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Abstract:

The ceramics industry is the second largest energy consuming sector in Europe. The main energy used
in the ceramics industry is heat generated through burners using natural gas. The main area can be
identified in three stages, the drying stage and the firing stage, and the cooling stage. The firing stage
represents about 75% of the total energy cost. The roller hearth kiln technology is considered to be
the most cost-effective solution for ceramic tile manufacturing. The kiln is separated into two sections,
the firing stage and the cooling stage. The cooling stage generates large amounts of waste heat as the
exhaust of the kiln is composed of a challenging flue gas for heat recovery. The recovery of this heat
in an efficient way with no cross contamination has been achieved with a heat pipe heat exchanger
(HPHE) system, which was designed, manufactured and installed on a roller hearth kiln and is
presented in this paper. The heat pipe heat exchanger located next to the cooling section exhaust
stack managed to recover up to 100 kW at steady state without cross contamination or excess fouling.
The return on investment of the system has been evaluated at 16 months with a saving of £30,000 per
year. This paper will present a deep row by row theoretical analysis of the heat pipe heat exchanger.
The Computational Fluids Dynamics will also be presented to investigate the fluid dynamics within the
evaporator and condenser section. Both investigations have then been validated by the experimental
investigation carried out on a full-scale industrial system. The design approach used in this paper will
highlight the benefits of this type of technology and provide a guideline for the design of novel heat
pipe heat exchangers.

Keywords: Heat pipe heat exchanger; Heat pipes; Waste heat recovery; Ceramic industry;
Computational fluid dynamics.
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Nomenclature

Symbols

Greek Symbols

A

QD I m

Surface area

Bare area for the heat pipe in the Evaporator
Bare area for the heat pipe in the Condenser
Fins area for the heat pipe in the Evaporator
Fins area for the heat pipe in the Condenser
Heat capacity rate

cost

Specific heat

Heat capacity ratio, (C; = Crin/Cmax)
Constant in Rohsenow correlation depending
on the surface-fluid combination

Diameter

Energy

Gravitational acceleration

Heat transfer coefficient

Latent heat of vaporization

Thermal conductivity of the heat pipe wall
Equivalent heat transfer coefficient accounts
for the contribution of the pipe walls and of
the Evaporation

Equivalent heat transfer coefficient that
accounts for the contribution of the pipes’
walls and of the Condensation

Length
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Thermal resistance
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Temperature
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Dynamic viscosity
Ratio of pipe pitch to pipe diameter

Refers to Condenser section
Internal surface of the condenser
External surface of the condenser
conduction
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Internal surface of the evaporator
External surface of the evaporator
fin

Heat

Heat Pipe

Heat Pipe Heat Exchanger
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Logarithmic

Maximum
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1 Introduction

Four types of production can be identified in the traditional ceramics sector: tiles, tableware, sanitary
ware and brick and heavy clay pipe. Most of the manufacturing companies are based in Italy, Spain
and Poland. The tile manufacturing sector groups all the items used for covering roofs, floors, walls,
showers, and other objects such as furniture for bathroom and kitchen. 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 regarding the other traditional ceramics sector.
Ceramic tiles consume large amounts of natural gas and the emissions related to the natural gas
consumption are evaluated at about 265 kg of CO, per tonne of fired tile. The energy used in the
manufacturing of tiles is around 28 kWh/m?2[1]. The main challenges of the ceramic tile industry are
the competition for mass volumes of tiles fired at low prices with a good product quality to compete
with emerging economies, the high energy demands of the tile manufacturing process and the
reduction of greenhouse gas emissions. To overcome those challenges, the ceramic tile sector needs
to develop new ways of reducing the consumption of energy (in the roller kiln, 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
imply a reduction of the emissions in the tile manufacturing process. By reducing the energy
consumption, the 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 technology 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 particular applications.

- Floor and wall tiles are used to cover interior surface for decorative purposes.
- Ceiling tiles are used inside buildings for decoration, but also to improve the acoustics.

The manufacturing process of the tiles depends on the type of tiles produced. In this paper 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 schematic representing the
manufacturing process of tiles can be seen in Figure 1.



A A L 4
Body Double fired Single fired
Unglazed
raw tiles glazed glazed
materials tiles tiles
¥ v ¥
Body preparation Body preparation Body preparation
4 v v
Shaping Shaping Shaping
v v v
Drying Drying Drying
L 4
Biscuit firing
v . 4
Glaze ) )
a A Glaze preparation Glaze preparation
r w and application and application
materials
h 4 ‘ ‘
Firing Glost firing Firing
¥ v ¥
Polishing (optional) Polishing (optional) Polishing (optional)
L 3 v v
Sorting, packaging Sorting, packaging Sorting, packaging
\ 4 v v
Final product / shipping

Figure 1 Schematic of the tiles manufacturing process [2]

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 meeting
the mechanical and visual requirements. The tile is composed of a combination of natural and
synthetic materials such as aluminium silicate-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 (around 35%). Then, the preparation is dried using spray drying at 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%. The shaping can be done using impact toggle presses, screw presses or hydraulic presses with
a pressure of about 35 MPa. The tile is then dried. The dryer technology depends on the production;
tunnel dryers, roller dryers or vertical dryers are used. The drying is performed at a temperature which
depends on the dryer technology used (200 -220°C for vertical dryers, 300-350°C for tunnel dryers).
The tiles are dried for between one and 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 combustion of natural gas. The main issue with the waste heat recovered from the kiln is
the composition of the exhaust gas, which will affect the quality of the final product. 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 commonly used technology in tile manufacturing is the roller hearth kiln but some
technologies used in tunnel kilns can be applied in roller hearth kilns with regard to 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, direct cooling using an air stream on the tile (1300°C to 700°C),
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 cross section of the firing kiln can be seen in Figure 2.

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

Possible
fuel feed

Kiln rollers

Figure 2 Cross-section of a roller hearth kiln [3]

2 State of the Art

2.1 Ceramics Industry

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, for
example, the United State of America wasted 57% of the energy produced in 2008 [4]. To prevent such
issues, universities and companies have developed technology to recover the 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 50% of total energy consumption, the spray drying (36%), and the drying (9%)
[1]. Also, the CO, emissions of the firing process are estimated to be about 265 kg CO,/t of fired tile[5].
High energy demanding processes need to decrease energy consumption in order to remain
competitive and to lower the production cost [6]. To match this objective, energy saving technologies
have been investigated in the ceramic tile industry.

Several optimisations have been tested and applied in the drying stage, such as [7]:

- 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.

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

- 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 microwave better than
the raw materials, which considerably accelerates the drying. The use of microwave
technology can significantly reduce the drying time (from 7 to 30 minutes, depending on the
object/material), with a higher energy efficiency [8].

