Investigation of a Novel Facade-Based Solar Loop Heat

Pipe Water Heating System

Zhangyuan Wang, BEng., MSc.

Thesis submitted to the University of Nottingham

for the degree of Doctor of Philosophy

December 2011



Abstract

Solar thermal is one of the most cost-effective renewable energy technologies,
and solar water heating is one of the most popular solar thermal systems. Based
on the considerations on the existing barriers of the solar water heating, this
research will propose a novel facade-based solar water heating system
employing a unique loop heat pipe (LHP) structure with top-level liquid feeder,
which will lead to a fagade-integrated, low cost, aesthetically appealing and
highly efficient solar system and has considerable potential to provide energy

savings and reduce carbon emissions to the environment.

The research initially involved the conceptual design of the proposed system.
The prefabricated external module could convert the solar energy to heat in the
form of low-temperature vapour. The vapour will be transported to indoors
through the transport line and condensed within the heat exchanger by
releasing the heat to the service water. The heated water will then be stored in

the tank for use.

An analytical model was developed to investigate six limits to the loop heat
pipe’s operation, i.e., capillary, entrainment, viscous, boiling, sonic and filled
liquid mass. It was found that mesh-screen wick was able to obtain a higher
capillary (governing) limit than sintered-powder. Higher fluid temperature,
larger pipe diameter and larger exchanger-to-pipes height difference would
lead to a higher capillary limit. Adequate system configuration and operating
conditions were suggested as: pipe inner diameter of 16 mm, mesh-screen wick,

heat transfer fluid temperature of 60°C and height difference of 1.5 m.

This research further developed a computer model to investigate the dynamic
performance of the system, taking into account heat balances occurring in
different parts of the system, e.g., solar absorber, heat pipes loop, heat
exchanger, and tank. Data extracted from two previously published papers
were used to compare with the established model of the same setups, and an

agreement could be achieved under a reasonable error limit.
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This research further constructed a prototype system and its associated testing
rig at the SRB (Sustainable Research Building) Laboratory, University of
Nottingham and conducted testing through measurement of various operational
parameters, i.c., heat transfer fluid temperature, tank water temperature, solar
efficiency and system COP (Coefficient of Performance). Two types of glass
covers, i.e., evacuated tubes and single glazing, were applied to the prototype,
and each type was tested on two different days of 8 hours from 09:00:00 to
17:00:00. By comparison of the measurement data with the modelling results,
reasonable model accuracy could be achieved in predicting the LHP system
performance. The water temperature remained a steady growth trend
throughout the day with an increase of 13.5°C for the evacuated tube system
and 10.0°C for the single glazing system. The average testing efficiencies of
the evacuated tube system were 48.8% and 46.7% for the two cases with the
testing COPs of 14.0 and 13.4, respectively. For the single glazing system, the
average testing efficiencies were 36.0% and 30.9% for the two cases with the
COPs of 10.5 and 8.9, respectively. Experimental results also indicated that the
evacuated tube based system was the preferred system compared to the single

glazing system.

This research finally analysed the annual operational performance, economic
and environmental impacts of the optimised evacuated tube system under real
weather conditions in Beijing, China by running an approved computer model.
It was concluded that the novel system had the potential to be highly-efficient,
cost-effective and environmentally-friendly through comparison with a

conventional flat-plate solar water heating system.
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Chapter 2: Literature review

A Area, m?

Cp Specific heat capacity, J/(kg-K)

Fr Collector heat removal factor

Fr’ Exchanger heat removal factor

I Total solar radiation on the surface of the collector, W/m?
m Mass, kg

m Mass flow rate, kg/s

Q Energy flux, W

t Time, s
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c Collector
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1 Heat loss
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Vapour constant, J/(kg-K)

Temperature, °C

Velocity, m/s

Factor relating to the filled liquid mass, 0.8 for heat absorbing
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Specific heat ratio
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Thermal conductivity, W/(m-K)
Dynamic viscosity, Pa-s
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Surface tension, N/m

Porosity
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Boiling limit
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he Heat exchanger

hp Heat absorbing pipes
1 Liquid
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11 Liquid line
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SL Sonic limit
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w Wick

Chapter 5: Theoretical analysis and computer simulation of the dynamic
performance of the fagade-based solar LHP water heating system

A Area, m’

Cp Specific heat capacity, J/(kg-K)
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g Gravitational acceleration, 9.81 m/s’
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hg, Latent heat of evaporation, J/kg
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Re Reynolds number
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\% Volume, m’
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Subscripts

0 Initial values

ab Absorbed energy by the solar collector

air Air flow between the collector surface and inner glass cover
amb Ambient

ave Average values

bb Backboard

c Collector

COP Coefficient of Performance

d Symbol of differential coefficient

en Solar energy entering across the glass cover

g Evacuated tubes or single glazing

he Heat exchanger

hp Heat absorbing pipes

i Inlet

1 Liquid

loop Heat pipes loop

loss Heat dispersed to the ambient from the collector surface
0 Outlet

pump Water pump

S Wick in the solid form

sb Side board

tk Hot water tank

v Vapour

vh Vapour header

vl Vapour line

w Saturated wick

wp Water pipelines connecting the exchanger and tank

XVIII



Chapter 7: Annual operational performance, economic and environmental

evaluations of the solar fagcade LHP system with evacuated tubes

cfcon
C

CR

CS

PP

Q
Subscripts
C

el

m

0
sf

CO; conversion factor, kgCO2/kWh
Cost, £

CO; emission reduction, kg

Life cycle cost saving, £

Payback period, years

Electrical energy, kWh

Capital cost

Conventional electric water heater

Annual maintenance cost

Annual operating cost

Fagade-based solar loop heat pipe water heating system with
evacuated tubes

XIX



Chapter 1: Introduction

Chapter 1: Introduction

1.1 Research background

Over the past several decades, global energy consumption has been steadily
growing. In 2008, the total consumed primary energy reached 11,315 million
tonnes of oil equivalent (equalling to 474 EJ) [1.1], of which 80-90% was from
the burning of fossil fuels. Despite the latest energy review [1.2] indicating that
owing to the unexpected global financial crisis the world’s primary energy
consumption dropped by 1.1% in 2009, energy consumptions in some
developing countries, particularly in Asia, were still rising. In addition,
overexploitation of the primary energy sources has caused the depletion of
fossil fuels, and there will only be 119 years of coal production, 46 years of oil
production and 63 years of natural gas flow left in the ground with the current
proved reserves [1.3]. The principle of energy supply and demand suggests that
as fossil fuel supplies diminish, rising energy prices will impact on the

development of the global economy.

On the other hand, the combustion of fossil fuels for energy, industrial
processes and transportation has caused a significant increase in the emissions
of greenhouse gases to the atmosphere. It has been agreed by most scientists
that this growth is the primary cause of global warming. Over the last 30 years
of the twentieth century, global temperature has already risen 1.4°C [1.4], and
it will continue to rise over the next 100 years. This warming will cause
significant changes in sea levels, ecosystems and weather events, which will
threaten people’s health and way of life, and cause irreversible losses to species

of both plants and animals.

Thus, the inflation of energy prices and the impact of climate change have led
to the exploration of alternative, renewable energy sources for the purposes of

energy savings and environmental protection.

Solar thermal is one of the most cost-effective renewable energy technologies
and has enormous market potential globally. Since the beginning of the 1990s,

the world solar thermal market has been continuously developing. In Europe,
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the solar thermal market tripled from 2002 to 2006 and is still booming [1.5].
The European Solar Thermal Industry Federation (ESTIF) has predicted that,
by 2020, the European Union (EU) will reach a total operational solar thermal
capacity of between 91 and 320 GW; and by 2050, the EU will eventually
achieve 1,200 GW of solar thermal capacity [1.6].

Solar water heating is one of the most popular solar thermal systems and makes
up 80% of the solar thermal market worldwide [1.7]. Over the past four
decades, solar water heating systems have gained wide applications in the
building sector globally [1.8]. In the meantime, the systems have been
identified with a number of technical problems that have become the barriers to
their promotions, e.g., low existing efficiency, high heat loss and poor solar
energy harvesting capability. Some challenges also relate to their installations

to the buildings and capital costs.

Most solar water heaters for buildings are flat-plate types or conventional heat
pipes array installed on roofs for layout convenience. This installation requires
long runs of pipelines delivering water from the roof heaters to the outlet points
and receiving water from the water mains. Thus, the cost of the system is high;
most importantly, the installation detracts from the aesthetics of the building,

particularly those multi-storey buildings containing a large number of end users.

In recent years, several facade-based solar heaters have been developed and
used in practical projects [1.9 ~ 1.11]. These devices are simply positioned on
the walls or balconies [1.12], which prevent the occupation of roof space and
shorten the distance of piping runs, and thereby improve the building’s
aesthetic view. However, this layout still requires the transportation of water
from the inside of the building to the outside, which may cause the hazard of

pipes freezing during winter operation.

In general, the barriers for the use of the solar water heaters in buildings could

be summarised as:

1. Heaters located on roof space detract from the aesthetics of the building;

2
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2. Circulating water between the inside and outside of the building
increases the risk of pipes freezing during winter operation;

3. Current heating devices are not truly integrated with building facade,
which leads to an increase in construction cost and a less appealing

building appearance.

In order to overcome the barriers listed above for the use of solar water heating

systems in buildings, further research in this area is required.

In order to overcome barriers 1 and 3, a modular facade solar water heater, able
to replace the fagade wall or attained to the wall as the external decoration
layer, is proposed. A prefabrication technique is applied in manufacturing the
glazing-fitted heat pipe fagade; the heat absorbing pipes could be embedded
into a lightweight board, which could act as the replacement or exterior
decoration layer of the current wall structure. This method will create a
building integrated, low cost solar water heating system. Estimation suggests
that using a combined modular fagade will save 10-20% of construction cost,
compared to conventional structure of separate arrangements of wall fagade

and overhung collector [1.13].

In order to overcome barrier 2, loop heat pipes have been proposed. Loop heat
pipes (LHPs) are two-phase heat transfer devices separating the vapour and
liquid flows and thus eliminating the entrainment friction between them.
Entrainment is one of the dominant operating limits impacting on heat transfer
in the pipes. These pipes are, therefore, able to transfer large amounts of heat
for distances up to several metres or to several tens of metres in a horizontal or
vertical position through the effect of capillary pumping or gravity [1.14]. For
the facade water heating application, loop heat pipes will allow solar heat to be
collected from the outer facade surface, transported to a heat exchanger inside
the building and further transferred to the water across the heat exchanger. This
prevents long-distance running of water from the building interior to exterior
and protects the water pipes from freezing during winter operation. A specially

designed liquid downward-feeding approach will be applied to allow the wicks
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attained to the heat absorbing pipe walls to be fully saturated with water, thus

increasing heat output by around 15-20% more than traditional loop heat pipes.

1.2 Research objectives

Based on the considerations above, the aim of the research is to develop a
novel solar facade water heating system, employing a unique loop heat pipe
structure with a top-level liquid feeder. This innovative solar system has the
potential to overcome the difficulties associated with the existing solar water
heaters, i.e., unpleasant architectural view due to use of the roof space, separate
layout of the heat absorbing pipes and facade, high thermal losses through the
long water piping, the hazard of pipes freezing due to indoor-outdoor water
transportation and low efficiency in converting solar energy to heat for hot
water. It is expected that this system is fagade integrated, low cost, highly
efficient and aesthetically appealing, and could contribute to the reduction of
fossil fuel consumption and carbon emissions associated with building’s hot

water production and supply.

The detailed objectives are:

1. To conceptually design the proposed solar facade water heating system.

2. To develop computer models for the optimisation of the solar facade
system configuration and prediction of its thermal performance.

3. To construct and test a prototype solar fagade system in the laboratory.

4. To complete the annual operational performance, economic and

environmental analyses on the new system.

1.3 Research methodology

The overall research methodology could be outlined as:

1. Raising questions and associated limitations (related to Objective 1);
Theoretical investigations to give answers (related to Objective 2);

Experimental validations (related to Objective 3);

> »w D

Giving possible solutions for the limitations and scope of the questions

to be applied (related to Objective 4).

4
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In order to achieve the above listed objectives, various methodological

approaches will be employed as follows:

1. Approach for Objective 1 — Conceptual design of the proposed solar
facade water heating system (Task 1)
The approach employed for this objective is to:

(1) Select a sample building which has representative characteristics of
buildings;

(2) Conduct a conceptual design of the facade water heating system based
on the selected building;

(3) Make a list of system components and analyse the potential variations

in material types and geometrical sizes.

These can be considered as the questions raised and to be solved in the

subsequent actions.

A conceptual design of the proposed solar facade water heating system will be
carried out. A typical 3-member flat in Beijing (China) will be initially selected
due to the unique balcony/facade structure of the flat and the fast-growing solar
thermal market in China. On this preset condition, the facade heater will be
primarily designed by giving potential geometrical size, material and quantity
of the components needed, e.g., thermal-clear glass covers, heat absorbing
pipes and associated wick/liquid-feeding structures. Subsequently, the
components within the indoor part, e.g., flat-plate heat exchanger and water
tank, will also be designed or selected. It should be stressed that the design is a
primary (conceptual) sketch which will leave potential variations in size,
material type and quantity of these components. The magnitude of the system,
including quantity of modular facade, can be scaled up or down depending
upon geographic location and size of the building and number of occupants

served.
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2. Approach for Objective 2 — Development of computer models to
optimise system configuration and predict its thermal performance (Task
2)

The approach employed for this objective is to develop computer models to
analyse the fluid flow and heat transfer occurring in various parts of the system.

The aims could be briefed as:

(1) To determine the most appropriate material for the system components
to be used;

(2) To optimise the geometrical size and quantity of these components;

(3) To predict the performance of the components and the system

considered as a whole.

This approach will theoretically answer the questions raised in the previous

stage of the research (relative to Objective 1).

Based on the indicative design of the proposed system, a computer model will
be developed to analyse the operating limits (heat transport capacity) of the
system and determine six limits to the system’s operation, i.e., capillary,
entrainment, viscous, boiling, sonic and filled liquid mass (Task 2.1). The
results of the simulation will be used to establish the relationship between the
limits and several associated parameters, i.e., heat transfer fluid temperature,
wick structure, heat pipe diameter and height difference between the absorbing
pipes array and exchanger, and to identify the system’s governing limit which

is the minimum of the six limits.

In consideration of heat balances occurring in various parts of the proposed
system such as the solar absorber, heat pipes loop and heat exchanger, a
computer model will be developed to investigate the dynamic performance of
the system (Task 2.2). This will involve four heat transfer processes, i.c.,
converting the solar radiation into the heat received by the absorbers,
transporting the absorbed heat from the absorbers to the heat exchanger,
transferring the heat from the exchanger to the service water, and transporting

the heat carried by the service water into the tank. These processes will be

6
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time-dependent and interrelated and can be represented by the classic heat
transfer equations concerning conduction, convection and radiation. Solving
these conjugate equations will generate various groups of solutions. By
analysing the obtained solutions and comparing the simulation results to the
experimental data, the optimal configuration for the system components will be
selected. The most appropriate system operating conditions, including
temperatures of the heat transfer fluid and water in the tank, will be
recommended. The potential increase in solar efficiency of the new system and
the electrical energy usage due to implementation of the electric pump will be
identified. Previously published papers will be used to validate this model, by
applying the same input parameters of the papers to the newly developed
model and comparing the modelling and experimental data of the papers to the

new simulation results.

3. Approach for Objective 3 - Construction and testing of a prototype
solar facade system in the laboratory (Task 3)
The approach employed for this objective is to construct and test an

experimental prototype under laboratory conditions. This aims to:

(1) Analyse the potential errors occurring in the computer simulations;
(2) Enhance the accuracy of the computer model’s prediction;
(3) Approve/modify the theoretical answers to the questions raised by using

the experimental method.

This will generate a laboratory-based facade water heating prototype that is a

model of the real system to be used in buildings.

This approach will involve constructing the loop heat pipe solar facade system
(Task 3.1), testing its performance and operating characteristics, and validating
the modelling results using the test data (Task 3.2). One group of optimised
fagade, sized in 1 m” and expected to achieve the maximum heat output of 640
W under the summer peak irradiation condition (800 W/m?), will be
constructed. This prototype is flexibly structured to allow possible changes of

the system components (e.g., glazing) in case that adjustment is needed during

7
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performance measurement. The prototype will then be erected against a solar
radiation simulator and linked to a compact indoor water cycle system
comprising the water tank, flat-plate heat exchanger and electric pump. The
whole system will be installed and tested in a controlled environment, i.e., the
SRB (Sustainable Research Building) Laboratory, University of Nottingham,
where a range of solar/ambient air conditions can be simulated. The
temperatures of the heat transfer fluid and water across the heat exchanger will
be measured using the embedded sensors, and the pressure of the heat pipes
loop will also be measured using a pressure gauge. All measurement data will
be logged into the computer system, and used to determine the solar efficiency
of the system under various solar/ambient conditions and estimate the
magnitude of system COP (Coefficient of Performance) by taking into account

the pump power consumed during the system’s operation.

The performance of the system will be verified based on the comparison
between the computer prediction and experiment, thus determining the real
figures of the system’s solar efficiency and COP. As a result, an optimised
model for the fagade-based solar LHP water heating system and its associated
experimental unit will be generated. These will be used to examine whether the
expected increase in solar efficiency can be achieved and determine the
system’s COP when in operation. It should be noted that the modified
computer model could be used for the prediction of the annual operational

performance, economic and environmental analyses of the new system.

4. Approach for Objective 4 — Development of a computer model to
evaluate the annual operational performance, economic and
environmental impacts of the new system (Task 4)

The approach for this objective is to develop a dedicated computer model to
evaluate the annual operational performance of using this technology in
buildings, and analyse its economic and environmental (primarily CO,
emission) impacts through comparison between the results obtained from the
proposed solar system and a conventional flat-plate solar water heating system.

The cost payback period will be calculated, indicating the feasibility of
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applying this system. This will clarify the practicality and potential benefits to

be achieved when converting this technology into a commercial product.

The annual operational performance of such a system will be analysed, taking
the solar facade applied to the typical 3-member flat in Beijing (China) into
account. The solar/ambient air conditions of a typical day for each month of the
year will be considered. The temperatures of the heat transfer fluid within the
loop and water flowing across the exchanger, solar conversion efficiency and
system COP under these weather conditions will be computed using the model
developed in Task 2.2. The system’s capital and operating costs and cost
saving during the system’s life cycle period will be calculated and compared to
the conventional flat-plate solar water heating system. The environmental
benefit of the system will be examined with respect to the reduced amount of

carbon dioxide emissions.

1.4 Novelty of the proposed research

The proposed research has the following innovative features:

1. Solar heat is transferred to indoor water tank through evaporation and
condensation of a heat transfer fluid within the LHP, thus removing the
need to transport water into a building from the outside, overcoming the
risks in conventional systems of pipes freezing and improving the
efficiency of solar-to-hot-water conversion.

2. Using prefabrication techniques to embed the heat absorbing pipes into
building facades allows true integration of the heat absorbing pipes with
the building facades, thus reducing the cost of the fagade module and
improving the aesthetic view of the building.

3. A unique liquid feeding structure through round-distributed mini-holes
at the top of the heat absorbing pipe allows heat transfer liquid to be
distributed evenly throughout the heat pipe wick, and enables control of
liquid-feeding speed to balance liquid evaporation and supplement, thus

maximising loop heat pipe heat transfer.
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This research will lead to a new solar facade water heating system, which has
reduced construction cost and increased solar efficiency relative to the
conventional solar water heating systems. It is, therefore, timely in terms of its
considerable capability of saving energy and reducing the amount of CO,

released to the environment.

1.5 Thesis structure
The research involves different aspects for system conceptual design, computer
model setup, prototype testing and performance evaluations, which could be

categorised into 8 chapters.

Chapter 1 contained the background information of the research, explained the
objectives, summarised how the research will be performed and stated the

novelty of the research.

Chapter 2 provides a review of the relevant areas of research on developing the
novel system including solar thermal market potential, classifications and
mathematical analysis of solar water heating systems, practical applications of
solar water heaters in buildings, technical background of LHP technology,
numerical and experimental analyses on LHP heat transfer performance as well

as the applications of LHP technology in solar water heating systems.

Chapter 3 describes the working principle of the novel system. Based on a
selected 3-member flat in Beijing (China), the characteristic parameters of the
system components, e.g., glass covers in the configurations of evacuated tubes
and single glazing, mesh-screen or sintered-powder wicked heat absorbing

pipes, flat-plate heat exchanger and water tank, will be conceptually designed.

Chapter 4 will theoretically investigate the operating limits (heat transport
capacity) of the LHP employed in the novel system. A computer model will be
developed to simulate the six operating limits, i.e., capillary, entrainment,
viscous, boiling, sonic and filled liquid mass, and identify the governing limit
of the LHP device. The optimised operational and geometrical parameters of

the LHP system, i.e., heat transfer fluid temperature, wick structure, heat pipe
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diameter and height difference between the heat absorbing pipes and exchanger,

will be determined against the six limits.

Chapter 5 will analyse the dynamic performance of the novel system in the
configurations of evacuated tubes and single glazing. A computer model will
be established to illustrate the four heat transfer processes, i.e., solar energy
absorbed by the collector surface, heat transferred to the exchanger, heat
transferred to the water flowing across the exchanger and further to the service
water in the storage. This model will be applied to compare with the testing
and modelling data of two previously published papers by entering the same

parameters used in these papers to the newly developed model.

Chapter 6 will describe the construction of the prototype solar facade in the
configurations of evacuated tubes and single glazing and its associated testing
rig in the laboratory. The time variations of the temperatures of the heat
transfer fluid in the LHP and water flowing across the exchanger, system
efficiency and COP will be analysed and discussed through comparison with

the modelling results.

Chapter 7 gives the annual operational performance of the solar LHP system
with evacuated tubes, which is predicted by the model developed in Chapter 5
with respect to the heat transfer fluid temperature, tank water temperature,
solar conversion efficiency and system COP. The economic and environmental
impacts of this system will also be evaluated through comparison with a
conventional flat-plate solar water heating system. The cost payback period

will also be estimated.

Chapter 8 will generalise the research project, present the conclusions obtained

from the above chapters and indicate future work to be done.
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Chapter 2: Literature review

2.0 Overview
In this chapter, a comprehensive review into the solar thermal and loop heat

pipe (LHP) technologies will be carried out.

Solar thermal is the technology converting solar energy to usable heat for
applications in water, space heating and cooling, electricity, fuels and
agricultural and industrial processes. The global potential of the solar thermal
market at the present time and in the near future will be discussed, as well as

the driving forces and existing barriers to its expansion.

As the main application of solar thermal is for domestic hot water, the technical
background of the solar water heating system will be introduced including
working principle, classifications and associated mathematical theory. The
practical applications of solar water heaters in buildings will be demonstrated.
Compared with the roof-mounted or roof-integrated solar water heater, the
building balcony/facade integrated solar system could represent improved
building aesthetic view and reduced construction cost. However, some barriers
including the long water pipes transporting and winter freezing problems still

remain and could be potentially solved by LHP technology.

LHP is an efficient heat transfer device that could transport thermal energy
over long distances, up to several tens of metres. It has some unique features
over conventional heat pipe, e.g., gravity-unaffected and flexibility in its design
and installation, which makes LHP particularly suitable for applications in
solar water heating systems. Three components of the LHP device, i.e.,
working fluid, wick, and container, will be described relating to their

influences on the performance of the LHP.

A significant literature review of the LHP technology will be illustrated, and
the review results will be analysed in terms of the performance characteristics
and research methodology. For the performance characteristics, the steady-state

and transient behaviour of the LHP device will be examined. The research
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methods, i.e., theoretical analyses and computer simulations, and experimental

investigations, will be analysed.

