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Abstract

The energetic problem is an issue that concerns the entire world. For instance, heating
and cooling in buildings accounts for around the 80% of total final energy use in build-
ings, of which the 75% is still generated from fossil fuels and only 19% from renewable
energy. In this context, Heat Pump systems (HP) are one of the most promising tech-
nologies to reduce fossil energy consumption for heating and cooling in buildings. Ad-
ditionally, newer and more efficient heat pump technology would improve the energy

sustainability of the building in which it is used.

In order to develop new HPs, there are two important aspects. The improvement of the
components and the improvement of the joint system. The components would improve
by optimizing geometrical parameters and materials, among others. Regarding the
joint system, the main goal is to improve the control loop of the system. Nowadays, the
best way to address these aspects is by the dynamic modeling of the components and
systems that could simulate accurately their behavior. During this thesis a model for

reversible liquid-to-liquid HP has been developed.

Firstly, a review is presented on the state-of-the-art of residential HPs and the ad-
vances on their modeling. A general energy background is presented. In it, the main
global energy problems, heating and cooling handicaps in buildings and the latest en-
ergy policies are presented. Then, a brief description of HP operation principles, types
of HPs and their role in the energy transition is depicted. Additionally, different tests
with HPs conducted by the community are described. Finally, the advances in math-
ematical modeling of vapor compression cycles are reviewed explaining the different
approaches to model them, the advantages and disadvantages of those approaches and

the already existing models.

Then, the physics-based dynamic model to simulate the behavior of reversible liquid-
to-liquid HPs is presented. The model of each component of the HP is developed separ-
ately and then they are joined together. The model is implemented in Matlab/Simulink

environment.

Arefrigerant-to-liquid plate heat exchanger (PHEX) model was developed using the Fi-
nite Control Volume method. The behavior of PHEXs either if they are working as con-
densers or as evaporators can be simulated. Moreover, they allow the user to choose

the configuration of the PHEX between parallel-flow and counter-flow. The equations
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and their implementation have been presented.

After that, the model is validated in micro-scale situations, understanding that the
micro-scale is the time scale at which fast transient-states are produced. Examples

include operation condition changes, working mode switches or system start-ups.

Different tests under different transient situations were developed. Measurements
have been used to validate the model under heating, cooling and start-up situations.

Simulation results present good agreement with test data.

Once the model was validated under different micro-scale transient situations, work-
ing mode switch was simulated. The reversible behavior of the system was simulated
by starting in cooling mode, switching to heating mode and going back to cooling mode.
Since experimental data of working mode switches was not available, it was not pos-
sible to compare the simulation results with test data. However, the obtained results
could have a good alignment to the actual behavior of the system during a working

mode switch.

Finally, the model was used to simulate the behavior of other HP under macro-scale
situations, understanding that the macro-scale is the time scale at which the dynamics
of the system are studied during long time periods. With it, the utility of the model to
obtain the performance of the system is studied. With respect to micro-scale simula-

tions, the discretization of the model into finite volumes was reduced to the half.

The HP used (different from that used in micro-scale tests), test rig and tests proced-
ure is explained. Then, the model is validated under the cooling working mode. A good
agreement is observed between test data and simulation results in water temperat-
ures but the compressor power consumption is underestimated. After that, a system
energy performance study was conducted in order to clarify the divergences between
test data and simulation results. It was concluded that by improving the compressor

model more accurate results could be obtained.

To summarize, the validity of the model can be asserted to simulate liquid-to-liquid HPs
with accurate results. It can be used to carry out micro- and macro-scales simulations
under different working modes and configurations of PHEXs. Additionally, working

mode switch simulations can be carried out.
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Nomenclature

Symbols
A area [m?]
Bo  Boiling number [—]

c specific heat [kJ kg=' K]

C, valve coefficient [m?]

Dy, hydraulic diameter [m]

G massflux [kgm™2 K]

h enthalpy [kJ kg~!]

h enthalpy time derivative [kJ kg='s7!]
L plates width [m]

m  mass [kg]

m  mass flowrate [kgs™!]

N number of finite volumes

Nu  Nusselt number

Peo  cOrrugation pitch [m]

P pressure [kPal

P pressure time derivative [kPa s™!]
Pr  Prandtl number

q heat transfer rate [kWW s !]

Re  Reynolds number

t time [s]

T temperature [K]

V' volume [m?]

x plates length in the flow direction [m]
Greek letters

«

convection heat transfer coefficient [kW m =2 K~!]
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chevron angle [rad]
difference/increase
efficiency

partial derivative
density [kg m™3]

T D = ™

density time derivative [kgm ™3 s7!]

Subscripts

ave average property

C cross-sectional area
comp compressor

cv  control volume

Eq equivalent

h at constant enthalpy
i control volume index
in inlet

isen isentropic

n last finite volume

out outlet

p at constant pressure
r pressures ratio

R refrigerant

S heat transfer area

S secondary fluid

C cross-sectional area

valve valve
W  wall/plate
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Acronyms

ASHP Air Source Heat Pump
ASHPWH Air Source Heat Pump Water Heater
COP Coefficient of Performance
DHW Domestic Hot Water

EER Energy Efficiency Ratio

EEV Electronic Expansion Valve
EU European Union

FCV Finite Control Volume

GSHP Ground Source Heat Pump
HEX Heat Exchanger

HVAC Heating Ventilation and Air Conditioning
HP Heat Pump system

HTC Heat Transfer Coefficient

MB Moving Boundary

MFR Mass Flow Rate

NE Normalized Error

PHEX Plate Heat Exchanger

RTF Real Time Factor

SAHP Solar Assisted Heat Pump
SPF Seasonal Performance Factor
TXV Thermostatic Expansion Valve

UNFCCC United Nations Framework Convention on Climate Change
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USA United States of America
VCC Vapor Compression Cycle

4WV Four Way Valve
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Chapter 1

INTRODUCTION

During this first chapter an overview of the state of the art will be presen-
ted. It will firstly involve the current global energy framework and a revi-
sion of global and European agreements and policies regarding the main
objectives of energy consumption and emissions reduction. Then, a brief
introduction to heat pump systems and its role in the energy transition will
be given. It will be followed by a review of the experimental tests with heat
pump systems that have been carried out over the world during the last
years. Finally, the advances that have taken place in vapor compression
cycles modeling for different approaches and components will be revised,

with a greater emphasis in physics-based models.
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1.1 Energy Background

1.1.1 Energy global framework

Energy plays a very important role in the development of the society and countries. En-
ergy consumption is needed to develop any kind of economic activity. Therefore, global
primary energy consumption grows annually. In the last 25 years, primary energy
consumption has increased almost a 60% (Figure 1.1). This growth is more evident in
areas under development as shown in Figure 1.2. Moreover, it is estimated to continue
growing in the next 20 years between 18 and 38% under recent energy policies and

barely decrease under ambitious energy policies (Figure 1.1).
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Figure 1.1: Historic global primary energy consumption and future estimations under different scenarios

[1].
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Figure 1.2: Total energy consumption by regions [2].
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The main energy consumption is given in industrial, transport and residential sectors,
which in 2017 monopolize the 79% of the total world final energy consumption (Figure
1.3). Nowadays, that energy is mainly produced from non-renewable sources as can

be seen in Figure 1.4.

