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Abstract
Energy efficiency is a key goal for the Quooker system. To further increase the energy efficiency of
the Quooker system, this study investigates a possible heat integration system where the waste heat
from the refrigeration cycle for chilled drinking water is implemented to preheat water before entering
the boiling water reservoir.

Due to the intermittent nature of both the supply of heat, which is coupled to the control scheme
of the chilled water reservoir and the demand for heat, which is determined by the user, a thermal
storage system is required. Literature showed that the best refrigeration system for this application
was a vapour compression system using a natural refrigerant such as isobutane. The most efficient
heat storage could be done using organic phase change materials (PCM). Using a PCM allows the
system to retain more energy in the same volume due to the latent heat in the system. To enhance
the heat transfer between the fluid streams and the PCM, a fin-and-tube heat exchanger concept was
designed. This concept, coupled with existing Quooker system demands, leads to a preliminary set of
design requirements as well as a set of variables left to be optimised by modelling. The heat transfer
from the refrigerant to the tubes was modelled using known correlations for condensation in tubes. The
heat transfer between tubes and fins was modelled using a two-dimensional finite difference scheme.
The heat transfer between the tubes and the water was modelled using forced convection models. The
models gave dimensions for the size of the PCM container, the number of passes for each fluid stream
and the thickness and spacing of the heat transfer fins.

An experimental setup based on the optimal design was created to validate the models. The results
showed that PCM storage is an effective manner to store thermal energy. Heat transfer was significant
in the regions surrounding the tubes. Further away from the tubes, the fins did not provide enough
heat transfer to utilise the whole storage capacity effectively. In its current design state, the system
would have an economic payback time of around 20 years. With small design improvements, such
as increasing the fin thickness and decreasing the fin distance, the payback period can be brought
down significantly. The added product value from being a more efficient product makes the concept
promising for future implementation.
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1
Introduction

Since the conception of the Quooker system in 1970, innovation and development have been central
to the company. The product represents a radical change in consumer boiling water delivery from a
time-consuming process to instant gratification. Further innovation has led to the addition of cooled
drinking water as an extra option, and later the system added carbonated water to its capabilities. The
product Quooker B.V. develops and sells is a household faucet capable of instant dispensing of chilled,
carbonated, warm and boiling water.

Quooker was the first company to bring this product to market and has always strived to be a market
leader. Innovation is critical to maintaining this competitive advantage. A key factor that has always
been central to the product has been energy usage. While early models still had high energy demand,
today’s energy losses have been minimised to a standby loss of 10 W [25]. The continued lowering of
the energy demand of the product is a crucial goal.

With the introduction of the refrigerated water dispenser to the product range, an opportunity arises
to save more energy. One piece of equipment cools water with the removed heat thrown out. In the
next piece of equipment, water is heated. Smartly integrating these systems can lead to a further
decrease in energy demand. Lowering the energy demand of the product is multifaceted. It appeals
to the consumer financially, and it also benefits the environment. Besides ensuring an innovative and
competitive image, an integrated, more energy-efficient product will benefit all its users. A successful
design will serve as the basis for future Quooker products.

1.1. Current Product
The Quooker system is built up of multiple elements. Figure 1.1 shows a schematic depiction of the
system. The Quooker system has elements above the counter and below the sink. Above the counter,
one or two faucets are present, depending on customer preference. The faucets, controlled by the
user, dispense the water at different temperatures. These are boiling water, regular tap water ranging
from hot to cold and further cooled water. The cooled water can also be dispensed with carbonation.
Under the kitchen counter, one or two reservoirs are present. The primary reservoir is responsible for
heating and storing water. From this point on, the primary reservoir will be called the Quooker. Water
from the primary domestic water source flows into the Quooker, where a heating element at the bottom
of the tank heats the water to 110 ∘C. This heating element has a capacity of 1600 W. The water is kept
at a pressure of at least 1.2 bar to ensure it does not boil. A valve opens when a signal is sent from the
faucet to the Quooker. The pressure causes the boiling water to be dispensed instantly. A specialised
dispenser releases the pressure at the tap causing the water to boil on exit. A second reservoir can
be purchased in addition to the first. This unit is called the Cube. The Cube cools the water using
a vapour compression refrigeration cycle which can be seen in figure ??. This cycle operates at an
evaporation temperature of 3 ∘C and a condensation temperature of 35 ∘C in normal operation. The
cooling capacity is 140 W. In continuous operation, the coefficient of performance (COP) of the system
is 3.6. The complete cycle can be seen in Appendix A. The Cube also possesses a carbon dioxide
cylinder and a water filter. This reservoir can also be connected to the same faucet allowing the user
to dispense cold and carbonated water.

1
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Figure 1.1: Schematic dedication of the Quooker system

1.2. Problem Description
Two areas can be looked at to improve the system’s efficiency: the standby losses of the hot water
reservoir and the heating and cooling efficiencies of the two systems. The standby losses in the current
system have been minimised to 10 W. This has been achieved by the meticulous design of an insulated
vacuum layer around the reservoir and by minimising contact surfaces. Therefore, minimising the
standby losses is not an area where significant gains can still be made. The Quooker system warms
its water using an electric heating element. This element is surrounded by water and thus nearly has
100% electrical efficiency. Improving this efficiency is also not reasonable. This thesis will look into
the possibilities of reducing the total energy demand of the system. The current system involves two
subsystems requiring energy as input, and both release heat to the surroundings. Due to the addition
of the cooling system, more opportunities arise to save energy. Equations 1.1 and 1.2 show an energy
balance of the current system:

𝑊𝑖𝑛,𝑄 = 𝑄𝑜𝑢𝑡,𝑄 (1.1)

𝑊𝑖𝑛,𝐶(𝐶𝑂𝑃 + 1) = 𝑄𝑜𝑢𝑡,𝐶 (1.2)

with 𝑊𝑖𝑛.𝑄 as the electrical power input to the Quooker and 𝑊𝑖𝑛,𝐶 as the mechanical work by the com-
pressor in the cooling cycle. 𝑄𝑜𝑢𝑡,𝑄 is the heat loss to the surroundings from the Quooker, and 𝑄𝑜𝑢𝑡,𝐶
is the heat lost to the surroundings by the cooling cycle primarily from the condenser. The 𝐶𝑂𝑃 of the
cooling cycle is given by:

𝐶𝑂𝑃 = 𝑄𝑐𝑜𝑜𝑙
𝑊𝑐𝑜𝑚𝑝

(1.3)

where 𝑄𝑐𝑜𝑜𝑙 is the cooling capacity and𝑊𝑐𝑜𝑚𝑝 is the compressor work.
Examining these equations makes it clear that there is potential for energy saving as both 𝑄𝑜𝑢𝑡,𝑄

and 𝑄𝑜𝑢𝑡,𝐶 are unwanted byproducts with potential uses. A fully integrated system could lead to new
areas of energy reduction. Reusing waste heat from the refrigeration cycle will require less input work
in the boiler. Heat transfer solutions will need to be tailor-made to fit the system. It is not plausible or
even possible for a user to simultaneously demand boiling and cold water. Combined solutions will, for
that reason, require buffering or energy storage components. Usage profiles will need to be applied to
the design choices to decide the optimal design.
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1.3. Product Requirements
The design aims to be an improvement on the current design. For this reason, the final design will need
to have the same capabilities as the current system with lower energy demand.

Requirement Value
Boiling Water storage 3 L
Chilled water storage 2. 5L
Boiling water flow rate 3 L/min
Chilled water flow rate 2.4 L/min
Carbonated water flow rate 2 L/min
Heating capacity 1600 W
Cooling capacity 140 W
Cooling COP 3.6
Boiling water dispensing Temperature 100 ∘C
Chilled water dispensing Temperature 4-6 ∘C

Table 1.1: Design requirements of the product

1.3.1. Reservoir Temperatures
The temperatures in the reservoirs themselves are not necessarily fixed. The current system keeps
the temperature of the boiling water reservoir between 108 ∘C and 110 ∘C. The temperature in the cold
water reservoir is held between 4 ∘C and 7 ∘C. These storage temperatures are practical as no further
heat transfer is required to make the water reach the desired dispensing temperatures.

1.3.2. External Requirements
Besides the primary requirements mentioned above, the product also has some external requirements.
Firstly it needs to comply with all environmental regulations. Besides these regulations, Quooker tries
to design its products to be future-proof. This means that borderline cases and any ethical dilemmas
are avoided. A long lifespan is desirable. Current aims are at least ten years, with many products
lasting 20 or more. Health and safety considerations also apply. Dangerous substances should be
avoided or adequately dealt with to ensure safe product delivery. When dealing with water at warm
temperatures, legionella needs to be considered.

1.4. Problem Definition
This thesis aims to design a system with a lower energy demand than the current system while retaining
all the current system’s capabilities. To achieve this goal, a few questions will need to be answered.

• What is the best refrigeration technique for this application?

• Which energy storage method should be utilised to bridge the gap between energy production
and need?

• How should these technologies be implemented in an integrated design?

1.5. Motivation
The motivation for this project is threefold. First, the use of energy from fossil fuels has caused a
significant increase in greenhouse gas emissions. Global warming and climate change caused by these
emissions are some of society’s biggest challenges. Global energy demand is rising, and the energy
transition is not happening fast enough. Reducing energy demand is thus as critical as ever. Reducing
the energy demand of the Quooker system decreases the total energy requirement for society’s hot
water needs. Not only does this thesis aim to benefit society on an energetic level, but it also aims to
innovate and advance the state of understanding. The successful design of this product could inspire
other products to implement similar systems to save more energy in similar manners. Finally, there is a
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commercial aspect as well. A product with lower energy demand is a better product and hence, more
marketable. This can be profitable for Quooker and the customer who spends less on energy.

1.6. Structure
This study begins with a review of the current literature and available technologies. Selection criteria are
set up based on the accrued information, at which point a selection is made on heat transfer method,
energy storage method and general process design. The design requirements will be set based on
the chosen technologies. Modelling will then determine variables from the design. This will lead to a
prototype design which is manufactured and tested. These results will be analysed and will be used to
set up an economic case for the product. Conclusions and recommendations will be drawn based on
the model, the prototype and the economic case.



2
Background Information

This chapter will discuss the literature and available information relevant to the research. Due to the
nature of the assignment, the scope of literature retrieval is broad. More in-depth information may be
needed when further design choices are made. The chapter is split into four sections. The first section
discusses different refrigeration techniques. Energy storage possibilities are examined in the second
section. The third section looks into the usage of the product.

2.1. Refrigeration Technologies
Refrigeration is the thermodynamic process of removing energy from a lower-temperature source and
delivering it to a higher-temperature sink. Often this involves removing heat from a body or fluid to
keep it at a temperature lower than its surroundings. Net positive work is applied to the system to
achieve this goal. The ratio of the heat removed from the source to work applied to the system is the
COP. The ideal refrigeration cycle is the Carnot cycle. The Carnot cycle reversibly transfers energy
and entropy from the source to the sink. In other words, the Carnot cycle is the refrigeration cycle
with the maximum COP. Actual refrigeration cycles will not achieve this efficiency level as the heat
transfer between the refrigerant and the source and sink will not be reversible. A significant temperature
delta is required to achieve significant heat transfer. This irreversible process causes reduced COP.
There are multiple techniques to achieve this effect. The technique with the best COPs among existing
refrigeration technologies is vapour compression [21].

2.1.1. Vapour Compression
Vapour Compression is the most mature refrigeration technology [8]. Ever since chlorofluorocarbons
(CFC) and hydrochlorofluorocarbons (HCFC) were discovered to have efficient refrigerant properties,
vapour compression has been the dominant source of cooling technology. A vapour compression
refrigeration cycle consists of 4 steps:

• The refrigerant passes through the evaporator. The heat from the volume to be cooled causes
the refrigerant to evaporate. The energy that passes through the heat exchanger here is the
refrigeration capacity 𝑄̇𝑖𝑛.

• The refrigerant leaves the evaporator as a gas and enters the compressor, where it is compressed
to higher pressures and temperatures. The compressor work is𝑊.

• The refrigerant then passes through the condenser, where the gas condenses and releases its
heat to the surroundings. 𝑄̇𝑜𝑢𝑡 denotes the energy released.

• The refrigerant enters the expansion valve releasing the pressure to meet the evaporator pres-
sure.

Figure 2.1 shows a schematic diagram of the steps and a temperature-entropy diagram of a typical
cycle. The only power input to the system is the compressor. Thus the COP of the system is 𝑄̇𝑖𝑛

𝑊̇ .
Vapour compressors fall into three different categories:

5
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Figure 2.1: Vapor Compression Cycle. A shows the 4 stages of the cycle. B shows a Temperature entropy diagram of a typical
vapour compression cycle [19].

• Reciprocating compressors

• Rotary compressors

• Kinematic compressors

An example of a reciprocating compressor is a bike pump. Rotary compressors increase the pressure
by continuously decreasing the volume of cavities. Kinematic compressors apply kinetic energy to the
gas. The kinetic energy is then converted to pressure.