Although substantial work has been done in solar thermal and LHP studies, the
opportunities for further work will be identified.

This review will help recognise the problems remaining in the existing solar
thermal systems, remove the barriers to solar applications, establish the
standards related to the design and installation of the solar systems, identify
new research subjects to improve the performance of the solar systems, and

expand solar thermal market potential throughout the world.

2.1 Global solar thermal market

2.1.1 Current status and the global market potential for solar thermal
Solar energy is one of the primary energy sources, with 120,000 TW striking
the Earth’s surface excluding those reflected by the atmosphere directly to the
outer space. Compared to the total primary energy supply of 433 EJ in 2002
equivalent to 13.75 TW of power consumption [2.1], solar energy exceeds
8,700 times the primary energy supply, meaning that the energy the Earth
received from the Sun each hour is as much as humankind consumed in one

year.

Heating consumes the largest share of primary energy supply and accounts for
40-50% of world energy demand, including cooking and high temperature
industrial processes. The building sector consumes 35% of the final energy
demand, of which 75% is for space and domestic water heating. In Europe, the
final energy demand for heating (48%) is higher than for electricity (20%) or
transport (32%) [2.1]. However, most of the heat supply currently comes from
fossil fuels, indicating that there would be a significant market potential for

replacement of these by renewable energy heating technologies.

Solar thermal designates all technologies that collect solar rays and convert the
solar energy to usable heat for use in water, space heating and cooling,

electricity, fuels and agricultural and industrial processes.
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Over the last two decades, the global solar thermal market has increased
significantly. Between 2000 and 2009, the global market of glazed solar
collectors grew at an average rate of 20.8% as shown in Fig. 2-1 [2.2]. The
annual installed capacity of glazed water collectors almost tripled between
2004 and 2009 worldwide, although it experienced a slight decrease of about
15% in 2007 [2.3]. China is the leader in the annual installed capacity as the
largest solar thermal market globally with a sustained growth of 22%. It is
recognised that the dominance of China is driven by its large population and
the rapid growth of the solar heating sector. As the second largest market for
glazed collectors, Europe showed an average annual growth rate of 20% [2.3],
although a disappointing result (-9.9%) happened in 2009 due to a downturn of
23.1% in the largest European market, Germany. The US market, mostly of
unglazed collectors, also dropped by 8.5% owing to the economic recession in
2009. Regardless of the above downturns, the Chinese (35.5%) and Australian
(78.5%) markets were responsible for a global expansion of 27.3% in 2009
[2.2].
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Fig. 2-1. Annual installed capacity of glazed water collectors from 2000 to
2009 [2.2].

By the end of 2009, the total capacity of the solar thermal collectors in
operation equalled 172.4 GW worldwide, of which 58.9% (101 GW) was in
China. Fig. 2-2 [2.2] shows an overview of the different types of collectors
applied in the leading countries in 2009 in respect of the total installed solar
thermal capacity. China was the world leader in total solar thermal capacity,
focusing on evacuated-tube collectors for the purposes of preparing hot water
and providing space heating. The United States (14.4 GW) ranked second
owing to its high installation of unglazed collectors for swimming pool heating.
With approximately 9 GW, Germany was holding third place, followed by

Turkey, Australia, Japan, Brazil, Austria, Greece and Israel.
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Fig. 2-2. Total installed capacity of water-based collectors by the end of 2009

[2.2].

The energy production of all water-based solar thermal systems in 2009 was

142 TWh, corresponding to 14.4 million tonnes of oil equivalent (Mtoe).

Provisional numbers for 2010 suggested that 2010 witnessed a 162 TWh

energy production with 23.6 GW newly installed solar thermal collectors.

Compared with other forms of renewable energy sources, solar thermal energy

was second to wind power, excluding biomass and hydropower (Fig. 2-3 [2.2]).

Still, it represented less than 0.5% of the global final energy demand [2.4].
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Fig. 2-3. Energy production of solar thermal in 2010 [2.2].

16



Chapter 2: Literature Review

The IEA World Energy Outlook 2008 [2.4] has foreseen a contribution from
solar thermal of 45 Mtoe to the final energy demand for domestic water and
space heating by 2030, thus leading to a 0.6% of the total final energy demand,
if current energy policies continue. It has also anticipated that if all the policies
currently under consideration are implemented by 2030, solar thermal will
provide 64 Mtoe to the global energy demand, 10 times greater than the 6.6
Mtoe in 2003. China, Europe and the United States will still be the leading
markets in the total installed solar thermal capacity in 2030, according to the

projected figures [2.5].

The European Solar Thermal Industry Federation (ESTIF) [2.6] has forecast
that, under full R&D and policy scenarios, a total installed capacity of 1,019
GW in the EU will contribute about 15% of the low temperature heat demand
by 2030. By 2050, the total capacity could reach 2,716 GW to provide about
129 Mtoe of solar heat, which is roughly 47% of the overall heat demand in the
EU.

2.1.2 Driving forces to the expansion of solar thermal market

The fast-growing global solar thermal market could be driven by several
factors, such as low costs (under certain circumstances), financial incentives,
regulatory instruments, education and other factors such as environmental and

local visual impacts.

A. Solar heating cost

Compared to the energy prices for heat supplied by gas, fuel oil and electricity,
solar thermal heating can be cost-effective under certain conditions ranging
between £7 and £200 per GJ [2.5]. Solar heating costs vary considerably with
weather conditions, the complexity of solar thermal installation, the application
of solar thermal system for water heating only or for combined hot water
preparation and space heating, and other factors such as the costs of labour and

materials [2.1, 2.5, 2.7].
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B. Financial incentives

Financial incentive is used to encourage energy customers to utilise renewable
energy sources to meet heat demands, and aims to fill the cost gaps between
the renewable energy sources and conventional energy technologies used for
heating. The incentive schemes could be categorised into financial and fiscal
[2.5, 2.8]. Financial incentive is direct financial support funded from
government budgets, which includes capital grant (subsidy), operating grant
and soft loan. Fiscal incentive includes tax credits, reductions and accelerated

depreciation, based on investment cost or energy production.

In many countries, capital subsidies for solar hot water have become common
strategies. More than 20 countries provide capital grants, Value Added Tax
(VAT) exemptions or tax credits for solar water heating investments including
Austria, Germany, Greece, Japan, the Netherlands, Spain, the United Kingdom
and the United States. Capital grant or tax credit is typically 20-40% of a
system’s cost. The United States provides a 30% federal tax credit, in addition
to many State-level rebates. Some companies also offer capital subsidies such

as ESKOM in South Africa [2.9].

C. Regulatory instruments

Governments could intervene in the market by means of regulation, which
forces the deployment of renewable energy heating by directly requiring the
development of technologies. The regulatory instruments could be categorised

into building regulations and standards [2.5].

Mandates for solar hot water in constructions have maintained a growing trend
at both national and local levels [2.5, 2.9]. Israel, for a long period of 30 years,
was the only country with a national-level mandate. Spain required owners of
all new and renovated buildings to provide 30-70% of domestic hot water
demand by solar thermal energy. India’s national energy conservation codes
require at least 20% of water heating capacity from solar for residential
buildings, hotels and hospitals with central hot water systems. Hawaii became

the first US state to mandate solar hot water in new single-family houses in
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2009. Cities working on solar hot water policies, including Rome in Italy,

would require 30-50% of hot water energy from solar for new buildings.

D. Education

Education to promote renewable energy heating aims to raise public awareness
through information campaigns and training programmes. It may take the form
of technical assistance, financial advice, labelling of appliances and
information distribution. For example, Canada’s Office of Energy Efficiency
has provided the free-downloadable, web-based RETScreen tool and numerous
free publications on energy efficiency and renewable energy [2.5]. Training
programmes may be established in schools, universities or among professional
groups, such as the Certificated Solar Heat Installer and Planner run by experts

within the Austrian solar industry [2.5].

E. Other factors such as environmental and local visual impacts

The concerns around saving energy and reducing carbon emission could also
drive the fast-growing solar thermal market. Solar thermal requires no fossil
fuels, thus producing little environmental pollution during its manufacturing,
operation and decommissioning. Carbon emission from solar thermal energy is,
therefore, small. If the external costs of energy technologies (e.g.,
environmental taxes and carbon emission charges) were taken into account,
solar thermal energy could be cost-competitive with most heating technologies

[2.5].

Solar thermal markets could also be driven by local visual impact. Recent solar
systems are placed onto building roofs, and are more integrated into roof

systems and building envelopes.

2.1.3 Existing barriers to the diffusion of solar thermal market

Although solar thermal has a broad market prospect, there are still various
barriers to its diffusion, which can be grouped into three categories, i.e.,
technical barriers, economic barriers and other barriers including legal,

educational and behavioural barriers.
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A. Technical barriers

Over decades of development, many technical barriers have been identified,
such as the nonexistence of a universal certification approach to specify the
standards for production and utilisation, high heat losses at night, insufficient
information on technical capabilities and lack of trained and competent
installers. Recent problems focused on the availability of space for installation
of solar thermal collectors, thermal storage with high energy density,
availability of appropriate materials for mass productions of collectors,
integration of solar equipment as part of the building’s fabric and protection of
solar collectors from freezing in cold weather [2.1, 2.6]. Another barrier
relating to the utilisation of solar energy is that the solar radiation reaching the
Earth is intermittent, weather-dependent, highly dispersed, and unequally
distributed over the surface of the Earth in that most of the energy is between

30°N and 30°S [2.1, 2.10].

B. Economic barriers

Several economic barriers have impacted on the desire for increased utilisation
of solar thermal in developing countries, including lack of public awareness,
lack of energy policies, low levels of income, lack of subsidies, short-term
investing syndrome and lack of institutional support. For developed countries,
the principal economic barriers are capital cost, poor regulation of promotion
and poor public perceptions [2.1]. Solar heating cost is another significant
economic barrier; although it is cheaper than the electricity price in Denmark
and roughly the electricity price in Austria, Germany, Italy, the Netherlands
and Japan, it is more expensive than the heat from natural gas in urban areas
[2.11]. Finally, customers, especially the less wealthy, may only consider
investments with immediate returns, since the benefits due to low running costs

may not always offset the large capital expense [2.1].

C. Other barriers such as legal, educational and behavioural barriers

The largest barrier in this category is that property developers and building
owners have little incentive to invest in energy-saving equipment in new
constructions and rental markets. This is because the returns on investments

will directly flow to the actual occupants rather than to them [2.1]. Another
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barrier existing in collective dwellings or multi-storey buildings is that the
installation of a single device may become technically complex, and will
require permits from a majority of co-owners [2.1]. The diversity of local
requirements is another barrier as solar systems need to be considered in terms
of their compatibility with existing community aesthetic standards and
architectural requirements [2.1, 2.12]. Finally, some barriers relate to behaviour
including reluctance to manage a complex system, solar intermittence leading
to low comfort levels for either space or water heating, and changes in habits

[2.1].

2.2 Technical background of solar water heating systems

2.2.1 Working principle

A solar water heating system, as shown in Fig. 2-4 [2.13], consists of a discrete
collector, which is designed to maximise solar absorption and reduce heat
losses. The solar collector could be either a black-painted flat-plate absorber
bonded to copper piping and covered with a transparent glass (flat-plate
collector) or copper tubing surrounded with evacuated and selectively-coated
glass tubes (evacuated-tube collector). When solar radiation passes through the
transparent glass or evacuated tubes and impinges on the collector surface of
high absorption, a large part of the energy is absorbed by the collector and then
transferred to the fluid to be transported in the pipes. The heat transfer fluid,
usually a mixture of water and antifreeze fluid, is either pumped (active system)
or driven by natural convection (passive system) through the collector to a coil
heat exchanger at the bottom of a cylinder tank (indirect system), where the
heat it carried is further transported to the service water for storage or direct
use. The tank contains an auxiliary heater, e.g., electric immersion heater or
conventional boiler, for winter use and is insulated with polyurethane for hot

water storing [2.14 ~ 2.15].
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Fig. 2-4. Schematic of a conventional solar water heating system [2.13].

2.2.2 Classifications

A. Passive and active systems

Based on whether or not they require pumps to function, solar water heating
systems could be grouped into two basic configurations, namely passive and

active systems, as shown in Fig. 2-5 (a) and (b) [2.16].

Hot water to load

To load
g Auiliary |—>|:|—>
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Auxiliary
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supply ,fJI_c_OT[El_r‘"' -1
o | Cold water
. supply
Pump Check valve
(2} Passive system/direct system {b) Active systern/direct system

Fig. 2-5. Schematic of the passive and active solar water heating systems [2.16].

Passive systems transfer heat from the collector to the tank located above the
collector by natural circulation, which could supply hot water at a temperature
of 60°C, and are the most commonly used solar water heaters for domestic

applications [2.17]. Active systems use the electric pump, controller and valve
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to circulate water through the collector. This category of solar system uses
electrical energy to accomplish the transfer of thermal energy by running the
pump. A differential thermostat is normally used to control the circulation of
the water, when the temperature of the water at the top header is higher than
the temperature at the bottom of the tank by a sufficient margin. A check valve

may be required to prevent reverse water circulation [2.16].

Compared to the passive system, the efficiency of the active solar water
heating system is one crucial advantage and is usually between 35 and 80%
[2.18] over the passive system in the range of 30-50% [2.17]. Another
advantage is that the collector in the active system does not need to be as close
to the tank. Therefore, the active system can be used for high-rise buildings.
The main drawbacks of the active system are its complicated nature which is
dependent on electricity and the requirement for experienced personnel to
operate it, which will lead to a much higher running cost than for the passive

system.

B. Direct and indirect systems

Based on whether or not they require a heat exchanger, solar water heating
systems could be categorised into direct (Fig. 2-5 [2.16] above) and indirect
systems (Fig. 2-6 [2.16]).

|—> | |

To load I | Toiload
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i Auxiliary :
|
|

di.‘-é Tank il\uxiliary
(P\\ lank

§ sg d TColdsupply

Heat
z=xchanger

Pump TCold supply Pump Heat exchanger

{a} Indirect system witk exchanger inside tank (b} Indirect system with exchanger outsidz tank

Fig. 2-6. Schematic of the indirect solar system with the exchanger inside or

outside the tank [2.16].

In a direct system, the service water is directly circulated between the water

tank and the collector, while for an indirect system, a heat transfer fluid,
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usually antifreeze, distilled water or an organic fluid, is circulated through the
solar collector. A heat exchanger is employed to affect the heat transfer from
the collector to the service water in the tank. The heat exchanger could be used

inside or outside the hot water tank as shown in Fig. 2-6 (a) and (b).

The indirect system in most situations performs better than the direct one,
which is less climate-selective and more suitable for use in regions that

experience cold temperatures.

C. Solar systems in different solar collector configurations

Solar collectors can have many variations according to their operating
temperature. Fig. 2-7 summarises most of the possibilities [2.13]. Unglazed
panels and flat-plate water and air collectors are categorised into the low
temperature solar collectors. Evacuated-tube, line-focus, and point-focus

collectors are classified as high temperature solar collectors.

08909 ge0ge0e:
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UNGLAZED FLAT PLATE (WATER) FLAT PLATE (AIR)

water  water
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Fig. 2-7. Classification of solar collectors [2.13].
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Unglazed panel is most suitable for swimming pool heating. It is only
necessary for the water temperature to rise by a few degrees above ambient air

temperature.

Flat-plate water collector is the mainstay of domestic solar water heating
worldwide. It is usually single glazing but may have an extra second glazing.
The panel usually has a black surface or selective coating that has both high
optical absorption and low emission to cut heat loss. An absorber plate has high
thermal conductivity to be capable of transferring the collected energy to the

water with a minimum temperature drop.

Flat-plate air collector is not as popular as a water collector and is mainly
used for space heating. An application of this collector is in combination with a

photovoltaic panel to produce both heat and electricity.

Evacuated-tube collector consists of a set of modular tubes, where convective
heat losses are minimised by virtue of the vacuum in the tubes. The absorber
plate is a metal strip in the centre of each tube, and a heat pipe is used to carry
the collected energy to the water which circulates along a header at the top of

the pipe array.

Line-focus collector could concentrate the sunlight onto a pipe running down
the centre of a trough that could be pivoted to track the Sun up and down or
east to west. It is mainly used for generating steam for electricity plants. A line-
focus collector can be orientated with its axis in either a horizontal or vertical

plane.

Point-focus collector is also used for steam generation or driving a Stirling

engine, but needs to track the Sun in two dimensions.

Flat-plate solar water heating systems have been used worldwide owing to their
structural simplicity and the low cost of the flat-plate collector. However,
evacuated-tube collector with heat pipes array is growing in popularity, as it

has many advantages over the flat-plate collector. The main features of the
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evacuated-tube and flat-plate collectors are compared in the following Table 2-

1[2.13,2.19].

Table 2-1. Comparison of the evacuated-tube and flat-plate collectors [2.13,

2.19].

Evacuated-tube collector

Flat-plate collector

Heat production

Rapid — vacuum prevents heat
losses

Slow

Heat losses during
daytime

Negligible

High

Influence of the
incidence angle of
the sun rays

Maximum solar absorption
throughout the day — cylindrical
shape

Maximum solar absorption at
noon — flat shape

Cold weather

Satisfactory performance —
vaporising/condensing processes

Limiting effect — direct heat
transfer processes, risk of

ration
operatio within the heat pipes freezing
Maximum operatin
PEFAtiNg | Above 95°C Up to 80°C
temperature range
Advanced technology at

Cost-effective

competitive price

Old technology at higher price

Hot water
availability

For a greater number of days
throughout the year — high
efficiency

For a lesser number of days
throughout the year

Position of the
collector on the roof

Assembled onto the surface of
the roof

Preassembled flush with the
roof — lifting may be required

2.2.3 Mathematical analysis

The performance of the solar water heating system will be influenced by the

existence of the solar collector, heat exchanger or water tank, which will be

separately described as:

A. Energy balance of solar collector

For any solar thermal system, the overall energy balance of the solar collector

at a steady state is shown in Fig. 2-8 and could be expressed as [2.20]:

Qu=Qi_Ql
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Fig. 2-8. Energy balance of a solar collector [2.20].

The energy absorbed by the solar collector depends on the optical properties of

the collector cover and absorber plate and can be estimated as [2.20]:
Q; = Aclta (2-2)

Part of Q; will be released to the ambient. In the case of a flat-plate collector,
the heat is normally assumed to release through the top, back and sides of the

collector [2.20] as expressed in Eq. (2-3).

Q= Ql,top + Ql,back + Ql,edge
= AcUl,top (Tc - Ta) + AcUl,back(Tc - Ta) + AcUl,edge (Tc - Ta)

= Ac(Ul,top + Ul,back + Ul,edge)(Tc - Ta)

=AU, (Tc - Ta) (2-3)
2’6 e Ae e
Uvedge = 5pqpe nc (2-4)

It should be noted that Uy 1s a function of the number and properties of the
glass cover as well as the ambient temperature, and Ujpack 1s @ function of the

thickness and thermal conductivity of the insulation.
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Thus, the useful energy delivered by the collector in an area of A. could be

expressed as:
Qu = Ac(Ita = Uy(Te — To)) (2-5)

However, it is difficult to measure the mean plate temperature T.. Therefore,
Eq. (2-5) could be reformulated to calculate the useful energy delivered by the
collector (Q,) using the collector inlet fluid temperature (Tr) by employing a
collector heat removal factor (Fr) as in Eq. (2-6). The Fy is defined as the ratio
of the heat delivered to the working fluid to the heat in the condition that the
unified temperature of the collector plate equals the inlet fluid temperature.
Since useful energy output is given by Eq. (2-7), Fr could be expressed as in
Eq. (2-8). Eq. (2-6) is also known as the Hottel-Whillier-Bliss (HWB) Equation
[2.20].

Qu = AcFq (Ita = U(Ty; - To) ) (2-6)

Qu = Cym(Ty, — Tj;) (2-7)

Cpm(Tfo=Tri)

Fr = Ac(1ra-vy(T5i-T,))

(2-8)

The collector efficiency (1) is the ratio of the useful energy delivered by the
collector to the incident solar radiation on the collector during a specified

period, which could be written as [2.20]:

_ JQuat
= a f1ae (2-9)

As the solar collector could be characterised using a number of design

parameters, Eq. (2-9) could be simplified as:

Tri—Tq
I

Ita—U;(T,—T, T.—T,
_Q_u: 1(T¢ a):'l'(l—UlC a

n—ACI I =FRTO:—FRUI

(2-10)
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It should be addressed that the variation of the collector efficiency with the
operating temperature may be linear or nonlinear depending upon the

characteristics of the collector. These can be represented as:

n=n,—U TC;T“ , for a linear relationship (2-11)
— _ 2
n=mn—Un TCIT“ — Uy (Te IT“) , for a nonlinear relationship (2-12)

The variations of the efficiency with the combined factor of (Tc-T,)/I for
typical solar collectors including unglazed panels, glazed black absorbers,
glazed selective absorbers and evacuated tubes are presented in Fig. 2-9 [2.13].
It is found that the efficiencies for all the collector configurations fall with the
rise of the mean plate temperature and the decrease of the ambient temperature
and solar radiation. The evacuated tubes are found to have stable efficiency in
the range of 55-70%, while the efficiency of the unglazed panels drops
considerably from 90% to 0 at low (T¢-T,)/I.
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Fig. 2-9. Variations of the efficiency with the combined factor of (T.-T,)/I for

typical solar collectors [2.13].
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B. Reduction of the useful energy delivered from the solar collector to the
tank due to the employment of heat exchanger

When a heat exchanger is fitted between the solar collector and storage point,
the performance of the solar system will be affected by the effectiveness of the
heat exchanger (¢). As shown in Fig. 2-10, € is defined as the ratio of the actual

heat exchange rate to the maximum possible heat exchange rate [2.13]:
Q, = e(cpm)mm(Tfo —Ty) (2-13)

Whereby, (Cp)min is the minimum of C,cth. and Cpemhs.

Heat exchanger
Cpc, ¢
Tio > > Tso
/ TFi P P Tsi
Cps, g

Solar collector

Fig. 2-10. Energy balance of the heat exchanger and its associated design

parameters.

According to the Eq. (2-6) and Eq. (2-7) in the solar collector analysis, the
relationship between the useful energy (Q,) and the collector outlet fluid

temperature (Tg,) could be established as:

Q, = A Fg (Ira - U (Tfo — Qu. - Ta)> (2-14)

Cpcmc

Then Tg from Eq. (2-13) will substitute Ty, in Eq. (2-14). Thus, the useful
energy delivered to the tank could be expressed by using an exchanger heat

removal factor (Fr').

Qu = AcFg'(Ita — U (Ts; — Ty)) (2-15)
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r__ FR
F' = T
AcFRUl/ pcme 4

- - +1
Cpctie \g(cpm)min )

(2-16)

This indicates the reduction in heat output due to the existence of the heat
exchanger. In other words, the ratio of Fr/Fg' represents the increase in the
collector area required by the system with a heat exchanger, in order to achieve

the same energy output as the system without the exchanger.
C. Energy balance of water storage

Considering the water in the tank is fully mixed with a unified temperature, the

internal energy change rate of the tank could be expressed as [2.21]:

dar
CotikMik d_;k =Qu— QL —Quex (2-17)

Q. is the heat load that is determined from the applications of the solar systems.
For space heating, Q, = UA, (T, — T,) (2-18)
For water heating, Q, = C,m,, (T, — T,,) (2-19)
Qi 1s the heat loss from the tank, which is written as:

Quere = UAw (T — To) (2-20)

It should be noted that the heat losses from the water pipelines of the

distribution system can also be added.
If the water in the tank is not fully mixed, i.e., stratified (in the case of a

passive system), the tank could be modelled by dividing the water into layers

and establishing energy balance equations for each layer [2.21].
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As a result, the tank water temperature for a solar system having the collector,

tank and load can be estimated by integrating Eq. (2-17) as:

Ttk+ =Ty + at

(Qu—0L— Quux) (2-21)

CptkMtk

For an initial value of Ty, the water temperature at the end of dt can be

calculated by using Eq. (2-21).