O Industy

O Transpor

O Residential

O Non-energy use

E Commercial and public sevices
O Non-specified

@ Agriculture / foresty

@ Fishing

Figure 1.3: Global total final energy consumption by sector [3].

@ Oil products

O Electricity

O Natural gas

O Biofuels and waste
@ Coal

O Heat

@ Crude oil

@ Renewables

Figure 1.4: Global total final energy consumption by source [3].

In this context, the exponential growth of energy consumption from non-renewable

sources has led to different serious problems:
e Environmental problems

The environmental problems such as climatic change are caused primarily by the over-

whelming progress of the human species and its growth of greenhouse gas emissions.

CHAPTER 1. INTRODUCTION 17
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Two main environmental problems are produced by the increase of gas emissions to

the atmosphere.

On the one hand, the greenhouse effect caused by an unnatural concentration of green-
house gases in the Earth’s atmosphere is powering the global warming. The major
gases that contribute to the greenhouse effect are the water vapor and the carbon di-

oxide, which are mainly produced by fossil fuels burning activities.

On the other hand, the ozone layer depletion. The ozone concentration prevents the
most harmful UVB wavelengths from passing through the atmosphere. Nevertheless,
ozone-depleting substances such as halocarbon refrigerants, CFCs, HCFCs and solvents,

are causing a decrease in the ozone atmospheric concentration.
e Fossil fuels scarcity

Fossil fuels are the most consumed primary energy nowadays. Moreover, the increase
of energy demand worldwide [4] have increased fossil fuels consumption, even with
the increase of renewable energy sources [5]. For instance, in Figure 1.5 can be seen
the global primary energy demand growth by fuel in each leading world regions from
2017 to 2018.

Mtoe
150 Other

Europe

W Japan

100
H China

50
]
N e

Gas Renewables Qil Coal Nuclear

W United States

- 50

Figure 1.5: Global primary energy demand growth by fuel and leading world regions from 2017 to 2018
[5].

Nevertheless, the reservoirs of fossil fuels are not inexhaustible. It is calculated that
the depletion time for oil, coal and gas is of approximately 35, 107 and 37 years re-

spectively from 2006 [6].

Moreover, production countries are different from consumption countries, generating

18 CHAPTER 1. INTRODUCTION
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geopolitical tensions between nations. In Figures 1.6 and 1.7 can be seen the difference

between oil production and consumption countries, respectively.
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Figure 1.6: Oil production areas [7].
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Figure 1.7: Oil consumption areas [7].

e Enhancement of the social inequality between countries

There is a proved relationship between the energy consumption of a society and its
economic growth [8-10]. For instance, in Figure 1.8 can be seen how the most de-
veloped countries have much more energy consumption. Therefore, an energy unequal

consumption between countries leads in an unequal economic growth.

The reduction of this problems goes through an energetic transition towards a less

energy consumption and a higher use of renewable energy sources.

CHAPTER 1. INTRODUCTION 19
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Figure 1.8: Energy consumption VS Gross Domestic Product for different countries [11].

1.1.2 Heating and cooling in buildings

As seen in Figure 1.3, residential sector accounts more than 20% of the total global

energy consumption. In Europe, that percentage increase up to 27% [12].

The sources of residential energy consumption varies for different locations. For in-
stance, in Figure 1.9 is shown the comparison of energy sources in residential sector

in 2017 between United States of America (USA) and European Union (EU). However,

it can be asserted that the use of non-renewable sources is predominant.

Figure 1.9: Comparison of energy sources in residential sector in 2017 between USA and EU [12, 13] .

The final energy consumption by end-use in the residential sector is divided as shown

in Figure 1.10. Space heating accounts for around 50 - 65% of the dwellings energy

Renewable energy

O Electricity

O Derived heat

O Natural gas

Solid fuels

Oil & petroleum
products

20
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consumption. Taking into account all the heating and cooling systems it grows up to
70 - 79%. Cooling currently accounts for around 5% of energy consumption but it is

growing rapidly due to, among others, the increase in the global temperature [14].

@ Space heating

O Lightnin and appliances
@ Water heating

B Cooking

@ Space cooling

B Others

Figure 1.10: Final energy consumption by end-use in the residential sector [15].

Moreover, for the case of EU, Figure 1.11 shows the main energy sources for each
type of end-use. In EU, for space heating and Domestic Hot Water (DHW) production,
around 23% and 10% respectively is produced from renewable energy sources [12].
Globally, space heating production from renewable sources decreases to around 10%
[16]. It entails a considerable environmental impact due to the related CO2, NOx and
CFCs emissions [17].

100%
90% = Renewables and wastes
40%
= Petroleum products
T0%
B0% = Solid fuels
50%
uG
40% as
0%
m Derived heat
20%
0% m Electricity
0% T T T T T

Space heating Space cooling Water heating Cooking Lighting and Other end uses
appliances

Figure 1.11: Main energy sources for each type of end-use in the residential sector [12].
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Almost half of the EU’s buildings have individual boilers installed before 1992, with ef-
ficiency of 60% or less [18]. Decisions on replacing old appliances are typically made
under pressure, when the heating system breaks down. Moreover, desirable inform-
ation is not easily available for most consumers. This leads them to continue using

older, conventional and less efficient technologies [19].

For the specific case of Spain, half of dwellings have conventional individual boiler for
space and hot water production and hardly 23% are equipped with clean technologies,
such as heat pumps systems (Figure 1.12a). Regarding cooling systems, the use of elec-
tric technologies increases up to 78%. However, the implementation rate of cooling
systems in Spain is around 49% [20]. They are mainly used in hot and Mediterranean

climatic zones (Figure 1.12b).

