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Abstract

The ceramics manufacturing sector is among the most energy intensive industry in Europe.
The greenhouse gas generated by this industry represents a large amount of the greenhouse
gas generated across the industrials sectors. During the tile manufacturing process, the slow
cooling of the tile is among the most important step as the strength and lifespan of the tile will

be determined by the quality of cooling.

The main objective of this study is to investigate and apply a radiative heat pipe ceiling solution
that will provide a uniform tile surface temperature across the kiln section to reduce the internal
stresses of the tile and to recover heat from the slow cooling process. To provide a uniform
tile temperature, a heat pipe with a near horizontal evaporator was proposed. In a first
approach, a cylindrical single heat pipe with a near horizontal evaporator section and cooling
water jacket was tested. The single heat pipe was exposed to a radiative ceramic heat source
in a fully instrumented laboratory kiln. The system was studied at different filling ratios to
assess the effect of the filling ratio on the heat transfer rate, the heat pipe thermal resistance,
and the heat pipe temperatures. The geyser boiling occurring at low heat flux was discussed

and analysed to avoid this phenomenon in the full-scale system.

By using the experience gathered during the single heat pipe test, module heat pipes were
proposed with different evaporator heat transfer area. The module heat pipes were composed
of a near horizontal evaporator section with different number of parallel pipes connected to a
bottom collector and a shell and tube header. The impact of the change in the evaporator
surface area by changing the number of evaporator pipes for the same overall heat pipe
dimensions on the heat transfer rate, the heat pipe thermal resistances and the heat pipe
working temperatures were discussed. The impact of the filling ratio was assessed to verify
the assumptions made in the single heat pipe study. The systems were tested at flow rates

from 5 L/min to 20 L/min and heater temperatures from 200 °C and 500 °C.

A theoretical modelling tool was developed using VBA to predict the performance of the single
heat pipe and the module heat pipes. The modelling tool was built based on an electrical
analogy approach, considering the different thermal resistance within the system. Each
thermal resistance was based on correlations validated by the experimental data. The
modelling tool was then used to predict the heat transfer rate for all the tests carried out in this
study. The prediction obtained was within 10%. The modelling tool predicted the impact of the
heat pipe ceiling on the tile temperature. The potential heat recovered by the system was
predicted to be 1277 MWh per year.
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Chapter 1: Introduction

Following the energy crisis in 1980s, many energy saving technologies have been investigated
with attempts to implement them into various industries, among them the field of ceramics. In
order to comply with energy saving trends and environmental issues, the European ceramic
industry sector has developed energy efficient systems which have significantly reduced
production times and costs and reduced total energy consumption and greenhouse gas

emissions.

Ceramics components are defined as a non-organic, non-metallic materials that develop
mechanical properties when exposed to heat. The application of heat to produce high strength
material is by definition an energy intensive process [1]. Studies on the energy balance and
the opportunities of energy savings in ceramic industries have highlighted that the
development of energy saving technologies and waste heat recovery is crucial in response to
the worldwide environmental crisis but also for the reduction of production costs and the quality
of the final products[2]. Seven types of ceramic productions can be identified, wall and floor
tiles, brick roof tiles and pipes, refractories, sanitary ware, table and ornamental ware,
technical ceramics and abrasives. The production of ceramics takes place in a large variety
of kilns depending on the types of ceramics produced. Among the production costs, almost
30% is related to the energy input in the production process which make the ceramics sector
the second most energy intensive manufacturing process in Europe with a consumption of
1.67 TWh of energy[3]. Tile production represents the largest production and market share in
the ceramics industry with 51% of the total ceramics production (14 billion Euros) as seen in

Figure 1 and Figure 2.
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Four types of production can be identified in the traditional ceramics sector: Tiles, Tableware,
Sanitary ware and Brick and Heavy clay pipes. Most of the manufacturing companies are
based in Italy, Spain and Poland (Figure 3).

Other EU
13%

Portugal Italy
34%
Gennany .
Poland
10%

Figure 3 Location of the tile ceramics production in Europe

The tile manufacturing sector groups all the items used for covering roofs, floors, walls,
showers and other objects such as furniture for bathrooms and kitchens. The tile ceramic
industry is the largest sector within the traditional ceramics sector. Tile manufacture represents
a market of 14 billion euros and 75% of the total energy consumption for the other ceramics
sector, excluding brick and heavy clay pipes (Figure 4). The tiles ceramics sector consumes



large amounts of natural gas, the emissions related to the natural gas consumption are
evaluated at about 265kg of CO; per tonne of fired tile. The energy used in the manufacturing
of tiles is around 28kWh/m?[5].

Tableware Sanitaryware

1% 15%

Tiles
75%

Figure 4 European ceramics industry by energy consumption[6]

The main challenges of the tiles ceramics industry are the competition in mass volumes of
tiles fired for low prices with a good product quality to compete with emerging economies, the
high energy demands of the tiles manufacturing process and the reduction of greenhouse gas
emissions. To overcome those challenges, the tiles ceramics sector needs to develop ways
to reduce the consumption of energy (in roller kilns, 50% of the total energy consumption is
used for the firing). The increase in production required to compete with emerging economies
comes with issues such as defects that will affect the production quality. Technologies needs
to be developed to reduce those defects. The EU legislation regarding greenhouse gas
emissions implies a reduction of the emissions in tile manufacturing. By reducing the energy
consumption, emissions will also reduce. In ceramics manufacturing, some gaseous pollutants
are produced such as SOx, NOx, HF, and HCL. Reducing the emissions of these gases will

be achieved by developing new filter technologies and reducing the energy consumption.
The tiles can be identified in 3 groups:

- Roof tiles used to protect buildings against the rain, they can be made of terracotta
or slate but also concrete and plastic in certain applications.
- Floor and wall tiles used to cover the interior as a decorative part.
- Ceiling tiles used inside buildings as a decorative feature but also to improve the
acoustics.
Brick and roof tiles follow a different manufacturing process than the wall and floor tiles. The
manufacturing process of the tiles will depend on the type of tiles produced. In this thesis, the
process investigated is based on the roller hearth kiln technology. The tile can be unglazed,

single glazed or double glazed. Five main steps can be identified in the process, the raw



material and body preparation, the shaping, the drying, the firing and the final product shipping.

A process flow chart can be seen in Figure 5.
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Figure 5 Tile manufacturing process

The baking of the tile is of great importance as the energy consumption of the ceramic process
accounts for a significant percentage of the total production costs. More precisely, the firing
stage consumes the highest amount of energy during the whole ceramic production process.
The use of roller kilns, fired by natural gas, involves a loss of 50% of the input energy via the
flue gas and the cooling gas exhausts. Most of the heat used in the firing process is then
disposed of during the cooling stage where the tiles go through a cooling tunnel in four stages.
During the first stage, air from the factory is blown onto the tile to decrease the temperature
from 1100°C to 700°C. The second stage consists of a radiative ceiling roof composed of

stainless-steel tubes arranged in a bundle with similar distances between each other, The heat



is transferred from the tile to the pipes using radiation heat transfer. The tubes are cooled by
air. The hot air generated by the cooling is then sent to the dryers’ burner. The indirect cooling
section is used to cool down the tile slowly to 300°C to ensure that the crystallisation takes
place in the most uniform way. The tiles are then cooled to ambient temperature using air. The
main issue discovered during testing campaign on the roller earth kiln was the difference of
cooling temperature taking place during the indirect cooling. The temperature gradient
between the side of the tile and the middle was 100°C on average. This temperature gradient
will impact the life span of the tile as internal stresses will weaken the tile. It also has been
noticed through extensive simulation work that the temperature gradient between the top of
the tile and the bottom was 150°C which will also impact on defects in the tile. The difficult
environment of the kiln could not allow a proper testing of all of the stage and so the data used

in this thesis are based on a simulation model.

Heat pipes have been used in a variety of applications. In recent years the heat pipe
technology relying on gravity has been applied in different sectors as the price of heat pipe
manufacturing decreases. Heat pipes rely on boiling and condensation regimes to transfer
heat from the evaporator section to the condenser section. The heat pipe technology using
radiation heat transfer has been used in different sectors such as the steel industry and solar
collectors. The use of this technology in the ceramics industry has been investigated for
recovering heat from the cooling stage [7], but the use of such a technology to cool down

materials such as tiles has not been investigated.

Therefore, an attempt to fill the gaps in scientific research has been made in the current
investigation. The heat pipe technology has been applied to the indirect cooling section in
order to fine tune the temperature gradient and recover a larger amount of heat. The high
conductivity and the reliability of the heat pipe technology has made it the best suitable solution

for a novel radiative heat pipe ceiling.

The main objective of this investigation is to demonstrate that the heat pipe technology, using
different variables such as the heat transfer area, the filling ratio and the flow rate in the
condenser section can reduce the temperature variations along the tile during the cooling

section with remote cooling in an industrial setting.

In order to achieve the objective, a test rig has been developed to demonstrate the concept
experimentally and theoretically. The test rig is composed of three modules with different heat
transfer areas for the evaporator section and a kiln with a heat source composed of a ceramic
pad heater. A single radiative heat pipe has also been tested to validate the methods and

hypothesis of the view factor for a larger scale system.



The thesis is structured as follows. An extensive review of previous work in waste heat
recovery in the ceramics industry, radiative technologies and heat pipe technologies have
been reported in Chapter 2. The experimental apparatus and instrumentations and the testing
procedures for the radiative ceiling are described in Chapter 3. The theoretical investigation
of the single radiative heat pipe and the characterisation of the view factor and emissivity have
been investigated in Chapter 4. A data reduction analysis was carried out to assess the data
and results from the experimental tests and is presented in Chapter 5. The results and the
discussions on the single heat pipe and the modules test are presented in Chapter 6. The
theoretical modelling tool developed is presented in Chapter 6 with the prediction of the heat
transfer rate across the kiln cross section. The conclusions and suggestions for future work

have been drawn in Chapter 7.



Chapter 2: State of the arts

2.1 State of the arts in the ceramics industry

2.1.1 Manufacturing process of tiles

2.1.1.1 Body preparation and shaping

The preparation of the tile body is one of the most crucial stages in the manufacturing process.
The composition of the tile needs to be carefully selected in order to produce a high-quality
tile matching the mechanical and aspect requirements. The tile is composed of a combination
of natural and synthetic materials such as aluminium silicates, based clay and small amounts
of pigment, metal oxides or colorants. The prepared raw material is mixed in a controlled
environment using water as a bonding agent (35%). Then, the preparation is dried using spray
drying at a temperature between 350 °C and 450 °C to a water content of 5%-9%. The

resulting product is a powder with a moisture content of 5%.

2.1.1.2 Shaping
The shaping can be done using impact toggle presses, screw presses or hydraulic presses

with a pressure of about 35MPa

2.1.1.3 Process of the drying stage

The tile is then dried. The dryer technology depends on the production: tunnel dryers, roller
dryers or vertical dryers. The drying is performed at temperatures that vary depending on the
dryer technologies used (200-220 °C for vertical dryers, 300-350 °C for tunnel dryers). The
tiles are dried for between one to four hours depending on the moisture content. The moisture
content at the end of the drying stage cannot exceed one percent to avoid fissure or explosion
of the material during the firing stage. The heat required for the dryers is supplied via waste
heat from the kiln or by natural gas. The main issue with the waste heat recovered from the

kiln is the composition of the exhaust gas that will impact on the quality of the final product.

2.1.1.4 The firing stages.

The main purpose of the firing stage is to bind molecules of the tile together to increase the
mechanical properties and guarantee a good integrity of the tiles. The firing process depends
on the technology used. Two main kiln technologies can be used in the ceramics process, the
tunnel kiln and the roller hearth kiln. Nowadays the most used technology in tile manufacturing
processes is the roller hearth kiln but some technologies used in tunnel kilns can be applied
in roller hearths regarding the waste heat recovery of exhaust stack gases. Four stages can
be identified in the firing process. The firing stage, where the tile is heated up to 1300 °C, the

direct cooling using air streams on the tile (1300 °C to 700 °C), the indirect cooling using



radiative cooling (700 °C to 300 °C), and the slow cooling using air to cool down the tile to 30

°C. a cut view of the kiln can be seen in Figure 6.

Cross-section of a roller hearth kiln
Fired Ware to be fired

Possible
fuel feed

Kiln rollers

Figure 6 Cross-section of a roller hearth kiln [8]

Recent data suggest that the firing stage contributes 57% of the total CO, emissions of the

ceramic tile process[9].

Unit Tunnel kiln Roller hearth kiln
biscuit firing | final firing | single firing

Product Tiles with higher water absorption
Throughput t’'h 2.8 1.2 1.6
Kiln length m 120 60 80
Cross-section m’ 1.5-2.0 0.8-1.2 0.5-1.0
Setting density kg/m’ 500 — 700 10 — 30 10 — 30
Firing temperature °C 1100 1250 1300
Specific energy requirement | kl’kg 3500 2900 2200
Flue-gas volume flow m’/h 15000 10000 13000
Flue-gas temperature °C 180 160 200

2.1.2 Roof tile manufacturing process
The roof tile manufacturing process follows the same steps as for wall and floor tiles but with
a different technology used. Five steps can be identified: raw material preparation, shaping,

drying and glazing, firing and subsequent treatments.



2.1.2.1 Raw material

The raw material selection is one of the most important steps in the manufacture of roof tiles.
Indeed, across Europe, the roof tile will be of different shapes, colour and composition. Most
of the roof tile clays are sedimentary: marine fluvial or river glacier sediments. The composition
of the roof tile will also have an impact on the mechanical properties of the final product and
the gaseous emissions realised during the firing stages. Production sites mainly manufacture
only one type of roof tile, depending on the region where they are. The raw materials are
stored in large open-air storage. In most of the cases, the raw materials come from a brickyard

next to the manufacturing plant.

2.1.2.2 Raw material preparation

Two type of preparations can be identified in roof tile manufacture, dry preparation and semi-
wet preparation. The selection of the preparation method will be determined by the available
materials, the quality required for the final product, the shaping methods and the product price.
Dry preparation is used when dry material with low plasticity is used or for a high-quality
product. The purpose of the dry preparation is to smash the product with a hammer or
suspended roller mills to reduce the size of the particle and also to decrease the water content
to six percent. Additives are used to fix the moisture content and to maintain a good plasticity
of the raw materials. These additives will facilitate the cutting of the clay during the shaping in
the extrusion process. Dry preparation can be applied to roof tiles, but it is mostly used with
brick manufacturing. Semi-wet preparation is mainly used for the roof tile clay. The raw
materials are mixed in a large volume feeder. The mixing of the materials requires a high-
water content, about 20%. The material is then crushed to reduce the particle size to between
0.5 to 0.8 mm. To crush the materials, clay crushers, knife crushers, double roll crushers or a

wet pan can be used depending on the material characteristics.

2.1.2.3 Shaping

The wet preparation is shaped using a press. The material is pressed under a die at a pressure
of between 0.6 and 1.5 MPa and the die will form a column of formed clay; this column will be
then cut using a wire cutter. This is the typical method used in building bricks and extruded
roof tile production. Roof tiles can also be manufactured using presses. The raw material is

formed into a cakes or lumps. The cakes will then be pressed again to the correct geometry.

2.1.2.4 Drying

Roof tiles are dried in tunnel dryers or chambers at a temperature between 60 °C to 90 °C for
12 to 48 hours. The dryer will decrease the water content of the body to less than three
percent. Dryers are usually heated using the waste hot air from the cooling stage of the firing

stage, by natural gas or fuel oil burner and cogeneration.



2.1.2.5 Firing

The main technology used to fire the roof tile is the tunnel kiln in an oxidising atmosphere.
This will cause the appearance of special colour effect. The roof tile is placed on a kiln car
going through the kiln as it heats up. The placement of the roof tile on the car has a great
importance. It needs to allow the oxidising air to circulate around the product in a uniform way.
The roof tile is heated up to a temperature between 1000 °C to 1150 °C. Depending on the
shape of the tile, the product will be baked for 10 to 40 hours. The temperature of the flue gas
within the kiln will depend on the dew point. The temperature of the flue gas needs to be higher
than the dew point to avoid condensation on the tile while heating up. The temperature will
depend on the composition of the roof tile fired. Then the product will be cooled to 50 °C. A
cut view of the kiln can be seen in Figure 7. The different operating conditions for tunnel kilns

are shown in Figure 8.

Cross-section of a shuttle kiln

Ware to be fired

Fired volume

Possible
fuel feed

Figure 7 Section view of a tunnel kiln[8]

Facing Horizontally
Tunnel kilns Unit bricks and Clay blocks perforated Roof tiles
clay pavers clay blocks

Throughput t/h 1-15 3-15 3-15 3-6
Kiln length m 35-160 60 —120 60 —120 80— 140
Cross-section m” 1.3-6.0 4-12 4-12 4-10
Setting density kg/m’ | 650 — 1500 350 — 500 250 — 750 200 — 400
Firing temperature °C 1000 — 1300 900 — 1050 950 — 1050 1000 - 1150
Specific energy
requirement ki/kg | 1600—3000 | 1000 —2500" 1000 — 2500 1600 — 3500
(drying + firing)
gg‘;'gas i m¥h | 5000 — 20000 lggggo‘ 10000 — 50000 lggggo‘
Flue-gas temperature °C 100 — 230 100 — 300 100 — 150 170 - 200
") Including heat content of the pore-forming agent

Figure 8 Operating data of tunnel kilns [8]
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The use of hearth roller kilns can also be applied in roof tile manufacturing depending on
certain criteria. It will depend on the surface of the product and the possibility of perfusion by
hot firing gases. A roller hearth kiln will allow a reduction of energy consumption and

greenhouse gas emissions.

2.1.3 Waste heat recovery technologies in tile manufacturing

Waste heat recovery has been widely investigated due to global warming and climate change.
Indeed, companies and governments are trying to reduce greenhouse emissions and waste
energy e.g. the United States of America wasted 57% of the energy produced [10] as shown
in Figure 9.

Net Electricity
Imports

8.45 12.68
(5PN Clectricity
Cenerat tion

Figure 9 Percentage of energy wasted in the USA in 2008

To prevent such issues, universities and companies developed technology to recover heat
from high- or low-grade temperatures. Those actions can prevent global warming but also can

reduce manufacturing and energy costs.

The main areas of energy consumption during the manufacture of tiles are the firing,
accounting for 55% of total energy consumption, the spray drying (36%), and the drying
(9%)[5]. Also, the CO, emissions of the firing process are estimated to be about 265 kg CO-
It of fired tile[11]. High energy-demanding processes need to decrease energy consumption
in order to remain competitive and to lower the production cost [2]. To match this objective,

energy saving technologies have been investigated in the tile ceramics industry.

2.1.3.1 Optimisation of the drying stage

Several optimisations have been tested and applied in the drying stage such as [6]:
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e Optimisation of the recirculation of drying air: using more sophisticated ventilation
techniques to control fundamental parameters such as relative humidity, temperature
and flow rate improved the efficiency of the hot-air dryer.

¢ \Waste heat recovery: Clean hot air from the cooling exhaust of the firing kilns is
available and can significantly improve the efficiency of the process. Waste heat
recovery can provide up to 100% of potential energy saving for the drying process.

e Pulsed hot air: A periodically interrupted flow allows the use of a higher drying air
temperature; this solution allows enough time for the moisture to migrate from the
centroid to the surface. These higher drying air temperatures allow a reduction of 40
min when compared with the process with a classical roller dryer.

e Microwave drying: Microwave assisted drying has two obvious advantages. First of all,
only the object is heated, whilst the chamber remains cool and so the energy to heat
the drying chamber is saved. The microwave also heats the centre of the body and not
only the surface; this promotes moisture migration to the surface. Water absorbs the
microwaves better than the raw materials, which considerably accelerates the drying.
The use of microwave technology can significantly reduce the drying time (from 30 to
7 minutes, depending on the object/material), with a higher energy efficiency.[12]

A significant number of investigations have been conducted regarding waste heat recovery

from the kiln cooling stage.

2.1.3.2 Energy recovery using air to air heat exchanger

Raw materials I I Heat Exchanger
s = - : P

- Glaze

Milling preparation ’

Spray drying *

* Floor tile
— ¢ =
Pressing Drying Glazing Firing Cooling
stage Wall tile

Figure 10 Waste heat recovery process

Luwa air engineering have investigated the use of a heat exchanger to recover the hot air from

the firing section of a roller hearth kiln to heat up air in order to feed the burners of the driers.
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The process flow chart can be seen in Figure 10. The heat exchanger located next to the kiln
was able to recover heat and feed hot air to the burner hence decreasing the overall gas
consumption of the plant. The main challenge with this technology is the composition of the
flue gas exiting the firing section of the kiln. The sulphuric acid present in every burner’s flue
gas can be highly corrosive if the flue gas temperature is lower than the dew point. Also, the
fouling effect could have a major contribution to the condensation of the flue gas in the system.
The use of a shell and tube heat exchanger might not be ideal as the presence of cold
spots/areas in the heat exchanger could generate a condensation of the flue gas and a
corrosion of the heat exchanger shell. The maintenance cost of such a unit will impact on the
return on investment. In order to tackle the corrosion problem, a suitable solution to avoid the
appearance of cold spots could be investigated. Also, the fouling effect could have a major

contribution to the condensation of the flue gas in the system.

2.1.3.3 Organic Rankine cycle

The application of the ORC for the ceramic industry has been investigate by Peris et al. [13].
The ORC has proven its efficiency for waste heat recovery from low grade heat sources.
Similar to the Rankine cycle, the operative principle consists of recovering the waste thermal
energy from a heat source via a working fluid to an expander in order to produce mechanical

work which is subsequently converted to electricity.

The heat is taken from exhaust gases from a ceramic furnace via a collector heat exchanger
to the ORC (Figure 11).

HRVG expander - alternator
T PT W

. O
Y T T regenerator
I 1

condenser

(= Y
@ =T

\_ pump

Figure 11 Schematic of an Organic Rankine Cycle [10].

A simulation of the ORC system during a typical year of production has been conducted. The
results show an energy production for the whole year in excess of 115 MWh([13,14]. This ORC
could save around 237 MWh of primary energy and avoid about 31 tonnes per year of

atmospheric CO2 emissions [13]. The payback of the ORC is around 4-5 years[13].
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2.1.3.4 Recovery of excess heat from tunnel kilns

Hot air from the cooling zones of tunnel kilns is usually used in the drying stage and added to
the hot air from gas burners. This method of recovering hot air can be managed only if the
length of the pipes (distance between the cooling and the drying zone) is limited. A significant
amount of insulation is needed over the pipe section to limit thermal losses. A large amount of
energy is saved using this technique of heat recovery. Some processes also use a heat
exchanger to recover the heat from the cooling zone to preheat the combustion air and the air
for the drying stage as seen in Figure 12. The application is limited due to the production of
acidic combustion gases and other implications such as foaming. Some applications use a
thermal oil as a working fluid to transfer the recovered heat to the drying and firing stages.
[8,15]

1 Preheater
2 Tunnel kiln
- ' 3 Under-car cooling air
4 Hot air from cooling zone
v v v 5 Boiler
9 6 Thermoreactor

N
=
|

7 Flue-gas heat exchanger

‘ 8 Heat exchanger
2 8 ) | 8 " 9 Fresh air
‘ 10 Hot air

11 Casing-pallet dryer

—

Figure 12 Schematic view of a combined heat recycling system

2.1.3.5 Cogeneration/combined heat and power plant

Cogeneration systems can be applied in the ceramic sector due to the simultaneous need of
heat and electricity. Cogeneration technology has been applied in the ceramic industry to
recover the waste heat from the cooling stage [8]. Figure 13 highlights a possible configuration.
The hot air from the drying stage is used in the dryer and in the cogeneration system via a
heat exchanger placed in the kiln cooling zone. Fresh air from the factory is injected into the

system (high radiation from the kiln and the drying can be recovered). The fresh air is mixed
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with the hot air coming from the cooling stage and the hot air coming from the cogeneration

system and other gas engine emissions from the factory. Then, the hot air is sent into the dryer

and a gas burner maintains the desired heat in the dryer. If the hot air temperature is too high,

the uncooled gases from engines are withdrawn immediately. With this process, 10% to 50%

of the heat input can be saved [16].[17]