A significant number of investigations have been conducted regarding waste heat recovery from the
kiln cooling stage. The application of the Organic Rankine Cycle (ORC) for the ceramic industry has
been investigate by B. Peris et al. [9]. The ORC has proved 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. A simulation of the ORC system has
been conducted for a typical year of production. The final results showed an energy production for
the whole year in excess of 115 MWh. This ORC could save around 237 MWh of primary energy and
avoid about 31 tonnes per year of atmospheric CO, emissions [9]. The payback period of applying the
ORC was around 4-5 years [9]. 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. The application is limited due to the production of acidic combustion gases and other
phenomena such as foaming. Some applications use a thermal oil as a working fluid to transfer the
recovered heat to the drying and firing stages[2,10]. 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 [2]. 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. The fresh air is mixed
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 in 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
[11,12].

2.2 Heat Pipe Technology
Heat pipe 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 a sealed shell composed of three sections, an evaporator, an
adiabatic section, and a condenser. The evaporator section is where the heat is input into the heat



pipe. The working fluid at the evaporator boils and changes phase into saturated vapour. This
saturated vapour travels upwards through the adiabatic section to the condenser section. The working
fluid vapour condenses and releases the latent heat to the heat sink, then, the working fluid liquid
flows back to the evaporator. The cycle is then repeated as presented in Figure 3. The heat pipe system
has multiple benefits such as an isothermal surface which eliminates any hot or cold spots, which will
increase the lifetime of the system for applications where the exhaust is corrosive. The heat pipe is
considered as a passive device. No pumping/mechanical components are needed to move the liquid
working fluid back to the evaporator. The reaction time of heat pipes is higher than for other heat
transfer systems, which offers different control options. Due to their advantages, such as an
isothermal surface, high thermal conductivity and the independency of each heat pipe in the system,
the heat pipe heat exchanger (HPHE) 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 pipes can use two methods to move the
fluid and the vapour between the condenser and the evaporator. Gravity can be used to return the
fluid from the condenser, this method is the easiest and cheapest option. 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. Heat pipes rely on the two-phase heat transfer to
transfer the heat from the evaporator section to the condenser section. The return of the liquid in
wickless heat pipes (thermosyphons) relies only on gravity without the need for a wick structure. Thus,
the manufacture of gravity-assisted heat pipes is simpler and cheaper than for other technologies.
Thermosyphons can operate using different working fluids such as water, refrigerants, liquid metals,
or organic oils such as Dowtherm.
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Figure 3 Operation cycle of a gravity assisted heat pipe

The effects of the selection of working fluid on heat pipe performance was investigated by Jouhara
et al. [13]. Two fluids types were investigated. Water, FC-84, FC-77 and FC-3283 were tested in a 200
mm long pipe with an inner diameter of 6 mm. 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, the FV-84 outperformed the 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 Fadhl et al. [14] using CFD modelling of the two-phase phenomena. The aim was to
investigate the behaviour and CFD of low temperature boiling point fluids for transferring heat in an
efficient way. It was highlighted that the refrigerant was able to transfer heat at low temperatures
and the CFD model developed was in good accordance with the experimental results. The use of
thermosyphons 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 metals and pharmaceuticals. Heat pipe technology can address a variety of problems
because of its advantages. The isothermal nature of the heat pipe was utilised for cooling PV cells
uniformly, as demonstrated by Jouhara et al. [15]. The heat pipe arranged on the flat surface can
maintain the temperature of the PV for the optimal electrical output. A similar heat pipe arrangement
was used by Jouhara et al. [16] to maintain a suitable temperature for the battery pack of a car. As the
temperature of the battery increases, the battery can become unstable. To prevent the failure of the
battery pack, the charging and discharging times are increased, thus decreasing the temperature but
reducing the efficiency of the battery. By installing a flat heat pipe on the bottom of the battery, the
authors managed to maintain a low battery temperature in fast charge and discharge regimes.

When installed in tube bundles, the heat pipes may be considered as a heat pipe heat exchanger. The
heat pipes will then be able to transfer heat from a heat source, i.e. flue gas or waste heat, to a cold
clean stream with no cross contamination and low maintenance. HPHEs have been applied in a variety
of applications. The heat pipes are placed in a shell and attached to a plate in a staggered arrangement.
As the heat pipe provide a uniform temperature. Due to the two-phase heat transfer occurring in the
heat pipe shell, the temperature of the outer wall is uniform. This feature of the heat pipe allows a
better control of the suspension of particles and will reduce the fouling which occurs in shell and tube
heat exchangers. As the heat pipes are placed on a separation plate, the cross contamination will be
close to none. In contrast, shell and tube heat exchangers are challenging to maintain as the shell does
not have any inspection door, the shell needs to be cut and re-welded to clean the flue gas side. Heat
pipe heat exchangers, due to their geometry, are much easier to maintain as inspection doors can
easily be installed.

HPHEs are a suitable solution for recovering heat in many industrial applications as outlined by
Egilegor et al. [17] in the ETEKINA project, which aims to utilise heat pipe heat exchangers in three
industries, namely, aluminium, steel and ceramics. The aim of the project is to recover 40% of waste
heat in exhaust streams. The expected output of this project is to annually recover up to 597 MWh,
3020 MWh and 4003 MWHh, in each respective industry, with a significant reduction in CO, emissions.
The scale of the heat pipe heat exchangers being developed in the Etekina project are larger than the
one presented in this paper. The design of HPHE is a complex process to achieve. Issues such as heat
pipe temperature and the system footprint can be challenging. In this regard, Brough et al. [18]
conducted an experimental and computational study on a vertical multi-pass heat pipe heat
exchanger. The system was connected to a ceramic kiln to recover heat at a temperature of 270°C and
it managed to recover up to 63 kW. To improve the replicability and versatility of the application, a
TRNSYS model was developed. Brough et al. [18], also performed a TRNSYS model based on the system
presented in this paper. The prediction model shown a recovery of about 65 kW for similar exhaust
temperature. The difference in the thermal performance is due to various reasons such as the number
of heat pipes, hot and cold stream flow rates, and the logarithmic mean temperature difference. The
TRNSYS model predicted the experimental value within £ 15%. Lukitobudi et al. [19] investigated the
use of HPHEs using water as a working fluid to recover heat in industry with medium temperature
ranges, below 300 °C. The heat pipes were composed of plate finned copper tubes staggered in the
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heat pipe heat exchanger shell. The heat source used for the test was an electrical heating element.
The finned heat pipe heat exchanger was able to recover more heat than similar heat exchanger
systems. In the high temperature range, the heat pipe was determined to not be safe as the pressure
in the heat pipe could exceed the maximum pressure allowed. The use of copper as a heat pipe shell
presents the advantage of decreasing the conduction resistance at the cost of a lower maximum
allowed pressure. The use of stainless steel or carbon steel heat pipes for heat pipe heat exchangers
at higher temperatures is recommended. A commercial application of this system was also discussed
by the author and the annual predicted waste heat recovery under the test conditions was determined
to be 314 GJ/yr. Yang et al. [20] used a water-steel heat pipe heat exchanger to recover heat from a
bus exhaust. Nine heat pipes were staggered in the heat exchanger casing. A test rig was then
developed and tested at three inlet temperatures, 100 °C, 200 °C and 300 °C. The heat transferred by
the heat pipes to the heat sink was respectively 1989 W, 3550 W and 6490 W. The heat pipe heat
exchanger was able to recover heat using a compact arrangement for mobile vehicle applications.
Ramos et al. [21] investigated the use of a crossflow heat pipe based heat exchanger to recover waste
heat. A numerical model was built to predict the heat recovered by the heat pipe-based heat
exchanger and compared with experimental results. The developed model validated for several flow
rates and temperature points was on average predicting the temperatures of the heat pipe with a 5%
error in the evaporator and 7% in the condenser section. Jouhara et al. [22] investigated a novel heat
pipe based heat exchanger to recover waste heat from data centres. The system installed in the air
conditioning unit was able to increase the efficiency of the air conditioning for a payback of less than
a year. Alimahmoud et al. [23] examined a novel flat heat pipe system using parallel tubes connected
with a bottom collector and a condenser top header. The system was exposed to a high temperature
heat source. The heat recovered by radiation was transferred to a water coolant via the shell and tube
condenser section. Different experimental setups were used with different heat source temperatures
and a prediction model was developed. The accuracy of the theoretical model could predict the heat
pipe performance within 25% error. Similarly, a radiative heat pipe ceiling was developed by Delpech
et al. [24] to recover heat by radiation from ceramic tiles. The heat pipe was composed of a horizontal
evaporator connected to a condenser section located outside the kiln. The system was tested in the
laboratory and confirmed the use of horizontal heat pipe evaporator sections for recovering heat from
a radiative heat source.