Condenser selection
The condenser plays a vital role in transferring waste heat to the storage medium or the drinking water
itself. The method of Sinnott and Towler details the condenser design method [38]. There are four
categories of Shell and tube condensers:

• Horizontal, with condensation in the shell and the cooling medium in the tubes

• Horizontal, with condensation in the tubes

• Vertical, with condensation in the shell

• Vertical, with condensation in the tubes

The most commonly used types are vertical tube-side condensation and horizontal shell-side conden-
sation. A horizontal system with condensation in the tubes is not commonly utilised. This arrangement
is used for heaters and vaporisers using condensing steam as the heating method. Sinnot and Towler
give equations describing the heat transfer coefficients of each arrangement. The heat transfer coeffi-
cient of condensation outside horizontal tubes is given by:

(ℎ𝑐)1 = 0.95𝑘𝐿 [
𝜌𝐿 (𝜌𝐿 − 𝜌𝑣) 𝑔

𝜇𝐿Γ
]
1/3

(2.1)

Where (ℎ𝑐)1 is the mean condensation film coefficient for a single tube, 𝑘𝐿 is the thermal conductivity
of the condensate, 𝜌𝐿 is the density of the condensate, 𝜌𝑣 is the vapour density, 𝜇𝐿 is the viscosity of
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the condensate, 𝑔 is the gravitational acceleration, and Γ is the condensate flow per unit length of tube
[38]. For condensation inside and outside vertical tubes, the condensation coefficient is given by:

(ℎ𝑐)𝑣 = 0.926𝑘𝐿 [
𝜌𝐿 (𝜌𝐿 − 𝜌𝑣) 𝑔

𝜇𝐿Γ𝑣
]
1/3

(2.2)

where Γ𝑣 is the vertical tube loading [38]. This vertical tube loading is given by :

Γ𝑣 =
𝑊𝑐

𝑁r𝜋𝑑𝑜
or

𝑊𝑐
𝑁𝑡𝜋𝑑𝑖

(2.3)

where𝑊𝑐 is the total condensate flow, 𝑁𝑡 is the number of tubes and 𝑑𝑜 and 𝑑𝑖 are the outer and inner
diameter respectively [38]. Equation 2.2 only applies when the Reynolds number is 30 or below. The
Reynolds number in the condensate film is given by:

Rec =
4Γv
𝜇𝐿

(2.4)

When Reynolds numbers exceed 30, waves form in the condensate, causing the heat transfer coeffi-
cient to increase. Equation 2.2 is thus still valid as a conservative, safe estimate. Condensation inside
a horizontal tube depends heavily on the flow that is present. During condensation, the flow will vary
from a single-phase vapour flow at the inlet to a single-phase liquid flow at the outlet. The coefficient
for a condensing flow in a horizontal tube can be estimated using two equations. Equation 2.5 is for
a stratified flow. Equation 2.6 is for annular flow. The higher of the two values should be used for the
condensing flow coefficient.

(ℎ𝑐)𝑠 = 0.76𝑘𝐿 [
𝜌𝐿 (𝜌𝐿 − 𝜌𝑣) 𝑔

𝜇𝐿Γ𝑘
]
1/3

(2.5)

(ℎ𝑐)𝑅𝐾 = ℎ′𝑡 [
𝐽L/21 + 𝐽1/22

2 ] (2.6)

where
𝐽 = 1 + [𝜌𝐿 − 𝜌𝑉𝜌𝑣

] 𝑥 (2.7)

for the inlet and outlet conditions. X is the vapour quality [38].

Superheating and subcooling
When the vapour enters the condenser above the condensation temperature, it is considered super-
heated, and when it is below the condensing temperature after leaving the condenser, it is considered
subcooled. Figure 2.2 shows subcooling and superheating on an enthalpy-pressure chart for a typical
refrigerant. The temperature profile may need to be split into two sections when dealing with super-
heating. The superheated vapour will condense onto the tubes if the tube wall temperature is below
the dew point. If the superheat is less than 25% of the latent heat and the outlet coolant temperature is
well below the vapour dew point, the desuperheating can be lumped with the latent heat. This condition
allows the total heat transfer area to be calculated using the mean temperature difference based on
saturation temperature and the film condensate heat transfer coefficient [38].

Refrigerant selection
An essential part of creating a vapour compression cycle is refrigeration selection. Multiple criteria must
be considered when selecting a refrigerant, but they can all be placed in three categories: performance,
safety and environmental impact [21]. Performance criteria include the required cooling or heating ca-
pacity, reliability and costs. Safety criteria usually involve decisions against toxic or flammable sub-
stances. Finally, environmental impact can be placed in two categories: global warming and ozone
depletion.

First, the performance criteria are examined. The refrigerant choice depends on the temperatures
of the cold and hot regions surrounding the evaporator and condenser. These temperatures deter-
mine the operating pressures in the evaporator and condenser. Large pressure differences are often
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Figure 2.2: Superheating and subcooling on a pressure enthalpy diagram of a typical refrigerant [27].

undesirable, meaning the pressure-temperature relation of the medium in the desired range is of vital
importance [21]. Another performance criterion is the chemical stability of the refrigerant. Higher chem-
ical stability avoids depletion of the refrigerant and increases system lifetime. Practical performance
criteria also apply, such as price and compatibility with materials [19].

The history of refrigerants is also very entangled with environmental effects. Before the 1930s,
accidents associated with refrigerants were common due to the prevalent use of toxic and flammable
refrigerants [12]. This led to the development of less hazardous synthetic refrigerants, namely CFCs
and HCFCs. The refrigerants became widely used due to their highly stable structures. Towards the
1980s, it was discovered that refrigerants containing chlorines were harmful to the environment. The
discovery of the damaging effects of CFCs on the ozone layer caused international bans on the use of
these refrigerants. Refrigeration also accounts for 7.8% of the total greenhouse gas emissions. While
a large part of this stems from the indirect emissions related to energy generation using fossil fuels, a
significant portion also stems from the refrigerant itself [19]. All refrigerants are given a rating on these
two environmental factors. The ozone depletion potential (ODP) and global warming potential (GWP).
With all refrigerants with anyODP being banned, GWP became the leadingmetric. TheGWPmeasures
the climate impact of the refrigerant relative to carbon dioxide (CO2). GWP values of refrigerants can
range from 0 to above 20,000. Due to the high GWP of HCFCs, these are now being phased out
worldwide [19]. These refrigerants are often replaced by natural refrigerants such as ammonia, CO2
and hydrocarbons. These all have no ODP and low or no GWP. Only natural refrigerants will thus be
considered here.

R600a
The current system implemented by Quooker to cool water uses R600a. R600a is the natural refriger-
ant, iso-butane. It has no ozone depletion and a low GWP of 3.3. It does come with the disadvantage of
being flammable. This means that certain safety measures need to be taken. R600a is one of the most
commonly used refrigerants in household refrigeration despite its flammability [10]. Table 2.1 shows
the thermal properties of R600a. Next to the good thermal and environmental properties, iso-butane
also has a low cost when implemented on a small scale. In large-scale implementations, flammability
concerns raise the price, but the safety measures are still relatively cheap on a domestic scale [19].
Other hydrocarbons can also be used as refrigerants, and they will behave similarly to iso-butane with
slightly different properties.

Ammonia
Ammonia is a refrigerant with very favourable thermodynamic properties. These can be seen in table
2.2. The cycle operates the same way as the isobutane cycle, meaning the heat rejection happens
under the critical point using condensation. Due to the high enthalpy of vaporisation, ammonia has
one of the highest refrigeration capacities per unit of mass. This makes ammonia an attractive choice.
Other advantages are the environmental effects. Ammonia has no ODP or GWP. Ammonia is also
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Table 2.1: Refrigerant properties of R600a [22]

Property R600a
Formula 𝐶4𝐻10
Molecular mass 58 g/mol
Ozone depletion potential 0
Global warming potential 3.3
Critical temperature 407.81 K
Critical pressure 3.63 MPa
Boiling point at 1 bar 261.4 K
Freezing point at 1 bar 113.73 K
Enthalpy of vaporisation at 273 K 355 kJ/kg

Table 2.2: Refrigerant properties of ammonia [23]

Property Ammonia
Formula NH3
Molecular mass 17 g/mol
Ozone depletion potential 0
Global warming potential 0
Critical temperature 405.5 K
Critical pressure 11.28 MPa
Boiling point at 1 bar 229.81 K
Freezing point at 1 bar 195.42 K
Enthalpy of vaporisation at 273 K 1263.2 kJ/kg

abundantly available, making the fluid cheap. There are three disadvantages to using ammonia as a
refrigerant. Firstly, it is not compatible with copper, so copper pipes can not be used. Switching to
steel installations causes higher prices. Secondly, ammonia is poisonous in high concentrations. Two
factors lower this risk. Ammonia has a distinctive smell that is detectable at very low concentrations
before these concentrations reach dangerous levels. Ammonia is also lighter than air. In the case of
a leak, the ammonia will rise and disperse into the atmosphere. Thirdly, pure ammonia gas is highly
toxic. This is the reason why domestic refrigerators do not use ammonia [24].

Trans-critical CO2
CO2 is also a refrigerant returning to prevalence after CFCs were banned and HCFCs started getting
limited. It is a natural refrigerant, and it has a comparatively low impact on the environment. It has no
ozone depletion potential, and its global warming potential is one. It is also appealing when safety is
considered as CO2 is non-toxic and non-flammable, and non-corrosive. Economically it is also readily
available and cheap, as it is a waste product in many industries. CO2is unique compared to other
refrigerants as it has a low critical temperature. At 73.7 bar, CO2 becomes supercritical at 31.1 ∘C [3].
A transcritical CO2 cycle works slightly differently from a conventional vapour compression cycle. The
difference is that the heat rejection occurs above the critical point of the CO2. There is no saturation
condition at these conditions, and the pressure is independent of the temperature. In the transcritical
cycle, a gas cooler replaces the role of the condenser in the conventional refrigeration cycle. The
heat absorption still occurs similarly to a normal vapour compression cycle using an evaporator at low
pressure [40]. Figure 2.3 shows the difference.

Table 2.3 shows the properties of CO2. One advantage of a CO2 cycle is the use of sensible heat
rejection by the gas cooler compared to the latent heat rejection in a condenser. This means that a
large temperature difference can be addressed [3]. The major disadvantage of the transcritical system
is the immense pressure difference that needs to be overcome to bring the CO2 to the transcritical
region. This requires an expensive compressor, and all surrounding parts need to be resistant to high
pressures. Furthermore, increased regulations further raise the costs of CO2 as a refrigerant.
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Figure 2.3: Conventional vapour compression cycle (a) and a transcritical vapour compression cycle (b) [29].

Table 2.3: Refrigerant properties of CO2.

Property Carbon Dioxide
Formula CO2
Molecular mass (g/mol) 44
Ozone depletion potential 0
Global warming potential 1
Critical temperature (K) 304.1
Critical pressure (MPa) 7.37
Boiling point at 1 bar (K) 194,67

2.1.2. Thermoelectric
A thermoelectric cooler is based on the effect discovered by Peltier in 1834. Gurevich [13] defines the
effect as ”the absorption or evolution of heat (in addition to the Joule heat) at the junction between two
conductors through which a dc electric current passes.” This means that multiple thermocouples are
connected electrically in series and thermally in parallel. The thermocouple, shown in figure 2.4, is
made up of an n-type and p-type semiconductor. On one side, they are joined by a conductor. When
the current flows, the electrons in the n-type semiconductor flow from the junction toward the bottom.
Simultaneously, the positively charged holes in the p-type also flow towards the bottom. The energy
to form these holes and electrons comes from the junction causing the junction to cool. On the other
side, holes and electrons are recombined, releasing energy as heat.

This means that excellent conductors connect p and n-type doped semiconductors. A potential
across the system drives current through the semiconductors and connectors. Conventional thermo-
electric cooling devices consist of hundreds of pairs of semiconductors organised into grids, causing
one side to be cooled and the other to be heated. Peltier elements can have certain advantages. They
are highly reliable. They have no moving mechanical parts. They are small and lightweight. They
also do not require any fluids. As a result, they benefit DC sources such as photovoltaics and fuel
cells or dc sources in cars. The applications of Peltier cooling have been reviewed. When regarding
high-performance electronic cooling applications, Peltier coolers are not appropriate. This is because
thermoelectric materials do not have good enough COPs [34]. Thermoelectric coolers are essential
for niche applications with limited cooling requirements, specifically under 25W, such as small cool-
ers. They are also crucial for applications where the energy demand is not a critical issue(e.g., military
applications) [28]. The performance of a thermoelectric household refrigerator is much lower than a
conventional vapour compression refrigerator [4]. Disadvantages associated with thermoelectric cool-
ing are often the cost and the low efficiency [42].

2.1.3. Alternative Cooling Methods
Many emerging cooling techniques are currently less commonly used. Tassou et al. [36] have reviewed
the state of these technologies and their relevance to food refrigeration applications. Table 2.4 shows
these technologies.

One of these techniques is absorption. The critical uniqueness of absorption is that it is heat-driven
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Figure 2.4: Simplified diagram of the Peltier effect. Current flows through an N-type semiconductor pulling heat from the cooling
side to the sink. The current flows through the cooling side into the P-type, where heat is again pulled from the cooling side to
the sink [26].

Table 2.4: Emerging refrigeration technologies [36].

Technology State of Development Cooling capacity of
presently available
or R&D systems

COP of presently
available or R&D
systems

Air cycle Bespoke systems available 11 kW–700 kW 0.4–0.7
Sorption-
Adsorption

Systems for refrigeration appli-
cations at R&D stage

35kW-MW 0.4-0.7

Ejector Bespoke steam ejector systems
available

kW to 50 MW <0.3

Stirling Small capacity ‘Free’ piston sys-
tems available. Larger systems
at R&D stage

15-300 W 1-3

Thermoacoustic R&D stage. Predicted commer-
cialisation: 5–10 years.

<1 W <1

Magnetic R&D stage. Predicted commer-
cialisation 10 plus years from
now

<540 W 1.8

rather than work-driven, like vapour compression cycles. Figure 2.5 shows the absorption refrigeration
cycle. Instead of the compressor, an absorber is used with a solution pump, a solution heat exchanger
and a generator. The generator adds heat to the high-pressure solution made up of absorbent and
refrigerant. This releases the refrigerant vapour that can be condensed and flashed to a lower pressure.
The solution without refrigerant is sent back to the absorber through a heat exchange followed by a
pressure release valve. The refrigerant at low pressure takes in heat which provides the refrigeration
effect. The low-pressure refrigerant vapour then gets absorbed in the absorber, and the liquid is pumped
to a higher pressure, where it enters the generator at a higher pressure. Heat is added here to repeat the
cycle. Absorption cooling is generally preferential when a significant waste source of heat is available to
be used in the generator. The economical range where absorption refrigerators are economical starts
at a cooling capacity of 100 kW. Small absorption refrigerators are used in hotels or offices where
compressor noise is highly undesirable. In these systems, the required heat is supplied by an electrical
heater [7].
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Figure 2.5: Basic Absorption cycle [9]

Air cycle systems are similar to vapour compression in that they involve compression and expansion.
Refrigeration occurs by subjecting air to compression, cooling at constant pressure, and expansion to
a lower temperature, which can be used to cool a medium. The difference to conventional vapour
compression is the lack of phase change; thus, only sensible heat is used. Multi-stage compression
with intercooling can be used to improve performance. Air cycles can achieve temperatures down to
-100 ∘C but suffer from low COPs.