— Dryer
~~~~~~ L
==
Supplementary
_— . firing
Gas engine Mixing
o flue-gas chamber
I ! L 450°C 'y
! [ by
Catalyst  gound insulator
c.90°C
Kiln flue-gas
- i ! ¢.300°C
Cogeneration gas engine A
Fresh air ~
c.40°C
| 0000Q0
Emergency cooler circuit -— Kilns e

Figure 13 Schematic view of hot air generation using a cogeneration system[16].

2.1.4 Defects in the ceramic tile manufacturing sector

Defects in tile manufacturing have been investigated for the past decade. Indeed, the use of

new technology in modern kilns decrease the firing time in the manufacturing process. Due to

this reduction of firing time, defects appeared. The product quality is an important requirement

for the client. Defects and their causes have been summarized by [18] :

Table 1 Summary of tiles defects detected[18]

bending strength

Process phase Defect Cause
Preparation Black core Low grinding residue
Size Incorrect particles size
distribution
High H>O absorption. LowGrinding too coarse,

insufficient moisture
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Stains, cratering, specks

Screening or iron removal error

Pressing Black core Pressure too high or not
homogenous
Small side cracks Ejection too fast or imbalanced
Size Incorrect filling
Dimensional defects Incorrect press settings
Low bending strength Low pressing force, Low
moisture content
Explosions at kiln inlet Pressing force too high,
lamination
Drying Cracks Incorrect  regulation,  high
temperature
Explosions at kiln inlet Residual moisture content
high, incorrect regulation
Glaze defects Incorrect drier outlet
temperature
Soluble salt stains Unsuitable drying cycle
Glazing Cracks Unsuitable temperatures, tiles
knocked along the lines
Explosions at kiln inlet Excessive wetting
Cracks in middle of the tile Unfired tiles stored too long
Stains, holes, cratering Incorrect application, glaze
note aged correctly
Planarity defects Poor glaze-body thermal
expansion match
Colour, surface defects Engobe of poor quality
Firing Side cracks Preheating too fast

Side cracks — cooling cracks

Cooling too fast
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Explosions at kiln inlet High kiln inlet temperature

Planarity defects Poor temperature control

Black heart, glaze defects Unsuitable cycle, erroneous
atmosphere

Size Incorrect temperature

distributions

Surfaces stains Accumulations of glaze
condensate

Crater, holes Preheating temperatures too
high

Many investigations have been carried out to detect the defects in the ceramic tiles using
different technologies such as automatic processing systems [19-21], ultrasonic inspections
[22], infrared thermography [23,24]. The most commons defect is convexity. Convexity can
occur during the firing stage when the heating temperature is not uniform but also during the
cooling stage. The cooling process in ceramic tiles is separated into three steps, the initial
cooling, indirect cooling and final cooling. Even though the cooling time needs to be as short
as possible, the integrity of the tiles needs to be ensured, and a higher cooling rate can cause
a series of stresses resulting in the deterioration of the tile known as dunting. Cantavella et al.
[25] investigated the behaviour of a porous body during the cooling process regarding stress
and curvature. It can be observed from the results that when the temperature ranges of the
tile are between 550 °C and 300 °C the curvature of the body is at a maximum as shown in
Figure 14. We can also observe that the temperatures at the bottom and the top of tile are

almost the same. Those temperatures correspond to the indirect cooling.
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Figure 14 Calculation of the evolution of the curvature deflection in a tile body during industrial cooling [25]

The curvature deflection is impacted by different non uniformity of temperature at the surface
and the temperature differential through the thickness of the tile. The temperature distribution
on the tile surface will tend to increase the curvature as the temperatures in the middle of the
surface will take more time to cool down than on the outsides. The tile will shrink on the outside
before the middle does so, resulting in the development of stress and convexity defects. The
curvature defects also occur when the glaze-body coupling temperature is not the same. The
glaze will soften during heating, absorbing all the tension in the element, and solidify during
the cooling, creating tensions. If the coupling temperatures of both materials are different, this
will create defects such as crazing, peeling or planarity defects. [26] Convexity defects can
also be managed by a better partition of heat between the bottom and the top of the tile. [18]
studied the impact of the temperature below the roller in the initial section of the kiln and the
temperature above the roller at the end of the firing section. By modifying those temperatures,
the convexity defect decreased by 41%. Investigation into defects in ceramics tiles have been
carried out but none of them propose novel solutions to improve the indirect cooling process.
The indirect cooling process directly impacts on the quality of the final product and it needs to
be improved. The installation of a system that could provide a uniform cooling along the tile

and reduce defects in the final product needs to be investigated.
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2.2 State of the art of heat pipe technology

2.2.1 Heat pipe technology overview
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Figure 15 Schematic heat pipe principle

Heat pipes are considered as one of the most efficient and passive ways to transfer the heat
from a hot source to a heat sink. A heat pipe is composed of three sections, the evaporator
section where the heat is input into the heat pipe. The working fluid inside the pipe will boil
and change phase into saturated vapour. This saturated vapour will travel upwards through
the adiabatic section to the condenser section. The working fluid will release the latent heat to
the heat sink, then, the working fluid will travel back to the evaporator. The cycle will then start
again (Figure 15). The heat pipe system has multiple benefits such as an isothermal operation,
avoiding any cold spots and the risk of condensation, which will increase the lifetime of the
system. The heat pipe is considered as a passive device. No pumping/mechanical
components are needed to send the condensed working fluid back to the evaporator. The
reactivity of heat pipes is higher than other heat transfer system, which offers different control

options.
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Due to their advantages such as isothermal surfaces, high thermal conductivity and the
independency of each heat pipe in the system, the heat pipe heat exchanger technology is a
good candidate for most of the corrosive, high fouling and high temperature exhaust

applications.

Heat pipe systems are composed of different shapes and technologies to move the fluid in the

tubes.

Heat pipe technology can use two methods to move the fluid and the vapour between the
condenser and the evaporator. Gravity can be used to send the fluid back to the condenser,
this method is the easiest and cheapest way. The second way is to use a wick structure in the
inner wall of the heat pipe. This method allows the possibility of having the evaporator section

above the condenser section.

2.2.1.1 Heat pipe technology
Wickless heat pipe

Thermosyphon

Thermosyphon heat pipes rely on two-phase heat transfer to transfer heat from the evaporator
section to the condenser section. The return of the liquid relies only on gravity, which allows
the thermosyphon not to have a wick, thus making the manufacturing of the heat pipe cheaper
than the other technology. The thermosyphon presents many advantages such as passive
means to transfer heat, near isothermal surfaces, high conductivity etc. The thermosyphon
can handle different working fluids such as water, refrigerants, liquid metals, or thermal oils.
The effects of the types of working fluid was investigated by [27]. Filling ratios were
investigated. Water, FC-84, FC-77 and FC-3283 were tested in a 200 mm long pipe with an
inner diameter of 6mm. The evaporator and condenser lengths were respectively 40 mm and
60 mm. The results highlighted the capacity, at higher heat fluxes, of water as a working fluid.
At low heat fluxes, FV-84 outperformed water; this is due to a lower boiling point compared to
the other working fluids. Thermosyphons have also been investigated using R134a and
R404a by [28] using CFD modelling of the two phase concept. The aim was to investigate the
behaviour of low temperature boiling point fluids to transfer heat in an efficient way. It was
highlighted that the refrigerant was able to transfer heat at low temperature and the CFD model

developed was in good accordance with the experimental results

The use of thermosyphon to transfer heat from a heat source to a heat sink have been widely
investigated in different industrial and commercial applications. Heat pipe applications in

industrial setups vary from ceramics to metal and pharmaceutical.
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Variable conductance heat pipe VCHP

Variable conductance heat pipes allow a better control of the heat flux by adding a variable
amount of working fluid into the evaporator section or a reservoir of inert gas attached to the
condenser that will reduce the space occupied by the vapour in the heat pipe. VCHPSs rely on
the use of an inert gas on the condenser section. By modifying the heat transfer area in the
condenser section, the heat flux can be tuned to respect the temperatures of the condenser
and the evaporator. This technique allows a better control of the temperatures of both sections
and a modification of the heat flux independently of the power of the heat source. An illustration

of the process can be seen in Figure 16.

[29] developed a VCHP for the thermal management of vehicles. The aim of the investigation
was the reduction of engine energy consumption after a cold start through the control of the
heating and cooling cycle of the oil. The results shown the importance of the angle to have a
satisfactory heat transfer between the condenser and evaporator. VHCPs have also been
applied by [30] to air pre-heating in corrosive and high particulate environments. The results
highlighted that the VCHP has an excellent performance on anti-corrosion and particulates
deposition. The inclination of the VCHP was also investigated. The effect of the VCHP on the
vehicle as it is operated can have a large impact on the system performance. The results
highlighted that a small inclination angle improved the performance of the heat pipe as the

gravity aid the liquid to return to the evaporator section.

a
Working fluid vapor space

A

Ambient
Temp

Oil sump

Fin _
Oil car thermal management

Figure 16 Variable conductance heat pipe [31]
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Oscillating or pulsating heat pipes (PHP)

The oscillating heat pipe is a recent development in heat pipe technology. The heat transfer
mechanism of OHPs rely on the coexistence of vapour bubbles and liquid in the evaporator
section as seen in Figure 17. The heat pipe consists of a single tube with turns where the
condenser and the evaporator are located. The vapour will form at the hottest spot of the
evaporator section, the bubble will start to expand and the vapour pressure will increase. The
bubble will then reach the condenser where the pressure is lower. The condenser will extract
the heat and condense the vapour back to liquid. The liquid will then travel back to the
evaporator section. The OHP presents some advantages such as the lack of wicks in both
evaporator and condenser sections. The system is completely passive as no pump is needed
to force the liquid in the evaporator. OHPs can operate at higher heat fluxes than wicked heat
pipes. Four types of OHP can be identified, closed loop OHP, closed loop with check valve,
open loop OHP and pump assisted OHP[32]. Recent improvements in the PHP technologies

have been summarized by [29].

Heating Section Adiabatic Secction Cooling Section

Liquid Slug Vapor Plug
Figure 17 Schematic of a Pulsating Heat Pipe [33]

Wrap-around heat pipe (WLHP)
Wrap around heat pipes are designed to wrap around a cooling coil in air conditioning units
for buildings. WLHPs rely on gravity to send the working fluid back to the evaporator section.

An illustration of the WLHP can be seen in Figure 18.
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Figure 18 Wrap-around heat pipe schematic

The WLHPs aim to reduce the humidity content reaching the cooling coil by pre-cooling the
air before the chiller unit. The air exiting the chiller is most of the time too cold to be sent to
the building. In order to warm up the air to the desired temperature, the condenser section of
the heat pipe is located after the chiller. This technology can be used for air conditioning in
buildings, in hot countries such as in coastal regions in the Middle East. A significant reduction
in energy consumption can be achieved due to the precooling and dehumidification of the air
before the chiller unit and to the reheating done by the heat pipe instead of a traditional
reheating system [34]. The technology was investigated by [35] using R134A as a working
fluid. The use of a refrigerant as a working fluid shown good results and an overall effective
thermal resistance as low as 0.078 °C/W. The maximum heat flux of the heat pipe was never
reached during the experiment which shows a good potential for heat transfer capacity of such
systems. [36] investigated the use of water instead of refrigerant in the WLHP which will
decrease the overall price of the equipment while decreasing the environmental impact of the
system lifetime. The test rig developed was composed of a WLHP, a chiller unit, a heater at
the inlet of the ducting and a fan at the outlet of the ducting. The results showed an increase
in effectiveness of the system compare to R134A, but the results might not apply for other
types of coils. Hence more investigations will need to be carried out for this technology to be

applied on an industrial scale. A full scale application of the WLHP can be seen in Figure 19.
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Figure 19 (a) Exploded assembly details, (b) mechanical design of the wraparound heat pipe [36]

Heat Pipe Heat Exchanger (HPHE)

Heat pipe heat exchangers are mainly used in industrial applications to recover heat from a
flue gas exhaust to generate hot air, water or any heat transfer fluid. The heat pipe heat
exchanger is composed of rows of thermosyphons arranged in a bundle. The heat pipe can
be finned if the HPHE needs to be compact. The main advantage of the heat pipe heat
exchanger is the total separation between the hot fluid or gas and the heat sink. Indeed, in
order to have cross contamination, one of the heat pipes in the tube bundle will have to open
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in both the evaporator and the condenser section. This is unlikely to happen. Also, heat pipes
have an essentially uniform temperature along the evaporator and the condenser thus, no cold
spot can form avoiding condensation problems that can occur in flue gases with sulphuric acid
for example. The Heat Pipe Heat Exchanger is a recent development in heat pipe technology
as heat pipe manufacturing costs used to be rather high. The price of heat pipes has been
reduced over the years which now make the HPHE a good and affordable option for industries.

An illustration of the HPHE can be seen in Figure 20.
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Figure 20 HPHE in the ceramics industry [7]

2.2.1.2 Wicked heat pipe

A wicked heat pipe is composed of a tube, working fluid and a wick structure inside the tube
which uses capillarity to transport the fluid from one end of the heat pipe to the other. Wicks
are used mainly in small scale applications such as electronics (computer cooling systems) or
cryogenic applications[37]. Also, the wick allows the evaporator section to be above the
condenser section. Different types of wicks have been developed to accommodate the working
fluid and/or improve the capillarity effect and the overall heat transfer capability. The three
properties of the wicks that will be important for the heat pipe design are:
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- Minimum capillary radius.

- Permeability

- Effective thermal conductivity
A high thermal conductivity and permeability coupled to a low minimum radius are
contradictory in the design of a wick. A balance needs to be investigated for the design of wick
heat pipe between all the parameters to allow an optimal working condition. Different types of
wick are shown in Figure 21.

Screen wick Open channels Channels covered
with screen
‘ Heat pipe
wall
Annulus behind screen Artery Corrugated screen

Figure 21 Selection of typical wick structure [38]

Some recent innovations have been made in the development of new wick structures involving
the use of nanoparticles to modify the characteristics of the wick [39]. [40,41] reported a
significant improvement in capillarity performance, in heat transfer coefficient and critical heat

flux for the use of nanostructure micro wick.

Loop heat pipe (LHP)

Loop heat pipes can be used for applications where the evaporator section is located next to
or above the condenser section. The inside of the tube is composed of channels where the
liquid flows using the capillarity effect. LHPs are mainly used as thermal links between cryo
coolers and the receiver components, LHP are not sensible to vibration, increase the thermal

transport possibility, etc. An illustration of LHP can be seen in Figure 22.
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Figure 22 Loop heat pipe [25]

The main benefit of LHPs is the ability to work in an anti-gravity way. This aspect was
investigated by [42]. A loop heat pipe exposed to high heat fluxes were tested in six different

t-

configurations, as shown on Figure 23.
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Figure 23 Six LHP orientations [42]

It was observed that for the six orientations tested, the LHP started up at 50W. The maximum
heat transfer capacity was reached at 280 W for case No. 5. The lowest thermal resistance
was observed in cases No.2 and No.5 with respectively 0.094 K/W and 0.064 K/W. The results
in this paper show the importance of the location of the condenser, evaporator and
compensation chamber (CC) on the heat transfer capacity of the LHP. It was also concluded
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that the LHP was able to transfer a heat load when the evaporator section is above the

condenser section.

The impact of the distance between the condenser and evaporator section of a loop heat pipe

under anti-gravity conditions was studied by [43]

Grooved wick heat pipe

A grooved heat pipe is characterised by a series of axial grooves which allow the transport of
the working fluid. These grooves are located in the inside of the heat pipe tube. The groove
structure is made by broaching or extrusion which can be expensive as a mould needs to be
made for the extrusion[44]. The shape of these structures can take different forms such as
circular, trapezoidal, triangular or rectangular [45]. It can be noted that the capillary pressure
is small compared to other wicked heat pipes such as sintered or screen heat pipes. The
structure of the groove is rather simple compared to the other heat pipe wicks, the structure is
composed of simple slots. Also, the size of the structure is larger than in other type of wicks
[46].

The aim of these heat pipe structures is to work as gravity aided, horizontal and anti-gravity
working conditions. The anti-gravity operating condition is limited to a 5-degree angle to
horizontal. The best-case scenario for a grooved heat pipe is either vertical or horizontal [46].

Cross sections of a grooved wick heat pipe can be seen in Figure 24.

(a) Cross-section (b) Groove surface
Micro grooves fabricated by extrusion-ploughing process

(c) Cross-section (d) Groove surface

Figure 24 Cross section of a grooved heat pipe [44]
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Sintered wick heat pipe

The heat pipe structure is made of a copper tube as a shell and a powder in the inner wall.
The heat pipe is made using a mandrel that is inserted inside the copper tube during
manufacture with a gap between the inner tube and the mandrel. Copper powder is inserted
inside the void and vibrated in order to properly fill all the area [47]. The tube is then placed in
a sintering oven that will heat up the copper powder in order to fix it on the heat pipe wall. The
process will create a sponge like structure with micro air pockets in the entire structure. The

mandrel is then removed leaving a large void area in which the vapour can travel.

The technique creates a heat pipe with a strong capillary force, much greater than for other
types of structures. Therefore, this type of structure can be used for heat fluxes up to 300
W/cm? [48]. In addition, the heat pipe can also carry the working fluid in an anti-gravity vertical
orientation. Thus, the heat pipe is mainly used for anti-gravity and space applications [49]. A

cut of a sintered heat pipe can be seen in Figure 25.

Figure 25 Cut view sintered heat pipe

Screen mesh heat pipe

This type of structure is composed of a tube and a wire type copper mesh. This heat pipe is
made by inserting the woven mesh inside the tube using a mandrel in order to leave a space
in which the vapor can travel. The wick will be filled with the working fluid travelling back to the
evaporator section. This heat pipe structure can work in vertical (gravity aided) and horizontal
orientations. As with the grooved heat pipe, the heat pipe can work with a maximum angle of
5 degrees to the horizontal. This type of heat pipe is capable of transporting a maximum heat
flux of 60 W/m?[49].
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2.2.1.3 Heat pipe design

Working fluid

The selection of the working fluid in a heat pipe is directly linked to the properties of the fluids.
The properties of the fluid will have a direct impact on the thermal behaviour and capacity of
the heat pipe and the compatibility of the shell and the fluid at working temperatures. The fluid

characteristics that will need to be considered for the selection of the fluid are:
Compatibility with the wick and the wall material
Good thermal stability
High latent heat
High thermal conductivity
Low liquid and vapour viscosity
High surface tension

Table 2 lists some of the common working fluids used for heat pipes depending on the

application temperature.
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Table 2 Working fluids and temperature ranges

Fluid Symbol/ Melting | Normal Boiling | Critical Critical Useful Range

Formula Point, Temp Temp Pressure, (°C)

(°C) (°C) (°C) atm

Helium He —272.2 | -268.9 -267.95 | 2.24 -271t0-269.1
Hydrogen H -259.14 | -252.87 -239.95 | 12.8 -259 to0 -242
Neon Ne -248.6 | -246.08 —228.75 | 27.2 -246 to -236
Nitrogen N2 -210 -195.8 -146.9 33.5 -203to0 -170
Oxygen 02 -218.3 | -182.9 -118.6 49.8 -200to -154
Methane CHa4 -182.4 | -161.7 -82.5 510.8 -182t0 -113
Ethane CoHe -183.2 | -88.5 324 48.2 -123to -33
Freon R22 | CHCIF; -175.42 | -159.15 96.1 49.1 -80 to 50
Freon -155 -48.5 72.8 48.85 -100 to 35
R410a
Propane CsHs -187.69 | -42 96.8 41.9 -85 to 57
Ammonia NH3 -77.73 | -33.34 132.4 111.3 -65to 100
Freon 40.06 -751t0 50
R134a CH:FCFz |-103.3 |-27 101
Freon N/A -44 .4 83.3 43.65 -8210 48
R408a
Acetone CsHesO -94.3 56.1 235 47.37 0to 120
Methanol CHsOH -97.6 64.7 240 78.5 10to 130
Ethanol C2HsO -114.35 | 78.35 241 62.17 0to 130
Water H.O 0 100 373.95 217.7 10 to 287
Toluene C7Hs -95 111 318.64 40.5 50 to 200
Dowtherm A 12 257.1 497 30.9 150 to 395
Caesium Cs 28.44 671 1664.85 | 92.77 450 to 900
Potassium | K 63.38 759 1949.85 | 157.9 500 to 1000
Sodium Na 97.72 883 2299.85 | 3454 600 to 1200
Silver Ag 961.78 | 2212 N/A N/A 1800 to 2300
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The other deciding factor for the selection of the working fluid is the merit number. The merit
number is used to determine, for a maximum capillarity heat transport capability, the best fluid
possible for the application temperature range. In order to calculate this number, it is assumed
that vapour pressure and gravity can be neglected. The merit number for a wick heat pipe can
by determined by (1)

oh 1
®, = Pplyg (1)
Hr
where p is the density of the fluid (kg/m?®), h, is the latent heat of evaporation (J/kg), o is the

surface tension (N/m) and u; is the dynamic viscosity of the fluid (kg/m-s)

The results for commonly used working fluids in wicked heat pipes are presented in Figure 26

The figure of merit for gravity heat pipes (thermosyphons) is presented in Equation (2)

L Alpl 1/4 (2)

e (52)
H

where L is the specific latent heat of vaporisation (J/kg), 4; is the thermal conductivity (W/mK),

p, is the density of the fluid (kg/m®) and y;is the dynamic viscosity of the fluid (kg/m-s).

the results for common fluid used in thermosiphon can be seen in Figure 27.
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Figure of Merit (kg/(K3/4.s°/2))
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Figure 26 Figure of merit for common working fluids in wicked heat pipes
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Figure 27 Figure of merit of common working fluids used in thermosyphons
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Heat pipe shell

The compatibility between the shell and the working fluid will play an important role to reduce
the generation of non-condensable in the heat pipe. A list of different compatibility between

working fluids and shell material can be seen in Table 3.

Table 3 Compatibility between materials and working fluids

Working fluid

Compatible material

Incompatible material

Acetone (Pure)

Aluminium, Stainless Steel

Methanol (Pure)

Stainless Steel, Copper

Aluminium, Titanium

Aluminium, Inconel

Titanium, Carbon steel

Water Copper, Monel, Nickel, Titanium,
Stainless Steel, Carbon steel
Dowtherm A Aluminium, Stainless Steel, | Copper, copper nickel

2.2.1.4 Heat pipe limitations
In order to choose a proper shell material and dimensions for the heat pipe it is important to

consider the limitations of heat pipe technology. The limitations will be considered during the
design phase of the heat pipe. Figure 28 illustrates the different limitations of the heat pipe

using the axial heat flux and the temperature.

Axial heat flux

Sonic limit

Viscous limit

Entrainment limit

Capillary limit

Temperature

Figure 28 Operational limitations
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Wickless heat pipe

Entrainment limit (flooding limit)

In a thermosyphon the entrainment limit is linked to the evaporator flooding limit. The flooding
limit occurs when a high velocity of the vapour provokes an instability in the liquid fill by a high
value of interfacial shear, preventing the condensate returning to the evaporator section. This
will cause a dry out of the evaporator section, limiting the heat transfer capability of the heat
pipe. Correlations have been developed by Faghri et al [50] to determine the maximum heat

transfer

- - -2
Qmax = KhygAlqo(pr = p)Y*[p, " + "] @3)

where K is a dimensionless number (Kutateladze number)

K = R'tanh?Bo'/* (4)
where Bo is the dimensionless Bond number
Bo= 0] s
0= |————
9o — pv) ®)

Boiling limit

At large filling ratios and high radial heat flux, the boiling limitation can occur. When the radial
heat flux is high, the bubble generation will be high as well. If the radial heat flux is increased,
more bubbles will be generated until a critical heat flux is reached. At the critical heat flux, the
vapour bubbles generated prevent the contact of the liquid with the heat pipe wall. This
phenomenon can be compared to film boiling which results in a rapid increase of the heat pipe

wall temperature. Imura et al. [51] suggested correlations for the boiling limit

Qb,max = KuBL- 1. Di- le- hfg- pg'S [ga(pl - pv)]1/4 (6)

Kug, = 0.16 [1 — exp {(_ lD_el> (%)0.13}1 (7)

where:

Wicked heat pipe

Viscous limit

The viscosity of the fluid is an important fluid property for heat pipe using a wick to transport
the fluid back to evaporator. At low heat inputs, the viscosity of the fluid will have a large impact
on the heat pipe thermal performance. The viscosity will thus impact on the start-up of the heat
pipe [52]. A higher fluid viscosity will lead to a lower fluid movement from the condenser to the
evaporator due to higher shear forces, causing friction[53]. Hua Han et al [54]. investigated

the behaviour of a PHP under different working fluids and it was shown that the dynamic
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viscosity of the fluid was the main property to affect the heat transfer capability of the PHP
[54]. In order to determine if the dynamic viscosity of the fluid reached the acceptable limit,
Dunn and Reay [55] discussed the limit and suggested the following criterion
L ©
Pv
The maximum heat transfer under the vicious limit can be determined using the equation

based on the Busse analysis [37,56]

_ mrghgp P, 9)
v 16|J—vleff

Where AP, 1« iS the maximum capillary pressure equal to:

20 (10)
APc,max =
Terr
The maximum heat transfer rate for the boiling limit can be expressed as
4nleffkeffo—Tv< 1 1 > (11)
bmax — - T
hsgpy In (;—;) Tnb  Teff

The nucleation radius r,,;, is 10~’m for conventional heat pipes [50].

Sonic limitation

The analogy between the sonic limit in a heat pipe and a converging-diverging nozzle can be
made. The difference is that in a converging-diverging nozzle, the mass flow rate remains the
same while the velocity increases. In a heat pipe the mass flow rate will depend on the rate of
evaporation. A higher rate of evaporation will increase the mass flow rate of vapour in the
same section as a low rate of evaporation thus increasing the velocity of the vapour. The
vapour velocity in the heat pipe will vary depending on the heat input in the evaporator section.
If the velocity of the steam reaches the sonic limit, any increase in the heat rejection rate in
the condenser section will not reduce the temperature of the evaporator. It will only decrease
the temperature of the condenser section. The maximum heat transfer under maximum

velocity below sonic can be expressed as [57]

G, = Avpv/l( YRy Ty ) (12)
' 2(rp + 1)

The entrainment limit

In a thermosyphon or wicked heat pipe, the fluid and the vapour are travelling in counter flow.

When the vapour velocity is high, droplets of liquid can be picked up by the vapour which can
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cause a dry out of the evaporator section. In order to avoid this phenomenon, a commonly
cited criterion is the Weber number, defined as the ratio of the viscous shear force to the force

resulting from the liquid surface tension,

_ 2 (rh,w)pv sz (13)
o

We

To prevent this entrainment of the droplet by the vapour, the Weber number must be below 1.
The maximum transport capacity based on entrainment limitations can be determined by

relating the vapour capacity and the heat transport capacity

. q (14)
e
o 1/2 (15)
em = AyA (—Z(thw)>

Boiling limitation

For very high radial heat fluxes, the formation of nucleate boiling in the wick can occur, the
bubble of vapour will then be trapped in the wick section of the heat pipe. The vapour bubble
will block the liquid which can cause a dry out of the evaporator section. The boiling limit can
be defined using the theory for nucleate boiling. Two phenomena occur during the nucleate
boiling. The first is the bubble formation and the growth of the bubble. This phenomenon is
governed by the size and the number of bubbles on a surface. The second is the collapse of
the bubbles depending on the fluid temperature. In the case of the boiling limitation, the

Clausius-Clapeyron equation can be used to determine the maximum heat flux

_ aneffkeffTv (20' .

= AP )
b,max T; cmax (16)
hegpy In (r—;)

Tnp
Capillarity limit

A wicked heat pipe uses the capillarity effect to move the liquid and the vapour from the
condenser and the evaporator. For a wick to sustain this process, the net capillarity pressure
difference between the condenser and the evaporator sections has to be higher than the sum
of all the pressure drops that will occur in the heat pipe. The pressures losses are presented

in the following equation

AP.apmax = AP+ AP, + AF, (17)
The difference of pressure generated by the wick structure can be expressed by the Laplace-

Young equation
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18
cost (18)

20
AP.qp = o

Where 6 is the contact angle of the fluid-wick combination, when 6 = 0°, then the surface is

perfectly wet.r. is the effective pore radius of the wick.

The maximum capillarity heat transfer can be expressed by the following equation [50]

opily KAy (2 piglicose (19)
Qcap = -

W legr \Ters g

Condenser limit

At steady state operation, the heat input in the evaporator is equal to the heat output from the
condenser section. For high operating temperatures, the dominant heat transfer mode in the

condenser section is radiation. The heat transfer from the condenser can be expressed as

Qc,radiation = T[DolCSCO-Boltzman(TcAL - Té,) (20)
where ¢ is the emissivity of the condenser outer wall, I.the length of the condenser section
and D, the outer pipe wall diameter.

For low temperatures, the heat transfer in the condenser section is dominated by convection.

The condenser limit will be reached when the condenser is not able to extract the heat input.

2.2.2 Heat pipe applications

2.2.2.1 Heat pipes in heavy industrial applications

Heavy industrial applications such as metal casting and aluminium forging require robust and
reliable equipment. The use of heat pipes within the metal industry have been investigated by
[58]. A flat heat pipe heat exchanger was composed of rows of stainless-steel tubes
interconnected by a collector and a shell and tube heat exchanger section. The heat pipe was

installed on top of hot metal rods. A photo of the system installed can be seen in Figure 29.

38



Figure 29 Flat Heat Pipe on cooling line

The heat transferred through radiation to the heat pipe was then transferred to the heat sink.
The water was then reused in the process. The system was able to recover up to 15.6 kW at
a water flow rate of 0.28 kg/s. The heat source was hot rods at 450 °C. The maximum
temperature of the surface of the heat pipe heat exchanger was 160 °C. The use of a radiantly
heated heat pipe for waste heat recovery is a good way to extract heat in an efficient way. The
currently developed heat pipe had a constant spacing between the tubes, which implies that
the heat transfer surface was the same along the path of the hot rod. The modification of the
spacing between the tubes could lead to a better control and tuning of the cooling rate and a

more uniform and smooth cooling.

[59] investigated the potential of using a heat pipe heat exchanger to recover the hot air from
the cooling stack of a roller hearth kiln. In this paper, a heat pipe heat exchanger installation
was simulated. The system was composed of rows of thermosyphons with fins. The system
was able to recover 863 MWh per year of thermal energy to use to heat up the hot stream of
the dryers, thus saving about 110,600 Sm? per year of natural gas, which represents a total

saving of 22,000 euro.

Meena et al. [60] investigated the use of closed-loop oscillating heat pipes as air preheaters
to reduce the relative humidity in the drying process. The heat pipe system was composed of

copper tubes 3.58 m long with an internal diameter of 0.002 m. The evaporator section and
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condenser section were 0.19 m long with an adiabatic section of 0.08 m. The working fluid
used in the heat pipe was refrigerant R134a with a filling ratio of 50%. The flue gas air velocity
tested was 0.5, 0.75, and 1.0 m/s at temperatures of 50, 60 and 70 °C with a relative humidity
of 100%.

Air velocity & RH meter CLOHP/iV Set 1

Temperature Control

: «
— & Speed Fan Control
Blower ‘

Moisture generator

Figure 30 Test rig Closed-loop heat pipe

The results showed a reduction in the relative humidity after the heat pipe system from the
range of 89 to 100% to 54 to 72%. The use of loop heat pipes in a dryer technology is effective
but the cost of such heat pipes in large quantity will end up being too expensive to install on
an industrial scale compared to thermosyphon systems. An illustration can be seen in Figure
30.

Lukitobudi et al. [61] used heat pipe technology to recover the waste heat from a bakery oven
to generate hot air. The thermosyphon technology was used with water as a working fluid at
60% filling ratio of the evaporator length. The length of both the evaporator section and the
condenser section were set at 300 mm with an adiabatic section of 150 mm. The
thermosyphons were placed in a staggered arrangement to decrease the overall size of the
system. The heat pipes tested were finned to increase the heat transfer area. The

characteristics of the flue gas in this experiment were 300 °C to 350 °C for a velocity range of
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1.5 to 5 m/s. It was observed that with finned copper tube, the effectiveness of the heat pipe

heat exchanger ranged from 17.8 to 63%.

AR FLOW
ouT

THERMOSYPHONS

Figure 31 HPHE in bakery test rig

The heat pipe heat exchanger in this application is superior to regular heat exchanger systems
in terms of effectiveness. The issue that was not investigated was fouling as the exhaust from
a bakery can create a substantial number of particles that could reduce the heat pipe heat
exchanger efficiency or block the flow by accumulation of particles in the fines. The test set

up can be seen in Figure 31.

2.2.2.2 Heat pipes for solar application

Radiative heat pipe technology has also been applied by [62]. A novel flat heat pipe bonded
to a PV panel was developed to generate both heat and electricity from solar radiation. The
system was composed of a manifold, a wicked heat pipe and a PV panel. The results showed
a thermal energy conversion of 64% with no PV and 50% with the PV bonded on top of the