2.3 CFD Modelling.

Numerical simulation tools are gaining an important role in the design process of complex systems
and have demonstrated good reliability for the investigation of the intricate phenomena that
characterise these systems [25]. In addition, the design of complex systems can be improved by
adopting a numerical approach for the evaluation and testing of different solutions and
configurations. Furthermore, numerical analysis enables the study of system performance under time
dependent operating conditions. In the literature, many examples can be found of the use of
numerical tools for the simulation of energy systems in general. Regarding the ceramic industry, in
[26] a combined numerical approach has been developed in order to investigate the energy efficiency
improvement of a ceramic kiln by means of the exhaust gases recovery from a CHP turbine unit. An
additional study related to the ceramic sector can be found in [27]: a 0D/1D model has been used to
investigate the thermal fluid dynamic behaviour of a ceramic roller kiln and a mechanical stress
analysis has been performed to evaluate the final residual stresses in the product. In a similar way, a
thermal and structural numerical analysis has been used in [28] to analyse the evolution of the
temperature distribution and the thermo-mechanical stresses due to liquid aluminium injection
through a nozzle. Bhutta et al. [25] presented a review that focuses on the application of
computational fluid dynamic (CFD) analysis in the field of heat exchangers. They identified that the
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CFD technique represents a valid alternative for the design and optimization of heat exchangers since
the numerical results are in good agreement with experimental data to within 2% to 10 %. In [29] a
CFD analysis has been used for the investigation of the effect of inlet air flow maldistribution on the
thermo-hydraulic performance of heat exchangers. In 2016, Pal et al. [30] investigated the heat
transfer and flow distribution for different configurations of heat exchanger with and without baffles
and highlighted the importance of computational fluid dynamics for gaining the optimum design. In
[31] a CFD simulation and a multi-objective optimization were integrated to enhance the performance
of a heat exchanger. In 2016, Ramos et al. [32] conducted an experimental and analytical analysis on
an air-to-water heat exchanger finding a good agreement between the experimental and numerical
results in terms of outlet temperature, i.e. a difference of 3% in the evaporator and a difference of 5%
in the condenser. Danielewicz et al. [33] studied the heat losses from the pre-insulated pipes of a
district heating network, performing CFD simulations on a real underground application.

In [34], a combined numerical approach has been used to determine the performance of a heat
recovery system for the post-combustion flue gas treatment in a coffee roaster plant. In this study,
the optimization of the design of the shell and tube heat exchanger has been obtained with a CFD
approach.

In this paper, the CFD simulation of the full geometry of the convective heat pipe heat exchanger is
carried out considering the material thermal properties and the working parameters of the heat pipes.
The influence of the fins of the heat pipes on the heat recovery are considered in the calculation. The
performance of the system is investigated under actual operating conditions with a steady-state
simulation. The simulation provides the thermal behaviour of the system in terms of temperature,
pressure and velocity distribution; moreover, the heat transfer recovered in the evaporator and in the
condenser is determined. The numerical results are validated by correlating the numerical
temperatures of the outlets and the thermal power recovered by both the streams to the
experimental measurements. Delpech et al. [35] investigated numerically the impact of utilising heat
pipe technology for waste heat recovery from a ceramic kiln exhaust. The numerical model of the kiln
presented energy savings by the HPHE of 863 MWh per annum. In this study, the HPHE thermal
performance is investigated theoretically and numerically using mathematical and CFD models and
validated experimentally.

2.4 Heat Pipe heat exchanger novelty

The HPHE unit presented in this paper was applied to a ceramics roller hearth kiln under the scope of
the Horizon 2020 project, Dream, which investigated the use of novel and innovative technologies to
reduce energy consumption within the ceramics industry. Every HPHE unit has a bespoke design due
to the distinctive requirements of the end user and, as such, all HPHEs are tailor made. The HPHE
presented in this paper is a cross flow, finned, HPHE that will be fully independent and invisible to the
process operation. This type of HPHE has not been applied yet to the ceramics sector. Also, the use of
this configuration has not been investigated before for this application. In this paper, the theoretical
design of the heat pipe is presented in depth with a row-by-row analysis of the system. Also, a deep
investigation of the flow in both the evaporator and condenser sections was carried out using
Computational Fluid Dynamics software. This allows replicability and validation of the theoretical
model using both simulation and experimental investigations.
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3 Methodology

3.1 Experimental Apparatus

The HPHE was composed of 180 helical finned heat pipes arranged in 18 rows. The diameter of each
heat pipe was 38 mm, and the total length was 1.5 m. Each heat pipes were finned to enhance the
heat transfer rate. The fins were 1 mm thick at a height of 10 mm with a pitch of 4 mm. The heat pipe
shell was made of carbon steel with water as a working fluid. As shown on Figure 4, the heat pipe
system consists of a condenser section and an evaporator section. The flue gas goes through the
evaporator section at the bottom of the heat pipe heat exchanger. The heat is then transferred to the
condenser through the heat pipes. Then air is forced through the condenser section. In order to design
the system, the flue gas had to be characterised. The flue gas temperature and the composition has
been recorded using a flue gas analyser, flow meter and temperature probe (see Table 2). The HPHE
has been designed according to these results for an average heat recovery of 100 kW.