Ejector systems are thermally driven systems. Figure 2.6 shows the ejector cycle. The ejector
system contains two loops. These are the refrigeration loop and the power loop. In the power loop,
low-grade heat evaporates a high-pressure refrigerant. It then flows through the ejector nozzle, where
it accelerates, reducing the pressure. This lower pressure pulls in vapour from the evaporator, which
mixes, after which the pressure is recovered. The mixed fluid enters the condenser, where heat is
rejected. Some of the fluid exiting the condenser is pumped to the boiler to completer the power cycle.
The rest expands through an expansion valve to reach the evaporator, where the refrigeration occurs.
This flows back into the ejector. The significant advantage of these systems is that they do not need
moving parts. This makes them especially useful for waste heat sources or solar heat sources. The
COPs of these systems are also relatively low.

Stirling engines use a free piston with a hot end space and a cold end space on either side of a
displacer. The cycle begins with the piston moving in to compress the gas at the hot end, which causes
heat rejection on the hot end. The displacer then moves the gas to the cold end. The piston then moves
out, expanding the gas at the cold end and causing refrigeration. The displacer then moves the gas
back to the warm end. While the COPs of Stirling engines are relatively high, they still can not compete
with vapour compression cycles. As a result, the costs of Stirling engines are also higher.

Other systems exist that are in the early research & development stage. These systems operate on
similar principles. A substance is heated using a unique property of this material, after which it rejects
heat to the surroundings. The external effect is then removed. This further lowers the temperature to
a point where it can cool another medium. Thermoacoustic cooling uses a working gas that heats up
when it resonates with the sound waves. Magnetic cooling uses magnetocaloric fluids, which gain heat
when a magnetic field is applied. Electrocaloric fluids work in the same way but then with an electric
field. These systems still require development to improve efficiency or capacity.
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Figure 2.6: Basic Ejector cycle [43]

Figure 2.7: Stirling refrigeration cycle [36]

2.2. Energy Storage Methods
Because warm and cold water are not dispensed simultaneously in the Quooker system, energy will
need to be stored somewhere in some shape or form. The usage scenarios will change the required
energy storage. This section will look into different types of energy storage applicable to other sys-
tems. There are a multitude of energy storage techniques outside of thermal energy storage. These
techniques can be placed in different categories. Mechanical storage techniques involve potential or
kinetic energy storage, such as pumped hydro storage or flywheels. Electrical storage can be done
using supercapacitors. Chemical storage is also possible using batteries or fuel cells [11]. The prob-
lem with all these techniques is that they involve conversion to other energy forms. The energy that is
being dealt with in this project is all thermal. Losses always accompany conversion processes. For this
reason, only thermal energy storage will be examined, which can be done in two methods: sensible
heat and latent heat.
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2.2.1. Sensible Heat Storage
Sensible heat storage stores energy in the temperature change of material. This material can be of
any phase: solid, liquid or gas. The amount of energy that can be stored (𝑄) depends on the amount
of material present, denoted by its mass (𝑚), the specific heat capacity of the material (𝑐𝑝) and the
temperature change applied to the material (Δ𝑇).

𝑄 = 𝑚 ⋅ 𝑐𝑝 ⋅ Δ𝑇 (2.8)

Water is a common sensible heat storage medium. Other materials, such as oils, molten salts, or liquid
metals, can be used at higher temperatures. Sensible heating systems are very stable. Sensible heat-
ing materials are often low in cost. The main disadvantage of sensible heat storage, which is inherent
to the storage mechanism, is the stability of the temperature during discharge. As the discharge pro-
cess continues, the temperature difference between the storage medium and working fluid decreases
gradually [16]. Another disadvantage is that compared to the latent heat capacity of materials, the
specific heat capacity is up to 2 orders of magnitude smaller. This results in a lower energy density for
sensible heat storage when the temperature differences are minor. Large temperature ranges can be
implemented to counter this lower energy density [2].

Sensible Heat Storage Materials
The material choice is critical for a sensible heat storage system. Figure 2.8 shows the essential prop-
erties of sensible heat storage materials. A high energy density is crucial as less material is required to
store the same amount of energy. High thermal conductivity is also preferential as heat can be stored
in the medium more efficiently.

Figure 2.8: Specific heat capacity and Thermal conductivity as a function of density for sensible heat materials. [17].

Water is a common choice as it has a high specific heat capacity. Water can be used between 0 and
100 ∘C. It has a high specific heat capacity which makes it an attractive choice. Furthermore, water is
abundant, relatively cheap and not dangerous or harmful [32]. It is also easily circulated. Depending
on the situation, it can double as a heat transfer fluid and thermal energy storage medium. It is well
suited for all domestic and food applications due to safety considerations. However, water does have
some drawbacks. It is corrosive, which makes it unsuitable for some applications, and it can form a
thermocline when liquid.

Thermal oils are another interesting material for sensible heat storage. These oils are organic fluids
with good heat transfer properties. They are usually colourless liquids with higher boiling points than
water. An example of an available temperature range of thermal oil is 12 ∘C to 400 ∘C. They also have
low vapour pressures. Furthermore, they have low viscosity and good flow properties. However, they
do suffer from poor thermal conductivity. Thermal oils, like water, can form a thermocline in a liquid
state. Thermocline thermal energy storage systems typically have a packed bed of rocks or sand with
the thermal oil acting as the heat transfer fluid. Due to the wide temperature range, thermal oils are not
prone to freezing. Compared to water, they do have a lower specific heat capacity. They also have the
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potential to degrade over time, especially when the temperature loading is severe. Finally, thermal oils
can also be a fire risk as the vapours are flammable [2].

When the temperature range of thermal oils has been exceeded, molten salts become an interesting
material. The preferred range for molten salts as heat transfer fluids or thermal energy storage is
above 400 ∘C. The high temperature range is the main advantage of molten salts. They are also
highly thermally stable. They are readily available and cheap. Safety-wise they are non-toxic and non-
flammable. The temperature range starts above 200 ∘C, which can be a problem for many applications.
Eutectics can be used to bring the melting point down. The heat transfer characteristics of molten salts
are inferior but can be improved with certain additives.

Liquid metals can also be used to store energy. Some metals and alloys have low enough melting
points close to ambient temperatures. Liquid metals are outstanding heat transfer fluids and thermal
energy storage materials due to their low vapour pressure and low risk of freezing. They also have very
high heat transfer. The problem is that they are costly. They are also prone to corrosion. The various
metals that are used also have their issues. For example, sodium is a fire hazard, and lead-bismuth
eutectic is toxic.

The earth materials are on the other side of the cost spectrum. Rocks, gravel and sand are cheap
and readily available. There are also no health or safety issues associated with these materials. What
sets these materials apart is that they can act as the heat transfer surface and the medium in one. This
causes more efficient heat transfer and fewer costs associated with expensive heat exchangers. The
thermal properties are dependent on the type of mineral. Some minerals, such as quartzite, have high
thermal conductivity and heat capacity.

2.2.2. Latent Heat Storage
Latent energy storage uses the energy associated with changing the phase of a material. Commonly
this is done between the solid and liquid phases, as these phases often have similar volumes. These
materials are called phase change materials (PCM). Solid-solid phase changes are also possible, but
these phase changes usually have low latent heat. Liquid-gas phase changes have the highest latent
heats, but the associated change in volume brings too many problems [33]. The energy stored in latent
heat is expressed with the following equation:

𝑄 = 𝑚 ⋅ 𝐿 (2.9)

where𝑄 is the amount of energy stored,𝑚 is the mass, and 𝐿 is the specific latent heat. PCM’s are often
split into two categories; Organics and Non-organics. Many organics are interesting phase change
materials as they have their melting points at temperatures near ambient temperatures. They are also
very chemically stable and easily found in nature. The disadvantages associated with organic phase
change materials are low thermal conductivity and that they can decompose at high temperatures.
Subcategories of these organic phase change materials include different kinds of paraffin, fatty acids
and esters.

Inorganic phase change materials are other materials selected based on their phase transition tem-
perature. Inorganics are often used in situations where organics are unavailable. An example of such a
situation is high-temperature applications where organics would decompose. Typical materials include
salts, salt eutectics, salt hydrates and metal alloys. Latent heat is 50-100 times denser than sensible
heat. Therefore, using phase change materials is advantageous when making compact thermal energy
storage systems. The output temperature of a PCM is constant, which is also a significant advantage.
The main disadvantages of PCMs are their low thermal conductivities. Normal PCMS are all non-toxic,
but organic PCMs are flammable.

PCM Systems
A latent heat system is built up of 3 main components:

• The PCM

• The container of the PCM

• Heat exchanger surface
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The PCM should be selected based on the required temperature. The container is equally important
as it needs to have the right characteristics. Depending on the requirements, a compact design can
be chosen or an encapsulated design [31]. Figure 2.9 shows a few possible configurations involving
these designs. The heat exchanger surface is important to consider as a limiting factor of latent heat
storage systems is the thermal conductivity.

Figure 2.9: Cross sections of possible PCM configurations. The left image shows a compact tube in a tube. The Center image
shows a packed bed of encapsulated PCM. The right image shows encapsulated cylinders.

Choosing a suitable PCM is critical for a successful latent heat storage system. The selection criteria
can be put into three categories.

• Thermo-physical properties

• Chemical properties

• Economic criteria

First of all, for a material to be a suitable PCM, it needs to have a high latent heat of fusion as this
forms the basis for how much energy can be stored. Secondarily, thermal conductivity should be as
high as possible to reduce reaction time. Chemically the materials should have limited super-cooling
and long-term stability. Furthermore, all safety considerations should apply. Economic criteria should
also be considered, such as cost and availability.

PCM Heat Transfer Enhancers
PCMs often struggle with low thermal conductivity. For this reason, latent storage systems often use
different methods to enhance the thermal conductivity in the system:

• Low-density materials

• Porous materials

• Metal matrices

• Encapsulation
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• Extended surfaces and fins

• Heat pipes

• Cascaded storage

• Direct heat transfer

• Scraping

One option for increasing conductivity is the addition of low-density materials. Conventional high ther-
mal conducting materials such as metals often have a high density and thus do not mix well with many
PCMs. An example would be using carbon fibres with high thermal conductivity. Porous materials
with high thermal conductivity are also interesting as an additive. An example of this is a composite of
paraffin and expanded graphite [15]. Adding metal matrices increases thermal conductivity. A matrix
structure stops the metal from sinking to the bottom while conducting heat across the PCM. Metals with
high thermal conductivity are the best options. Copper and aluminium are usually chosen as they are
relatively cheap compared to other metals with high conductivity, such as gold or silver. Encapsulation
can also be used to increase heat transfer into the PCM. The PCM is then placed in small capsules
surrounded by the heat transfer fluid. Depending on the size of the capsules, the technique is called
macro- (1-10 mm), micro- (1-1000 𝜇𝑚), or nano-encapsulation (< 1𝜇𝑚). Fins or extended surfaces are
among the most common systems to increase heat transfer. Heat pipes can also be implemented to
increase thermal conductivity. Cascaded storage works by implementing multiple PCMs with different
melting temperatures. By lowering the temperature differences within the PCM, the PCM will maintain
a more constant temperature during solidification and melting, thus improving effectivity. Finally, in
some situations, direct contact between the heat transfer fluid and the PCM can be used to increase
the heat transfer. Direct contact does come with other issues, such as mixing of the PCM and the heat
transfer fluid, and that energy may be required to keep part of the PCM liquefied to allow flow. Another
option to increase thermal conductivity is scraping. The solidification process relies purely on heat con-
duction through the material to the heat sink. By scraping away the layer that has already solidified,
new material is directly exposed to the heat sink. A downside of this system is that it is only applicable
during solidification. A scraper would not be able to move through solid material during melting. Sec-
ondly, scraping may cause damage to the heat transfer surface. Expensive coatings may be required
to protect this surface. Costs are also associated with adding an additional scraping system [14]. All
PCM enhancement techniques are a trade-off between the speed at which the heat is delivered and
the decrease in storage capacity coming from the reduction in PCM mass [18].

The advantages of PCMs are twofold. First, the latent heat capacity is often significantly higher
than sensible heat capacities in operable temperature ranges. This makes the energy density high.
Secondly, the lack of temperature change is also a significant advantage associated with PCMs. Small
volume changes are also important when it comes to implementing PCMs. This allows them to be
utilised in confined spaces [1].

PCMs still struggle with a few disadvantages, such as incongruent melting, supercooling, low ther-
mal conductivity and poor long-term stability. Many hydrated salts melt with decomposition, forming
another salt and water. The salt has a lower density and will sink to the bottom. This means that
on refreezing, only a tiny layer will recrystallise. This phase separation is irreversible and will thus
continuously decrease the storage capacity. Subcooling is an issue in some systems that have prob-
lems crystallising. Nucleation only occurs at lower temperatures causing the initial heat discharge to
be sensible rather than latent heat. Long-term stability of the PCMs and their containers have been a
limiting factor in their development. The PCMs have poor stability, and corrosion often occurs between
containers and PCM [41]. The major disadvantage surrounding PCMs is their thermal conductivity. In
the solid PCM, the heat transfer is purely conductive. Due to the PCM’s low thermal conductivity, the
heat transfer rate is low [37]. Due to these issues, the industry still struggles with the development of
a reliable and practical system [5].

2.3. Customer Demand
The customers demand profile is highly relevant to the design of the system. In a situation where the
demand for boiling water is high and chilled water is low, refrigeration efficiency is less critical as the
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waste heat has the potential to be reused. In a situation where this is reversed, a very efficient cooling
system is required. Time is also essential. When chilled water and boiling water are used quickly after
one another, the reaction time of the heat transfer medium needs to be fast, but a small buffer may
be enough. If the demands are at wildly different times, the buffer may need to be larger. With this in
mind, the demand can be split into a few categories:

• Average yearly demand of the different streams

• Modal yearly demand of the different streams

• Quantity demanded per batch

• Average time between batches

• Seasonal variation

The total amount of boiling water demanded by the client is known for all products returned to
Quooker. A distribution of the average daily consumption of boiling water can be made using the data.
The average usage of boiling water from these returned products is 6.3 litres per day. The modal usage
is between 1 and 2.5 litres per day. The modal and mean usage differ significantly. While many users,
such as families at home, use a few litres a day, the average skews heavily upwards due to high usage
situations in offices or other communal spaces. The amount of warm water used can also be derived
from the returned products. The average usage of warm water is 7.5 litres per day. The modal usage
is significantly lower at 2.5 litres per day. The same factors as with the boiling water lead to a large
discrepancy in the mean and modal usage.

