbles at the saturation ratio 1.00.
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4.5.2 Effect of system saturation ratio

The gas bubble void fraction at the heat pump exit position is introduced in this section.
Bubble measurements are conducted at the heat pump exit position, which was just 920
mm away from the plate heat exchanger exit, as shown in Figure 3.1. The experimental
data was analysed, and the following graphs have been presented to show how bubble
volumetric void fraction changes with saturation ratios. As the figures indicate, the
bubble volumetric void fraction changes along with the various saturation ratio
significantly. Table 4.2 shows the experimental conditions achieved for the study of the

effect of system saturation ratio.

Table 4. 2 Experimental conditions for the effect of system saturation ratio

System Heat Pump
Flow rate (LPH) | SR (-) Pressure exit temp. Sight-glass Position
(Bar) ()
1000 1-1.15 2.2 55 Heat pump exit
1000 1-1.15 2.35 55 Heat pump exit
1000 1-1.15 2.5 55 Heat pump exit
1000 1-1.15 2.7 55 Heat pump exit
900 1-1.15 2.5 55 Heat pump exit
950 1-1.15 2.5 55 Heat pump exit
1100 1-1.15 25 55 Heat pump exit

Figure 4.28 shows the volumetric void fraction at various water flow rates with various
saturation ratios. The effect of the saturation ratio in the heat pump water heating system
is significant as shown in Figure 4.28. The trend is clear that the bubble volumetric void
fraction decreases along with the decrease of the saturation ratio. As the huge
differences of the temperatures of the wall of the heat exchangers between the gas boiler
water heating system and heat pump water heating system, the majority of the bubble
productions are due to the supersaturated condition at the heat exchanger wall without
water subcooled boiling. The distance between the plate heat exchanger and the sight-
glass is relative long enough for the bubble diameter increasing by the effect of the

saturated boiling caused by the supersaturated conditions of the water. Hence, the
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saturation ratio is a main factor that affects the volumetric void fraction in the heat

pump water heating system.
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Figure 4. 28 The relationship between volumetric void fraction and saturation
ratio at 2.5 bar
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Figure 4. 29 The relationship between volumetric void fraction and saturation
ratio at 1000 I/h.

Figure 4.29 shows the relationship between the volumetric void fraction and the
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saturation ratio at different heat pump exit pressures. The same trend is found with

Figure 4.28.

4.5.3 Effect of system pressure

Table 4.3 shows the experimental conditions has been investigated to study the effect

of the system pressure on the volumetric void fraction at heat pump exit. The

relationship between the system pressure and the volumetric void fraction was

investigated at 1000 I/h. Four system pressures were covered which are 2.2 bar, 2.3 bar,

2.5 bar and 2.7 bar respectively. Four saturation ratios were achieved as well.

Table 4. 3 Experimental conditions for the effect of system pressure

System Heat Pump
Flow rate (LPH) | SR (-) Pressure exit temp. Sight-glass Position
(Bar) (T)
1000 1-1.15 2.2 55 Heat pump exit
1000 1-1.15 2.3 55 Heat pump exit
1000 1-1.15 2.5 55 Heat pump exit
1000 1-1.15 2.7 55 Heat pump exit
1000I/h, Variable System Pressure
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Figure 4. 30 Relationship between V(t)lglgl?.t{ié: void fraction and system pressure
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Figure 4. 31 Relationship between "‘t"éjé?‘it{ié’ void fraction and system pressure
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Figure 4. 32 Relationship between volumetric void fraction and system pressure
at SR 1.05
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1000I/h, Variable System Pressure
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Figure 4. 33 Relationship between volumetric void fraction and system pressure
at SR 1.00

Figure 4.31 — Figure 4.33 illustrate the relationships between volumetric void fractions
and system pressure at SR 1.15, 1.10, 1.05 and 1.00 respectively. At saturation 1.15,
the trend is most evident that the volumetric void fraction decreases along with the
increase of the system pressure. In another way, the volumetric void fraction is
inversely proportional to the system pressure. This conclusion matches the studies of
Shefik and Fsadni (Fsadni, 2012; Shefik, 2015) at gas boiler water heating system. This
conclusion indicate that the bubble production is enhanced in low pressure system
pressures. Besides, the results match the nitrogen solubility graph. As the nitrogen has
lower solubility at low pressures compared to high pressures, the bubbles come off from

the water easier at low pressures.
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4.5.4 Bubble volumetric void fraction distribution

A thorough understanding of the distribution of the volumetric void fraction is crucial
for designing the gas deaerator products. This section is going to present some examples
for explaining the distribution of the volumetric void fraction in the heat pump water
heating system. This data is presented in relation to the position across the pipe section,
from H-apparent 1mm to 14 mm. Four different saturation ratios were tested. The void
fraction distribution in horizontal pipes is affected by the buoyancy effect of bubbles
thus resulting in a higher void fraction at the upper section of the pipe. Big bubbles go
to upper layers of the pipe in the force of water buoyance. This phenomenon causes
more big bubbles captured in upper Depth of Focal Planes than lower ones. This trend
results in the higher average bubble diameter and void fraction of upper DOF than lower

ones.

Figure 4.34 illustrates the volumetric void fraction distribution at pipe cross-section at
1000 I/h, at 2.5 absolute bar. The volumetric void fraction at 1 mm DOF is the highest
in all the depth of focal planes measured. This is the result of the effect of the buoyancy
of the water. There is a trend that the volumetric void fraction decreases with moving
down the depth of focal plane. This conclusion matches the results of Fsadni and Shefik
at two-phase bubbly horizontal flow (Fsadni, 2012; Shefik, 2015).
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Figure 4. 34 Volumetric void fraction distribution at cross-section at 1000 I/h, 2.5
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Figure 4. 35 Volumetric void fraction distribution at cross-section at 10001/h, 2.7
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Figure 4. 36 Volumetric void fraction distribution at cross-section at 10001/h, 2.3
absolute bar

There are relatively more bubbles at higher focal planes in the heat pump exit sight-
glass as shown in Figure 4.34 — Figure 4.36. Due to the minor number of bubbles at SR

1.00, the distribution of bubble volumetric void fractions at three figures are not stable.
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4.6 Bubble production rate

According to the results of several series of tests, the relationship between the various
water flow rate and the bubble number have been found as shown in Figure 4.37. The
range of the water flow rate is from 600 I/h to 1160 I/h.
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Figure 4. 37 Bubble production rate at various water flow rate

The filming time of each investigation is 3 minutes, which represents there are 5400
frames taken for each investigation. The trend is clear that the bubble numbers

decreases along with the increase of the water flow rate.

As the water flow rate is higher than 1000 I/h, the bubble numbers rapidly decreases to
less than 5000. This phenomenon is due to the increase of the turbulence level which
leads to the bubble collision and coalescence. The explanation is validated by the results
of the average bubble diameter which shows the average bubble diameter is larger at
high water flow rate than that at low water flow rate.