Thus, the entire day’s useful energy, tank water temperature, load demand and
contribution of the solar energy in meeting that demand can be obtained from
various design parameters, e.g., collector area, tank capacity and time when

auxiliary energy is needed [2.22].

2.3 Demonstration buildings for applications of solar water heating
systems

Since the 1960s, flat-plate collectors supported by metal frames have been
mounted on the flat rooftops of buildings as shown in Fig. 2-11 [2.23]. In
recent years, roof-mounted solar collectors have been widely installed in
single-family houses or multi-family buildings across different countries with
different climates from cold to temperate, such as The Netherlands, Germany
and Switzerland. Fig. 2-12 [2.24] illustrates a 23 m’ roof-mounted solar
collector in the configuration of evacuated tubes to support the central heating
system for domestic hot water in Germany, which helped reduce the heating
consumption by 90% compared to the conventionally constructed buildings.
However, both flat-plate and evacuated-tube installations occupy a large roof

space, leading to deterioration of the building’s aesthetic view.
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Fig. 2-11. 760 m” roof-mounted flat-plate collectors at the Brandaris Building,
The Netherlands in 1968 [2.23].

Fig. 2-12. 23 m’ roof-mounted evacuated tubes at the ISIS Demonstration

Building, Germany in 2002 [2.24].

In order to improve the architectural appearance of the building, a roof-
integrated solar water heating system has been proposed, which replaces the
finishing layer of the roof insulation as shown in Fig. 2-13 [2.25]. However,
this system has proven to be less efficient than the roof-mounted solar system

owing to the fixed tilt angle of the collector, particularly during cold weather.
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Fig. 2-13. 8.4 m® roof-integrated flat-plate collectors at the House W, Czech
Republic in 2003 [2.25].

For both roof-mounted and roof-integrated solar water heating systems, the
water will be transported over a long distance from the exterior building roof to
the interior tank, and then flow back to the outside. This method will either
consume a large amount of electricity to run a pump (active system) or result in
low solar conversion efficiency by virtue of the natural circulation (passive
system). This will lead to increased system electrical usage and operating costs,
high heat loss during transportation and reduction of the building’s aesthetic
quality. Most importantly, freezing problems may occur, particularly for multi-

storey buildings with a large number of occupants.

In order to solve the problems mentioned above, building balcony/fagade
integrated solar water heaters have been brought into use in many practical
projects as shown in Fig. 2-14 [2.26] and Fig. 2-15 [2.27]. This category of
system could shorten the water piping distance, improve the occupants’ living
conditions, reduce the construction costs and enhance the building’s
appearance, owing to the joint use of the building and solar system components

or replacement of the conventional building wall by the solar system [2.28].
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Fig. 2-14. 17 m* fagade-integrated flat-plate collectors at the Plus Energy
House, Austria in 2001 [2.26].

Fig. 2-15. 6 m” balcony-integrated evacuated-tube collectors at the Sunny

Woods, Switzerland in 2001 [2.27].

Although a building balcony/facade integrated solar system is preferred over a
roof-mounted or roof-integrated solar water heating system, it still has long
pipelines transporting water between the exterior building wall and interior
storage, which will ultimately affect the capability of heat transfer and lower
the efficiency of solar conversion. In addition, this solar system still faces the
problem of freezing during cold weather conditions, which is considered to be

the biggest problem among the existing solar systems.

2.4 Basic concept of loop heat pipe (LHP)

Loop heat pipe (LHP) [2.29 ~ 2.30], as shown in Fig. 2-16 [2.31], is a two-
phase (liquid/vapour) heat transfer device allowing a high thermal flux to be
transported over a distance of up to several tens of metres in a horizontal or

vertical position owing to its capillary or gravitational structure. LHP has a
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separate evaporator and condenser, thus eliminating an entrainment effect
occurring in between. LHP can operate under different gravitational regimes,

regardless of whether the evaporator is above or below the condenser.

The working principle of the LHP device could be described as: The heat
transfer fluid in the wick absorbs the heat added to the evaporator and
vaporises via the vapour line to the condenser. Within the condenser, the
vapour will be condensed to the liquid of the same temperature and return to
the compensation chamber through the liquid line. The liquid will then be

accumulated and stored in the compensation chamber and further saturate the

wick.

heat input

evaporator {}
V2777722227

((:' _ e ey

X 7 T by
compensation wick  vapour removal
i chamber channel g
& "
N\ liquid line ,
= vapour line

( condenser
e \ =
=¥ = 7Y ¢ =X ) = § )

heat output

Fig. 2-16. Schematic of a conventional loop heat pipe (LHP) device [2.31].

LHP could be classified based on the varieties of designs and functions as

shown in Table 2-2 [2.32].
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Table 2-2. Classifications of the LHP devices [2.32].

Classifications of the LHP devices

LHP design Evaporator shape Evaporator design Condenser design
e One butt-end
e Conventional compensation
(diode) e Cylindrical chamber e Pipe-in-pipe
e Reversible e Flat disk-shaped | e Two butt-end e Flat coil
e Flexible e Flat rectangular compensation e Collector
e Ramified chambers
e Coaxial
Number of .
Operating
evaporators and | Temperature range
temperature control
condensers
e Cryogenic e  Without active
e One
T d e Low-temperature control
. an
we e High- e  With active
more
temperature control

According to Reay and Kew [2.30], three elements of the LHP device, i.c., heat

transfer fluid, wick and container, should be examined during its design.

In terms of the heat transfer fluid, three aspects should be considered,
including the compatibility with the materials of the wick and container,
vapour temperature range and a ratio of the pressure difference to the
temperature difference between the evaporator and compensation chamber

[2.32 ~2.34].

The wick in a porous structure is usually located in the evaporator [2.35]. It
produces the capillary force to drive the liquid back to the evaporator and
ensures the heat transfer liquid is evenly distributed over the evaporator surface.
Sintered powder and mesh screen are the most common categories of wicks.
Compared with mesh screen, a sintered metal wick has better control of the
porosity and pore size, thus leading to higher heat dissipation of 50 W/cm? than
the mesh of 10 W/em® [2.36 ~ 2.37]. However, when applying these two wick
categories to the same size containers, mesh could achieve better power
handling capability owing to bigger vapour space and smaller wick thickness
[2.38]. This makes it an attractive option over sintered powder, particularly for

application in the heat pipes.
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The container is an envelope to isolate the heat transfer fluid from the outside
environment once sealed and vacuumed [2.30], which should be leak-proof,
easy to fabricate and have high thermal conductance to ensure minimum
temperature drop between the evaporator and condenser. Three commonly used
container materials are copper, aluminium and stainless steel owing to their
high thermal conductivity properties and possibilities of reliable seal and shape
change [2.30]. In recent advances, other materials such as magnesium [2.39]

and titanium [2.40] have become alternatives for container materials.

2.5 Researches of the LHP technology

2.5.1 Overview of the LHP technology

Since the first LHP was invented in 1974 in the Former Soviet Union [2.32],
extensive studies on its practical applications and demonstration tests have
been conducted, particularly in the late 1980s [2.41]. At present with the LHP
devices successfully employed in many fields of applications, e.g., cooling of
electronics and thermoregulation of spacecraft [2.32], LHP technology
continues to be a crucial area of research. Numerous theoretical models
covering various aspects of the LHP have been developed, which have proven
to be useful in predicting LHP performance through the validations of tests,

including operating limits and thermal performance characteristics.

A book written by Peterson [2.35] illustrated the performance limit approach
for the heat pipe in the steady-state condition. This approach started with the
calculation of the capillary limit, which could be determined iteratively as a
function of the operating temperature. Other limits, i.e., viscous, sonic,
entrainment and boiling, can also be calculated depending upon the operating
temperature. Thus, the maximum power handling capability of the heat pipe at
a certain orientation and operating temperature can be decided. Peterson [2.35]
also analysed the heat pipe’s heat transfer processes in the steady-state
condition by using thermal resistances calculating method. This method
presented a network from which various resistances around the heat pipe, e.g.,

radial resistances of the pipe wall and saturated wick at the evaporator, could
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be obtained to calculate the overall temperature gradient between the

evaporator and condenser.

In order to simplify the existing engineering models and reduce the required
computing resources, Zuo and Faghri [2.42] developed a thermal network
model to analyse the circulation of the working fluid in the heat pipe by using
the thermodynamic cycle approach. This model can also be extended to the
transient heat pipe analysis. Various components with different thermal
resistances and dynamic responses could be found within the network as shown
in Fig. 2-17 below, which will be represented in a simplified form through first

order and linear differential equations.
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Radial heat conduction through the evaporator wall

Radial heat conduction through the evaporator liquid-wick
Vapor flow (heat convection)

Axial heat conduction through the adiabatic section wall

Axial heat conduction through the adiabatic section liquid-wick
Liqusd flow (beat convection)

Radial heat conduction through the condenser liquid-wick
Radial heat conduction through the condenser wall
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Fig. 2-17. Development of the thermal network model of the heat pipes by
using thermodynamic cycle approach [2.42].

Kaya and Hoang [2.41] modelled the performance of a loop heat pipe based on
steady-state energy balance equations at each component of the loop. Taking
into account the heat exchange between the LHP components and surroundings,
both convection and radiation environments were modelled. The loop operating
temperature was found to be a function of the applied power at the given loop
condition. The mathematical model was validated by experiments using two

different LHP designs at different sink temperatures and elevations.
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Comparison of the calculation and experimental results showed an agreement

within 3%.

Bai et al. [2.43] established a mathematical model for the start-up process of a
loop heat pipe based on the node network method. In this method, the LHP was
divided into several nodes, and these nodes could be grouped into two types,
namely the wall and fluid nodes. The governing equations including mass,
momentum and energy were established for each node. A parametric analysis
on the start-up characteristic of the LHP was conducted, which found that the
LHP start-up performance could be improved from the development of a
number of the operating conditions including large start-up heat input, low leak
of heat from the evaporator to the compensation chamber and active cooling in

the compensation chamber.

Pauken and Rodriguez [2.44] modelled and tested a loop heat pipe with two
different working fluids, i.e., ammonia and propylene. Compared to ammonia,
propylene had a lower freezing point and relatively better thermal property.
The performance of the LHP with ammonia was characterised by a series of
tests with heat inputs of 20 to 800 W placed on the evaporator, and the LHP
filled with propylene was tested with heat inputs of 20 to 200 W to the
evaporator. The constant conductance performance of the LHP was 170 W/K
with ammonia and 44 W/K with propylene. Steady-state performance data of
the LHP were used to validate a node network model of the device. The
evaporator temperature was found to be functional of the heat input.
Comparison between the observed and predicated data of the evaporator
temperature indicated that the average difference was 0.85°C with ammonia

and 1°C with propylene.

Hoang et al. [2.45] mentioned that the heat transfer characteristic of a loop heat
pipe was difficult to predict, owing to the complicated nature of the thermal
interaction between the LHP and environment. The overall thermal
conductance varied not only with the power input, ambient and sink
temperatures, but also the system’s initial condition and previous operational

history. Hence, the analytical modelling of the LHP often yielded inaccurate
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results when compared with the actual data. They stated that the loops always
adjusted themselves to reach steady state eventually, no matter how the
operating conditions changed. They also indicated that in order to ensure a
successful start up without exceeding the temperature limits, a starter heater or

thermoelectric cooler could be used.

Riehl [2.46] tested a loop heat pipe system operating with acetone as the
working fluid. Tests were carried out for the LHP at the positions of horizontal
and the capillary evaporator above and below the condenser. Experimental
results indicated that the system could present reliable performance in all
situations under power levels as low as 1 W, and high operating temperatures

could be achieved with the evaporator above the condenser.

Zan et al. [2.47] established an experimental formula for a sintered nickel
powder wick. Wick structures with different porosity ranging from 65 to 80%
were fabricated by a cold pressing sintering process, and parameters including
porosity, pore radius and permeability were measured. The results showed that
an optimal combination of the wick structure parameters existed, through
which the performance of the LHP would achieve optimisation. The maximum
heat transfer capacity was up to 500 W, and the thermal resistance was 0.12

K/W at the allowable working temperature of 80°C.

Riehl and Dutra [2.48] presented the development of an experimental LHP.
This LHP was built and tested with acetone as the working fluid, designed to
handle up to 70 W of power and using a capillary evaporator to reduce its
effective length. The experimental results illustrated an excellent thermal
management capability of the proposed LHP for the limits to its design and
operation, especially when considering the use of a less hazardous working

fluid and particular geometric characteristic of the LHP.

Vlassov and Riehl [2.49] explored LHP modelling by developing a relatively
precise condenser sub-model from the solutions of the conjugate equations of
energy, momentum and mass balances, and only describing a few transient

nodes within the evaporator and compensation chamber. Experimental LHP
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consisted of a cylindrical stainless steel evaporator with an integral
compensation chamber, where the wick was of micro-pore polyethylene. The
condenser was an aluminium plate with acetone as the working fluid. The
testing conditions were reproduced in the mathematical model, and its
parameters were adjusted using the measured temperatures. It was concluded
that the model was able to predict the LHP transient behaviour within 3-4°C of

accuracy.

A more comprehensive dynamic model was published by Launay et al. [2.50],
who proposed a transient model to predict the thermal and hydrodynamic
behaviour of a standard LHP. The model of the loop was divided into four sub-
systems, i.e., the fluid in the compensation chamber, the evaporator, the
condenser and the transport lines, where transient mass, energy or momentum
conservation equations would be developed. The comparison of the modelling
and experimental results for a transient test allowed validation of the
established model to be made, and the maximum difference between the
predicted and measured temperatures along the LHP was less than 3.5°C with a

liquid temperature variation of 28°C.

Kaya et al [2.51] developed one model for the numerical simulation of the
transient LHP operation including start-up phase, based on one-dimensional
and time-dependent conservation equations for heat and fluid flow. During the
model setup, some key parameters were either difficult or impossible to predict
such as the incipient superheat at start up, and some parameters may be
experimentally correlated including the external and internal heat transfer
coefficients. These required parameters and experimentally-fitted values were
used but controlled to a minimum number. The mathematical model simulated
reasonably well with the transient response of the tested LHP unit. The start-up
transients were also successfully reproduced at high powers. For the start-up
simulations at low powers, the heat leak across the wick could be determined

by fitting the experimental data to the modelling.

Huang et al. [2.52] classified the start-up phenomenon of a loop heat pipe into

four modes (Fig. 2-18), i.e., failure, oscillation, overshoot and normal, based on
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three experimentally-determined heat inputs, i.e., minimum, critical and
overshoot. In the failure mode, the temperature at the evaporator continued to
rise, but could not reach a steady state. In the oscillation start-up mode, the
temperature of the evaporator increased owing to the continued heat input and
evaporation of the fluid. The decrease of the temperature was caused by the
condensation of the fluid in the condenser and return of the sub-cooled liquid
to the compensation chamber. In the overshoot mode, oscillation only occurred
at the beginning of the operation, and a steady state could be reached
afterwards. For the normal mode, a smooth start up could be achieved due to a
high heat input, indicating a stable temperature rise of the evaporator in the

start up.
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Fig. 2-18. Start-up modes of a loop heat pipe device [2.52].

The start-up characteristics of the LHP under low powers were studied by
Wang et al. [2.53] through a series of experiments. It was found that the LHP
can start up unfailingly under heat power as low as 6 W. They also testified
that the start-up performance of the LHP could be improved, as the heat leak
across the wick was reduced with the increase of the thickness of the sintered

capillary interlayer.
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2.5.2 Analysis of the review works
Works related to the LHP technology were found to be substantial, and the
above case-to-case statements could be further analysed from the two aspects

of performance characteristic and research methodology.

A. Analysis of the review works in terms of performance characteristic

In terms of the performance characteristic of the LHP, the research works can
fall into the categories of steady-state and transient conditions. The operating
limits and heat transfer performance of the LHP under steady-state conditions
have already been widely researched by the development of the numerical
models and validation of the experimental tests. A few research works have
been conducted to study the transient behaviour of the LHP device, since the
complex heat and mass transfer processes were involved in the operation of the

LHP system.

Operating limits (heat transport capacity) is one of the most significant
performance characteristics of the LHP. The procedure of solving the operating
limits was given by Peterson [2.35], Zan et al. [2.47] and Riehl and Dutra
[2.48]. As to the steady-state performance of the LHP, two methods were
illustrated including pressure [2.41, 2.44] and thermal resistance [2.35, 2.42,
2.45] equations. Hoang et al. [2.45], Vlassov and Riehl [2.49] and Launay et al.
[2.50] reproduced the main features of the transient LHP operation without the
start-up phase. This is because the start up of a loop heat pipe is a complex
dynamic process, and includes the redistribution and circulation of the heat
transfer fluid in the loop accompanied by many phase change phenomena such
as evaporation and condensation, before each component of the system reaches
a steady state. The investigation of the start-up characteristic of the LHP was
mainly through experimental methods [2.43, 2.52 ~ 2.53]. However, recent
research works witnessed that it could be reproduced by an experimentally-

correlated analysis [2.51].

44



Chapter 2: Literature Review

B. Analysis of the review works in terms of research methodology
In terms of the research methodology used, the research works can be
classified into theoretical analysis and computer modelling, and experimental

study.

(a) Theoretical analysis and computer modelling
Many theoretical works have been carried out to study the performance of the
LHP and its associated heat and mass transfer processes. These works could be

divided into the following two groups:

(1) Analytical models to address the heat transfer and thermal resistance
balances across different parts of the LHP [2.35, 2.41 ~ 242, 2.44 ~
2.45,2.47];

(2) Transient energy models to simulate the dynamic characteristics of the

LHP [2.43,2.49 ~ 2.51].

In summary, the established theoretical models are sufficient to reveal the
complex nature of the LHP technology, optimise the system’s configuration,

suggest the favoured operating condition and predict its performance.

(b) Experimental study

The aims of the experimental study could be outlined as:

(1) To identify the real performance of the LHP under the specified
operating condition;

(2) To examine the reliability and accuracy of the established computer
model;

(3) To establish the correlation between the theoretical analysis and

practical application.

Thus, the experimental or combined modelling and experimental works include:

(1) Operating temperature and its relevance to various operational

parameters [2.46, 2.52];
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(2) Power handling characteristics of the LHP [2.47 ~ 2.48, 2.53];

(3) Comparison between the modelling results and experimental data [2.44
~2.45,2.50];

(4) Validation and accuracy/error analysis of the computer model [2.41,

2.49,2.51].

In summary, the experimental or combined modelling and experimental works
are significant and have been found to be in agreement with most theoretical
results. These works also provide feasible approaches to manage the theoretical

findings with regards to practical applications.

2.5.3 Applications of LHP technology in solar water heating systems

LHP is suitable for use in building solar hot water system, owing to its unique
features such as highly effective thermal conductance and flexible design
embodiment and installation [2.54]. Zhuang [2.55] developed a loop heat pipe
for variable installations of solar water heating systems as shown in Fig. 2-19,
which could increase its capability of heat transfer in a small inclination angle

to horizon or in a horizontal position.

condanger

””':"ﬂjl
Fig. 2-19. Loop heat pipe for solar water heater developed by Zhuang [2.55].

New Energy Centre (NEC) in National Taiwan University [2.56] developed a
new solar water heater, which employed a loop heat pipe system attached to the
back of a thermosiphon tube and used to transfer the heat from the tube to the
water tank as shown in Fig. 2-20. This system with efficiency of 50.3% could
be directly mounted on the rooftop of a building due to its structural integrity.
However, this installation will occupy a large roof space of the building, thus

detracting from the aesthetics of the building.
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Fig. 2-20. LHP solar water heating system developed by NEC [2.56].

2.5.4 Conclusive remarks of the review works

In summary, the research works on LHP technology are substantial and focus
on revealing the nature of the energy transfer occurring in the LHP, identifying
the favoured system configuration and its associated components, optimising
the structural/geometrical parameters of the system, suggesting the appropriate
operating condition and building the bridge between theoretical analysis and
experimental study. All these efforts contribute to a target of creating an

energy-efficient, cost-effective and structure-optimal LHP system.

2.6 Opportunities for further work
Although significant works have been conducted by now, there are still

obvious opportunities to develop this technology.

A. Developing new, economically feasible and energy-efficient solar
systems employing LHP technology

A loop heat pipe system is particularly suitable for applications in solar thermal
systems owing to its advanced features. However, current applications of LHP
are mainly in the areas of outer space thermoregulation and electronic cooling.
Hence, the opportunity to develop new solar systems employing LHP
technology to replace conventional solar water heaters still remains open. This
will create a new research area for the development of economically feasible

and energy-efficient solar systems. The advantages of the systems still require
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further validation through theoretical and experimental studies. As well as this,

solar systems in different configurations are still open to exploration.

B. Optimising the structural/geometrical parameters of the solar system
configurations to enhance the energy performance

Existing solar systems are technically and commercially mature and have no
obvious chance to improve their performance. However, there are still
opportunities for solar systems employing the LHP technology. The low cost,
flexible LHP with built-in capillary would be a favourite choice to replace the
conventional parallel-laid heat pipe, and its performance improvement through
the optimal study of the structural/geometrical parameters is still in the
research stage. The main challenge is to find a method of overcoming the
difficulties remaining in the existing solar systems, e.g., winter freezing, long-

pipe water running and low efficiency.

2.7 Summary

A critical review into the R&D and practical applications of the solar water
heating system and loop heat pipe (LHP) technology has been carried out. The
results of this research help understand the current status of the economic and
technical developments, identify the barriers remaining to the existing solar
systems, develop the potential research areas to improve the performance of the
solar systems, establish the associated strategic plans related to the design and

installation of the LHP and promote the solar thermal global market.

Solar thermal is the technology converting solar energy to usable heat for
applications in water, space heating and cooling, electricity, fuels and
agricultural and industrial processes. Over the past few decades, the global
solar thermal market has grown rapidly owing to the low cost of the solar
systems under certain conditions, financial incentives, regulatory instruments,
education and environmental and local visual impacts. However, there still
exist various barriers to the promotion of solar thermal, which could be
summarised into technical, economic and other (legal, cultural and behavioural)

barriers.
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The working principle of the solar water heating system was described, as well
as its classifications into passive and active systems, direct and indirect systems
or based on the configurations of the solar collectors. The mathematical
analytical equations for the determination of the heat output and system
efficiency were presented for the solar system with a collector, heat exchanger

or tank.

The practical applications of the solar water heaters in a building’s roofs and
envelopes were illustrated. The building balcony/fagade integrated solar
systems overcame the barriers of the conventional roof-mounted and roof-
integrated solar water heaters and presented with advanced features, e.g., the
improved architectural appearance and reduced construction cost of the
building. However, the winter freezing and long water piping problems still
limited the prevalence of this system, which could potentially be solved by

employing LHP technology.

LHP was an efficient heat transfer device that could transport thermal energy
for a long distance. It owned some advantages over the conventional heat pipe,
e.g., gravity-unaffected and flexibility in its design and installation, which
made it particularly suitable for applications in solar water heating systems.
The three components of the LHP device, including the working fluid, wick

and container, will influence the performance of the LHP.

The research works on the performance of LHP technology are substantial and
could be summarised as focusing on revealing the nature of the energy transfer
occurring in the LHP, identifying the favoured system configuration and its
associated components, optimising the structural/geometrical parameters of the
system, suggesting the appropriate operating condition and building the bridge
between theoretical analysis and experimental study. All these -efforts
contribute to a target of creating an energy-efficient, cost-effective and

structure-optimal LHP system.