Cold Water usage is currently unknown from returned products and will need to be estimated. To
make this estimation, it is assumed that chilled water is only used for drinking. Any other domestic water
usage for cooking or otherwise would not need to be cooled. An average person needs 2 L of water per
day [20]. According to the ATUS, before the pandemic, an average non-institutionalised person spent
50% of waking hours at home [39]. Following this assumption, it is assumed that the average person
drinks 1 litre of cold water per day at home. The average household size in the Netherlands is 2.14 [6].
This leads to a cold-water usage of 2.14 L per day.

The usage of cold and boiling water is a batch process. The quantity demanded per batch is im-
portant when considering the energy storage capacity. This type of data is not available. Different
scenarios can be examined, ranging from emptying the whole reservoir in one go to pouring out many
small quantities at fixed time intervals. The frequency will differ for the type of user, the situation, and
the season. Most domestic users with a work schedule will see more intensive use in the evenings
with longer breaks during the day and night. Systems, where people are present throughout the day,
will see usage spread out more. Different frequencies will also need to be examined as this data is
unavailable.

This knowledge of the demanded water can be used to size the equipment further in the design
process. The amount of demanded boiling water gives a clear limit to the savings potential in the
system. The total yearly energy demand of the system, ignoring standby losses, is around 70 kWh.
Without additional cooling requirements due to cold water demand, the Cube produces 14 kJ every 20
minutes. This is a yearly loss of 105 kWh. This excludes extra heat generated from additional cooling
due to cold water usage.
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System Design

This chapter will discuss the steps that were taken to apply the background information to decide on
crucial design choices. Furthermore, the required modelling and calculations will be laid out to make
further detailed design decisions.

3.1. Refrigeration System Selection
The first system that needs to be defined is the refrigeration system, which forms the backbone of the
product. It determines the rates at which heat is transferred, the temperatures at which the systems
need to operate, and how heat transfer can occur. The selection of the refrigeration system will be
made according to three criteria.

• Efficiency

• Technology Readiness

• Cost

Efficiency of refrigeration systems is measured by the COP. It compares useful refrigeration heat to
the input work. No heat recovery system is 100% efficient. By maximising the refrigeration system’s
efficiency, less heat is available to be recovered, but the total energy usage is even lower. Heat recovery
is of more considerable importance when a low COP system is required, but as total efficiency is
essential here, the higher COP systems are favourable. Technology readiness is also essential. The
facilities and capabilities for implementing this system need to be available so the analysis can be
carried out. Furthermore, the goal is to create a better product and sell it to clients. Time to market is
thus also a factor of importance. If technological development is still lacking, many unforeseen issues
can arise in developing the product. Cost is an important criterion. A simple calculation using the
modal usage of 2 litres per day and a kWh price of €0.50 results in a yearly cost of €38, ignoring
standby heating. Heavy users would also profit from a more expensive solution, but this solution will
target the modal user. This price is very susceptible to shifts in energy prices. At the time of writing, the
global energy supply is quite uncertain, so the available price range shifts significantly. Nevertheless,
the order of magnitude of the calculation is still significant and does not leave much room for expensive
solutions.

3.1.1. Refrigeration Technology Weighting
A weighting factor gives the relative importance of each criterion. Technology readiness is the most
critical criterion as it determines the feasibility of the project and the time to market. Implementing a
more established cooling technique will allow the focus of the research to be placed on the storage
mechanism. Efficiency is the following most crucial criterion. As the design aims to create a system
that is as efficient as possible, the cooling technique at the core of it should also be very efficient. Cost
is the last criterion. While still significant, it is not as crucial as the other two in this process stage. This
led to technology readiness receiving a weight of 3, COP a weight of 2 and cost a weight of 1.

19
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3.1.2. Refrigeration Technology Selection
As mentioned in the previous section, there are multiple technologies available for cooling processes.
Many of these methods are still in early research or development phases and thus will be omitted from
this analysis. Instead, this analysis will examine vapour compression with a conventional refrigerant
such as R600a, vapour compression with a new natural refrigerant, CO2, and thermoelectric cooling.
While Ammonia is also interesting as a refrigerant, the application of small-scale household refrigeration
is not suitable for this refrigerant. These three technologies are ranked in the metrics named above,
with the best technology receiving a 3 and the worst receiving a 1.

Ranking the technologies on efficiency, cost, and technology readiness, yields the results in table
3.1. The vapour compression systemwith CO2 is listed as themost efficient. A cooling systemwith CO2
as refrigerant can be designed where the heat rejection happens at a significantly higher temperature.
This would allow much more efficient storage or preheating possibilities. Thermoelectric coolers have
a very low COP compared to vapour compression with a conventional refrigerant. Vapour compres-
sion using R600a is also the most readily available. Thermoelectric coolers are also readily available,
but the applications are different. Vapour compression systems using CO2 are only available at very
large scales and thus are not readily available for this application. Currently, the costs associated with
CO2 systems at small scales are very high. The high pressure requirements of the system will bring
high costs for all surrounding equipment. The most conventional technology is also the cheapest, as
economies of scale have driven the prices down for the components.

Technology Efficiency Technology Readiness Cost Score
Vapor compression using R600a 2 3 3 16
Vapor compression using CO2 3 1 1 10
Thermoelectric 1 3 2 10

Table 3.1: Refrigeration method grading

Table 3.1 shows that vapour compression with R600a is currently the best option. Further techno-
logical development in the field of CO2 vapour compression could bring the price down along with the
applicability to small-scale applications. Still, in its current state, it is not yet suitable.

3.2. Storage Method Selection
The choice between energy storage methods is made between two techniques: sensible heat storage
and latent heat storage. All other types of energy storage would require energy transfer from one mode
to another, bringing intrinsic inefficiencies. Sensible and latent heat storage both come in many forms.

3.2.1. Sensible Heat Storage
The most practical application of sensible heat storage in the required application would be using water
as a storage medium. This would be the same water that would eventually flow into the boiling water
reservoir and thus ultimately be consumed by the user. The advantage of this method is that there
is no intermediate storage medium. This increases the systems’ responsiveness as there is one less
step in the heat transfer. Sensible heat storage is also more prevalent and widely used. Heat storage
in water is widespread as it has a high specific heat capacity and good heat transfer. Disadvantages
of this system include the fact that all surfaces must be approved for food and drink usage. Without
an intermediate medium, the water directly comes into contact with all the systems parts. Another
disadvantage is the capacity. By using the medium that requires heating as the storage medium, the
volume of medium that can be preheated is limited by the volume that is available for the storage
medium as its the same medium. The storage volume is limited by the energy density of the medium.

3.2.2. Latent Heat Storage
Latent heat storage is an attractive solution as it has a significant advantage compared to sensible heat
storage. The energy density is much higher. This means a larger volume of water can be heated with
a smaller storage volume. However, a latent heat system does bring additional complexity. First of all,
the introduction of an intermediate adds a layer of complexity. Heat transfer must occur from the source
to the storage medium and then to the water rather than travelling directly. This could mean additional
components or design restrictions. Another layer of complexity associated with latent heat systems is
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the heat transfer rate. Most latent heat mediums have low heat conductivity, causing these systems’
responsiveness to be very low. Typical applications for latent heat systems use hours and days as an
order of magnitude (for example, storage for solar energy) rather than seconds or minutes [41].

3.2.3. Selection of Storage Technique
The choice of storage method in the current application is dictated by a single factor, namely capacity.
Sensible heat storage systems cannot store enough energy at low temperature differences. Even with
a high specific heat capacity medium such as water, the energy density is too low at minor temperature
differences. This application requires energy storage at a scale where the product still fits within the
size requirements. This application requires higher energy densities than what sensible heat storage
can deliver. The product requirements limit the space. This makes latent heat storage the best option.

3.2.4. Storage Medium Selection
Choosing the suitable latent heat storage medium or PCM is vital as it dictates many design parame-
ters. The temperature at which the heat is recovered is critical in deciding the material’s phase change
temperature. The heat rejection temperature of the current Quooker system is heavily dependent on
the conditions the system finds itself in as well as the usage of the system. To simplify the analysis,
this temperature will be taken to be a constant 40 ∘C. Materials which have a phase change in this
temperature range are different kinds of paraffin, salt hydrates and eutectic salts. Different kinds of
organic PCM, such as paraffin, are cost-effective and have a high heat capacity at the required tem-
perature ranges. The inorganic PCMs can have a higher heat capacity but suffer from poor thermal
stability, corrosion and decomposition, which makes them complex to work with [1]. For these reasons,
paraffin is the best option. The phase change temperature should be slightly lower than the heat re-
jection temperature of the cooling cycle. This maximises the potential gain from the storage. The total
phase change range should be available for storage. If the PCM temperature is too close to the heat
delivery temperature, the heat transfer rate will be too low, and the complete phase change will not be
utilised during water withdrawal. On the other hand, if the phase change temperature is too low, a large
portion of the heat will be delivered at a lower temperature to the water. This decreases the efficiency
of the total system. Commercially available materials were compared, and a PCM was chosen based
on the heat capacity and temperature. The chosen PCM is the RT35HC by Rubitherm. Its properties
are shown in table 3.2. The heat storage capacity from the supplier is given as a combination of latent

Property Value
Melting area 34-36∘C
Congealing area 36-34∘C
Heat storage capacity ±7.5% 230 kJ/kg
Specific heat capacity 2 kJ kg−1 K−1
Density at 25∘C 880 kg m−3

Density at 40∘C 770 kg m−3

Thermal conductivity 0.2 W m−1 K−1
Volumetric expansion 12%
Flash Point 177∘C
Maximum operating temperature 70∘C
Price 7 €/kg

Table 3.2: PCM supplier data [30]

and sensible heat in the temperature range between 27 ∘C and 42 ∘C. Using the given specific heat
capacity; the latent heat capacity can be calculated. This becomes 210 kJ/kg. Critical information from
the supplier data is that phase change also brings a volumetric expansion, and the heat conductivity
is extremely low. The volumetric expansion will require additional design requirements. The low heat
conductivity can be amended using additives.

3.2.5. Heat Transfer Enhancement Selection
As the conductivity of the PCM is low, heat transfer enhancers are necessary. Many solutions exist that
can solve this problem. First of all, there are different types of inserts that can be added to or placed
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in the PCM. One example is adding expanded graphite in suspension to the PCM. This increases the
heat conductivity throughout the material [15]. The problem with this solution is the workability and
manufacturability. It is challenging to achieve effective suspension of the carbon throughout the PCM.
The increased heat transfer would likely not be sufficient enough to disperse the heat throughout the
PCM quickly.

Another heat transfer enhancer that was considered was the use of a porous or low-density material
through which the PCM could be poured. This option is attractive as it can significantly increase heat
transfer through systems depending on the materials used. The problem with this solution is that
manufacturing these heat transfer enhancers to specification is complex and expensive. From a cost
perspective, these solutions were ruled out. Direct contact between the heat transfer medium and PCM
is not an option in the system being designed. Drinking water requirements would not allow the mixing
of fluids due to health and safety considerations.

Encapsulation is often used in these situations to retain the advantages of direct contact but separate
the materials. Unfortunately, encapsulation would not function optimally in this application as it would
require heat delivery and heat extraction streams to run through the same volumes. This is not optimal
for the vapour compression cycle as the fluids could mix. Health and safety regulations would also
apply on the drinking water side. Additionally, this would require additional levels of control for the
refrigeration cycle, where it would need to shut off as soon as the user starts withdrawing boiling water
from the system. For these reasons, encapsulation is not suitable either. This leaves one of the more
conventional options, namely heating fins. Fins can be used to transport heat from the tubes carrying
the heat transfer fluid to the PCM and back from the PCM to the drinking water. A material with a
high heat conductivity will need to be selected, and the dimensions will need to be optimised. Their
thickness and spacing will determine the effectivity of the fins.

3.3. Product Configuration
A schematic depiction of the product is shown in figure 3.1. The system design will consist of a vapour
compression cycle that cools the cold water reservoir. The heat recovered from this system when the
compressor runs will be sent through a finned heat exchanger, transporting the heat to the PCM. When
the user demands boiling water, water from the mains line will run through a different channel in the
finned heat exchanger and pull heat from the PCM causing the water to be preheated before arriving
in the boiling water reservoir. The cycle will contain a second ordinary condenser to ensure cooling
capacity when the buffer is full.

3.3.1. Prototype Requirements
This design configuration has requirements and demands that must be met further in the design pro-
cess. In short, they are detailed below:

• 120 mm width

• 300 mm depth

• Minimal height

• Maximum heat transfer to a 3L/min flow

• Leak tight

• Sanitary conditions, i.e. separation between drinking water and possible contaminants

• Ability to allow volumetric expansion of the PCM

• High thermal storage capacity

• Ability to fully condense the refrigerant at low temperature differences

• Good thermal contact between tubes and fins

The configuration of the product is based on manufacturing, safety, and product-related decisions.
Specific design parameters are fixed due to the application. The system’s width should be at most 120
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Figure 3.1: Depiction of the vapour compression system. A backup condenser is implemented to make sure cooling capacity
is always ensured. Work is applied in the compressor. In the evaporator, heat is absorbed. Heat is rejected into the primary
condenser until it is full and will overflow into condenser.

mm to fit inside the current product line. The depth of the product is also limited to 300 mm. The free
dimension is the height. This will be optimised towards the minimum. The tubes should be designed
so that optimum heat transfer occurs when a flow of 3L per minute of water is run through the system.
Safety considerations regarding leak-tightness and separation of water and potential contaminants are
essential and will be handled by the design phase. The expansion of the PCM during phase change
needs to be considered. The volumetric expansion of the PCM amounts to 12% during melting. The
reservoir should thus contain enough space for the PCM in the molten state. This means that once
the PCM settles in a solidified state, it will have room for expansion above it due to gravity. A high
capacity is desirable as it increases the number of demand profiles that can be encompassed by the
design. The higher the capacity, the longer a user can add heat to the system before making use of
the heat. A user with very intermittent demands would thus prefer a system with a larger capacity.
Due to almost all the system’s energy being stored in latent heat at the PCM temperature, a user with
regular use should not notice the slight decrease in responsiveness due to the increased capacity. The
design should also be made so that full condensation takes place at a low as possible temperature
difference. This ensures that the most significant amount of heat is sent into the system and is not
wasted. It is thus desirable to have a large condensation surface. The last requirement in the list is
a sub-requirement to both heat transfer requirements, but it is nonetheless vital to focus on as it has
a significant effect. Due to the fact that the design uses two separate parts for the fins and the tubes,
the thermal contact between the two is of utmost importance. A poor connection between these two
parts would cause a significantly increased thermal resistance rendering the fins almost useless. The
fins will be identical and perpendicular to the tubes for manufacturability reasons. The most common
solution for heat exchangers with fins is to have tubes running in a longitudinal direction with U-bends
at both ends to increase the distance travelled by the fluid. The fins are made up of plates with holes
through which the tubes run. The PCM will then surround the tubes and fins.