panel. The impact of cooling the PV panel with the heat pipe was investigated and highlighted
a 15% increase in efficiency. The system has been installed in a full-scale house in Cardiff,
UK [63].
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Chapter 3: Experimental apparatus and equipment

3.1 Introduction

Different systems have been tested in order to validate the different theoretical models
developed in this thesis. Tests have been carried out in an industrial size kiln in Italy to identify
the temperatures of the tiles along the firing section and the cooling section of a roller earth
kiln.

A lab scale system has been developed to test a horizontal radiative heat pipe with a vertical
condenser. The system was then inserted into a kiln. Three modules have also been
manufactured to investigate the impact of a different evaporator heat transfer area on ceramic

tiles.

The first part of this chapter will describe the equipment and procedures used to measure the
temperatures inside the industrial kiln. The aim of this testing was to measure the cooling

profile of the tiles along the slow cooling section.

The second part of the chapter will present the single radiative heat pipe system investigated
in laboratory scale. The aim of this test was to validate the theoretical models regarding the
view factor correlation, the boiling and condensation regime, the impact of the filling ratio and

the overall heat transfer of the system.

The third part of the chapter will describe the three different modules developed to investigate
the impact of the heat transfer surface on the cooling profile of the tiles. Three modules with
different distances between the tubes were developed. The experimental tests mainly focused
on the heat transfer area, determination of the view factor, heat transfer coefficients on the
condenser and evaporator sides, and an investigation of the impact of liquid film and tube

bundle arrangements on the condensation heat transfer coefficient.
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3.2 Data collection at tile manufacturing plant

A datalogging system was used to measure the temperature of the tile along a roller earth kiln.
A roller earth kiln is composed of two sections in continuous process, the firing section and
the cooling section. In order to measure the tile temperatures in the cooling section, the
DATAPAQ system will need to cross the firing section first. The results of this test will be
included in this section. Tests were also conducted on the air temperatures and the roller

temperatures.

3.2.1 Datapaq instrument

The datalogging DATAPAQ® system consists of a thermal barrier to keep the data logger
system and the thermocouple connections at acceptable working temperatures (Figure 32).
The logger used in the datapaq was a Tpaq 21 high accuracy data logger. The Tpag21 is used
in the furnace industry to measure high temperatures in a safe way. The system can
accommodate up to ten thermocouples, the data are stored inside the system during the test
and the data are only accessible once the test is finished. The accuracy of the system is +/-

0.2°C. The system specifications are indicated in Table 4.

Figure 32 Tpag 21 data logger

Table 4 Tpaq specifications

Operating Normal High

Temperatures
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Model TP2086 TP2016 TP2186 TP2116

Number*

Number of 8 10 8 10

Channels

Memory (data 130,000

points)

Maximum 70 °C 110 °C
Operating

Battery Type NiMH rechargeable VHT Lithium

Maximum 340 hours between charges 250 hours
Battery Life**

Sampling

Interval:

No Telemetry 0.1 sec -50 mins 0. 2 sec - 50 mins 0.1sec-50 0. 1 sec - 50 mins
Hardwire 0.1 sec - 50 mins 0.1 sec - 50 mins mins 0.1 sec - 0.1 sec - 50 mins

Telemetry 50 mins

RF Telemetry n/a 2 secs - 50 mins n/a 3 secs - 50 mins

Maximum
Operating )
20 bar/290 psi
Pressure at

20°C ( 68°F)

Minimum 10 Millibar
Operating

Pressure at
20°C ( 68°F)

*Model number shown is for type K thermocouples only, other types have different model numbers.

** Maximum battery life depends on sampling interval, operating temperature and use of RF telemetry.

The thermocouples used for this test are K type thermocouples in a carpet setting. In order to
create this carpet of thermocouples, a special tile had to be prepared. The tile dimensions

used for this test are as follows:

- Length 400 mm
- Width 500 mm
- Thickness 14 mm
Twelve tiles have been positioned on the conveyer in two rows of six to form a carpet of 2400

mm by 1000 mm as shown in Figure 33
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Figure 33 "carpet" tile on the conveyer

The eight thermocouples have then been installed on the “carpet” as shown in Figure 34

50

material feeding inside kiln
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& 4 %~ > > & & &
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1000

2400

material feeding inside kiln

Figure 34 Thermocouple arrangement
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Thermocouples number 1, 3, 4, 6 and 8 were placed inside the tiles at a depth of 7 mm as
presented in Figure 35, the rest of the thermocouples were positioned in the air 13 mm above

the tile surface as shown in Figure 36.

Figure 35 Thermocouple distance from the tile

Figure 36 Arrangement of the thermocouple on the tile

46



In order to protect the logging system during the tests, the system was filled with water as

shown in Figure 37.

Figure 37 Data logger box

Figure 38 Full arrangement of the thermocouples on the tile

Once the system was installed as illustrated in Figure 38, it was sent into the kiln. After the
test, the system was opened in order to check the integrity of the different components. The
water protecting the system had evaporated leaving the system exposed to the heat inside
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the kiln, leading to a rapid deterioration of the components, as can be seen in Figure 39. The

data in the system were recovered but a second test was not possible.

Figure 39 State of the Datapaq after the test

The excessive damage to the system occurred in module 38, thus a limited amount of data

was available for the indirect slow cooling section. The damage to the system can be seen in

Figure 39. The needed area for the radiative heat pipe which correspond to the indirect cooling

section was lacking as shown in Table 5.

3.2.2 Results

The results extracted by the data logger can be seen in Table 5.

Table 5 Results of the temperature measurement of the tile

TEMPERATURE DETECTED WITH DATAPAQ®

MODULE N°
TC1 TC 2 TC3 TC4 TCS5 TC6 TC7 TC8
1 76 94 29 31 42 30 74 28
2 206 266 63 72 264 77 279 66
FIRING
3 228 276 92 102 277 107 201 98
STAGE
4 254 307 107 141 297 149 336 124
5 290 345 164 189 326 194 365 173
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6 324 390 206 236 386 236 385 213
7 381 428 256 287 442 287 453 265
8 437 478 306 330 488 338 502 314
9 504 547 368 409 549 410 542 378
10 575 621 437 475 597 475 610 446
11 651 673 505 543 690 543 686 517
12 710 795 594 625 753 624 787 601
13 771 846 674 701 815 700 851 683
14 832 894 746 769 867 770 896 751
15 885 951 818 837 934 839 956 815
16 938 992 880 898 979 904 997 875
17 982 1030 945 964 1020 966 1037 942
18 1026 1065 996 1014 | 1065 1014 1075 995
19 1071 1108 1048 | 1064 | 1122 1062 1120 1044
20 1112 1147 1096 | 1108 | 1157 1108 1163 1093
21 1144 1178 1140 | 1149 | 1191 1150 1195 1137
22 1171 1194 1176 | 1183 | 1215 1184 1213 1171
23 1197 1216 1203 | 1209 | 1232 1210 1229 1197
24 1211 1227 1216 | 1219 | 1231 1221 1232 1212
25 1231 1242 1236 | 1237 | 1251 1237 1244 1230
26 1226 1233 1235 | 1236 | 1238 1237 1239 1232
27 1217 1221 1231 | 1230 | 1232 1233 1229 1230
28 1203 1217 1216 | 1216 | 1206 1218 1207 1217
29 1173 1170 1194 | 1193 | 1171 1196 1172 1199
30 1128 1111 1158 | 1155 | 1106 1158 1097 1162
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Temperature detected by thermocouples with tolerances according to IEC58 4. 2 cl. 2 (+/-2 K

or +/- 0.75%, the highest value applies)

A simulation using the data recovered during the firing and indirect cooling was used to predict

the temperatures of the tiles in the relevant slow cooling section.

51




3.3 Single radiative heat pipe

3.3.1 Mechanical design

The single radiative heat pipe, 28 mm in diameter, consisted of a stainless-steel tube and a
water jacket. The tube can be defined in three sections. The evaporator section was 430 mm
long with an angle of inclination of 5 degrees. The tube was then connected to a bend in order
to accommodate the condenser section. Water was running through the water jacket using
the main water supply. The heat pipe system was mounted on a support system and installed
inside the kiln. The condenser section was located outside the kiln while the evaporator section
was exposed to radiation and natural convection heat transfer. The overall dimensions of the

single radiative heat pipe can be seen in Figure 40.
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Figure 40 Single radiative heat pipe 5 degrees

The system was attached to a support to fix the distance between the evaporator section and

the heating elements. The single heat pipe arrangement in the kiln is illustrated in Figure 41.
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Figure 41 Single heat pipe in the kiln

A three-dimensional view of the system in the kiln is illustrated in Figure 42

Figure 42 3D view of the Single Heat Pipe
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3.3.2 Kiln set up

The kiln was composed of five fixed walls arranged in a cube. The side walls were composed
of three layers, one layer of Calcium-magnesium silicate thermal insulation of 30 mm thickness
with low thermal conductivity as shown in Table 6, one layer of fire brick of 30 mm with the
specification listed in Table 7 and a second layer of calcium-magnesium silicate thermal
insulation. On the bottom wall the insulation was 50 mm firebrick and 100 mm of calcium-
magnesium insulation. The kiln was closed with a removable lid composed of 50 mm of

calcium-magnesium silicate insulation. The dimensions of the kiln can be seen in Figure 43.
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Figure 43 Kiln arrangement

Calcium-magnesium silicate thermal insulation specifications can be found in Table 6

Table 6 Insulation specifications

Type Made from high temperature insulation wool

Classification
13000C (ENV 1094-3

Temperature

Continuous use 11500CC the maximum continuous use temperature depends
Temperature: on the application

Colour: White
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Density: kg/ms3 64, 96, 128, 160
Tensile Strength (ENV
64 kg/m3 30 kPa
1094-7)
96 kg/m3 50 kPa
128 kg/m3 75 kPa
160 kg/m3 95 kPa
Thermal conductivity (ASTM C-201) at mean temperature of
2000°C wW/m.K 0.05 0.04
4000°C wW/m.K 0.1 0.08
6000°C W/m.K 0.19 0.14
8000°C W/m.K 0.32 0.23
10000°C W/m.K 0.48 0.34
12000°C W/m.K 0.69 0.48
Chemical composition
SiO, 70-80%
CaO + MgO 18-25%
Others <3%
The fire brick layer specifications can be found in Table 7
Table 7 Brick specifications.
QUALITY C-20 C-23 C-26 C-28 C-30 C-32
ASTM C155-97
o 20 23 26 28 30 32
Classification
ISO 2245 150-0.9-
o 125-0.5-L | 140-0.8-L 160-1.9-L | 170-1.2-L
Classification L
Classification
1093 1260 1430 1540 1650 1760
Temperature °C
°F 2000 2300 2600 2800 3000 3200
Density Kg/m3 480 520 810 880 1030 1250
ASTM C-134-95
30 32.5 50.6 55 64.3 78
Lbs/ft3
Cold Crushing
1.1 1.2 1.6 2.1 2.5 3.5
Strength MPa
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ASTM C-93-84

160 170 230 300 360 510
Lbs/in2
Modulus of Rupture

0.8 0.9 1.1 1.3 2.1 2.1
MPa
ASTM C-93-84

_ 116 130 160 190 300 300

Lbs/in2
Permanent Linear
Change, % 0 0.5 0.4 1 0.9 0.9
Reversible Thermal

0.45 0.5 0.7 0.8 0.9 1.1
Expansion, %
Thermal Shock

_ 30 30 30 30 30

Resistance Cycles
Thermal
Conductivity (W/m-
k)
200°C 0.15
400°C 0.17 0.18 0.27 0.32 0.41 0.49
600°C 0.19 0.19 0.29 0.34 0.43 0.5
800°C 0.21 0.21 0.31 0.36 0.44 0.51
1000°C 0.23 0.33 0.38 0.45 0.53
1200°C 0.35 0.41 0.47 0.56
Al2 O3, % 51 51 58 67 73 77
Fe2 O3, % 1 0.7 0.7 0.6 0.5 0.4

56




3.3.3 Heating elements

Figure 44 a) ceramic pad heater b) ceramic pad installed in the kiln

The heaters selected for this test were flexible ceramic pad heaters from Artechservices® as
shown in Figure 44 a). The heater is composed of a ceramic envelope (aluminium oxide) and
a low resistance wire going through the beads (high grade nickel chrome (NiCr) 80/20). The
use of such a heater allows a good reliability of the test and the possibility of running the
experiment at high temperature (maximum temperature 1050 °C). Also, the use of ceramic
heaters will give results as close as possible to the real case study regarding emissivity. The
technical specification of the heater can be found in Table 8. The heaters were mounted in
series and provided with a 60 Volt, 58 Amp supply. The total energy input in the system was

7 kW. A photo of the heating elements can be seen in Figure 45.

Table 8 Specification of the heaters

Ceramic beads

Density kg/dm? 8.13

Specific heat at 20°C J/kg°C 419

Melting range 1380-1400°C

Electrical resistivity at 20°C microhm/cm 108

Mean co-efficient of resistance per °C 20 - 100°C = 0.00008
20 - 500°C = 0.00014

Colour Pink/white

Density g/cm?® 3.6

Porosity 0°
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Figure 45 Ceramic heater parts

3.3.4 Water supply

The water supply used in the tests was similar for all the experiments. The water circuit was
composed of a flow meter, a gate valve to regulate the flow in the condenser section and two
thermocouples, one at the inlet of the heat pipe condenser section and the second
thermocouple at the outlet of the condenser section. The water was supplied by the main at a
maximum flow rate of 30L/min and a maximum pressure of 3 bar. A schematic of the system
is presented in Figure 46.
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3.3.5 Control system

The control system used in this test was a PID controller; a description of the control system
can be seen in Figure 47. The main parameter to control during this test was the surface
temperature of the ceramic heater. In order to control this temperature, a high temperature
thermocouple was placed on top of the surface. The thermocouple signal was then sent to a
proportional integral derivatives controller system. A PID device is a control loop feedback
system used in industrial applications as a control system for the oven and firing kiln. The PID
system uses the thermocouple signal to adjust the electrical input in the heater in order to
match the target temperature set at the beginning of the test. When the ceramic heater
temperature is below the target temperature, the PID will provide energy to the heater. Once
the target temperature is reached, the PID will shut down the heater. It was noted that the
inertia of the thermocouple feedback and the energy input in the system could not provide a
steady temperature. Thus, the temperature variation during the test was +/- 25 °C. A fail safe
condition was also programmed into the PID. When there is a loss of thermocouple signal, no

energy was input to the heater.
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3.3.6 Instrumentation

The system used for all the tests was a multi-channel data logger from National Instrument®.
The thermocouples were placed at different locations of the kiln and the heat pipe.

3.3.6.1 Thermocouples
Thermocouples on the kiln

K type shielded thermocouples were placed at different locations of the kiln. Five
thermocouples were placed in the side wall and the bottom wall at approximatively 25 mm
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from the inner surface of the kiln. Four thermocouples were placed on the inner surface of the
kiln below a small layer of insulation to avoid any disturbance due to radiation from the heating
elements. One thermocouple was placed on the removable top panel of the kiln. The surface
thermocouple was placed on the inner surface of the stainless-steel sheet. A thermocouple
was placed below the heater that would monitor the temperature of the bricks and the heating
elements. An industrial thermocouple was placed on the heater surface during the
experiments to measure the surface temperature of the heater elements. Figure 48 and Figure

49 show the thermocouple locations in the kiln.

Wall

/ thermocouple
BANATNE Y44 34 A
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thermocouple

thermocouple

Figure 48 Thermocouples in the kiln
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Figure 49 Thermocouples outside the kiln

Thermocouples on the single radiative heat pipe

In order to accurately measure the temperature of the outer wall of the heat pipe and
investigate the effect on filling ratio on the localised temperature of the heat pipe, six
thermocouples were placed on the evaporator section. The thermocouple positioning is shown
in Figure 50. During the first test, jubilee clip thermocouples were used, but the impact of the
air temperature on the thermocouples was too high, hence giving unrealistic results. In order
to tackle this issue, thermocouples were brazed onto the outer skin of the evaporator section
as shown in Figure 51. The element used for the brazing was nickel alloy. The filling material
will create a thermal barrier between the hot air/radiation and the thermocouples. The stability
and the reliability of this method increased the accuracy of the readings. In order to measure
the saturated temperature of the working fluid, a thermocouple was inserted inside the tube
and brazed in position. Because of the design of the condenser section, no thermocouples
could be placed on the outer skin of the condenser section. In order to mitigate the loss of this
information, a jubilee clip was placed above the condenser section.
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Figure 50 Thermocouple locations, single radiative heat pipe
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Figure 51 Welded thermocouples

Water section thermocouples

The measurement of the water temperature was made using two type K thermocouples fitted
in the water flow. The first thermocouple was in the inlet tube of the water supply. The second
thermocouple was located as close as possible from the outlet of the expansion part. Both
thermocouples were in the middle of the tube cross section. The thermocouples were held in

place using compression fittings.
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3.3.6.2 Flow meter

Figure 52 a) Flow meter display; b) flow meter

The flow measurement was made by an Omega® Turbine Flow Sensors FTB371-G, the flow
meter was connected to a digital display as shown in Figure 52 a) Flow meter display; b) flow
meter. The flow meter was a compact device with good accuracy. The turbine flow meter or
axial turbine flow meter relies on a turbine rotating as the flow goes through the system, which
activates a signal readable with a digital display. The accuracy of the FTB371-G was

acceptable for these tests. The specifications of the flow meter are presented in Table 9

Table 9 Technical specifications - FTB371-G

Specifications

Model Number FTB371-G FTB372-R FTB373-R
Range 2 to 40 I/min. (Continuous 20 | 4 to 160 I/min (Continuous 80 0.4 to 25 m3h (6.7 to 417 I/min)
I/min max.) I/min max.)
Accuracy +1 % of range 15 % of reading +7 % of reading <3 m3/h & +5 % of
reading >3 m3/h
Repeatability 0.2 % +0.5 % +0.5 %
Signal Output from 0.3 I/min from 1 I/min from 0.1 m3h
Max. Fluid 85°C
Temperature
Max. Pressure 10 bar
Diameter DN15 DN 25 DN 40
Length 80 mm 178 mm 270 mm
Process G¥%A Male R1 (1" BSPT) Male R1% (1¥2" BSPT) Male
Connection
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Pulse Rate (K

855 pulses/litre

65 pulses/litre

26.6 pulsesllitre

Factor)

Output Resolution 1.2 ml/pulse 15 ml/pulse 37.6 ml/pulse

Signal Shape Square Wave. NPN Open Collector

Signal Current 10 mA max. 19 mA max. 19 mA max.

Electrical 1.5 m Screened PVC Cable 2 m Screened PVC Cable 2 m Screened PVC Cable (70 °C
Connection (70 °C max.) (70 °C max.) max.)

Power Supply 4.5t0 24 Vdc 10 to 30 Vdc 10 to 30 Vdc
Protection Class IP 54
Max. Particle Size 0.5 mm 0.63 mm 0.63 mm

Wetted Parts

Body

Brass: CuZn36Pb2 As CW602N

Sensor Housing

PPO Noryl GFN3

PPO Noryl GFN 1630 V

PPO Noryl GFN 1630 V / POM

Celcom
Turbine System PEI ULTEM PPO Noryl GFN 2 V/IPPO PPO Noryl GFN 2 V/PPO Noryl
Noryl GFN 3 V GFN 3V
O-Ring Seal NBR EPDM EPDM

3.3.6.3 Data logging system

National
instrument
datalogger system

Figure 53 Data logging system

The logging system was composed of a PC PXle-1071 and a data acquisition system NI PXle-

4353 from National Instrument. The system installed can be seen in Figure 53. The data

acquisition system had 32 thermocouple channels with high speed (90 S/s per channel) and

high accuracy (1S/s per channel) modes. The typical accuracy of this system was 0.30 °C.

Table 10 below includes the error of the module and the terminal block.

Table 10 Thermocouple type K measurement accuracy (°C)
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0°c 100 300 500 700 900 1100 1400
100 °C °C °C °C °C °C °C
°C
High Typical 23 °C 0.42 0.29 0.26 0.36 0.35 0.45 0.56 0.64 0.86
Resolution +5°C
Max 23 °C 0.70 0.49 0.46 0.58 0.59 0.70 0.85 0.97 1.26
5°C
Max 0-55 °C 1.14 0.79 0.71 0.92 1.02 1.24 1.50 1.76 2.29
High Speed Typical 23 °C 0.65 0.46 0.43 0.55 0.56 0.67 0.82 0.93 1.22
15 °C
Max 23 °C 0.98 0.70 0.66 0.80 0.82 0.96 1.14 1.30 1.66
5°C
Max 0-55 °C 1.43 1.00 0.91 1.14 1.25 1.49 1.80 2.09 2.68

3.3.7 Experimental test plan

The aim of this system was to investigate the impact of the filling ratio on the average heat
transfer coefficient of the heat pipe. The filling ratio also had an impact on the geyser boiling
effect of the system. The heat pipe allowed the validation of the theoretical model and the
approach developed for the view factor determination. In order to achieve those objectives,
the experimental programme was designed to test and validate the hypotheses made in the

theoretical model. The tests followed the table below:

Table 11 Experimental plan single radiative heat pipe

Filling ratio 25% 50% 75% 100%

200 °C Test1 Test5 Test9 Test 13
300 °C Test 2 Test 6 Test 10 Test 14
400 °C Test 3 Test 7 Test 11 Test 15
500 °C Test 4 Test 8 Test 12 Test 16

The flow rates used during these tests were kept constant when possible. Due to the low heat
flux at low temperature, geyser boiling was occurring. This phenomenon rendered difficult the
collection of data at steady state. In order to obtain data at steady state, the flow rate was

decreased in certain cases:

Table 12 Flow value used for the tests

Temperatures of tile (°C)
Filling ratio 200 300 400 500
25% 1.05 L/min | 1.05 L/min 1.05 L/min 3.70 L/min
50% 0.90 L/min | 3.70 L/min 3.70 L/min 3.70 L/min
75% 0.70 L/min | 3.70 L/min 3.70 L/min 3.70 L/min
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100% 0.70 L/min | 3.70 L/min 3.70 L/min0 | 3.70 L/min

All the data obtained were then used in an excel sheet for analysis

3.4 Modular radiative heat pipes

The same kiln, instrumentation, control system and heater were used in these experimental
arrangements. The positioning of the thermocouples will be covered in this section for each
module. In order to determine the heat transfer and the optimal flow rate for all the conditions
discussed in the theoretical chapter, three tests rig were manufactured. Each test rig was
characterised by a different spacing between the pipes in the evaporator section. The
condenser section composed of a shell and tube was similar for each test rig. The modification
of the spacing between the pipes resulted in a decrease in heat transfer, thus potentially a

more uniform cooling on the ceramic tiles.

3.4.1 Module 15
3.4.1.1 Mechanical design

Module 15 was composed of ten stainless steel pipes of 28 mm diameter connected through
a collector of 28mm diameter at the bottom and a shell and tube condenser section at the top.
The distance between the pipes of the evaporator section was 15 mm. The shell and tube
section was composed of nine pipes of 10 mm diameter, 1 mm thick stainless tube. The shell
of the condenser was a 50 mm outer diameter stainless steel pipe with a thickness of 1 mm.
The condenser was connected to an expansion piece. The connection to the expansion piece
was a 28 mm diameter tube. The tube was connected to the water supply using a compression
fitting. The assembly was welded, and pressure tested to ensure no leakage could occur at
high working pressures and temperatures. The whole assembly was designed to handle a
pressure of 80 bars, secured by a rupture disk located at the top of the system. The system
was charged using water as a working fluid. Depending on the filling ratio required, the volume
of water varied. The system was charged in a way that ensured no incondensable gases were
generated in the heat pipe. Indeed, the presence of incondensable gases in the condenser
section would reduce the overall heat transfer as a reduced area of tube bundle would be

covered by the vapour in the condenser section.

The offset of the condenser is due to the design of the kiln and the accessibility of the
condenser section once installed in the kiln. In order to have an easy access to the condenser
flanges, the condenser had to be offset. For the working fluid and the vapour to flow properly
between the condenser section and the evaporator section, the radiative heat pipes were

inclined at 5 degrees.
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PARTS LIST

PART NUMBER DESCRIPTION

Collector 15

Collector Cooling Pipe

Flange

Bottom Collector 13

a|u|bs|wln|=
e R |o |

Separation Plate 15

Radiative Pipe

Note :

material ! Stainless steel 304
Thickness of the pipe : 1mm
working fluid : water

DRAWIT
Delpech B Brunel University of London
CHECKED
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QA
e Module 15 GA
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SCALE 1/5] SHEET 1 OF 3
2 1 1

43 3 T
Figure 54 Module 15 GA
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3.4.1.2 Thermocouple locations

In the same way as with the radiative heat pipe, the thermocouples were welded onto the
surfaces of module 15. Nine thermocouples were placed on the evaporator/radiative section,
one thermocouple was placed inside the heat pipe to measure the vapour temperature and
two thermocouples were welded on top of the condenser section to measure the surface
temperature of the cooling pipe and ensure that no incondensable gases were present in the

heat pipe. The thermocouple positions are shown in Figure 58. All the thermocouples were

connected to the data logger as illustrated in Figure 57.
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Figure 57 Thermocouple wiring, module 15




Figure 58 Thermocouple locations, Module 15

3.4.2 Module 25

3.4.2.1 Mechanical design

Module 25 was composed of eight stainless steel pipes of 28 mm diameter connected through
a collector of 28mm diameter at the bottom and a shell and tube condenser section at the top.
The shell and tube section, similar to module 15, consisted of nine pipes of 10 mm diameter
each. The shell of the condenser was a 50 mm outer diameter stainless steel pipe with a
thickness of 1 mm. The spacing between the pipes of the evaporator section was 25 mm.

73



¢ 3 | 2 | 1

PARTS LIST

ITEM Qry PART NUMBER DESCRIFTION

Collector 25

Separation Plate 25

1 1

2 1

3 2 Flange

4 9 Collector Cooling Pipe

5 1 Bottom Collector 25

5] 8 Heat pipe
Note :
material : Stainless steel 304
Thickness of the pipe : 1mm
Working fluid : Water
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Delpech B Brunel University of London
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Figure 59 Module 25 GA
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3.4.2.2 Thermocouple locations

Nine thermocouples were placed on the bottom of the evaporator section pipes. Similar to
module 15, two thermocouples were welded on top of the condenser section and one
thermocouple was placed in the vapour stream. The thermocouple positions are shown in

Figure 63, the wiring diagram is illustrated in Figure 62

Datalogger ]
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TCOB- TO08+

e TOD9+
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=T Tcia e [T

TC14- TC1a+

Figure 62 Thermocouples wiring Module 25
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Figure 63 Thermocouple positions, module 25

3.4.3 Module 35

3.4.3.1 Mechanical design

Module 35 was composed of seven stainless steel pipes of 28 mm diameter connected
through a collector of 28 mm diameter at the bottom and a shell and tube condenser section
at the top. The shell and tube section similar to module 15, consisted of nine pipes each of 10
mm diameter as shown in Figure 64. The shell of the condenser was a 50 mm outer diameter
stainless steel pipe with a thickness of 1 mm; a picture of the condenser section of the modules
is presented in Figure 65. The spacing between the pipes of the evaporator section was

35mm.
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Figure 65 Shell and tube condenser
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PARTS LIST
ITEM QrYy PART NUMBER DESCRIPTION

1 1 Collector 35

2 1 separation plate 35

4 2 Flange

5 1 Bottomn Collector 35

6 9 collector cooling pipe

7 7 Heat pipe
Note :
material : Stainless steel 304
Thickness of the pipe : 1mm
Working fluid : Water
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3.4.3.2 Thermocouple locations

Nine thermocouples were welded onto the bottom of three rows of tubes in the evaporator

section at the bottom, facing the heating elements. Two thermocouples were placed on the
condenser section and one thermocouple was in the vapour stream as shown in Figure 70.

The thermocouples were then connected to the data logger as illustrated in Figure 69
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Figure 69 Thermocouples wiring, module 35
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Figure 70 Thermocouples location, Module 35
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3.4.4 Experimental plan

The aim with these systems was to validate the theoretical model developed in chapter 4 and
to investigate the capacity of this innovative shape of heat pipe to recover heat. By using the
experimental data, the heat transfer coefficient of this shape of heat pipe can be determined.
The experiments were also used to investigate the phenomenon of geyser boiling at lower

heat flux powers.

The difference between the three modules was the distance between the pipes. This distance
has an impact on the heat flux going through the heat pipe due to a modification of the heat
transfer area of the evaporator. The impact of changing this parameter resulted in a
modification of the radial and axial heat fluxes in the heat pipe. The modification of the heat
transfer area also has an impact on the overall view factor of the heat pipe, though decreasing

the heat transfer through radiation.

Three tests were designed to verify the above objectives. All the heat pipes were charged at
75% filling ratio as it was determined using the single radiative heat pipe to be the best case
regarding the heat transfer coefficient, evaporator dry out and geyser boiling. The modules
were exposed to temperatures between 200 °C and 500° C for flow rates of 5 L/min to 20

L/min.

Table 13 Module 15 Test Plan

Flow rate (L/min)

Heat source (°C) 5 10 15 20

200 Test 1 Test 2 Test 3 Test 13
300 Test 4 Test 5 Test 6 Test 14
400 Test 7 Test 8 Test9 Test 15
500 Test 10 Test 11 Test 12 Test 16

Table 14 Module 25 Test Plan

Flow rate (L/min)

Heat source (°C) 5 10 15 20

200 Test 16 Test 17 Test 18 Test 19
300 Test 20 Test 21 Test 22 Test 23
400 Test 24 Test 25 Test 26 Test 27
500 Test 28 Test 29 Test 30 Test 31

Table 15 Module 35 Test Plan

Flow rate (L/min)
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Heat source (°C) 5 10 15 20

200 Test 32 Test 33 Test 34 Test 35
300 Test 36 Test 37 Test 38 Test 39
400 Test 40 Test 41 Test 42 Test 43
500 Test 44 Test 45 Test 46 Test 47
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Chapter 4: Theoretical modelling

4.1 Introduction

This chapter will develop the theoretical model used to create a full-scale model of a radiative
heat pipe ceiling in a roller hearth ceramic kiln. The chapter will also cover the fundamentals
of heat transfer using radiation, natural convection, forced convection and conduction as well
as the heat pipe modelling. The chapter is separated in four sections. The first section will
present the heat transfer background that will be used to design a thermal modelling tool, the
second section the thermal modelling for a single radiative heat pipe. The third section will
cover the modules 15, 25, 35. In the last section, the use of the radiative heat pipe for the full-

scale model will be discussed and the modelling tools developed.

4.2 Heat transfer background

A wide variety of heat transfer principles are used in heat pipe heat exchanger. A heat pipe
will rely on two phase heat transfer to transmit heat from the evaporator to the condenser
section. The boiling and condensation regimes will be discussed in this section. In the kiln, the
heat will be transferred to the heat pipe through radiation, external forced convection and
natural convection. The heat will be transferred from the outer surface of the heat pipe to the
inner surface by conduction. Internal forced convection will be used in the condenser to extract

the heat from the heat pipe to the heat sink fluid.

4.2.1 Natural convection

Natural convection relies on low velocities and high temperatures to transfer heat from one
surface to the other. The effect of the natural convection in a kiln is a large contributor to the
heat transfer when no or low air velocity is applied. The heat transfer through natural
convection is governed by the derivation of the equation of the fluid motion in a boundary layer

under the effect of buoyancy.

A non-dimensional number called the Grashof number is introduced to quantify the ratio
between the buoyancy force and the viscous force acting on the fluid. The Grashof number is

as follows.

Gr, = gﬁ(Tsv—zToo)L% (21)

where g is the gravitational acceleration (m/s?), g is the coefficient of volume expansion (1/K)
(B = 1/T for ideal gases), T; is the temperature of the surface (°C), T,, is the temperature of
the fluid sufficiently far from the surface (°C), L. characteristic length of the geometry (m), v is

the kinematic viscosity of the fluid (m?%/s)
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The Grashof number, as the Reynolds number in forced convection, is the main criterion to

determine if the fluid is laminar or turbulent in natural convection.

The natural convection over a surface depends on the orientation of the surface and the
geometry. It will also involve the variation of temperature on the surface and the thermal
properties of the fluid and material involved. Although the principal of natural convection is
well understood, there is no equation that can be obtained through an analytical method. The
determination of the natural convection heat transfer depends on an empirical approach. The
determination of the Nusselt number using empirical correlations is determined as,

hL
Nu = TC = C(Gr,Pr)" = CRa? (22)

where the Rayleigh number is the product of the Prandtl and Grashof numbers

Ty — Top) L3
Ra; = Gr, Pr = Mﬁﬂ (23)

The values of the constants C and n depend on the geometry of the surface and the flow
regime which is characterised by the Rayleigh number. The value of nis usually 1/4 for laminar
flow and 1/3 for turbulent flow while the value of C is usually below 1. The value for the Nusselt

number needs to be evaluated with fluid properties at the film temperature Ty = %(TS + Ty). If

the Nusselt number for the convection is known, the rate of heat transfer from a material

surface to the surrounding fluid can be expressed as,

(Ts - Too)
Qn.convection = hAs(Ts — Too) = R— W) (24)

N.convection

where Ry convection = 1/(h4g) (°C/W) is the thermal resistance of the fluid and the surface
from the natural convection heat transfer. The thermal resistance will be used for the thermal

resistance analogy.

As mentioned above, the heat transfer through natural convection will depend on the

temperature, the shape and the inclination of the surface.

Al-Arabi and Salman [64] developed a correlation for natural convection of inclined cylinders

at a constant heat flux,

Al-Arabi and Salman: [64] Nu, = 0.6 — 0.488(sin 8 )1°3(GR,, pr)%’%(sm 6)17 (25)

where Rap = 10> — 107, 0° < 6 < 90° from vertical.

Oosthuizen [65] developed a correlation for inclined cylinders
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1

3
Oosthuizen: [65] Nup, = 0.42(Grp cos @)/ |1 + (1_?;1) (26)
L3

Rani et al. [66] proposed a new correlation for Nusselt number determination using the
experimental data from [67]. Four proposed correlations were subjected to a nonlinear
regression analysis method using two parameters a and b. The results were then compared

to experimental values available in the literature in [65,67,68]. The selected correlation was

as below.
140.1685
i PrGr
Rani et al. [66] Nup = 0.54 + 0.39 — (27)
9\9
0.559\16
{1 + ( Pr ) }
where the characteristic length is calculated from Eq.(28):
1/2
o LD
Characteristic length L.= (28)

(%) cos o + (%) sin @
Li and Tarasuk [69] developed a new correlation using two coefficients m and n . Those
coefficients are determined by a least squares straight-line approximation of the logarithm of

the average Nusselt number and Rayleigh number. The error from the correlation are given in

Table 16. The correlation and experimental data were then compared with correlations
developed by Salman [64] , Morgan [70], and Oosthuizen [65]. The comparison with the other
correlations highlighted a good agreement with the experimental data.

Nup = m(fp)RaTDl((p) (29)
where

m(p) = 0.5925 + 0.2278 X 1072 x () — 0.1436 X 1073 x ()2

(30)
+0.1877 x 107> x (¢)3 + 0.986 x 1078 x (¢p)*

n(@) = 0.2295 + 0.1553 X 1072 X (@) — 0.7396 X 10~ x ()2

(31)
+0.1157 x 107> X ()3 — 0.5783 x 1078 x (p)*

Table 16 Value and error associated with n, m and Nusselt number
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Angle m n Range of Ray Error

0° 0.5925 0.2294 1.2 x10*to 2.9 x 10° -6.4 10 6.3%