Although significant works have been completed in solar thermal and LHP

studies, there are still some opportunities existing for further development, e.g.,
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developing new, economically feasible and energy-efficient solar systems
employing LHP technology and optimising the structural/geometrical
parameters of the solar system configurations to enhance their energy

performance.
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Chapter 3: Conceptual design of the facade-based solar LHP

water heating system

3.0 Overview

In this chapter, the novel solar facade water heating system employing the LHP
technology will be conceptually designed, based on a typical 3-member family
flat in Beijing, China. This system is expected to be low cost, highly efficient,
facade integrated and aesthetically appealing and have the potential to provide
an alternative to the existing roof-mounted or conventional wall-hung solar

water heating system.

The proposed solar facade LHP system, comprising the outdoor and indoor
parts via the connection of transport lines, is initially described with the
working principle. The prefabricated outdoor module could convert the solar
energy to thermal energy in the form of low-temperature vapour. The vapour
will be transported indoors through the transport line and condensed within the
heat exchanger by releasing the heat to the service water. The heated water will

then be stored in the tank for usage.

The geometrical size, material and quantity of the system’s components, i.e.,
thermal-clear glass covers, wicked heat absorbing pipes, vapour/liquid headers,
vapour/liquid transport lines, flat-plate heat exchanger, backboard, storage tank,

pump and water pipelines, will be separately designed.

This work is the basis of the entire research project, whereby
optimisations/modifications to the characteristic parameters of the system’s
components could be made through theoretical and experimental investigations

in the following chapters.

3.1 System description and working principle

The proposed system is shown schematically in Fig. 3-1. The system can be
clearly divided into two elements, i.e., outdoor and indoor. The outdoor part is
a modular pack which receives the solar irradiation and converts it into heat

energy in the form of low-temperature vapour. The indoor part consists of a
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number of components including flat-plate heat exchanger, hot water tank,
circulating pump and water piping connections, and is designed to generate hot

water via condensation of the heat pipe vapour and store that water in the tank.

Vapour flg Configuration of a facade-
- ﬁ - based solar loop heat pipe
—T water heating system
The outdoor part:
Water L W iater (1) Reinforced
Liguid in out palystyrene board
51 flow (2) Wicked heat
4) absorbing pipes
A (2) Evacuated tubes or
Cold4e e Hot single glazing
water water (4) Liquid header
2 [5) Vapour header

(8) Liguid feeder (see
(1) Figure 3-2)

)

The indoor part:
[7) Flat-plate heat
exchanger

[8) (8) Pump

_@_ (9) Water-storage tank
N

Fig. 3-1. Schematic of the novel fagade-based solar LHP water heating system.

The outdoor part is a multi-layer fagade structure comprising (1) a
lightweight reinforced polystyrene board; (2) parallel-laid vertical heat
absorbing pipes with internal capillary wicks, which evenly distribute the
working fluid around the inner pipe walls via the wicks (meshes or sintered
metal powders), and convert the heat transfer fluid into vapour upon receiving
the solar irradiation striking the pipes; and (3) thermal-clear single glazing or
double-walled evacuated tubes, which could allow transmission of the solar
radiation into the module and prevent excessive thermal loss from the absorber
surface to the ambient. On the upper part of the module, two headers, i.e.,
liquid and vapour ones, are also embedded into the fagade board, feeding the
liquid into the capillary pipes and receiving the vapour generated from the
pipes. As shown in Fig. 3-2, the liquid feeder is an end-blocked cylinder with
round-distributed mini-holes on the bottom connection to the wicked pipes,
which would allow the liquid to be dipped into the wick voids equally. The
speed of liquid feeding can be controlled by adjusting the height level of the

liquid within the header, in order to achieve a balance between the liquid
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evaporation and supply. The whole part of the unit could be made as a
prefabricated panel, which could either replace the building’s existing wall or

hang on the exterior wall acting as a decoration layer.

Vapour
header
I
I
I
L Liquid m
Liquid header m
feeder il liquid
H flow
------ ——-..._‘__* *
Saturated
Wicked wicks
heat
absorbing Vapour
pipes flow
Enlargement

Fig. 3-2. Schematic of the connection of the vapour/liquid headers and heat

absorbing pipe via the liquid feeder.

The indoor part comprises a well-insulated vapour transport line delivering
the heat from the outdoor vapour header to the indoor exchanger owing to the
vapour buoyancy, and a wall-hung flat-plate heat exchanger where the vapour
is condensed to a liquid of the same temperature. The condensation heat is
transferred to the cold water flowing across the exchanger channels adjacent to
the vapour channels. At the outlet of the heat exchanger, a steam trap is
assembled to stop the penetration of vapour through the pipe. Thus, only the
condensed liquid can flow across and enter the liquid header via a liquid
transport line, owing to the gravity caused by the height difference between the

exchanger and liquid header.

This solar fagade removes the need to transport water for a long distance, i.e.,
water circulation between the inside and outside of the building. Instead, the
water, raised by a pump, simply circulates around the exchanger channels to

obtain heat from the vapour and returns back into the water tank, beside the
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exchanger via the water pipelines. The heated water will then be delivered to

the outlet points when needed.

This innovative design allows the combination of solar water heating and LHP
technologies and the integration of the heat absorbing pipes into the building
wall, thus realising a building-integrated, cost-effective, highly-efficient and

visually-pleasing solar heating system.

The working principle of the fagade-based solar LHP water heating system
could be described thus: When the solar energy strikes the south-facing
collector surface across the high-solar-transmittance glass cover (evacuated
tubes or single glazing), the received solar heat converts the heat transfer fluid
adhered on the pipe wicks (mesh screen or sintered powder) into vapour. The
vapour will flow upwards along the inner space of the pipes, enter the top-level
vapour header and further transfer to the wall-hung flat-plate exchanger inside
the building via the well-insulated vapour line, owing to the buoyancy effect of
vapour. Within the exchanger, the vapour will be condensed into a liquid of the
same temperature. The condensed liquid will flow across a steam trap
assembled at the exchanger outlet and enter the liquid header via a liquid line,
owing to the gravity effect caused by the height difference between the
exchanger and liquid header. This liquid will then be evenly distributed to the
capillary pipes through the dedicated liquid feeder fitted at the upper part of
each wicked pipe.

Meanwhile, the released heat from the vapour condensation within the vapour
channels of the exchanger will be transferred to the cold water flowing across
the exchanger channels in the water cycle, which is raised by a pump from the
bottom of the cylinder tank. The heated water will then be pumped back into

the tank via the water pipelines and delivered to outlet points when needed.

It should be addressed that the heat transfer fluid of the LHP, which is
separated from the service water by the exchanger plates, could be a mixture of
water and glycol (antifreeze) or distilled water to protect against freezing.

Therefore, it has no effect on the quality of water for living purposes and
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causes no harm to users. It should be noted that the distilled water will not
freeze at a subzero temperature in winter when solar radiation is unavailable,
since the vacuum of the LHP can create a freezing point as low as -42°C which

is much lower than the winter air temperature [3.1].

3.2 Conceptual design

3.2.1 Selection of a sample block of flats

The project aims to develop a facade-based solar LHP water heating system,
particularly suitable for a style of Chinese flats. For this reason, a 5-floor
building containing 3-bedroom flats in Beijing (China) was selected to explore
the potential layout of the proposed system. In order to obtain the maximum
absorption of the solar radiation, the solar fagcade LHP systems were integrated

with the south-facing balcony walls of the flats as shown in Fig. 3-3.

Fig. 3-3. Front view of a sample block of flats for applications of the facade-

based solar LHP water heating systems.
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The general layout of the solar system in a typical flat was shown
schematically in Fig. 3-4. In order to avoid inconvenience to the occupants
caused from the utilisation of the solar system, the heat exchanger and hot
water tank were positioned inside the bathroom of the flat, and the
vapour/liquid lines connecting the outdoor heat absorbing pipes and indoor
wall-hung flat-plate heat exchanger were pre-embedded into the concrete or

brick walls or lifted up to hang on the walls.
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Fig. 3-4. Layout of the novel facade-based solar LHP water heating system in a
typical flat.

3.2.2 Design principle of the system components
The components of the fagade-based solar LHP water heating system, i.e., LHP,

glass cover, backboard and water cycle, will be separately designed as follows.

1. LHP - wicked heat absorbing pipes (evaporator), headers, transport
lines and heat exchanger (condenser)

(1) Wicked heat absorbing pipes

In order to design the components of the solar facade LHP system, the collector
area should be initially determined from Table 3-1 [3.2] where each family
member will require an evacuated-tube collector area of 1-1.2 m’. Thus, the
geometrical size and number of the heat absorbing pipes could be estimated in

accordance to the collector area.
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Table 3-1. Design size of the main components of the solar thermal system

[3.2].
Components Dimensions
Flat-plate collector 1.25-1.5 m” per person
Evacuated-tube collector 1-1.2 m” per person
Hot water tank 40-70 litres per m” collector surface
Heat exchanger 0.15-0.2 m” surface area per m” collector surface

For the material of the wicked heat absorbing pipes, the optical and thermal
properties of the material should be considered, e.g., solar absorptivity,
emissivity and thermal conductivity. Three commonly used materials are
copper, aluminium and stainless steel owing to their high thermal conductance

and ability to shape.

As to the wick, mesh screen and sintered powder are the two most popular
types. The size of the wick should coordinate with the inner diameter and

length of the heat absorbing pipes.

(2) Headers and transport lines

The diameter and length of the vapour/liquid headers and transport lines could
be determined from the thermodynamic properties of the working fluid
(primarily in the vapour phase) and the size of the wicked heat absorbing pipes.
In addition, the length of the transport lines is also affected by the distance of
the heat transfer fluid travelling between the interior and exterior of the
building. When choosing the appropriate material of these two components, the
capability of thermal conduction should be considered to reduce the

temperature drop between the evaporator and condenser.

(3) Heat exchanger

The surface area of the flat-plate heat exchanger for the heat transfer from the
condensing working fluid (vapour) to the service water could be theoretically
sized according to Table 3-1 above, which will decide the length, width and

height of the exchanger channels and number of exchanger plates. The
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appropriate exchanger model could be selected from the SWEP Company,
which is a professional heat exchanger manufacturer, with its associated size,

material and working pressure.

2. Glass cover — evacuated tubes or single glazing

At present, evacuated tubes are the favoured glass cover in solar thermal
systems. This is because the vacuum in the space between the two layers of
glass tubes minimises the heat losses from the heat absorbing pipes to the
surroundings, thus leading to a stable solar absorption of the system and
protecting the inside capillary pipes. Single glazing could be selected as an
alternative to the evacuated tubes, since it has similar optical and thermal

properties to the evacuated tubes.

(1) Evacuated tubes

The geometrical size and number of tubes are related to the size and number of
the heat absorbing pipes. Based on this, the evacuated tubes could be chosen
from the market products with the specific outer/inner diameters and lengths.
The tubes could be made of borosilicate which has high solar transmittance and

U-value.

(2) Single glazing

The single glazing plate should cover the overall area of the solar collector.
Thus, the length and height of the plate are decided from the size and number
of the wicked heat absorbing pipes and the position of the vapour/liquid
headers relative to the pipes. The plate can also be selected from a list of

market products with specific geometrical, optical and thermal properties.

3. Backboard

The backboard should be large enough to fit over the heat absorbing pipes and
headers, in order to realise the integration of the solar system’s components to
the building. However, its size is limited by the design and construction of the
building wall. Many lightweight materials with low thermal conductance, such
as expanded polystyrene and rigid polyurethane foams, are potential materials

for the backboard.
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4. Water cycle — water tank, electric pump and water pipelines

(1) Water tank

From Table 3-1 above, the tank can be primarily sized in its capacity where 40-
70 litres correspond to 1 m” of the collector surface area. The tank model could
be selected from the market according to the specific capacity. It should be
mentioned that the tank of the specific size should be able to fit into the

bathroom of the flat for hot water storage.

(2) Electric pump

The electric pump for the water circulation between the flat-plate heat
exchanger and storage could be selected from the market products, based on
the resistance losses (pressure head) occurring in the straight water pipelines
and local fittings assembled in the water cycle system, and the volume rate of
water flowing across the pump. In addition, the diameters of the inlet/outlet of
the pump can be in accordance with the diameters of the water pipelines to

simplify the construction procedure and save on the construction time.

(3) Water pipelines

The function of the water pipelines is to form the water cycle system by
connecting the flat-plate exchanger, pump and tank. Hence, the length of the
water piping is the distance the water needs to flow in the water cycle system.

Its diameter is principally in relation to the water flow rate controlled by the

pump.

3.3 Summary

This chapter introduced a novel facade-based solar LHP water heating system,
which has the potential to overcome the difficulties associated with existing
solar water heaters, thus creating a fagade integrated, low cost, highly efficient
and aesthetically appealing solar heating structure. This work is the basis of the
whole research project, which raised the questions to be solved in the following

chapters.
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The proposed solar system could be divided into outdoor and indoor parts,
which were connected via the transport lines. The outdoor part, consisting of
the glass cover, wicked heat absorbing pipes and headers, was capable of
absorbing solar energy and vaporising the heat transfer fluid. The indoor part
was composed of the heat exchanger, tank, electric pump and water piping,
which could transfer the absorbed heat to the service water through the

condensation of the evaporated heat transfer fluid.

Based on a 3-member family flat in Beijing, China, the components of the
system were initially designed from three aspects of size, quantity and material
or selected from the market product catalogue. It should be addressed that the
preliminary design of the system components could receive further
optimisation through theoretical modelling and experimental testing in the

following chapters.

60



Chapter 4: Operating Limits of the Fagade-Based Solar LHP Water Heating System

Chapter 4: Operating limits of the facade-based solar LHP

water heating system

4.0 Overview

In Chapter 3, the facade-based solar LHP water heating system was
conceptually designed, based on a typical 3-member flat in Beijing, China. In
accordance with the design parameters of the proposed system components,
Chapter 4 will investigate the heat transfer performance of the LHP system by

developing an analytical model.

In this chapter, six limits to the system’s operation, i.e., capillary, entrainment,
viscous, boiling, sonic and filled liquid mass, will be determined. Relations
between the limits and several associated parameters, i.e., heat transfer fluid
temperature, heat pipe diameter, wick type and height difference between the
absorbing pipes array and exchanger, will be established through
comprehensive analysis. The simulation results indicated that, under the fixed
diameter of the mesh-screen wicked heat absorbing pipe of 16 mm,
temperature of the heat transfer fluid of 60°C and exchanger-to-pipes height
difference of 1.5 m, the LHP device could achieve the heat transfer (capillary)
limit of 2,362 W/m”. This figure was higher than the maximum required heat
transfer of 855 W/m”, meaning that the LHP device could operate normally

without restriction from the system structure.

This research will help determine the most appropriate material, geometrical
size and quantity for the proposed system components and predict the steady-

state performance of these components.

4.1 Characteristic parameters of the system components

Based on the solar system for practical application in the sample block of flats
described in Chapter 3, the area of the solar collector was estimated at 3.48 m?,
and the geometrical, optical and thermal parameters of the main components of
the proposed solar system are summarised from Table 4-1 to Table 4-3. These
figures represent the design size of the solar system and input parameters of the

theoretical model.
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Table 4-1. Characteristic parameters of the wicked heat absorbing pipes.

Absorbers — copper (with coating of nickel)

Emissivity ‘ 0.1 ‘ Absorptivity 0.98

Heat absorbing pipes — copper

Number 55 Diameter (m) 0.013-0.019
Length (m) 1.5 (T\l;f/‘(“rn‘iag)o nductivity | ye3 ¢
Two-layer mesh-screen wicks — copper

Length (m) 1.5 Total thickness (m) 7.5%10™
Number of pores 9,158 Diameter of pores (m) 3.86*%107
Sintered-powder wicks — copper

Length (m) 1.5 Total thickness (m) 7.5%10™

Di F
Porosity 0.64 iameter of powder |\ 7y s

particles (m)

Table 4-2. Geometrical parameters of the vapour/liquid headers and lines.

Vapour/liquid headers — copper

Length (m) ‘ 3.73 | Diameter (m) ‘ 0.08
Vapour/liquid lines — copper
Length (m) ‘ 5 | Diameter (m) ‘ 0.05

Table 4-3. Characteristic parameters of the flat-plate heat exchanger.

Flat-plate heat exchanger — SWEP model: B10T Stainless Steel Condenser

Length (m) 0.119 Plate thickness (m) 3%10
Height (m) 0.289 Number of plates 50
Inner width of one 3 Plate thermal

1.94*10 . 16.3
channel (m) conductivity (W/(m-K))

4.2 Mathematical analysis and computer model setup
The heat transport capacity of the LHP system is governed by six different
limits, namely capillary, entrainment, viscous, boiling, sonic and filled liquid

mass, which will be indicated as follows.

4.2.1 Capillary limit

Capillary limit is a parameter indicating the capability of the heat pipe wick in
carrying liquid flow for heat transfer [4.1]. The larger the liquid volume carried
with the wick, the higher the heat transport capacity the heat pipe would have.
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In operation, capillary force, together with the gravity, will be greater than or
equal to the flow resistances from the liquid and vapour. This could be

expressed as:
AP, + APy = AP, + AP, (4-1)

By solving the above equation, the capillary limit for heat pipe heat transfer

relating to capillary pressure can be obtained.

The four items in the Eq. (4-1), APcr, APy, AP, and APy, could be separately

addressed below.

1. Capillary pressure

The capillary pressure AP¢p could be expressed as [4.1 ~4.2]:
AP;, = ;—Jcos 6 (4-2)

Where, Dy, is the effective pore diameter of the wick and can be expressed as

[4.2 ~4.3]:

1

For mesh-screen wick, D, = (4-3)

Nms

For sintered-powder wick, D, = 0.42Dy,, (4-4)

2. Gravitational pressure
AP, 1s the gravitational pressure caused by the height difference between the

top heat exchanger and bottom heat pipes array and could be expressed as [4.2]:

Hpe Lhp\ .
0Py = p1g (22 + Hyempp + 22) sin & (4-5)
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3. Vapour pressure drop
Vapour pressure drop AP, comprises four parts, i.e., vapour pressure drop in
the heat absorbing pipes, vapour header, vapour line and heat exchanger, which

could be written as follows:

APU = Athp + Apvvh + APUUZ + Apvhe (4'6)

The four items in the above equation can be calculated separately as below.

(1) Vapour pressure drop in heat absorbing pipes

For a single pipe, the vapour pressure drop can be expressed as [4.2, 4.4]:

Apvhp — Chp (fvhpRevhp)#v th (%) (4_7)

Dpp—26w\* Np
() gy )

Where, fin, and Cy, are the characteristic parameters of the pipe and could be

determined as follows.
If Reynp=<2,300 and M,;,<0.2, fvhpRevhp 16,Chp =1 (4-8)

If Reynp=<2,300 and M,1,,>0.2,

0.5
fvhpRevhp 16, Chp (1 + ( )Mvhpz) (4'9)
If Revp>2,300 and Mypp<0.2, fnpReyn, = 0.038, Crpy = Repp, 7> (4-10)

If Reynp>2,300 and Myyp>0.2,

0.5
fonpReomy = 0.038,Crp = (14 (=5 Mynp?)  Reyny®”® (4-11)
Of which, Reyn, and My, could be written as [4.5]:

2 QcL
Re = — _— 4-12
0 Py Mo 12
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1 QcL
Mypy = > — (4-13)
Dy, —268 N
”(7}11’2 W) pvhfg(RvTV)O's hp

v is the ratio of specific heat and can be expressed as [4.6]:
=t (4-14)

It should be noted that C, and C, are relatively constant within a moderate
temperature range. Therefore, y is regarded as constant and 1.28 for water

vapour.

Since the absorbing pipes are arranged in parallel and each pipe is filled with
the same amount of liquid mass, vapour pressure of a single pipe could

represent the whole section pressure loss.

(2) Vapour pressure drop in vapour header/vapour line
The vapour pressure drop in the vapour header could be expressed as [4.1 ~

4.2]:

CV vV R vV v
AP,y =< S eonFeopnli )Lvhoa (4-15)
2”(%'1) pvhrg

Cwn and (fiwnReyyn) can be calculated using equations from Eq. (4-8) to Eq. (4-
14).

The vapour pressure drop in the vapour line could be expressed by Eq. (4-15)

similarly.
(3) Vapour pressure drop in heat exchanger

The vapour pressure drop in a single vapour channel of the condenser could be

expressed as [4.1 ~ 4.2]:
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_ Che(fvneRevhe) Uy Hpe ( QctL ) _
APyne = Dpe=2815\* 2 \Npe/2-1 (4-16)
271( 2 ) pvhsg

Che and (fyneReyhe) can also be obtained from Eq. (4-8) to Eq. (4-14). §j¢ is the
thickness of the liquid film on the surface of the heat exchanger plate, which

can be expressed as [4.7]:

s _ 0.93(wyu)?/3
'™ 6,1/6(p,g)05

(4-17)
Since the vapour channels are in parallel and the same amount of vapour passes
through each channel, the total vapour pressure drop could be represented by

what happened in a single channel.

4. Liquid pressure drop

Similarly, liquid pressure drop AP, comprises four parts, i.e., liquid pressure
drop in the heat exchanger, liquid line, liquid header and absorbing pipes,
which could be calculated using the following equation [4.2 ~ 4.3]:

APy = APy, + APy + APy, + APy, (4-18)
The four items in the Eq. (4-18) are calculated separately as below.
(1) Liquid pressure drop in heat exchanger

Liquid pressure loss in a single channel of heat exchanger could be calculated

by using the following equation:

_ 814 Hpe (_ QcL ~
APipe = sk 2 (Nhe/2—1) (4-19)
n(—f) h
2 fgPl

Similar to the vapour pressure, the liquid pressure drop in a single channel

could represent the total liquid pressure drop within the heat exchanger.
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(2) Liquid pressure drop in liquid line/liquid header
Liquid pressure losses in the liquid transport line APy, and liquid header APy

can also be expressed by the same form of equation as Eq. (4-19).
(3) Liquid pressure drop in heat absorbing pipes

The liquid pressure drop in one wicked absorbing pipe is caused by viscosity of

water and wick and could be expressed as follow:

AP — K L (%) 4-20
lhp (Kn(%"’)zhfgpl) w Nip ( )

Where, K is the permeability relating to different structures of wick, i.e., mesh

screen and sintered powder, which is shown below.

For the mesh-screen wick, the permeability K can be expressed as:

_ Dmsz§0m53
T 122(1-@ms)? (4-21)

Where, @ns 1s the porosity of mesh-screen wick and can be expressed as:

1.057TN s Dims

Pms =1 — " (4-22)
For the sintered-powder wick,
= Dw'ow’ (4-23)

 150(1-0gp)”
The total liquid pressure drop in the pipes is taken from the pressure drop in a

single pipe, since the heat absorbing pipes are arranged in parallel and the same

amount of liquid exists in each pipe.
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4.2.2 Entrainment limit

Entrainment could result in the carrying over of liquid droplets with the vapour
flow and could cause the reduction of heat transfer. In this case, owing to the
separation of the liquid and vapour flows during transportation, an entrainment
effect only occurs at the wicked absorbing pipes (evaporator) and heat
exchanger (condenser). This would largely reduce the flow resistance of the
system and provide the potentially enhanced system heat output, a unique merit
possessed by the loop heat pipe over the conventional heat pipe [4.1, 4.3]. The

entrainment limit in wicked heat absorbing pipes can be expressed as:

th—25w

Qo = 7 (22 )2 hygNipZ (""”")0'5 (4-24)

Dy

The same equation will be applied to the case for the heat exchanger. The only
difference is that the structural parameters of the heat absorbing pipes should

be substituted by the corresponding parameters of the heat exchanger channels.