O Indivicual boiler mE Conventional air conditioner

@ Electric heater
@ Not-fixed air conditioner
@ Reversible heat pump

@ Non-reversible heat pump O Reversible heat pump

(a) (b)

Figure 1.12: Heating (a) and cooling (b) systems used in residential bilding in Spain [20]

Bearing all this in mind, cooling and heating present a great opportunities to reduce
greenhouse gas emissions from the residential sector and move towards a more sus-
tainable future. Clean heating and cooling means providing heat and cool without emit-

ting CO2, noxious gases or particulates. It can be provided by different clean systems
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from which one of the most promising technology are the heat pumps [21].

1.1.3 Global and European energy policies

With the objective of reducing the global emissions some policies and agreements have
been signed during last years. Some are agreements that have been reached between
different countries around the world while others are policies implemented in specific

regions.

Since it is not possible to enumerate and describe all of them, the most representative
global agreements and European Directives that were signed during the last years will

be presented chronologically.

Montreal Protocol on Substances that Deplete the Ozone Layer

This is the first international treaty signed to battle the environmental issues and the
first universally ratified treaty in United Nations history. It was signed in 1987 as a
result of the Vienna Convention for the Protection of the Ozone Layer by 197 parties
(196 states and the European Union). It is focused in the reduction of halogenated

hydrocarbons that deplete stratospheric ozone [22].

United Nations Framework Convention on Climate Change (UNFCCC)

[t was signed in Rio de Janeiro in 1992 by 43 countries, which were considered as the
developed countries and the economies in transition. Its main goal was to stabilize
greenhouse gases concentrations in the atmosphere at a level that would prevent dan-

gerous anthropogenic interference with the climate system [23].

European Directive 93 /76 /CEE

This is the first European Directive regarding the energy efficiency in buildings. The
purpose of this Directive was to limit the carbon dioxide emissions by improving en-

ergy efficiency implementing programmes in the following fields [24]:

— Energy certification of buildings.

CHAPTER 1. INTRODUCTION 23
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— The billing of heating, air-conditioning and hot water costs on the basis of actual

consumption.
— Third-party financing for energy efficiency investments in the public sector.
— Thermal insulation of new buildings.
— Regular inspection of boilers.
— Energy audits of undertakings with high energy consumption.

This Directive encouraged EU members to work on the improvement of the energy

efficiency in buildings but did not impose any obligation to any of them.

In 2006 this Directive was replaced by the Directive 2006/32/EC.

Kyoto Protocol

The Kyoto Protocol was adopted in Japan in 1997 to extends the UNFCCC treaty of 1992
[25]. It entered into force in 2005 and its first commitment period started in 2008 and
ended in 2012. The objective of this protocol was to reduce the emissions of the six

main greenhouse gases.

European Directive 2002 /91/CE

The objective of this Directive was to promote the improvement of the energy perform-
ance of buildings, taking into account outdoor climatic and local conditions, as well as

indoor climate requirements and cost-effectiveness [26].

This directive introduce the energy certification of buildings, the application of min-
imum requirements on the energy performance of new and major renovation build-
ings, a general methodology for the calculation of the buildings energy performance

and a regular inspection of boilers and air-conditioning systems.

This directive also introduced for the first time the definition of a “heat pump” as a
device or installation that extracts heat at low temperature from air, water or earth

and supplies it to the building.

In 2010 this Directive was replaced by the Directive 2010/31/UE.
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European Directive 2006/32/CE

This directive on energy end-use efficiency and energy services replaced the Directive
93/76/CEE. It main purpose was to enhance the cost-effective improvement of energy
end-use efficiency by providing the necessary tools to remove existing barriers that
impede the efficiency and by creating the conditions for the development and promo-
tion of a market for energy services. It also imposed to State members the submission

of Energy Efficiency Action Plans [27].

In 2012 this Directive was replaced by the Directive 2012/27 /UE.

European Directive 2009/28/EC

This Directive on the promotion of the use of energy from renewable sources was
signed on 23 April 2009 and established a common framework for the promotion of
energy from renewable sources [28]. It set mandatory national overall targets and

measures for the use of energy from renewable sources.

On this purpose, it was set that aerothermal, geothermal and hydrothermal heat energy
captured by heat pumps shall be taken into account for the calculation of the sum of
gross final consumption of energy from renewable sources for heating and cooling if
the final energy output significantly exceeds the primary energy input required to drive

the heat pumps.

The amount of energy captured by heat pumps to be considered energy from renew-
able sources for the purposes of this Directive E,.s shall be calculated in accordance

with the following formula:

Eres = Qusable(l - ]-/SPF) (11)

where Qusable 1S the estimated total usable heat delivered by heat pumps and Seasonal
Performance Factor (SPF) is the estimated average seasonal performance factor of the
heat pumps. Only heat pumps with a minimum SPF can be considered as renewable

energy systems.

SPF is the term that determine the performance of a real installation, contrary to the

Coefficient of Performance (COP) that evaluates the performance under controlled labor-
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atory environment [29].

European Directive 2010/31/UE

With the aim of reduce the energy consumption of the EU by 20%, reduce the green-
house gas emissions by 20% and implements the measures established in the Com-
mission Communication entitled “Action plan for energy efficiency: realizing the po-
tential” [30], in 2010 was signed the Directive 2010/31/UE on the energy perform-
ance of buildings. This directive ratified the requirements established in the Directive
2002/91/CE and introduce the concept of nearly zero-energy buildings and the inde-

pendent control systems for energy performance certificates [31].

This directive redefined the heat pump definition given in the Directive 2002/91/CE

and introduced the concept of reversible heat pumps.

European Directive 2012/27 /UE

The Directive 2012/27 /EU on energy efficiency established a common framework of
measures for the promotion of energy efficiency within the Union in order to ensure
the achievement of the Union’s 2020 20% headline target on energy efficiency and to

pave the way for further energy efficiency improvements beyond that date [32].

Paris agreement

The Paris Agreement is the latest agreement signed by the UNFCCC. It was signed in
2015 and for the first time brings all nations into a common cause to undertake ambi-
tious efforts to combat climate change and adapt to its effects, with enhanced support

to assist developing countries to do so [33].