45° 0.5349 0.2313 1.1 x10*t03.3x10° -1.3t0 0.79%
60° 0.49 0.2313 1.2x10*to 2.5 x 10° -0.24t01.7%
75° 0.4375 0.2349 1.2x10*to 3.1 x 10° -4.6 t0 2.9%
90° 0.3561 0.2339 1.4x10*t03.1x10° -14.6 t0 5.5%

Heo and Chung [71] investigated correlations on inclined cylinders for a Rayleigh humber
between 1.69x108 and 5.07x10%° at angles of inclination from 0° to 90° for a ratio L/D between
3.7 to 25.

Laminar flow Nup = 0.3Ra%?>(1 + 0.7 cos @) (32)

Turbulent flow Nup = 0.13Ra%3(1 + 0.6 cos ¢) (33)
4.2.2 Radiation

Radiation heat transfer does not rely on any contact between the emitting surface and the
receiving surface and reaches maximum efficiency in a vacuum. Radiation heat transfer

occurs from solids, liquids and gases.

In 1864, James Clerk Maxwell demonstrated that electric and magnetic fields travel in space
as waves. The electromagnetic waves are emitted energy by any object due to the change in

atoms or molecule electronic configuration.

Radiation travels, in a vacuum, at the speed of light. This speed is equal to the product of the

wavelength of the radiation and the frequency.

c=Av (34)
Thermal radiation corresponds to the electromagnetic radiation from a body due to the energy
transition of its molecules as a function of the temperature. Thermal radiation from a body is
continually emitted by the body when the temperature of the body is above absolute zero. The
thermal radiation can be emitted by solids and liquids, the radiation will be transmitted through
a vacuum, gases and some liquids and solids depending on the opacity. The range of thermal
radiation is between 0.1 umto 100 um. The visible range of thermal radiation is from 0.4 to

0.7 um. The electromagnetic spectrum and thermal radiation portion can be seen in Figure 71.
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Figure 71 (a) Electromagnetic spectrum. (b) Thermal radiation portion of the electromagnetic spectrum. [72]

4.2.2.1 Blackbody radiation
A blackbody is considered to be an ideal body that can emit and absorb the maximum radiation

energy possible at any wavelength for any temperature.

A black body can absorb any wavelength with any given incidence. Also, the energy emitted
by the black body is uniform in all directions per unit area normal to the direction of emission.
It is considered as a diffuse emitter. The correlation between the spectral radiant energy
emission per unit of time and area was defined experimentally by Joseph Stefan in 1879 and

Ludwig Boltzmann theoretically in 1884

E,(T) = oT* (35)
A relationship between the emissive power of a blackbody and the wavelength distribution

was derived by Max Planck in 1900 in his quantum theory,
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Cy
2o (7F) - 1]

4
where C; = 3.74177 x 108 W.E=-, ¢, = 1.43878 x 10* ym.K
mZ

Epa(T) = (36)

C: is the first radiative constant, C, is the second radiant constant, E,,(T) is the
monochromatic emissive power of a blackbody at temperature T, T is the absolute

temperature of the surface, A is the wavelength of the radiated emission.

10°
108 —. <— Visible spectral region

Aoy T = 2898 um-K
10-',- max

Solar radiation
108

10°
104
10°

102

Spectral emissive power, Ey , (W/mz-ﬂm)

0.1 0.2 0406 1 2 4 6 10 20 40 60 100
Wavelength, A(um)

Figure 72 Spectral blackbody emissive power [73]

It can be noted from Figure 72 that the emitted radiation varies continuously with the
wavelength, the emitted radiation increases with increasing temperature at any given
wavelength. Also, most of the emitted radiation below 800K does not appear in the visible
spectral region. The emitted radiation for each temperature reaches a peak and decreases as
the wavelength increases up to the infrared wavelengths. In order to determine the emitted

radiation peak for each temperature, the Wien Displacement Law is introduced,

AmaxpowerT = 2897.8 um. K (37)
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The integration of Planck’s law of the spectral emissive power of a blackbody over the range

of wavelength spectrum is the total blackbody emissive power Ex,

E,(T) = f OOEM(A, T)dA = oT* (W/m?) (38)
0

where ¢ is Stephan-Boltzmann constant ¢ = 5.67 x 108 W/m?K*

4.2.2.2 Radiation intensity

Radiation can be propagated in every direction. In order to determine the net radiative heat
transfer rate, it is important to understand how the radiation is propagated from or to a surface.
By considering the directional distribution of radiation as a sphere above the radiative surface,

the direction may be specified with a zenith angle 6 and an azimuthal angle @.

Emitted
radiation

Figure 73 Emission of radiation from a differential area dA, into a solid angle dw subtended by dA,, at a point on
dA; [73]

Figure 74 The solid angle subtended by dA,, at a point on dA; in the spherical coordinate [73]

93



The surface dA,, where the radiation passes, has a differential solid angle dw when viewed

from the point of dA;. dw is expressed as,

dw = sin8 d6 d¢ (39)
If the surface dA; is considered opaque, the radiation will be emitted in any direction in a
hemisphere above the surface. The solid angle associated with the hemisphere can be
determined by integrating equation (39)(27) over the limits 6 = 0to0 =n/2and ¢ = 0to ¢ =
2m

2 /2 /2
f da):f f sin@d@dd)zan sin8 df = 2nr
h o Jo 0 (40)

The rate at which the emission from dA; passes through dA4,, is expressed as the spectral
intensity I, .. The spectral intensity can be defined as the rate at which radiant energy is
emitted at the wavelength A in the (8, ¢) direction, per unit area of emitting surface normal to
this direction, per unit solid angle about this direction and per unit wavelength interval dA about
A.

dq
dAicosfdwdA

Ie(2,6,¢) = (41)

where (Z—Z) = dq, the rate at which radiation of wavelength A passing through dA4,,, leaving

from dA,, (41) can be expressed as,
dq, =1,(1,0,¢)dA; cos0 dw (42)
If we express (42) per unit area of emitting surface and substituting (39), we obtain the spectral
radiation flux associated with dA,,
dg, =1,(0,¢) cos 0 sinf df d¢p (W/m?) (43)

The spectral hemispherical emissive power E; can be determined by integrating (42), if
1.(4,0,¢) is known. E, is defined as the rate at which radiation of wavelength 4 is emitted in
all directions from a surface per unit surface area. E, is the spectral heat flux associated with

the emission in a hypothetical hemisphere above the surface d4; as shown in Figure 75.

94



0<6<m/2

Figure 75 Emission from a differential surface dA; to a differential surface dA4,, [73]

2w /2
E= f 1,(6,¢) cos O sinf dd dp (W/m?) (44)
¢=076=0

The total hemispherical emissive power E can be defined as,

E =nl, (W/m?) (45)
The surfaces do not only emit but also receive radiation emitted or reflected from other

surfaces, the radiation incident on a surface from all direction is defined as irradiation G,

2w /2
G = f 1;(8,¢) cosOsinB do dp (W/m?) (46)
$=076=0

Similar to (45), it can be determined that

G = nl; (W/m?) (47)

4.2.2.3 Radiation properties

Emissivity

The blackbody is a perfect element that will emit and receive all the energy available in its
surroundings. The emissivity is used to describe a real surface. A real radiative surface will
not be able to act as a blackbody. The emissivity is defined as the ratio of the radiation energy
emitted by a surface at a given temperature to the radiation of a black body at the same
temperature. The emissivity is within the range of 0 < € < 1. The emissivity will vary depending

on the orientation of the emitted radiation at a given temperature and wavelength.

Il,e (/1' 9! ¢' T)
I/Lb (/L T)

To simplify equation (48), the direction of 6 and ¢ can be averaged.

Epr0 (A' 91 d): T) = (48)
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Ey(A,T)
Eb/l (/1, T)

The emissivity is then a function of the wavelength and the temperature of the surface. The

A, T) = (49)

emissivity can be also defined as the average for all wavelengths from the surface, defined as

the total hemispherical emissivity or average emissivity:

E(T)

‘D =gm

(50)

Absorption, reflection and transmission

Various types of heat fluxes are defined in the radiation theory of shown in Figure 76. The
Emissive Power of the surfaces correspond to the rate at which radiation is emitted from a
surface per unit area. When the body is considered as a black body, only emissive power and
irradiation play a role. In the case of a real semi-transparent body, nhew heat fluxes need to be
introduced, the absorption by the solid of the irradiation, the transmission of the irradiation

through the solid and the reflection of the irradiation.

|I’I’ad|§tl0ﬂ, Reflﬁction. Irradiation, Radiositry,
e G Reflection, \]: E+ G
SJJ G =Gy + Gy + Gy, Gr:JJJf

_______________ 5"] Emission,
Semitransparent ArupAbsorption, E
medium _____________Ga_bs___ Opaque
medium ~—
g Transmission,
Glr

(a) (b)

Figure 76 Radiation at a surface. (a) Reflection, absorption, and transmission of irradiation for a semi-transparent

medium. (b) The radiosity for an opaque medium.[73]

Table 17 Radiative fluxes[73]

Flux (W/m2) Description

Emissive power, E Rate at which radiation is emitted from a surface per
unit area

Irradiation, G Rate at which radiation is incident upon a surface per
unit area

Radiosity, J Rate at which radiation leaves a surface per unit area
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Net radiative flux, Net rate of radiation leaving a surface per unit area

q"rad =/-G

Absorptivity @ can be defined as the fraction of irradiation absorbed by the solid, the reflectivity
p as the fraction of irradiation reflected and the transmissivity t as the fraction of the irradiation

that is transmitted, as all the irradiation must be reflected, transmitted or absorbed,

a+p+t=1 (51)
An opaque medium will have a transmissivity of O

a+p=1 (52)
Using the equation above, two additional heat fluxes can be defined, the radiosity of the
surface which accounts for all the radiant energy leaving the surface. In the case of an opaque
medium, it includes the reflection of the irradiation and the emitted radiation from the medium,

therefore,

J=E+pG (53)
The net radiation leaving an opaque surface can be then defined as,

q"raqa = €0T§" — aG

Kirchhoff's law

Kirchhoff's law was introduced by Gustav Kirchhoff. By considering a large blackbody
enclosure at a temperature Ty, with two small solid bodies 1 and 2 within the enclosure, the
impact of the small body can be considered negligible. Thus, the incident radiation on the
small body is equal to the emitted radiation by the large black body at equilibrium at the same

temperature Ty,

G = Ey(Ty) = 0T} (54)
At equilibrium, the temperature of the blackbody surface and the temperature of the solid are
equal, thus, the net heat transfer between the enclosure and the solid must be zero. Applying
this to the body 1,

a1GA1 - El(TS)Al = 0 (55)
From Equation (54),

= Ey(Ts) (56)

The same method can be applied for all the bodies in the enclosure,
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El(Ts) _ EZ(TS) — e —
== Ey,(Ty) (57)

Equation (57) is known as the Kirchhoff's law. An alternative equation of the Kirchhoff's law

based on the definition of the total hemispherical emissivity is introduced,

& & 1
R (58)
Hence, for any surface in an enclosure,
E=a (59)

The total hemispherical absorptivity of a surface is equal to the total emissivity if the surface
is considered isothermal and there is no net radiation heat transfer between other surfaces.

4.2.2.4 Real surfaces

Radiation from real surfaces is different from radiation in black bodies. Any real surfaces will
have variable emissive power depending on the characteristic or the geometry of the surface.
It can be considered that the real emissive power of a real surfaces is a fraction of the total

emissive power of a blackbody,

Erea(T) = eoT* (60)
4.2.2.5 View factor
In order to define the heat transfer rate between two surfaces, the view factor needs to be
introduced. The view factor is described as the fraction of radiation leaving the surface i

reaching the surface j. To develop a general expression illustratingF;;, two surfaces 4; and
Aj are considered. These two surfaces are differential surfaces dA; and d4;. The distance
between these two surfaces is R. two polar angles are introduced as 6; and 6; form an angle

with respectively n; and n;. The solid angle can be determined as,

dA,

dwy, = cos b, —z (61)

From the definition of radiation intensity, the rate of radiation leaving the surface dA;

intercepted by dA; can be expressed as,

dQl] = Ii COS 91' dAld(l)l] (62)

The radiosity of the surface dA4;,
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Ji = ml; (63)

thus,
cos 0; cos 6;
a0y = Ji () dAida, (64)
The radiation leaving the surface A; intercepted by A; can be expressed as
B J‘ f cos 0 cos 0; dA;dA;
Qij =J; aida, p—) (65)

where it is assumed that the radiosity J; is uniform over the surface 4;.

The view factor is a fraction of the radiation leaving A; and reaching 4;, thus

ij 66
-] (66)
A
It follows that,
1 cos 0; cos 0;
F; :A_jf j(—mz ) dAdA; (67)

Aj Ay
View factor relations

View factor relations are used to simplify the analytical approach of the calculation of the view

factor.

Reciprocity rule
The reciprocity is useful to determine view factor when more than two surfaces are present in

the system,

A1F1,2 = A2F2,1 (68)
Summation rule

The summation rule state that the sum of all the view factors of surfaces in an enclosure must

be equal to 1,

j=1

The superposition rule
The superposition rule is expressed as the view factor from a surface 1 to a surface (2,3) is
equal to the sum of the view factors from surface 1 to 2 and the surface 1 to 3 as shown in

Figure 77.
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(1)

() (3)

F1,23

Figure 77 lllustration of superposition rule
Hence,

Fi3) = Fi2 + Fi3 (70)
The symmetry rule
To simplify the view factor determination in any shape, symmetry must be identified and used
to reduce the complexity of the view factor. The symmetry rule can be expressed as follows:
two or more surfaces that possess the same geometry with a third surface will have an

identical view factor value. The symmetry rule can be expressed as,

Fiy = Fi3 (71)

hence

Fy1 = Fy3 (72)

An illustration of the symmetry rule can be seen in Figure 78.

Figure 78 lllustration of summation rule

Literature review on view factor
Views factors for common geometries have been developed, investigated and tested. A
catalogue of view factors for different geometries has been developed by Howell [74]. The
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view factors are determined through analytical, mathematical and numerical calculation. Most

common view factors used for pipes and enclosures are reported below.

For two infinite planes with a common edge at an angle of 90° from each other, the view factor
was reported by [75,76]. An illustration can be seen in Figure 79.

Figure 79 Schematic of two infinite planes with a common edge at an angle of 90° from each other

1 1 1 f 1
— -1 -1 -1
Fip =3 —| Wtan™ o+ H tan ﬁ_‘/Hz + W2 tan TZTwe
2

2
WL 1+WHA+H)[ w2@A+w2+H2) 1V [ H2A+H2+w?) |"
—1n
(1+ H?2)(H? +W?)

(73)

4 1+W?2+H? [1+W2)(W?+ H?)

where H = h/lLW = w/l.

The view factor for two parallel rectangles of different size as shown in Figure 80 was studied

and reported by [77] and validated by Gross et al. [78], Boeke and Wall [79], and Chkhovskii
[80]. An illustration can be seen in Figure 80.
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Figure 80 Schematic of the geometry of two rectangles in a parallel plane

2

2 2 2
1 o
— _1\(+j+k+D) A
s = TG kZ]Z( DI leme) 74
(v —mIx — &)? + z%]Y?*tan™? {[(x — ;1)2__:_722]1/2}
1 —
G= o +x = Oy —m)? + 2% *tan™? {[(y _ 7;32 izzp/z} (75)

Z2
—5 Il =O* + & = m?* +2°]

An equation was also developed by [77] and validated by Gross et al. [78], Boeke and Wall
[79], and Chkhovskii [80] for a view factor between two surfaces of different sizes

perpendicular to each other. An illustration can be seen in Figure 81.
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Figure 81 Schematic of the geometry of two rectangles in a perpendicular plane

2

2
1
Rl gy e yl)zz

2
Z [(—1) DG (x;, Vi e &)

2

I=1k=1j=1i=1
oo (v — )2 + €)ztan™ (K)
21 _%[(xz +&H)In(1+K*) — (y —n)*In (1 + %)]

where:

K= (y—mn/(*+§)?
The view factor from a strip to a cylinder is calculated using the equation below

1 -1 -1
Flz = g (tan Bl —tan Bz)

where

By =—,B, =—

An illustration can be seen in Figure 82
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Figure 82 lllustration of the view factor between a cylinder and a strip

4.2.2.6 Net radiation in three surface enclosure

As previously said, any surfaces that have a temperature above absolute zero will emit heat
in any given direction. When the surface receives an incident radiation, the total radiation
leaving the receiving surface will be composed of the emission and the reflection. The sum of
these two heat fluxes is the radiosity.

For a grey and opaque surface i (¢; = a; and p; + a; = 1), the radiosity is expressed as,

Ji = (Radiation emitted surface i) + (Radiation reflected surface i) (81)
Ji = €iEp; + piG; (82)
Ji = &Epi + (1 — &)G; (83)

By considering a surface that will gain energy by absorbing emitted radiation and losing energy
by emitting radiation, a surface will have a net gain or loss of energy. The net heat transfer

from a surface i of area 4; is expressed as,

_ (Radiation leaving ) _ (Radiation incident) 84
=1\ entire surface i on entire surface i (84)
Qi =4;(;i — G (85)
hence
Ji — &Ep; A

0= A (fi =T = T B = J) W) (86)

By applying the electrical analogy to (86) the following can be obtained

Epi —J;
Q== (W) (87)
L

R, =1 88



where R; is the surface resistance of the surface, Q; is the net radiation and E,; — J; represent

the potential difference. An illustration can be seen in Figure 83.

Figure 83 Schematic of the resistance approach of radiation leaving a surface i

The net radiation between two grey surfaces can be expressed as follows,

Radiation leaving Radiation leaving
Qij =| theentiresurfacei |—| the entire surfacej
and striking surface j and striking surface i

thus

Qij = AiFyj)i — AjFjiJ;
Applying the reciprocity rule the following can be obtained,

Ji=J;

Qij = AiF;(Ji = J;) = lR” L (W)
ij

where R;; correspond to the space resistance to radiation,

R — 1
U A

(89)

(90)

(91)

(92)

The use of the radiation resistance approach was developed to simplify radiation problems.

Each node corresponds to the radiosity of each surface. The method allows a good

visualisation of the radiative problem. An illustration can be seen in Figure 84.
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Figure 84 Schematic of the radiation resistance approach for receiving surfaces.

The net radiation leaving the surface i and reaching the surfaces 1,2...(N —1),N can be

expressed as,

N N N (] _])
Q=) Q=) AiFyUi—Jp) = Y~ w) (93)
j=1 j=1 =1 Y
or
By —Ji _ N\ Ui=J))
bi —Ji _ i~ Jj
7 —Z W (94)

The radiation resistance approach for an enclosure with two surfaces is expressed as,

Qi

Figure 85 Schematic of the radiation resistance approach for an enclosure with two surfaces.

Epy — Ep
Qu=%—5—"F75 W) 95
127 R, + Ry + R, (95)
or
o(Ty = T3)
Q12_1—£1+ . 1-5 W) (96)
Argy  AFp 0 Aze
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An illustration can be seen in Figure 85.

4.2.3 Two phase heat transfer

4.2.3.1 Boiling heat transfer

Overview of boiling heat transfer

The boiling heat transfer occur when a liquid reaches a particular temperature that will change
the phase of the liquid to vapour. In this case, the latent heat of the liquid will allow large
amounts of energy to be transferred from a hot surface to a liquid/vapour phase. The boiling
heat transfer is mainly used for applications where the heat flux is substantial. Apart from the
latent heat, the surface tension at the liquid vapour interface and the density difference
between the two phases will be important factors to take into account. This difference will

induce a buoyancy force.

The boiling heat transfer can be identified in four regimes: free convection boiling, nucleate
boiling, transition boiling and film boiling. Each of the modes can be applied in different
situations and are illustrated in Figure 86. The temperature of the surface can be identified as
T, and the saturation temperature of the liquid as Ty,;. The excess temperaturedT, can be

calculated as

AT, =T — Tsqr (97)
Natural convection Nucleate Transition Film
boiling boiling boiling boiling
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Figure 86 Boiling curve for water at 1 atm [81]
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The free convection boiling occurs when AT, < AT, 4, where AT, 4 = 5°C. The temperature
difference between the surface and the saturation temperature is not enough to allow the
generation of bubbles. Hence, the heat transfer in this range mainly occurs through free

convection between the solid and the liquid phase.

Nucleate boiling will appear when AT, 4, < AT, < AT, ., for AT, = 30°C. In this range, two
regimes can be identified. For AT, close to 4T, 4, isolated bubbles will form around the
nucleation site on the hot surface. The bubbles will allow the liquid to move the fluid over the
plate, thus increasing the heat transfer coefficient and the heat flux at the interface. In this
case, most of the heat transfer relies on forced convection over the hot plate. The second
regime occurs when AT, is close to AT, ., in this case, the vapour bubble generation
increases. The size of the bubbles can be identified from columns of vapour leaving the heated
surface and merging into slugs. When 4T, is closer to AT, ¢, the heat flux is increasing slowly
to reach the critical heat flux point when AT, = AT, .. For water at atmospheric pressure the
critical heat flux q"c = q" e = 1MW /m2. After this point a considerable amount of vapour is

generated. The liquid will struggle to reach the surface.

Transition boiling occur when AT, < AT, < AT,p. In this transition regime, the vapour
generation is so high that a vapour film or vapour blanket is forming on the surface, blocking
the liquid from reaching the hot surface. At this regime the film is not stable and can disappear
at points of the hot surface. As the thermal conductivity of vapour is significantly lower than

the liquid, the heat flux and the heat transfer coefficient will decrease.

Film boiling exist when AT, , < AT,. The point D is referred as the Leidenfrost effect. This
effect occurs when the difference in temperature between a surface and the liquid is so high
that a vapour blanket forms between the two bodies. This blanket can act as an insulator
hence decreasing the heat flux. When AT, is higher, the main heat transfer mode between the
surface will be radiation. Thus, the heat flux between the surface and the liquid will increase
to reach a maximum when the temperature of the surface is above the melting temperature.
Film boiling is a regime that can be dangerous to maintain as the melting temperature of the
solid can be reached, hence the potential failure of the system. Therefore, Point C is

considered as the burnout point for boiling.

The rate of heat transfer for boiling can be expressed as

Qboiling = hpAs(Ts — Ty) (98)
where Qpoi1ing is the rate of heat transfer (W), h,, is the heat transfer coefficient (W/m?.K), A
is the surface area (m?), T, is the temperature of the surface and T, is the temperature of the

vapour phase (K).
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The electrical analogy can be applied in a similar way as for radiation heat transfer,

An illustration can be seen in Figure 87.

Ts - Tv
Qboiling = Rboiling (99)
where
1
Rbotling hoA (100)
s

1%}

Figure 87 Schematic of the boiling heat transfer

Common correlations for boiling in heat pipes

Correlations for heat pipe have been developed and tested. The boiling in a heat pipe occurs
in two distinct regions. The first region is the boiling in the evaporator section where the liquid
is boiled in a pool. The second region is on the falling film of condensate liquid coming back

from the condenser section of the heat pipe.

Correlations for boiling related to the pool of liquid are listed in Table 18

Table 18 List of correlations for boiling in the evaporator liquid pool

Author Equation Eq. Conditions
— ok 9.1 — py) 1z Cp- (Te; — Ty) ; (101) n=1 for water
Tei = Hi-Trg o 1(Csp-hpg. PT) and n=1.7 for other liquids
Rohsenow
where:
[82]

Gei = hei- (Te; — Tyy)
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pr =

Pcrie

12-0.43431
Cooper [83] | hy; = 55py 2“1 (logop,) 7055 M05¢067 | (102)
For water and helium only
where these are for water
0.27 068\ , Pritical =220.6 (bar)
Gorenflo[84] Fpp = 1.73p027 + (6.1 T )pr (103) | Periicar =220.
T
M=18.02
ho=5600 W/mz.°C
C 0.69 Pk 0.31 0.31
hy; = 0.225 (q ) (—1) (ﬂ— 1)
McNelly[85] hsg o Dv (104)
79 C5 pp o Ap, is the difference
_ l l 1.24 7,0.75 v
Forster Gei = 0.00122( >AT Apy 105
“ 05up* gz pg?t (105) between  the  vapor
And pressures at the heating
Where:AT,, = (T,; — T,),Ap, = P,; — B, o
Zuber[86] surface and liquid
and qe; = he;- AT, temperatures
P\ (106)
hei = 3.7 X 1075P282q%7 [1.8 (P 't)
cri
Mostinski[87]
() +10(5) |
+ +
Pcrit Pcrit
_ heiDa _ 7 v0.67 y—1.58 y1.62 y5.22 107% < < 0.88
Nu = ——= = 0.24 X 107X) "X 150X 92X i
! 107
Stephan (107)
6 = 45°
and
eiD CpTyD h¢gD
Abdelsalam[88 X1 = (qlevd) X3 = ( 3 d>, Xy = ( L d), Xg =
] PL1—Py
G
-k
Dy = 0.0208 x 6 [ - e
h = 032 <pl 65k0 3Cp0 7g02>< Pv )0.3 q"0.4
Imura [89] “ P22 ! Patm np
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Labunstov [90]

hei
= 0.075

0.33

1
0.67 k.2
Py PiKy v 0.67
+ 10 q .
P1— Pv .ulo-Tsat

Kiatisiroat [91]

h.. = C( .uilv )(CpATsat)n
et LbATsat ilvPr

Where,
o 1/2
<l
*“lglo—pw)

C = 18.688 for water
C = 17.625 for ethanol
C = 20.565 for triethylene glycol (TEG)

n = 0.3572 for water
n = 0.3300 for ethanol
n = 0.3662 for triethylene glycol (TEG)

Shiraishi [92]

hei =0.32 <

p10.65k10.3cp,10.7g0.2 ( Pv >0.23 . o4
q nb
Patm

o) O.ZSh?;Ml 0.1

Correlations for boiling in the falling film are listed in Table 19

Table 19 List of correlations for falling film boiling

Author

Correlation Eq.
. . 1/3
Kopchikov o1 (klllvpv . )l( P ) / (108)
[93] . 0Tsqt Ib kl plzg
El-Genk and b 4\ 1/3 Sy 1 N (109)
Saber [94] - § Ref ( x T f,boiling )

N sk
=(= -1/3 (2L
hx (3) Rer <Lf>

g

= k q" Lyp 07 PL.A\%7
- l . . fnb=bFl »\
hf poiting = 1.155 x 1073 (L_) Nuo 33 py, 035 ( n ) ( )

b Prlivly

where,

1

Ly = (“—12)5: Liquid film thickness scale
s 9p1(P1—py)
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Ly, = [0/g9(p; — p,)]*/? : Bubble length scale

I Ry :
N, = LS - Viscosity number

Gogonin [95] 2\1/3 kic —0.2
h* =0.01 <L> L, Re;, %P /*bK, >R, <M>

plzg kwcp,wpw

(110)

2/3
b:[1+10( Po ) ]
P1 — Pv

_ (itPp)?Lp
cpiTsatP1O

R_z= Rz/Lf

t

Chun and Rt = 0.606(Ref/4)_1/3 (112)
Seban [96]

Rey < 2.44Ka™/11

0.3x105 < qp, <0.7x105W.m2

4.2.3.2 Condensation heat transfer

Overview of condensation heat transfer

Condensation heat transfer occurs when the temperature of a surface is lower than the dew
point of the surrounding vapour. The condensation on the surface can occur in two ways. If
the surface is wetted by the condensate, then a film will build up on the surface. This
phenomenon is referred as film wise condensation. If the condensate does not wet the surface,
then droplets will form on the surface. Once the droplets reach a critical size, they will slide
down from the surface creating a new condensate droplet, the phenomenon is referred as
dropwise condensation. Dropwise condensation heat transfer is preferable for heat transfer
applications. However, to achieve this, the surface needs to be coated. Thus, the lifespan of

the dropwise condensation is limited by the coating.

Film condensation heat transfer was investigated by Nusselt [97] in 1926. Nusselt studied the
condensation of liquid on a vertical plate and proposed a theory on the condensate film
thickness. The thickness of the condensate flow on the plate will increase as the condensate
travels down the plate. The latent heat for the condensation will then be transferred through

the film and not onto the plate directly.

Heat transfer by condensation is expressed as

Qcondensation = hcondensation-As (Tsat - Ts) (112)
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Applying the thermal resistance analogy

1

Riondensation = A 2
condensation‘ls

An illustration can be seen in Figure 88.

Qm:l ndensati on

Figure 88 Schematic of the condensation heat transfer

Common correlations for condensation heat transfer

Common correlations for condensation heat transfer are reported in Table 20.

Table 20 Common correlations for condensation heat transfer coefficient

(113)

Author Equation Eq. State
.
— h* k 4
hy; = 0.943 pi(pr — pu)ghsgks (114)
lc.ul (Tv - Tei) i
Laminar
Nusselt [97,98] .
vertical
Rohsenow modifications
htg = hsg + 0.68Cy (T, — Te;) (115)
4Q, 4Ah (T, — Ty Laminar-
Nusselt [97] Re = Qci _ Hsha L e (116) _
Puhz, Puyhg, vertical
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1
1 2\3
hy; = 1.47k,Re~(3) <@> (117)
Hi
5 1
Re k 3
he; wavy = : gl;l (118)
' 1.08 Rel22 — 52\ 42
Kutateladze [99]
Rever,wavy
1" 1 (119)
3.7l k; (T, — T,y #\3
— [481+ c ki (*v ei) (gf;l)
Hihsg M
3 1
Nusselt [97] h. = 0943 [pl(pl — Pu)ghygki cos 9]4 (120) | Inclined
“ Ly (Ty — Tey)
3 1
Nusselt [97] h,; = 0.725 [pl (o1 — pv)ghfgkl * (121) Horizontal
D.ul(Tv - Tei)
he = 0.728[1 + 0.2(N —
1
ch 1)ja] [pl(m_p Wahzgkd ¢ (122)
en T NDUNT—T.)
NPTy =Tei) Horizontal -
[100][97][97][97]
[97] Provided that: [(N — 1)]Ja] < 2 N rows
Where Ja = Cp(T, — Tei)/hsyg (123)
1 Horizontal
* 312
Nusselt [97] b = o7gs |PPLT Po)ghigk 1Tl (124) | tube  bank
Cl . _ i
NDu (T, = Tei) with N rows
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hci

P 0.14

= 1.51( z )
Pcrit
pu(oL = po)gks’ 3

X 0.

0943{u1Lc(Tv—Tci) o + /g (T
Rohsenow [98] Ve
- ci)]

where the fluid properties should be
evaluated at a temperature:

Tf =T¢i + 0.31(Tgqr — Tei)

hci
= 0.85Ref" exp (0.0000675—’ - 0.14)
v
1 (125)
0,943 [pz(pz — pp)ghsgki 1* Wavy
Jouhara et al ' Ly (Ty — Tey) laminar
[27] and
where turbulent
40
Re = & (126)
nDpuhs,

Heat transfer coefficient for condensation on a tube bundle
In order to define the heat transfer coefficient for condensation on a tube bundle, condensation
on a single tube need to be introduced. The laminar film free convection of condensate on a

smooth isothermal tube can be expressed as,

. 1/4
(o — pg)glzgdS} (127)

.ul(Ts - Two)kl

hd
Nu,, = ’Z—IO = 0.728{
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An illustration can be seen in Figure 89.

Gravity

Quiescent
Saturated
Vapor, T

Figure 89 Laminar flow on an horizontal tube [57]

A laminar forced convection approach was developed by [101]. Indeed, the vapour
surrounding the tube is moving, two effects have an impact on the overall heat transfer
coefficient. The surface shear stress between the liquid phase and the vapour will influence
the film thickness and the vapour distribution around the tube that will disturb the flow of

condensate. The correlation developed by [101] is expressed as,

— 0.9 + 0.728F,

-1/2 _ d

Nugy,Re,; " = 1 (128)
(14 3.44F} + Fy)/*
where,
hpmd, _ iggd,

Nup, = K, Req = piVoodo /i Fy = T ATVE (129)

A more conservative relationship was developed by [102],
NupRe % = 0.416[1 + (1 + 9.47F,) /2] (130)

The condensation on the tube in a tube bundle will be disturbed by the neighbouring tubes in
the bundles. The condensate created by the tube located at the top of the tube bundle will flow
downward to the tube below by gravity or vapour shear stress. The effect of the local vapour
velocity and the inundation of the pipe need therefore to be taken into account in the

calculation of the heat transfer.
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The effect of the vapour shear stress on the local heat transfer coefficient was investigated by
[103] and a correlation was proposed,

5=-1/2 _ 1/5
Nu,,Re;'/? = 9.47F,
med (131)

for 0.03 < F; < 600

When the vapour in the condenser is considered stable, no vapour shear effect will occur. The
condensate on the tube will then flow downwards by gravity to the tube below. This will
increase the thickness of the condensate film in the tube below, thus impacting the heat

transfer coefficient.

[100] developed a correlation by analysing the boundary layer of the film and included the
momentum of the film dropping on the tube below and the condensation accruing on the
subcooled fluid between the pipes. The following correlations was proposed

h

MmN n1/4 — [1+0.2(N— 1)P7"1]l]{

(132)
hm1

1+ 0.68Pr, + +0.02Pry?) "
1+ 0.95], — 0.15Pr?

In a tube bundle, the vapour shear and the inundation effect will both occur. [104] developed
a methodology to calculate the heat transfer by coupling the two effects and treated shell side

condensation as two-phase forced convection.

1/2
hy = (hZ, + h3,) (133)
where hg, is given by (127) and multiplied by Cy
_ 43 1/4
0.728k,C pu(p1 = pg)gigds
Hy (Ts - Two)kl
hgr = 4 (134)
for
Cy = N3¢ — (1 —-N)>/¢
N (1=M (135)
hgy, the shear stress condensation heat transfer is given as,
hep = a [Xtt] h, (136)

X corresponds to the Lockhart-Martinelli parameter defined as,
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.09 , 0.1
=5 G (2) s

h; is the heat transfer coefficient for the single phase forced convection across a tube bank, if

the flow is covering the entirety of the tubes.

k
h, = C=“Re["Pr}*
do (138)

where C, m and n are coefficients that will depend on the flow conditions across the tube bank.

4.2.4 Conduction heat transfer
The heat transfer through conduction in a one-dimensional, steady state condition wall can be

determined using the electrical analogy.

T, 1~ Is2
Qeona = —5—= (139)
cond
for
R _ L
cond,c — Aks (140)

where L is the wall thickness, A is the heat transfer area and k; is the thermal conductivity

depending on the wall material.

When the solid is a tube, the heat transfer can be determined by

T., —T,;
Qcond,e = % (141)
cond,e
The thermal resistance can be obtained from
D
In (Ze2
n(p,, (142)

Reonde = 2k,
4.2.5 Internal forced convection heat transfer
In order to calculate heat transfer for an internal flow in a section, the flow condition needs to
be assessed. The Reynolds number can be used to determine if the flow is laminar or
turbulent. The Reynolds number for a flow in a circular tube can be defined as,

_ pupmD
U

Re

(143)
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where u,, is the mean velocity over the cross section, D is the tube diameter, p is the density
and pu is viscosity of the fluid. For Re < 2300, the flow is considered laminar. For 2300 < Re <

10000, the flow is in a transition regime, if Re > 10000, the flow is considered turbulent.

As the flow in the tube varies depending on the distance from the wall of the tube, the velocity
needs to be determined using the fluid density p, the mass flow rate through the tube m and

the area of the tube cross section 4,

m = pu,A (144)
For a constant temperature of the heat transfer surface, the heat transfer can be calculated

by,

QF.convection = hF.convectionAsLMTD (145)

where hg convection 1S the heat transfer coefficient via forced convection, LMTD is the

logarithmic mean temperature and A, is heat transfer surface area. LMTD is given by,
(Ts - Tin) - (Ts - Tout)

(=)

LMTD =

(146)

where T is the temperature of the surface, T;, is the outlet temperature of the fluid and T,,;

the outlet temperature of the flow.

The heat transfer coefficient is determined by

b= Nu.k
)
where Nu is the Nusselt number that can be calculated using the correlations in Table 21

(247)

Table 21 Nusselt number correlations for forced convection in a tube

Reference Equation Eq. conditions
Hausen [105] 0.0668 RePr D /L. [y )\ 14 (148) Re < 2300
Nu = 3.66 + 573 (—)
1+ 0.04(Re Pr D,;/L.)?/3 \ug
Hausen [105 0.14 D\ %%® 149 2300 < Re < 10000
[105] Nu = 0.116(Re®%% — 125)Pr03 (i) [1 + <i) ] (149) < Re
ci Lc
Petukhov [106] N (f/8)RePr ( oy )n (150) 0.5 < Pr < 2000
1.07 + 12.7(f/8)Y/2(Pr2/3 —1) \u,; 10* < Re < 5 x 106
where 0.8 < pp/lig; < 40
f = (1.82logqRe — 1.64)72
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n =0.11 for T,; > T, and

n=0.25Ty; <Tp,

n = 0 for gases

Properties evaluated at
Tr =T +Tp)/2

Tcold,in + Tcold,out

Ty = 2
Sieder—Tate Ny = hD; — 1.86(Re - Pr - Dyy/L YR, (i)o.m (151) Re < 2300
[107,108] k Hei RePrD,;/L, > 10
fluid  properties are
evaluated at the mean
bulk temperature of the
fluid
T, = Teotd in ';Tcold,out
Petukhov- Ny = (f/8)(Re — 1000)Pr (152) 2300 < Re < 5x 10°
Gienlinski L+127(f/8)/2(Pr?/* ~1) 05 < Pr< 10°
modification [109]
Gnielinski [109] Nu = 0.0214(Re%® — 100)Pro-* (153) 10* < Re < 5 x 10°
05<Pr<i15
Gnielinski [109] Nu = 0.012(Re®87 — 280)Pro4 (154) 3000 < Re < 10°
1.5 < Pr < 500
Sleicher and Nu =5+ 0.015Re™ - Prl} (155) 10* < Re < 10°
Rouse [110] m =088 — P;’-j;, n= % + 0.5¢06Prci 0.1 < Pr<10°
Petukhov-Popov Nt = (f/8)RlePr2 (156) 10* < Re < 5 x 10°
[106] ki +k,(f/8)2(Pr3 —1) 0.5 < Pr < 2000
where f is the friction factor:
f = (1.82log,qRep — 1.64)~2
ky=1+34f and kp = 11.7 + =5
P13
Gnielinski [109] (f/8)(Re — 1000)Pr (157) 2300 < Re < 5 x 10°

U= T eycpren L DeilL) ]

(= )O'nfor liquids

Tci

P

@

T 0.45
(T—) for gases

ci

0.5< Pr<200
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4.2.6 External forced convection heat transfer

The heat transfer of external forced convection over a plate can be calculated as,

T, — Ty
B RF,Conv,p
where
R _ 1
F,Conv,p — hF,Conv,pAp
The heat transfer coefficient for forced convection over a plate can be calculated as

Nu.k
hF,Conv,p = T

where L is the longitudinal length at the forced convection section and k is the thermal

conductivity of the fluid.
Then Nusselt number can be calculated as,

Re, < 5x 10°
Laminar Nu = 0.664Re03Pr13 k

0.6 <Pr<60

Turbulent Nu = 0.037Relpr1/3
5% 10° < Re;, < 107

The heat transfer of external forced convection over a row of n tubes.

T, — T,
RF,Conu,tb
where
1
RF,Conu,p =

hF,Conv,tbAtb

The heat transfer coefficient for external forced convection for a row of n tubes.

Nu
hF,Conv,p = ﬁ

where

4/5

0.62Re'/2pr1/3 Re 5/8
Nucyl,n =03+ [ + ( ]

1
[1+ (0.4/Pr)2/3]1/4 282,000
For Re Pr > 0.2

4.3 Theoretical modelling of the single heat pipe

(158)

(159)

(160)

(161)

(162)

(163)

(164)

(165)

(166)

The single pipe radiative heat pipe was tested in a kiln; the heat transfer principles considered

are shown in Figure 90 and are as follows. The heater will emit heat to the surroundings, the