The smaller one of Qgrnp and QeLne Would represent the entrainment limit of
the system as follows:

QgL = (QEL,hp' QEL,he) (4-25)

min
4.2.3 Viscous limit

As the vapour viscosity is far less than the liquid viscosity, the limit due to the
viscous effect would primarily occur at vapour phase flow. This limit reflects
the difficulty of vapour flow when carrying a certain level of heat [4.2 ~ 4.3].
Viscous effects would apply to different parts of the system including the heat
absorbing pipes, vapour adiabatic section such as vapour header and vapour
line, and heat exchanger. The viscous limit for the absorbing pipes could be

calculated using the following equation:

th—2§w)4 hfgpvvahpZ
2 164yLup

Quim =1 ( (4-26)
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This equation will be applied to other parts of the system. The only difference
is that Dy, and Ly, should be replaced by the characteristic parameters in
relation to these parts of the system. A minimum of the above items would
represent the viscous limit of the whole system, which could be written as:

Qv, = (QVL,hpr QVL,vh' QVL,vlJ QVL,he) (4-27)

min
4.2.4 Boiling limit

Boiling limit represents the extremely high temperature operating conditions at
which the liquid within a certain area of the wick (or wall) is dried out, and the
wicked heat absorbing pipes and heat exchanger stop working. The boiling
limit for the absorbing pipes could be expressed as follows [4.2 ~ 4.3]:

_ ZﬂthlWTthZ 20y
Qoip = 52 (32— APeymax ) (4-28)
hfgpv ln(th—st>

It should be noted that A,, is the effective thermal conductivity of the wick, as

the particles of wick are in contact but not tightly packed [4.1].

The same equation could be used to calculate the boiling limit for the heat
exchanger. The equivalent diameter of the exchanger channel and thickness of
the liquid film adhered on the exchanger plate should be used to replace Dy,
and 9,,.

The smaller in the Qgrp, and Qgrne Would represent the boiling limit of the
loop heat pipe system as shown below:

QpL = (QBL,hp' QBL,he) (4-29)

min
4.2.5 Sonic limit

If a heat pipe generates an extremely high vapour speed, e.g., as high as sonic
or supersonic level, the heat pipe would be choked which would limit its

further heat take-up. This limitation is called the sonic limit, which may happen
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at the places where vapour exists. For this application, the limitation may occur
at the absorbing pipes, adiabatic section including vapour header and vapour
line, and heat exchanger. The sonic limit for the absorbing pipes could be

expressed as follows [4.2 ~ 4.3]:

th—25w

Qstp =7 (22 )vahfgzvhpz(%)o's (4-30)

The sonic limit for other parts of the system could be calculated in a similar

way, but the associated parameters should be used to replace Dy, and 6, in Eq.

(4-30).

The minimum of the above items related to different parts of the system would
represent the sonic limit of the whole system, and this could be expressed as
follows:

Qs = (QSL,hp' QSL,vh' QSL,vl' QSL,he) (4-31)

min
4.2.6 Filled liquid mass limit

The heat transport capacity of the loop heat pipe system is also governed by
filled liquid mass, which, owing to the influence of gravity, is a term used to
describe the limitation of the mass of the working fluid charged into the system.

The liquid mass limit for the wicked absorbing pipes could be expressed as [4.1,

4.8]:

QrLhp = ( - )3 s (4-32)

XLy/ 3m2pipiDy?Npp®

This equation can also be utilised in other liquid parts of the system, i.e., heat
exchanger, liquid line and liquid header. In that case, Ly, and D,, should be
replaced by the characteristic parameters associated with these parts. The
minimum of the above items would represent the liquid mass limit of the whole

system as shown below:
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QrL = (QFL,hp' QFL,lh' QFL,ll' QFL,he) (4-33)

min

4.2.7 Algorithm for the computer model setup
The six operating limits were calculated, and the smallest of these limits was
identified as the governing limit of the loop heat pipe system. The algorithm
for the modelling setup in the FORTRAN 95 program is indicated as follows:

1. Given the LHP system structure, the data relating to the system
configuration could be obtained.

2. Assuming the operating temperature of the loop heat pipe system, the
thermal property of the heat transfer fluid could be obtained.

3. Running an iteration to work out capillary limit (Qcy):

(1) Assuming an initial value of Qcr;

(2) Capillary pressure AP¢y. can be obtained using Eq. (4-2) to Eq. (4-4);

(3) Gravitational pressure AP, can be obtained using Eq. (4-5);

(4) Vapour pressure drop AP, can be obtained using Eq. (4-6) to Eq. (4-
17);

(5) Liquid pressure drop AP, can be obtained using Eq. (4-18) to Eq. (4-
23);

(6) If ((APcL+AP)—~(AP,+AP)))/(APcL+APy) < -0.5% (error allowance),
then decrease Q¢ by 10 and return to step (2) for recalculation;

(7) If ((APcL+AP,)—~(AP+AP))/(APc+AP,) > 0.5% (error allowance),
then increase Qcr by 10 and return to step (2) for recalculation;

(8) If -0.5% < ((APcLtAPy)—~(AP+AP))/(APci+APg) < 0.5%, heat
balance of the whole system is achieved, and real value of Q¢ can
be obtained.

4. Calculating the entrainment limits in relation to the wicked heat
absorbing pipes and heat exchanger and taking the smaller one as the
entrainment limit of the system (by Eq. (4-24) and Eq. (4-25)).

5. Calculating the viscous limits in relation to different parts of the system
and taking the smallest one as the viscous limit of the whole system (by

Eq. (4-26) and Eq. (4-27)).
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6. Calculating the boiling limits in relation to the wicked heat absorbing
pipes and heat exchanger and taking the smaller one as the boiling limit
of the whole system (by Eq. (4-28) and Eq. (4-29)).

7. Calculating the sonic limits relating to different parts of the system and
taking the smallest one as the sonic limit of the whole system (by Eq.
(4-30) and Eq. (4-31)).

8. Calculating the filled liquid mass limits for different parts of the system
and taking the smallest one as the limit for the whole system (by Eq. (4-
32) and Eq. (4-33)).

9. Taking the minimum of the above six limits as the governing limit of
the whole system.

10. Program stops.

4.3 Analytical results and discussions

The results obtained from running the above analytical model will be used to
analyse the relationship between the limits and a number of heat pipe
operational parameters, i.e., temperature of heat transfer fluid, inner diameter
of heat absorbing pipe, wick type and height difference between the absorber
and condenser. When the heat transfer fluid temperature is controlled at 60°C,
the wick is made of mesh screen, the inner diameter of heat pipe is 16 mm, and
the height difference between the condenser and absorber is 1.5 m, the limit of
heat transport capacity is 2,362 W/m? (limited by capillary). This figure is
larger than the maximum solar radiation received in the south-orientated facade
in Beijing, i.e., 855 W/m” [4.9]. This means that the system could perform

effectively in operation with no constraints imposed by system configuration.

4.3.1 The impact of the heat transfer fluid temperature

In the case of the mesh-screen wicked heat absorbing pipes with diameters of
16 mm and an exchanger-to-pipes height difference of 1.5 m, analysis is
carried out using the above analytical model to investigate the heat transfer
capacity (operating limits) of the loop heat pipe under different temperatures of
heat transfer fluid across the loop. This develops a profile showing the

variations of six limits with heat transfer fluid temperatures as in Table 4-4.
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Table 4-4. Variations of the six limits against the heat transfer fluid

temperatures.

Fluid | Capillary | Entrainment | Sonic Boiling | Viscous Filled liquid
temp. | limit limit limit limit limit mass limit

°C) | (W/m? (kW/m?) (KWIm?) | (kW/m?) | (MW/m?) | (GW/m?)

30 1,426 3.6 8.2 2,222 0.02 17.16
40 1,778 4.5 13.8 1,367 0.36 19.55
50 2,025 6.1 26.4 742 1.25 22.87
60 2,362 7.2 39.2 518 2.61 25.34
70 2,613 8.8 60.5 347 6.44 28.57
80 2,941 9.9 81.9 264 11.71 31.33
90 3,219 12 126 175 27.06 34.89

From Table 4-4, it is found that the capillary, entrainment, sonic, viscous and

filled liquid mass limits increase with the temperature increasing; however, the

boiling limit presents a downward trend when the temperature goes up. The

capillary limit is the governing limit of the whole system as it is the minimum

of the six limits.

The variation of capillary limit with the temperature of heat transfer fluid is

also presented in Fig. 4-1. Higher temperature leads to a higher rate of liquid

evaporation, and thus the heat transport capacity of the system increases. The

heat transfer fluid temperature of 60°C enables 2,362 W/m® of the governing

limit, higher than the maximum heat transfer required from Beijing weather

conditions.

73




Chapter 4: Operating Limits of the Fagade-Based Solar LHP Water Heating System

3,500
3,000 /.

(60, 2,362) /
|

2,000 f
| —#=—governing (capillary)
: limit

1,500 f
|
|
|

1,000 . T
30 40 50 60 70 80 90

temperature, °C

N

I%
o
S

1

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

limit, W/m?

Fig. 4-1. Variation of the capillary limit with the heat transfer fluid temperature.

The entrainment limit occurs in the wicked heat pipes. An increasing
temperature would lead to an increased vapour flow rate, which would cause
lower shear force between the vapour and liquid layers. Therefore, the

entrainment limit would be higher.

Increasing temperatures would cause a higher circulation rate of vapour flow
across the loop system. As a result, the sonic limit of the system would be

higher.

Heat transfer in heat absorbing pipes dominates the boiling limit. With the
temperature increasing, the vapour evaporation rate would be increased. This
would cause a danger of dry-out of the heat pipe wall, and, as a result, the

boiling limit would drop.

Viscous limit occurs in the vapour transport line. It is dependent upon
Reynolds number, which relates to the thermodynamic properties of working
fluid. When the temperature is raised, Reynolds number grows; therefore, the

viscous limit would be higher.
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4.3.2 The impact of the heat absorbing pipe diameter

Fixing the heat transfer fluid temperature at 60°C, choosing mesh screen as the
wick and keeping the exchanger-to-pipes height difference at 1.5 m, the
variations of the limits against the pipe inner diameters are investigated, and

the results are presented in Table 4-5.

Table 4-5. Variations of the six limits against the heat absorbing pipe diameters.

Filled
Pipe Capillary | Entrainment | Sonic Boiling | Viscous liquid
diameter | limit limit limit limit limit mass
(m) (W/m?) (KW/m?) (KWIm?) | (KW/m?) | (MW/m?) | limit

(GW/m?)
0.013 1,901 4.8 39.2 416 1.34 25.31
0.014 2,056 5.6 39.2 450 1.87 2532
0.015 2,210 6.4 39.2 484 2.54 25.33
0.016 2,362 7.2 39.2 518 2.61 25.34
0.017 2,516 8.1 39.2 552 2.61 25.35
0.018 2,669 9.1 39.2 586 2.61 25.36
0.019 2,822 10.1 39.2 621 2.61 25.37

From Table 4-5, it is found that the capillary, entrainment, boiling and filled
liquid mass limits increase with the diameter increasing. However, the viscous
limit increases first and then remains static. The sonic limit is maintained
constantly. The governing limit is the capillary limit, which is the minimum of

the six limits.

Variation of the governing limit (capillary) against pipe diameter is shown in
Fig. 4-2. A linear relation between the capillary and diameter is found. A larger
diameter leads to a higher capillary-governed heat transfer owing to the
increased space for vapour transportation. The suggested heat pipe diameter is

16 mm with the achieved heat transfer capacity of 2,362 W/m”.
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Fig. 4-2. Variation of the capillary limit with the heat absorbing pipe diameter.

The larger the heat pipe diameter, the lower the speed of vapour flow across
the loop, which reduces the force between the vapour and liquid inside the heat

absorbing pipes. Therefore, the entrainment limit is increasing.

The sonic limit occurs in the heat exchanger, which is not related to the
diameter of the pipe. This explains the stability of the sonic limit against the

heat pipe diameter.

Increasing the heat pipe diameter would enable a lower speed of vapour

flowing in the loop, which would tend to generate a higher boiling limitation.

The viscous limit for the wicked pipes is the smallest item in comparison with
the other parts of the system. Increasing the heat pipe diameter leads to
increased Reynolds number, and hence the system’s viscous limit would be
higher. When the heat pipe diameter increases to 0.016 m, the viscous limit for
the heat exchanger represents the viscous limitation of the whole system, which

is not related to the heat pipe diameter.

Increasing the heat pipe diameter would also allow more vapour to be
generated and thus more liquid to be filled into the pipe. This will allow an

increased filled liquid limitation.
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4.3.3 The impact of the wick structure

Keeping the heat pipe diameter and exchanger-to-pipes height difference the
same and fixing the heat transfer fluid temperature at 60°C, the impact of the
wick structure on the heat transport capacity (operating limits) is investigated
using the previously addressed analytical model. Two types of wicks, i.e.,
(copper) mesh screen and sintered powder, are considered. From Table 4-6, the
results indicate that mesh screen achieves a higher heat transport capacity and
hence is the preferred choice over the sintered powder. For both wicks,
capillary is the governing limit to heat transfer, and the values are dependent
upon the structures of the wicks. The other limits, namely entrainment, viscous,
sonic, boiling and filled liquid mass, remain the same for both wick structures.
This phenomenon could be explained by the definition of each limit: capillary
is the term indicating the wick’s capability for dragging and lifting up liquid,

while the other limits are not directly related to the structure of the wick.

Table 4-6. Comparison of the limits between the mesh-screen and sintered-

powder wicks.

Filled
Wick Capillary | Entrainment | Sonic Boiling | Viscous liquid
tVDES limit limit limit limit limit mass
yp W/m?) | (kW/m?) (kW/m?) | (kW/m?) | (MW/m?) | limit

(GW/m?)
Mesh 2,362 72 392 518 2,61 2534
screen
Sintered 1,665 72 392 518 2.61 2534
powder

4.3.4 The impact of the exchanger-to-pipes height difference

For the loop heat pipe system with the mesh-screen wick, absorbing pipe
diameter of 16 mm and heat transfer fluid temperature of 60°C, the impact of
the exchanger-to-pipes height difference on the heat transport capacity
(operating limits) is investigated using the above analytical model, and the

results are presented in Table 4-7.
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Table 4-7. Variations of the six limits with the height difference between the

heat absorbing pipes and exchanger.

Filled
Height Capillary | Entrainment | Sonic Boiling | Viscous liquid
difference | limit limit limit limit limit mass
(m) (W/m?) (KW/m?) (KW/m?) | (KW/m?) | (MW/m?) | limit

(GW/m?)
1.2 2,088 7.2 39.2 518 2.61 25.34
1.3 2,180 7.2 39.2 518 2.61 25.34
14 2,272 7.2 39.2 518 2.61 25.34
15 2,362 7.2 39.2 518 2.61 25.34
1.6 2,454 7.2 39.2 518 2.61 25.34
1.7 2,546 7.2 39.2 518 2.61 25.34
1.8 2,637 7.2 39.2 518 2.61 25.34

Table 4-7 indicates that the capillary is the governing limit which increases
with the increasing of the exchanger-to-pipes height difference, whereas the

other limits remain unchanged.

Variation of the capillary limit as the governing limit of the system against
exchanger-to-pipes height difference is presented in Fig. 4-3. A linear relation
is found, and the rising height difference leads to an increase of heat transfer
capacity owing to the effect of gravity. A higher height difference leads to a
higher gravitational force, which enhances the capability of the system in
transporting liquid flow and thus increases the heat flux of the system. The
appropriate height difference between the absorber and heat exchanger would
be 1.5 m with an achieved heat transport capacity of 2,362 W/m’. Height
difference has no impact on the other five limits, and thus discussion into their

interrelations could be omitted.
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Fig. 4-3. Variation of the capillary limit with the height difference between the

heat absorbing pipes and exchanger.

4.4 Summary

In this chapter, an analytical model for the novel solar LHP system was
developed to investigate its heat transport capacity (operating limits). The
results of the investigation work will help identify the appropriate material and
size of the system components and predict the heat transfer performance of the
initially designed system. The optimised system structure will be further

analysed in its dynamic performance.

Six potential limits for the operation of the LHP, i.e., capillary, entrainment,
sonic, boiling, viscous and filled liquid mass, were considered. The capillary
limit is the original limit analysed to determine the temperature of the heat
transfer fluid. The other five limits will be calculated in accordance with the
capillary limit. The minimum of the six limits will be treated as the governing
limit of the whole system, which will affect the operation of the system. An
algorithm illustrated the process of model setup. Given the geometrical
parameters of the LHP components, variations of the heat transport limits with
several structural and operational system parameters, including temperature of
heat transfer fluid, heat pipe diameter, wick structure and exchanger-to-pipes

height difference, were investigated.
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The results indicated that the capillary limit was the governing limit of the
system heat transfer. Mesh-screen wick could achieve a higher heat transfer
than sintered power and hence was a preferred choice for the system
configuration. The system should be operated at a consistently high
temperature, in order to achieve enhanced system performance. Similarly, the
diameter of the absorbing pipe should be relatively large, and the exchanger-to-

pipes height difference should be a large figure.

For a solar water heating application in Beijing requiring the maximum heat
transfer of 855 W/m’, the loop heat pipe system had sufficient capacity in
transporting heat from the outside to the inside of the building. On condition
that the absorbing pipes were fitted with mesh-screen wicks, their diameters
were fixed to 16 mm, the temperature of heat transfer fluid was controlled at
60°C, and the exchanger-to-pipes height difference was at 1.5 m, the system
would achieve the heat transport capacity of 2,362 W/m® which was higher
than the required heat transfer. This setting could be considered as the
preferred system configuration and operating conditions, when it was applied

to solar water heating systems in buildings in Beijing, China.
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Chapter 5: Theoretical analysis and computer simulation of the
dynamic performance of the facade-based solar LHP water

heating system

5.0 Overview

Chapter 4 analysed six operating limits of the LHP device by setting up a
mathematical model. As a logic extension of Chapter 4, Chapter 5 will
investigate the dynamic performance of the loop heat pipe solar system by

developing a computer model and conducting computer simulations.

In this chapter, an analytical model for the dynamic performance of the solar
fagade LHP system will be developed, taking into account the heat balances
occurring in different parts of the proposed system, i.e., solar collector, heat
pipes loop, heat exchanger and tank. To validate the analytical model, two
previously published papers with theoretical and experimental data will be used
to examine the accuracy of this model predication under the same weather and
operating conditions with the same system structure. It was found that an
agreement could be achieved between the results of the established modelling
and previous works within a reasonable error limit. The differences may be due
to the predications of the thermal conductance and internal heat transfer
coefficients, and inaccuracy in the calculations of the heat exchange with the

ambient by natural convection.

This research will help identify the behaviour of the solar system, indicate the
preferred choice of the system configurations and predict the performance of

the solar system over a long operating period.

5.1 Mathematical analysis of thermal processes and computer model setup
5.1.1 Thermo-fluid principle and mathematical equations

Heat transfer occurring in a solar LHP water heating system involves four
processes, i.e., converting solar radiation into heat received by the solar
collector Qau(t), transporting the absorbed heat from the collector to the heat
exchanger via evaporation and condensation of the heat transfer fluid in the

heat pipes loop Qioop(t), transferring the heat from the exchanger to the passing
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water Qpe(t), and transporting the passing-water-carried-heat into the water
tank. These processes are interconnected and time-relevant and will finally

achieve a balance.

Assuming t represents a time point during the system’s operation which, with
the unit of seconds, starts from a reference point of 0 (referring to the time of
sunrise), and dt stands for an infinitesimal increase of time t, the heat balance

of the LHP system could be expressed as:

J-t+At t+At t+At t+At

t Qab(t)dt = ft QlOOp(t)dt = ft Qhe(t)dt = ft thdt (5_1)
Given a short time interval of At, e.g., time for the water to run a single
circulation from leaving the tank, crossing the exchanger and back to the tank,

Eq. (5-1) could be simplified as:

Qab,aveAt = Qloop,aveAt = Qhe,aveAt (5-2)

Assuming Q varies linearly during the short time interval,

Qap(t)+Qqp(t+AL)
Qab,ave = b 2ab (5-3)
Qioop (£)+Q1o0p(t+AL)
Qloop,ave == > 2k (5-4)
Qne(t)+Qpe(t+AL)
Qhe,ave = <he Zhe (5-5)

The three items in the Eq. (5-1), Qan(t), Qioop(t) and Qpe(t), could be separately

illustrated as follows.

A. Conversion of the solar radiation into the absorbed heat
During operation, solar energy striking the collector enters the inner chambers
of the pipes array across the glass cover (double-walled evacuated tubes or

single-glazing plate) and is absorbed by the coated surface of the collector. Part
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of the absorbed energy will be dissipated back to the ambient owing to the
established temperature difference between the collector surface and
surroundings, whilst the remaining energy will be absorbed by the heat pipe
fluid and convert the fluid to vapour. This process is illustrated by Fig. 5-1 (a)
for the heat absorbing pipes covered with evacuated tubes or (b) with single

glazing, which could be expressed as:

Qap ) = Qen(t) - Qloss(t) (5-6)

Qloss(t)

ha
Outer glass Qloss(t)
tube
Vacuum space Qen(t)

between outer &
inner glass tubes

Qen(t)

Inner glass tube Single-glgzing

Absorber plate

Heat absorbing
pipe

Saturated wick //"
e-

Vapour Passage

polystyrene
board

(a) Heat transfer process across evacuated tubes (b) Heat transfer process across single glazing
Fig. 5-1. Schematic of the heat transfer within the absorber surface across (a)

evacuated tubes or (b) single glazing.

In accordance with the total collector area of A, the solar energy entering the
inner chamber and being absorbed by the coated surface Qg (t) could be
calculated from Eq. (5-7) for the LHP system with the evacuated tubes or Eq.
(5-8) for the single glazing [5.1].

Qen(t) = TgngiacAcI(t) (5-7)

Qen(t) = TgacAcI(t) (5-8)

Whereby, 1(t) is the instant solar radiation on the collector surface depending
upon the time and geographical location of the site. In practical applications,
the hour-based solar data at various geographical locations could be extracted

from the EnergyPlus database [5.2]. For instant figures, the interpolation
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approach could be applied. This method will lead to the resolution of the
instant solar radiation based on the solar data at the hours prior to and after the

referred time point.

It should also be mentioned that the transmittance of the glass cover 1, varies
with the incidence angle of the sunlight. In this case, a maximum value of the

transmittance is employed.

Assuming the collector surface with the temperature of T(t), the heat
dispersion Qjoss(t) from the absorbers to the ambient across the evacuated tubes

could be expressed as [5.3]:

Qloss(t) = Qloss(Tc(t)fTamb (t)) = R Tl Tamp(© (5'9)

c—gi(®)+Rgi+Rgi—go(E)+Rgo+Rgo—amp(t)

1,1
1 Ec Egi 1
R._ _.(t) = - + < A 5-10
¢ gl( ) air(ACJrAzglNg) G(Tc(f)"'Tgi(t))(Tc(t)z+Tgi(t)2) Ac ( )
_ _ bgi
Rgi = AgiAgiNg G-1D
B
R (t) = €gi fgo L 5-12
gi~g0(0) a(Tgi(t)+Tgo(t))(Tgi(t)2+Tgo(t)2)AgiNg ( :
_ _ %90
Rgo = AgoAgoNg G139
1 1 1
go amp (£) <hamb O'Ego(Tgo(t)+Tamb(t))(Tg(7(t)2+Tamb(t)2)> AgoNg ( )

Similarly, the heat dispersion from the absorbers to the ambient across a single

layer of flat-plate glass cover could be expressed as:

Quoss(t) = Quoss (TC (), Tamp (t)) = 1O Tamp (5-15)

Re—g(®)+Rg+Rg—amp(t)+Rsp+Rpp
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1 ot 1
Re-g(0) = hair(2529) + O'(Tc(t)+Tg(;))(ch(t)2+Tg(t)2)A_c (5-16)
R, = ;Lj—flg (5-17)
Rg-amp (1) = (h;nb + osg(Tg(t)+Tamb(t)1)(Tg(t)2+Tamb(t)2)) i (5-18)
Rop = 72 (5-19)
Rop = 720 (5-20)

In terms of the ambient temperature, the hour-based figures could also be
extracted from the EnergyPlus database [5.2]. For instant temperature, the
interpolation approach is applied. This will lead to the resolution of the instant
ambient temperature based on the temperature data at the hours prior to and

after the referred time point.