The Paris Agreement central aim was to strengthen the global response to the threat
of climate change by keeping a global temperature rise below 2 degrees Celsius with
respect to pre-industrial (1990) levels. Additionally, the agreement aims to strengthen

the ability of countries to deal with the impacts of climate change.

The Paris Agreement entered into force on 4 November 2016.
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1.2 Heat pump systems

Heat Pump system (HP) are mechanical systems driven by electric energy with the
objective of transfer heat from a heat source to a heat sink. The great majority of HPs
work on the principle of the Vapor Compression Cycle (VCC) (Figure 1.13), consisting
of an outdoor Heat Exchanger (HEX) (as evaporator), a compressor, an indoor HEX (as
condenser) and an expansion valve. A volatile liquid, known as the refrigerant fluid, is

used to transport the heat in the closed HP cycle [34].

driving energy

high temperature
low pressure

high temperature
high pressure

to heat sink
(process, space
heating, DHW)

from heat
source

COMPRESSOR

EVAPORATOR CONDENSER

to heat
source

from heat sink

low temperature EXPANSION low temperature
low pressure VALVE high pressure

Figure 1.13: Vapor compression cycle scheme.

In the condenser and evaporator HEXs, heat is transferred between the refrigerant
fluid and other fluid used in the heat source and sink, known as secondary fluid. De-
pending on the HP, the sink can be water or air. Similarly, the heat sources depend on
the HP, being the most common ones the ambient air, the subsoil, groundwater reser-
voirs or surface water reservoirs. The combination of these heat sinks and sources

defines the HP classification.

1.2.1 Heat pumps classification

Depending on the heat source and sink combinations, HPs can be classified as air-to-air
HP, air-to-water HP, water-to-water HP and water-to-air HP. This classification defines
the HEX utilized for the heat transfer between the secondary fluid and the refrigerant
fluid.
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e Air-to-air HP: Uses outdoor air as the heat source and indoor air as the heat

sink.

e Air-to-water HP: Uses outdoor air as the heat source and transfers heat to in-

door water.

e Water-to-water HP: Also known as liquid-to-liquid HP, takes heat from outdoor

water and transfers heat to indoor water.

e Water-to-air HP: Also known as liquid-to-air HP, takes heat from outdoor water

and transfers heat to indoor air.

On the other hand, depending on the heat source, they can be differentiated between
Air Source Heat Pump (ASHP) and Ground Source Heat Pump (GSHP).

e Air Source Heat Pump: It takes heat from outdoor air and transfer it to the re-
frigerant fluid. The most common ASHP are air-to-air HP, so then, the refrigerant
transfer the heat to indoor air. Nevertheless, it also can be transferred to water

(i.e. to radiators water).

e Ground Source Heat Pump: Subsoil or outdoor water reservoirs are used as the
heat source. When heat is taken form the subsoil it is usually utilized a ground-
coupled HEX in order to exchange heat between the subsoil and the used second-
ary fluid, which then will transfer to the refrigerant fluid. In these cases, in cold
climates, the secondary fluid is usually a water mixture with glycol to avoid the
freezing of the water. In case of using water reservoirs, it can be a closed loop,
which uses a coupled HEX, or an open loop, where the water of the reservoir

exchange directly the heat with the refrigerant fluid in the outdoor HEX.

Additionally, nowadays, an important number of HPs are designed with the capability
of reverse the working cycle of the system and use them to cool down the indoor air or
water instead of heating it. These systems are commonly known as reversible HPs and

are achieved by placing a Four Way Valve (4WV) between the HEXs and the compressor.

The operation cycle of a reversible HP depends on the working mode of the system:
heating or cooling modes. During the heating mode, the system absorbs heat from the
heat source, transfers it to the refrigerant fluid of the system’s closed circuit and, later,
this heat is transferred to the indoor air or water. Therefore, the indoor HEX works as
the condenser and the outdoor HEX as the evaporator. On the contrary, in the cooling

mode, the system cools the indoor air or water by extracting heat from it by means of
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the refrigerant and transferring it outside. In this case, the condenser is the outdoor
HEX and the evaporator the indoor HEX.

There are two main situations in which reversible HPs are used. Firstly, when the HP
is wanted to supply both heating and cooling demands. For instance, during the sum-
mer time, when the HP is working on cooling mode in order to cover the refrigeration
demand and a punctual heating demand is given such as a DHW demand. At that mo-
ment, the working mode is switched and the system goes from the cooling mode to the

heating mode.

Secondly, in ASHP, in cold climates it is common that the ambient air moisture freezes
around the refrigerant tubes of the outdoor HEX forming an ice layer. It drastically re-
duces the heat transmission between the air and refrigerant decreasing the perform-
ance of the system [35, 36]. In this cases, the cycle is reversed in order to increase the
temperature of the refrigerant fluid that goes through the outdoor unit during a given
time and melt the ice. Then, the cycle is reversed again to continue supplying space

heating or DHW to the building. This cycles are commonly known as defrosting cycles.

Apart from the presented HPs types, there exist other minority used types of HPs.
Some of them are variations of the previously described ones, other are hybrid sys-

tems and others are systems that use a different working cycle instead of VCC.

Air Source Heat Pump Water Heater (ASHPWH): These systems are similar to
an ASHP,but the condenser instead of being a HEX, is a coil immersed in a water
tank with the objective of heat the water of the tank. ASHPWH are utilized mainly
for DHW production [37, 38].

e Solar Assisted Heat Pump (SAHP): These systems use the sun radiation as the
heat source to evaporate the refrigerant fluid before sending it to the compressor.
There are different types of SAHP such as direct-expansion SAHP [39], air-source
SAHP [40] or photovoltaic/thermal-solar SAHP [41].

e Absorption HP: Instead of using a VCC driven by electric/mechanical energy,
these systems use the absorption cooling cycles using an absorber and a gener-
ator [42, 43]. They are very useful when both heating and cooling are required
simultaneously. Although there exist residential absorption HPs [44], they are

more usual in the industry.

e Air-ground dual source HP: These systems can use either air or ground as heat
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sources. The control of the system chose which source use at each time depend-
ing on the operation and ambient conditions [45, 46]. This technology is under

development and it is not very used yet.

On the other hand, there are many refrigerant fluids that can be utilized in the closed
loop of a HP. The ideal refrigerant would be natural, with low global warming potential,
low ozone depletion potential, good thermochemical properties and safe. Nowadays,
the objective is to remove from the market the most environmentally harmful refriger-
ants and improve the technology to use safely natural hydrocarbons such as propane
[47].