Table 1 Design temperatures for the evaporator and condenser sections

Air mass flow rate flue gas 6,000 kg/h
Air mass flow rate condenser 2,640 kg/h
Flue gas inlet temperature 204 °C
Flue gas outlet temperature 145 °C
Air inlet temperature 30 °C

Air outlet temperature 164 °C

Air outlet to
the dryer

Air inlet

&

=)

Flue gas
outlet

=)

Flue gas
inlet

Figure 4 HPHE system

The heat pipe heat exchanger has been installed on a platform located next to the kiln exhaust. A
photo of the installed system can be seen in Figure 5. The dimensions and features of the heat pipe
heat exchanger can be found in Figure 7 and Figure 8. The system has been instrumented with K-type
thermocouples on the inlet and outlet of the evaporator section (T1-T2) and on the condenser section
(T3-T4). The thermocouples were connected to a National Instruments data logger using NI PXle-4353.
Pressure sensors (Omega PX1009) have also been installed on the exhaust streams to monitor the
pressure drop of the system due to the finned design (see Figure 6). Pitot probes were installed in the
flue gas and the air stream. The flow rate in the condenser and evaporator section was controlled with
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two fans to maintain a steady temperature for the outlet temperature of the condenser section, thus
protecting the heat pipes from overheating. All the results were stored in a data logger installed on

site.
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3.2 Theoretical Modelling

The HPHE transfers the heat from the hot flue gas stream to the cold stream of air through the heat
pipes. Each heat pipe transfers the heat separately, acting as an individual heat exchanger. The heat
is transferred by forced convection from the hot flue gas to the outside of the heat pipe wall. Then it
is transferred to the inside of the wall by conduction. The saturated liquid boils and the vapour flows
up to the condenser due to a small pressure difference between the evaporator and the condenser.
Then the saturated vapour condenses, releasing the heat to the inside of the condenser wall, and
transferred to the outside of the wall by conduction. Finally, the heat is transferred from the outside
of the condenser wall to the air by forced convection. The heat transfer process is analysed following
the electrical analogy approach. In this approach, each thermal resistance is considered as an electrical
resistance as illustrated in Figure 9, and the main driving force is the temperature difference between
the flue gas and the air stream.

Pipe wall
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TTTTTTTTTTo I Tttty S
'% The outside
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cond e

Figure 9:Two-phase working cycle of a heat pipe and its corresponding thermal resistance model

The total thermal resistance of a single heat pipe, R, can be obtained by [36]:

th = Reo + Rcond_e + Rei + Rci + Rcond_c + Rco (1)

where R,, and R, are the forced convection heat transfer resistances at the evaporator and
condenser, respectively. R.opq o and Rgong o correspond to the wall radial conduction at the
evaporator and condenser, respectively. R,; and R, represent the boiling and condensation
resistances of the heat pipe (°C.W?), respectively. The boiling and condensation resistances are
obtained from the relation between thermal resistance and heat transfer coefficient as follows:

R=— (2)

with R being the thermal resistance (°C. W), h the heat transfer coefficient (W.m2.°C?), and A the
heat transfer surface area (m?).

The heat transfer coefficient for boiling was calculated from the correlation provided by Rohsenow
[37] which is recommended for a wide range of applications [38]:
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1
(o, - p) c ’
where y; is the liquid dynamic viscosity (Pa.s), hs is the latent heat of vaporization (J.kg?), g is the
gravitational acceleration (m.s?), p; and p,, are the liquid and vapour densities (kg.m?3), o is the
working fluid surface tension (N.m™), Pr = p;Cp;/k; is the liquid Prandtl number, Cp is the specific
heat (J.kg*.K?), k; is the thermal conductivity of the liquid (W.m™.K?), Csy is a constant depending on

the surface-fluid combination, and T,; and T, are the evaporator inner wall and the saturation
temperature (°C), respectively.

The heat transfer coefficient for condensation is calculated using the Nusselt [39] correlation [40]:

1/4
p(p, = pDhs gk’
(4)

.uch (Tsat - Tci)

where p; and p,, are the liquid and vapour densities (kg.m?), hs4 is the latent heat of vaporization

hcondensation = 0.943 [

(J.kg?), g is the gravitational acceleration (m.s?), k; is the thermal conductivity of the liquid (W.m™.K
Y, 1y is the liquid dynamic viscosity (Pa.s), L. is the condenser length (m), and T,; is the temperature
of the condenser wall (°C). The radial conduction resistances of the walls at the evaporator and
condenser are given as follows:

Reona = In(D,/D;)/ (27l k,) (5)

Rc,cond = ln(Do/Di)/(ZT[Lckc) (6)
D, and D; represent the external and internal diameters of the heat pipe (m), respectively. k, and k.

are the wall thermal conductivity (W.m™.K?) at the evaporator and condenser, respectively., and L,
and L, are the evaporator and condenser lengths, respectively (m).

The forced convection resistance at the evaporator R, ,,,; and condenser R ,,,; can be expressed in
terms of forced convection heat transfer coefficients and corresponding heat transfer area using Eq.
(2). To determine the forced convection heat transfer coefficient of each pipe, the correlations by
Zukauskas [41-43]can be used:

Nu = MEconvectionDo _ (3 192 (Q)O'Z (pfi)o-li% (ﬂ)—O.M Re065 pp036 (i)o,zs )

k X1 Dy Dy Prg

where Nu is the Nusselt number, hg convection iS the forced convection heat transfer coefficient (W.m"
2 K1), D, is the external diameter of the heat pipe (m), k is the thermal conductivity of the fluid (W.m"
LK?), x{ is a ratio of transverse pitch to pipe diameter, y; is a ratio of longitudinal pitch to tube
diameter, Prip is the fin pitch, Hy is the fins height. Re is the Reynolds number, Pr and Prg are the
Prandtl number of the flow and the Prandtl number at the surface temperature, respectively.

Xt and x; are given by:
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Xt = D_o (8)
)
X = D_o (9)

Srand S, are the transverse pitch and longitudinal pitch of the staggered heat exchanger (m).

The overall heat transfer area of the heat pipe for forced convection is calculated as follows:

Aeo = Aeo,bare + nEOAEO'fins (10)

Ao = Aco,bare + nCOACO'fiTlS (11)

where Ago pare and Ago pare are the evaporator and condenser outer bare areas, respectively. A, fins
and A, fins are the fin surface areas and 1, and 1, are the fin efficiencies at the evaporator and
condenser, respectively.

The fin efficiency can be calculated from [44]:

_ tanh(mgp. Yrin)

mfin- Yfin (12)
where
2hF convection

. = —. 13
Mipin J Krintrin (13)

te; Dr;
Vi = (Hﬁn + %) [1 +0.35In (%)] (14)

]

with ks, the thermal conductivity (W/m.K) of the fins and tf;, (m) the fin thickness.