B. Transportation of the absorbed heat from the solar collector to the heat
exchanger

The absorbed heat Q,(t) should be immediately taken away from the absorbers
by using the heat pipes loop as indicated in Fig. 5-2. This could be achieved by
liquid evaporation in the heat absorbing section and vapour condensation on
the heat exchanger plate surface. This part of heat Qjoop(t) could be written as
[5.1,5.3]:

_ Tc(t)—The(t)
Quoop (t) = Rpp+Ryw (£)+Ry(t)+R () +Rpe (5-21)
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Qioop(t) — — —
Vapour line J/ = =

Vapour header -——-—_._»’ A‘ 4 _
- | L’;’—'{'\H)’ | T
T —
Liquid header  ~] ] W
) s Liquid Heat
: | line exchanger
Liquid feeder R
Heat absorbing
pipe wall
Qab(t}
——5 Vapour flow
Saturated wick —
Liquid flow

Vapour passage

Fig. 5-2. Schematic of the heat transfer between the heat absorbing pipes and

heat exchanger.

This process involves several thermal resistances, which are the factors
impacting on the magnitude of the loop heat transfer and could be illustrated

separately as follows [5.1, 5.4]:

1. Absorbing pipes wall resistance

In Dhpo
R, — __ \Phpi) (5-22)
hp — Zﬂth),hpth

2. Saturated wick resistance

Dy :
In __Thpt
thi—25W

2Ly Ay (t)Npp

R, () = Ry (A, () = (5-23)
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Aw(t) 1s the effective thermal conductivity of the wick depending upon the
porosity of the wick and saturation property of the working fluid. For a two-

layer mesh-screen wick [5.5],

_ _ (L) +25)-(1-@) A1) =2)
AW(”"AW(%(U)"M(o(muw%g+u—wxmar%g (5-24)

¢ is the porosity of the mesh-screen wick, which can be expressed as [5.5]:

1.057N,, Dy,

: (5-25)

p=1-

The thermal conductivity of the saturated water deposited within the voids of
the mesh-screen wick is a temperature-related parameter and could be extracted
from the Property Table of the Water/Steam [5.6] by using the interpolation
approach. At a certain time point, there is a corresponding temperature that

could result in a specific thermal conductivity of the water.

3. Vapour flow resistance

Ry(t) = Rypp(t) + Rypn(t) + Ry (t) + Rype(£) (5-26)
(1) Vapour flow resistance in the heat absorbing pipes

Athp (0]
py(©)my,(hgg ®)?

Ropp () = (5-27)

The vapour density py(t) and latent heat hg(t) are temperature-related
parameters and thus functions of the operating time. Figures of p.(t) and hg(t)
could be extracted from the Property Table of the Water/Steam [5.6] by using

the interpolation approach.

The vapour mass flow rate could be expressed as:

1y (£) = iy (Qan (0, hyg (8)) = 325 (5-28)
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In operation, the vapour will not fully occupy the loop space, and hence a

parameter called vapour void fraction is defined [5.7]:

£+, (t)
thi—26w
2

Pnp(0) = (5-29)

2
”th< ) thpv(t)
Since the heat absorbing pipes are arranged in parallel, there will be several
parallel vapour flow streams each within an absorbing pipe. The pressure loss
of the vapour is inversely proportional to the number of the absorbing pipes

and expressed as:

; 2
Athp (t) = Athp (mv (t); Py (t)) = ;:v,(f)zsw z (5-30)
8Pv(t)< plz ) Nhp
2) Vapour flow resistance in vapour header/vapour line
( p p p
vah (t) — AP ,yp (£) Ty (1) (5_3 1)

Py, (Ohrg(6)?

The vapour pressure drop along the vapour header AP, (t) 1s expressed as:

. 8y (t) 1y, (t)Ly
AP,y (8) = APy (11 (£), 110, (1), py (1)) = 2T Olun (5-32)
ron(6(22)

The vapour viscosity (l(t)) is also a temperature-related parameter and could
be extracted from the Property Table of the Water/Steam [5.6] by using the
interpolation approach. At a certain time point, there is a corresponding

temperature in existence that could result in an associated vapour viscosity.

The flow resistance within the vapour line Ry(t) could be similarly expressed

as shown in Eq. (5-31) and Eq. (5-32).
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(3) Vapour flow resistance in heat exchanger channels

_ APyhe (t)Tv(t)
Rune (1) = (o, 02 (5-33)

The pressure drop of the vapour flowing across the heat exchanger channels

could be expressed as:

1y (£)*

2y () (22e2%)’ (Mae1)

Athe (t) = Athe (mv (t): Py (t)) = (5'34)

4. Condensed liquid film thermal resistance
The liquid film will be evenly distributed across the exchanger plate surface at

the heat transfer fluid side, and its associated flow resistance Ry(t) is:

_ _ ln(DhZ?—eéfsl)
R(t) = Rl(ﬂl(t)) =

5-35
2nLlAl(t)(%—1) ( )

5. Heat exchanger wall resistance

Dheo
R, = ln(Dhei) (5-36)

he — 2nLhe/1he(%—1)

C. Transfer of the heat from the heat exchanger to the passing water

The heat transferred to the exchanger surface will be taken away by the passing
water, leading to an increase in water temperature. For an inlet water
temperature of Tj(t), a temperature rise of To(t)-T;(t) will occur after the water
passes across the exchanger as indicated in Fig. 5-3. The heat transfer between

the exchanger surface and passing water could be expressed as 5.1, 5.3]:

Qhe(®) = Apehy () (Tne (£) — Type (8)) = Cp (O (T, (£) — T; (1)) (5-37)

To(t)+Ti(t)

Tave () = 2 (5-38)
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It should be noted that other methods for the calculation of the temperature

difference could be applied, such as log-average.

Vapour channel Water channel

Qloop(t)

O 0O
\ O SO \) Hot water out
Vapour line O OO
OO
O 0 Heat exchanger wall
Vapour flow O
0
) . . OO
Liquid film Ly OOO Qheft)
(h O
€a (O
chr'lta nger O . Oo
@ OO OOO
Liguid flow * O OOO
O OO OQO
Liquid line O O OOO
_ OO OOO

Cold waterin

Fig. 5-3. Schematic of the heat transfer process from the heat exchanger wall to

the passing water.

hy(t) is the water convective heat transfer coefficient. For the water flowing

across a single heat exchanger channel [5.8],

A (ONu(t)
Dheo

h(t) = (5-39)

Since the Reynolds number of the water flows across the exchanger channels
widely below 2000, the flow could be treated as laminar. In this case, the

Nusselt number could be written as [5.8]:

Nu(t) = 1.86 (Dh—)§ (#Lhe)o'14 Re(£)5Pr(¢)> (5-40)

Lpe
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Of which, Reynolds number Re(t) and Prandtl number Pr(t) could be expressed
as follows [5.8]:

Dheopi(t

Re(t) = "PAeofle (5-41)
Cp (O (1)

Pr(t) = % (5-42)

(Wpne)™' is a factor related to the exchanger plate temperature and could be

treated as 1.05 at heating operating condition [5.8].

The water density pi(t), viscosity p(t) and specific heat capacity C,(t) are also
the temperature-related parameters and could be extracted from the Property
Table of the Water/Steam [5.6] by using the interpolation approach. At a
certain time point, there is a corresponding temperature in existence that could

result in the determination of the values for the above water parameters.

It should be understood that when the water receives thermal energy from the
Sun through the LHP system, it, in the meantime, also consumes a certain
amount of electrical energy owing to the operation of the circulating pump.
This electrical energy will be used to overcome the flow resistance across the
water loop between the water storage and heat exchanger, i.e., frictional and

local resistances, under an adequate water flow rate.

In this system, frictional resistance loss refers to pressure losses across the
straight water pipelines between the heat exchanger and water tank and can be

expressed as [5.9]:

H© = H(©) =2 (s072L) (5-43)
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C(t) is the frictional factor depending upon the Reynolds number of the flow
and roughness degree of the pipes’ inner surface, which can be obtained from a

Moody Chart in Ref. [5.9].

Local resistance loss refers to pressure drops occurring at the local fittings
assembled in the system, e.g., bends, elbows, joints and valves. The local
resistance factor for each fitting could also be obtained from Ref. [5.9]. Hence,

the total local resistance pressure loss can be expressed as:

H =1 (¢3) (5-44)

29

The power consumption occurring in the water cycle could be expressed as:

:jp (Hq(t) + H)) (5-45)

qump (t) = 77p

The Coefficient of Performance (COP) of the solar system is defined as the

ratio of the received heat to the pump power [5.10].

COP(t) = —2e®_ (5-46)

Qpump (t)

The solar conversion efficiency of the system could be expressed as the ratio of

the system heat output to the effective solar energy.

Qne(t)
n(t) = Q:n(t) (5-47)

D. Heat transportation into the water tank

It is assumed that m; represents the mass flow rate of the water crossing the
heat exchanger; Ti(t) and T,(t) represent the temperatures of the water at the
inlet and outlet of the heat exchanger. At the start-up point, Tj(t) is equal to the
tap water temperature. During operation, the water is brought into the heat
exchanger, takes the heat away from the heat pipes loop and undergoes a

temperature rise of To(t)-Ti(t) when leaving the heat exchanger. This water will
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then be delivered to the tank and mixed with the main water body within the
tank, resulting in a temperature of Tu(t). This heating process is illustrated in
Fig. 5-4. It should be noted that the temperature of the tank water is taken as

unified that the temperature stratification is neglected.

5 . Hotwater flow
- * Coldwater flow
+
Heat
exchanger
= Totap
Water
tank
Cold water
Water pump

Fig. 5-4. Schematic of the water flow and heat transfer between the heat

exchanger and tank.

The heat absorbed by the water flowing across the heat exchanger should be
equal to the heat for raising the temperature of the tank water. This could be

described as:

Cp ()11, (T, (£) = Ty(8)) = Cp (£)pese(E)Vge 2 (5-48)

The exchanger outlet water temperature T,(t) could be calculated from Eq. (5-

37) and expressed in the following alternative way.

_ Qhe(t) . _
To(6) = 2+ Ti(0) (5-49)

Eq. (5-48) can be rewritten as:
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1y (To () = T;(8))dt = pye () Vi AT (£) (5-50)
During At time interval, a heat energy correlation could be expressed as:

At . A
S5 (T (©) = Ti(©)de = [7% 57 pye (Ve dTee () (5-51)

In case of a small time interval, Eq. (5-51) could be simplified as:

iy (To(t+At)—Ti(t+A2t))+(To(t)—Ti(t)) At =

PO Vii (Tere (¢ + AL) — T (1)) (5-52)

The start tank water temperature Tyo is equal to the initial exchanger inlet

water temperature.
Tiko = T (5-53)
The tank water temperature after At time could be calculated as follows:

At (To(E+AE)—Ti(t+A0))+ (T, (0)-T; (1))
Pek(®V ek 2

T (t + At) = + Ty (t) (5-54)

If the time interval At is the time needed for the water running through the
short water loop, the tank water temperature at t+At, i.e., Tu(t+At), could be
treated as the temperature of the water entering the heat exchanger at the next
water run. Repeating the above process (from Eq. (5-48) to Eq. (5-54)) one run
after another, the instant temperatures of the exchanger inlet and outlet water

and tank water could be acquired.

5.1.2 Computer modelling setup
The above four heat transfer processes will eventually achieve a balance. The
algorithm used for the model setup in the FORTRAN 95 program is indicated

as follows:
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1. Given the LHP system structure, the data relating to the system
configuration could be obtained.

2. Assuming the flow rate of water across the pipelines, calculating the
time interval At for the water to travel a single run across the water loop,
and determining the number of water circulations across the loop during
a single-day operation (8 hours from 09:00:00 to 17:00:00).

3. Taking the tap water temperature as the initial tank (exchanger inlet)
water temperature Tjo.

4. Assuming a start heat pipe fluid temperature T.

5. Working out the values of the external parameters including solar
radiation I(t) and ambient temperature T,mp(t).

6. Carrying out the heat analysis of the solar system on the basis of (1) the
starting time point 0 referring to 09:00:00; (2) At time interval being the
time needed for one run of water flowing across the water loop; and (3)
system operation ended at 17:00:00. In terms of a time point (t)
belonging to the system’s operating period of between 09:00:00 and
17:00:00, the following items have been considered:

(1) Based on the given Tj(t), the absorber surface temperature will be
calculated, and heat balance occurring on the absorber will be
analysed, leading to the determination of the glass surface
temperature at the time point of t.

(2) The heat balance of the heat pipes loop will be analysed using the
Eq. (5-6) to Eq. (5-36), resulting in the determination of the
absorber surface temperature as well as the heat gain of the loop
heat pipes at the time point of t.

(3) The heat balance within the exchanger will be analysed using the
Eq. (5-37) to Eq. (5-42), resulting in the determination of the heat
gain of the water passing across the heat exchanger Qpe(t) at the
time point of t.

(4) The electrical energy consumed by pump Qpump(t) Will be analysed
using the Eq. (5-43) to Eq. (5-45).

(5) The energy performance COP(t) and efficiency n(t) of the system
will be obtained by using the Eq. (5-46) and Eq. (5-47).
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(6) The heat balance in the tank will be analysed using the Eq. (5-48) to
Eq. (5-54), resulting in the determination of the tank water
temperature Ty (t+At).

(7) Taking Tw(t+At) as the start tank (exchanger inlet) water
temperature of the next water run and returning to step 5 to rerun
the program to obtain Q,u(t+At) and Qpe(t+At).

7. According to the Eq. (5-1) to Eq. (5-5),

(1) If (Qab.ave-Qneave)/Qabave > 0.5% (error allowance), increasing T(t)
by 0.1°C and returning to step 5 for recalculation.

(2) If (Qabave-Qne.ave)/Qabave < -0.5% (error allowance), decreasing T(t)
by 0.1°C and returning to step 5 for recalculation.

(3) If -0.5% < (Qab.ave-Qhe.ave)/Qabave < 0.5%, the whole system will be
thought to have achieved a heat balance at the time slot between t
and t+At, resulting in the determination of the heat pipe fluid
temperature T(t+At) and other associated thermal parameters.

8. Taking the simulation results of the current time run as the start of the
next time run and returning to step 5 for re-simulation.
9. Program stops when the time runs out at the end of the day, i.e.,

17:00:00, while the model iteration number matches to the water

circulation number in a single-day (8-hour) operation.

5.2 Validation of the model using the published data
To validate the computer model, the data from two previously published papers
will be brought into use and compared with the modelling results of the same

setups.

5.21Casel

The start-up behaviour of a loop heat pipe is one of the key aspects in
evaluating its performance. Under the support of the National Natural Science
Foundation of China (Project No. 50676006) and the Innovation Foundation of
BUAA for PhD Graduates, Bai et al. [5.11] investigated the performance of a
typical LHP system by using a dedicated mathematic model and conducting

experiments. A parametric analysis on the start-up characteristics of the LHP,
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e.g., the start-up heat input, heat sink temperature and ambient temperature,
was carried out to improve the performance of the LHP. The schematic of the
testing LHP is shown in Fig. 5-5. The evaporator and compensation chamber
(CC) of the loop were made of stainless steel excluding the nickel powder wick.
Ammonia with high purity was charged into the LHP. The transport lines and
condenser were also made of stainless steel smooth-walled tubes. The

characteristic parameters of the LHP are summarised in Table 5-1.

E— Evaporator CC —J

Wapo|

line Ligquid
line

=

Cold
|'|]:|I;|,-

Condenser

¥ Flow direction

Fig. 5-5. Schematic of the testing loop heat pipe [5.11].

Table 5-1. Characteristic parameters of the LHP [5.11].

Evaporator

Outer diameter (m) | 0.02 Inner diameter (m) ‘ 0.016 ‘ Length (m) ‘ 0.15
Wick

Outer diameter (m) 0.016 Inner diameter (m) | 0.006 Length (m) | 0.12
Maximum radius (m) | 1%107° Permeability (m?) | >5%10™""

Vapour line

Outer diameter (m) | 0.003 ‘ Inner diameter (m) ‘ 0.002 ‘ Length (m) ‘ 2
Condenser

Outer diameter (m) | 0.003 ‘ Inner diameter (m) ‘ 0.002 ‘ Length (m) ‘ 0.8
Liquid line

Outer diameter (m) | 0.003 ‘ Inner diameter (m) ‘ 0.002 ‘ Length (m) ‘ 2.6
Compensation chamber

Volume (m®) | 2.25%107 ‘ ‘ ‘ ‘
Working fluid

Mass (kg) [ 0027 | | | |
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Several characteristic temperatures along the loop, e.g., temperatures of the
evaporator wall and condenser inlet, from the previous modelling and
experiments are shown in Fig. 5-6 in the cases of different operating conditions
for (a) the heat input of 10 W and ambient temperature of 23°C and (b) the heat
input of 5 W and ambient temperature of 18°C.

Fig. 5-6 also presents the simulation results of this modelling after entering the
same parameters as the testing structural/operating conditions described above.
It was found that the temperatures of the evaporator wall (heat absorbing pipes
wall) and condenser inlet (heat transfer fluid) increased over the system’s
operating period. Comparative analysis between the testing and modelling data
from Ref. [5.11] and the results from this modelling indicated that an
agreement could be achieved with a maximum error of 12.9%. This error may
be caused by the predications of the thermal conductance and internal heat
transfer coefficients, and inaccuracy in the calculations of the heat exchange
with the ambient by natural convection. However, within a reasonable error

limit (15%), this model could predict the performance of the LHP.
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Fig. 5-6. Comparison of the testing and modelling data with the results of this
modelling for the temperatures of the evaporator wall and condenser inlet of
the LHP in the cases of (a) the heat input of 10 W and ambient temperature of
23°C and (b) the heat input of 5 W and ambient temperature of 18°C [5.11].

5.2.2 Case 2
Kaya et al. [5.12] developed a one-dimensional, time-dependent numerical

model and carried out an experimental study to investigate the transient
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performance of a loop heat pipe device. They stated that the model could
satisfactorily simulate the overall dynamic behaviour of a loop heat pipe unit
tested under ambient environment, and the start-up transient was successfully
reproduced at high powers. They also mentioned that the experimental
correlation remained an important component for accurate prediction of
transient LHP operation. The LHP used was a stainless steel/ammonia unit
with a sintered nickel wick. The main geometrical parameters of the LHP are

summarised in Table 5-2.

Table 5-2. Geometrical parameters of the LHP [5.12].

Evaporator

uter diameter (m . nner diameter (m . ength (m .
Outer di (m) 0.017 |1I di (m) 0.014 Length (m) | 0.2

Wick

Outer diameter (m) 0.014 | Inner diameter (m) 0.006 Porosity 0.6
Effective radius (m) | 9¥10” | Permeability (m?) 2%10™
Vapour line

Outer diameter (m) ‘ 0.003 ‘ Inner diameter (m) | 0.002 | Length (m) ‘ 0.5

Condenser

Outer diameter (m) ‘ 0.023 ‘ Inner diameter (m) | 0.02 | Length (m) ‘ 0.26

Liquid line

Outer diameter (m) ‘ 0.003 ‘ Inner diameter (m) | 0.002 | Length (m) ‘ 0.5

Compensation chamber

Outer diameter (m) ‘ 0.024 ‘ Inner diameter (m) | 0.021 | Length (m) ‘ 0.115

The testing was conducted under a start-up power of 197.7 W, and the applied
power gradually decreased to 9.9 W. Fig. 5-7 presents the time variations of the
temperature of the compensation chamber wall from the testing measurement

and modelling calculation in Ref. [5.12].

To enable validation of the established computer model, the input parameters,
including the applied power, ambient temperature (24.7°C), sink temperature
(14.7°C), geometrical parameters relating to the system configuration and
properties of the working fluid, were adjusted to the same values indicated in

Ref. [5.12]. The simulation results are also presented in Fig. 5-7.
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Fig. 5-7. Comparison of the testing and modelling data with the results of this

modelling for the compensation chamber wall temperature [5.12].

From Fig. 5-7, it can be seen that an agreement on the temperature of the
compensation chamber wall (liquid feeder wall) could be achieved, while the
error values were limited to 8.7%. The reasons for the errors may be due to the
predications of the thermal conductance and internal heat transfer coefficients,
and inaccuracy in the calculations of the heat exchange with the ambient by
natural convection. Nevertheless, the accuracy achieved by this model
indicated that the model was able to predict the performance of the LHP device

at its dynamic operational processes.

5.3 Summary

In this chapter, a computer model was developed to simulate the dynamic
performance of the proposed solar LHP system on the basis of the heat balance
mechanism. This implied that, at a certain time interval, the four processes of
heat transfer in the LHP system, i.e. solar energy absorbed by the collector,
heat energy transported across the loop heat pipe, heat energy transferred from
the condensation section of the loop heat pipe to the passing water, and heat
energy received by the tank water, were in the equalisation condition. The
iteration process was activated by the trial-and-error method under the initial

assumed parameters. This research will help examine the behaviour of the solar
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system, suggest the preferred system components and predict the dynamic

performance over the system’s operating period.

In order to verify the analytical model, two groups of published measurement
data were used, and the associated structural and operational parameters were
input into the established computer model, thus generating two sets of
modelling results. Comparison between the previous testing and modelling data
and the results of this modelling indicated that adequate accuracies of 87.1%
and 91.3% could be obtained for the two cases, when using this model to
predict the performance of the LHP device. Errors may be caused by the
predications of the thermal conductance and internal heat transfer coefficients,
and inaccuracy in the calculations of the heat exchange with the ambient by

natural convection.
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Chapter 6: Experimental testing and model verification of the

facade-based solar LHP water heating system

6.0 Overview

In Chapter 5, a computer model was developed to investigate the dynamic
performance of the facade-based solar LHP water heating system. Following
up the previous work, this chapter will address the establishment of the
experimental rig and testing of the system performance using the rig. The
experimental results will compare with the modelling results of the same setups.

Errors between both will be analysed.

In this chapter, a prototype LHP solar water heating system will be constructed
and tested at the SRB (Sustainable Research Building) Laboratory, University
of Nottingham. The performance characteristics of the prototype, i.e., heat
transfer fluid temperature, tank water temperature, solar efficiency and system
COP, will be analysed. The model accuracy was inspected through comparison
of the measurement data and modelling results with the average discrepancy of
7.2%, indicating that the model can achieve a reasonable accuracy in predicting

the LHP system performance.

Two types of glass covers, namely evacuated tubes and single glazing, will be
applied to the prototype, and each type will be tested on two different days
(Case 1 to Case 4). For both cover configurations, it was found that the heat
transfer fluid temperature rose dramatically in the start-up stage and maintained
a gradual growth afterwards. The water temperature rose steadily throughout
the day with an increase of 13.5°C for the evacuated tube system and 10.0°C
for the single glazing system. For the evacuated tubes, the average testing solar
efficiencies were 48.8% and 46.7% for the two cases with the COPs of 14.0
and 13.4, respectively. In terms of the single glazing plate, the testing
efficiencies were 36.0% and 30.9% for the two cases with the COPs of 10.5
and 8.9 on average, respectively. Experimental results also indicated that the
evacuated tube based system was the preferred configuration of the solar

facade LHP system compared to the single glazing system.
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This research work will help identify the real behaviour of the system, suggest
the optimum operating condition, optimise the geometrical size of the system
configuration, and approve/modify the computer model through accuracy/error
analysis. The approved or modified model will be further applied to the long-

term performance inspection and economic and environmental evaluations.