3.3.2. Variables to be Determined Through Calculation and Modelling
This leads to the following requirements to be determined through calculation and modelling:

• Drinking water tube length

• Drinking water tube diameter
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• Condenser tube length

• Condenser tube diameter

• Fin thickness

• Fin distance

• Reservoir dimensions

Figure 3.2 shows a schematic depiction of some of the relevant parameters of the design concept.
The length of the drinking-water tube needs to be of such a length and diameter that it attracts enough
heat while the hot water reservoir is being filled. The flow rate is fixed by the complete product design
and is thus non-negotiable. The condenser tube length and diameter must be designed so the com-
pressor can give off its heat at an as small as possible temperature difference and pressure drop. The
achievable temperature difference will be a trade-off against the PCM storage reservoir size, as longer
tubes will be required to achieve smaller temperature differences. The fin thickness and fin spacing are
critical as high thickness and low spacing will lead to increased heat transfer but decrease the volume
of PCM available. A trade-off will need to be made between storage capacity and heat transfer rate.
The reservoir dimensions are limited in depth and width, so the PCM volume and the available tube
space will vary using height, determining the PCM volume and space for tubes.

Figure 3.2: Schematic top-down depiction of the design concept showing the fins and tubes.
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Modelling

This chapter details the modelling of the undefined variables from the previous chapter. The system
will be modelled in three sections:

• The heat transfer to and from the tubes to the fins and PCM will be modelled using a 2D-finite
difference system. This method will be outlined in section 4.1.

• The heat transfer from refrigerant to the system will be modelled using a condensation model for
condensation inside horizontal tubes. This model is elaborated on in section 4.2.

• The heat transfer to the water from the PCM will be called the preheating side and will be calcu-
lated using known correlations in section 4.3.

4.1. Finite Difference Model
To adequately make design choices on the heat transfer on the PCM side, heat transfer models will be
used to determine specific design parameters. The critical design parameters here are fin thickness
and fin distance. The system will operate in two modes: the heating mode and the cooling mode.
The model will need to accommodate both modes. To model this behaviour, a two-dimensional finite
difference model is set up. The model only implements conductive heat transfer as the convective
heat transfer is negligible in the solidification process. During the melting process, convective heat
transfer plays a minor role, but this process is not the critical process as the buffer, in most cases,
will receive excess heat compared to the amount of heat it delivers. A two-dimensional model will be
used to make decisions on fin distance and fin thickness. While this approach potentially loses some
information related to the third dimension around the tubes, it makes up for it in the model’s simplicity
and computation time.

Figure 4.1 shows a schematic depiction of the modelled area. The simulation contains three regions
in two-dimensional space. The most significant part is comprised of the PCM and will be called the bulk.
The second region is the conductive fin at the top of the model. The third region is the interface between
the bulk and the fins. The tube wall will be modelled as a boundary condition which will be specified in
section 4.1.2.

4.1.1. Bulk
The bulk simulations are made up of finite difference approximations for two-dimensional steady con-
duction. A mesh is generated to discretise space and time coordinates. Each node represents a control
volume surrounding the node of size Δ𝑥 ⋅ Δ𝑦 ⋅ 1. Energy conservation is then applied to the volume
element. As the system requires a transient solution, previous time steps are used to find values for
the next time step. The explicit form is used. For the bulk Δ𝑥 and Δ𝑦 are the same. Therefore the
simplified version below applies.

𝑇𝑖+1𝑚,𝑛 = 𝐹𝑜(𝑇𝑖𝑚,𝑛+1 + 𝑇𝑖𝑚,𝑛−1 + 𝑇𝑖𝑚+1,𝑛 + 𝑇𝑖𝑚−1,𝑛) + (1 − 4𝐹𝑜)𝑇𝑖𝑚,𝑛 (4.1)
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Figure 4.1: Schematic depiction of the modelled area

Here 𝑇 gives the temperature at each location given by 𝑚 and 𝑛 and at each point in time given by
𝑖. 𝐹𝑜 is the Fourier coefficient of the bulk material given by the following:

𝐹𝑜 = 𝛼𝑃𝐶𝑀Δ𝑡
Δ𝑥Δ𝑦 (4.2)

where Δ𝑥 and Δ𝑦 are the horizontal and vertical between nodes respectively, Δ𝑡 is the time-step for
iteration and 𝛼𝑃𝐶𝑀 is the thermal diffusivity of the PCM.

Equation 4.1 needs to be modified slightly for the heat transfer in the body of the fins.

𝑇𝑖+1𝑚,𝑛 = 𝛽Δ𝑡𝛼𝐴 (
𝑇𝑖𝑚+1,𝑛 − 2𝑇𝑖𝑚,𝑛 + 𝑇𝑖𝑚−1,𝑛

Δ𝑥2 + 𝑇
𝑖
𝑚,𝑛+1 − 2𝑇𝑖𝑚,𝑛 + 𝑇𝑖𝑚,𝑛−1

Δ𝑦2 ) + 𝑇𝑖𝑚,𝑛 (4.3)

The fins have cells that are not square so the 𝛽 function corrects for this. The alpha is also corrected
to the values for aluminium. The aluminium has a constant 𝛼 as it is not a function of temperature. The
PCM, due to its phase change, does experience varying properties as a function of temperature. The
chosen PCM is a blend of compounds to effectively achieve the required phase change temperature.
This means the partial enthalpy distribution of the PCM is closer to a gaussian distribution than a
single peak. Thus the partial enthalpy distribution was fitted to a gaussian distribution which includes
temperature specific fourier coefficients. As the enthalpy is also dependent on whether the material is
heating or cooling, two fits are made. They are both fitted to the following equation:

𝑓(𝑥1, 𝑥2, 𝑥3, 𝑥4, 𝑇) = 𝑥1 + 𝑥2𝑒
−𝑇−𝑥3𝑥4

2

(4.4)

The fit values for the melting fit are: 3.70, 114, 35.3, and 1.07. For the solidification fit they are 3.40,
99.6, 34.6, and 1.08. The model checks which state the system is in before choosing which fit to apply.
These fits can be seen in figure 4.2.

The finite difference model has a stability condition for the time step that is based on the Fourier
coefficient. In two dimensions, the Fourier coefficient must be less than 0.25 to ensure convergence
when the mesh is square. The mesh in the fins is not square. As aluminium has a significantly higher
heat conductivity rate, the required time step for stability is lower. To increase the simulation speed,
this effect is counteracted. The node distance perpendicular to the fins is increased to increase the
time step that converges. The node distance along the fin is still the same as in the PCM as the mesh
is orthogonal. The converging time step is then calculated for both the bulk and the fins and the smaller
time step is used.
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Figure 4.2: Partial enthalpy distribution of the PCM. Supplier data has been fitted with equation 4.4.

4.1.2. Boundary Conditions
The boundary conditions of the model are all unique. The model implements multiple axes of symmetry
to simplify calculations. First of all, an axis of symmetry is placed through the centerline of the fins. This
is based on the assumption that many fins will be placed after one another. The space behind the fin will
be the same as in front. This boundary has no heat flux component in or out of the model. Secondly,
another axis symmetry is placed at the plane equidistant to both fins. This is based on the same
assumption in the other direction. The right side of the model correlates to a tube wall. The left side is
another axis of symmetry.

To implement an axis of symmetry in the finite difference model, equations 4.1 and 4.3 can be used
in their respective cases with slight modification. The non-existant terms are replaced by the term in
the opposite direction due to the symmetry. For example in the case of the boundary condition on the
left hand side 𝑇𝑚,𝑛−1 = 𝑇𝑚,𝑛+1.

4.1.3. Interface
The interface between PCM and fin needed to be correctly defined to calculate the heat transfer through
the fins and then into the bulk. At the interface between the twomaterials, an interface node was defined
where part of the control volume was aluminium and part was PCM. If a node on the top side of the
model is taken as an example, the heat transfer in the positive y-direction is purely through aluminium.
The heat transfer in the negative y-direction is purely through PCM, and the heat transfers in the x-
direction are parallel heat transfers through PCM and Aluminium. The heat capacity of the node is
directly proportional to the ratio between the volume of Aluminum and the volume of PCM. Figure 4.3
shows an example of an interface node at the top side of the model.

The tube side boundary is a Dirichlet boundary condition with the temperature set to either the
condensation temperature of the condensing gas or the incoming water stream, depending on whether
heating or cooling was being simulated. Figure 4.4 shows an example of a result from the model. This
example depicts the output temperatures of the system after 10 seconds of cooling has been applied
to the system. The depiction is not to scale as the top 3 nodes are spaced using the fin thickness. The
top 3 nodes represent half the thickness of the fin. In this example, that is 0.15 mm. The lowest 20
nodes have a spacing related to the fin distance. In this case, the fin distance is 2 mm. The size of the
interface node is dependent on both distances. This example shows a rapid heat transfer rate through
the fin and a developing melting front away from the fin.

One of the valuable outputs of the model is the energy transfer into or out of the system per unit
area and time. These values can be compared to determine the efficiency of the system. The system
requires efficient heat transfer to and from the system without significantly compromising storage ca-
pacity. Another output of the system is the resulting temperature distribution after a certain period of
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Figure 4.3: Diagram of Heat transfer through an interface node.

Figure 4.4: Finite difference model cooling from 38 ∘C. Fin separation is 2mm. The fin Thickness is 0.3 mm. The figure is not to
scale as the fin node separation is significantly smaller than the PCM node separation. The top 3 nodes are fin nodes. The 4th
is the interface node followed by PCM nodes. On the right-hand side, the furthest is the tube followed by an interface node.

heating or cooling. The model can then be used to change specific parameters and judge the effects
on heat transfer to and from the system during heating and cooling. The parameters that will be varied
here are fin distance and fin thickness.

4.1.4. Fin Thickness
In the mesh, the fin comprises three full nodes and part of the interface node. The thickness of the
fin was thus adjusted by changing the distance between the nodes. As the fin thickness increases,
the amount of heat transfer increases, but the total capacity of the system reduces as less space is
available for PCM. It also decreases the area where the PCM is in direct contact with the tube.

The relation between the fin thickness and the amount of extracted energy is shown in figure 4.5.
This simulation is run with a varying fin thickness from 0.2 mm to 0.7 mm. 0.2 mm is the minimum
thickness that still maintains manufacturability. The PCM starts fully melted and the whole system
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is at 38 ∘C. The tube side is set to 15 ∘C. As the figure shows, the energy released increases as
the fin thickness reduces. This is due to the heat transfer being so much higher in the fins that a
uniform temperature is achieved very quickly. The limiting factor in fin thickness design is thus the
manufacturability.

Figure 4.5: Energy extraction per unit area as a function of fin thickness.

4.1.5. Fin Distance
The distance between the fins is adjusted by changing the distance between nodes in the bulk mesh.
The resolution of the model is not changed but the distance between the nodes was changed to then
change the total distance between the fins. The recovered energy is calculated with the same method
as with the varying fin-thickness. The correlation between fin distance and energy recovery is shown
in figure 4.6. Here the optimum fin distance is shown to be at 2 mm.

4.2. Condenser side
The heat transfer on the condensing side is calculated using the method by Sinnott and Towler [38].
Condensation inside horizontal tubes depends heavily on the flow pattern present at that point. Two
models can be used to estimate the mean condensation coefficient in these flow patterns. These are
the models for annular flow and for stratified flow discussed in section 2.1.1. The stratified model is
given below:

ℎ𝑐,𝑠 = 0.76𝑘𝐿 [
𝜌𝐿(𝜌𝐿 − 𝜌𝑣)𝑔

𝜇𝐿Γℎ
]
1/3

(4.5)

The horizontal tube loading coefficient for the condensing stream is given by.

Γℎ =
𝑚̇
𝜋𝑑𝑖

(4.6)

The coefficient for the annular flow can be estimated using the Boyjo-Kruzhilin equation:

ℎ′𝑡 = 0.021
𝑘𝐿
𝑑𝑖
𝑅𝑒0.8𝑃𝑟0.43 (4.7)
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Figure 4.6: Energy extraction per unit area as a function of fin distance

Where Re is the film Reynolds number:

ℎ𝑐,𝑎 = ℎ′𝑡
√𝐽1 +√𝐽2

2 (4.8)

𝐽 = 1 + 𝜌𝐿 − 𝜌𝑣𝜌𝑣
𝑥 (4.9)

All the symbols and further details on the equations can be found in section 2.1.1. The mean coef-
ficients of both models were compared, and the higher coefficient was selected, namely the stratified
flow model.

The conclusions lead to a required length for a specific Δ𝑇 to achieve full condensation. This allows
the design requirements to be compared to performance requirements. Full condensation means all
the available heat, namely 160W, will be applied to the system. By implementing the maximum length
and maximum width of the system and minimum bending radii of different tube sizes, height becomes
a free variable dependent on tube size. This can be graphed against the achievable Δ𝑇. Increasing
the tube diameter increases the surface area for condensation but reduces the number of tubes that fit
the width of the system. Figure 4.7 shows this relation.

The graph shows clear jumps every time a new layer of tubes is required. The desired outcome is a
low height and a low Δ𝑇. The 10 mm tube was chosen with 5 passes per level and 4 levels. To ensure
that pressure drop is not a problem this was calculated for each tube diameter using the equation [38]
below.