1.2.2 Heat Pump role in the energy transition

Energy transition is ‘a pathway toward transformation of the global energy sector from
fossil-based to zero-carbon by the second half of this century’ [48]. It involves the de-
carbonisation of electric energy production, industrial processes, transport and Heat-

ing Ventilation and Air Conditioning (HVAC) sector, among others.

Regarding residential sector, district heating and demand electrification are two of the
most promising solutions for the reduction of energy consumption and emissions from
heating and cooling [19]. However, electricity must come from renewable sources in

order to get clean heating and cooling.

Nevertheless, energy efficiency progress is overshadowed by continued investments in
carbon-intensive and less-efficient heating technologies. Fossil fuels still supply most
space and water heating needs in buildings. Therefore, direct emissions from heating
remains at 80% of the total direct emissions from buildings [49]. Clean systems such
as HP technologies propose notable potential to decrease emissions from residential

sector.

Energy performance of HPs have been proved to be better than conventional systems
for space heating, cooling and DHW production [50, 51]. Having the GSHP systems
a better performance than the ASHP systems due to two main reasons. The higher
temperature of the ground against the ambient air and the no need of carrying out de-
frosting cycles that decrease system performance [52, 53]. Additionally, as presented
previously, it has been boosted the use of HPs recognizing them as part of renewable

energy technologies (European Directive 2009/28/EC [28]). However, the drawback
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is that HPs are more expensive than boilers [54].

In this context, Asaee et al. [55] developed a techno-economic research to study the
feasibility of converting Canadian building stock into almost zero consumption build-
ings. The study was developed using a validated energy model to simulate the energy
demands of buildings in Canada. With the model 17,000 different houses were recre-
ated in which conventional heating and cooling systems were replaced by an air-to-

water HP, an auxiliary boiler and a thermal storage tank.

The results showed that the changes mentioned in the thermal facilities could be made
in 6.3 million Canadian homes, which would lead to a 36% of reduction in Canada’s
final energy consumption from buildings. On the other hand, it was ensured the re-
duction of primary energy consumption in those provinces where renewable energies
have a significant weight in the generation of electric energy. Consequently, the con-
sumption of fossil fuels as well as greenhouse gases emissions would be significantly
reduced. However, the authors noted the impossibility of carrying out the improve-
ment of thermal installations without governmental economic aid or incentive pro-

grams.

1.2.3 Manufacturers as a key factor

The reduction of investment costs, enhancement of systems energy performance, use
of more environmentally friendly refrigerant fluids and reduction of the payback time
would make the HP technologies even more competitive in the residential heating and
cooling market. In this context, HPs manufacturers plays an important role. They have
the opportunity to develop new more efficient systems to achieve the energetic sus-

tainability.

According to various studies, HP sales in 2018 increased with respect to 2017 in differ-
ent European countries such as Finland [56], Ireland [57] and Germany [58]. Moreover,
annual HP sales in the world have been more than doubled, from 1.8 million units in
2012 to over 4 million in 2017, with year-on-year growth of 30% [16]. This demon-
strates the progress of HP technologies, which are increasingly competitive, commanded

by manufacturers. Nevertheless, the sales of HPs should increase significantly [49].
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1.3 Experimental tests with Heat Pumps

Experimental tests can be carried out both under laboratory conditions and under real
conditions. The usefulness of them depends on the purpose of the test. When tests
are developed in a laboratory, the operation conditions of the system are controlled
and the measurements are usually more accurate. Therefore, the performance of the
system can be better calculated and the elements of the system more accurately char-
acterized. Tests under real conditions are developed by monitoring a whole system in
areal building with real usage along days, weeks, months or even years. This tests are
usually utilized to analyze the seasonal performance and characterize the behavior of

the whole system.

On the other hand, while tests under real conditions are always dynamic tests that de-
pends on the indoor and outdoor conditions, laboratory tests can be developed both
under steady or dynamic conditions. Tests under steady conditions are achieved by fix-
ing the operation conditions of the system and waiting until the steady-state for those
conditions are given. If the goal of the tests is to characterize the performance of the

system for a given conditions or validate a static model, steady tests are suitable.

Nevertheless, when a dynamic model wanted to be validated or the performance of
the system for variable conditions wanted to be studied, dynamic tests are needed.
They can be carried out by varying the operation conditions of the system during its

operation or testing it under the ambient variable conditions.

1.3.1 Tests under laboratory conditions

Byrne etal. [59, 60] conducted experimental tests under laboratory conditions for sim-
ultaneous heating and cooling with an ASHP. Firstly, they characterized for different
operation conditions the ASHP under steady laboratory tests and then they analyzed

the dynamic behavior of the defrosting cycle.

Thermal dynamic analysis of a multi-functional ASHP system for heating, cooling and
DHW production was made in comparison with a conventional ASHP system (only
heating and cooling) by Sun et al. [61] Energy and exergy efficiencies were calculated.
It was concluded that for both heating and cooling mode, the multi-functional ASHP

system had better energy and exergy performance. Defrosting cycles of ASHP were
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also experimentally analyzed with laboratory tests [62, 63].

Zheng et al. [53] developed a performance and exergetic experimental study compar-
ing a GSHP and an ASHP. The test was carried out in North China under steady con-
ditions, using seawater as the energy source for the GSHP. Due to the decrease of the
heat transfer performance caused by the frost formation, the results showed a better

performance of the GSHP.

Cakir et al. [64] developed a laboratory steady experimental test in which a multifunc-
tional HP was tested. It was able to run in four modes, namely air-to-air, air-to-water,
water-to-water and water-to-air. Water tanks were used to simulate water sources.
Results showed that the HP unit which has the maximum COP was the water to air

system followed by the water to water system (Figure 1.14).
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Figure 1.14: COP change for different HP functions versus increasing of the evaporator fluid mass flow rate
(a) and temperature (b) [64].

Sebarchievici et al. [65] tested a reversible GSHP and compared different working
modes (space heating and space cooling, both with and without DHW production).
This test was developed under laboratory dynamic conditions during one month. They
concluded that the COP for space heating and cooling is similar and that the DHW pro-

duction decreases the performance of the system (Figure 1.15).

Pitarch et al. [66] tested in the laboratory a GSHP under different fixed conditions in
which a separated subcooler was added after the condenser for DHW production. In
this case, propane (R290) was used as refrigerant fluid. Obtained results showed a

high degree of performance improvement by adding the subcooler.