The flow regime of the bubbly flow changes with the water flow rate increases from
600 I/h to 1160 I/h. Many tests failed at the water flow rate from 600 I/h to 750 I/h due
to this flow regime change. The reason is the flow regimes at 600 I/ to 750 I/h are plug
flow leading to the big plug covers the sight-glass. In a two-phase flow pipe, some

bubbles have coalesced to form larger bubbles, or plugs. In a horizontal pipe, these
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plugs flow at the top layer contacted with the inner wall of the pipe.

The plug flow regime is characterized by big elongated gas bubbles, which do not reach
the dimension of the full section of the pipe. Therefore, a liquid volume is always
presenting in the bottom part of the pipe. The flow regime of plug flow is caused by the
high superficial velocity of the gas bubbles. These bubbles merge into the huge plug
even though the turbulence level is low. However, the plug flow regime cannot present
at high water flow rate with low superficial velocity of gas bubbles, even though the

turbulence level is high.

4.7 City main water test

Many bubble behaviours tests, in a heat pump water heating system, have been done
during last several years. All those tests are conducted in a supersaturated condition,
which is achieved by injecting nitrogen into the buffer vessel. It is curious that what is
the highest SR value that can be got without injecting nitrogen into the buffer vessel. A

test has been done to find out the result.
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Figure 4. 38 City main water test system conditions
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The working fluid comes from the city main water. The conditions of the test are shown
in the figure 4.22. The SR value keeps increasing at the beginning of the test till to the
value reached 1.07. This period is the first phase. During this phase, the temperature of
water keeps increasing and the wall temperature of compressor outlet keeps increasing
as well. The highest value of wall temperature of compressor outlet is 96 Celsius degree,
at which point the water has the lowest solubility. Then the second phase comes. The
nitrogen keeps coming off from the water and the SR keeps decreasing. This process is
not going to stop until the actual dissolved nitrogen is no more than the solubility of
water. Ant the lowest SR can be achieved in this system is around 0.98 by theoretical

calculation.

This test identifies the supersaturated condition happens in the heat pump water heating
system. And supersaturated condition means that the gas bubble is going to come off
from the water. These gas bubbles are collected in the system such as radiators. This
can cause the air block in the heating system and reduce the heating efficiency which
ultimately leads to the increase of carbon dioxide equivalent emissions.
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4.8 Summary

This chapter introduced and discussed the experimental results of the gas bubble
behaviours in the air-source heat pump water heating system. First, the typical
experimental conditions achieved is introduced in detail. Second, the bubble diameter
characteristics were presented, which comprise four parts. The four parts included the
effect of system pressure on the average bubble diameter, the effect of system water
flow rate on the average bubble diameter, the effect of system saturation ratio on the
average bubble diameter and the bubble diameter distribution at cross-section of the
pipelines. A mathematical model to estimate the gas microbubble’s diameter
distributions, at various operating conditions, is obtained in present research. The
conditions include varied system pressures, water flow rates, saturation ratios and
heating loads. The 104 experimental tests have been conducted and analysed. The
results show the gas microbubble’s diameter distributions obey Gamma probability
density function. The three parameters are a,  and p. The values of three parameters
are illustrated in figures. The prediction of bubble diameter distribution can help
improving the design of deaerators. Furthermore, the bubble volumetric void fraction
characteristics were illustrated, in which the effects of system water flow, system
pressure and system saturation ratio on the volumetric void fraction were presented. In
addition, the bubble production rate along with various system conditions were
demonstrated. Finally, the highest saturation ratio of the city main water at specific
environmental conditions were introduced. At that environmental temperature, the

highest system saturation ratio achieved was 1.07.
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Chapter 5 Bubble production in return pipe to the

heat pump and pressure drop

5.1 Introduction

This chapter introduces the study of the bubble production in return pipe to the heat
pump and the system pressure drops. This study can contribute to the instalment of the
air-vents in the heat pump water heating system and understanding the bubble
volumetric void fraction behaviours in the system. In this supersaturated two-phase
bubbly flow system, bubble production may be generated at the return pipe depending
on the system pressure drop. At heat pump inlet position, the pressure drop is the
maximum in the system. Hence, it is necessary to study the bubble production at the
heat pump inlet in this heat pump water heating system. During the test, the high-speed
camera is moved between the sight-glasses at the heat pump inlet and exit.

5.2 Test Conditions

Table 5.1 provides the experimental conditions for this series tests. The water flow rate
was 1000 I/h. The saturation ratio was measured at 1.15, 1.10 and 1.05. The system
pressure was set at 2.5 absolute bar. The heat pump exit temperature was 55 °C. The
system pressure drop between the heat pump exit and the heat pump inlet was 0.4 bar.

Two sight-glasses were installed at the heat pump exit and heat pump inlet respectively.

Table 5. 1 Experimental conditions

Flow
System Pressure Heat Pump Pressure drop | Sight-glass
rate SR (-) ] N
(abs-bar) exit temp (C) (abs-bar) Position

(LPH)

1.05- Heat pump
1000 2.5 55 0.4 )

1.15 exit

1.05- Heat pump
1000 2.5 55 0.4 )

1.15 inlet

Figure 5.1 and Figure 5.2 have shown the experimental conditions achieved at the pump
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exit and the heat pump inlet respectively. An experimental skill has been used during
the test, which is reducing the system pressure to boost the dissolved gas coming off

from the water. This method can achieve the specific saturation ratio with shorter time.
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Figure 5. 1 System condition variatio_rt1_s during the measurements at supply
position
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Figure 5. 2 System condition variationts during the measurements at return
position
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5.3 Experimental results

The figures below present the results for the bubble volumetric void fraction
distributions at the heat pump exit (outlet) and Return (inlet) positions in a horizontal
bubbly two-phase flow. As illustrated in the following figures, the results are presented
through the measured volumetric void fractions across the pipe section at different
saturation ratio. These data are related to the positions across the pipe section, from H-
apparent Imm to 11 mm. Three different saturation ratios were investigated. In Figure
5.4 and Figure 5. 5, the void fractions of the Return Positions are 0. Therefore, they are

not shown in the figures.

As shown in Figure 5.3, Figure 5.4 and Figure 5.5, the void fraction is higher in upper
focal planes than that in lower focal planes, which matches the trend found in preceding
sections. The void fraction distribution in a horizontal pipe is affected by the buoyancy
effect of bubbles thus resulting in a higher void fraction at the upper section of the pipe.
These results are in the same trend with those from previous tests. In another way, the
bubble volumetric void fraction distributions are the same between the heat pump exit
and inlet.

The saturation ratio has a significant effect on the volumetric void fraction. The higher
saturation ratio results in higher volumetric void fraction. These results are in the same

trend with those from previous tests as well.

At these three saturation ratios, the SR 1.15 is the only condition that bubble
productions are found at the heat pump inlet position as shown in Figure 5.3. There are
no bubble productions found at SR 1.10 and SR 1.05 at the heat pump inlet position.
This is because the actual dissolved nitrogen in the water is lower than the saturated
conditions at SR 1.10 and SR 1.05. Considering the conclusion in section 4.7, which is
that the maximum achievable saturation ratio by using city main water is 1.07, there
should be no bubble productions at the heat pump inlet in the heat pump water heating

system.