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heat will be absorbed by the heat pipe evaporator section and the wall. In addition, natural
convection will occur between the heater and the air in the kiln. It will also occur between the
hot air in the kiln and the heat pipe. The kiln walls reradiate all the heat to the surroundings as

they are insulated, the heat travelling through the wall to the outside is neglected.

The heat absorbed by the heat pipe through natural convection and radiation is transferred to
the internal wall of the heat pipe through conduction. Thus, the working fluid in the evaporator
section will start boiling and evaporate. The vapour will carry the heat to the condenser section
where it will release the latent heat to the condenser wall, condensing the working fluid that
will flow back to the condenser. The heat is then transferred from the inner wall to the outer
wall of the condenser section. The heat will be released to the water through forced

convection.

Water Outlet

Condenser section
Water Inlet

\..

Forced convection

Reradiated heat on walls

Natural convection

Radiation heat

Heating elements

Figure 90 Schematic of the heat transfer principles in the test rig

4.3.1 Thermal network approach

The thermal network approach was used to simplify the thermal modelling of the heat pipe.
The thermal network model is developed by applying the electrical resistance analogy
approach to heat transfer modelling. Each thermal resistance will be analysed.
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A schematic of the thermal resistance analogy is presented in Figure 91

RF conv Q = Forced convection heat transfer

= T
| Rcond,c |
Tci
| |
R Ci
RHP | Tv | Q = 2 phase heat transfer
Rp;
| |
Tei
| |
Rcond,ej
Teo
RN R Radiation Natural convection
,conv =
eqrad Q (heat transfer) ( heat transfer )
T Air TH eater

Figure 91 Model of the electrical resistance analogy for the radiative heat pipe
Req,raqa- Radiation heat transfer resistance (K/W)
Ry conv: Natural convection heat transfer thermal resistance (K/W)
R onae- Conduction thermal resistance of the evaporator wall (K/W)
Rp;: Boiling thermal resistance (K/W)
R;: Condensation thermal resistance (K/W)
R ona,c- Conduction thermal resistance of the condenser wall (K/W)
Rr conv - forced Convection thermal resistance of condenser section (K/W)
Tyeater. Heater temperature (K).
T,,: Outer wall evaporator temperature (K).

T,;: Inner wall evaporator temperature (K).

123



T,: Heat pipe working fluid vapour temperature (K).
T,;: Inner wall condenser temperature (K).

T,,: Outer wall condenser temperature (K).

T.01q: Water coolant temperature (K).

Ryp: Heat pipe equivalent thermal resistance where

Ryp = RCon,e + Rp; + R¢; + RCond,c (K/W) (167)
4.3.2 Natural convection

The natural convection resistance is calculated using the following equation,

1

(168)

Ry convection = h A
N.convection‘leo

where hy convection 1S Calculated using the correlations (25)-(33)

4.3.3 Radiation
The radiation resistance is calculated from two components, the direct radiation from the
heater to the heat pipe and the radiation from the walls to the heat pipe. In order to calculate

the radiation resistance, assumptions need to be made to simplify the model.

- All surfaces are considered opaque, diffuse and grey.
- The surfaces of the walls are well insulated; they can be considered as reradiating
surfaces as the natural convection on the walls is not considered.
- The system is considered to be at steady state.
- The radiosity and emitted heat is constant and uniform over the surfaces.
The thermal resistance analogy was applied to the radiation resistance calculation. The
system is composed of four side walls, the heat pipe wall, the heater and the top wall. An

illustration of the thermal resistance analogy with the seven parts is shown in Figure 92.
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Ryasrw

Ryosrw

§RW2—>W1

aA'A

RH—>W3

Ryz-wa
Qrad H 1- Ex

R =
7 Ayey

Figure 92 Model of the electrical resistance analogy applied to the radiation heat transfer for the radiative heat
pipe
The representation of the radiation thermal analogy was used to simplify the description of the
radiation problem. The heat injected into the system through the heater is represented
as Q.44 y- The emitted heat by the heater is represented as E;,. The surface resistance to
radiation of the heater is calculated using the emissivity of the ceramic beads. The emissivity
of ceramic will change depending on the temperature. The radiosity J; will radiate the heat to
the walls of the kiln and the heat pipe, the space resistances Ry_p depend mainly on the
view factor of the heater to the heat pipe, similarly for the other space resistances, each view
factor will need to be calculated. The top wall and the side walls are considered to be re-
radiative, no heat is absorbed at steady state through the wall. The radiosity associated with

the heat pipe, Jyp, IS then transferred to the surface of the heat pipe through the surface

125



resistance. As for the heater, the emissivity of the heat pipe will change over the temperature
range. Depending on the temperature range of the heater and the heat pipe, the variation of

the emissivity can be neglected.

Solving this type of radiation resistance network is very complex. In order to simplify the
resistance diagram, the four walls and the top wall can be considered as one entity, part of a

cavity. The model can then be simplified to the following

Qrad Hp

— 4
EHP - aTeo

Ey = oT%

QradH Ry = 1- €H
n=
Apey

Figure 93 Simplified radiation model
The symbols shown in Figure 93 are as follows,
T.,: Outer evaporator surface temperature (K)
Twan: INnner wall temperature (K)

Tyeater. Heater temperature (K)
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Ey: Emitted heat from the heater surface (W/m?)

Eyp: Emitted heat from the evaporator of the single heat pipe surface (W/mg?)

Jy: Radiosity of the heater surface (W/m?2)

Jyp: Radiosity of the single heat pipe evaporator surface (W/m?2)

Jw: Wall radiosity (W/m?)

Rg, ;- Heater surface radiation resistance (m=2)

Ry yp: Radiation space resistance between the heaters and the single heat pipe (m2)
Ry w: Radiation space resistance between the heaters and the walls (m2)

Ry yp: Radiation space resistance between the walls and the single heat pipe (m2)
Rg,,..j,p» - Evaporator radiation surface resistance (m=)

The walls are considered to be fully insulated and thus reradiating all the heat to the wall,
Jw = Ey . It can be considered that the wall temperature and emissivity do not have any impact
on the radiation heat transfer. It can also be seen in Figure 93 that Ry, i, and Ry, ,p are linked

in series. Ry y and Ry, yp are linked in parallel with Ry yp.

The equivalent radiation resistance can be expressed as:

1—¢y 1 1—¢yp

= + +
ey A 17 gnA 169
HAH AyFy_pip + 1 1 HPAHP ( )

AHFH,W AWFW,HP

The net heat transfer by radiation is determined by,

Ey—E
Qraa = (170)

rad,eq

(170) can be rearranged as,

U(T:I' - TgP)
1—¢y 1 1—¢eyp
+ + 171
EgAy A F " [ 1 1 ]_1 EupAnp ( )
HTH-HP AHFH—>W AWFW—>HP

Qraa =

The view factor for the system modelling need to be determined. From the summation rule,

Fyon + Fyow + Fyopp = 1 (172)

where Fyy =0
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Fy_yp Ccan be determined using (74) and (75), it was assumed that the evaporator section is
horizontal. The pipe was also considered to be a flat surface with a width equal to the diameter
of the heat pipe. No data for inclined pipes with finite dimensions over a plane with finite
dimensions are available in the literature. Those assumptions did not have an impact on the

view factor as the ratio between the diameter of the pipe and the surface of the heater is small.

4.3.4 Conduction
Conduction heat transfer occurs between the outer and inner wall of the heat pipe for the

evaporator and the condenser section.

The heat transfer by conduction for the evaporator section can be calculated as,

T., — T.;
Qcond,e = % (173)
cond,e
The thermal resistance can be obtained from,
Deo
(3, (174)

Reonde = ol k
elts

where k; is the thermal conductivity depending on the shell case material of the heat pipe.

The heat transfer for the condenser section is calculated by,

Tco - Tci

175
Rcond,c ( )

Qcond,c =
The thermal resistance can be obtained from,

D
In (72)

176
Rcond,c = ol k ( )
cKs

4.3.5 Boiling
As the filling ratio is modified during the testing in order to investigate the best-case scenario,
different types of boiling will occur in the different case studies. An illustration of the two

different types of boiling can be seen in Figure 94.
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25% Filling ratio

———

50% Filling ratio

75% Filling ratio

100% Filling ratio

Figure 94 Different boiling regime under various filling ratio

The boiling heat transfer for the filling ratios of 25% and 50% is composed of two boiling heat
transfer regimes. The first section of the evaporator from the bottom to the liquid level is
considered to be nucleate pool boiling. The heat transfer above the liquid limit to the top of the
evaporator section is nucleate falling film boiling. For the filling ratio from 75% to 100%, the

heat transfer regime is considered to be nucleate pool boiling.

The sum of the boiling heat transfer can be expressed as,
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Qcond,c = Qboil,Nucleate + Qboil,Film (177)
The heat transfer for the nucleate pool boiling can be expressed as,

Tei =Ty (178)

Qboil,Nucleate = R
Bi,nucleate

where,

1

(179)

RBi,nucleate = A 2
ei,nucleatetei,nucleate

The heat transfer coefficient for nucleate pool boiling can be determined using Table 18

The heat transfer by falling film pool boiling can be determined by

_ Tei — Ty
Qpoit,Fitm = R (180)
Bi,film
where
R - ! (181)
BLfim hei ritmAei fitm

The nucleate falling film pool boiling heat transfer coefficient hg; ,,ceqte Can be calculated

using the correlations in Table 19.

When the filling ratio is covering the entire boiling surface area, it can be assumed that

Qpoit,Fitm = 0.

Thus,

Qcond,c = Qboil,Nucleate (182)
The length of the nucleate pool boiling heat transfer area can be calculated as

LBoil,Nucleate = Levaporator-filling ratio (183)
The internal surface temperature of the heat pipe will be different at the two boiling regimes
for the same vapour temperature. The thermal network model needs to be modified as shown

in Figure 95.
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R F,conv
Tco

R cond,c
Tci

R;
T,

RBi,nucleate RBi,film
Teo,nucleate Teo,film
R cond,e R cond,e
Tei,nucleate Tei, film
R N,conv R eqrad
TAir R eqrad TH eater

Figure 95 Thermal network schematic including the two boiling regimes

4.3.6 Condensation

The heat transfer rate via condensation can be expressed as,

(Ty = Tei)
Qcona =—F5— (184)
Ci

The thermal resistance for condensation can be obtained by,

_ 1
hciAci

The heat transfer coefficient for the condensation can be calculated using Table 20.

R (185)

4.3.7 Forced convection

The heat transfer by forced convection in the condenser section can be determined by,
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Q ] —h ) A [(T - in)_( - out)]
F.convection F,convection*41con,total" ((T m)) (186)

v Tout

Thus, the following equation can be obtained,

(Tout — Tin)
QF.convection = hF,convection-Acon,total ﬁ (187)
v Tout

where hr convection 1S the heat transfer coefficient by forced convection, the heat transfer
coefficient can be calculated using the correlations in Table 21, A totq: IS the total heat
transfer surface in the condenser including the fins. As the fins will not have the same
temperature as the wall in direct contact with the inner wall of the condenser, a coefficient of

efficiency was introduced,

Acon,total =Acon t TIAcon,fin (188)

A detailed drawing of the condenser section is presented in Figure 96,
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Figure 96 Detailed drawing of the single heat pipe condenser section
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where H; is the height of the fins, Py is the pitch of the helical, A., is the cross section area of
the flow and ey is the fin thickness.
The efficiency of the surface can be calculated using

tanh(m. Hy)

Nfins = Tl (189)

m = [Arconvection (190)
krey

The heat transfer area corresponding to the fins surface A,y fin is calculated from,

where m is:

Acon,fin = Hthelical (191)
Lyeticar 1S the average length of the helical,

0.5

pfz] Le (192)
Prin

Di; + Do\ 2
Lo = 2( i co)
helical [T[ 2

where L. /Py represents the number of turns of the helical path in the condenser cooling

jacket.

4.4 Theoretical modelling of the radiative modules

The theoretical modelling of the modular radiative heat pipe is similar to that for the single heat
pipe theoretical model. Heat is generated by the heater. The heat is then transferred through
radiation and natural convection to the outer surface of the heat pipe evaporator. The heat is
then transferred to the inner surface of the evaporator section through conduction heat
transfer. The heated evaporator inner surface will transfer the heat to the working fluid through
nucleate pool boiling. The vapour generated will travel to the condenser section. The
condenser section is made of a tube bundle where the heat is transferred to the liquid by
condensation on the tube surface. The heat is then transferred to the liquid via conduction and

internal forced convection in tubes.

A schematic of the different heat transfer regimes is presented in Figure 97 and Figure 98.
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Condenser section

Reradiated heat on walls

Natural convection

Radiation heat

Heating elements

Figure 97 Heat transfer regime in radiative module 1

l Water Inlet Water Outle1

Forced convection

Figure 98 Heat transfer regime in radiative module 2

The approach for the module radiative ceiling is similar to the single radiative heat pipe. The
thermal network model approach will be similar. The change of design in the evaporator
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section will mainly impact the view factor, evaporator heat transfer area and the boiling regime.
The condenser section was also modified to decrease the pressure drop induced by the water
jacket tested in the single radiative heat pipe. The correlations used in the single heat pipe for
condensation will have to be modified to consider the falling film on the tube bundle and the

inundation of the tube bundle.

4.4.1 Thermal network model for radiative modules
The thermal network approach is similar to the single radiative heat pipe, a schematic of the

network is presented in Figure 99.

RF conv Q = Forced convection heat transfer

= T
| Rcond,c |
Tci
| |
R Ci
RHP | Tv | Q = 2 phase heat transfer
Rp;
| |
Tei
| |
Rcond,(j
Teo
RN R Radiation Natural convection
,conv =
eqrad Q (heat transfer) ( heat transfer )
T Air TH eater

Figure 99 Thermal network modelling of radiative heat pipe modules
Reqraqa- Radiation heat transfer resistance (K/W)
Ry conv- Natural convection heat transfer thermal resistance (K/W)
Rconae: Conduction thermal resistance of the evaporator wall (K/W)
Rg;: Boiling thermal resistance (K/W)

R;: Condensation thermal resistance (K/W)
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R ona,c: Conduction thermal resistance of the condenser wall (K/W)
Rr conv - Convection thermal resistance of condenser section (K/W)
Tyeater. Heater temperature (K).

T,,: Outer wall evaporator temperature (K).

T,;: Inner wall evaporator temperature (K).

T,: Heat pipe working fluid vapour temperature (K).

T,;: Inner wall condenser temperature (K).

T,,: Outer wall condenser temperature (K).

T.01q: Water coolant temperature (K).

Ry p: Heat pipe equivalent thermal resistance where,

Ryp = RCon,e + Rp; + R¢; + RCond,c (K/W) (193)

4.4.2 Natural convection

Natural convection resistance is calculated using the following equation,

1

(194)

Ry convection = h A
N.convection‘leo

where hy convection 1S Calculated using the correlations (25)-(33).

4.4.3 Conduction
The conduction heat transfer occurs between the outer and inner wall of the heat pipe for the

evaporator and the condenser section.

The heat transfer by conduction for the evaporator section can be calculated as,

T., — T.;
Qcond,e = % (195)
cond,e
The thermal resistance can be obtained from,
Deo
In (p,,)) (196)

Rcond,e = 2l k
efts

where k; is the thermal conductivity depending on the shell case material of the heat pipe.

The heat transfer for the condenser section is calculated by,

_ Teo = Tei

Qcond,c - (197)

Rcond,c
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The thermal resistance can be obtained from,

D
In (5:2)
Rcond,c 2l k
c''Ss
4.4 .4 Radiation
4.4.4.1 Radiation heat transfer
Qrade

— 4
EHP - aTeo

1
Ry up =
AHFH—>HP
Ey = oT}
QradH Ry = 1- €y
™ Ayey

Figure 100 Thermal radiation network

The symbols shown in Figure 100 are as follows,
T.,: Outer evaporator surface temperature (K)
Twan: INner wall temperature (K)

Tyeater. Heater temperature (K)

Ey: Emitted heat from the heater surface (W/m?2)
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Eyp: Emitted heat from the evaporator of the heat pipe module surface (W/m?)

Jy: Radiosity of the heater surface (W/m?)

Jup: Radiosity of the heat pipe module evaporator surface (W/mg2)

Jw: Wall radiosity (W/m?)

Rg, ;- Heater surface radiation resistance (m=2)

Ry yp: Radiation space resistance between the heaters and the Heat Pipe Module (m)

Ry w: Radiation space resistance between the heaters and the walls (m2)

Ry yp: Radiation space resistance between the walls and the heat pipe module (m2)

) - : _2
Rg, ., - Evaporator radiation surface resistance (m=)

The equivalent radiation resistance can be expressed as,

1—¢gy 1 1—épp
R = +
rad.eq enln A F N 1 1 enpAnp
HEH-HP T\ ApFyw  AwFw up
The net heat transfer by radiation is determined by,
Ey — Eyp
Qraa = TR
rad,eq
(170) can be rearranged as,
_ o (T — Tiip)
Qrad_l_gH_I_ 1 1_€HP
enly AF 4 [ 1 1 ]_1 EnpAnp
HEH=HP ApFysw - AwFwonp

4.4.4.2 View factor correlation

The view factor for the different modules can be determined as,

Fysn + Fraow + Fyopp = 1
for

NFyupieg + Fusup cot = Fa-np

(199)

(200)

(201)

(202)

(203)

where n is the number of pipes exposed to the radiation, Fy_yp 4 is the view factor associated

to one leg of the radiative heat pipe modules and Fy_yp .o IS the view factor associated to the

bottom collector of the radiative heat pipe. There is no correlation for n tubes above a finite

plane surface. In order to determine Fy_yp co1 @Nd Fy_pp g, the tubes were considered as a
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flat surface with a width equal to the diameter of the tube. The view factor for the heat pipe is

calculated using (74) and (75). A schematic of the view factor is presented in Figure 101

@Hp

H Hp
L col Hp

Figure 101 Schematic of view factor from the heater to the tube bundle

4.4.5 Boiling
The heat transfer for the nucleate pool boiling can be expressed as,

Tei - Tv

Qboil,Nucleate = (204)

RBi,nucleate

where

1

(205)

RBi,nucleate = A A
Bi,nucleate‘lei,nucleate

The heat transfer coefficient for nucleate pool boiling can be determined using Table 18.

4.4.6 Condensation over tube bundle
The condenser section in the radiative heat pipe model differs from that in the single radiative
heat pipe. The condenser is composed of a tube bundle with water running inside the tube.

The condensation of the vapour will occur on the outer surfaces of the cooling tubes.
The heat transfer rate by condensation is represented as follows,

_ (Tv - Tco)
Qco = R, (206)

139



where
T,,: Vapour temperature (K)
T.,: Temperature of outer surface of the inner tubes

R.,: Thermal resistance of heat transfer by condensation

A.,: Heat pipe condenser area which represents the overall external surface area of the

horizontal tubes in the condenser section (m?).
Aco = T X Deo X Le X Nyqater tube (207)
D.,: Condenser outer diameter (m)
L.: Condenser length (m)
Nyater tupe- NUumber of water tubes
h.,: Condensation heat transfer coefficient (W/mz2.K)

The condensate from the top of the tube bundle will have an impact on the rows of tubes below
as gravity will drive the liquid down onto the other pipes. The condensate film located on the
bottom tube of the tube bundle will be larger, impacting the local condensation heat transfer
coefficient. The inundation of the tubes and the shear stress induced by the vapour need to
be taken into account when calculating the overall heat transfer coefficient by condensation in

tube bundles.

Two heat transfer regimes can be identified for condensation of vapour over a tube bundle,
the shear heat transfer coefficient and the heat transfer coefficient for the single phase forced

convection across a tubes bank.
The condensation heat transfer coefficient in a tube bundle can be defined as,
hy = (hZ, + h2,)"? (208)

where the shear heat transfer coefficient is calculated using,

hey = a [X_tt] h, (209)

h; is the heat transfer coefficient for the single phase forced convection in a tube bundle

assuming that the flow is covering the entirety of the tube bank,
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k;
h; = CD—Re pr* (210)

co

hg- can be determined by,

1/4
pl(pl pg)gllg co
. w(Ts = Twoki

ar DcO

A schematic of the condenser section is presented in Figure 102,

Figure 102 Schematic of condenser section

4.4.7 Forced convection in tubes

The heat transfer by forced convection in the condenser section can be determined by,

[(T - ln)_( - out)]

QF.convection = hF,convection-Acon,total- ((T m)) (212)
Tv Tout
Thus, the following can be obtained,
(Tout — Tin)
QF.convection = hF,convection-Acon,total (chT—L:l)) (213)
Tv Tout

4.5 Theoretical modelling of a full-scale system.

4.5.1 Thermal network model for radiative modules
In order to establish a theoretical model of the multi module radiative heat pipe, the sections

of the kiln need to be separated in six distinct regions: the region on the side of the kiln, close
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to the wall, the intermediate regions and the two central regions where most of the heat

transfer is located. An illustration can be seen in Figure 103.

Region 1 Region 6

Tile direction

Figure 103 Temperature distribution in the kiln

Testing on the tiles demonstrated that the temperature between the side of the tiles and the
middle varies. In order to achieve a uniform temperature, the multi module heat pipe can be

applied.

Each region of the kiln cross section needs to be separated in order to determine the heat
transfer that needs to be extracted. Using the current set up, the temperatures of the tiles vary
from the side to the middle with a constant heat flux. The aim of the model is to have a constant
temperature with a heat flux varying in the kiln cross section. In order to achieve this uniform
cooling, a conceptual heat pipe system using the modules investigated above was designed.

The concept is presented in Figure 104.

The theoretical model developed and validated with the laboratory tests can then be applied

in all the regions of the system.
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Figure 104 Heat transfer in the radiative het pipe ceiling

The tiles will radiate heat onto the heat pipe ceiling. The fine tuning of the spacing between
the pipes will modify the local view factor and the local heat transfer area above the different
regions of the tiles. The heat from the tiles will also be received by the side wall. This heat will
then be radiated from the top and sides walls to the radiative heat pipe. The heat generated
by the tiles and the reradiation from the side walls of the kiln will be absorbed by the heat pipe
ceiling through radiation. Air is used to cool down the tiles at a later stage in the process. This
air will also go through the pipes of the heat pipe ceiling. This air will be cooled down by the
heat pipe evaporator section by external forced convection. As the heat pipe is composed of
a vertical and a horizontal region, the heat transfer regimes for the forced convection heat
transfer have to be separated. The forced convection over a plate will be used on the horizontal
section of the heat pipe ceiling and forced convection over a cylinder will be used for the
vertical section. The total heat absorbed from the heat pipe will then be transferred through
the wall by conduction. The heat will be transferred to the liquid. The liquid will then be
vaporized and travel to the top section of the heat pipe ceiling. The latent heat of vaporization
will be released to the condensing tube through conduction heat transfer. The heat will then
be transferred through the tube wall by conduction. The heat will be removed by forced
convection in the tubes to the heat sink fluid. This approach was used to develop the
theoretical model for the full-scale heat pipe ceiling. A schematic of the approach is shown in
Figure 105.
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R F,conv
Tca
R cond,c
Tci
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RBi,film RBi,nucleate
Tei,film Tei,nucleate
R cond,e R cond,e
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Figure 105 Schematic thermal model heat pipe ceiling

Reqraq: Radiation heat transfer resistance (K/W)
Rr conv,ep- External forced convection heat transfer thermal resistance over tubes (K/W)
Rr conv,pi- EXternal forced convection heat transfer thermal resistance over a plate (K/W)
R conv: INternal forced convection heat transfer thermal resistance (K/W)
Rconae: Conduction thermal resistance of the evaporator wall (K/W)
Rpi nucieate: BoIiling thermal resistance for nucleate boiling (K/W)
Rgi rum: Boiling thermal resistance for film boiling (K/W)
R;: Condensation thermal resistance (K/W)
R ona,c- Conduction thermal resistance of the condenser wall (K/W)
Ty: Heated tiles temperature (K).
Teo,ritm: Outer wall evaporator temperature for film boiling (K).

Teonucteate: Outer wall evaporator temperature for nucleate boiling (K).
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Tei nucteate: INNEr wall evaporator temperature for nucleate boiling (K).
Tei, ruum: INner wall evaporator temperature for film boiling (K).

T,: Heat pipe working fluid vapour temperature (K).

T,;: Inner wall condenser temperature (K).

T,,: Outer wall condenser temperature (K).

T.01q: Water coolant temperature (K).

4.5.2 Radiation heat transfer
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Figure 106 Radiation heat transfer schematic
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The radiation from the region n will have an impact on the heat pipe region n —1 andn + 1,

the rest of the heat pipe region can be neglected as shown on Figure 106.

The heat pipe is considered to be isothermal as all the pipes in the evaporator section are
connected together with a bottom collector and the condenser section. Thus, it can be

assumed that the temperature of the heat pipe above each region of the tiles will be the same.

As the distance between the regions two to five is large, the impact of the radiation from the

side wall was neglected. The schematic was simplified to obtain Figure 107.

147



148



Qrad Hp

Ry1-tw §

Rw1-pp

]w1/

§ Ry1-w1

Ryzrw

2

Ryz-pp

RHI—)HP

RH3—>TW§

§ Rys_np
RH4-—>TW

Figure 107 Simplified radiation network schematic
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where,
Ey,, : Heat emitted from the region n (W/m?)

Jun : Radiosity of the n region surface which is the overall radiation leaving the surface
(W/m?2)

Jwn : Radiosity of the n wall surface which is the overall radiation leaving the surface (W/m?)

Jrop - Radiosity of the top wall surface which is the overall radiation leaving the surface

(W/m?)

Jup - Radiosity of the heat pipe ceiling surface which is the overall radiation leaving the

surface (W/m?)

Ey, : Heat emitted from the heat pipe ceiling surface (W/m?)

Ry, : n regions resistance to radiation (m2)

Run-pup . Space resistance to radiation for n regions to the heat pipe ceiling (m)
Ryp : Heat pipe ceiling resistance to radiation (m2)

The net heat transfer by radiation received by the heat pipe ceiling is determined by,

EHl - EHP EHZ - EHP EH3 - EHP EH4— - EHP EHS - EHP EHS - EHP

Qrad = (214)
Rrad,eq,Hl Rrad,eq,HZ Rrad,eq,H3 Rrad,eq,H4— Rrad,eq,HS Rrad,eq,HS
Rraa,eq,n1 CaN be calculated as,
R 1 - EHl 1
rad,eq, H1 — £H1AH1 o E N [ 1 N 1 ]—1 N [ 1 N 1 -1
HITHI=HP * Ay Faywr - AwiFwone AmiFairw  ArwFrwome (215)
1 - SHP
egpApp
Rrad,eqn2 Can be calculated as,
1 - £H2 1 1 - SHP
Ryqdeqnz = =t 216
E24H2 A F n 1 4 1 ] EupApnp (216)
H2"H2HP An2F 2w ATWFTW,HP

Using (215) and (216), (214) can be rearranged as,
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) Epy — Eup
T 1l—gy L o
€n1An 1 1 1 1 1|7 enrdur
Ay Fyr_yp + [ + ] * [
HITHI-HP T A Friwi - AwiFwinp AnrFrirw — ArwlFrwonp
N Epz — Epp
1— &y, 1 + 1= e
EnxApyr 1 1 o Enrdar
AHZFHZ'HP + [AHZFHZ,TW + ATWFTW,HP]
N Eyz — Eyp
= 1 + 1—¢€yp
P e 4 1 1 ~1 " enpAup
H3% H3,HP AHBFHS,TW ATWFTW,HP
N Epy — Enp
=&, 1 1—¢pyp
Egalpya 1 1 ™ Earar
AnaFranp [AH4FH4,TW * ATWFTW'HP]
. Eys — Eup
1-— Eys 1 1- Sur
€nsAps 1 1 o eurfne
ApsFyspp + [AHSFHS,TW + ATWFTW,HP]
X Ene — Eup
— 1 1—¢pp
eneAne [ 1 1 ]_1 [ 1 1 o Eup e
AneFuenp + + + *
H6TH6HP T | Ay Fuewz = AwzFwanp AneFrerw ~ Arwlrwnp

The view factors for the modelling need to be determined. From the summation rule:

Fyism1 + Fuisnz + Faisuz + Frisna + Faisns + Fyisne + Faiowi + Friswe

+ Fyiotw + Friopp = 1

where Fyq,py1 = Fyion2 = Fuions = Fuiona = Faions = Fuione = 0

(217

(218)

It can also be considered that Fy4_,,» = 0 as the distance between region 1 and the opposite

side wall is large compared to the dimensions of the region.

Then,

Fyiowi + Fyisew + Faisup = 1

Fyo—w2 T Fuestw + Fauioup = 1

The views factor from the central regions of the kiln can be expressed as

Fys—p1 + Fusonz + Fuszons + Fusopa + Fusous + Fusope + Fuzsowi + Fusowe

+ Fyzoew + Fuzonp =1

where Fys_py1 = Fysonz = Fuz—ns = Fus—na = Fusons = Fuz—ne = 0

(219)
(220)

(221)

The impacts of the side walls on the central regions are neglected as the distance from the

regions to the side wall is large compare to the position and the dimensions of the regions.
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Fusotw + Fyaopp = 1 (222)

Frasew + Faaoup = 1 (223)
Fusotw + Fysopp = 1 (224)
Fae—tw + Fresup = 1 (225)

Fyn—nup, Where n is the region number can be determined using (74) and (75). No
correlations for the view factor using a tube with an angle exist in the literature. It was
assumed that the tube was horizontal. As used in the single and multi-module section, the
surface of the pipe was considered to be a flat surface with finite dimensions over a finite
plate. The view factor was calculated tube by tube as the heat pipe ceiling has a varying

tube spacing distance.

4.5.3 Conduction heat transfer
Conduction heat transfer occurs between the outer and inner walls of the heat pipe for the

evaporator and the condenser sections.

The heat transfer by conduction for the evaporator section can be calculated as,

T., —T.;
Qcond,e = % (226)
cond,e
The thermal resistance can be obtained from,
Deo
In (p,,) (227)

Reonge = ol k
elts

where k; is the thermal conductivity depending on the shell case material of the heat pipe.

The heat transfer for the condenser section is calculated by,

T., — T,
Qcona,c = }C?O = (228)
cond,c
The thermal resistance can be obtained from,
D
1 —Co
R D, (229)
cond,c znlcks
4.5.4 Natural convection
The natural convection resistance is calculated using the following equation,
1
Ry convection = (230)

hN.convectionAeo

where hy convection 1S Calculated using the correlations (25)-(33),
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The impact of the natural convection on the heat pipe ceiling can be neglected as the

contribution of radiation and forced convection will be larger.

4.5.5 External forced convection

A hot air flow was applied in the kiln to cool down the tiles. The impact of the forced convection
on the tube must be included in the thermal model. The forced convection is represented in
Figure 108

Forced convection

Air Outlet Air Inlet

Figure 108 External forced convection

The external forced convection can be considered in two distinct regions. Region 1 is
considered to be external forced convection over a plate as the air direction and the tubes are
parallel. In the second region, the air direction and the tube are perpendicular. In this region,

different correlations to determine the heat transfer coefficient will be used.

4.5.5.1 Forced convection over a plate.

The heat transfer of external forced convection over a plate can be calculated as,

T, — T,
QF,conv,p = R:COnvfp (231)
where,
1
R =
F.Convp hF,Conv,pAe (232)

The heat transfer coefficient for forced convection over a plate can be calculated as,
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Nu.k

he convp = I (233)

where L is the longitudinal length of the forced convection section and k is the thermal

conductivity of the fluid. The Nusselt number can be calculated using (161) and (162).

4.5.5.2 Forced convection across tubes row

The heat transfer of external forced convection of a row of n tubes.

T, —T
QF,conv,tr =nX Ralr £ (234)
F,Conv,tr
where
R = 1 (235)
F.convtr hF,Conv,trAtr
The heat transfer coefficient for external forced convection of a row of n tubes.
Nu
he conver = kD (236)

where D is the diameter of the cylinder and k is the thermal conductivity of the fluid. The

Nusselt number can be calculated using (166).

4.5.6 Boiling heat transfer
The heat transfer for the nucleate pool boiling can be expressed as,

i = Ty (237)

Qboil,Nucleate = R
bi,nucleate

where,

1

(238)

RBi,nucleate = A A
Bi,nucleate‘leinucleate

The heat transfer coefficient for nucleate pool boiling can be determined using Table 18,

4.5.7 Condensation heat transfer

The heat transfer rate by condensation is represented as follows,

_ (Tv — Tco)
Qco = R, (239)

where,
T,,: Vapour temperature (K)

T.,: Temperature of outer surface of the inner tubes
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R.,: Thermal resistance of heat transfer by condensation

A, Heat pipe condenser area which represents the overall external surface area of the

horizontal tubes in the condenser section (m?).
Ao = T X Deo X L X Niyater tube (240)
D.,: Condenser outer diameter (m)
L.: Condenser length (m)
Nyater tube: Number of water tubes
h.,: Condensation heat transfer coefficient (W/mz2.K)

The heat transfer coefficient for condensation can be calculated using correlations (208) to
(211).

Internal forced convection

The heat transfer by forced convection in the condenser section can be determined by,

Q _p ] A [(Tv_ in)_(v_ out)]
F.convection F,convection*4!con,total* ((T m)) (241)

TU TO ut

Thus, the following can be obtained,

(Toue — Tin)
QF.convection = hF,convection-Acon,total ((EuT—l:l)) (242)
Tv Tout

The heat transfer coefficient of forced convection can be calculated using the correlations in
Table 21.

4.6 Theoretical modelling tool

In order to simulate and predict the behaviour of the radiative heat pipe ceiling, a theoretical
model was developed using VBA coding. A program was designed using correlations selected
from experimental analysis, the correlations were then used in iteration and loop processes
until an energy balance is achieved between the heat absorbed by the heat pipe and the heat
transferred to the heat sink fluid. As the temperature changes in the loops and iterations, the
properties of the fluids such as density, specific heat, will change. In order to simplify the
design of the modelling tool, the values were calculated at the working fluid temperature and

the average temperature of the heat sink fluid. The tool was used in the single radiative heat

155



pipe, the modules heat pipe and the full-scale system. The Flow chart is presented in Figure
109.

Yes

Figure 109 Heat pipe theoretical model tool

The correlations used in the thermal design tools were selected after a comparison in accuracy
between the experimental and theoretical calculations at different conditions. In order to
achieve an accurate thermal design modelling, an extensive analysis of the correlations had
to be carried out. The selected correlations can then be used in the modelling tool and

theoretical results compared with experimental results.
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Chapter 5: Data reduction

5.1 Introduction

Data extracted from logging system need to be reduced in order to be suitable for a deep
results analysis of the different tests. Comparing data to theoretical results can be extensive,
in order to achieve an accurate comparison between experimental and theoretical results, a
data reduction to the thermal resistance of boiling, condensation, conduction, forced
convection and radiation was carried out. This reduction will simplify the results exploitation.
The data relative to the testing was collected and sorted to reflect a steady state for all the
testing conditions. In some cases, the steady state for the heat pipe was difficult to identify
due to instability in the logging and the occurrence of geyser boiling for low heat transfer
coefficient cases. To use data as close as possible for the results section, a data reduction
study was carried out. The aim of the data reduction is to reduce the data to thermal resistance.
This data will then be used to compare the potential of different correlation that could be used

in the modelling tool and their respective errors.

5.2 Power input
The power input for the steady state was measured using a voltmeter and an amp meter

using the following equation:

P=V.I (243)
The heating source was not constant as the PID system was switching on and off to match
the target temperatures. The heat input can only be determined by identifying the amount of
time the heater was off or on and use the ratio to calculate an approximate value of heat input

in the system.

5.3 Heat transfer rate
The heat transfer rate was measured using the reading of the flow and the temperature at
the inlet and outlet of the condenser section.

Qrecovery = mwatercp,water(Tw,out - Tw,in) (244)

5.4 Equivalent radiation thermal resistance

The equivalent radiation thermal resistance will depend on the surface’s temperature and the
view factor between the different surfaces of the enclosure. The wall are considered to be well
insulated, it is assume that no heat loss to the ambient occur and the walls does not interact