Δ𝑃 = 8𝑗𝑓 (
𝐿′
𝑑𝑖
) 𝜌𝑢

2
𝑡
2 (4.10)

Here Δ𝑃 is the pressure drop, 𝑗𝑓 is the is the dimensionless friction factor, 𝐿 is the pipe length, and 𝑢
is the flow velocity. The resulting data is shown in figure 4.8.Its clear that for the smallest tubes the
pressure drop is the highest. Even the highest value of 700 Pa is not very significant for the system.
All tubes sizes are thus considered to have acceptable pressure drops.

4.3. Preheating side
The design of the preheating side of the prototype was done using the following formulas. The Reynolds
number of the water stream was taken using its formula:

𝑅𝑒 = 𝜌𝑢𝐷
𝜇 (4.11)
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Figure 4.7: Height of the system given as a function of the achievable Δ𝑇 for different tube diameters.

For the stage of the calculation the flow will be assumed to be turbulent as this is the case for all but
a few tube diameters. Once the diameter has been set, the Reynolds number can be checked to see
if its turbulent. As the tube wall is smooth Petukhov’s formula can be applied to calculate the friction
factor:

𝑓 = (0.790𝑙𝑛(𝑅𝑒) − 1.64)−2 (4.12)

Where 𝑓 is the friction factor and 𝑅𝑒 is the Reynolds number of the flow in the stream entering the
system. Petukhov’s formula has a lower bound to the applicable Reynolds number but when applying
it to Gnielinski’s formula the lower limit can be ignored according to Mills. Gnielinski’s formula is as
follows:

𝑁𝑢𝐷 =
𝑓
8

(𝑅𝑒 − 1000)𝑃𝑟
1 + 12.7(𝑃𝑟2/3 − 1)(𝑓/8)0.5 (4.13)

Where 𝑁𝑢𝐷 is the Nusselt number, and 𝑃𝑟 is the Prandtl number. The heat transfer coefficient ℎ𝑐
is described by a combination of Nusselt number 𝑁𝑢, thermal conductivity of water k and the tube
diameter D shown in equation 4.14. This describes the rate of heat transfer between the tubes and the
PCM.

ℎ𝑐 =
𝑁𝑢𝐷𝑘
𝐷 (4.14)

This gives an initial heat flow of 2150 W. To ease the manufacturing process, the diameter of the
tubes will be the same as the condenser side. This will allow the holes in the conductive fins to be the
same across the fin and the same tools to be used for further processing. Using the above formulas
leads to a correlation between Δ𝑇 and the required tube distance. This leads to the system using five
passes in a single level with a tube diameter of 10 mm to achieve a Δ𝑇 of 10 ∘C. This gives a Reynolds
number of 7200 which is sufficient to satisfy turbulence. A more detailed description of the configuration
will follow in the next chapter.
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Figure 4.8: Pressure drop in the condenser for different tube lengths



5
Prototype design

This chapter builds on the design requirements and the modelling results to create a design of the
prototype.

The modelling results showed that a minimal fin thickness was desirable. The model showed its
best performance with a fin distance of 2 mm. It also delivered the requirements for the tube size and
tube length as well as the number of passes for each stream. The waterside would be one layer of
5 passes with a pass length of 200 mm. The condenser side requires 18 passes with the same pass
length.

5.1. Design Considerations
5.1.1. Heat Conduction from Tube to Fin
A key factor when implementing fins to increase the heat transfer rate is ensuring that the fins also
transfer heat efficiently to the tubes. The solution used in this design is as follows. The fins were made
up of laser-cut aluminium with holes cut at the specified locations. Collars were then pressed into the
fins. These collars were dimensioned by lasercutting a hole smaller than the outside tube diameter.
Multiple tests were run with different fin thicknesses to determine the optimal hole diameter for the
collar. These were run by lasercutting a range of hole sizes into test strips of different thicknesses.
Figure 5.1 shows a few of these strips.

Figure 5.1: Test strips used to dimension the collars. The thicker fins were capable of producing higher collars before tearing.
The thicker fins are less flexible.

The tests showed that for the thinnest strips only small collars were possible before they would tear.
Larger collars are desirable to ensure enough contact between the collars and the tubes. The thicker
fins could create high collars but were a lot stiffer. With these strips it would be a lot more difficult to
use the elasticity of the aluminium to ensure contact. The tubes are pressed through the fins causing
the fins to deform to a position where they have full contact with the tubes. The best manufacturable
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dimension of the hole diameter for the desired plate thickness of 2 mm was 6mm. This gave a collar
height of around 2.05 mm. A single fin can be seen in figure 5.2.

Figure 5.2: Single cooling fin

5.1.2. Materials
To maximise the performance of the system, the materials of the parts need to be chosen specifically
for the application. Using copper for the tubes maximises the heat transfer through the tubes into the
PCM. Copper tubes are also readily available commercially and thus a beneficial choice. The fins will be
made up of aluminium plates. The fins need good heat transfer properties but must also be malleable
to create good contact surfaces with tubes. Aluminium still has a relatively high heat conductivity while
being significantly cheaper than copper.

5.1.3. PCM Expansion
A vital design consideration is ensuring the PCM has enough space to undergo its phase change.
Gravity will cause the PCM to reside at the bottom of the reservoir in a liquid state. Therefore, the
system design has additional space above the PCM for it to expand into during melting. Secondly, the
heating is applied at the top op of the PCM. This means the expansion will initiate at the top, where the
extra room is present. The cooling will be applied at the bottom so that the contraction initiates there.
This will ensure the PCM does not place excessive stresses on the heat exchanger and its casing.

5.1.4. Tube Arrangement
The arrangement of the tubes in the longitudinal direction determines how much heat the system can
transfer, but other critical factors influence the decisions on the arrangement. The tube spacing is
limited by the diameter of the tubes. Each different tube diameter has a minimum bending radius which
will determine the minimum achievable distance between tubes. Table 5.1 shows the minimum centre
distances for the U-bends at different tube diameters. A larger distance between tubes is undesirable
as it decreases the rate of heat transfer. For this reason, the minimum distances will be used. The
models showed that optimal spacing could be achieved with tubes with an outside diameter of 10mm.
These have a bending radius of 12.5 mm. To maximise the heat transfer, the maximum amount of
tubes are packed in the limited area. This is achieved using a triangular pitch with a centre distance of
25 mm. The other limiting factor affecting the tube arrangement is the distance between unconnected
layers. These layers would not require the spacing necessary for the bending radius but would require
spacing for manufacturing. The pressing of the collars requires space for two reasons. Firstly the
collars pull surrounding materials towards them while being pressed. Sufficient material needs to be
present, or the collars will tear. There also needs to be spacing for the tools to be applied to press the
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Diameter [mm] Center distance [mm]
8 25
10 25
12 36
12.7 36
16 38
19 40
22.3 68
25.4 76
28.6 88
32 108

Table 5.1: Diameters and centre distances of commercially available u-bends

Figure 5.3: Tube arrangement on the heat transfer fin. Dimensions are in mm. The heat withdrawal stream is made up of the
five tubes at the bottom, all separated by 25 mm. The 18 tubes at the top are for heat delivery. They are arranged in two sections
with a triangular pitch with a 25 mm separation. The three layers are separated by 15 mm from each other.

collars. Experienced expert judgement determined the distance between the levels to be 15 mm. The
modelling had determined the length of tube required and thus the number of tubes required.

5.2. Heat Storage Capacity
The modelling has determined the tube length to be 200mm. Implementing the criteria for the tube
arrangement and PCM expansion led to the cross-sectional area of the PCM reservoir and hence the
fin size, to be 120 mm by 90 mm. The dimensioning of the system leads to an available capacity of
the system. The chosen PCM has a latent heat capacity of 210 kJ/kg. It has a liquid density of 770
kg/𝑚3 [30]. The dimensions of the design are 200 mm in tube length, 95 mm in fin height and 120 mm
in fin width. The area outside the fins will be ignored for the capacity as these areas will be significantly
harder to heat and cool without the fins reaching these areas. These dimensions give a volume of 2.28
L. Using a fin spacing of 2 mm and a fin thickness of 0.3 mm, it can be seen that 15% of this volume
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is made up of fins. The 23 tubes have an outside diameter of 10 mm, and a length of 200 mm. They
remove a further 0.36 L from the available PCM volume. This leaves 1.58 L for the PCM. This equates
to 1.21 kg of PCM and, thus a capacity of 255 kJ. This equates to slightly more than six litres of water
that can be heated by 10 ∘C. This is significantly more than the average user demand of 2 L per day
and more than the 3 L capacity of the boiling water reservoir.

5.3. Differences Between Prototype and End Product
Certain design choices were changed for the prototype that would be different in the final design. These
changes were made for manufacturing reasons, testing reasons and functional reasons. First of all, the
copper tube u-bends were replaced. Instead of using copper U-bends, PVC hose was used. This was
done for manufacturability reasons. The copper u-bends would require welding, which was outside
of the range of possibilities for this prototype. The heat transfer was designed for the surface area
of the tubes without bends. The bends would add a slight positive effect to the measurements. This
effect is not in the same order of magnitude as heat transfer across the tubes themselves. The hoses
were attached using hose clamps. The second change made to the system was that the wall of the
encasement was made from poly-carbonate rather than steel with insulating materials. This was done
so that the melting and freezing fronts could be observed during testing. This leads to more heat loss
through the walls. This effect is small compared to the heat being added and removed with the heating
and cooling streams. The sizing of the encasement is also larger than necessary for manufacturing
reasons. The hose and clamp system requires more accessibility than a welded system would need.
The placement of thermocouples also requires additional room. As the lid of the encasement needed
to stay removable, it was not sealed shut. for this reason, extra height was left so that expanding PCM
would not leak out. This extra space causes the storage volume to be larger but without fins in these
areas it will be very difficult to deliver and retrieve heat from these areas. In manufacturing the system,
production variability led to the spacing between the fins being variant. The assumed fin distance is
thus the total distance encompassed by the fins divided by the number of fins. The 77 fins take up 174
mm of space leading to an average fin spacing of 2.26 mm. Due to the fin thickness, the fin distance is
1.96 mm. In the bigger picture these differences will have slight effects on the measurements but the
results should be sufficient for larger overarching conclusions regarding the concept.

5.4. Experimental Setup
Implementing all the design choices and considerations from the requirements and modelling led to the
experimental setup that can be seen in figure 5.5 and 5.6. Figure 5.4 shows a schematic depiction of
the experimental setup.The heat exchanger in the polycarbonate enclosure has two streams running
through it. These are two input streams and two output streams. The cold water input was attached to
the mains water line with a valve to control the flow rate and a T-junction piece where a thermocouple
was inserted inline into the stream. The warm water was sourced from two 7L boiling water reservoirs
connected to each other in series. The first reservoir would fill the second as the second is being
depleted, and meanwhile, the first would fill with cold water and start heating. The output of the second
boiling water reservoir was fed through a mixing valve, which could be manually set to the desired
temperature. Both boiling water reservoirs contained a 2.2 kW heating element meaning that at low
enough flow rates and low enough demand temperatures, infinite hot water could be produced even
after the reservoirs’ original water had been depleted. On colder days, when the incoming mains water
line temperature was lower, the hot water supply was more limited. The incoming hot water stream also
contained a thermocouple inline with the stream inserted through a T-junction. Both output streams
emptied into the sink behind the setup. These streams also contained thermocouples inline. 12 other
thermocouples were placed into the PCM at various locations through the top of the container. All
thermocouple cables were fed into two dataloggers which were encased in foam to protect them from
external thermal effects.

The four inline thermocouples were type K. The 12 thermocouples were type T. The thermocouples
were calibrated before the measuring phase. All thermocouples were attached to each other and
placed in the same container. This container was frequently stirred until it was thermally stable. The
temperature was then recorded using all 16 thermocouples. The temperatures of each thermocouple
were then compared to the mean temperature. This offset was very stable for each thermocouple. The
process was repeated three times on different days, times and ambient temperatures, and the offset
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still remained the same. The offsets per thermocouple are shown in table A.1 in the appendix.

Figure 5.4: Schematic depiction of the experimental setup

5.4.1. Thermocouple Placement
The thermocouples in the PCM were placed in locations seen in the figure 5.7. 16 thermocouples were
placed in the system. A thermocouple was placed in the flow of the entry and exit of both streams. A
thermocouple was placed in the PCM near both streams’ beginning, middle and end. The remaining
thermocouples were spread around the system. Three different heights were used: next to the highest
tube, between the two heating layers and next to the bottom tube.
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Figure 5.5: The experimental setup in its solid state. The thermocouples that are seen at the top all have the same length and
are thus placed at varying heights within the system. The tap on the left is purely used as a safety release valve for the boiling
water reservoirs.

Figure 5.6: Image of the experimental setup where the heat exchanger is visible due to most of the PCM being molten.
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5.5. Experimentation Method
Two different system situations were tested; therefore, two different measurement scenarios were used.
The first involves applying heat to the system using warm water to simulate the condensation of R600a.
The second scenario is the user demanding boiling water, simulated by running mains line tap water
through the system. The thermal couple data was sampled once per second during measurements.

5.5.1. Heat Storage
For the heat storage tests, the system was first brought to a thermally stable state where all thermo-
couples gave a temperature near ambient temperature, and no significant variation in temperature was
measured. In the meantime, both 7L tanks would have been filled and heated to ensure a large enough
storage of hot water. The mixing valve was set to the desired temperature of 40 ∘C.The hot water tap
was then opened. It was desirable to keep the flow rate constant throughout the measurement. For
this reason, once the tap was opened, it was not adjusted until after the measurement was completed.
This caused each measurement to have a different flow rate that needed to be accounted for. The
temperature data would then be sampled once per second, and in the meantime, the flow would be
measured using a stopwatch and a measuring cylinder. This process was repeated three times. The
measurement was continued until either the hot water was finished or all thermocouples had reached
a molten state.

5.5.2. Heat Withdrawal
The Heat withdrawal test was performed according to the following method. The system was brought
to a fully molten state by continuously pumping warm water through the system. Once visual inspection
revealed that the whole system was transparent, the system was deemed to be fully melted. This was
quite a lengthy process as parts of the system, especially the parts further from the fins, were more
challenging to reach. A higher temperature was applied to speed up this process. This meant that
once the system was fully melted, the system was left to rest until the temperatures had restabilised,
and the mean of the thermocouples had reached the desired starting point. From this point, the mains
water tap was opened so that it would dispense water of around 2.5 L/min. The exact flow rate was
then measured using a measuring cylinder and a stopwatch. The water was then sent through so that
at least 7L of water had gone through the system. This method was then repeated several times.