Figure 5.4 presents the bubble volumetric void fraction gradually decrease with the
depth of focal plane getting deeper. As shown in Figure 5.5, there are most bubble
production found at the second focal planes. This can be seen as the random error of

the measurement due to the limited bubble numbers at the low saturation ratio.
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Figure 5. 3 Volumetric void fractions with focal plane depth across horizontal
pipe at heat pump exit and inlet with the bulk fluid flow rate at 1000 I/h and
saturation ratio at 1.15
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Figure 5. 4 Volumetric void fractions with focal plane depth across horizontal
pipe at heat pump exit and inlet with the bulk fluid flow rate at 10001/h and
saturation ratio at 1.10 (No bubble measured at return position)
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Figure 5. 5 Volumetric void fractions with focal plane depth across horizontal
pipe at heat pump exit and inlet with the bulk fluid flow rate at 1000 I/h and
saturation ratio at 1.05 (No bubble measured at return position)

5.4 Conclusion

The reasons of there are gas bubble production at the heat pump inlet position are the
friction loss leading to the pressure at heat pump inlet position (2.1 bar) is lower than
that at heat pump exit (2.5 bar) and the gas bubbles go through the buffer vessel to the

heat pump inlet. The water becomes super-saturated at the heat pump inlet.

The higher saturation ratio results in higher volumetric void fraction at the same water
flow rate. The void fraction distribution in a horizontal pipe is affected by the buoyancy
effect of bubbles thus resulting in a higher void fraction at the upper section of the pipe

comparing to that at the lower section of the pipe.

The bubble production is only found at the SR 1.15 at the heat pump inlet position, and
there is no bubble found at SR 1.10 and SR 1.05 at the heat pump inlet position. This
phenomenon can be interpreted as there is no bubble production at return pipe in the

daily use in an air-source heat pump water heating system.
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Chapter 6 Conclusions

6.1 Conclusions

The experimental investigation of the bubble behaviours in the domestic water heating
system was accomplished with the help of Spirotech b.v. and Brunel University London.
This project, as a continuous research project, shared a part of the experimental method
with preceding researches. However, the difference between the present project and the
previous projects are enormous as the temperatures of the wall of the plate heat
exchanger in the air-source heat pump is much less than that in the gas boiler. This
fundamental difference leads to that gas boiler water heating system has more bubble
production. In addition, the geometries of heat exchangers are totally different in gas
boiler system and heat pump system. The experimental time of gas boiler system is
shorter comparing to the air-source heat pump water heating system.

In the present research, the improvements have been done in many fields. First, a PID
control method was developed to control the heat pump exit temperature steadily.
Second, a MATLAB programme was developed with the help of Baptiste, which
increased the efficiency of analysing the bubble flow video. Thirdly, the total gas
measurement equipment was assembled with more precision way by using the torque
wrench with 10 NM moment of force. This method helped to increase the accuracy of
the measurement of the partial pressure of the gas.

The results of the experimental tests were presented with various sections. The effects
of various parameters of the system on the average bubble diameters were introduced.
First, the average bubble diameters decrease along with the increase of the system
pressures. In another way, there is an inverse relationship between the average bubble
diameter and the system pressure. The bubble detachment diameter is affected by the
system pressure. There is an inverse relationship between the detachment diameter and
the system pressure. Besides, the average bubble diameter increases along with the
increase of the system water flow rate. In another way, the average bubble diameter is
proportional to the system water flow rate. This relation is caused by the phenomenon
of the increase in bubble collision and coalescence with the increase of the turbulence

level in the micro-channel of the plate heat exchanger in the air-source heat pump
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system. Furthermore, the average bubble diameter slightly increases along with the
increase of the system saturation ratio. The higher saturation ratio means more bubble
production. Bubble collision and coalescence increases with the increase of bubble
production in the micro-channel of the plate heat exchanger. Finally, the bubble
diameter distribution was introduced. The big bubbles tend to appear at the upper layers
of the depth of focal planes due to the effect of the buoyancy. A prediction equation for
the bubble diameter distribution was proposed.

The effects of various parameters of the system on the volumetric void fraction were
introduced. First, the effect of the system water flow rate on the volumetric void fraction
was presented. The volumetric void fraction decreases along with the increase of the
water flow rate. Second, the effect of the system saturation ratio on the volumetric void
fraction was illustrated. The volumetric void fraction increases along with the increase
of the system saturation ratio. In another way, the volumetric void fraction is
proportional to the saturation ratio. This relation is due to the bubble production is
proportional to the supersaturation level of the water.

The bubble production rate was introduced that the number of the bubble production
decreases with the increase of the water flow rate. This is due to the high turbulence
level at the micro-channel with low volumetric void fraction at high water flow rate.
The highest city main saturation ratio was achieved at 1.07 at the specific environmental
condition. This value depends on the weather, which means the value varies with the
weather. In winter, this value could be higher due to the low temperature resulting in
the high solubility of air in the system water. The volumetric void fraction was
investigated in the heat pump inlet, which shows that there is bubble production at 1.15

and 1.10 saturation ratios caused by the system pressure drop.

6.2 Recommendations for improvements of heat pump system

The present study demonstrates that larger average bubble diameter is at the higher
water flow rates at heat pump exit. Large bubbles are known can facilitate passive
deaeration process in domestic central water heating system according to the working
principle of passive deaerators. Besides, high water flow rates result in lower bubble

production. Therefore, higher system water flow rates should lead to improved
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deaeration rates to improve energy efficiency of heat pump system. Furthermore, two
passive deaerators are suggested to install at the heat pump exit and inlet. Because gas

bubbles could generate at return pipes due to the system pressure drops.

In addition, lower supply water temperatures and higher system pressures achieve lower
saturation levels, which consequently reducing the bubble production in heat pump
water heating system.

6.3 Recommendations for future work

Based on the experience acquired from this experimental investigation, following
recommendations are suggested.

e A visualized plate heat exchanger is suggested to make to investigate bubbles’
generation, collision and coalescence process.

e A customised heat pump system is suggested to make to investigate bubble
behaviours at more conditions.

e Electrical impedance equipment is suggested to use to investigate void fraction.
This technique can speed up test speed and result accuracy.
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Appendix | Bubble distributions

This section presents some examples of the cumulative bubble behaviours distributions,
which were used to analyse the two-phase flow in the heat pump water heating system.
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Volume distribution
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Volume distribution
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Volume distribution
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Relative number distribution
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Volume distribution
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Appendix Il LabVIEW programme
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Appendix I11 Calibration equations for sensors

The calibration equations for sensors have been shown as follows.