As a result, the HPHE can be modelled based on the electrical analogy approach as presented in Figure
10.
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Figure 10 Thermal electrical analogy of the heat pipe-based heat exchanger

The heat recovery of the HPHE can be determined from the following equation [45]:

RHPHE

(15)

where Rypyg total is the overall thermal resistance of the HPHE. ATy, is the logarithmic mean
temperature of the inlet and outlet flue gas and air streams, which can be calculated for a counter
flow heat exchanger from [46]:

(Tflue gas,in — Tair,out) - (Tflue gas,out — Tair,in)

ATy = 16
LM In (Tflue gas,in — Tair,out) ( )
flue gas,out — Tair,in
Eqg.(15) can be written in a different form as follows:

where UA is the HPHE overall conductance (W/°C).

Based on the electrical analogy in Figure 10, the total thermal resistance Rypyg of the HPHE can be
obtained from the following equation [47]:

1 1 1 P 1 4 1
RHPHE th,l th,z th,n—l th,n ( )

where R is the thermal resistance (°C/W), the subscripts hp refers to heat pipe, and n is the number
of heat pipes in the heat exchanger. Assuming that the resistance is equal for all the heat pipes, the
total thermal resistance Ry pyp of the heat pipe heat exchanger can be expressed as:

Ry,

Rypue = (19)

Ntotal
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with Ry, the average resistance of a heat pipe (°C/W), and n the number of heat pipes in the heat
exchanger.

The heat transfer rate can be calculated from:

Q= mai‘rCP,air (Tair,in - Tai‘r,out) (20)

The effectiveness of a heat exchanger is the ratio of the actual heat transfer rate to the maximum
theoretically possible heat transfer rate

The effectiveness (€) of the HPHE is given by the following expression [48]:

Qair

Qmax

E€HPHE = (21)

Qir is the actual heat transfer rate recovered (W), and Q,,,4 is the maximum possible heat transfer
rate (W). The maximum heat transfer rate achievable by a heat exchanger depends on the inlet
temperatures of both fluids and of the minimum heat capacity rate of the fluids as follows:

Qmax = min(Tflue gas,in — Tair,in) (22)

In this expression, C,,;y, is the minimum heat capacity rate (W.K?), and Tfiue gas,in and Tgir,in are the
inlet temperatures of the flue gas and air streams, respectively. Eq.(22) stipulates that the maximum
heat transfer achievable is the case where the fluid with minimum heat capacity reaches the
temperature of the other fluid. Indeed, the heat capacity rate indicates the capacity of a fluid to
increase its temperature for a given heat transfer rate. In this study, the fluid with minimum heat
capacity rate was the air. Thus, the minimum capacity rate C,,;,, can be written as:

Cmin = mairCP,air (23)
where i, is the air mass flow rate (kg.s™), and Cp 4;,- is the specific heat of air (J.kg™.K™?).

3.3 CFD Analysis

The numerical modelling of the heat pipe heat exchanger is carried out by means of the computational
fluid dynamics code StarCCM+ 13.06.012 licensed by Siemens. Figure 11 displays the real geometry of
the analysed heat pipe heat exchanger that includes the following components: the evaporator, the
separation plate, the condenser, the inlet and outlet ducts and the heat pipes. The investigated system
includes 18 rows of heat pipes with 9 pipes per row; in order to increase the heat exchange area, the
pipes incorporate fins that are included in the calculation. The geometry includes baffles in
correspondence with each group of heat pipes in order to direct the fluid across the heat pipes. Figure
11 (b) displays the baffles for the condenser; in the evaporator the deflectors are placed on the reverse
side. The computational domain highlighted in Figure 11 takes advantages of a plane of symmetry
present in the flow; for this reason, half geometry is used in the analysis due to the symmetry with
respect to the longitudinal section.
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Figure 11 : (a) The geometry of the analysed convective HPHE, (b) condenser

Particular care is devoted to the mesh construction and the heat transfer modelling between the pipes
and the air flows in the primary and secondary streams. For the air, an ideal gas approach is used for
the simulation and the energy balance equation is solved for the enthalpy. Turbulence is accounted
for in the simulation by means of the two-equation k- omega approach [49]. Figure 12 displays the
computational grid adopted for the simulation. The grids of the evaporator and the condenser, shown
in Figure 12 (a), are constructed using a polyhedral mesh. The average size of the mesh is 20 mm with
proper refinement, i.e. 2 mm, in the regions where the fluid flows across the pipes. The computational
domain of the heat pipe fins is discretized using a Thin Mesher with an average base size of 20 mm
and a minimum size of 2 mm on the fin surfaces orthogonal to the fins’ thickness: as it can be seen
from Figure 12 (b), 4 layers have been generated in the volume distribution, i.e. direction of the fin
thickness. The grid of the separation plate is constructed using a polygonal mesh with a base size of 4
mm and 8 layers in the volume distribution, while the inlet and outlet ducts are obtained with a
polygonal mesh, i.e. 20 mm base size. The total number of cells of the entire domain of the convective
heat exchanger is 66 829 162.
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Figure 12 : (a) Computational domain of the convective heat exchanger (b) section of the mesh on a cut plane through the
evaporator and a pipe of the first row.

Different grid sizes have been tested and a mesh sensitivity analysis was conducted for an elementary
element which is representative of the entire geometry; this element, depicted in Figure 13, accounts
for a section of 15 pipes and its volume is equal to a forty-fifth of the entire geometry. In this case, the
air flow enters with a velocity imposed equal to 5 m.s. Table 2 shows the four different meshes
analysed with an average grid spanning from 28 to 16 mm for the evaporator and condenser regions.
The estimation of the number of cells of the entire calculation domain results in 50, 58, 70 and 85
million cells. The results in terms of pressure drop across the representative element investigated are
reported in the same table. The error introduced by the coarse mesh is approximately 3.4% with the
respect to the finest grid, while the error between the grid#3 and grid#4 is approximately the 0.6%.
Thus, the computational grid#3 can be considered adequate for the simulation of the case tested.

Figure 13 :Representative element considered for the mesh sensitivity analysis
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Table 2 : PRESSURE DROP CALCULATED WITH THE FOUR MESHES CONSIDERED

Computational Base Size/ Minimum N° of cells Estimated N° Pressure
Grid# Size (mm) of cells Drop (Pa)
(Approx.)
28/2.8 1,118,565 o
#01 50 million 78.0
24/2.4 1,309,056 o
#02 58 million 76.6
20/2 1,557,485 L
#03 70 million 75.6
16/1.6 1,954,151 o
#04 87 million 75.1

The influence on the accuracy of the results of the variation in the fin’s number of layers in the volume
distribution is investigated for the computational grid#3. The four computational grids investigated
are characterized by 3, 4, 5 and 6 layers in the pace between two fins of the same heat pipe. Figure 14
displays the dependency of the results on the number of layers in terms of pressure drop. No
remarkable differences are calculated in terms of pressure drop for the grid with 4, 5 and 6 layers, i.e.
less than 0.4 % between the configurations with 4 and 6 layers. The mesh selected in the simulation,
i.e. 4 layers, results to be the best trade-off between the results’ accuracy and computational effort.