with the air in the kiln, the thermal radiation will depend on the temperature of the heater and
the heat pipe and on the view factor between the two surfaces. The equivalent thermal

radiation resistance can be determined by

157



Ty — T,
Rrad,eq = Q deo (245)
ra

Where Q,,4 is calculated from the overall heat pipe heat transfer rate at the coolant and the

natural convection heat transfer rate.

Qraa = Qrecovery — Qn.convection (246)

Where the heat transfer rate by natural convection is calculated using A,, the external
evaporator surface area, T,;, the temperature of the air, T,, average temperature of the heat
pipe evaporator section and a heat transfer coefficient calculated trough correlations available

in the literature.

QN.convection = hN.convection-Aeo (Tair - Teo) (247)
5.5 Radiation space resistance.

The radiation space resistance was calculated experimentally by determining the radiation

heat transfer rate and the emissivity of the heat pipe and the heater.

_O-(TIfIL_Te‘Lo)_l_SHP_l_SH

R = (248)
spaceeq Qraa enpAnp  €nAn
5.6 Conduction thermal resistance at the evaporator section
The conduction thermal resistance at the evaporator section can be expressed as:
D
In (=e2
w_nG,) (249)
cond,e aneks

Where [, is the length of the evaporator section, as the evaporator section changed with the
different filling ratios, the length of the evaporator need to be modified for each test to reflect

the actual length of the evaporator section.

5.7 Conduction thermal resistance at the condenser section

The conduction thermal resistance at the evaporator section was calculated using:

—co
cond,c — Zﬂlcks

5.8 Overall conductance of the condenser
The overall conductance of the condenser section heat exchanger was determined by the UA
value using the measured heat transfer rate, the temperature at the inlet and outlet of the

condenser heat exchanger and the vapour temperature. The UA value can be expressed as:
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(Tv — Tcold,in) _ (Tv — Tcold,out)
T, —T,
ln( v cold,out) (251)
Tv - Tcold,in

UA =

Qrecovery

5.9 Average evaporator temperature

The average temperature at the evaporator section was determined by the arithmetic average
of the thermocouples located at the evaporator pool. As the filling ratio changed over the tests,
the number of thermocouples included in the average evaporator average temperature will

change. The average evaporator temperature can be calculated by:

_ Ter + -+ Tey

Teo = (252)

n
where n is the number of thermocouples located at pool level.

5.10 Two phase thermal resistances.

5.10.1 Boiling thermal resistance

The boiling thermal resistance can be determined using the following equation:

_ Tei — Ty
Rei,average - (253)
Qrecovery
Where T,; is determined by the external average evaporator temperature, the conduction

thermal resistance at the evaporator section and the heat transfer rate.

5.10.2 Condensation thermal resistance

The condensation thermal resistance is calculated from the following equation:

Lo Tei (254)

Rcondensation = 0
recovery

As no thermocouple could be place on the condensation surface, T,; was calculated from the

following equation:

Tci = Tco + Qrecouery- Rcond,c (255)

Where T,, was determined by

(Tout,water_Tin,water)
QrecoveryRco

Tout,water - Tin,water- e

T = (256)

(Tout,water_Tin,water)
1 —e QrecoveryRco

For R., as the forced convection thermal resistance at the outer wall of the condenser

section
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5.11 Forced convection thermal resistance

The forced convection thermal resistance of the condenser was determined by:

1

Reo = (257)

hcoAco,total
h., is the heat transfer coefficient for forced convection (W/m?) and 4., is the overall surface

area of the finned water jacket:

Aco,total =A, + nAco,fins (258)
The heat transfer coefficient was determined using Hausen [105].

5.12 Boiling Heat flux

The experimental boiling heat flux was calculated using

w o Qrecovery

q"pi = (259)

Aevaporator

where Qrecovery is the heat transfer rate at the coolant and Acyaporacor 1S the interface surface
area between the pool and the internal evaporator surface, depending on the filling ratio of the

Heat pipe.
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Chapter 6: Results and discussion

6.1 Introduction

The data gathered during the testing of the different modules and the single heat pipe were
compared with the thermal model developed in the chapter 4. The validation of the modelling

was necessary to develop a model that could be used in the industrial application.

The first part of this section will be dedicated to the testing of the single heat pipe in a kiln at
steady state. The different phenomena such as geyser boiling, evaporator dry out, filling ratio
and impact of the view factor on the heat recovery will also be discussed. The thermal
resistances were also determined and plotted against the different heat fluxes. Correlations
available in the literature were used to predict the different thermal resistances and plotted to
determine the accuracy for different heat fluxes and filling ratios. The radiation resistance was

also assessed to validate the view factor used in the modelling tool.

The second part of the chapter will focus on the tests carried out for the radiative heat pipe
module configuration with different evaporator section sizes. The heat transfer rate for three
evaporator surface areas will be discussed. The impact of the evaporator section on the
thermal resistances will also be determined. The correlations used in the single heat pipe will
be used to predict the boiling thermal resistance at the evaporator section. The impact of the
heat pipe filling ratio on the boiling thermal resistance will also be discussed. As the design
of the condenser section changed, different correlations available in the literature and
developed during this thesis will be used to predict the condenser thermal resistance. The

impact of the heat pipe filling ratio on the boiling thermal resistance will also be discussed.

The last section of the chapter will focus on the development of the full-scale model using the
conclusions of the previous sections. A theoretical model will be designed and applied to the
current kiln section to prove the use of a modular heat pipe evaporator section to provide a

uniform tile temperature during the cooling process.

6.2 Single heat pipe results and discussion

This section will cover the results from the testing of the single heat pipe for a temperature
ranging from 200 °C to 500 °C at various flow rates. The geometry of the system and the
overall set up of the experiment did not change between the different test sessions. Many
phenomena occurred during the testing of the system as the arrangement and the design of
the system was not optimal. Tests were carried out to define the impact of the filling ratio on a

near horizontal evaporator section.
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6.2.1 Single pipe experimental results

Filling ratio is defined as the percentage of working fluid in the overall volume of the evaporator
section. The filling ratio will impact on the type of boiling occurring at the evaporator section,
thus, the boiling heat transfer coefficient. If the filling ratio is too low in the evaporator section,
dry out will occur and block the heat pipe. On the contrary, if the filling ratio is too high, the

vapour generated by the evaporator section will struggle to reach the condenser section.

The single radiative heat pipe was tested for four filling ratios, 25%, 50%, 75% and 100 %,
and exposed to temperatures ranging from 200 °C to 500 °C. A schematic of the filling ratios

for the four different conditions can be seen in Figure 110.
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25% Filling ratio

50% Filling ratio

75% Filling ratio

100% Filling ratio

Figure 110 Filling ratio in single heat pipe

6.2.1.1 Impact of the filling ratio on the single heat pipe temperature

The tests carried out on the single heat pipe system highlighted the impact of the filling ratio
on the heat pipe temperatures and the variation of the temperatures across the heat pipe. The
temperature of the heat pipe was measured at four evaporator heat fluxes. The results can be
seen in Figure 111.
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Experimental heat pipe temperatures vs the external
evaporator heat flux
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Figure 111 Experimental Evaporator temperature of the single heat pipe against the external evaporator heat flux

The temperature at the evaporator section exposed to the heat source increases as the heat
flux at the evaporator section increases. It can be noted that the temperature of the evaporator
for a filling ratio of 25% remains stable. In the case of a filling ratio of 50%, the evaporator
temperature increased from a minimum of 34.9 °C at a heat flux of 2.7 kW/m2. The increase
in the evaporator temperature can be seen for a filling ratio of 100%, the minimum evaporator
temperature is observed at a heat flux of 3 kW/m? for a temperature of 35.5 °C, the maximum

temperature is reached at 100.9 °C for a heat flux of 11.5 kW/m?2.

The evaporator temperature is calculated using the average of all the thermocouples placed

on the outer surface. However, the temperature distribution is not uniform for all the tests.

It can be noticed from Figure 112 that the temperatures of the heat pipe evaporator section at
25%FR was varying from 27.2 °C to a maximum of 46.7 °C for a heat flux of 0.55 kW/mZ. In
the case of a filling ratio from 50% to 100%, the difference between the maximum and
minimum temperatures was lower; for 50%, the temperatures in the evaporator section was
varying from 27 °C to a maximum of 37.8 °C for a heat flux of 2.6 kW/m?, for 75% the maximum
evaporator temperature was 39.3°C with a minimum of 33.2 °C for a heat flux of 4.3 kW/m?,
for 100%, the maximum temperature for the evaporator was 38.8 °C with a minimum of 31.0
°C for a heat flux of 3.3 kW/m?.
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Experimental temperature distribution for a
filling ratio of 25% at a heat flux of 0.55kW/m?
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Figure 112 Temperature distribution at the evaporator section for low heat flux<4.5 W/m?

It can be noted from the results that the temperature difference in the evaporator is larger in
the case of a low filling ratio than for filling ratios higher than 50%. The variation in the
evaporator section at low temperature can be explained by the geyser boiling phenomenon
occurring in the heat pipe. Geyser boiling occurs when the heat input in the system is not
sufficient to have steady nucleate boiling at the evaporator section. The temperatures of the

working fluid in the evaporator section will increase in temperature and a vapour bubble will
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be generated at some point of the evaporator section. As the bubble grows, its dimension will
reach the diameter of the pipe. The vapour in the evaporator section will then propel the liquid
in the evaporator section to the condenser end cap. Once the liquid reaches the end cap of
the condenser, the vapour bubble will collapse. The liquid will then fall back to the evaporator,
being subcooled by the condenser section. The liquid is then superheated again and the

geyser boiling phenomenon starts again. This phenomenon can be observed in Figure 113.

Heat pipe temperatures for a filling ratio of 25% at a heat flux of 0.55kW/m?
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Figure 113 Geyser Boiling at 25% FR and 200°C heat source

The heat flux applied to the evaporator section was 0.55 kW/m? with a filling ratio of 25%. The
temperature of the heat pipe evaporator increases as the bubble grows in the pipe. When the
critical size of the bubble is reached, the bubble will travel to the condenser with the working

fluid. Tv will increase while the temperature of the evaporator section will drop.

A similar test was conducted at a higher heater temperature.

166



=]
o

Experimental temperature distribution for a
filling ratio of 25% at a heat flux of 4.2kW/m?

o
L2
60
g Te_top
2 0 4
© A 1 A Te_bot
[}
Q. 20
£
E o
50 240 430
Distance from the evaporator end cap (mm)
Experimental temperature distribution for a
filling ratio of 50% at a heat flux of 4.6kW/m?
60
o
L a i % Te_top
2 A
o A Te_bot
Q 20
Q.
£
E o
50 240 430 481
Distance from the evaporator end cap (mm)
Experimental temperature distribution for a
filling ratio of 75% at a heat flux of 5.4kW/m?
60
o
v A
L a0 X - Te_top
2
g A Te_bot
@ 20
Q
£
2 o
50 240 430 481
Distance from the evaporator end cap (mm)
Experimental temperature distribution for a
filling ratio of 100% at a heat flux of 5.5kW/m?
60
o
o A A A
L a0 Te_top
2
© A Te_bot
@ 20
Q.
£
P o
50 240 430 481

Distance from the evaporator end cap (mm)

Figure 114 Experimental temperatures of the single heat pipe for heat flux between 4.2 kW/m2 and 5.5 kW/m?

The results of the tests demonstrated in Figure 114 present four different sets of data. For a
filling ratio above 50% of the evaporator volume, the geyser boiling is limited. The temperature
of the heat pipe at 25% FR varied between 53.4 °C to 27.8 °C for a heat flux of 4.2 kW/m?, for
50% FR the temperature varied from 37.6 °C to 31.0 °C for a heat flux of 4.6 kW/m?, for 75%
FR the temperature varied from 44.7 °C to 40.2 °C for a heat flux of 5.4 kw/m? and for 100%
FR, the temperature of the heat pipe evaporator section varied from 48.8 °C to 45.7 °C for a

heat flux of 5.5 kW/m?. It can be determined from this test that the geyser boiling tends to
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disappear as the filling ratio in the evaporator section and the heat flux increase. Khazaee et
al [111] investigated the behaviour of geyser boiling under different conditions: the filling ratio,
the heat load on the evaporator, the aspect ratio, and the coolant flow rate. In this study, the
impact of the filling ratio on a vertical heat pipe was discussed, the geyser boiling tends to
disappear when the filling ratio becomes less than 30% of the evaporator volume. This
contradicts the results obtained during the test of the single heat pipe. The impact on geyser
boiling of the amount of working fluid in a near horizontal heat pipe is not following the current
state of the art on geyser boiling for a vertical heat pipe. In a near horizontal configuration, the
behaviour of the bubble will differ from those in the vertical set up. The applied heat on the
single heat pipe will uniformly heat the entirety of the heat pipe evaporator section. At low
filling ratio, the superheated area is larger than at higher filling ratio. thus, the concentration of
the heat flux on a small area will speed the generation of vapour. The bubble growth will be
quicker and cover the entirety of the heat pipe cross section, thus resulting ion to geyser
boiling. At higher filling ratio, the bubble generation along the pipe will be more uniform at
similar heat flux. The geyser boiling will be limited. Comparing to the experimental

investigation done by Khazaee et al, the

The behaviour of the bubble growth was investigated by Jouhara et al [112] as shown in Figure
115. Experimental tests were done using a glass heat pipe and compared to a three-
dimensional simulation. The growth of the bubble can be clearly defined by the study. In the

case of a vertical heat pipe, the bubble will have to cover only the diameter of the pipe.
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Figure 115 Geyser boiling occurrence in a heat pipe [112]

In the case of a near horizontal heat pipe, the vapour bubble will have to cover more area to
block the flow of working fluid in the evaporator section. The temperature distribution across
the evaporator will then differ from that in a vertical heat pipe. Alammar et al [112]
experimentally investigated the influence of the geyser boiling phenomenon on the thermal
performance of a thermosiphon for varying filling ratios, angles, and heat loads. It was
observed that the temperature distribution across the evaporator section shows a large
difference with a filling ratio of 25%. This is due to the location of the liquid pool in the
evaporator section and the falling film from the condensed working fluid. As the filling ratio
increases, there is a clear reduction in the temperature difference in the evaporator section for
low heat flux. For a high heat flux, the temperature at the upper section of the evaporator will

be higher than at the bottom due to the presence of falling film boiling. In the case of an
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inclination angle of 10°, the difference in temperature will be lower as the pool of liquid is
covering more surface, thus reducing the impact of the falling film on the evaporator
temperature. The test was limited by the location of the thermocouples as only one
thermocouple was placed at each level. The thermocouples for the single heat pipe were
placed at the top and the bottom of the evaporator section at three levels. It can be seen from
Figure 114 that the temperature at the thermocouple placed at the upper section of the single
heat pipe during geyser boiling tends to be higher than at the bottom thermocouple due to the
wall being superheated at the upper section of the heat pipe not exposed to the liquid pool. In
the case of afilling ratio of 25%, the temperatures of the heat pipe clearly show the behaviour
of the heat pipe with a near horizontal configuration. The temperature at thermocouple Tbh3
located at the pool level below the heat pipe is higher than that for the thermocouple on top of
the heat pipe at the same level, also located in the pool. The difference in temperature can be
explained by the direction of the radiative heat toward the evaporator. As the heater is located
below the heat pipe, the heat flux at the bottom section of the heat pipe will be higher than at
the top. At mid-level, Tb2 will be at a lower temperature than Tt2 as the thermocouple is in the
falling film, Tt2 is mainly exposed to vapour generated by the liquid pool, and the steam is also
superheated by the heat pipe wall not exposed to any working fluid. At the highest level of the
heat pipe, the steam will still be superheated by the wall. Tbl is directly exposed to the
subcooled liquid from the condenser section. It can be noted that the temperature of Tbl is
lower than Th2. As the pool surface is below the location of Th2, the area is subjected to film
boiling.

Similarly, Figure 116 shows a good temperature uniformity at the evaporator section, the
overall temperature of the heat pipe is also higher for higher filling ratios. Heat pipes using
water as a working fluid can be limited in their applications for high temperatures. As the
temperature in the heat pipe increases, the pressure in the vessel will also increase, reaching
a critical limit where the shell cannot contain the pressure. In order to reduce this risk, the
temperature of the water heat pipe should not reach a high temperature. It can be seen for
this test that the higher the filling ratio is, the higher the temperature. It can be a limiting factor
for the design of the module. For a filling ratio of 100%, the maximum temperature of the
evaporator was 102.0 °C and a minimum of 99.1 °C at a heat flux of 11.5 kW/m?2. For a filing
ratio of 75% the temperature was lower with a maximum of 75.5 °C and a minimum of 71.0 °C
at a heat flux of 13.2 kW/m?. In the case of a filling ratio at 50% the minimum and the maximum
temperatures were respectively 43.7 °C and 50.1 °C at a heat flux of 13.4 kW/m?2. At a filling
ratio of 25% the evaporator minimum temperature was 38.5 °C and a maximum of 46.1 °C at
a heat flux of 13.7 kW/m?.
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Figure 116 Experimental temperatures of the single heat pipe at heat flux>11 kW/m?2

The temperature distribution, the impact of geyser boiling, and the temperature of the heat
pipe will have a major impact on the overall thermal performance of the heat pipe in a full-
scale setting. It can be concluded from the results above that for a near horizontal heat pipe
evaporator section, the best case of filling ratio regarding the geyser boiling is for a filling ratio

of 75% and above. At low heat flux, geyser boiling will still occur, but it is limited when
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compared to filling ratios lower than 75%. The temperature distribution can also be concluded
to be better for filling ratios of 75% and above. This is mainly due to the occurrence of geyser
boiling for low filling ratios. The temperature of the heat pipe will also be a major limiting factor
in the potential application of the system for higher heat fluxes. It can be noted that the filling
ration of 100% is not suitable as it tends to significantly increase the temperature of the heat
pipe. The best-case scenario for minimising temperatures in the heat pipe evaporator section
was for a heat pipe filling ratio of 50% and below. The filling ratio of 75%, in regard to the heat
pipe temperatures uniformity and to avoid occurrence of geyser boiling was the best-case

scenario.

In the boiling regime, the temperature difference between the internal surface of the heat pipe
and the vapour needs to be determined as it is considered a function of the heat flux. The
temperature difference is usually referred as the excess temperature. To investigate the
excess temperature, it will need to be evaluated at the boiling heat flux. The boiling heat flux
corresponds to the local heat flux at the interface between the internal wall of the heat pipe
and the pool. As the filling ratio changes over the different tests, the surface area considered
for the boiling heat flux will also change. The surface area considered for each test point was
calculated. The excess temperature against the heat flux for each filling ratio in plotted in
Figure 117.
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Figure 117 Excess temperature for various filling ratios

It can be seen that for heat fluxes below 20 kW/m? that the excess temperature is above 10
°C for afilling ratio of 50% and 25%. This is mainly due to the geyser boiling occurring at lower

heat fluxes and low filling ratios. It can also be noted that for a filling ratio of 100%, if the heat
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flux is lower than 10 kW/m?, the excess temperature is also above 10 °C due to the limitation
in the bubble growth at high filling ratio. In the case of a filling ratio of 75%, the excess
temperature did not exceed the value of 7 °C. It can be concluded that for heat fluxes below
20 kw/m?, the excess temperature was higher apart from the case of a filling ratio of 75%

where the excess heat is not strongly impacted by the boiling heat flux.

6.2.1.2 Influence of the filling ratio on the heat pipe thermal resistances

Boiling thermal resistance

The thermal resistances will have an impact on the heat pipe temperature and the heat
recovered by the system. Heat pipe systems are usually considered as super conductors as
the thermal resistances of those systems are usually lower than for other heat transfer devices.
To achieve the best thermal performance possible, the overall thermal resistances need to be
as low as possible. Thermal resistances for boiling and condensation were calculated based

on the tests carried out for the different filling ratios.
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Figure 118 Experimental boiling thermal resistance versus heat flux under various filling ratios

Figure 118 presents the boiling resistance for the single radiative heat pipe at different boiling
heat fluxes. It can be seen that geyser boiling has a major impact on the boiling thermal
resistance at low heater temperatures. The intensity of the geyser boiling impact on the boiling
thermal resistance decreased as the heat flux increased. For heat fluxes higher than 20 kW/m?
geyser boiling disappears, and the thermal resistance decreases. The maximum boiling
thermal resistance at 25% filling ratio is achieved for low heat flux at a value of 0.114 °C/W.
For a filling ratio of 50%, the maximum thermal boiling resistance is also achieved at heat

fluxes below 10 kW/m? at 0.077 °C/W, the thermal boiling resistance then decreases as the
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filling ratio in the heat pipe increases. For heat fluxes above 30 kW/m?, the boiling thermal
resistance does not exceed the value of 0.017 °C/W. The filling ratio does not have a major
impact on the boiling thermal resistance when the boiling heat fluxes are above 30 kW/m?2. It
can deduced from Figure 118 that the best filling ratio in terms of boiling thermal resistance is
for a filling ratio of 75% and 100%.

Condenser thermal resistance

Due to the design of the heat pipe, no thermocouple could be placed on the internal wall of
the condenser section nor on the condenser external surface. Thus, the overall condenser
resistance was calculated using the vapour temperature, the LMTD and the flow rate at the
condenser. The overall condenser resistance obtained for the experimental tests at varying
filling ratio is plotted in Figure 119. It can be seen that the behaviour of the thermal resistance
changes with varying filling ratio. The thermal resistance for a heat flux higher than 15 kw/m?
drastically increased for the FR of 75% and 100%. In the cases of a filling ratio of 25% and
50%, the heat pipe overall condenser resistance remains stable at heat fluxes higher than 10
kw/m2. The flooding of the heat pipe condenser section occurs for heat pipes with a large
filling ratio, when the ratio between the evaporator surface and the condenser surface is high
regardless of the radial heat flux. The vapour velocities induced by the high heat flux will force
the subcooled liquid to remain in the condenser section, thus increasing the temperature of
the wall at the evaporator section and increasing the vapour temperature. The flooding of the
heat pipe will also occur as the vapour will push the liquid located at the evaporator section
towards the condenser section. It can be seen that for high heat flux and high filling ratio, the
condenser thermal resistance drastically increases due to the flooding of the condenser
section, resulting in a higher film thickness at the condenser. The overall condenser resistance

is obtained by calculating the UA value of the condenser section.
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It can be concluded that a high ratio between condenser and evaporator areas will limit the
operational range of the heat pipe. This phenomenon can be suppressed by increasing the
heat transfer area at the condenser. The condensation thermal resistance was the main
contributor in the variation of the overall condenser thermal resistance. The condenser
resistance was determined by calculating the forced convection resistance at the manifold and
the conduction resistance of the heat pipe wall. The condensation resistance of the heat pipe
is plotted in Figure 120. A similar trend in the condensation resistance as the overall

Figure 119 Experimental overall condenser thermal resistance

condensation resistance can be seen.
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6.2.1.3 Impact of the filling ratio on the heat recovery

The heat recovery is impacted by the temperature of the heat pipe and the occurrence of
geyser boiling. It can be seen from Figure 121 that, as the heater temperature increases, the
heat recovery increases accordingly. It can be also seen that for a filling ratio of 100%, the
heat recovered tends to be lower than at other filling ratios. At 500 °C, the heat recovery for a
filling ratio of 100% is 491 W while the highest heat recovered is achieved by a filling ratio of
50% with 573 W. For a filling ratio of 75%, the heat transfer rate obtained is higher for the

range of 200 °C to 400 °C than other filling ratios.
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Figure 121 Impact of the filling ratio on the evaporator AT

By comparing the impact of the filling ratio on the condenser at different set up temperatures
from 200 °C to 500 °C, it can be noticed that below a 50% filling ratio, uniformity of temperature
in the evaporator section is not achieved. Above 50%, the heat pipe is uniform within the error
of the thermocouples. The heat recovery when geyser boiling occurs is difficult to measure as
it will fluctuate during the test. The impact of the geyser boiling on the heat recovery can be

seen in Figure 122.
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Figure 122 Fluctuation of the heat recovery during geyser boiling

During geyser boiling the superheated liquid and vapour pushed by the vapour bubble will
significantly increase the temperature at the condenser section, thus increasing the outer wall
temperature. The temperature at the outlet of the condenser will increase, thus increasing the
heat transfer. In order to measure an accurate value of the heat recovered, the heat recovery

at steady state is calculated between a defined numbers of peaks.

It can be concluded that to obtain a steady heat recovery output for the heat pipe, geyser
boiling needs to be avoided. As most of the geyser boiling occurs at a filling ratio of 25% and
50%, the best-case scenario in terms of heat recovery for the single radiative heat pipe is for

a filling ratio of 75%.

6.2.1.4 Influence of natural convection on the overall heat transfer rate

The heat transfer rate by natural convection was calculated from the experimental
temperatures of the kiln and the heat pipe. The natural convection was determined using Rani
[66] by taking into account the temperature of the air and the temperature of the heat pipe.
The calculated values are plotted in Figure 123. It can be noticed that the natural convection
heat transfer rate increased linearly as the temperature of the heater increased. It can be
noted that the value for filling ratios between 25% and 50% is higher than for filling ratios at
50% and 100% for a heater temperature above 300 °C. The temperature of the evaporator
section at high temperature is significantly higher for a high filling ratio, thus the heat recovered
by natural convection will be lower as the heat transfer rate is dependent on the surface

temperature.
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Figure 123 Heat transfer rate by natural convection

The influence of the natural convection on the overall heat transfer rate is presented in Figure
124. The natural convection is largely contributing to the heat transfer rate at low temperature.
For a filling ratio of 25%, at 200 °C, the natural convection heat transfer rate contributes 41%
of the overall heat transfer rate. The contribution to the overall heat transfer rate diminishes
as the heater temperature increases to reach 27.5% for a filling ratio of 25% at a heater
temperature of 500 °C. A similar trend can be seen for higher filling ratios. As mentioned
above, for afilling ratio higher than 50%, the natural convection contribution to the overall heat
transfer rate will be lower as the heat pipe temperature is higher. The natural convection will

contribute 35.4% for a filling ratio of 100% and a heater temperature of 200°C.
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Figure 124 Influence of natural convection on the overall heat transfer rate

6.2.1.5 Experimental radiation heat transfer rate

The radiation heat transfer rate was obtained by subtracting the natural convection heat
transfer from the overall heat transfer rate. Figure 125 shows a similar trend to the natural
convection heat transfer rate. The heat transfer rate by radiation increase as the temperature
of the heater increases. It can be noted that for a value of heater temperature higher than 400
°C, the radiation heat transfer rate doubles. For a heater temperature of 200 °C, the radiation
heat transfer rate varied between 44.1 W and 47.5 W. The maximum heat transfer rate is

achieved for a heater temperature of 500 °C and varied between 419 W and 363 W.
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Figure 125 Heat transfer rate by radiation

6.2.2 Experimental versus theoretical boiling thermal resistance.

The heat flux and the boiling resistance will be strongly affected by the exotic design of the
single heat pipe. The variation of the filling ratio will have a strong impact on the heat flux at
the evaporator section. The heat flux at the evaporator section could not be measured at the
internal surface of the evaporator nor at the outer section of the evaporator. In order to
determine the local boiling heat flux, the heat transfer at the coolant was used. The error
associated with the heat transfer and the coolant was £20% when no geyser boiling occurs. If
the heat pipe is subjected to geyser boiling, then the error on the heat transfer rate becomes
too high for it to be used in any data analysis. In this regard, the data points that will be
considered are for a boiling heat flux value equal or higher than 20 kw/m?2. Also, as the filling
ratio changes, the heat transfer area associated with the boiling heat flux will also change.
The area of the pool/surface interface will also be reduced by the volume occupied by the
vapour. As the vapour is generated in the evaporator section, the top section of the pipe will

be covered by the vapour, thus reducing the active area of the pool as shown in Figure 126.
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Figure 126 Surface area occupied by the pool at a filling ratio of 75%

The area used for each filling ratio was determined using AutoCAD Inventor for a liquid pool
equal to the percentage of filling of the evaporator section. The experimental thermal boiling
resistance was compared to general correlations used for boiling, using the heat flux at the
test conditions. The value of the theoretical thermal resistance for a heat flux lower than 20
kW/m? is much lower than the experimental thermal resistance for a filling ratio of 25% and
50%. For a filling ratio of 100%, the predicted boiling resistance is much lower for a heat flux
below 10 kW/m? while for a filling ratio of 75%, some correlations are in good agreement

regardless of the boiling heat flux.
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Figure 127 Experimental and predicted boiling thermal resistance FR25%
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Figure 128 Experimental and predicted boiling thermal resistance FR50%
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Figure 129 Experimental and predicted boiling thermal resistance FR75%
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Figure 130 Experimental and predicted boiling thermal resistance FR100%

Figure 127 to Figure 130 show the different predictions for the boiling thermal resistance for
the four filling ratios. The experimental boiling resistance is compared to predictions when
geyser boiling was not occurring. Depending on the filling ratio, the minimum heat flux was 10
kwW/m? for FR at 25%, 15 kW/m? for a FR of 50% and 10 kW/m? for a filling ratio of 100%. As
no geyser boiling occurred for a FR of 75%, no restriction was taken. The uniformity of
temperature at the evaporator pool was also considered, the variation of temperature at the
evaporator did not exceed 7 °C. The excess temperature at the evaporator section for the
selected data did not exceed 9 °C. It can be seen that Rohsenow [82] is in good agreement
for most of the cases apart from a heat flux lower than 35 kW/m? and a FR of 25%. It can be
noted that for a FR of 75%, the prediction using Rohsenow is close to the experimental value.
Imura showed an excellent agreement for a heat flux higher than 20 kw/m? at a FR of 75%.
For a FR of 100% Imura [89] was predicting lower thermal resistances than the experimental
results, similarly for a FR of 50 %. For a FR of 25%, the prediction using Imura overpredicted
the boiling resistance. Shirashi [92] was lower for the filling ratio above 25%. For a filling ratio
of 75%, Shirashi was much lower. Similarly, Labunstov [90] tended to predict a boiling
resistance lower than the experimental boiling resistance. Kiatsiriroat [91] was able to predict
a close value to the experimental boiling resistance in most of the cases for heat fluxes higher

than 15 kW/m? apart from a filling ratio of 25%.

The predicted thermal resistance versus the experimental boiling resistance for each filling

ratio is plotted in Figure 131 to Figure 134. It can be seen that for a filling ratio of 25%, most
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of the correlations overpredicted the thermal boiling resistance. Shirashi predicted the thermal
boiling resistance within 40%. For a FR of 50% most of the correlations predicted the boiling
resistance within 40%. In case of a FR of 75%, Imura, Shirashi, Labunstov and Rohsenow
achieved a good agreement with experimental values for an experimental boiling resistance
lower than 0.02 °C/W, while for a higher boiling thermal resistance, the correlations above did
not perform well. Rohsenow predicted the experimental value within £40% apart from an
experimental boiling resistance of 0.017 °C/W. Kiatsiriroat was in good agreement with the
experimental value within the range of 0.028 °C/W to 0.036 °C/W, similarly for a FR of 100%,
where Kiatsiriroat predicted the experimental boiling resistance well for a resistance higher
than 0.02 °C/W. Labunstov behaved similarly.
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Figure 131 Experimental versus predicted boiling thermal resistance FR25%
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Figure 132 Experimental versus predicted boiling thermal resistance FR50%
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Figure 133 Experimental versus predicted boiling thermal resistance FR75%
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Figure 134 Experimental versus predicted boiling thermal resistance FR100%

6.2.3 Experimental versus theoretical condenser thermal resistance.

To predict the condensation thermal resistance, the predicted values will be calculated for a
filling ratio lower than 50%. The experimental values plotted in Figure 135 are compared to
the predictions using the correlation developed by Nusselt modified by Rohsenow [97,98]. The