CHAPTER 1. INTRODUCTION 33



ENEDI Research Group

[l Classic

[ Optimised

Heating Cooling Heating&DHW Cooling&DHW

Figure 1.15: Variation of COP in different operation modes of GSHP [65].

1.3.2 Tests under real conditions

Regarding tests under real conditions, Luo et al. [67] continuously monitored a GSHP
in south Germany during four years to analyze heating and cooling performance. In
northwest China, a GSHP system of a residential district was compared with a tradi-
tional air conditioner proving the greater efficiency of the HP [68]. Also in China, in
Shanghai, a water heat exchanger was coupled to a domestic ASHP in order to produce
DHW. This system was compared with conventional DHW systems and the reduction

of energy consumption was demonstrated [69].

Sivasakthivel et al. [70] tested a GSHP for cooling and heating in an Himalayan city.
The results showed a better COP in the heating mode than in the cooling mode (Figure
1.16). On the other hand, in order to predict the long-term performance of a GSHP

system, it was monitored during two years in East China by Yan et al. [71].
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Figure 1.16: COP of the HP and the whole system under heating (a) and cooling (b) modes [70].

Some authors have developed experimental tests in which different energy sources
have been compared under real conditions. Urchueguia et al. [72] carried out an ex-

periment in European Mediterranean coast were a GSHP and a ASHP were compared
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in heating and cooling modes. For a whole climatic season, the results showed that the

GSHP system consume less primary energy (Figure 1.17).
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Figure 1.17: System performance evolution for both HP systems and both working modes during one year

[72].

Romani et al. [73, 74] compared in a test cubicle the performance of radiant wall
coupled to a GSHP with a conventional ASHP. The comparison was carried out both
for the heating and for the cooling modes. In both of them was demonstrated the en-

ergy saving potential of the radiant wall coupled to a GSHP.

Another comparison was carried out by Schibuola et al. [52] in Venice. Using the la-
goon water a heat source, a GSHP system was compared with an ASHP, a condens-
ing boiler and an air-cooled chiller in both the cooling and the heating modes. It was

proved the major efficiency of the GSHP.

Dikic et al. [75] carried out a comparison between SAHP, GSHP and ASHP for space
heating. Additionally, they studied also different combined systems, such as ground
source SAHP, air source SAHP and air-ground dual source HP. All tests were carried
out in a test room under dynamic conditions in the east region of Turkey. The COP of

the SAHP was the highest for single source systems whereas the ground source SAHP
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system was the highest for double source systems. COP values for multiple source sys-
tems were higher than for the single source systems. Exergetic analysis was also car-

ried out favoring in this case single source systems, especially GSHP system.

Dai et al. [76] study experimentally the heating performance of a ground source SAHP
during the coldest month in China. On the other hand, Verma et al. [77] carried out
the study of a ground source SAHP from December to January in India. Both studies
concluded that the performance of a GSHP system increased when it is assisted with
solar energy, especially when DHW is demanded during the night due to the storage
capacity of the tanks.

1.4 Vapor compression cycles modeling

Systems modeling is the representation of a real behavior by means of applying phys-
ical laws, empirical regressions and/or correlations. Now, it will be firstly introduced
to the different approaches that can be followed for modeling VCC. Secondly, VCC
physics-based dynamic models that can be found along the literature will be presented.

Finally, models of VCC components will be revised.

1.4.1 Different approaches for VCC modeling

Steady VS dynamic models

Steady models have been widely used in the industry, becoming a commonly required
practice for VCC design [78]. Nevertheless, steady models assumes as constants the
variables that interact in the model without taking into account the variability of them
over time. Dynamic models take into account those variations representing and pre-
dicting the behavior of the system over the time. In Figure 1.18 can be seen the graphic

definition of both approaches.

It is accepted by the modeling community that dynamic system operation can be ap-
proximated by series of quasi steady-state operation conditions taking a reduced time-
step in comparison with the simulation time [79]. However, this assumption cannot

be accepted for any situation. For instance, if the aim of the model is to simulate the
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Figure 1.18: Graphic definition of steady and dynamic state.

dynamic control of a system, it cannot be done by approximation due to the sudden-
ness and high speed of the transient-state. For those situations, dynamic simulations

must be performed.

Regarding HVAC models, many authors have developed steady models. Most of them
with the objective of calculate the energy performance of a system for a given operation
conditions. For instance, Underwood et al. [80] developed a parametric steady model
for an ASHP that can be parameterized and fitted either from field, laboratory or man-
ufacturers data. Tran et al. [81] used regressions from tests data to predict the COP
of an ASHPWH. Kinab et al. [82] developed a model to calculate the performance of
a reversible HP by modeling and simulating separately the components of the system

using physic equations and approaches.

In fact, there exist different widely used software developed to simulate the behavior
of HVAC systems under steady-state conditions, such as DOE/ORNL [83] developed by
Oak Ridge National Laboratory (ORNL), CYCLE_D-HX [84] developed by the National
Institute of Standards and Technology (NIST), IMST-ART [85] by the IMST research
group from the Technical University of Valencia and VapCyc [86] by Center of Environ-

mental Energy Engineering from University of Maryland.

However, steady models are not able to predict transient-states. This limit its utility
in fields like control systems, fails prediction or systems design. For that purposes,

dynamic models are needed.

On the other hand, SPF is a term needed to calculate the amount of captured energy
to be considered as renewable energy. It is commonly calculated by long-term real

field measurements [29], which requires an important monetary investment. Never-
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theless, it can be calculated by data obtained with a validated dynamic model without

the necessity of develop long-term tests.

Tests-based VS physics-based models

In tests-based models, also known as data-based, black box or lumped parameters
models, the unknown variables at each step-time are calculated by means of empir-
ical correlations and regressions fitted to experimental data using maths and statistics.
Those equations had been previously created using data obtained from laboratory or
field tests. This kind of models are used to predict with high accuracy the behavior of
a given system under given steady conditions [87, 88]. Additionally, they can be util-
ized also to predict dynamic behavior [89]. Nevertheless, this kind of models only can
be used to predict the behavior of the system that have been previously tested. If any
component of the system is altered, the model would no longer be valid. Therefore, the

versatility of tests-based models is low.