T3 Outdoor air temperature
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Appendix. 18 Calibration equation for T3 outdoor air temperature

T4 evaporator temperature
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T5 Returen water temperature
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Appendix. 20 Calibration equation for T5 return water temperature

T6 Condenser outlet temperature
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Ttgm Total gas measurement temperature
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Appendix. 22 Calibration equation for Ttgm total gas measurement temperature

P1 Buffer vessel pressure
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P2 Heat pump exit
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Appendix. 24 Calibration equation for P2 heat pump exit

P3 Heat pump inlet
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Ptgm Total gas measurement
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Appendix. 26 Calibration equation for Pym total gas measurement

T2 Heat pump exit tmeperature
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Appendix IV MATLAB image processing code

This MATLAB code is programmed initially by Collette Baptiste advised by Dr.
Hongying Meng, Prof. Yunting Ge, Ali Shefik, Jianbo Qin and Asim Jan. And
improved by Xianghua Jiang and Jianbo Qin (Baptiste, 2015). The parts of the code

have been shown as follows.

clo=se all;
clear all;
clc;

Options
globkal applvOtherfAlgo postProcess showlracking
glokal removeBackgroundImage recordEnhancedVideo nameCfVideo newVideo
glokal showElapsedlime plotAverage plotMMin plotMax
global readVideoBeforeEnhancement readVideoAfterEnhancement
glokbal nameWithoutExtension data =et
fEnhancement
glokal doMedian sizeMedian
global dolLinear gamma lowIn highIn lowOut highOut
glokal doAverage =sizeAverage
global doWiener sizeWiener
global doHistEgqua doWaveletDenoiszsing doSharpening
FAlgo display
global writeExcel removeBlurry showUnblurred
glokal showImageProcessing printImages
£Plots=
global framerate pixelToMm ratiocImage
global height width depth
glokal tifdir

global c=zcbel; %jxh
caobel=0.025;

showDebugElapsedTime = 0; %Tells at the end of each process in MATLAE the
time elapsed

nameWithoutExtension = '';

postProcess = 0:; %Track the bubbles to show how their size evolves - useless
if done in an image with a low framerate. Will record the wvideo.
showTracking = 0; %5how an image with the bubbles tracked - does not work
with big videos

removeBackgroundImage = 1; %Hecessary - removes the noisze in the image by
removing the background

recordEnhancedViden = 1; %Record a wvideo {(tif images) with the non bhlurred

bubbles on a black background

showElapsedTime = 1; %Tells at the end in MATLAE the time elapsed
plothAverage = 0; %Plot the average =ize of the bubkbles

plotMin = 0; %Plot the minimom size of the bubbles

plotMax 0; %#Plot the maximuom size of the bubbles
readVideocBeforeEnhancement = 0; %Read the original wvideo
readVidencAfterEnhancement = 0; %Read the video with the non blurred bubbles
on a black background
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% Extra algorithms - not needed, can make the result worse
doMedian = 0; %aApply a median filter

zizeMedian = 3;

doLinear = 0; %¥Apply a linear gaussian filter

gamma = 0.8;

lowIn = 15;

highIn = 110;

lowlut = 0;

highOut = 255;

doAverage = 0; %Apply an average filter

gizeldAverage = 3;

doWiener = 0; %:4apply a Wiener filter

gizeWiener = 3;

doHistEqua = 0;

doWaveletDenoising = 0; %Apply wavelet denoising algorithm
doSharpening = 0; %Use unsharp masking

showlI = 1; %3how the GUIDE interface

writeEzxcel = 1; %Compute an Excel file

removeBlurry = 1; %Do not compute the blurred bubbles

showlUnblurred = 0; %53how both the original image and the circles around the
bubbles

showImageProcesz=sing=0; %Trace the evolution of the image

data = {}; %All the names of the videos to be computed

get = {}; %data contalins =sets of videos.
ratioImage = 2; %Ratio to know which function to call
printImages = 0; %5how graphs about max/mean diameter, (cumulative) woid

fraction and bubble distribution

pixelToMm=0.00565%8; 20.007%9; %6.34/800; %1/1%5=0.0051 for boiler -
€.34/800=0.0078 for heat pump/

framerate=800; %To compute the speed in post process

$Heat pump

width =4.2; % €.34; ffmm 6.34 for heat pump
height =4.2; % 4.76; *mm 4.76 for heat pump
depth = 0.6; fmm 0.625 for boiler

(Wait for the user to make its choices
if (zhowUI)

uiwait (simple guil())
end

if (showElap=sedlime) %tic command if we want to see the time
tic
end
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(Looks if other algorithms need to be done

applyvOtherAlgo = doMedian || doLinear || doAverage || doWiener
doHiztEqua || doWaveletDenoiszing || doSharpening:
iData

if(=zize({=et,2)>0)
zet={=zet};
data = [data s=set]:; %Push the =et
get = {}; %Clear the =et

end
numberSets = =ize(data,2):;
¥Initialisation

numbervVideosSets = []:

legendFigures = []:

diametersMmallVidepsSers ={}:
cumulativeVoidFractionAllVidensaSets ={}:
cumilativeSizeDistributionAllVideosSets ={};
cumilativeVolumeDistributionallVideosSets ={}:
averagelDiameterfllVideosSets ={}:
maxDiameterallVideo=Sets ={};
voidFractionsAllSet=s = {}:

%$5hape inserters to draw circles or disks
if (postProcess)
shapelnserter =

vizgion.ShapeInserter |'Shape', 'Circles',"Fill',true, 'FillColorxr', "White') ;

elae
shapelnserter = '';
end
if (recordEnhancedViden)
zhapelnaerters =

vizion.ShapeInserter ('Shape', 'Circles’', "BorderColor', "Custom', 'CustomBorderCo

lor'",[255 O 01):
else

shapeInserterz = '";
end

for nbhSet = 1l:numherSets %¥Processz each set separately
zet=data{nbSet}:
%5ets
videoList=char (cellstr(=zet));
numberVideoz = zgize (videoli=zt,1l):
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tFPlots for all videos
numberJfBubblesAllVidens = 0;
diametersMmAllVideos = []:

averageDiameterAl1Videos = []:
minDiameterAllVideos = [];
maxDiameterAllVideos = [];
totalVolumeal1lVideos = 0;
voidFractions = []:

for nb=1:numberVideos
iThe name of the wvideo is directly taken from data
tNeed to add the absolute path before for it to work
namelfVideo=videclis=st (nb, )

£Process the name provided as "namedfVideo™ to automatically create

the
fname for the new video and for the Excel file if needed.
fPostProcess also records a wvideo to apply Kalman filtering
if (writeExcel || recordEnhancedVideo || postProcess)
filehead=] extractfilehead (nameQ0fVideo,d);

E nameWithoutExtensgion = streplit (name0fVideo, "."):