predictions show a good agreement with the experimental data with an of error £25% and
within £35% for two cases.
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Figure 135 Comparison between the experimental and predicted condensation thermal resistance

6.2.4 Radiation thermal resistance analysis

The thermal radiation resistance is impacted by a variety of factors that need to be taken into
account. The emissivity of the tile and the heat pipe will change as the temperature of the
respected surfaces change during the different test set points. The resistance associated with
the surface is identified as the radiation surface resistance. This resistance will depend on the
temperatures of the radiating surfaces. The second component of the overall radiation thermal
resistance is the radiation space resistance. This resistance is not impacted by the
temperature of the surfaces and is driven by the view factor between the surfaces. This
component of the overall radiation resistance will not change as the design of the heat pipe is
similar for all the tests. The main contributor to the space radiation resistance is linked to the
view factor. It can be seen in Figure 136 that the predicted theoretical resistance is within
+30% for most of the cases and within £50% for lower heater temperatures. It can be noted
that the theoretical radiation resistance did not change with the different conditions, however,
the experimental thermal resistance did change. In order to approach an accurate value for
the theoretical thermal resistance, a correction factor needs to be applied for the different test

conditions.
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Figure 136 Experimental vs Theoretical thermal radiation resistance

6.2.5 Theoretical analysis of the forced convection at the condenser

The experimental thermal resistance of forced convection at the condenser cannot be
determined as there was no possibility of placing a thermocouple on the external surface of
the condenser section. The forced convection was calculated using Haussen correlation for a
Reynolds number lower than 3000 and Gnielinski for a Reynolds number higher than 3000.

The results are shown in Table 22.

Table 22 Forced convection thermal resistance

FR Heater Flow rate Heat transfer Forced convection
temperatures (L/min) coefficient resistance (°C/W)
(°C) (W/m2.°C)
25% | 200 11 4400 0.0085
300 11 4400 0.0085
400 11 4420 0.0085
500 3.7 15000 0.0031
50% | 200 0.9 3600 0.0099
300 3.7 14500 0.0032
400 3.7 14700 0.0032
500 3.7 14550 0.0032
75% | 200 0.5 630 0.0353
300 3.7 15140 0.0031
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400 3.7 14810 0.0032
500 3.7 15000 0.0031
100% | 200 0.7 6200 0.0065
300 3.7 14500 0.0032
400 3.7 14500 0.0032
500 3.7 14600 0.0032

6.2.6 Total thermal resistances

The total heat pipe thermal resistance for varying filling ratios and varying heat fluxes is plotted
in Figure 137. As the impact of the flooding of the condenser for filling ratios above 50% have
a strong influence on the thermal resistance of the heat pipe, they were not plotted apart from
heat fluxes lower than 6 kW/mZ. It can be seen that at lower heat fluxes, the thermal resistance
of the heat pipe is high and decreases steadily until it become stable for heat fluxes higher

than 6 kW/m?. For heat fluxes lower than 6 kW/m? the overall thermal resistance was high due

to the occurrence of geyser boiling.
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Figure 137 Experimental overall thermal resistance of the single heat pipe
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6.2.7 Validation of the single heat pipe theoretical modelling predictions

6.2.7.1 Heat transfer rate prediction

The theoretical modelling tool was used to compare the experimental results and the
theoretical predictions of the heat recovered by the single heat pipe. The values obtained are
plotted in Figure 138. The prediction tool shows good agreement with the experimental data
and predicted the heat recovery of the single heat pipe with an error of £15% for most of the

cases and within £25 % for one case at a filling ratio of 100%.
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Figure 138 Experimental vs predicted heat transfer rate

6.2.7.2 Heat pipe temperature prediction

The heat pipe temperatures were predicted using the modelling tool. As the number of cases
is large, the model was used to simulate two cases at a filling ratio of 75% with a high and low
heat flux applied to the evaporator. It can be seen in Figure 139 that for a low heat flux, the
temperature difference for the water outlet is less than 0.12 °C. The evaporator temperature
difference is 0.29 °C. The vapour temperature is overpredicted by 3.86 °C. Similarly, for a
higher heat flux plotted in Figure 140, the temperature difference for the water outlet is less
than 0.05°C and the difference at the evaporator is 4.1 °C. As the first case study, the vapour
temperature is overpredicted by 3.12 °C. It can be concluded that the prediction tool provides

an excellent agreement with the measured temperature at the outlet of the water jacket.
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Figure 139 Experimental vs predicted heat pipe temperatures, case study 1
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Figure 140 Experimental vs predicted heat pipe temperatures, case study 2

6.3 Multi module laboratory-scale radiative heat pipe ceiling
This section will present and discuss a new evaporator section design coupled with a shell
and tube type condenser section. As the condenser section in the single pipe exposed some
flooding issues due to the splashing of the working fluid onto the condenser, the module heat
pipe condenser section was increased and redesigned. Three modules with varying heat pipe
evaporator areas were tested for different heater temperatures and flow rates. The module 15

presents the highest density of pipe with a pipe separation of 15 mm. Module 25 is an
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intermediate density with a pipe separation of 25 mm. The low evaporator area is for module

35 with a pipe separation of 35 mm.

The impact of the evaporator section area on the heat pipe temperatures, the heat transfer
rate and the contribution of natural convection was investigated. As the evaporator section
changes, the boiling resistance area will also be modified, and so the impact of the change on

the evaporator for the boiling thermal resistance was investigated.

To verify the assumption on the filling ratio made in the previous section, module 15 was tested
with a filling ratio of 25% and 75%.

The change in the condenser section involved the use of different correlations from the one
used for the single heat pipe. As the correlations available in the literature for condensation

on tube bundles were determined to not be applicable, new correlations were developed.

The prediction model developed in the single pipe was modified to take into account the new
heat pipe design and the correlations to be used. The model was then used to predict the heat

transfer rate and the heat pipe temperatures.

6.3.1 Module experimental results

6.3.1.1 Module heat pipe temperature measurements

A variation of the heat pipe temperatures occurred at the different flow rates tested. The
temperature of the heat pipe will impact the limitation on the potential heat transfer and the
operating range of the heat pipe module. The results presented are for the module 15 which
has the highest heat transfer area at the evaporator section. The module was tested at four
different flow rates, 5 L/min, 10 L/min, 15 L/min, and 20 L/min. The variation of the heat pipe

temperatures was also investigated for different evaporator heat fluxes.
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Figure 141 Variation of the temperature measurements of module 15 heat pipe system at various flow rates for a

heater temperature of 500°C

Figure 141 presents the variation of the heat pipe temperature for the evaporator section and
the vapour temperature. It can be noted that as the flow rate increases, the temperature of the
heat pipe will decrease. The impact of the flow rate can be seen from the vapour temperature
dropping from 62.3 °C to 46.6 °C. The evaporator section temperature also decreased as the
steam temperature decreased from a maximum of 76.1 °C to 67.9 °C for flows of 5 L/min and
20 L/min, respectively. As the flow rate increases in the condenser section, the heat transfer
coefficient for forced convection will increase, mainly due to the modification in the Reynolds
number. The increase in the heat transfer coefficient, reducing the thermal resistance at the
condenser, will decrease the condenser outer wall temperature thus reducing the internal

temperature of the heat pipe.

The coolant inlet at the condenser was constant during the test. The outlet temperature varied
from 24.87 °C to 18.86 °C. The difference between the inlet and outlet of the coolant changed
from 8.90 °C to 2.71 °C for flows of 5 L/min and 20 L/min, respectively.

6.3.1.2 Experimental heat transfer rate

It can be seen from Figure 142 that the impact of the flow rate on the heat recovery of the heat
pipe does not have a major impact when the flow rate is above 5 L/min. It can also be seen
that, as the temperature of the heater increases, the heat recovered by the heat pipe module

will increase.
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Figure 142 Experimental heat recovery under varying conditions.

6.3.1.3 Filling ratio impact on the module

The impact of the filling ratio was investigated for a single radiative heat pipe. In order to
ensure that the conclusion drawn for the experimental results of the single radiative heat pipe
can be applied to the module, a test of the module 15 at 25% FR was also carried out under
similar conditions to the test at 75% FR.
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Figure 143 Heat pipe module temperature at filling ratios of 25% and 75% for a tile temperature of 500°C.
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It can be seen from Figure 143 that the temperatures of the evaporator section and the vapour
are significantly higher for a filling ratio of 25%. The highest difference can be witnessed for a
flow rate of 5Ltr/min; the temperatures of the evaporator and the vapour for a filling ratio of
25% are respectively 102.64 °C and 101.46 °C, where for a filling ratio of 75%, the
temperatures are 73.11 °C and 66.36 °C. This difference is mainly due to the area of pool
boiling in the evaporator section. The pool boiling for the module 15 filled at 75% will occupy
the entirety of the surface directly exposed to the radiative heat from the heater. In the case
of the module charged at only 25%, the pool volume is greatly reduced with half of the surface
area exposed to the heater not covered by the pool. In this case, falling film boiling occurs in
the upper section of the heat pipe, thus increasing the temperature of the heat pipe module.
Figure 144 presents the heat recovered for both filling ratios under four different flow rates at
a heater temperature of 500 °C. Similar to the single heat pipe, the module tends to recover

larger amounts of heat at the higher filling ratio.
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Figure 144 Heat recovery at similar conditions for a FR of 25% and 75% at 500 °C

6.1.3.4 Impact of the evaporator surface area

In order to implement a system that will be able to fine tune the need of heat recovery
depending on the tile temperature, thus equalising the temperature in the cross section of the
tile, the module was tested and compared with a varying evaporator heat pipe density. The
variation in the density of the pipe at the evaporator section will mainly impact the temperature
of the heat pipe module and the heat recovered. Figure 145 shows the impact of the
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evaporator surface area on the vapour and evaporator temperatures. It can be noted that the
highest temperature for the vapour and the evaporator are for Module 15. The maximum
temperature is for a flow rate of 5 L/min. The module 15 average evaporator temperature is
higher than that for module 35. This is mainly due to the difference in the temperatures of the
water supply. It can be determined from Figure 145 that as the density of the evaporator
section increases, the temperature of the heat pipe will also increase. This can be a limiting
factor in the design of the heat pipe as the maximum safe working temperatures can be

reached.
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Figure 145 Heat pipe module temperatures at various flow rates

As mentioned previously, the heat recovered by the heat pipe modules increases with the

heater temperature. It can be noted from

Figure 146 that at low heater temperatures, the heat recovered by the modules are similar.
For 200 °C and 300 °C, the heat recovered by the modules is close to 700 W and 1100 W,
respectively. The change in heat transfer between the modules can be seen for a heater
temperature of 400 °C, module 15 recovered more heat than the module 25 and module 35.
The change in behaviour after 300 °C can be attributed to the contribution of the radiation to
the heat transfer compared to the natural convection. At higher heater temperatures, the heat

from the tile is mainly transferred through radiation. In this case, the impact of the surface area

197



at the evaporator section is more important as the view factor will be higher for module 15 than

for the other modules.
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Figure 146 Heat recovered at a flow rate of 5 L/min at various heater temperatures

The variation of heat recovery for the different modules can clearly be seen in Figure 147.

Similar to

Figure 146 the variation of heat transfer is not significant for a heater temperature below 400
°C. At 400 °C, module 15 was able to recover up to 2300 W while module 25 and module 35
recovered 1970 W and 1790 W. At 500 °C, module 15 recovered 3500 W, module 25
recovered 3020 W and module 35 recovered 2700 W.
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Figure 147 Heat recovered at a flow rate of 10 L/min at various heater temperatures

The density of pipes in the evaporator section is driving the amount of the heat the system will
be able to recover. To achieve a uniform temperature on the tile temperature on a full-scale
installation, the heat recovered by the heat pipe modules will need to vary in the cross section
of the kiln. By using modules with varying evaporator surface areas, the system will be able to

control the uniformity of the tile temperature.

6.1.3.5 Contribution of natural convection to the overall heat transfer rate

The surface area occupied by the heat pipe in the kiln is larger than for the single pipe. It can
be seen from Figure 148 that the contribution of natural convection to the overall heat transfer
rate is much larger. It can be noted that as the heater temperature increases, the contribution
diminishes as radiation heat transfer will be the main components for high heater
temperatures. Also, as the surface of the evaporator decreases, the natural convection
contribution is lower. For a heater temperature of 200 °C, the contribution of natural convection
to the overall heat transfer rate is 53%, while under the same condition it is 39% for module
35.
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Figure 148 Influence of natural convection overall heat transfer rate for modules 15 and 35 under a flow rate of
15 L/min

6.3.2 Boiling thermal resistance.

6.3.2.1 Experimental results

Impact of the evaporator surface area on the boiling thermal resistance

The boiling thermal resistance is strongly impacted by the area of the evaporator as the boiling
thermal resistance depends on the heat flux at the evaporator surface. In order to assess the
impact of the evaporator area on the boiling resistance, the different conditions are plotted in
Figure 149. As the correlations developed in the literature apply for a steady and uniform
boiling regime, selection of the best cases had to be carried out. To achieve a uniform boiling
regime, the variation of temperatures in the evaporator needs to be minimal, thus, only cases
with a temperature variation below 5 °C were selected for comparison with predictions. The
thermal boiling resistance for all the modules decreases as the heat flux increases. As the
maximum temperature at the heater is achieved at 500 °C for all of the modules, the maximum
boiling heat flux achieved in module 15 will be lower than for the other modules. The maximum
thermal resistance for module 15 was achieved at a heat flux of 6.1 kW/m? with a value of
0.00918 °C/W. The thermal resistance is at the lowest for a heat flux of 18.3 kW/m? with a
value of 0.001759 °C/W. The thermal resistance for module 25 is higher at lower heat fluxes
apart from one case. When the heat flux is above 10 kW/m?, the thermal resistances are
similar. In the case of module 35, the value of the boiling resistance is higher for most of the

cases.
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Figure 149 Experimental boiling thermal resistance for three evaporator designs

The boiling thermal resistance was compared to correlations available in the literature. The
predictions obtained for module 15 are presented in Figure 150. It can be seen that the
predictions for a heat flux below 11 kW/m? did not achieve a good agreement with the
experimental data. Imura, Shirashi and Kiatsiriroat predicted a much lower thermal resistance
than the experimental value. Labunstov overpredicted the experimental thermal resistance at
low heat flux. Kiatsiriroat was in good agreement with the experimental value for heat fluxes
between 15 kW/m? and 19 kW/m2. Similarly, for Imura and Shirashi the predicted boiling
thermal resistance was close to the experimental boiling resistance. Labunstov overpredicted

the thermal resistance for heat fluxes between 15 kW/m? and 19 kW/m? but good agreement

remains.
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Experimental and Predicted boiling thermal resistance
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Figure 150 Experimental and predicted boiling thermal resistance for Module 15

The predicted values for the module 25 are plotted in Figure 151. A similar trend to the
predicted boiling resistances in the module 15 can be seen. In the module 25 at low heat flux
all the correlations gave results lower than the experimental values apart from those from
Labunstov, that have a good agreement from 3 kW/m? to 9 kW/m2. At higher heat fluxes,
Imura, Kiatsiriroat, and Labunstov achieved predictions close to the experimental values.
Shirashi obtained values lower than the experimental boiling resistances. Like Module 15, the

best predictions are achieved for heat fluxes higher than 15 kW/m?2,
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Experimental and Predicted boiling thermal resistance
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Figure 151 Experimental and predicted boiling thermal resistance for Module 25

The predicted values for the module 35 are plotted in Figure 152. Like the previous predictions,
Imura, Kiatsiriroat and Shirashi obtained lower boiling resistances at heat fluxes below 15
kW/m? for all the cases. Labunstov is in good agreement with the predicted values for most of
the cases below 9 kW/m?. Between 9 kW/m? and 13 kW/m? all the predictions were below the
experimental values. For heat fluxes higher than 17 kW/m?, Kiatsiriroat achieved a good

agreement with the experimental values.
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Experimental and Predicted boiling thermal resistance
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Figure 152 Experimental and predicted boiling thermal resistance for Module 35

It can be seen that the change in surface area did not have a major impact on the predictions,
the value for most of the cases below a heat flux of 15 kW/m? are not performing well. It can
be noted that the thermal resistance values in all the cases are below 0.008 °C/W. The
influence of the thermocouple error on the determination of the thermal boiling resistance will

be large. The determination of the accuracy of the correlations for the modules are plotted in
Figure 153.
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Figure 153 Comparison between the theoretical and experimental thermal resistance

Impact of the filling ratio on the boiling thermal resistance

The module 15 was used in two configurations to assess the impact of the filling ratio on the
boiling thermal resistance. At low filling ratio, geyser boiling occurs for heat fluxes below 6
kW/m? as seen on Figure 154. It can be noted that the thermal boiling resistance decreases
to 0.002 °C/W for both filling ratios and becomes stable for heat fluxes above 15 kW/m?2. The
variation in the thermal resistance at different filling ratios is minimal, thus the impact of the
filling ratio on the boiling thermal resistance is minimal.
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Figure 154 A comparison between the experimental boiling thermal resistance for Module 15 at FR 25% and FR
75%

6.3.2.2 Boiling thermal resistance prediction

The experimental results are compared with correlations available in the literature. The data
compared with the correlations were selected under specific conditions. The correlations are
validated for uniform evaporator temperatures and heat fluxes. To achieve the best accuracy
on the correlations, the variation at the evaporator temperature did not exceed 6 kW/m?. The
maximum excess temperature selected did not exceed 9 °C. The results obtained by the
correlations are compared to the experimental data and are plotted in Figure 155. At lower
heat fluxes, the correlations did not perform well as geyser boiling occurred in the heat pipe.
For heat fluxes higher than 8 kW/m?, Imura, Shirashi and Kiatsiriroat predicted values close
to the experimental boiling resistance. Labunstov overpredicted the boiling thermal resistance
for most of the cases. The prediction error is presented in Figure 156. As the boiling thermal
resistance decreases, the prediction accuracy for most of the presented correlations
decreases. For heat fluxes higher than 15 kW/m?, the accuracy of the correlations is within

+40% for all the correlations except for Labunstov.
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Experimental and Predicted boiling thermal resistance
Module 15 25%
0.012
°
A
__ 0010 A
3 A
S~
)
[
3 o.008 ° ® Rei_exp
g
2 A Imura
2 1
[] . .
o 0.006 W Shirashi
© A
€ N A Labuntsov
S
2 7Y S
£ 0.004 Kiatsiriroat
o0 A
£
3 e
@ 4.002 am ®
[ ] gl
0.000
3000 8000 13000 18000 23000 28000
Boiling Heat Flux (W/m?2)

Figure 155 Experimental and predicted boiling thermal resistance Module 15 25%
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Figure 156 Experimental vs theoretical prediction boiling thermal resistance for Module 15 at FR 25%

6.3.3 Condenser thermal resistance.

6.3.3.1 Experimental results
The condensation resistance cannot be calculated directly as the design of the heat pipe did

not allow the positioning of a thermocouple on the inner or outer surface of the condenser
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section. To determine the temperature of the surface at the vapour/condenser interface, a
similar method to the single pipe had to be carried out. The determination of the internal
temperature of the pipe can be made by using the logarithmic mean temperature differential,
the forced convection resistance and the heat transfer rate determined by the flow rate and
water temperature at the inlet and outlet of the system. The error associated to this method is
+20%. Once the temperature of the internal wall of the shell and tube is obtained, the
temperature of the outer wall can be determined by the conduction thermal resistance. The
condensation resistances for all the modules are plotted in Figure 157. Module 15 and Module
35 follow a similar trend, the condensation thermal resistance decreases with the increase in
heat flux. A maximum is reached at 5 kW/m? and 3.9 kW/m? for a value of 0.0439 °C/W and
0.0423 °C/W for, respectively, module 15 and module 35. The minimum is achieved for heat

fluxes higher than 20 kW/m? for a thermal resistance of less than 0.01 °C/W.
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Figure 157 Experimental condensation resistance modules

The condensation resistance is calculated based on forced convection heat transfer
correlations. To verify that the forced convection correlations are applicable in the current
condenser section design, the UA value for the heat exchanger is calculated and presented
in Figure 158. The UA values for the module 15 and 35 are similar. The dimensions of the
heat pipe condenser section are similar, and the test were conducted for similar flow rates for

all the experiments. The correlations used to determine the forced convection are correct.
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Figure 158 U values for the heat pipe module condenser section

6.3.3.2 Condenser thermal resistance prediction

The experimental values are compared to correlations available in the literature. Nusselt
developed a correlation for the condensation of vapour on N rows. The results of the prediction
using Nusselt [97] can be seen in Figure 159. The predicted thermal resistance is much lower
than the experimental thermal resistance. The maximum value reached for the predicted value
is 0.000485 °C/W for a heat flux of 28 kW/m?2. The trend of the predicted resistance across the
heat fluxes is to increase as the heat flux increases. Chen [100] develop a correlation using
the Jakob number which represents the ratio between the sensible heat and the latent heat
released during the phase change occurring in the condenser section. The correlation results
are not in agreement with the experimental data. Rohsenow [98] included a correction factor
to the Nusselt correlation to account for the pressure in the condenser during condensation.
The correlations did not perform well. Due to the design of the condenser and the non-uniform
behaviour of the vapour in the condenser, the correlations used cannot be applied to predict
the temperature of the outer wall of the condenser. To determine the temperature of condenser

surface, new correction factors to the Nusselt correlation had to be developed.
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Figure 159 Experimental vs theoretical condenser thermal resistance for module 15 at FR =75%

6.3.3.3 Modified correlation for condensation thermal resistance prediction

The different elements of the Chen correlation were isolated to see the impact of the different
components on the heat transfer coefficient. It was noted that the impact of the Jakob on the
heat transfer coefficient was low. By removing the Jakob number from the second term of the
of the correlation, the Jakob number will strongly impact the heat transfer coefficient. It was
also noted that the modification of the numbers of rows of pipe did not change the heat transfer
coefficient. By extrascing the Jakob number from the second termn of the correlation, a new
correlation with a correction factor was introduced.

1

p1(pr — py)ghs gk 1*

heo = 0.725[1 4+ 0.2(N — 1)]Ja NOE T — 1.5 (260)

In order into account for the pressure in the condenser during the two phase process, the
correction factor developed by Rohsenow was introduced to (260). The correlation is
presented below.

1
pi(p1 — pp)ghf ki |*
ND(Ty — Too) (261)

)2) 0.14
hy, = 1.51 ( v ) 0.725 [1 + 0.2(N — 1)]Ja

crit

For R}y = hrg + 0.68C,(T, — Top)
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By applying (260) and (261) and using the experimental data, the heat transfer coefficient is
plotted in Figure 160. For a heat flux of 5 kW/m?, (261) performed better with a heat transfer
coefficient close to the experimental value. As the heat flux increases, it can be seen that (261)
is lower than the experimental values, for heat fluxes higher than 15 kwW/m?, correlation (260)
is in good agreement with the experimental condensation resistance. At 10 kW/m?, the
experimental value is between the predictions of the two correlations. It can be concluded that
the correlations developed perform well for heat fluxes between 5 kW/m? and 30 kW/m?. An
approach can be deduced from the prediction. At heat fluxes lower than 5 kW/m?, correlation
(261) should be used. For heat fluxes from 5 kW/m? to 10 kW/m?, an average value of both
correlations is recommended to predict accurately the heat transfer coefficient. For heat fluxes
higher than 10 kwW/m?, correlation (261) is recommended.
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Figure 160 Experimental and theoretical prediction of the condensation heat transfer coefficient against the

condensation heat flux.

The accuracy of the correlations is shown in Figure 161. The thermal resistance predicted for
low heat fluxes is within £30% for both correlations. The average of both correlations at lower
heat fluxes is close to the predicted value. A deviation for (261) can be seen at higher heat

fluxes while (260) remains within £30% for most of the experimental data points.
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Experimental vs Predicted condensation thermal resistance
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Figure 161 Experimental vs predicted condensation thermal resistance for Module 15 at 75% FR

To validate the developed correlations, the predictions using module 35 were made and are
plotted in Figure 162. At heat fluxes lower than 5 kW/m?, a similar behaviour can be seen,
(261) outperformed (260) with an error lower than +25%. The average between the
correlations performed well for heat fluxes from 5 kW/m? to 7 kW/m?2. For heat fluxes higher
than 7 kW/m? the performance of (260) is in good agreement with the experimental values,
the error is within +25% for heat fluxes between 7 kW/m? and 15 kW/m?. For higher heat fluxes
the error increases to +40%. The correlations behave similarly for different evaporator
surfaces and different vapour temperatures. The heat transfer rate also varied between the
two sets as module 35 tends to recover less heat than module 15.
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Experimental and Theoretical condensation thermal
resistance vs heat flux Module 35, FR = 75%
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Figure 162 Experimental and theoretical condensation thermal resistance vs the heat flux for module 35 with 75%
FR

6.3.4 Experimental overall thermal resistance

The overall thermal resistance of the heat pipe modules for different heat fluxes can be seen
in Figure 163. The overall thermal resistance for each model is decreasing as the heat flux
applied to the evaporator section increases. It can be noted that for heat fluxes below 8 kW/m?,
the overall thermal resistance of module 15 is higher than for module 35. For heat fluxes above
8 kW/m?, the thermal resistance for each module is similar. The difference is mainly due to the

working temperature of the heat pipe, which is higher for module 15.
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Figure 163 Heat pipe modules overall thermal resistance

6.3.5 Validation of the theoretical modelling predictions
The model developed in the theoretical chapter is applied to the modules for four cases under
different conditions. The impact of the flow rate, the change in evaporator surface and different

heat fluxes are investigated.

6.3.5.1 Heat pipe temperature prediction

The experimental measurements and the predicted temperatures for the module 15 at a heat
flux of 6.5 kW/m? are presented in Figure 164. The predicted value for the vapour temperature
and water outlet are close to the experimental value with a maximum difference of 0.02 °C.
The evaporator temperature predicted by the model is 2.65 °C higher than the experimental

evaporator temperature.
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Experimental and Predicted Heat Pipe Temperatures
Module 15 FR = 75%, Heat flux = 6.5 kW/m? Flow rate = 10 L/min
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Figure 164 Experimental and predicted heat pipe temperatures, module 15, FR 75%, 10 L/min

Similar predictions of the heat pipe temperatures were made for a similar heat flux with a flow
rate of 15 L/min at the condenser section and they are plotted in Figure 165. The predicted
value for the water outlet is 0.01 °C higher than the experimental value. For the evaporator

and the vapour temperature, the model overpredicted the experimental values by 3 °C.
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Figure 165 Experimental and predicted heat pipe temperatures, module 15, FR 75%, 15 L/min

To verify the validity of the model at different evaporator section heat transfer areas, the model

was applied to module 35. The results for the heat pipe temperatures are plotted in Figure
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166. The temperatures predicted by the model with module 35 are in excellent agreement with
the experimental temperatures. The maximum temperature difference can be observed for the
vapour temperature with a value of 1.08 °C. The maximum evaporator and water outlet

temperature differences are 0.48°C and 0.02 °C, respectively.
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Figure 166 Experimental and predicted heat pipe temperatures, module 35, FR 75%, 15 L/min

6.3.5.2 Heat recovery prediction

The heat recovery predicted by the model for module 15 is presented in Figure 167. The
variation of heat recovery between the predicted value and the experimental heat transfer rate
is £10%. The agreement between the predicted value and the experimental heat transfer rate

is excellent.
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Experimental versus Predicted Heat transfer rate Module 15
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Figure 167 Theoretical versus experimental heat transfer rate module 15

As the surface area of the evaporator will have a major impact on the overall heat transfer rate
of the heat pipe module, the model was applied to the module 35 to see the accuracy of the
model with a lower evaporator heat transfer area. The results are plotted in Figure 168. The

model accurately predicted the experimental heat transfer rate within £10% error.
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Figure 168 Theoretical versus experimental heat transfer rate module 35
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6.4 General discussion on lab test modules

The single heat pipe was able to extract heat from a kiln at varying filling ratios for a heater
temperature varying between 200 °C and 500 °C. The system managed to recover a minimum
of 110 W for a filling ratio of 25% and a maximum of 580 W for a filling ratio of 50%. The
respective heat fluxes were 2.5k W/m? and 26 kW/m?2. The tests and the analysis done on the
single pipe highlighted the benefit of having a near horizontal evaporator section coupled with
a vertical condenser section. This presents new opportunities for the application of the heat
pipe as the limitation on the inclination of the heat pipe can be problematic for certain
applications where the condenser needs to be external to the heated area and when the space
in the kiln is limited. The heat pipe presents some limitations related to the behaviour of the
pool in the heat pipe. It can be concluded that if the filling ratio in the evaporator is higher than
50%, the impact on the condenser resistance is large. The liquid projected onto the condenser
and the increase in the falling film thickness drastically increase the condenser thermal
resistance of the heat pipe, thus increasing the heat pipe temperature. This phenomenon can
be a strong limitation as it will impact on the potential application of the heat pipe if the filling
ratio is higher than 50% in terms of safe working temperature and overall heat transfer rate.
For filling ratios lower than 50%, the occurrence of geyser boiling is also a problem as the heat
pipe will not be able to provide a steady heat recovery. Also, the occurrence of geyser boiling
in repetitive cycles will reduce the life span of the system. The liquid hitting the end cap of the

condenser will damage the shell over time, leading to the destruction of the heat pipe.

In order to cover the entirety of a kiln cross section and after validating the suitability of a near
horizontal evaporator section combined with a vertical condenser section, the module heat
pipe composed of rows of tubes was developed. As the condenser section in the single heat
pipe was not suitable due to the limited heat transfer area, a new condenser heat pipe was
used. The module heat pipe was tested for different designs and conditions. The main
achievement is the modularity of waste heat recovery by modifying the evaporator surface
area. The module performed well under the test conditions. Module 15 achieved a maximum
heat recovery of 3.7 kW and a minimum of 650 W. Module 25 recovered up to 3.6 kW and a
minimum of 670 W. Module 35 with the lowest evaporator density achieved a maximum of 2.9
kW and a minimum of 520 W. The correlations selected for the boiling on the modules and the
single pipe behaved in a similar way. However, as the surface area in the modules is higher
than for the single pipe, the thermal resistance was better for the module. Geyser boiling did
not occur during the module testing. It can be concluded that the new module design prevents
the occurrence of geyser boiling at low heat flux. This is an advantage as geyser boiling

strongly impacts the stability and the life span of a heat pipe.
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The new design in the condenser section involved the use of different correlations between
the single pipe and the modules. The correlations available in the literature for condensation
on tube bundles did not perform well. New correlations had to be used in order to assess the
condensation thermal resistance. It can be noted that the new condenser design greatly

improved the condensation thermal resistance compared to the single pipe.

The module design presents good advantages as discussed above. The disadvantages of this