On the other hand, physics-based models use physical laws to simulate the behavior
of the system, providing great accuracy and the opportunity to simulate different com-
ponents and configurations. Underwood [90] reviewed GSHP simulations, comparing
models based on transfer functions and physics-based models, emphasizing the accur-
acy of the latter. Similarly, Rasmussen [91] compared physics-based and data-based

models, highlighting the versatility of the former.

However, the complexity of developing and implementing physics-based models is greater
than test-based models. Therefore, test-based models could be more appropriate for
some fields, such as performance studies of a given system in different locations. Ad-
ditionally, the computational load of a physics-based model is also greater than a test-

based one.

Micro-scale VS macro-scale models

Depending on the purpose of the model, it can be approached from two different points
of views: macro-scale and micro-scale. On the one hand, the purpose of simulations
carried out by macro-scale models is to get a general view of the system behavior, over

hours, days or months, in order to predict the seasonal performance of a given system.

The performance during transient-states, such as start-up, shut-down and working
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mode switches are not taken into account in macro-scale models. It would increase
the model complexity and computational time while the results would hardly vary due
to the negligible time of those transient-states in comparison with the total simulation

time.

On the other hand, micro-scale models focus on the behavior of the system during short
time periods in which aggressive transient-states are given. Seconds-based time scales
are usually used in order to understand the physical behavior of systems under fast

transitory states.

1.4.2 VCC systems physics-based dynamic models

Micro-scale models

Regarding physics-based micro-scale dynamic models to simulate VCC systems, one of
the most known tool is the commercial software Thermosys [92], which is able to carry
out dynamic simulations of different vapor compression systems [93][79]. This soft-
ware works in Matlab/Simulink environment [94] and was developed by the Alleyne
Research Group of the University of Illinois at Urbana-Champaign. Different compon-
ents can be used to simulate different VCCs. For instance, non-reversible air source
refrigeration systems can be simulated with this software [95]. Additionally, Li et al
[96], based on Thermosys software, developed a dynamic model of a cooling vapor

compression cycle with which the shut-down and start-up operations were analyzed.

In Modelica environment [97] different component libraries have been developed to
simulate the dynamic behavior of VCC systems. TIL Suite [98] and ThermoCycle [99]
are the most known ones. For instance, a transient modeling of a flash tank vapor
injection HP was developed by Qiao et al. [100, 101] using Modelica environment to
capture the transient heat transfer and flow phenomena. Similarly, Qiao et al. [102]
presented a dynamic heat exchanger and frost growth model to account for the non-

uniform frost formation during winter operation of a vapor injection HP.

Koury et al. [103] also presented a physics-based dynamic model of a low cost ASHP
for residential water heating and validated it experimentally. As said before, one of the
most usefulness of micro-scale models are the capability of simulate and predict fast

transient-states of systems. Regarding HPs, the most common fast transient-states are
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the produced by the start-ups and shut-downs of the systems and by the working mode

switching.

For instance, start-ups and shut-downs cycles of a VCC were simulated and analyzed
by Li etal. [96], Lee et al. [104], Hermes et al. [105], Andrade et al. [106] and Jeong et
al. [107].

Working mode switching are very common in HPs due to its capability to reverse the
cycle thanks to the 4WV. As explained before, it can be given for two main reasons:

supply punctual heating or cooling demand and to carry out defrosting cycles.

Concerning reverse-cycle dynamic modeling, Qiao et al. [108] presented a model in
Modelica of an ASHP system to analyze its transient characteristics during the defrost-
ing cycle. A physics-based model of the frost formation and melting is detailed and
developed. The models used to simulate the behavior of the HP components were val-
idated in [100, 102]. Both frost formation and melting models, as well as the simulation

during the defrosting cycle, were not compared with experimental tests.

Macro-scale models

Dynamic macro-scale models of different HVAC systems have been studied over the
last few years. However, there are not many studies carried out with physics-based
models. Calise et al. [109] developed a dynamic model of three different layouts of
solar heating and cooling systems and analyzed the daily transient energy perform-
ance. Specifically, dynamic macro-models of HPs can be found in the recent biblio-
graphy. Buonomano et al. [110] analyzed the system’s power consumption, operation
costs and environmental impact of a water loop HP in hourly, daily and seasonal scales.
The performance factor of a dual-source HP was seasonally and annually analyzed by
Grossi et al. [111]. Furthermore, the HP included in a polygeneration system was dy-
namically simulated by Calise et al. [112]. The electric, thermal and economic analysis

was presented on a daily, weekly and yearly basis.

1.4.3 VCC components dynamic physics-based models

When modeling dynamic systems such as VCC systems, it must bear in mind that not

all the components of the system have equal dynamics. In fact, when modeling a dy-
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namic system, usually the dynamics of the model are governed by the components with

slowest dynamics.

For instance, in the case of HPs, the heat exchangers have slower dynamics than the
components that regulate the Mass Flow Rate (MFR), such as compressors or valves
[113, 114]. This causes that the challenge when modeling HPs relies in modeling slow

dynamic components such as heat exchangers.

Heat exchangers modeling

For HEX physics-based models, different modeling and resolution methods can be found.
Among others, two of the most commonly used methods are the Moving Boundary
(MB) [115] and Finite Control Volume (FCV) [116]. While FCV divides the total length
of the HEX into a finite number of volumes of equal size, the MB method divides it into
a reduced number of unequal finite volumes of variable size. The sizes of those finite
volumes varies along the simulation and depends on a chosen property, such as mean
void fraction [117]. Garcia et al. [118] summarized the references in which transient

models of heat exchangers for refrigeration systems appeared.

Regarding modeling methods, some comparisons between both methods have been
presented over the last few years. Bendapudi et al. [119] compared them in a shell-
and-tube heat exchanger of a centrifugal chiller system. The results were compared
with experimental data and it was concluded that, during steady-states, MB was faster
reaching equal accuracy. Nevertheless, during transient-states, the FCV formulation
was found to be more robust. Pangborn et al. [120] made a comparison between mod-
eling an air-to-liquid HEX with both FCV and MB methods, concluding that the compu-
tational time of MB was lower than that of FCV, maintaining a good order of accuracy
in both cases. Desideri et al. [121] compared MB and FCV methods in a Plate Heat
Exchanger (PHEX) concluding the similar good grade of accuracy of both methods and
highlighting the lower computational time of the MB approach. Similar conclusions
were were reached by Bonilla et al. [122] simulating an evaporator of a direct solar

steam facility.