6
Results

This section displays the results as collected and compares the results to the expectations from the
modelling. The section is split into the heat delivery measuremntes and the heat extraction measure-
ments. For both sets a single example test run is shown. The heat flow of all tests is graphed. The
local heat transfer coefficients are also depicted for each thermocouple location.

6.1. Heat Delivery

Figure 6.1: First test where hot water was sent through the storage system.

Figure 6.1 shows the first test where hot water was sent through the system to heat it. Three of
these measurements were executed. The results of the other two are very similar and can be seen in
Appendix C. The test starts in a steady state where the whole system is around ambient temperature.
The warm water valve is then opened. This is immediately noticeable in the incoming temperature. The
thermostatic valve quickly corrects the temperature to the desired set point. The valve has a quick yet
noticeable reaction time causing the temperature to spike for a few seconds before balancing out. The
test then runs until the reservoirs run out of boiling water, at which point the temperature will temporarily
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spike before dropping to the mains line temperature. The data used for calculation starts from the point
where the incoming water temperature increases rapidly and ends at the point where this temperature
increases once more due to the spike and thus impending drop to main lines temperature. The example
in figure 6.1 also contains small sources of error in the measurement where the pressure dropped on
the mains line momentarily due to external water use. The disturbances caused by these changes in
temperature and pressure are negligible to the PCM temperatures.

First observations show that the temperatures in the PCM initially rapidly approach the temperature
of the heat delivery. Once the thermocouple in the PCM reaches the melting zone, shown in table
3.2 in the design section, the temperature change seems to slow. This is in line with expectations
as the energy being applied to the system is being used to convert the phase rather than increase the
temperature. Another observation is the grouping of thermocouples. Thermocouples 9, 3 and 6 are the
fastest to reach the phase transition. They are followed by thermocouples 12 and 1. Thermocouples 11,
2, and 8 also show similar reactions to the incoming heat. Thermocouples 10,7,5 are closely grouped
at the bottom with thermocouple 4 slightly above them. This grouping can be seen across all the
measurements.

From the temperature data the heat flow into the system was calculated for each test using the
following equation:

𝑄̇ = 𝑚𝑐𝑝𝑑𝑇 (6.1)

where 𝑄̇ gives the heat transfer rate between the water and the system, 𝑚 is the mass flow rate of
the water. 𝑐𝑝 is the specific heat capacity of water. 𝑑𝑇 is the temperature difference between the in-
flowing and outflowing streams with the time delay accounted for. The stream’s flow rate and the tubing
length were used to calculate the delay between the water flowing in and flowing out. The in-flowing
temperature is compared to the out-flowing temperature after the delay. The 𝑄̇ is then attributed to the
moment of inflow into the system. The results of the heat flow can be seen in figure 6.2.

Figure 6.2: Energy flow into the system during the three heating tests.

The initial spike due to the reaction speed of the mixing valve is visible in the figure at the beginning.
After the spike the initial heat flow is high as the temperature differences are still large. The heat flow
decreases sharply at the start and then settles into a linear decrease. Note that the y-axis is logarithmic.
This is inline with expectations as the first part represents the sensible heating after which most of the
system reaches the phase change region.
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Figure 6.3: Logarithmic plot showing the forward difference of the temperature at each point in time for the first heating test. A
low-pass filter has been applied to the temperature change data to remove random noise.

From the temperature the forward difference was calculated to determine the temperature change
per second at every location. A low pass filter was then applied to the result to remove high frequency
errors on the signal. The result for the first heating measurement is seen in figure 6.3. The other tests
showed very similar results and can be seen in appendix C.

All measuring points show an initial increase in temperature until a maximum is reached after which
they all decrease. This decrease can be attributed to the PCM surrounding the thermocouple reaching
the phase change region. Towards the end of the measurement the temperature changes become
very small causing the signalling become noisy regardless. One possible cause is that once the phase
change region has been passed and the PCM is fully molten convection effects start to influence the
measurement. It would be expected that once the phase transition had occurred the Temperature
change would once again increase but as the temperature differences to the incoming heat are so
small at that point, this effect is not visible in the data.

Just as in the raw temperature data, the same grouping can be seen in the temperature change
calculation. The heat transfer rate is clearly different at different thermocouple locations transfer coeffi-
cient. This difference can almost solely be attributed to the location height. Thermocouples 3, 6, 9 and
12 are all located at the top level of the container. Thermocouples 1, 2, 8 and 11 are all located centrally
in the container. Thermocouples 4, 5, 7, and 10 are all located near the bottom of the container. With
the stream with the incoming heat located at the top of the container, the thermocouples near the top
reside in an area that receives more heat compared to the lower thermocouples. This indicates that
the fins are not transporting enough heat in the vertical direction.
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6.2. Heat Extraction
Figure 6.4 shows an example of a result from the cooling tests. The test starts in a state where the whole
system is around 40 ∘C. The cold water valve is then opened. Like in the heat delivery measurements,
this is immediately noticeable in the incoming temperature. Here there is no thermostatic valve, so
there is no initial spike. The test then runs until at least 7L has passed through the system and enough
time has passed for the flow rate measurements to take place at which point the tap is closed. This is
also highly noticeable in the data as the temperature instantly starts rising rapidly. The data used for
calculation starts from the point where the incoming water temperature starts decreasing and ends at
the point where this temperature increases.

Figure 6.4: Example of a test where cold water was sent through the storage system.

The first observations show that the temperatures in the PCM initially drop rapidly to the phase
change region. Once the region is reached, the temperature change seems to slow down. This is in
line with expectations once again, as the energy being removed from the system is being drawn from the
conversion of phase rather than the decrease in the temperature. Once again, the thermocouples are
grouped quite closely. Thermocouples 4, 5 and 10 and 7 are the fastest to reach the phase transition.
They are followed by thermocouples 1, 2, 8 and 11. Thermocouples 3, 9, 6 and 12 are the slowest to
react.

Using the temperature data, the heat flow out of the system was calculated for each test in the same
way as for the heat delivery tests except that here the positive heat flow is out of the system instead of
into the system. The results of this calculation can be seen in figure 6.5. Here we can see that tests 1
and 3 follow a very similar path while test 2 follows a different path. Especially the increasing heat flow
at the end of the measurement seems out of place. The cause of this irregularity can be clarified when
the specific measurement is examined as the incoming temperature was varying rather significantly.
The temperature profile of test 2 can be seen in appendix C. The heat flow profiles of test 1 and 3 are
more realistic as they had a more stable incoming water temperature.
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Figure 6.5: Energy flow out of the system during the three cooling tests.

Just like in the heat delivery section, the forward difference was calculated to determine the tem-
perature change per second at every location but now for the measurements during the heat extraction
process. As for the heat delivery, the low-pass filter was applied to remove the noise from the signal.
The results for the first heat extraction test can be seen in figure 6.6. The other tests had comparable
data. Their results are visible in appendix C.

In the temperature change figure of the heat extraction measurements all thermocouples start with
a slight increase in heat transfer until their maximum is reached. The temperature change then drops.
Unlike the heat delivery measurements where the full phase change was not visible, in these measure-
ments a local minimum is visible. In some thermocouples it is more clear than others. Especially the
thermocouples that reach the phase change first show a clear local minimum. This indicates that the
rate of temperature change drops to accommodate the phase change and increases once the phase
change has been completed.

The grouping is even more clear than in the in the raw temperature data. The heat transfer rate is
clearly grouped into 3 levels. This difference is thus directly due to the location height. Thermocouples
3, 6, 9 and 12 are all located at the top level of the container. Thermocouples 1, 2, 8 and 11 are all
located centrally in the container. Thermocouples 4, 5, 7, and 10 are all located near the bottom of
the container. While the heat delivery stream reaches different heights within the system, the heat
extraction stream soley runs along the bottom. This makes the effect of height significantly larger. This
indicates once again that the fins are not transporting enough heat in the vertical direction.

6.3. Key Points of Interest
There are multiple key takeaways from the results. First of all, the initial heat transfer at the start
of the measurements is significant. This implies that in the initial phase of the measurement when
no phase change has occurred, the system can deploy or absorb significant amounts of heat. This
also leads to the delivery and retention of more considerable temperature differences at the start of
the measurements. Once the measurements continue and the phase boundary moves away from the
tubes, the heat transfer coefficient drops significantly. This shows that the heat conduction methods
from the tube to PCMwere insufficient. Large parts of the capacity were being underutilised. This leads
to the conclusion that the critical length of the system is not the distance from the fins. If this were the
case, the heat transfer rates would bemore similar to each other at the different thermocouple locations.
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Figure 6.6: Logarithmic plot showing the forward difference of the temperature at each point in time for the first cooling test. A
low-pass filter has been applied to the temperature change data to remove random noise.

Additionally, they would not be heavily grouped in categories depending on their height in the system.
As the design goal is to uniformly heat or cool the whole system as rapidly as possible, the current
design has room for improvement. The heat transfer near the tubes is still sufficient. The heat transfer
in the vertical direction further away from the tubes is lower than required.



7
Economic case

The modelling and experimentation have shown the technical potential of the concept. This chapter
discusses the economic potential of the system. The economic case for the system is built up in a few
parts; the costs associated with manufacturing the system, the customer’s monetary gains, and the
added value from the improved product.

7.1. Costs
The costs of the system are built up from a few factors. These are the manufacturing of the condenser
unit, the PCM material, the container, and the assembly and integration of the system into the current
system. The condenser unit can be custom ordered as a unit and integrated into the current system
during the cooling system manufacturing phase. The addition of this system to the current refrigeration
systemwill be considered the condenser cost. The cost of the PCM ranges quite significantly depending
on the quality and quantity ordered. For this cost estimate, the quantity used is 1 kg. The price is €7 per
kg based on the product that was acquired for the experimentation. The container for the PCM does
not have to be an expensive part. A plastic container with insulation is sufficient. Expert judgement
estimates this to be around €1. The assembly costs will only be the added assembly costs due to
the addition of this system. As the condenser and container will be implemented into the total cooling
system externally, these costs are already factored in. The added assembly costs would be the steps
required to integrate the system into the rest of the Quooker system. It is estimated that this would
be four assembly actions associated with connecting the water streams on both ends. Each assembly
action on the line should last around 15 seconds. Assuming an assembly cost of €60 per hour, €1 of
assembly cost would be added per product. Additionally, retail prices are usually 2-3 times as high as
the cost price, so to not skew the margins, this factor also needs to be applied. 2.5 will be used for
these calculations. The costs are displayed in table 7.1.

Part Cost (Euros)
Condenser 10
Container 1
Assembly 1

PCM 7
Total 19

Retail factor 2.5
Total cost increase 47.50

Table 7.1: System costs

7.2. Monetary Gains
The gains of the product can be categorised into two parts. These are monetary gains for the client and
non-economic gains for Quooker. The client’s savings potential heavily depends on a few highly volatile
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factors. Firstly the price of energy is currently in a very volatile state due to socio-political circumstances.
For the rest of this calculation, the price ceiling for electricity, set by the Dutch government, will be
used. This is set at €0.40 per kWh. The usage scenarios and environmental conditions are also
of importance. In normal operating conditions, the Quooker system refrigeration cycle produces 160
Watts for 90 seconds every 20 minutes. This amounts to almost 0.3kWh per day. That amount of
energy is purely to keep the cooled water reservoir at the required temperature. Any use of the cooled
water increases the operating time of the compressor and, thus, the heat it produces. The energy the
system can deliver depends on the system’s design, the amount of heat demanded by the user and
the temporal spacing between moments of demand.

While every user demand profile is different, this case will use the ultimate best-case scenario, the
ultimate worst-case scenario and a typical user profile for the calculation. Judgments can be made with
other profiles in mind compared to this profile.

7.2.1. Best-Case Scenario
In the most optimal energy-saving scenario, both boiling water and refrigerated water are heavily de-
manded. This will cause the compressor to deliver more heat than simply the standby heat with a
maximum of 160W if it is in constant operation. By demanding large amounts of boiling water, the
temperature differences will remain large in the system causing maximum heat to be transferred to the
PCM and, subsequently, the water. This is limited by the rate at which the boiling water reservoir can
heat its water. Once the 3L reservoir is empty, it takes around 20 minutes for the water to be at a
temperature at which the user would want to dispense it. Thus with perfect optimal use, a theoretical
gain of €1.53 per day. This scenario is clearly very unlikely, but it shows that the best use cases for this
application are scenarios where both products are heavily used and intermittently spaced throughout
the day.

7.2.2. Worst-Case Scenario
In the worst case, the user only demands cold water or does not use the system at all. In this scenario,
the buffer will fill up with heat until it can not receive any more heat, and the excess heat will be rejected
into the kitchen cabinet. This scenario has no economic gain. This scenario is highly unlikely, however,
as it can be assumed that if a customer buys a product, they intend to use the product. While this
scenario is quite farfetched, there are other scenarios that are more likely, which also have very poor
economic performances. If all of the boiling water demanded is concentrated at one point in time, the
performance is lower as the system does not have time to rebalance and reheat.

7.2.3. Average User Scenario
An average Quooker user uses 2L of boiling water every day. The quantities demanded will range from
100 ml for a small cup of tea, for example, to a litre or more to cook with. The smaller quantities will
enjoy large heat transfer rates as less phase change has occurred, and the temperature differences
between the fins and the water will be considerable. The larger demanded quantities will see less heat
transfer towards the end. Using the current design and a demanded quantity of 200ml, the average
temperature gain of the preheated water is up to 12 ∘C. If a litre is used as the quantity demanded, the
average temperature gain drops to around 6 ∘C. This temperature output can be increased by improving
the design but it will be used as an indication here. A hypothetical scenario for a user could involve five
smaller uses of 200 ml throughout the day, followed by a larger use at dinner time for cooking. This
leaves enough time for the PCM to regain all its temperature from the compressor in between uses.
This scenario would see the user save 75 kJ or 0.02 kWh daily. This amounts to €3.05 per year. This
can be used to equate the net present value. The average inflation rate over the last 20 years has been
2.5%. Using this as the discount rate gives a payback time of 20 years before the investment by the
customer is recouped. This development of the payback period for the three cases is seen in figure
7.1. Both boundary cases are extreme scenarios, so almost all use cases will fall in between the two.