Pressure Drop
76

75.5

75

74.5

Pressure Drop (Pa)

74

73.5

N° of Layers

Figure 14 : Results of the mesh sensitivity analysis in terms of pressure drop for the considered computational fluid domain.

Boundary conditions

The performance of the convective heat exchanger is determined under the reference working
condition and assuming steady state operation. Table 3 lists the design parameters of the heat
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exchanger. In this case, the temperature of the gas at the inlet of the evaporator is 210°C while the
inlet temperature of the condenser is 33°C.
The data reported in Table 3 are used as input values for the mass flow rate boundaries of the CFD

simulation, as displayed in Figure 15.
Table 3 : Operating condition for the steady state analysis

Tin_hot (oc) min_hot (kg-S'l) Tin_cold (oc) min_cald (kg-S‘l)

210.2 0.8061 33.1 0.3462

Heat pipes working temperatures
and heat transfer coefficients
(Evaporator and the Condenser)

COLD Stream
Pressure Outlet

COLD Stream
Mass Flow Inlet

(Temperature and
mass flow rate)

HOT Stream
Mass Flow Inlet
(Temperature and

mass flow rate)
HOT Stream

Pressure Outlet

Figure 15 Boundary conditions for the CFD simulation

The effect of the boiling and condensation heat transfer that takes place inside the heat pipes is also
included in the analysis using the convection boundary condition available in StarCCM+, which
calculates the thermal exchange from the environment, i.e. ambient inside the heat pipes, to the
external side of a boundary, i.e. fluid domain of the evaporator and the condenser (see Figure 15). The
“convection boundary condition feature” requires specifying the temperature and the heat transfer
coefficient (W/m2.K) for the environment that is, in this simulation, the ambient inside of the heat
pipes. Therefore, the temperature to be set is the working temperature of the heat pipes and it can
be considered the same for the heat pipe boundaries of the evaporator and condenser, since it is
assumed that the working cycle of the heat pipes is at steady state; the heat transfer coefficient set in
the software is different for the boundaries of the evaporator and the condenser because it accounts
for the contribution of the evaporation and the condensation inside the heat pipes. Due to the fact
that the heat pipe walls are not considered in the simulated geometry, the heat transfer coefficients
set in the software accounts for the contribution of the conduction in the walls, according to the
following equations:

Equation for the heat pipe wall boundaries in the evaporator:

1 1

= X D
A, + ‘I’]Aze 1 In ( O/Dl-)
hody T 2mLk (24)

e
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Equation for the heat pipe wall boundaries in the condenser:

1 1

= X D
A T4, Ing "/Di)
hod, T T 2alk (25)

4

where K, is the equivalent heat transfer coefficient for the evaporator wall boundary. h, is the heat
transfer coefficient for boiling phenomenon (W.m™2.K~1). K, is the equivalent heat transfer
coefficient accounting for the condenser wall boundary. h. is the heat transfer coefficient for

. w . N .
condensation [2—], A,; and A.; are the internal areas of the heat pipes in the evaporator and in the
m%*K

. - w
condenser, Kk is the thermal conductivity of the walls [ﬁ], A1, and A, are the bare areas for the

heat pipes respectively in the evaporator and in the condenser (m2), 4,, and A, are the fin areas for
the heat pipes respectively in the evaporator and in the condenser section (m2). 17 is the fin efficiency.
Table 4 summarizes the values calculated and used in the simulation for the heat transfer coefficients
and the saturation temperatures for each row of the heat pipes, both in the evaporator and in the
condenser. The heat transfer coefficients reported in the Table account for the contribution of
conduction in the heat pipe walls and the boiling and condensation phenomena, respectively, in the
evaporator and in the condenser.
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Table 4 :Operating parameters (temperatures and heat transfer coefficient) of the heat pipes in the evaporator (boiling) and
condenser (condensation)

Row Number Working Temperature (°C) Heat Transfer Coefficient (W.m~2. K1)
Evaporator Condenser
1 201.33 1675.49 9183.76
2 198.97 1738.03 9107.65
3 196.40 1797.51 9012.32
4 193.62 1856.17 8917.22
5 190.59 1913.54 8822.12
6 187.29 1969.16 8726.66
7 183.72 2022.64 8629.76
8 179.84 2073.06 8532.51
9 175.63 2119.98 8434.22
10 171.06 2162.60 8334.10
11 166.11 2200.05 8231.48
12 160.75 2231.35 8126.46
13 154.95 2255.63 8016.78
14 148.69 2271.51 7902.07
15 141.92 2277.85 7781.61
16 134.62 2273.21 7653.53
17 126.76 2255.93 7516.68
18 118.32 2224.41 7369.06

Furthermore, the thermal exchange with the external ambient is also addressed in the simulation in
order to simulate the convective heat exchange between the external walls of the HPHE and the
external ambient. The temperature of the ambient is set at 25°C.

3.4 HPHE Return on Investment (ROI)
The HPHE was evaluated financially using the return on investment metric (RO/). ROI can be calculated
from the following formula [18]:

_ Net Profit

" Cost of Investment
Another financial figure to evaluate the investment is the payback period which is presented as
follows:

ROI

100 (26)
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Pavback od = Cumulative Cash Flow 12 ( ths) 27)
AyDack pertod = nual Net Benefit TMONELAS (
The net profit is normally calculated per annum; hence ROl measures the percentage of gain per

annum as well.

The cost of investment is the sum of the HPHE capital cost and installation cost. The net profit is
obtained from the equivalent cost of heat recovered as a fuel cost and savings in the reduction of
CO0, trade price.

Eupue = Quene X Reime npue (28)

The additional energy saving due to utilising the HPHE as an alternative heat source instead of using a
burner is calculated as follows:

Eextra = (1 — nburner)QHI:’HE X Rtime,HPHE (29)

The efficiency of the burner varies between 0.85 and 0.99 depending on its design, R¢ime npyE i the
working hours of the HPHE per year.

Reduction in natural gas saving per year can be calculated from:

CStCOZ,reduction = mCOZ X CStCOZ,trade price (30)

CStco, trade price 1S the trade price of CO, emission per kg, and mc,is the mass of C0, saved per year due to
utilising the HPHE.

The net profit can be calculated from:

Net profit = (Eypug + Eextra) X CStyg + CSteo, reauction — CStogam (31)

Cstygis the cost of natural gas per kWh, and Cstgis the cost of maintenance due to operating the
HPHE, which is minimal, such as replacing consumables, as the HPHE does not require any specific
maintenance.