E nameWithoutExtension=nameWithoutExtension (1) ;
nameWithoutExtension=j extractfilehead (name0fVideco,1);
nameExcel = strcat (namefithoutExtension, '\ ",filehead, " .=xl=s"):;
nameExcel=char (nameExcel) ;
newvideo =

char (strcat (strcat (nameWithoutExtension, "“Enhanced'),".avi")):
newvideoPostFProcess =

char (strcat (strcat (nameWithoutExtension, "\Recorded"),".avi"})):

end
if(~izempty (nameWithouwtExtension) ) Fj=h

if ~exist (char nameWithoutExtenzion) )
mkdir (char (nameWithoutExtension) ) :
end
tifdir=char (strcat (nameWithoutExtension, "\tcif"}):
if ~exist(tifdir)
mkdir (tifdir);
end
end

if (showDebugElap=sedTime)
'Process the name of the video!'
toc
'"Bead the avi video frame by frame'
tic
end
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%tRead .avi video frame by frame
£0ze VideoBReader to get the video
video0hj = VideoReader (namelfVideo) ;
EWidth and height of the wvideo
nFramez=videoCbhj.NumberlfFrames;

k= 1;

if (showDebugElap=sedTime)
toc
'Bemove the background'
tic

end

£To remove the background image, we do an average of all the frames.
backgroundaveragepix=0; %jxh
if (removeBackgroundImage)
[zizex,zizey,zizez]=zize(read |(videcl0ki, 1))
sumImages=zeros (sizex, sizey,sizez); %To have the right size
for k = 1 : nFrames
sumInages=sumimages+imZdouble (read (videolki, k) )7 %and the =sum
iz computed
end
3iCalculate the background image
background=im2uints (sumImages/nFrames); %Background image

a=gzgize (background,3):
if (a==3)
backgroundgrayv=rghZgray (background) ;
else
backgroundgrav=background;
end

bhackgroundaveragepix=sum=um (backgroundgrayv))/=2ize (backgroundgray,l)/size (bac
kgroundgrav,2):

®1=85:v1=0.025;:x2=T0;v2=0.02;

czobel=-0.038836+0.001287*backgroundaveragepix-6.2e—-
O&e*backgroundaveragepix™2; % (backgroundaveragepix-
0.05)*0.000375;%0.00404813% (backgroundaveragepix-32.1812)"0.439736; Sy2+(vl-
v2)* (backgroundaveragepix-x2) / (x1-x2) ;
L] ratinImage=1;
% csobel=0.1;

end

if (showDebugElapsedTime)
toc
'Configure the wideowriter'
tic

end
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objects

tSave the video
if (recordEnhancedViden)

writer(bj = VideoWriter (newVideno); %Hew file
open (WwriterOhj)

else
writerlbj = '';

end
%£5ave the wvideo for post processing
if (postProcess)

writerJbj2 = VideoWriter (newVideoPostProcess): %Hew file
open (WriterObi2):

else
writerlbj2z = "';

end

if {showDebugElapsedTime)
toc
'"Configure the Excel sheet'
tic

end

tWe want to plot the average size, the min and the max size of the

%(on the screen.

%tThose arrays will stay at zero if the booleans for plot are false.
averageSizes=zero=s(1l,nFrames) ;

minSizes=zeros(l,nFrames);

max3izez=zero=s(l,nFrames);

fMatrizx used for showing the size of the bubkbles in each frame
%Bublbles are counted by sizes to compute an histogram-like graph
maxS3ize=2T70; %In pixels, the mazximum =zize that can be computed
lapse=45; %5ize of a "bar"®

matrix = zerosz(max3ize/lapse+l,nFrames):;

if (writeExcel)

%(Excel manipulation

Excel = actxserver |('Excel.Applicatiom'):

File=nameExcel;

if ~exist (File, 'file'")
ExcelWorkbook = Excel.workbooks.add;
ExcelWorkbook.Savef=s (File, 1) ;
ExcelWorkbook.Close (falze) ;

end

try
invoke (Excel .Workbooks, "Open' ,File) :
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catch
Excel.Quit;

Excel.delete;
clear Excel;

end

EWrite the first

Excel

actxserver | 'Excel.Application');

invoke (Excel .Workbooks, 'Open',File);

line of the Excel file

xlawritel (Excel,File, {"Image'},1l,2trcat('A',int2str (1)) )

xlawritel (Excel,File, { "Number of

bubbles'},1l,3ctrcat('E',int2scr (1)) )

xlzwritel (Excel,File, {"'Diamseters

(mm) "}, 1,=trcat('C',int2=tr (1))

indexExcel=Z;

else
Excel="";
indexExcel="'";
File="";

end

if (showDebugElapsedTime)

toc
'Process frames'
tic
end
fProces=s each frame individually
points = {}:

diameteraMmiholeVideo = []1:
nunberdfBubkblesVideo = 0;
numberdfBubblesLayers=[]:
for k=1 nFrames
image=read (videolbi, k) :
originalImage=image;

if {zhowImageProceszing)

original image

Efigure (1) :

iEeep

£tTake the frame k
in memory the original image

3If we want to 3ee the process,

show this

subplot{1,3,1);imshow(image) ;title ("Original Image"):;

end
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(Remove the background image
if (removeBackgroundImage)
£If the bubbles appear white in a black background in the
foriginal image, put 'image=image-background' here
image = background - image: %50 that the black objects appear
white
else
image=2Z55-image;
end

if (showImageProceaszing) %Show thisz image without bkackground
subplot(1,3,2);imshow(image) rtitle ('Remove background'):
end

if (showImageProceszing) %5how the enhanced image - if there was
no enhancement this image will be the =ame.
subplot(l, 3,3) imshow (image) ;title | 'Enhanced image'):
end

if (removeBlurry) fRemove the blurred objects, plot
min/max/average. ..
%25how the non-blurred image to compare
if {showUnblurred)
figure(7):
subplot{l,2,1);imshow({originallImage) rhold on

o o o o

end

2Proces=s the image - get an image with white bubbles on a
fblack background, the radius of each bubbkle in the frame,
fthe number of Bubbles in the frame, the matrix with the
%gize of the bubbles, and an image where bubbles are
fcircled.
£5ee this funcrtion for more information
z if (ratioImage==1)
E [image, diametersMm, point, number0fBubbles, matrix,
circlezImage] = proceszzfneImageRatiol (WwriterObj, image, originallmage,
showlnblurred, matrix, lapse, k, pixelToMm, recordEnhancedVideo,
nameWithoutExtension, apply0therAlgo, postProcess, 1, shapelnserter,
zhapelnserterl);

% else Fratio==2
[image, diametersMm, point, numkber0fBubkbles, matrix,
circlezImage] = procezzfnelImageRatio? (Wwriterlbj, image, originallmage,

showlUnblurred, matrix, lapse, k, pixelToMm, recordEnhancedVideo,
nameWithoutExtension, apply0therAlgo, postProcess, 1, shapelnserter,
zhapeInserterd) ;

£ end
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if(zize (point)>0)
points{k} = point; %Add the point parameter to the
array
diametersMmiholeVideo = [diametersMmiWholeVideo
diameterskm] ;
numberfBubblesVideo =
numkberlfBubblesVideo+numberlfBubbles;
else
points{k} = [0 O O0]):
end
end

numberdfBubblesLayers=[numberfBubbhlesLayers;: numberCfBubbles] ; #jxh

2Record in a xlsx file
if(writeExcel)
tFile
£Fill the first column with the number of the image

xlawritel (Excel,File, {strcat|'image
'yinc2serik))},1l,strcat('A' intZ=str (indexExcel) ) ) ;
£Fill the second column with the number of bubbles

cell

xlswritel (Excel,File,int2str (number0fBubkbbles) ,1l,strcac("E"',intZ=scr (indexExcel