7.3. Economic Discussion
20 years is a timeline that is in line with expectations of how long the product should last, but this may
not be a timeline in which consumers would be prepared to invest. Other factors that add value are thus
important to consider. Saving energy and reusing energy are very important topics in today’s society.
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Figure 7.1: Graph showing the payback period of the system with an average user scenario.

There is additional value in products that save energy than purelymonetary gain. By implementingmore
energy savings, the product can become more marketable. Another potential value is in compliance
with potential future regulations or energy labels. As the globe tends to a more energy-efficient world,
governments are also tightening environmental regulations and energy label requirements. A heat
recovery system could be a potential future factor in passing these regulations or achieving these
labels. This added value may even be more significant than the actual monetary gain. Future energy
prices remain uncertain, leaving much speculation about how effective of an investment this system
could be. While energy prices are currently very high, they may come down, pushing the payback
period significantly, but increased design performance can potentially cancel this out.





8
Conclusions and Recommendations

8.1. Conclusions
The goal of this project has been to design a system with a lower energy demand than the current sys-
tem while retaining all of the current system’s capabilities. The conclusions from the literature showed
that a system using a conventional refrigerant such as R600a would give the highest potential gains.
The literature also showed that for an intermittent heating and cooling system, a latent thermal buffer
can be effective if heat transfer additives are efficiently utilised. Based on these conclusions, the most
effective and manufacturable system is a vapour compression system with a primary and secondary
condenser where the primary condenser would act as a thermal energy store. This store could be
deployed to preheat incoming water.

While most of the components of this system are readily available, this primary condenser with ther-
mal storage would need to be designed from scratch. A finned heat exchanger encased in organic PCM
was deemed to be the best design. Using the system requirements, design requirements and variables
were set up that needed designing and modelling to solve to create the heat exchanger. The finite dif-
ference modelling and manufacturability requirements delivered theoretical optimal fin thickness and
distance values. The fin thickness was set at 0.2 mm and the fin distance at 2 mm. The condensation
models and other manufacturability requirements gave the tube diameter of 8 mm inside diameter. The
tube arrangement followed from these same models coupled with the thermal expansion management
ideas. The measurements showed that a phase change in PCM is an effective way to store energy.
In the surroundings of the tubes, heat transfer was significant along the fins. The measurements also
showed that height was critical in determining heat transfer and that more heat transfer through the
fins was required. At further distances from the tubes, heat transfer was lacking. The expectation was
that the distance from the fins would be the leading factor in determining efficiency. Distance from the
tubes was more critical in the current configuration. The economic case for this system shows promise.
In its current state with an average user, a payback period of 20 years can be expected. With design
improvements, this can be brought down significantly. In addition, the added value of saving energy
and being environmentally positive adds to the business case in a non-monetary manner.

8.2. Recommendations
This research has shown the conceptual feasibility of a PCM heat transfer and storage system that
can be implemented into the Quooker system. Further research and testing are required to move it
from this conceptual stage to a robust design and eventually implementation. Heat transfer rates can
be significantly improved by implementing lessons learned from this research. The key problem is the
vertical heat transfer between streams. A multitude of solutions exist to solve this problem

• By increasing the fin thickness, the vertical heat transfer can be increased. Thicker fins will lead
to a higher vertical heat transfer and lower thermal capacity. Capacity was not an issue in this
research.

• By decreasing the fin distance, the effective heat transfer goes up as there are more fins per
volume of PCM, leading to more heat transfer.
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• Thermal expansion of PCM was less of a problem than anticipated. A potential reason for this
is the process being slower than expected. Research could be conducted into a design where
the heating and cooling streams are interlaced. This decreases the distance between streams,
drastically increasing heat transfer significantly. With this higher rate of heat transfer, the thermal
expansion could pose problems again, though.

These solutions are all aimed at the increase in heat transfer rates. This project has not reached a
phase where the design has been proven and can be directly implemented. Further development is
required. The next phase of development should be focussed on dimensioning the system. The next
phase should also involve using better materials that better represent the final design. The dynamic
response of the system to different scenarios was ignored in this research asmany factors were different
compared to a potential final design. A next-stage prototype should thus use R600a instead of water,
have fully welded joints instead of plastic tubing and a fully insulated exterior.

This project has also brought forth some recommendations to be used during experimentation in
the further development phases. The experimental setup can be improved in a few ways. Firstly, a
circular closed-off water system with a heating element would be beneficial. This would reduce the
temperature variations due to external factors, and it would make the inflowing temperature actively
controllable and more steady. The steady temperature would leave a clearer depiction of the change
in flux due to internal factors rather than the change in inflowing temperature. The peaks caused by
the slow reaction of the mixing valve would then also be removed, which would give more insight into
the initial stages of the process. Secondly, the system should use a flow rate regulating valve so that
the flow rate can be kept constant and controlled. This removes uncertainty from different flow rates
in the system. Thirdly, large errors were caused by thermal effects near the thermocouple loggers
influencing the cold junction temperature. Especially at these near-ambient temperatures, it is critical
that the loggers are fully insulated and kept away from any potential heat source. By implementing
these improvements into the next iteration of testing, a more decisive conclusion can be made about
the success of the design concept presented in this paper.



A
Supplementary Data

Thermocouple Offset (K)
Warm in 0.38
Warm out 0.22
Cold in 0.02
Cold out -0.35
TC1 -0.38
TC2 -0.03
TC3 0.21
TC4 0.36
TC5 0.28
TC6 0.15
TC7 -0.03
TC8 -0.39
TC9 -0.53
TC10 -0.18
TC11 0.03
TC12 0.22

Table A.1: Thermocouple offsets

The refrigeration cycle of the current system is shown on the next page. The p-h diagram was
generated using Coolpack [35].
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B
Manufacturing process

The production of the prototype involved multiple different processes, some of which were performed
in-house by myself or others at Quooker. Other processes were outsourced. Using the design require-
ments and the modelling results, designs were made for the different parts that need to be constructed.
The different parts are the tubes, the tube corner pieces, the thermocouple t-junctions, and the con-
tainer. Additionally, tools were manufactured for the tube bending and pressing of the fins.

B.1. Tubes
The tubes themselves were ordered to specification. The tube bends were then designed to fit over the
tubes. To create the bends, a tube with an inside diameter of 10mm was acquired. It had an outside
diameter of 13mm. This tube was then cut into pieces of around 100 mm. These pieces could be
shortened later if necessary. It then needed to be bent into shape. Bending the tube in normal ambient
conditions caused the tube to buckle, so a different solution was required. The first idea was to push
the tube over a bent rod. A heat gun would then be applied to the tube, allowing the stresses in the tube
to be relieved and the tube to bend without buckling. The rod was printed using a resin printer. Resin
with a high temperature resistance was used. The first iteration of this idea had a problem associated
with it that it was very challenging to push the plastic tube around the rod. For the second iteration,
the tube diameter was reduced slightly, the vertical component was made longer to give a large portion
where it could be held, and the chamfers on were made more significant and applied to both ends to
make it easier to apply the tubes. Both iterations can be seen in figure B.2, and the technical drawing of
the second iteration is shown in figure B.3. The second iteration still struggled with the same problems,
and additionally, once the heat had been applied, it was very difficult to remove the rod.

To solve this problem, a new design was created. Instead of moulding the tube from the outside,
it would be heated and subsequently placed in a mould, where it would be left to cool. To avoid the
initial buckling of the tube, a silicon tube was acquired, which could be pulled through the tube using
some wire. The drawing of the mould can be seen in figure B.4. This mould was also printed using
the resin printer using the same temperature-resistant resin. The mould was printed twice so that both
sides could be clamped around the tube once it had been heated. This process is shown in figure B.1.

B.2. Fins
The most critical parts of the prototype are the fins and tubes. The contact area needs to be maximised
to ensure proper conduction between the fins and the tubes. To ensure maximum contact, collars were
pressed into the fins. These collars were pressed from aluminium plates. A hole of a specific diameter
would be laser-cut into the fin. The thickness was determined using the modelling. The height of the
collars would be used to judge the spacing of the fins. Test strips were thus devised to evaluate which
collar heights could be achieved at each fin thickness. By adjusting the diameter of the hole, the collars
would be of different heights. As the plates got thinner, lower collar heights were achievable. This led to
the final decision of 0.3 mm thickness and 1.5mm collar height. It was decided that the collars wouldn’t
have to be the critical factor in judging the spacing. The Friction between the fins and tubes would be
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Figure B.1: Tube bending process where the tube has been heated with a heat gun and subsequently bent into shape and placed
in the mould to cool. The silicon tube with attached wire can be seen still present within the tubing.

Figure B.2: Left: The first iteration bending tube with a shorter handle and larger tube diameter.
Right: The second iteration bending tube with a larger handle, increased chamfer, and a smaller diameter.
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Figure B.3: Drawing of the first tube bending solution.

sufficient, so the fins would not necessarily need to be stacked. Figure B.5 shows a single fin with the
collars pressed into it.

B.3. Pressing
Once the plates were cut and collared, they were ready to be pressed over the tubes. To properly press
the fins, a tool was produced which could press the plates evenly over the tubes. This tool would need
to apply pressure to the plates while letting the tubes through. The force of the press would also need
to be distributed evenly.

The tool was designed considering structural integrity as well as material availability. 20 mm alu-
minium was structurally strong enough and available and was thus used. The tool consists of a bottom
plate in which the tubes can stand, which is separate from the rest. The top plate can attach to the
press and has 6 rods connecting to the bottom plate, which applies the pressure. Figure B.7 shows the
design of the pressing plate, figure B.8 shows the design of the top plate, figure B.9 shows the design
of the rods and figure B.10 shows the design of the rod holder. The three plates were milled into shape,
and the holes were drilled.

The tool was then attached to the press, and the tubes were placed in the rack. The fins were
then pressed over the tubes. This method of pressing led to a few problems. The stand in which the
tubes were placed had too high of a gap tolerance causing the tubes to be loose and unaligned with
each other while the first few fins were being pressed. As more and more plates were pressed onto
the tubes, the tubes would be pushed back into alignment. In the next iteration, the tube tolerance
should also be sharper. The current set of tubes contained a few tubes that were not as straight as
the others, causing the alignment and stresses in the plates to vary as more plates were added to the
system. Towards the end of the process, the alignment was off by such a large margin that significant
pressing force was required to press the plates over the tubes. This increased pressure, along with the
design of the press tool, caused the collar edges to be sucked into the press tool. Removing the plates
after they had been pressed onto the ever-growing tube-and-plate-packet was increasingly difficult. As
more plates were added, more force was required to remove the packet from the press. A removal tool
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Figure B.4: Drawing of the mould for tube bending

Figure B.5: Image of fins with pressed collars form optimal thermal contact.
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Figure B.6: Image of the tool that was attached to the hydraulic press to press the fins over the tubes.

Figure B.7: Drawing of the press-plate of the pressing tool.
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Figure B.8: Drawing of the top plate of the pressing tool

Figure B.9: Drawing of the rods used in the pressing tool.
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Figure B.10: Drawing of the rack in which the tubes stand while pressing.

had not been designed, meaning rudimentary methods such as prying with a screwdriver were used to
separate the packet from the tool. Unfortunately, this also led to plate deformation, causing the plate
distance to become very non-uniform.

B.4. Container
The container was made up of six plates of polycarbonate, which had been ordered to fit from a water-
cutting firm. Holes were then drilled into the sides of the plates with thread so the plates could be
attached. Holes were also drilled in the top where the tubes could pass through as well as smaller
holes for the thermocouples. Figure B.11,B.12, and B.13 show the designs of the top, short side and
long side, respectively. The bottom is the same as the top, without holes for tubes and thermocouples.

Once the holes had been drilled, the container could be bolted together and glued. A two-component
adhesive was used to ensure a proper seal between the edges of the container. Figure B.14 shows
the glueing process. The table clamps were used to position the separate pieces of the container from
which the pieces could be removed and replaced one by one to apply the adhesive. The seals were
then tested by filling the container with water and letting it set for an hour. After this period of time, no
water was found under the container, so it was deemed leak tight. Figure B.15 shows the setup for the
leak test.

B.5. Thermocouple T-junctions
The thermocouples needed to be inserted in the flow to measure the temperature there accurately.
Long flexible thermocouples were thus purchased along with thermocouple seals. These seals were
welded onto steel tubes which had had a hole drilled into the side of them. These tubes could then be
clamped to the rest of the system in line with the flow. The thermocouple could be inserted through the
seal into the stream.
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Figure B.11: Drawing of the PCM container lid.

Figure B.16: Image of a welded thermocouple t-junction
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Figure B.12: Drawing of the short sides of the PCM container.

Figure B.13: Drawing of the long sides of the PCM container.
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Figure B.14: Image of the glueing process of the PCM container.

Figure B.15: Image of the PCM container leak test.



C
Measurements

These are the six measurements that were run along with the heat transfer coefficients for each ther-
mocouple during each measurement.

65
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Figure C.1: First heating measurement.

Figure C.2: Second Heating measurement.



67

Figure C.3: Third heating measurement.

Figure C.4: First cooling measurement.



68 C. Measurements

Figure C.5: Second cooling measurement.

Figure C.6: Third cooling measurement
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Figure C.7: Heat transfer coefficients of the first heating measurement.

Figure C.8: Heat transfer coefficients of the second heating measurement.
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Figure C.9: Heat transfer coefficients of the third heating measurement.

Figure C.10: Heat transfer coefficients of the first cooling measurement.



71

Figure C.11: Heat transfer coefficients of the second cooling measurement.

Figure C.12: Heat transfer coefficients of the third cooling measurement.
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Figure C.13: Change in temperature per second at each thermocouple during the first heating measurement.

Figure C.14: Change in temperature per second at each thermocouple during the second heating measurement.



73

Figure C.15: Change in temperature per second at each thermocouple during the third heating measurement.

Figure C.16: Change in temperature per second at each thermocouple during the first cooling measurement.
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Figure C.17: Change in temperature per second at each thermocouple during the second cooling measurement.

Figure C.18: Change in temperature per second at each thermocouple during the third cooling measurement.
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