6.1 LHP system with evacuated tubes

6.1.1 Construction of the prototype system and its associated testing rig in
the laboratory

A prototype LHP system with evacuated tubes was constructed at the SRB
(Sustainable Research Building) Laboratory, University of Nottingham. The
photograph of the prototype is shown in Fig. 6-1.

Vapour/liquid lines
Heat ) - e
exchanger '
Vapour/liquid headers
5 ’ r. ] = = = gl
DT 500 . {
data logger
. 4 Evacuated
Water N glass tubes

tank

Fig. 6-1. Prototype and testing rig of a fagade-based solar LHP water heating

system with evacuated tubes.

From Fig. 6-1, it can be seen that the absorbing pipes covered with the double-
walled, evacuated tubes were laid on a vertically-positioned reinforced
polystyrene insulation board and connected to the vapour/liquid headers. The

headers were linked to the heat exchanger located at the upper level of the
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absorbing pipes using insulated connection pipes, thus forming a heat pipes
loop. A total of 3.4 litres of distilled water was charged into the loop, and then
evacuation was made against the loop until an absolute pressure of 0.1bar was
achieved. The loop included vapour/liquid transport lines, each having a total
length of 2.5 m incorporating a few bends, valves and a steam trap. The flat-
plate heat exchanger, on the other side of its channels, connected to a water
tank located at 1 m below the exchanger using a short pipe circuit
incorporating the insulated pipelines, a pump, a water flow meter and several

valves, thus forming the water circuit to allow the service water to circulate.

At the end of the vapour transport line and the inlet and outlet of the water
pipes, K-type thermocouple probes (Fig. 6-2 [6.1 ~ 6.2]) were assembled to
measure the temperatures of the fluids. A wire temperature sensor (Fig. 6-3
[6.2 ~ 6.3]) was used to measure the ambient temperature. A pressure gauge
(Fig. 6-4 [6.4]) with accuracy of #+1.6% was also installed in the vapour
transport line for the measurement of the heat pipe operating pressure. All
these measurement sensors were linked to a DT500 data logger (Fig. 6-5 [6.5])

and a computer for data recording and analysis.

e  Mineral insulated K —
thermocouples
e 150 mm & 250 mm length

versions

e K unscreened PVC thermocouple
e  Temperature range: -10 ~ +105°C

e Accuracy: +0.2°C
e  Temperature range: 0 ~ +1,100°C

e Accuracy: £0.2°C

e Particularly suitable for high
pressure, high vacuum or high
vibration applications

Fig. 6-2. K-type thermocouple [6.1 Fig. 6-3. Wire temperature sensor
~6.2]. [6.2 ~6.3].
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e Accuracy: £1.6%

e  Temperature range: -40 ~ +60°C *  Accuracy: +1.5%
e Scale range: -1 ~ Obar e 10-30 sensor channels, 7 digital
e Suitable for all gaseous and liquid channels
media e Upto 1,390,000 data points
Fig. 6-4. Pressure gauge [6.4]. Fig. 6-5. DT500 data logger [6.5].

The ambient conditions were manually created and controlled in the laboratory
space, such as the radiation of 816 W/mz, which compared well with the
maximum solar radiation of 855 W/m’ in Beijing, China [6.6]. A solar
simulator (halogen lamp) was erected in front of the collector with the preset
figure of the radiation by a pyranometer (Fig. 6-6 [6.7]). Optimised water flow
rate of 1.6 1/min was also adjusted through a dedicated flow meter (Fig. 6-7
[6.8]). A photograph of the prototype under the laboratory testing is shown in
Fig. 6-8.

—

e  First class solar radiation sensor

e  Spectral range: 305 ~2,800 nm )
o . e  Flow rate range: 0.8 ~ 9 I/min
e  Sensitivity (nominal): 15

uV/(W-m?)
e  Temperature range: -40 ~ 80°C
e Range: 0~ 2,000 W/m®

e Maximum operating temperature:
65°C
e Accuracy: +5%

Fig. 6-6. Pyranometer [6.7]. Fig. 6-7. Water flow meter [6.8].

106



Chapter 6: Experimental Testing and Model Verification of the Fagade-Based Solar LHP
Water Heating System

Fig. 6-8. Laboratory testing of the prototype LHP system with evacuated tubes.

A total of 14 evacuated borosilicate tubes were installed on 1 m” of gross
absorbing area, and these were integrated with other system components, i.e.,
vapour/liquid headers and transport lines, heat exchanger, water tank and
piping. The optical, geometrical and thermal parameters of the system

components are given in Table 6-1 to Table 6-4.

Table 6-1. Specification of the evacuated glass tubes.

Evacuated tubes — borosilicate glass 3.3

Transmittance 0.93 Length (m) 1
Emissivity 0.02 Outer diameter (m) 0.058
Thickness (m) 0.003 Inner diameter (m) 0.047
Thermal conductivity
Numb 14 1.2
et (W/(mK))
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Table 6-2. Specification of the wicked heat absorbing pipes.

Absorbers — copper (with coating of nickel)

Emissivity 0.1 | Absorptivity | 0.98
Heat absorbing pipes — copper

Number 14 Outer diameter (m) 0.0162
Length (m) 1 Inner diameter (m) 0.0158
Thermal conductivi

(W/(mK) v 383.8

Two-layer mesh-screen wicks — copper

Length (m) 1 Total thickness (m) 7.5%10™
Number of pores 9,158 Diameter of pores (m) 3.86*%107

Table 6-3. Specification of the vapour/liquid headers and transport lines.

Vapour/liquid headers — stainless steel

Length (m) [ 0.982 | Diameter (m) | 0.04
Vapour/liquid lines — copper
Length (m) ‘ 2.5 | Diameter (m) ‘ 0.016

Table 6-4. Specification of the heat exchanger and tank with water pipes.

Flat-plate heat exchanger — SWEP model: B10T stainless steel

Length (m) 0.119 Plate thickness (m) 3%10
Height (m) 0.289 Number of plates 20
Inner width of one Plate thermal

channel (m) 1.94+10° conductivity (W/(m'K)) 16.28
Water piping — copper

Length (m) 3 | Diameter (m) [ 0.016
Water tank

Volume (m3) ‘ 0.18 ‘ ‘

In order to examine the reliability and repeatability of the system’s
performance, tests were carried out on two different days each for an operating
period of 8 hours from 09:00:00 to 17:00:00, and the testing data were recorded

every 5 seconds.

6.1.2 Comparative analysis of the testing and modelling results
For comparison between the modelling and experimental results, the model
developed in Chapter 5 was adjusted to the same operational/geometrical

conditions as for the experimental cases. Case 1 was carried out on 3"
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December 2009 under a stable ambient temperature of 16.8°C and an initial tap
water temperature of 23.4°C. Case 2 was undertaken on 7" December 2009,
when the ambient temperature was relatively constant at 18.5°C, and the initial
tap water temperature was at 24.1°C. The trends of variation of the heat pipe
fluid and water temperatures during the all-day operation of 8 hours from
09:00:00 to 17:00:00 are shown in Fig. 6-9 and Fig. 6-10. The efficiencies and
COPs derived from the laboratory testing and simulation results are compared

as in Fig. 6-11 and Fig. 6-12.

LHP system with evacuated tubes -
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Fig. 6-9. Comparison of the testing and modelling heat transfer fluid

temperatures for the LHP system with evacuated tubes.
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Fig. 6-9 compared the modelling and testing results of the heat pipe fluid
temperature, which showed an agreement with the average error of 7.2%. In
terms of the two cases, the heat pipe fluid temperature presented a fast growth
trend in the early operation and a close-to-linear increase afterwards. This
phenomenon was caused by the requirement of building up temperature of the
fluid within the loop heat pipe. At the start-up state, the temperature of the fluid
within the heat pipe loop was not high enough to establish an effective heat
transfer between the fluid and passing water. Under this circumstance, the heat
absorbed by the absorbing pipes was largely trapped in the loop space that
would cause the rapid increase of the fluid temperature. When the temperature
of the fluid was raised by a certain level, the effective heat transfer between the
heat pipe fluid and passing water was established. This would lead to a balance
between the heat absorption of the absorbing pipes and dissipation from the
heat pipe fluid to the passing water, and thus relatively steady variation of the
heat pipe fluid temperature. As to the slow response of the volume of the heat
transfer fluid in the heat absorbing pipes loop, the testing temperatures

appeared to be in fluctuation.
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Fig. 6-10. Comparison of the testing and modelling water temperatures for the

LHP system with evacuated tubes.

Fig. 6-10 presented the comparison of the modelling and testing results of the
water temperatures in the tank and exchanger outlet. For the two cases, it was
found that the modelling results were slightly higher than the testing results,
especially in the later hours of operation during the day. Theoretically, the final
temperatures of the water could reach 40°C, but actual measurement values
were about 3-5°C lower. It can also be found that the water temperatures in the
outlet of the exchanger were fluctuating owing to the slow response of the heat

pipe working fluid volume.
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Fig. 6-11. Comparison of the testing and modelling efficiencies of the LHP

system with evacuated tubes.

The testing and modelling results of the efficiency of the LHP system with
evacuated tubes are shown in Fig. 6-11. The efficiencies were found to increase
in the early operation and fall slightly afterwards over the whole day. The
average testing and modelling values were 48.8% and 48.0% for Case 1 and
46.7% and 47.0% for Case 2, indicating that an agreement could be achieved
between the experimental tests and theoretical simulations. It can also be found
that the testing efficiencies were fluctuant owing to the slow response of the

heat pipe fluid volume in the LHP system.
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It should be noted that owing to the limitations of the laboratory conditions, it
was unlikely to simulate the actual operation of the system under real weather
conditions. However, the efficiency figures generated from the laboratory
testing could be compared against those derived from the computer simulations,

thus enabling analysis of the accuracy of the computer model and verification

of the effectiveness of the system.
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Fig. 6-12. Comparison of the testing and modelling COPs of the LHP system

with evacuated tubes.

The testing and modelling COPs of the system operated on the two different
days are presented in Fig. 6-12, which were significantly increased and then
linearly reduced during the operating hours. The averaged COPs for testing and
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modelling could be determined at 14.0 and 13.0 for Case 1 and 13.4 and 12.7
for Case 2, suggesting that the performance of the system could be predicted by
the modelling within a reasonable error limit. The testing COPs were also
found to fluctuate over the whole day, which could be explained from the slow

response of the working fluid in the LHP.

It should be noted that the pump power input was measured once a day for 10
minutes using a portable power analyzer, which gave a relatively stable reading

figure of around 20 W.

6.2 LHP system with single glazing

6.2.1 Construction of the prototype LHP system with single glazing
Retaining the same structure of LHP system and altering the double-walled
tubes to a single glazing (as shown in Fig. 6-13), a modified solar system
configuration, as detailed in Table 6-5, was developed for further laboratory
testing and performance evaluation. The flat-plate glazing was fixed in front of
the heat absorbing pipes at 20 mm distance, while the backside insulation

remained the same.

Fig. 6-13. Front view of the LHP system with single glazing.
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Table 6-5. Specification of the single flat-plate glass.

Single flat-plate glass - Pilkington Sunplus™

Transmittance 0.912 Length (m) 1
Emissivity 0.837 Height (m) 1.2
Thickness (m) 0.0032 Thermal conductivity (W/(m'K)) 0.937

The laboratory testing was also carried out on two days each with an operating

period of 8 hours from 09:00:00 to 17:00:00. The testing data were also

recorded every 5 seconds and further analysed to verify the reliability and

repeatability of the system’s performance.

6.2.2 Comparative analysis of the testing and modelling results

Comparison was made between the modelling and experimental results for the

LHP system with single glazing from Fig. 6-14 to Fig. 6-17. Case 3 was carried

out on 26™ January 2010 under the ambient temperature of 19.5°C and the

starting up water temperature of 24.8°C. Case 4 was undertaken on 28"

January 2010 under an ambient temperature of 19.8°C and an initial tap water

temperature of 27.1°C.
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Fig. 6-14. Comparison of the testing and modelling heat pipe fluid

temperatures for the LHP system with single flat-plate glass cover.

Fig. 6-14 presents the comparison of the modelling and testing results of the
heat pipe fluid temperature for the LHP system with the single glazing. In the
early operation of the two days, the temperature of the heat pipe fluid increased
significantly. Afterwards, it steadily rose until the end of the operation. The
testing temperatures of the heat pipe fluid showed a certain level of fluctuation

due to the slow response of the heat pipe fluid in the LHP system.
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Fig. 6-15. Comparison of the testing and modelling water temperatures for the

LHP system with single glazing.

Fig. 6-15 presents the comparison of the modelling and testing results of the

temperatures of water in the tank and exchanger outlet. As regards the two

cases, it was found that the testing results were slightly higher than the

modelling results at the earlier hours of operation during the day and reversed

later in the day. Theoretically, the final temperatures of the water could reach

40°C, but the actual measurement figures were about 4-5°C lower. The

fluctuation of the temperatures of the water in the exchanger outlet may also be

caused by the slow response of the working fluid in the heat pipes loop.
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Fig. 6-16. Comparison of the testing and modelling efficiencies of the LHP

system with single glazing.

The testing and modelling results of the solar efficiency of the LHP system
with single glazing are shown in Fig. 6-16. The efficiencies were found to rise
and fall gradually with the average testing and modelling values of 36.0% and
43.0% for Case 3 and 30.9% and 38.6% for Case 4, respectively. It can also be
found that, in the later hours, the modelling efficiencies were higher than the
testing ones. The occurrence of the errors could be considered from two
aspects, 1.e., theoretical and experimental. From the theoretical point of view,
some simplifications/assumptions made in the model setup, e.g., inaccurate

calculations of the heat transfer between the absorbers and surrounding, and

118



Chapter 6: Experimental Testing and Model Verification of the Fagade-Based Solar LHP
Water Heating System

inappropriate omissions of the effect of slow response of the heat transfer fluid
volume in the heat pipes loop, may be the potential reasons for the errors. From
the experimental point of view, a number of factors, e.g., heat losses occurring
in the transport lines due to the insufficient insulations during tests, and a lower
than the expected heat transfer rate within the flat-plate heat exchanger, may

cause the derivation of the measured figures from modelling.
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Fig. 6-17. Comparison of the testing and modelling COPs of the LHP system

with single glazing.

Fig. 6-17 shows that the testing and modelling system COPs rose and fell

during the whole-day operation with averages of 10.5 and 12.4 for Case 3 and
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8.9 and 9.8 for Case 4, respectively. The differences between both were caused
by several factors, e.g., heat losses occurring in the vapour/liquid transport
lines, a lower than expected heat transfer rate within the flat-plate heat

exchanger as well as some simplifications made in the model setup.

6.3 Summary

In this chapter, a prototype solar LHP system and its associated testing rig were
constructed, simulated and tested at the SRB (Sustainable Research Building)
Laboratory, University of Nottingham, in order to examine its dynamic
performance during the whole-day operation. The solar collector was sized at
the gross area of 1 m” comprising 14 mesh-screen wicked pipes. The operating
characteristics of the LHP system, including the temperatures of the heat
transfer fluid and circulation water, were obtained through measurement by the
thermocouple probes. The system efficiency and COP could be determined by
presetting the radiation of 816 W/m® and water flow rate of 1.6 I/min. Two
types of glass covers, i.e., evacuated tubes and single glazing, were applied to
the prototype, and each configuration was tested on two different days.
Experimental results were in general agreement with the simulation data with
the average discrepancy of 7.2%, which indicated that the established model
was able to predict the performance of the LHP system with reasonable
accuracy. The testing results would also help identify the real behaviour of the
system, suggest the optimum operating condition and optimise the geometrical

size of the LHP configuration.

For the prototype solar system with both glass covers, the loop heat pipe
experienced a fast growth in the temperature of the heat transfer fluid in the
start-up stage and afterwards reached its steady state. As to the similar level of
heat transport capacity, the temperature of water could be raised by around
13.5°C for the absorbers covered with the evacuated tubes and 10.0°C with the
single glazing under a fixed water flow rate of 1.6 I/min. Theoretical
efficiencies of the evacuated tube system were 48.0% and 47.0% for the two-
day operations. However, the testing efficiencies of the evacuated tube system
configuration averaged 48.8% and 46.7% for the two cases. The modelling and

testing efficiencies of the solar system in the single glazing configuration were
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43.0% and 36.0% for the first-day operation and 38.6% and 30.9% for the
second-day operation, respectively. The average modelling and testing COPs
of the evacuated tube system were 13.0 and 14.0 for Case 1 and 12.7 and 13.4
for Case 2, and the average modelling and testing COPs of the single glazing
LHP system were 12.4 and 10.5 for Case 3 and 9.8 and 8.9 for Case 4,

respectively. The possible reasons for these differences could be generalised as:

e Slow thermal response of the system during operation owing to the
large internal space of the LHP and small volume of the heat transfer
fluid in occupation.

e Heat losses occurring in the vapour/liquid transport lines.

e A lower than expected heat transfer rate within the flat-plate heat
exchanger.

e Several simplifications made in the model setup.

It can also be concluded that the evacuated tube based system presented better

performance than the single glazing based one.
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Chapter 7: Annual operational performance, economic and
environmental evaluations of the solar fagcade LHP system with

evacuated tubes

7.0 Overview

In this chapter, the annual operational performance of the solar LHP system
with evacuated tubes will be studied by implementing the real weather data of
Beijing, China into the computer model developed in Chapters 5 and 6. The
system’s operational parameters, i.e., heat transfer fluid temperature, tank
water temperature, solar efficiency and system COP, will be simulated and
analysed on a typical day for each month of the year. It was found that the
service water temperature was able to reach the required level of 40°C from
July to December, and the highest temperature of 55°C occurred in September.
The heat transfer fluid temperature rose and fell during the single-day
operation. The solar conversion efficiency was higher in summer, while the

system COP was higher in winter.

The economic and environmental issues related to the evacuated tube solar
LHP system will also be analysed through comparison of this system with a
conventional flat-plate solar water heating system. The analytical results
indicated that during its 15-year lifetime, the reduction in energy bills would be
around £854.20, and the associated carbon dioxide emission cut would be
13.23 tonnes. It can also be concluded that the cost payback period would be
9.9 years.

This part of research will clarify the practicality and potential benefits to be

achieved in converting this technology to a commercial product.

7.1 Prediction of the annual operational performance of the solar LHP
system with evacuated tubes under real weather conditions

As to the satisfactory agreement achieved between the numerical program and
laboratory testing results, as well as the fact that the evacuated tube was the
preferred system configuration as indicated in Chapter 6, the annual

operational performance of the evacuated tube solar LHP system under real
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weather conditions will be predicted by using the computer model developed in
Chapter 5. The input parameters, including the characteristic parameters of the

system components and weather data, will be described as follows.

7.1.1 Summary of the characteristic parameters of the components of the
solar LHP system with evacuated tubes

The optical, thermal and geometrical parameters of the components of the solar
LHP system in the configuration of evacuated tubes, which were initially
designed in Chapter 3 and then optimised in the following Chapters 4, 5 and 6,

are summarised from Table 7-1 to Table 7-4.

Table 7-1. Specification of the evacuated tubes.

Evacuated tubes — borosilicate glass 3.3

Transmittance 0.93 Length (m) 1.5
Emissivity 0.02 Outer diameter (m) 0.058
Thickness (m) 0.003 Inner diameter (m) 0.047
Thermal conductivity
1.2
Number 55 (W/mK))

Table 7-2. Specification of the wicked heat absorbing pipes.

Absorbers — copper (with coating of nickel)

Emissivity 0.1 | Absorptivity 0.98
Heat absorbing pipes — copper

Number 55 Outer diameter (m) 0.0162
Length (m) 1.5 Inner diameter (m) 0.0158
Thermal conductivit

W/mK) y 383.8

Two-layer mesh-screen wicks — copper

Length (m) 1.5 Total thickness (m) 7.5%10™
Number of pores 9,158 Diameter of pores (m) 3.86*%107

Table 7-3. Specification of the vapour/liquid headers and transport lines.

Vapour/liquid headers — stainless steel

Length (m) | 3.73 | Diameter (m) ‘ 0.08
Vapour/liquid lines — copper
Length (m) | 5 | Diameter (m) ‘ 0.05
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Table 7-4. Specification of the heat exchanger and water tank with pipelines.

Flat-plate heat exchanger — SWEP model: B10T Stainless Steel Condenser

Length (m) 0.119 Plate thickness (m) 3*10™
Height (m) 0.289 Number of plates 50
Inner width of one 1.94%10° Plate the.trr.nal 16.3
channel (m) conductivity (W/(m-K))
Water piping — copper
Length (m) 5 Diameter (m) 0.016
% -4

Water flow rate (m’/s) 3'2. 107193

1/min)

Water tank — Thermomax Direct Solar Storage Tank: 80 Gallons

0.364 (80

Capacity (m3) gallons)

7.1.2 Weather data

Weather data of different geographic locations could be extracted from the
EnergyPlus database [7.1]. Considering the evacuated tube system vertically
installed on the south-orientated building balcony at Beijing (China) with the
latitude of 39.8°N and longitude of 116.47°E, the hour-based solar radiation
and ambient temperature from 09:00:00 to 17:00:00 on a typical day for each
month of the year are summarised in Tables 7-5 and 7-6. The instant figures of
these two parameters could be calculated by using the interpolation approach.
Table 7-7 presents the average daily wind velocity derived from the

EnergyPlus database [7.1].

Table 7-5. Hourly solar radiation from 09:00:00 to 17:00:00 on 12 typical days
(Unit: W/m?) [7.1].

Hour of

the day Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec

09:00:00 | 56 | 166 | 225 | 178 91| 71| 68| 119|242 | 315 | 242 | 81

10:00:00 | 391 | 433 | 424 | 340 | 234 | 165|174 | 271 | 417 | 524 | 519 | 422

11:00:00 | 628 | 632 | 588 | 478 | 355 | 281 | 295 | 403 | 560 | 681 | 704 | 651

12:00:00 | 775 | 766 | 703 | 573 | 439 | 362 | 381 | 496 | 657 | 778 | 814 | 785

13:00:00 | 844 | 834 | 760 | 616 | 474 | 399 | 423 | 541 | 697 | 812 | 850 | 838

14:00:00 | 837 | 834 | 754 | 602 | 458 | 387 | 415 | 532 | 678 | 780 | 814 | 812

15:00:00 | 754 | 765 | 687 | 532 | 392 | 328 | 359 | 470 | 600 | 685 | 704 | 707

16:00:00 | 591 | 630 | 562 | 414 | 284 | 228 | 261 | 362 | 472 | 530 | 519 | 513

17:00:00 | 333 | 430 | 390 | 262 | 146 | 100 | 132 | 220 | 306 | 322 | 242 | 205
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Table 7-6. Hourly ambient temperature from 09:00:00 to 17:00:00 on 12

typical days (Unit: °C) [7.1].