RN

%Fill the third column with the radius of each compuced
bubble,

fwriten in succesive rows of the column C

for nradii=1:number0fBubbles
xl=zwritel (Excel,File,diametersMm (nradii),l,strcat ('C',,intZ=str (indexExcel) ) ) s

if(nradii<numberJfBubbles)
indexExcel=indexExcel+l;

end
end
2Go to the next line
indexExcel=indexExcel+l;

end

25ave the wvideo with non blurred bubbles
if (postProcess)

tConvert to uint8 to record the wvideo

imageRecord=circlezImage;

writeVideo (writerObj2, imageRecord) ;
end
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£(Plots of min / average / max

if(plotHin)

minSize=z(l,k) = min(diameterskm)

end
if (plotAverage)

averageSizez(l, k)] = mean(diametersHm):;

end
if(plotHax)

maxSize=z(l,k) = max(diameterzskm) :

end
end

delete (videolbj); %Fjxh

if (showDebugElap=sedTime)
toc
'"Clo=se the open files'
tic

end

iClo=ze the open files=
if(writeExcel)
iClose Excel
Excel.ActiveWorkbook.Save:
Excel.Quit
Excel.delete
clear Excel
end

if (recordEnhancedViden)
cloze (writerlbj) ;
end
if (postProcess)
cloze (writerlhij2d):
end

if (showDebugElapzedTime)
toc
'"Plot min/max/mean sizesz'
tic

end
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£Plot min/max/mean =sizes
ifiplotMin || plotHMax || plotAverage)
figure(2):;
x=1l:nFrames=;
plot (x, min3izes=,x, max3izes=s, x, averagelfizes) ;
ticle("Minimum, maximom and average sizes'):
end

£2Plot number of objects from different =sizes
ifiplotMin || plotMax || plotAverage)
figure(3):
x=1:nFrame=; %x axis
listColor="'ymcrgbk'; %7 curves max
liztSymbolas='nox+*ox+*"; FDifferent symbols

%Plot all =izes in one graph or in different graphs
plotAll = 0;
if (plotall)
for i=limax3ize/lapse+l
zubplot (maxSize/lapse+1,1,1i);
plot {x,matrix{i,:)}:;%,strcat(strcat (liscColor(i), "—-
"}, 1listSymbols (1)) )
titleGraph=strcat('Size between ',intZstr(lapse®(i-1))):
titleGraph=strcat (titlelGraph,"' to "):
titleGraph=strcat (titleGraph,intZ=str(lap=se®i));
fleg{ii=titlelGraph:
title(titleGraph):
hold on;
end
el=ze
leg=cell (maxSize/lapse+l,1):;
for i=limax3ize/lapse+l
plot (X, matrix(i,:),strcac(strcat (lisctColor (i), "-
"}, listSymbols (i) ) )
titleGraph=strcat("'Size between ',intZstr(lapse®*(i-1))):
titleGraph=sztrcat (titleGraph,"' to "):;
titleGraph=strcat (titleGraph,int2=str(lap=se®i));
legf{i}=titleGraph;
hold on;
end
legend (leg)
end
title("S5ize of bubbles');
end
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ifjizempty (diametersMmiWholeVideno) ) %jxh
disp(char(strcat("no bubble found in ',nameWithoutExtension)}):
continue;

end

J plotcum([], [],number0fBubbleslayers, diametersMmiinoleVideo, 20, nameWithoutExT
ension); %jxh
wd43=] GetVD43 (diametersMmWholeVideo): Tjxh

if (showDlebugElapsedTime)
taoc
"Bubble tracking'
tic

end

2If we want to track the bubbles. We get a cell array of speeds and
f2one of diameters out of the newVideo (with non-blurred bubbles in a
%black background
if ipostProcess)
[ speeds, diameters ] =
post_process (nameWithoutExtension, newVideoPostProcess, points);
end

if {removeBlurry)
$tVoid fraction for OHE video

diametersMmSortedineVideno = sort (diametersMmWholeVideao) ;
sizeDiameterasMmOneViden = size (diametersMmiWholeVideo, 2)
volumesMm3I0neVideo = zeros(size (diametersMnWholeVideo)):

cumulativeVoidFraction = zeros(size (diamectersMnWholeVideo)):
cumulativeSizeDistribution = zeros(size (diametersMmWholeVideno)) ;

invHNumberOfBubbles = 1/number0fBubblesVideo;
totalVolume = nFrames * width * height * depth:
depthLocal=depth;
for i=l:sizeDiametersMmOneVideo
bubbleDiam = diametersMmSortedOneVideo (i)
if (bubbleDiam<depthLocal)
volumeMmI=pi* (bubbleDiam™~3) /6&;
el=ze
volumeMmI=pi/&* | (6% (bubbleDiam~2) /4)—
&% {depthLocal™2) /4) +depthLocal™2) *depthLocal;
end
volumesMm3itneVideo (1) =volumeMmT ;

of ol — o o ol o0 o o o ol o0 O ol o o o o o
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end
for i=l:sizeDiametersMmOneVideo
if({i==1)
cumialativeVoidFraction(i)=volumesMmn3IOneVideo (i)
cumalativeSizeDistribution (i) =invHumberOfBubbles;
else
cumualativeVoidFraction(i)=cumulativeVoidFraction (i-
1} +volumesMm3I0neVideo (i)
%
cumulativeSizeDistribution(i)=cumalativeSizeDistribution (i-
1) +invHNumberOfBubbhles;

ot o0 o o o o ol

% end

% end

% cumulativeVoidFraction=cumulativeVoidFraction/totalVolume;
% voidFractionVideo =
cumulativeVoidFraction(sizeDiametersMmOneVideo)