4 Results and Discussion

4.1 Experimental Results

The data were collected for a prolonged time, over 27 hours. The inlet and outlet temperatures of the
flue gas and the air stream measurements are presented in Figure 16. Flue gas and air stream flow
rates are presented in Figure 17. The kiln experienced some variation in the operating mode during
the test, which can be seen as a small temperature drop in the flue gas inlet in Figure 16, and a sudden
drop in the flue gas flow rate from 4,300 Nm3.h'! to 400 Nm3.h?, as shown in Figure 17. However, the
fans were still functioning to provide air to the dryers located after the condenser section with a
volume flow rate of 2,000 Nm3.hL, As a result, the flue gas and air outlet temperatures also decreased.
It can be observed that the HPHE had a quick response time as the flue gas outlet temperature
dropped instantly with the drop of the flue gas flow rate. However, the air outlet temperature declined
linearly, showing a thermal lag as the flue gas flow rate rose again, due to the thermal diffusivity of
the heat pipes.
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The flue gas inlet temperature varied between 180 °C and 210 °C, while the flue gas outlet
temperature varied between 110 °C and 145 °C. The air inlet temperature was around 30 °C during
the tests, while the air outlet temperature varied between 140 °C and 170 °C. It can be noticed that
the air outlet temperature was higher than the flue gas outlet temperature due to the counter-current
design of the HPHE, and since the air flow rate was two times less than the flue gas flow rate.

Flue gas and air temperatures
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Figure 16 Heat pipe heat exchanger temperatures during 27 working hours

Flue gas and air flow rates
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Figure 17 Flue gas and air flow rate measurements

A similar trend can be seen in Figure 18, which represents the heat recovered by the system over the
test period. The heat recovery varied between 76 kW and 103 kW depending on the kiln operating
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conditions. It can be seen that the maximum heat recovery was obtained when the system was at
steady state.

Experimental Heat Recovery
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Figure 18 Experimental heat recovery during 27 working hours test

4.2 Theoretical Modelling Results

The theoretical results were compared with the experimental data at steady state conditions for a
duration of one hour. The experimental values of the inlet temperatures and flow rates of the flue gas
and the air were input into the theoretical model, to predict the thermal performance of the HPHE.
The HPHE model predictions of the outlet temperatures of the flue gas and air are compared with the
measurements in Figure 19. The flue gas outlet temperature was 143 °C while the model predicted a
temperature of 149.3 °C. The air outlet temperature was 170 °C, while the model predicted the
temperature to be 176.7 °C.
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Flue gas and air temperature measurements and predictions
at steady case
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Figure 19 Flue gas and air temperature at steady state

The experimental and theoretical heat recovery during steady state conditions of flow rate and inlet
temperatures are presented in Figure 20. The experimental heat recovery was around an average
value of 99.5 kW + 0.5 kW, while the theoretical heat recovery was 100.5 kW based on the inlet

measurements.
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Experimental and theoretical heat recovery
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Figure 20 Experimental and theoretical heat recovery during steady state conditions

The temperature changes of the HPHE flue gas and air streams along the HPHE are presented in Figure
21. The temperature changes were calculated using the theoretical model, allowing for
thermophysical properties changes after each row. The temperature difference between flue gas and
air was decreasing in the direction of air flow, and it shows that the air temperature rose to get close
to the flue gas temperature at the air outlet. The effectiveness of the HPHE, &, was 81% and the UA
value of the HPHE was 1512 W.°C. The heat pipe working temperature was closer to the flue gas
temperature than to the air temperature, depending on the heat pipe and HPHE geometry and the
heat transfer coefficient at each stream. It can be also observed that the heat pipe working
temperature was changing with each row in a similar trend to that of the flue gas temperature. The
working fluid pressure inside the heat pipes varied between 2 and 15 bar depending on the working
temperature of the heat pipes as plotted in Figure 21.
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Temperature profile of the heat pipe working fluid
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Figure 21 Row by row thermal performance predictions of the HPHE

The flue gas pressure measurements at the inlet and outlet of the HPHE during the thermal steady
state are plotted in Figure 22. The flue gas inlet pressure was fluctuating between 322 Pa gauge
pressure and 363 Pa gauge pressure. The flue gas pressure after the HPHE was 314 Pa (gauge
pressure). The fluctuation in the pressure measurements could be caused by flow turbulence in the
region between the fan and the HPHE where the pressure sensor was placed. The pressure drop due
to the hydraulic resistance of the HPHE was measured to be 40 Pa.
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4.3 CFD Results

Figure 22 Flue gas pressure measurements

Temperatures, pressures and the velocity field obtained by the CFD study of the evaporator and the
condenser are reported and the recovered heat is determined. Figure 23 shows the results in terms
of temperature distribution, Figure 23.(a), and pressure distribution, Figure 23.(b), on the plane of
symmetry after 15,000 steps. As expected, it can be noticed that in the evaporator the temperature
decreases from the initial value of 210 °C to approximately 145 °C, when the fluid flows across the
heat pipes; in the condenser, the outlet temperature is approximately 180 °C. Similarly, the maximum
pressure can be registered at the inlet both in the evaporator and in the condenser; the heat pipes
and the baffles represent the main contribution for the pressure loss in both streams.
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Figure 23 (a) Temperature distribution and (b) pressure distribution on the plane of symmetry of the evaporator and the
condenser
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Figure 24 and Figure 25 show the results in terms of temperature and velocity distribution for the
simulated operating condition. The temperature and the velocity are displayed on two sections
through the central part of the evaporator and the condenser. Analysing the temperature results in
Figure 24, cold spots in the evaporator and hot spots in the condenser can be observed in the proximity
of the heat pipes; in these regions the fluid temperature reaches the working temperature of the heat
pipes. It can be seen that the fluid is well distributed in the section of the evaporator in Figure 25 (a),
and in the condenser in Figure 25 (b). A significant volume of air can be identified in both planes in the
area between the last heat pipes in the rows and the heat pipe inspection doors. The portion of
uncooled flue gas can be also identified in Figure 24 (a), while at the condenser section, the air close
to the wall is not heated up, as shown Figure 24 (b). The average temperature at the outlets of the
evaporator and the condenser are shown in Figure 26 (a): the temperature at the evaporator outlet is
147 °C while the temperature at the condenser outlet is 178 °C. The thermal power transferred in the
evaporator is 51,360 W while the thermal power recovered in the condenser is 50,678 W, see Figure
26 (b); since in the simulation it has been considered half of the real geometry, the numerical results
of the thermal power are twice these values.
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Figure 24 Temperature distribution (a) on a section through the evaporator and (b) on a section through the condenser
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Figure 25 : Velocity distribution (a) on a section through the evaporator and (b) on a section through the condenser
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Figure 26 : (a) Temperature time histories of the evaporator outlet and the condenser outlet and (b) Thermal power time
histories recovered by the evaporator and the condenser