I;lh(;uga(;f Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec
09:00:00 | -2.6 | 0.3 58| 149 | 227|258 268|253 205|152 | 63| 04
10:00:00 | -1.2 | 1.0 72 162 | 215|268 279|263 |223|169| 70| 1.6
11:00:00 | -0.5 | 2.8 8.6 | 17.1 | 252 | 27.8 285 |27.1 228178 9.1 | 2.6
12:00:00 | 0.3 | 4.1 9.5 17.8 | 25.7 | 28.7 | 29.0 | 27.9 | 23.6 | 185 | 9.8 | 3.7
13:00:00 | 1.0 | 4.0 99| 186 | 23.5|29.6|29.7 | 285|245 | 19.1 93| 3.9
14:00:00 | 09| 5.0 10.7 19.0 | 26.7 | 29.7 | 29.8 | 28.5 | 24.7 | 18.8 | 10.0 | 4.1
15:00:00 | 05| 48| 106 | 190 | 263|297 |29.7 283 (246|182 | 90| 29
16:00:00 | 0.1 | 3.7 ] 100 | 18.6 | 23.8|129.6 |29.6 | 28.1 | 242|182 | 75| 2.5
17:00:00 | -1.0| 2.4 88| 17.7| 239 |285(29.0| 273|225 (152 | 6.0| 03
Table 7-7. Average daily wind speed for 12 months (Unit: m/s) [7.1].
Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec
;’;’;23 26| 24| 36| 26| 21| 26|20| 18] 1.9] 22| 1.9] 2.1

7.1.3 Simulation results and analyses

The initial temperature of water stored in the tank, as shown in Table 7-8, was

the tap water temperature referred to as the temperature of ground water at the

depth of 1.5 m, which can also be obtained from the EnergyPlus database [7.1].

Table 7-8 also indicates the simulation results of the water temperature for the

evacuated tube solar system achieved on the 12 typical days, as well as the

theoretical temperature rise over a single-day operation (8 hours from 09:00:00

to 17:00:00). It should be noted that during the prediction of the system

performance, it is assumed that there is no tank water usage during the daylight.
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Table 7-8. Summary of the initial and final water temperatures along with the

temperature rise on the typical day for each month of the year [7.1].

Month of Initial water Final water Temperature rise over

the year temperature (°C) temperature (°C) a single day (°C)
Jan 3.6 35.2 31.6
Feb 1.8 383 36.5
Mar 2.8 333 30.5
Apr 5.0 359 30.9
May 11.8 373 25.6
Jun 17.5 37.6 20.1
Jul 21.7 42.9 21.1
Aug 23.7 50.5 26.8
Sep 22.6 55.8 333
Oct 18.9 54.4 355
Nov 134 49.8 36.4
Dec 7.9 40.9 33.0

From Table 7-8, it can be seen that the temperatures of service water were
higher than 40°C for the typical days from July to December, which could
satisfy the heat demand of hot water by the occupants. For the remaining six
months from January to June, the water temperatures were lower than 40°C,
which may be caused by low levels of solar irradiance, high speed of wind and
relatively low temperatures of ambient and tap water. The highest water
temperature of 55.8°C could be achieved in September, and the lowest one was
at 33.3°C in March. In terms of the temperature rise over a single day, the

highest of 36.5°C could be found in February.

In accordance with the optimal water flow rate of 19.3 1/min, the time interval
of the water flowing between the exchanger and tank could be estimated at 8
seconds. The simulation results, i.e., heat transfer fluid temperature, tank water
temperature, solar conversion efficiency and system COP, are presented from
Fig. 7-1 to Fig. 7-4 for the typical day of each month. Fig. 7-1 also shows the
variations of the instant solar radiation and ambient temperature in these

selected days.
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Fig. 7-1. Variation of the heat transfer fluid temperature along with the solar
radiation and ambient temperature for the evacuated tube solar LHP system on

the typical day for each month of the year.

The variation of the temperature of the working fluid within the heat absorbing
pipes loop covered with the evacuated tubes is presented in Fig. 7-1. In the
early hours of each day, the temperature increased dramatically to a maximum
value, and then it reduced in the remaining operating period. In October, the
heat pipe working fluid could reach a temperature of nearly 80°C; while, in
March, the highest temperature of the fluid was only 53°C throughout the day.
It can also be found that the heat transfer fluid temperature was primarily

affected by the level of solar radiation.
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Fig. 7-2. Variation of the water temperature for the evacuated tube solar LHP

system on the typical day for each month of the year.

Fig. 7-2 presents the variation of the temperature of water in the tank on the
selected typical days. It was found that the water temperature steadily grew
over the single day for the 12 months. However, the final water temperatures
were lower than the expected 40°C for the first-half-year months owing to the
severe weather conditions. For the months from July to December, 40°C could
be achieved by employing the evacuated tube system, and the highest

temperature of 55.8°C was attained in September.
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Fig. 7-3. Comparison of the solar conversion efficiency of the solar LHP
system in the configuration of evacuated tubes with the conventional flat-plate

solar water heating system for the 12 typical days.

The trend of variation of the solar conversion efficiency of the evacuated tube
system is presented in Fig. 7-3 above, which was found to fall over the
system’s single-day operating period in summer. In May and June, 100% of the
efficiency could be achieved at the beginning of the daily operation. During the
winter season, the efficiencies were usually lower and less than 50% owing to

higher heat losses occurring in the cold weather.
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In order to evaluate the efficiency of this system, a conventional flat-plate solar
water heater was used to compare against the system by using a simulation tool
called T*SOL Pro from the Solar Design Company [7.2] and inputting the
same parameters of the system to the simulation tool. As shown in Fig. 7-3
above, it was found that the efficiency of the flat-plate system was lower than
the novel solar fagade system in the configuration of evacuated tube. This may
be due to the high heat loss through the single-layer flat-plate glass cover of the

conventional solar water heating system to the ambient.
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Fig. 7-4. Variation of the COP of the solar LHP system in the configuration of
evacuated tubes for the 12 typical days.
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Fig. 7-4 indicates that the system COP grew during the early hours of the day
and then fell until the end of the whole-day operation for each month. It can be
found that the evacuated tube system could achieve high COPs in winter with
the highest value of 8 in November, which may be caused by the high levels of
winter solar radiation striking the south-facing surface of the collector when
the system operated under a fixed rate of 19.3 1/min for the water flowing

across the electric pump.

7.2 Economic analysis

In order to understand the economic feasibility of converting this facade-based
solar LHP technology to a commercial product, an economic analysis of this
system in the configuration of evacuated tubes will be carried out through
comparison with a conventional flat-plate solar system and an electric water

heater.

7.2.1 Cost comparison of the solar facade LHP system in evacuated tube
configuration with the conventional flat-plate solar system and electric
water heater

A. Estimation of capital costs

(a) Capital cost of the novel evacuated tube system

The evacuated tube solar system was considered to have a life span of 15 years
[7.3], and its capital cost could be calculated by summing up the prices of the
system components, taking into account the appropriate sale profit and Value
Added Tax (VAT) [7.4]. It should be noted that the unit costs of the system
components were quoted from the selected product catalogue. In order to
illustrate a direct cost comparison between the novel system and the
conventional systems, the costs of the system components in different
currencies were converted to British pounds. Details of the calculation for the
cost of capital are presented in Table 7-9, and it can be concluded that the

initial expense of the system is £2,029.09.
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Table 7-9. Calculation of the capital cost of the evacuated tube solar LHP

system.

System components zglt];:io;t;::;:ﬂinpgmlzrt:sl:(r)ls ts) (£) Quantity | Cost (£)
Evacuated tubes 1.24 55 68.20
Heat absorbing 1,018.25 1] 1,01825
pipes/headers

Transport lines 3.65 10 m 36.50
E)'(i;':rgzerheat 30.99 1 30.99
Water tank 185.93 1 185.93
Electric pump 160.18 1 160.18
Water piping 3.65 Sm 18.25
Backboard 4.34 57m’ 24.74
Total cost (E) 1,543.04
Pre-tax profit (30%o of total cost) (£) 462.91
VAT (5% of profit) (£) 23.15
Capital cost (£) 2,029.09

(b) Capital cost of the conventional flat-plate solar water heater
For comparison, a typical flat-plate solar water heating system in price of

£1825.24 is installed and assumed to operate for 15 years [7.5].

(c) Capital cost of the conventional electric water heater

The conventional electric water heater is also expected to last for 15 years [7.5].
Compared to the evacuated tube solar system, the electric water heater is easy
to install and thus could maintain the capital/installation cost to a minimum of

£273.23 [7.6].

B. Calculation of annual operating costs
(a) Annual operating cost of the novel evacuated tube system
The annual operating cost of the solar facade LHP system includes the prices

of electricity consumed by running the auxiliary heater and electric pump.

An auxiliary heater is regarded as the electric heater immersed in the tank.
When the tank water had a final temperature of less than 40°C after the solar
system operated on a single day, the auxiliary heater will then be switched on

to heat up the water until its temperature reached the expected 40°C. The
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auxiliary heater is particularly suitable for use in cold weather. Based on the

simulation results in Section 7.1 and given the electricity price of 0.1351

£/kWh [7.7] and efficiency of 100% [7.5], the annual cost of the electricity

consumed by the auxiliary heater could be calculated at £19.35, as shown in

Table 7-10.

Table 7-10. Calculation of the annual electricity cost of the auxiliary heater of

the novel evacuated tube system.

. . Heat output Electricity
Month of the Initial water Final water of the novel | consumed by
year temp()gcr:?ture tem'“(’f Cr:r;lture solar system |auxiliary heater
(MJ) (MJ)
Jan 3.6 352 740 112
Feb 1.8 38.3 773 37
Mar 2.8 333 716 156
Apr 5.0 359 700 93
May 11.8 373 599 63
Jun 17.5 37.6 457 54
Jul 21.7 42.9 495 0
Aug 23.7 50.5 629 0
Sep 22.6 55.8 754 0
Oct 18.9 544 831 0
Nov 134 49.8 826 0
Dec 7.9 40.9 773 0
Total (MJ) 8,291 516
Electricit

- (£)y 19.35

The power consumption of the water electric pump can also be obtained from

the simulation results in Section 7.1, and the average of 173 W is chosen.

Assuming that the pump operates 1,952 hours each year, the annual electricity

cost of running the pump could be determined at £45.62.

Summing up the two parts of costs yields a total annual operating cost of

£64.97.
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(b) Annual operating cost of the conventional flat-plate solar water heater

According to the calculation method illustrated above, the annual operating
cost of the conventional flat-plate solar water heater could be estimated as in
Table 7-11, which is at £105.91 from the sum of the electricity costs by
running the auxiliary heater and water pump. It should be noted that the final
water temperature for the conventional system was also calculated from the

T*SOL Pro simulation tool [7.2].

Table 7-11. Calculation of the annual electricity cost of the auxiliary heater of

the conventional flat-plate water heating system.

Heat output .
. . Electricity
Initial water Final water of the
Month of the . consumed by
temperature temperature conventional -
year o o auxiliary heater
°C) CC) solar system (MJ)
(MJ)
Jan 3.6 27.9 569 283
Feb 1.8 27.9 552 257
Mar 2.8 28.7 607 265
Apr 5.0 27.1 501 292
May 11.8 32.2 478 184
Jun 17.5 36.6 433 78
Jul 21.7 40.4 438
Aug 23.7 42.4 438
Sep 22.6 47.6 567
Oct 18.9 45.9 633
Nov 134 38.3 565 39
Dec 7.9 31.0 541 210
Total (MJ) 6,324 1,606
Electricity
cost (£) 60.29

(c) Annual operating cost of the conventional electric water heater

The conventional electric water heater is 100% efficient and used to heat up the
180-litre water required by a 3-member family from its initial temperature to
the expected 40°C, and the annual operating cost could be calculated at

£283.51 by using the same method illustrated above.
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C. Assumption of the annual maintenance costs

The maintenance costs of the solar systems for both novel and conventional
ones are 2% of the initial system cost [7.8] due to their low maintenance
requirement, whereas the maintenance cost of the electric water heater is
considered to be 0, as electric heating is a reliable technology and no moving

parts would be broken down or worn out during its 15-year life cycle.

7.2.2 Estimations of the cost payback period and life cycle cost saving
Based on the above considerations, the cost payback period of the facade-based
solar LHP water heating system in the configuration of evacuated tubes relative

to the conventional electric water heater could be calculated as [7.8]:

Cc,sf_Cc,el
PP .. = 7-1
sf (Co,el—Co,sf)+(Cm.el—cm.sf) ( )

The cost saving of the solar facade LHP system in energy bills during its 15-

year life cycle could be calculated as:

Csz = (15 - PPsf) ((Co,el - Co,sf) + (Cm,el - Cm,sf)) (7-2)

The calculations suggest a cost payback period of 9.9 years and a life cycle

cost saving of £854.20.

By applying the Eq. (7-1) and Eq. (7-2), the conventional flat-plate solar water
heating system could also estimate its cost payback period of 11 years and the
life cycle cost saving of £564.38. From the comparative analysis of these
figures with that of the novel evacuated tube system, it could be identified that
the evacuated tube system has a shorter cost payback period and a higher

energy bills saving.

7.3 Environmental analysis
The annual CO, emission reduction could be determined from the annual
electrical energy saving of the solar fagade system over the conventional

electric water heater, by multiplying a conversion factor [7.9].
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CRsf = Cfcoz (Qel - st) (7-3)

On condition that 1 kWh of grid electricity converts to 0.54522 kg of CO,, the
annual CO, emission reduction of the solar fagade system applied to the typical
flat could be calculated at 0.882 tonnes. Considering the 15-year life cycle of

the solar facade, 13.23 tonnes of carbon dioxide emission will be reduced.

Similarly, the analysis on the reduction of the CO, emission for the
conventional flat-plate solar water heater could also be conducted, and a

reduction of 10.75 tonnes could be achieved through its 15-year life cycle.

7.4 Summary

In this chapter, the annual operational performance of the fagade-based LHP
system with evacuated tubes was analysed under the real weather conditions by
applying the computational program developed in Chapters 5 and 6. This part
of research work will clarify the practicality and potential benefits to be

achieved in converting this technology to a commercial product.

The weather data were extracted from the EnergyPlus database involving
hourly solar radiation, hourly ambient temperature, average daily wind speed
and initial water temperature. The instant figures of the parameters could be
determined by the interpolation methods. It was found that the temperature of
water in the tank could be heated up to 40°C as required by the occupants from
July to December. The highest water temperature was at 55°C in September.
The temperature of the heat transfer fluid increased during the earlier hours of
operation in the day and then decreased. The solar conversion efficiency was

high in summer, while the system COP was high in winter.

In comparison with a conventional electric water heater, the economic and
environmental impacts of the solar water heating system in its life span of 15
years were analysed. It was found that the novel solar system could have the
cost saving of £854.20 and CO; emission reduction of 13.23 tonnes over the 15

years. The estimated cost payback period of the system would be 9.9 years. It
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was also found that the novel system had the potential to be cost-effective and
environmentally-friendly through comparison with a conventional flat-plate

solar water heating system.
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Chapter 8: Conclusions and further work

8.1 Summary of the research work

This research investigated a novel fagade-based solar loop heat pipe (LHP)
water heating system, which is expected to have the potential to overcome the
difficulties associated with the existing solar water heaters, thus creating a
fagade integrated, low cost, highly efficient and aesthetically appealing solar

heating structure.

This research started from a comprehensive review in relation to several areas
of research, including solar water heating and loop heat pipe technologies. This
review illustrated the current status and global potential of the solar thermal
market and revealed the problems existing in the solar water heaters. This
review introduced the working principle and classifications of the solar water
heating system, as well as its associated mathematical analysis and practical
applications in buildings. This review also described the basic concept of the
LHP device and thoroughly studied the performance characteristics of the LHP
technology through the analytical modelling and experimental testing. Thus, a

novel fagade-based solar LHP water heating system was proposed.

This research further involved the conceptual design of the novel solar fagade,
based on a typical 3-member flat in Beijing, China. The working principle of
the proposed system was described. The system components, i.e., glass covers,
wicked heat absorbing pipes, vapour/liquid headers, transport lines, flat-plate
heat exchanger, backboard, pump, water tank and pipelines, were initially
designed from three aspects of size, quantity and material or selected from the

market product catalogue.

This research investigated the operating limits (heat transport capacity) of the
LHP system by developing a computer model. Six potential limits for the
operation of the LHP device, i.e., capillary, entrainment, viscous, boiling, sonic
and filled liquid mass, were considered. With the specified system structure,
variations of these limits with several system structural and operational

parameters, including the heat transfer fluid temperature, heat absorbing pipe
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diameter, wick structure and exchanger-to-pipes height difference, were
investigated. This helped identify the governing limit of the system and

optimise the geometrical parameters of the LHP configuration.

This research also investigated the dynamic performance of the solar LHP
system by developing a computer model on the basis of the heat balance
mechanism. This implied that, at a certain time interval, the four processes of
heat transfer in the LHP system, i.e. solar energy absorbed by the collector,
heat energy transported across the LHP, heat energy transferred from the
condensation section of the LHP to the passing water, and heat energy received
by the tank water, were in the equalisation condition. The iteration process was
activated by the trial-and-error method. In order to verify the computer model,
two previously published papers were applied by inputting the same data of the

papers into the modelling.

This research further involved the construction and testing of a prototype solar
facade LHP system and its associated testing rig at the SRB (Sustainable
Research Building) Laboratory, University of Nottingham. The solar collector
of the prototype was sized at a gross area of 1 m” consisting of 14 mesh-screen
wicked pipes. Two types of glass covers, i.e., evacuated tubes and single
glazing, were applied to the prototype, and each configuration was tested on
two different days for 8 hours from 09:00:00 to 17:00:00. The operating
characteristics of the system configuration, including the temperatures of the
heat transfer fluid and circulation water, were obtained through the
measurement by the thermocouple probes during the tests. The system
efficiency and COP could be determined by presetting the radiation of 816
W/m® and water flow rate of 1.6 /min. Experimental results helped validate the
simulation results, identify the real behaviour of the system, suggest the
favourite operating condition and optimise the geometrical size of the system

components.

This research finally analysed the annual operational performance of the
facade-based solar LHP system with evacuated tubes and evaluated its

economic and environmental impacts. By employing the validated computer
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model, the performance characteristics of the system, including the heat
transfer fluid temperature, water temperature, solar conversion efficiency and
system COP, were examined under real weather conditions. The simulation
results contributed to the reductions of energy bills and carbon emissions
associated with the building’s hot water production and supply in comparison
with a conventional flat-plate solar water heating system and an electric water

heater.

8.2 Conclusions

Conceptual design: Regarding the working principle of the proposed solar
system, it could be divided into the outdoor and indoor parts, which were
connected via the transport lines. The outdoor part, consisting of the glass
cover, wicked heat absorbing pipes and headers, was capable of absorbing
solar energy and vaporising the heat transfer fluid. The indoor part was
composed of the heat exchanger, tank, electric pump and water piping, which
could transfer the absorbed heat to the service water through the condensation

of the evaporated heat transfer fluid.

Operating limits: Capillary was indicated as the governing limit of the LHP
system heat transfer among the six limits, i.e., capillary, entrainment, viscous,
boiling, sonic and filled liquid mass. The mesh-screen wick structure was able
to achieve a higher heat transfer than the sintered power; therefore, it was a
favoured choice for the system configuration. In order to achieve an enhanced
system performance, the operation of the system should maintain a high
temperature of heat transfer fluid, and have a large diameter for the heat

absorbing pipe and a large exchanger-to-pipes height difference.

For the absorbing pipes fitted with mesh-screen wicks, their diameters fixed to
16 mm, the temperature of the heat transfer fluid controlled at 60°C and the
exchanger-to-pipes height difference at 1.5 m, the system could achieve the
heat transport capacity of 2,362 W/m?, which was higher than the required heat
transfer of 855 W/m?”. This setting could be considered as the optimal system
configuration and operating conditions, when it was applied for building’s

solar water heating in Beijing, China.
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Theoretical analysis and computer simulation: In terms of the comparison
between the previous testing and modelling data and results of this modelling,
adequate accuracies of 87.1% and 91.3% were obtained for the two groups of
data, indicating that this model could be used to predict the dynamic
performance of the LHP device. Errors may be caused by the predications of
the thermal conductance and internal heat transfer coefficients, and inaccuracy

in the calculations of the heat exchange with the ambient by natural convection.

Experimental testing and model verification: With regards to the
comparison between the experimental results and simulation data, a general
agreement with an average discrepancy of 7.2% was acquired, which indicated
that the established model was able to predict the performance of the LHP

system with reasonable accuracy.

For the solar system in the configurations of evacuated tubes and single glazing,
the loop heat pipe experienced a fast growth in the heat transfer fluid
temperature in the start-up stage and afterwards reached its steady state. As for
the similar level of heat transport capacity, the temperature of water could be
raised by around 13.5°C for the absorbers covered with the evacuated tubes and
10.0°C with the single glazing under a fixed water flow rate of 1.6 1/min.
Theoretical efficiencies of the evacuated tube system were 48.0% and 47.0%
for the two-day operations, and the corresponding testing efficiencies were
48.8% and 46.7%, respectively. The modelling efficiencies of the solar system
in the single glazing configuration were 43.0% and 38.6% for the two cases.
However, the testing efficiencies of the single glazing system were 36.0% and
30.9% respectively. For the COPs, the evacuated tube system could
theoretically achieve 13.0 and 12.7 for the two cases, and the average testing
figures were 14.0 and 13.4, respectively. The single glazing system reached the
COPs of 12.4 and 9.8 theoretically and 10.5 and 8.9 experimentally. The
possible reasons for these differences may be due to the slow thermal response
of the heat transfer fluid in the LHP, heat losses occurring in the transport lines,
a lower than expected heat transfer rate within the flat-plate heat exchanger and

several simplifications made in the model setup. In conclusion, the evacuated
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tube based system presented better performance than the single flat-plate based

one.

Annual operational performance, economic and environmental
evaluations: For the optimised configuration of the solar fagade system with
evacuated tubes, the temperature of the heat transfer fluid within the LHP
increased in the early hours of the system’s operating period and decreased
afterwards. The temperature of water in the tank rose gradually during a single-
day operation and could reach the expected 40°C from July to December. The
highest water temperature of 55.8°C was achieved in September. The solar
conversion efficiency of the system was found to be high in summer, while the

system COP was high in winter.

Compared with a conventional electric water heater, the novel system was able
to reduce the energy bills of £854.20 and CO, emissions of 13.23 tonnes over
its life cycle of 15 years. Its cost payback period was estimated at 9.9 years. It
was also concluded that the novel system had the potential to be cost-effective
and environmentally-friendly through comparison with the conventional flat-

plate solar water heater.

8.3 Further work
Although substantial work has been carried out during this research, there are
still quite a few opportunities to develop this project, in order to improve the

performance of the system further. These may be indicated as follows:

8.3.1 Further optimisation/modification to the system configurations

Although some essential geometrical parameters of the system components
were examined and optimised and the enhanced system performance was
achieved, some other characteristic parameters should also be analysed,
particularly the size of the liquid feeder. The liquid feeder is capable of
controlling the liquid supplement from the liquid header to the wicks of the
heat absorbing pipes. Thus, a proper size of the liquid feeder would improve

the heat transfer performance of the loop system.
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Another consideration is the amount of heat transfer fluid filled into the LHP. It
was noticed that a certain amount of liquid accumulated at the bottom of the
vapour header during the tests, resulting in a reduced amount of working fluid
evaporating/condensing in the loop. In order to solve this problem, the
positions of the vapour/liquid headers may be modified. Once this problem is
resolved, the performance of the system heat transfer will be significantly

improved.

8.3.2 Tests under real weather conditions and long-term schemes

Laboratory-based testing could not imitate the actual system operation owing
to the limitations of the laboratory conditions. Therefore, further tests may be
carried out to evaluate the operational performance of the system under real
weather conditions. In addition, tests may also be performed under long-term
schemes, i.e., seasonal or annual, to identify the real behaviour of the system.
The testing results can be used to verify the annual operational performance

data predicted by the computer model.

8.3.3 Developing a computer model to simulate the start-up stage of the
LHP device

Although the start up of the LHP device involves a series of complex heat,
mass and energy transfer processes, an experimentally-correlated model may
be developed to specify the start-up mode. This will help understand the start-
up phenomenon of the LHP device, save on the start-up time, and improve the

start-up performance of the novel solar facade.
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