type of heat pipe is the difficulty in assessing the condenser thermal resistance. The
correlations developed for the condensation resistance will need more data in order to be
validated across a spectrum of conditions. Also, the design of the heat pipe can be difficult to
implement as the evaporator section will present challenges for installation in a retrofit kiln.
The manufacturing of the heat pipe also presents limitations. The distance between the pipes
cannot be reduced for module 15 because of welding requirements. Indeed, this type of
system is classified as pressure equipment, following rules that regulate the minimum space

between welds.

The development and validation of the heat pipe module however open new opportunities for
waste heat recovery in a variety of applications that require a near horizontal heat pipe

evaporator section.

The use of a near horizontal evaporator section coupled to a vertical condenser section is an
innovative way to recover heat for a kiln. A similar study using a straight heat pipe was
conducted by Almahmoud. This heat pipe was inserted in a kiln and exposed to a heat source
with different inclination angles. The values obtained in terms of heat transfer rate were similar
to the single heat pipe with a range of 73 W to 573 W. The study focused on the impact of the
inclination angle and the treatment of the evaporator surface. The surface treated with black

paint showed a significant increase in the radiation heat recovery.

Almahmoud [113] also developed a novel flat heat pipe application for the steel industry. The
heat pipe is composed of rows of pipes connected at the bottom by a collector and at the top
with a shell and tube condenser section. The system was exposed to a high intensity radiative
source composed of electrical heater lamps. The heat pipe was tested at varying conditions.
The surface of the evaporator was coated with a black paint that enabled the heat pipe to
reach a heat transfer rate of 8.5 kW. The use of a back plate on the flat heat pipe to enhance
the heat transfer rate was also investigated. A potential modification to the module heat pipes
could be the use of a back plate and a coating on the heat pipe to enhance the heat transfer
rate. However, a higher heat source will need to be used as the heat source used in the module

test reached a maximum of 3.8 kW.
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Jouhara [114] investigated a single pipe with a horizontal evaporator section charged with
water and an azeotropic fluid. The heat pipe was tested at a heat transfer rate varying from
50 W to a maximum of 800 W. The heat pipe was also tested at different inclination angles
from 0° to 90°. In the case of the single pipe presented in this thesis, the heat flux applied to
the heat pipe was not uniform as the radiation heat transfer rate was only on one side of the
heat pipe. Jouhara used a heater that provided a uniform heat flux across the heat pipe. A
similar result for the overall thermal resistance can be observed. As the heat transfer rate
increased, the overall thermal resistance decreased. At heat transfer values above 300 W for
the water, the thermal resistance became stable. The comparison on the type of working fluid
highlighted the impact of the fluid properties on the temperature distribution of the heat pipe
evaporator section, which is more uniform for the azeotropic fluid than for the water at a
horizontal evaporator section. However, the impact of the filling ratio in the evaporator section
was hot investigated. An interesting study could be carried out on the impact of the fluid

properties on the heat transfer rate, the thermal resistance of the heat pipe and geyser boiling.

It can be concluded that the experimental results of the single heat pipe and the module heat
pipes proved the validity of a near horizontal evaporator section. The condenser section in the
module heat pipe should be used. It can be also concluded that the heat transfer area at the
evaporator section can be used as a means to tune the heat transfer rate at different locations
of a kiln depending on the need. As the heater temperature increased, the heat transfer rate
significantly increased. The use of such a system is applicable for heat sources above 200 °C

but will perform better for heat sources higher than 400 °C.

The developed modelling tool has been validated through experimental data. The selections
of the correlations to be applied for different conditions participate in the accuracy of the
predictions. The theoretical model can be used for large scale applications to predict the heat
transfer rate, the heat flux, the heat pipe working temperatures and the water outlet at the
condenser section. The model will accurately predict the values mentioned by an accurate
determination of the view factor and the tile emissivity. It can be concluded that the use of

such a heat pipe can cover a large domain of application in industrial sectors.

6.5 Industrial application of the radiative heat pipe ceiling.

6.5.1 Introduction

The theoretical tool developed for the module with the associated developed or available
correlations was applied to an industrial roller earth kiln to fine tune the temperature of the tile
after the firing section. The predictions for the heat transfer rate and the related temperature

at the condenser outlet are discussed in this section. As the use of the module heat pipe
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presents challenges in a retrofit case, and for timeline reasons, the system could not be

validated experimentally.

6.5.2 Description of the full scale set up
The module heat pipe is applied in the roller earth kiln. The system positioned above the tile

as shown in Figure 169 will recover the heat emitted by the tile through radiation. It can be
seen in Figure 169 that the evaporator pipe density is higher in the centre of the heat pipe
than at the side. This will allow a customized heat transfer rate to achieve a uniform

temperature on the tile.
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Figure 169 Cross section of the kiln with the heat pipe ceiling installed

The heat pipe design at the evaporator section is designed in a similar way to the module
tested in the experimental section. The evaporator section for the heat pipe located in the
middle of the kiln is composed of 15 tubes of 28 mm diameter and 755 mm length connected
at the bottom by a collector. The evaporator section is connected to the shell and tube via an
adiabatic section 415 mm long. The shell and tube condenser includes a 100 mm diameter
external tube with a length of 672 mm. The condenser is composed of 22 condensing tube of
15 mm external diameter and 11 mm internal diameter. The heat pipe ceiling located on the
side of the tile is composed of a similar evaporator section with varying heat pipe separations.
The condenser section is a similar design to the module located in the middle of the kiln. The
condenser section is 903 mm long. The drawings of the heat pipe ceiling are presented in
Figure 170 to Figure 172.
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6.5.3 Prediction for the full-scale model
A similar approach to the model was done to calculate the prediction on the heat transfer rate

for each heat pipe ceiling. The forced convection in the kiln section was not included in the
prediction model. The results of the prediction for a uniform tile temperature of 500 °C are
plotted in Figure 173. The module 35 located on the side of the kiln will be strongly impacted
by the side wall and the view factor from the tile to the evaporator heat pipe resulting in a low
heat transfer rate. The heat transfer rate for the section with a pipe distance of 35 mm is 3.5
kW. Module 25 achieved a heat transfer rate of 5.8 kW. The maximum heat transfer rate in
the kiln is achieved for the module located at the middle of the kiln. Module 15 achieved a heat
recovery of 8.9 kW, the increase is mainly due to a higher view factor and a higher heat transfer
area at the evaporator section. The total heat transfer rate achieved by the entirety of the heat
pipe ceiling is 72.9 kW at a heat flux of 18.4 kw/m?.

Heat transfer rate distribution across the kiln for a tile temperature of 500°C
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Figure 173 Heat transfer rate distribution across the kiln at a tile temperature of 500 °C

The prediction model was tested at a lower temperature and the predicted values for the heat
transfer rate are plotted in Figure 174. A similar trend can be seen. Module 35 will recover up
to 435W. The predicted value for the heat transfer rate at module 25 is higher at 707 W. The
maximum heat transfer rate is achieved for module 15 located at the middle of the kiln cross
section with a heat transfer rate of 1.1 kW. The total heat transfer rate of the heat pipe ceiling
is 9 KW at a heat flux of 2.3 kW/mZ.
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Heat transfer rate distribution across the kiln for a tile temperature of 200°C
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Figure 174 Heat transfer rate distribution across the kiln at a tile temperature of 200°C

6.5.4 Discussion and conclusion
By applying the methodology developed in the module testing, an innovative heat pipe ceiling

was designed to fine tune the temperature of the tile in a roller earth kiln. The heat pipe ceiling
is predicted to recover up to 72.9 kW when exposed to a tile temperature of 500 °C. As the
temperature of the tile decreases in the roller earth cooling section, the heat transfer rate will
diminish and the impact of the heat pipe ceiling on the tile temperature will be less. Indeed, as
the temperature of the tile decreases, the radiation heat transfer will be less. It is

recommended to use the heat pipe ceiling for a tile temperature of 200 °C or above.

The variation in the distribution of the heat transfer area in the cross section of the kiln will

allow for a uniform temperature of the tile resulting in a higher tile quality.

The application of the model in an industrial scenario highlights the potential for waste heat
recovery of the heat pipe ceiling. The use of this type of heat pipe in roller earth kilns could
potentially reduce the amount of product waste, decrease the cool down time of the tile, thus
reducing the overall cost of the product. As the system could not be installed in an

experimental set up, the results from the prediction could not be validated.

The heat pipe ceiling offers a significant advantage. However, the installation of such a system
presents a challenge. In a retrofit situation, the roof of the kiln will need to be removed to fit
the radiative ceiling. Ideally, the heat pipe ceiling should be used in new generations of roller

earth kilns.
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The use of the heat pipe ceiling is not limited to the tile manufacturing sector. Indeed, the heat
pipe ceiling could potentially be installed in a variety of applications to cool down products with
limited head space. The heat pipe ceiling also provides a remote cooling section that is not
exposed to the hot product. In certain applications, a higher temperature cooling fluid will be
needed such as thermal oil. The thermal oil is considered as flammable when exposed to hot
surfaces (above the flashing point). This risk is removed by using a radiative heat pipe ceiling
as the condenser section can be placed outside the kin. The heat pipe could be applied to the
steel industry to cool down products on a conveyor belt. Jouhara [58] investigated the use of
a flat heat pipe to recover heat from steel wire on a conveyor. The heat pipe ceiling could also
be applied in this configuration. However, the need to remove the heat pipe and change the

inclination angle was required.

By applying the heat pipe ceiling to the entirety of the kiln indirect cooling section, the system
will recover up to 1277 MWh per year. A novel ORC system was presented by Tian [14], the
energy saving per year represented a value of 115 MWh by installing the ORC at the exhaust
stack of the kiln. It can be seen that the heat pipe ceiling will recover significantly more energy.
However, the ORC system does not need a retrofitting of the kiln as it is installed in the exhaust
stack. The use of ORC in a kiln could be an addition to the heat pipe ceiling to increase the
overall energy efficiency of the roller earth kiln. A study was done by Delpech [7] on the
installation of a full-scale cross flow heat pipe heat exchanger recovering heat from the cooling
section exhaust stack. The potential heat recovered from the exhaust stack represented 863
MWh per year. The fact that the heat pipe heat exchanger does not impact the kiln is a
significant benefit to the technology. In both cases, the heat pipe ceiling will recover more heat

and will bring the benefit of uniform cooling temperature.
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Chapter 7: Conclusion from the study and suggestions for
future work

7.1 Conclusion from study
Experimental and theoretical studies of a single heat pipe and module heat pipes were

conducted.

The investigation on the single heat pipe demonstrated the applicability of a near horizontal
evaporator section with a vertical condenser for waste heat recovery. The impact of the filling
ratio was investigated and it was concluded that this will have a strong influence on the
condenser resistance due to the splashing of the working fluid onto the condenser section,
increasing the falling film thickness and the condensation thermal resistance. The boiling
resistance was not strongly influenced by the filling ratio when geyser boiling did not occur.
The occurrence of geyser boiling was strongly impacted by the filling ratio as the occurrence
of geyser boiling is stronger for lower filling ratios. The main influence of the filling ratio was
on the boiling heat flux and the heat pipe working temperature. The boiling heat flux increased
as the filling ratio decreased due to the reduction in surface area for a similar heat transfer
rate. The heat pipe temperature increased as the filling ratio increased due to the limited
amount of vapour reaching the condenser section and the high condensation thermal
resistance. The heat transfer rate was highest for a filling ratio of 75% for a heater temperature
between 200 °C to 400 °C. The maximum heat transfer rate of 573 W was observed for a
filling ratio of 50% at a heater temperature of 500 °C. At filling ratios below 25%, the heat

transfer rate tended to be lower.

Correlations were selected from the literature to predict the value of the boiling thermal
resistance and the condensation thermal resistance for the different test conditions. The
thermal resistances predicted by the correlations were compared to the experimental thermal
resistances calculated. It was noticed that for the boiling thermal resistance, Rohsenow and
Kiatsiriroat were able to predict boiling thermal resistance values close to the experimental
boiling thermal resistances. As geyser boiling occurred in the heat pipe for low heat fluxes and
low filling ratios, the comparison between the predicted and experimental thermal resistance
had to be done under certain conditions such as heat pipe evaporator temperature uniformity
and the excess temperature at the evaporator section. The temperature difference between
the maximum and the minimum temperature at the evaporator section did not exceed 7 °C
and the excess temperature did not exceed 9 °C. A similar approach was made for the
prediction of the condensation thermal resistance. Correlations were selected from the
literature to predict the condensation thermal resistances for comparison with the experimental

values. Nusselt modified by Rohsenow’s correction factor was selected for comparison and
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showed agreement with the experimental values. Due to the flooding of the condenser section
by the vapour splashing the condenser with working fluid, the condensation thermal resistance
drastically increased for high filling ratios as the falling film thickness increased. The predicted

value was then made for filling ratios below 50%.

A prediction tool was created to predict the heat pipe temperature at the different conditions.
The tool was able to predict the heat pipe temperatures and the heat transfer rate of the single
heat pipe. The model predicted the heat transfer rate for all the conditions within 10%. As the
number of conditions is substantial, only a few were used to predict the heat pipe
temperatures. The modelling tool was tested at a filling ratio of 50% for heat fluxes of 2.7
kW/m? and 13.4 kW/m?. For the test on low heat flux, the evaporator temperature was
predicted to within + 4.1 °C, the vapour temperature within £ 3.1 °C and the water outlet
temperature was predicted within + 0.1 °C. For a heat flux of 13.4 kWw/m?, the evaporator
temperature was predicted to within + 0.3 °C, the vapour temperature within + 3.5 °C and the
water outlet temperature within £ 0.1 °C. The modelling tool was able to predict accurate
values for the heat pipe temperature and heat transfer rate for different conditions within 10%

error.

To account for the high condensation resistance observed in the single heat pipe tests and to
reduce the space occupied by the condenser, a new condenser design was used for the heat
pipe modules based on a shell and tube heat exchanger. To control the temperature of the
tile, the heat pipe needed to provide different local heat transfer rates depending on the heat
pipe location in the kiln. Three modules with varying evaporator section areas were designed
and tested. The systems were tested for flow rates from 5 L/min to 20 L/min to investigate the
influence of the forced convection heat transfer coefficient on the heat pipe module at heater
temperatures varying from 200 °C to 500 °C. It was concluded that the main impact of the flow
rate was on the heat pipe temperatures. As the flow rate increased the temperatures of the
heat pipe decreased. However, the flow rate did not have a major impact on the heat transfer
rate. The flow rate can then be used to protect the heat pipe from overheating. The overall
thermal resistance was calculated to determine the influence of the evaporator section area.
It was concluded that as the evaporator section area decreases, the overall thermal resistance
increases. Similarly, the experimental condensation resistance was assessed, it was observed
that as the heat flux increased, the condensation thermal resistance decreased. The
condensation thermal resistance presented some challenges, as no correlations currently
available in the literature accurately predicted the experimental results. A new correlation to
account for the row of tubes and the Jakob number was derived from Chen and applied to the
experimental results. The correlations were in agreement with the experimental data for high

heat flux. For low heat flux, the Rohsenow correction factor was applied on the modified
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correlation to account for the pressure in the vapour side of the tube bundle. The heat transfer
rate for each module was calculated and shown to be decreasing as the evaporator surface
area decreased. Predictions of the heat pipe resistance and heat transfer rate were carried
out to verify the accuracy of the selected correlations. The modelling tool developed for the
single heat pipe was modified to account for the correlations tested for the module heat pipes.
The modelling tool was tested under three different conditions. Module 15 at a filling ratio of
75% at a heat flux of 6.5 kW/m? for a flow rate of 10 L/min was tested. The modelling tool
predicted the evaporator temperature within £ 2.7 °C, the vapour temperature within £ 1.0 °C
and the water outlet temperature within £ 0.1 °C. The modelling tool was then tested at a
similar heat flux for a flow rate of 15 L/min for module 15. The evaporator temperature was
predicted to within + 2.8 °C, the vapour temperature + 2.6 °C and the water outlet temperature
+ 0.1 °C. To assess the impact of a change in the heat pipe design, the modelling tool was
tested for module 35 at a heat flux of 2 kw/m? for a flow rate of 15 L/min. The evaporator
temperature was predicted to within + 0.5 °C, the vapour temperature within + 1.1 °C and the
water outlet temperature within £ 0.1 °C. The modelling tool developed using the correlations
selected was able to accurately predict the heat pipe temperatures. A similar approach was
made on the heat transfer rate. The heat transfer rate for module 15 was predicted within 10%
error. The modelling tool was also applied to module 35 and predicted the heat transfer rate

within 10% error.

The modelling tool developed for the module was applied to a full-scale industrial heat pipe
ceiling composed of three types of heat pipe modules. The density of the heat pipe ceiling was
increased in the middle section of the kiln. The modelling tool was then used for a constant
tile temperature. The heat pipe ceiling was able to recover heat at different levels for each
section of the kiln. The variation of heat transfer rate across the tile will allow a uniform
temperature of the tile. The maximum heat transfer rate was achieved for a tile temperature
of 500 °C at 72.9 kW for a heat flux of 18.4 kW/m?

The use of heat pipes for waste heat recovery and uniform cooling was investigated. The main
objective of the study was to demonstrate the capacity of the heat pipe technology to recover
waste heat and provide a uniform cooling temperature at the tile surface, theoretically and
experimentally. The full-scale system successfully recovered waste heat while providing a
uniform tile temperature, thus reducing the amount of waste product, and increasing the
overall quality of the tiles. The module systems were developed to validate experimentally the

correlations used in the theoretical modelling tool.

The heat recovered by the heat pipe ceiling can potentially be used in other applications in the

facility such as air preheating for the burners or hot air for the dryers. The outlet temperatures
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of the module were not high grade as the condenser sections were separated. By using a
single condenser section, the water temperature output could be higher. Also, the use of a

different cooling fluid such as thermal oil could bring a benefit to the heat pipe ceiling.

7.2 Impact of the study on the research field

Heat pipes for waste heat recovery have been widely investigated for cross flow heat
exchangers or wick heat pipe systems. However, only a limited number of papers and theses
report on the use of heat pipes to recover heat from radiative heat sources. Moreover, the use
of a radiative heat pipe with a horizontal section and a shell and tube heat exchanger was not
previously investigated. The development of this technology will extend the field of research
for heat pipe applications where limited space is available and for a high intensity heat source

parallel to the heat pipe evaporator section.

The correlation modified for the condensation on a tube bundle could have a large impact on
the research field as no correlations for condensation on a tube bundle for a heat pipe
condenser section exists. However, the correlation modified in this thesis is only applicable for
a heat pipe with a similar heat pipe design. Due to the limitations of the test rig design, more
investigations will be needed to evaluate the accuracy in the prediction using the developed

correlations for different heat pipe designs.

The extensive work on the two-phase process of the heat pipe allows a better understanding
of the behaviour of the pool in a near horizontal evaporator section heat pipe. It was noticed
that the area occupied by the pool has a major impact on geyser boiling, the heat pipe
temperatures, thermal resistances, and the heat transfer rate. It was also noticed that on a
near horizontal evaporator section, the area occupied by the pool cannot be defined as the
volume occupied by the liquid, as when boiling occurs, the area occupied by the liquid on the
top internal surface of the tube will be replaced by vapour. The conclusion observed from the
experimental study carried out on the single heat pipe will contribute to enhance future heat

pipe design using a similar evaporator section.

The impact of the filling ratio for this type of heat pipe is important. Indeed, it was noted during
the test that at high filling ratios, liquid is projected onto the condenser internal surface. The

filling ratio will then need to be lower to allow a low condensation resistance.

The design of such a heat pipe will have a major impact on the potential for waste heat
recovery in difficult applications with limited space available. Also, this type of heat pipe could
bring a major benefit to applications where finely tuned cooling is needed to obtain uniform
temperatures on a product. The industrial application developed in this thesis will provide a

finely tuned cooling of the tile temperature across the kiln to obtain a uniform temperature.
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This system will significantly reduce the internal residual stresses of the tile during the cool
down process, thus increasing the structural integrity of the tile. This heat pipe design will also
decrease the number of tiles that would be rejected because of a lack of quality, while

increasing the overall efficiency of the kiln.

7.3 Suggestions for future work

The work presented in this thesis has some limitations. Indeed, the use of a heat flux sensor
at the evaporator section could have presented some advantages such as an accurate heat
flux measurement that could be used for the prediction model and the determination of the
pool area. A reduced uncertainty associated with the experimental data at low heat flux will
also be achieved by using a heat flux sensor. The surface area for the pool was calculated
based on the filling ratio and a factor to account for the vapour. By using a heat flux sensor,
the pool area could have been determined. Also, the use of thermal imaging to observe the
temperature distribution could have enhanced the accuracy of the study. It is recommended

that the test should be carried out again with both types of equipment.

The lack of a thermocouple located on the condensation surface introduced an error in the
prediction, as the temperature of the condenser surface for each test was evaluated on the
heat transfer rate at the coolant. By placing a thermocouple on the condensing surface, the
correlations developed above will be validated experimentally. A potential future work would
be to install a thermocouple on the condenser surface. Also, simulation and tests at higher
heat fluxes should be performed to observe the deviation of the correlation for the
condensation thermal resistance. This work could lead to the development or validation of

correlations for condensation on a tube bundle in a heat pipe condenser.

More investigation needs to be done on the single heat pipe condenser resistance for high
filling ratios to understand the behaviour of the vapour and the liquid at the liquid/vapour
interface. ldeally, the development of a glass heat pipe following a similar design could be

done to understand the behaviour of the splashing occurring at the interface.

The study carried out on the radiation resistance introduced an error, as the resistance could
not be assessed properly due to the assumptions made. Indeed, in the model the walls are
considered as reradiating surfaces and the effect of the natural convection on the wall was
neglected. Also, the assumptions for the view factor had a major impact on the thermal
resistance. Numerical analysis should be carried out to determine the value of the view factor,
which should be result in a view factor correlation that is applicable for an inclined cylinder
exposed to a flat surface. Computational Fluid Dynamics (CFD) analysis will also bring value
in the assessment of the natural convection from the re-radiating wall. A similar approach

should be done for the radiation resistance. The impact of the Rohsenow correction factor
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applied to the correlation developed should also be assessed. The installations of pressure
sensors in the bundle could provide an idea of the behaviour of the two-phase process in the

bundle.

The main limitation of the presented work is the lack of experimental validation for the full-
scale system and the impact of uniform cooling on the structure of the tile. The installation of
such a system for the validation is quite challenging as the system is invasive. It can be
challenging to install this type of system on an industrial site with no previous validation of the
technology. To validate the system, a full-scale simulation of the kiln will be carried out,
including the heat pipe ceiling. The impact of the cooling on the tile structure will also be
assessed by Finite Element Analysis to ensure that the uniform tile temperature enhances the
structural integrity of the tile. Once validated by numerical analysis, a full or laboratory scale
installation could be tested to validate the impact of the heat pipe on the tile and the theoretical

modelling tool developed in this work.
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Appendices

Appendix 1: Error analysis

Background

In order to anticipate any deviation in the experimental results, an error analysis on the

experimental data need to be done. In every equipment’s or sensors that are used for

experimental testing, an error is associated to the outputs. The error can also be propagated

by human error, equipment’s usage, inaccurate set up, wrong positioning of sensors ect. The

error that will be generated by those actions will propagate throughout the data reduction,

thus, the error need to be analysed and calculated to evaluate the impact on the final results.

Each equipment’s is usually supplied with a data sheet including the error associated to the

reading of the data. Once all the sensors errors have been established, the error associated

with the value calculated using those data can be determined. A set of errors analysis equation

are presented in Table 23.

Table 23 Error analysis equations

Mathematical Example Associated error

operation
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Addition/subtraction x=a+b+c.. ) ) )
Se= |SZ+SZ2+S2..
Multiplication/division x=axb/c.. 2 2 2
s=x (@) +(3) +()
X a b c/
iati =qb S
Exponentiation xX=a S, =x*b+ 2a
a
i S
Logarithm Basel0x = log,ga S, =0.434 =
a
Base e x = In (a) Sa
Sy =—
a
Antilog Basel0x = 10%a S, =2303%x%*S,

Base ex = e%

Sy =x%5§,

In this thesis, the results used in the data reduction are the thermocouples values and the

flow rate in the condenser section. The list of reading and associated error are presented in

the Table 24.

Table 24 Associated errors

Read from Associated error Associated error
T | National instrument 0.03 % = 0.02 °C between - 0.02
PXle-1071-9213 210°C to 760°C
0.03% £ 0.02 °C between -
270°C to 1260°C
T K type thermocouple +1.1°C 1.1
vV | Gems Sensors 6.0 to 45.0 I/min = 7% 1.5
RotorFlow Electronic 15.0 to 75.0 I/min + 15%
Flow Sensor
Results

The heat transfer rate at the

condenser is calculated by

Qout = Vp Cp, AT

The results of one experimental test are shown below

Tin 18.74
Tout 20.94
Delta T 2.20
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(262)

°C
°C
°C




Flow rate

Heat recovery

Tv

Teb1

Teb2

Teb3

Tet1

Tet2

Tet3
TAD,C
Theater top
Theater bottom
Twalll
Twall2
Twall3
Twall4
Twall top
Tair

3.70
568.48
34.88
43.9
46.1
44.0
43.3
44.3
38.9
34.4
506.3
581.6
137.1
198.8
327.3
117.8
426.5
465.0

Ltr/min

w
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C

The errors were determined for each condition using the correlations below.

Table 25 Error propagations

Variable Equation Associated error
AT AT =Tyye — T; ,

out " SAT = S%in + S%out
Qout Qout = Vp Cp AT

51'/ 2 Sar
SQout = Qout\/<7) + (E

;

Table 26 Error analysis for the single heat pipe

Tin
Tout

Delta T
Flow rate
Heat recovery

Tv

Teb1
Teb2
Teb3
Tet1
Tet2

18.7
20.9
2.2
3.7
570
34.9
43.9
46.1
44.0
43.3
44.3

°C
°C
°C
L/min

°C
°C
°C
°C
°C
°C
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Sx

1.207672
1.208332
1.70837
0.259
40.05602
1.130
1.133
1.134
1.133
1.133
1.133

error

0.41%
0.41%
0.62%
7.00%
7.03%
0.37%
0.36%
0.35%
0.36%
0.36%
0.36%




Tet3 389 °C 1.132 0.36%

TAD,C 34.4 °C 1.130 0.37%
Theater top 506.3 °C 1.272 0.16%
Theater bottom 581.6 °C 1.294 0.15%
Twall1 137.1 °C 1.161 0.28%
Twall2 198.8 °C 1.180 0.25%
Twall3 3273 °C 1.218 0.20%
Twall4 117.8 °C 1.155 0.30%
Twall top 426.5 °C 1.248 0.18%
Tair 465.0 °C 1.260 0.17%

The calculate error for each value extracted from the data logger will be taken into account in

the results section.

Table 27 Error analysis for module 15 testing

Sx error
Tin 16.1 °C 1.206865 0.42%
Tout 255 °C 1.209691 0.40%
Delta T 9.4 °C 1.708764 0.60%
Flow rate 5.00 L/min 0.35 7.00%
Heat recovery 3300 W 231.8583 7.03%
Tv 67.4 °C 1.222 0.36%
Tel 75.2 °C 1.225 0.35%
Te2 723 °C 1.224 0.35%
Te3 746 °C 1.224 0.35%
Ted 73.6 °C 1.224 0.35%
Teb5 75.1 °C 1.225 0.35%
Teb 724 °C 1.224 0.35%
Te7 77.8 °C 1.225 0.35%
Te8 73.8 °C 1.224 0.35%
Te9 759 °C 1.225 0.35%
TAD,C 63.7 °C 1.221 0.36%
Theater top 506.3 °C 1.354 0.17%
Theater bottom 581.6 °C 1.377 0.16%
Twalll 137.1 °C 1.243 0.30%
Twall2 198.8 °C 1.262 0.27%
Twall3 3273 °C 1.300 0.22%
Twall4 117.8 °C 1.237 0.32%
Twall top 426.5 °C 1.330 0.19%
Tair 465.3 °C 1.342 0.18%

It can be seen in Table 27 it can be see that the absolute error for the module 15 is higher for
the heat transfer rate. However the percentage of error remain the same. This will be taken

into account when discussing the heat transfer rate.
The error in the collected data will be implement in the results section when applicable.
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Appendix 2: Pressure drop measurements

Introduction
The pressure drop in the shell and tube condenser section of the module heat pipe was

measured at different flow rate in the water coolant.

Experimental set up

Different experimental data were gathered to assess the pressure drop in the shell and tube
bundle. The temperature of the team was measured by a thermocouple installed in the heat
pipe at the adiabatic section, the inlet and outlet temperatures of the water coolant were
measured suing K types thermocouple placed in the middle of the flow. The water flow rate
was measured with a turbine flow meter (FTB-371) at the inlet of the shell and tube condenser.

A schematics of the condenser section can be seen in

Pressure sensor out Pressure sensor in

Twout > P!
.

Eﬁa

Flow meter

i Wﬂﬂﬂﬂmﬂﬁﬂﬂl

T

v

Coolant outlet

\
Coolant inlet

Figure 175 Pressure drop experimental set up

A hydraulic resistance model was developed and can be seen in Figure *. In order to determine
the pressure drop at the condenser section, the impact of the different elbow and expansion
pieces connected to the shell and tube need to be determined. The connection to the shell
and tube is composed of elbows, expander, reducer and the change in diameter for the 9

tubes in the condenser.
Expansion Outlet Inlet Expansion

— VW AVW—ANWW—AVW—AVWN—VN—NVN— NN

Elbow Condenser Elbow
§ Pressure sensor Pressure sensor §

Figure 176 modelling of the pressure resistances at the coolant

Experimental procedures
The test on the pressure drop was carried out for module 35 at different vapour temperature

and flow rates at the condenser section.
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Results

The pressure drop for each flow rate is presented in Figure 177.

Pressure drop in the water for module 35 vs flow rate

35000
30000
25000
20000

15000

Pressure drop (Pa)

10000

5000

0 5 10 15 20 25 30
Flow rate (L/min)

Figure 177 Pressure drop in the water for module 35 vs flow rate

It can be seen that as the flow rate increase, the pressure drop at the condenser section
increase exponentially. The Reynolds number obtain is higher for higher flow rate, thus

increasing the overall pressure resistance at the condenser.

Table 28 Pressure drop results for various flow rates and vapour temperature

Flow rate )
Water | Water Heat Pressure Pipe ]
Flow rate for each Theater . ) Velocity | Reynolds
) ] Tv (°C) inlet outlet | transfer drop diameter
(L/min) pipes (°C) (m/s) number
: C) (°C) |rate (W) | (Pa) (m)
(L/min)

200 37.8 14.1 15.9 620 3207
300 44.0 14.9 18.1 1108 3099

5 0.56 0.537 3657
400 48.6 14.6 19.8 1807 2980
500 57.3 14.7 22.5 2732 2686
200 38.2 13.9 15.0 745 5491

0.008

300 40.4 14.2 15.7 1090 5448

10 111 1.074 7314
400 44.7 14.1 16.7 1793 5605
500 48.7 14.5 18.4 2703 5408
200 35.3 13.6 14.1 520 10750

15 1.67 1.611 11197
300 37.9 13.2 14.3 1120 11210
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400 40.7 12.4 14.2 1846 10664
500 44.7 12.1 14.7 2713 10599
200 35.4 12.4 12.7 522 31181
300 38.0 13.0 13.7 955 31330
25 2.78 2.685
400 40.3 12.7 13.8 1538 31188
500 43.1 12.2 13.9 2876 31046

18662

Table 28 shows the result for the different test carried out on the pressure drop at the
condenser section. It can be seen that the pressure drop increase with the increase in the flow
rate at the coolant. Also, it can be noted that for a flow rate of 5L/min, the pressure drop
decreased with higher vapour temperature. For tests above 5 L/min, the vapour temperatures

did not significantly change enough to impact the pressure drop.

Conclusion

The condenser section used for the module heat pipe was examined to determine the impact
of the increased flow rate at the water coolant. As the system will be installed in an industrial
scenario, it is important to determine the pressure drop at the condenser section to size the
pumps needed to supply the condenser. It can be noted that the pressure drop occurring in
the condenser are low. This is due to the design of the condenser in one passes with limited

number of elbows.

It was also noted that when the temperature of the vapour is elevated, the pressure drop at

the condenser section slightly decrease.

It is recommended for the full scale system to reduce the number of elbow and increase the

internal diameter of the condenser tube to further reduce the pressure drops.
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