£ cumilativeVolumeDistribution =

cumulativeVoidFraction/voidFractionVideo;

fileoutname=char (strcat (nameWithoutExtension, "‘\r.out"}); %jxh
fout=fopen(fileocutname, "a'};

fprintf (fout, 'czobel=%g\r'n',caobel) ;

fprintf (fout, "voidFractionVideo=%ghr\n',voidFractionViden) ;
fprincf (fout, "Volumewi=e averaged

diameter (DiaPer (con)43)=%g\r\n",vd43):

felose (fout)

o o0 o o o0 o o

averageDiameterViden = mean (diametersHMmSortedCneVideo) ;
minDiameterVideno = diametersMmSortedOneVideo (1) ;
mazxDiameterVideo =

diametersmSortedineVideo (gizeDiametersMmOneViden)

o o0 o o o0

[totalVolume, averagelDiameterVideo, minDiameterVideo, maxDiameterVideo, voldFract
ionVideo]=j GetVoidFraction(diametersMmWholeVideo,nFrames,width, height, depth);
fileoutname=char (strcat (nameWithoutExtension, "\r.ouc') ) %ixh
fout=fopen (fileocutname, "a'};
fprintf (fout, 'backgroundaveragepiz=%qg,
caobel=3g\r\n',backgroundaveragepix, caobel) ;
fprintf (fout, 'H=%g'r'n', length (diametersMmiWholeVideo) ) :
fprintf (fout, "voidFractionVideo=%gir\n',voidFractionVideo)
fprintf (fout, "Volumewise averaged
diameter (DiaPer (con)43)=%gir'n',wvd43) ;
fcloze (fout) ;
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fValues for all videos
totalVolumeAllVideos = totalVolumefAllVideos + totalVolume;
numberdfBubblesAl1Videns =
nunberdffubble=sallVideos+number0fBubblesViden;

diametersMmallVideos = [diametersMmaAllVideos
diametersMmWholeVideo] ;

averagelDiameterallVideos = [averageDiameterfllVideos
averageDiameterVideo]:

minDiameterallVideozs = [minDiameterfllVideos minDiameterVideo]:

maxDiameterAllVideozs = [maxDiameterillVideos maxDiameterVideao]:

voidFractions = [voidFractions voidFractionVideo]:

end
end

if (removeBlurry &£& printImages)
EPlot for all videos
diametersMmallVideos = sorti(diametersMmallVideos) ;

gizeDiametersMmallVideos = zize (diametersHMmAllVideos,2)
volumesMmiallVideos = zeros(size(diametersMmAllVideos))

cumulativeVoidFractionfAllVideos = zeros(size (diametersMmfAllVideos)) ;
cumulativeSizelDistributionallVideos =
zerogs (size (diameterzsMmal1Videns) ) ;

inviumber0fBubblezhllVideos = 1/number0fBubbleshllVideos;
depthLocal = depth:
for i=l:=zizeDiametersMmillvVideos

bubkleliam = diametersMmfllVideos (1)
if (bubbleliam<depthLocal)
volumeMmI=pi* (bubkhleDiam™~3)/&;
glse
volumeMmI=pi/&* [ (6% (bubbleDiam™2)/4) -
{e* (depthLocal”2) /4) +depthLocal”2) *depthLocal;

end
volumesMm3AallVideos (1i)=volumeMmI ;
end
for i=l:sizeDiametersMmallVideos
volumeMmI = wvolumesMm3AllVideos (i) ;!
if(i==1)
cumalativeVoidFractionAllVideos (i) =volumeMmI;
cumilativeSizeDistributionfAllVideos (i)=invHumberGfBubbhle=sallVideos;
el=se
cumilativeVoidFractionAdllVideons (i)=cumlativeVoidFractionallVideos (i-

1) +volumeMmT ;
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cumalativeSizeDistributionAllVideos (i)=cumulativeSizeDistributionfAllVideos (i-
1) +inviHumber0fEubblesAllVideos;
end

end

cumulativeVoidFractionAllVideos=cumulativeVoidFractionfllVideos=s/totalVolumehl
1Videos;
voidFractionAllVideos =
cumalativeVoidFractionallVideos (gizeDiametersMmAllVideos)
cumalativeVolumeDistributionallVideos =
cumulativeVoidFractionhllVideos/voidFractionAllVideos;

%(Print plots in png files
target = strsplitchar (nameWithoutExtension),'\"):
target = target(=zize(target,2)):

£2Plot the cumulative woid fraction of all wideos
figure(31);

plot (diametersMmAllVideos, cummlativeVoidFractionAllVideos) ;title ("Cumulative
void fractiom'}:

xlabel ('Diameter {(mm)}')}:ylabel ('Cumulative wvoid fraction'):;
%(Print the plot
targetDia = char(strcat({target, "CumulativeVoidFractionAllVideaos"))

print (targetDia, "-dpng') ;

:Plot the size distribution of all wvidecos
figure (32);

plot (diametersMmAllVideos, cummlativeSizeDistributionallVideos) ;title | 'Cumulat
ive size distribution'):

xlabel ("Diameter {(mm)}'}:ylabel ('5ize distribution');
£2Print the plot
targetDia =

char {strcat (target, "CumilativeSizeDistributionAl1Videaos"}) ;

print(targetDia, "-dpng') :

£2Plot the size distribution of all widecos
figure(33):

plot {(diametersMmAllVideos, cummlativeVolumeDistributionAl1lVideos) rcitle (" Cumnl
ative volume distribution'):

x1label {("Diameter {(mm} '} :ylabel {"Volume distribution'):
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£Print the plot
targetDia =
char (strcat (target, "CumulativeVolumeDistributionallVidens") ) :
print (targetDia, "-dpng');
|

%(Plot the mean diameter for all wvideos

figure(4l):

plot (linumberVideos, averageDiameteraAllVideos) ;title ("Average diameter
against plane');

xlabel ("Video') ;vlabel ("Average diameter (mm) '),
£Print the plot
targetDia = char(strcat(target, "AverageDiameter&llVideos")) ;

print (targetDia, "-dpng');

%(Plot the mean diameter for all wvideos

figure(42);

plot (l:inumberVideos, mazxDiameterAllVideos) ;title ("Maximum diameter
against plane');

xlabel {'"Video'") ;ylabel {"Mazximum diameter (mm)'}:;
£Print the plot
targetDia = char(strcati(target, "MaxDiameterAllVideos")):

print (targetDia, "-dpng') !

%(Plot the woid fraction for all wideos

figure(43);

gemilogy (l:inumberVideos, voidFractions) ;title('Void fraction against
plane');

x1label ("Video') ;ylabel ("Void fraction'):

%(Print the plot

targetDia = char(strcat(target, '"VoidFractionsAgainstPlaneAllVideos')):

print (targetDia, "-dpng') !

i(Data
numberVideozsSets = [numberVideosSetz numberVideos]:
legendFigures = [legendFigures;strcat{'Set’',int2scr(nbSet))]:
diametersMmAllVideosSets{nbSet} = diametersMmAllVideos;
cumulativeVoidFractionAllVideosSets{nb3etc} =
cumalativeVoidFractionallVideos;
cumulativeSizeDistributionfAllVideosSets {nkbSet} =
cumalativeSizeDistributionAllVidenos;
cumulativeVolumeDistributionAllVideosSets{nkSet} =
cumulativeVolumeDistributionAllVideaos;
averageDiameterAllVideozSetz{inbSet} = averageDiameterAllVideaos:
maxDiameterAllVideosaSetz{nhSet} = maxDiameterillVideos:
voidFractionsAllSets{nbSet} = voidFractions:
end
end
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if ({removeBlurry && princImages)
%Print plots in png files
target = "AllSets";
listColor="bmcrgvk'; %7 sets max