4.4 Return on Investment Results

The installed system acted as a baseline HPHE model highlighting the potential for a HPHE system
within the ceramic industry. The system as a whole defines the potential of replicability of the
technology to have a payback period of less than 3 years. Figure 27 highlights the payback period of
15 months with the currently installed HPHE unit. The breakdown of the initial investment, power
recovered, and operational time is defined in Table 5. It can be noted that due to the nature of the
test set up, the installation cost has been omitted.
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Figure 27: Cash Flow of Installed Unit

Total Investment f 38,000
Power Recovered & Used kW 100
Additional Power Savings kw 15
Working Hours per Year h 8,760
Investment Evaluation

Simple Payback Period 15 Months

The large-scale development and production of the Heat Pipe Heat Exchanger on a commercial level
significantly reduces the unit cost due to the optimisation of design and manufacturing techniques for
mass production. The following section will calculate the RO/ on the basis of a fully disseminated unit
suitable for mass implementation within the ceramic industry. Figure 28 reflects the ROI of the
optimised unit, with an ROl of 16 months. The slight increase in ROl compared to the currently installed
system reflects the addition of the installation cost. A breakdown of the initial investment, power
recovered and running time is given in Table 6.
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Table 6: Investment Evaluation

Installation Main Data

Total Investment f 40,000
Power Recovered & Used kW 100
Additional Power Savings kw 15
Working Hours per Year h 8,760

Investment Evaluation

Simple Payback Period 16 Months

4.5 Discussion

The HPHE exhibited a fast response to changes in the inlet temperature and flow rate of the flue gas
stream. The theoretical results were in excellent agreement with the experimental results with less
than 10% error. The variance between the outlet temperature measurements and the theoretical
predictions was less than 7 °C which depends on both the error of the heat recovery prediction and
the heat capacity rate of the fluid. The accuracy of the model depends on the correlations used to
calculate the thermal resistances and approximations made in order to program the model.

The detailed calculation of the flow field in the heat pipe heat exchanger gives an opportunity to
calculate accurately the temperature distributions of the flows at the evaporator and the condenser
sides of the HPHE, as well as the velocity fields, pressure drop and the thermal performance in general
of the unit.

In particular, the temperature and the velocity fields across the system should be as uniform as
possible in order to enhance the heat recovery in the unit.
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The numerical results mentioned are in good agreement with the experimental results. Indeed, it can
be noticed that the waste heat recovery measured is 99.5 kW under steady state condition while the
numerical thermal power recovered is 101 kW; the difference between the experimental and the
calculated values is approximately the 1%.

Furthermore, it is observed that the CFD simulation is also able to reproduce the experimental results
in terms of temperatures at the outlets of the evaporator and of the condenser.

Therefore, the validation of the numerical model can be considered satisfactory, since the assessment
of the accuracy of the computational simulation by comparison with the experimental data is in the
range of 1%.

As a consequence, the CFD approach is demonstrated to be a reliable and important tool in the
investigation of the thermal performance of the HPHE because it enables a visualisation of the fluid
dynamics behaviour that cannot be identified with experiments.

Indeed, the computational fluid dynamic approach highlighted hot and cold spots as well as the flow
field distribution in the unit equipped with finned heat pipe tubes.

4.6 Uncertainty associated with the experimental results.

The uncertainty associated with the experimental heat recovery results from uncertainty associated
with the measurements of temperature and flow rate. The uncertainty associated with the
measurements of the temperature is (0.05% reading + 0.38 °C), while the one associated with the air
flow meter is £5% of the full scale as listed in Table 8. Therefore, the propagation of uncertainty
associated with experimental heat recovery can be calculated using Equation (32) according to Taylor
[42]:

SN2 (S e\
SQ — Qout % (_V) + < (Talr,out Talr,m) ) (32)
|4 (Tair,out - Tair,in)

whereS¢ . yisthe uncertainty associated with the difference in temperature, and Sy, is the
(Talr,out TaLr,Ln)

uncertainty associated with the air flow rate. The error associated with temperature difference
between the air inlet and outlet is:

— 2 2
S(Tair,out_Tair,in) - \/STair,out + STair,in (33)

Table 7: Uncertainty associated with instruments used to measure the experimental data

Parameter Sensor Uncertainty
Temperature NI PXle-4353 0.05% £ 0.38 °C
Air velocity Pitot tube type L + manometer 15 % of reading
Flue gas velocity Pitot tube type L + manometer +5% of reading
Flue gas pressure Omega PX1009 1+0.25% of reading
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As shown in Table 7 the error associated with the temperature measurements is 0.38 °C.

The maximum error associated with the experimental heat transfer rate of the HPHE are shown in
Table 8.

Table 8: Maximum errors associated with the experimental heat transfer rate

Heat transfer rate, Absolute maximum error, Maximum relative error
Qout (kW) SQ (kW)
out
76 3.81 5.01
80 3.99 5.01
95 4.78 5.01
99 4.97 5.01
100 4.99 5.01

5 Conclusion

A HPHE installed to recovery waste heat from a ceramic kiln was investigated experimentally,
theoretically, and numerically. The HPHE installed in the plant managed to recover up to 876 MWh
per year. The inlet and outlet of the system were constant at a steady state and within the design
parameters of the system. Variations occurred during the tests when the kiln was shut or in stand-by
mode. It was observed that the response time of the HPHE was fast, as once the flue gas is introduced
into the evaporator section, the air outlet increases soon after. The HPHE thermal performance was
predicted theoretically, and the predictions were in agreement with the experimental results. The
predicted heat recovery was 100.5 kW while the measured heat recovery was 99.5 kW. Moreover, a
steady state CFD simulation of the full geometry of a heat pipe heat exchanger has been carried out
and the thermal performance of the HPHE has been investigated. The CFD model accounts for the full
3D geometry of the system that includes the evaporator, the condenser, the separation plate and 18
rows of finned heat pipes tubes. The thermal performance of the simulated geometry is estimated by
implementing the design parameters as boundary conditions, i.e. temperatures and flow rates of the
primary and secondary flows, respectively, in the evaporator and in the condenser. The numerical
results demonstrated that it is possible to recover a thermal power of approximately 101 kW in the
unit; the numerical results are finally compared with the experimental data and the error between
the experiment under steady state conditions and the calculations was approximately the 1%. The
validation of the theoretical model developed in this paper can lead to a replicability tool to be used
on an industrial level. As the tool can be easily adapted to the requirements, the design, fabrication
and installations processes of HPHE, the developed approach will lead to significant amount of waste
heat recovered and lower greenhouse gases emissions. By developing a CFD model, this paper will
contribute to the advancement in the management of fouling and fluid dynamics improvement on
both the condenser and evaporator section of a HPHE.
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