£Plot the cumulative wvoid fractiom of all wvideos
figure (131) ;
diametersMmAllVideons = diametersMmAllVideosSets{l}:
cumilativeVoidFractionAllVideos=cumulativeVoidFractionfAllVideosSecs{1l};
plot (diametersdmAllVideos, cumalativeVoidFractionAllVideos, lisctColox (1))
for i=2:numberSet=

hold on

diametersMmAllVideos = diametersMmAllVideosSets{i};

cumulativeWVolidFractionallVideos=cumulativeVoidFractionfAllVideosSets{i};

plot (diametersMmAllVideos, cumulativeVoidFractionAllVideos, listColor (i) )

end
title('Cumulative void fraction'):
xlabel [("Diameter (mm)}'):vlabel{'Cumulative wold fraction'):

legend(legendFigures) :

%Print the plot

targetDia = char(strcat(target, '"CumulativeVoidFractionAllSet=s"))
print(targetDia, "-dpng'):

%Plot the =ize distribution of all videos
figure (132);
diametersMmAllVideons = diametersMmAllVideosSets{l}:

cumulativeSizeDistributionallVideos=cumulativeSizeDistributionAllVideosSets{l
i
plot (diametersMmAllVideos, cumulativeSizeDistributionAllVideos, listColor(l) ) :
for i=Z:numberSets
hold on
diametersMmAllVideos = diametersMmAllVideosSets{i};

cumulativeSizeDistributionAllVideos=cumulativeSizeDistributionfAllVideosSets{i
i
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plot (diametersMmAllVideos, cumulativeSizelistributionAllVideos, listColoxr (i)} :

end
title {'Cumnlative zize distribution'):
xlabel {'Diameter {(mm}');ylabel|'5ize distribution')}:

legend (legendFigures) ;

%(Print the plot

targetDia = char(strecat(target, 'CumnlativeSizeDiscributionaAllSeta")):
print (targetDia, '—-dpng'):

BPlot the size distribution of all videos

figure (133);

diametersMmAllVideos = diametersMmAllVideosSet=s{l};

cumulativeVolumeDistributionAllVideos=cumalativeVoluneDistribntionAllVideos5e
ta{l}:

plot (diametersMmAllVideos, cumulativeVolumeDiztributionAllVideos, listColor (1))
for i=2:numberS3ets
hold on
diametersMmAllVideos = diametersMmallVideosSet=s{i}:;

cumulativeVolumeDistributionAllVideos=cumalativeVoluneDistribntionAllVideos5e
ta{i}:

plot ({diametersMmallVideos, cumulativeVolumeDistributionfAllVideos, listColor (1))
end
title ({'Cumulative volume distribution'):
xlabel ('Diameter (mm)'):;vlabel ('Volume distribution'):
legend (legendFigures):
£Print the plot
targetDia = char{strcat{target, 'CumulativeVolumelistributionAllSets"))
print (targetDia, '-dpng'}:

%¥Plot the mean diameter for all videos
figure (141);
averageDiameterAllVideoz=averageDiameterAllVideosSec=s{l}:
plot (l:numberVideozsSets(l) ,averagelDiameterallVideos, lizcColoxr (1))
for i=2:numberSets
hnld on
averageDiameterAllVideos=averageDiameterAllVideosSecs{i}:
plot (l:numberVidensSetz (i) ,averageliameterillVidens, listCaolor (1))
end
title {'Average diameter against plane'}:
xlabel {'Video'):;ylabel ("Average diameter {mm)'}:
legend (legendFigures) ;
%(Print the plot
targetDia = char(strcat(target, 'AverageDiameterfAllSets"));
print (targetDia, '-dpng'}:
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tFlot the mean diameter for all wvideos
figure (142):
maxDiameterfillVideos=maxDiameterAllVideos3et=s{l};
plot (l:numberVideosSets (1) ,maxDiameterAllVideos,listColor (1))
for i=Z:numberSets
hold on
maxDiameterallVideoz=maxDiameterAl1VideosSets{i};
plot {l:numberVidens3et=s (i} ,maxDiameterallVideos,listColor(i)):
end
title{"'Maximum diameter against plane'):
Xlabel |("Video') ;vlabel ("Maximum diameter (mm)"):
legend ({legendFigures) ;
(Frint the plot
targetDia = char(strcat(target, 'MaxDiameterAllSetzs")):
print (targetDia, "-dpng") ;

%FPlot the wolid fraction for all wvideos
figure (143);
voildFractions=voidFractionsAllSet={l};
zemilogy (l:numberVideosSets (1) ,voidFractions, listColoxril)):
for i=2:inumberSets
hold on
volidFractions=voidFractionsAllSet={i};
semilogy (l:numberVideosSets (1) ,voldFractions, listColor (i) ) :
end
title ('"Void fraction against plane');
xlabel |"Video');ylabel | 'Void fractiom'):
legend |legendFigures) ;
%Print the plot
targetDia = char(strcat(target, '"VoldFractionsall5et=s"))
print (targetDia, "-dpng'"):
end

$The algorithm stops here
if ({showElapsedTime)

toc
end
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Appendix V Uncertainty (standard error of mean)

Table.apx. 1 Standard error of mean at 2.5 absolute bar

Standard error of mean

Pr(ebsasrL;re Water flow rate (I/h) | Average bubble diameter (mm) | SEM (mm)
2.5 800 0.0768 0.0044
2.5 850 0.0814 0.0029
2.5 900 0.0852 0.0026
2.5 950 0.0856 0.0036
2.5 1000 0.0945 0.0028
2.5 1050 0.0930 0.0040
2.5 1100 0.0932 0.0027

Table.apx. 2 Standard error of mean at 2.2 absolute bar
Standard error of mean

Pressure .

(bar) Water flow rate (I/n) | Average bubble diameter (mm) | SEM (mm)
2.2 900 0.0947 0.0006
2.2 1000 0.1006 0.0013
2.2 1150 0.1080 0.0016
2.2 1100 0.1030 0.0031
2.2 800 0.0857 0.0004

Table.apx. 3 Standard error of mean at 1000 I/h
Standard error of mean

Pressure fl Uh le di
(I/h) Water flow rate (I/n) | Average bubble diameter (mm) | SEM (mm)
2.2 1000 0.1000 0.0035
2.35 1000 0.0973 0.0038
2.5 1000 0.0945 0.0027
2.7 1000 0.0873 0.0043
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Table.apx. 4 Standard error of mean at 850 I/h

Standard error of mean

Pr(zs;rl;re Water flow rate (I/n) | Average bubble diameter (mm) | SEM (mm)
1.7 850 0.1006 0.0037
1.9 850 0.0991 0.0036
2.1 850 0.0865 0.0039
2.3 850 0.0890 0.0046
2.5 850 0.0814 0.0029
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Appendix VI Representative Processed Images

Appendix. 47 Processed Image

Appendix. 48 Processed Image
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Appendix. 49 Processed Image

Appendix. 50 Processed Image
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Appendix. 51 Processed Image

Appendix. 52 Processed Image
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Appendix. 53 Processed Image

Appendix. 54 Processed Image
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Appendix. 55 Processed Image

Appendix. 56 Processed Image
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Appendix. 57 Processed Image (out of focus)

Appendix. 58 Processed Image (out of focus)
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