On the other hand, Rodriguez et al. [123] compared four different dynamic model-
ing paradigms for an air-to-refrigerant evaporator. It was compared FCV method with
three MB methods: enthalpy, void fraction and density based MB. They highlighted
the advantages of the FCV method due to the no need of switching triggers, thresholds
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or tolerances to reach accurate results. However the asserted that it is done at the

expenses of a higher computational time.

The MB methods has been widely used in air-to-liquid HEX dynamic modeling, as de-
scribed in [91, 124, 125]. For instance, Ibrahim et al. [51] used it to predict the en-
ergy performance of an ASHPWH and Bonilla et al. [122] used for the simulations of
condensers and evaporators of a solar-thermal power plant. McKinley et al. [126] de-

veloped a nonlinear switched MB model to simulate air-to-liquid HEXs.

Regarding refrigerant-to-liquid HEX, Sangi et al. [127] used a combined MB and dis-
cretized methods to carry out simulations of GSHPs in Modelica and Li et al. [128]
to model the condensers and evaporators of an underwater system. The use of MB
method makes it difficult to develop a liquid-to-refrigerant HEX with counter-flow con-
figuration. For instance, Bell etal. [129] developed an MB model for counter-flow HEX,
but was only able to predict stationary states. Chu et al. [130] were able to model a

counter-flow PHEX but they had to use a MB-FCV coupling algorithm.

In FCV models, Ozana et al. [131] implemented a dynamic model of a steam super-
heater HEX of an industrial boiler using the FCV method. It was validated for both
parallel and counter-flow connections. Nevertheless, it was not necessary to model
the phase change of the fluids. Bendapudi et al. [132] developed a centrifugal chiller
system model using the FCV method for the shell-and-tube heat exchanger, focusing on
aspects like mesh dependence, integrator order and step-size. It was concluded that
an increase in the number of finite control volumes increases the simulation accuracy
up to a limit. Srihari et al. [133] analyzed the effect of the maldistribution of the flow
into the PHEX channels for single-phase fluids using a FCV model. Moreover, the tran-
sient performance of the air side of an air-to-water HP under frosting conditions was

analyzed using a dynamic FCV model by Gao et al. [134].

Compressors modeling

The most widely used compressors in VCC systems are the scroll and reciprocating
compressors. Along years, many numerical studies have been carried out regarding
the modeling of both scroll and reciprocating compressors. The complexity of those
models depends, among others, in their purpose. Complex models are usually used to
compressors design issues. For instance, Link et al. [135] developed a model to predict

the start-ups and shut-downs transients of reciprocating compressors. A literature
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review about the recent publications of refrigerant scroll compressors modeling was
written by Byrne et al. [47]. In there, many geometrical, empirical and semi-empirical

models can be found.

Nevertheless, when the compressor is modeled inside a more complex system such
as a VCC, rarely complex geometrical models are utilized to describe the behavior of
the compressor. It would lead in a more complex model that would hardly improve
the model accuracy due to the uncertainties and assumptions that are involved in the
system. In this cases, simple models are utilized to describe compressors behavior [51,
95, 118].

Moreover, it must be take into account that, as said before, the dynamics of the com-
pressor are much faster than the HEX ones. Therefore, compressor can be simulate as
and static componentinside a dynamic model if the HEXs are modeled dynamically [51,
124, 136]. Nevertheless, some authors have applied time variables to the static model-
ing approach transforming the static compressor model into a quasi-static model [95,
137].

Expansion devices modeling

Inside VCC systems, different expansion devices can be found, such as Thermostatic
Expansion Valve (TXV), Electronic Expansion Valve (EEV) and capillary tubes [138].
Nowadays, the main expansion device of the refrigerant cycle usually is an EEV due to

its fast regulation capacity and precise control [139, 140].

Regarding valves modeling, in the literature can be found high accuracy models of ex-
pansion valves. For example, Cao et al. [141] develop a neural network model to model
the refrigerant flow thorough an electronic expansion valve and Ndiaye et al. [142]

modeled the bleed port of a thermostatic expansion valve.

However, similarly to compressor models, in systems like VCC the dynamics and iner-
tial effects of the valves are usually neglected and they are statically modeled [95, 114,
136].
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Chapter 2

MOTIVATION & GOALS

During this chapter, firstly the project motivation will be described. Then,
the main goals of the thesis and the contributions to both scientific com-
munity and HVAC industry will be presented. Finally, the structure of the
thesis document will be explained.
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2.1 Project motivation

The energetic problem is an issue that concerns all entire world. Heating and cooling in
buildings accounts for around the 80% of total final energy use, of which the 75% is still
generated from fossil fuels and only 19% from renewable energy [18]. In this context,
Heat Pump systems are one of the most promising technologies to reduce fossil energy
consumption for heating and cooling in buildings [143]. Additionally, newer and more
efficient heat pump technology would improve the energy sustainability of the building

in which it is used.

In order to develop new HPs, there are two important aspects. The improvement of
the components and the improvement of the joint system. The components would im-
prove by optimizing geometrical parameters and materials, between others. In the
joint system, the main goal is to improve the control loop of the system. Nowadays, the
best way to address these aspects is by the dynamic modeling of the components and

systems that could simulate accurately their behavior.
These dynamic models should fulfill the following requirements:
e Full dynamic model.
e Capability to carry out heating, cooling and DHW production modes simulations.

e (Capability to simulate micro-scale transient simulations. Understanding as micro-
scale the time scale at which fast transient-states are produced. For instance,

operation conditions changes, working mode switches or system start-ups.

e (Capability to simulate macro-scale dynamic simulations. Understanding as macro-
scale the time scale at which the dynamic of the system is studied during long
time periods. With it, the performance of the system is obtained, such as COP,
Energy Efficiency Ratio (EER) or SPF.

 Possibility to use different components to create a system.

 Possibility to change physical specifications of the components and the working
fluids.

In this thesis, it will be described the development and validation of a reversible liquid-

to-liquid HP model capable to carry out micro- and macro-scale simulations.
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There exist different modeling environments in which systems dynamic models can be
developed and simulated, such as AMESim [144], Modelica [97] or Matlab/Simulink
[94]. For this thesis it was chosen to use Matlab/Simulink environment for the follow-

ing reasons:

e Many HVAC systems manufacturers develop and test their control loops with

Simulink.

e Itis one of the most used programming and modeling environment in the HVAC
engineering. Therefore, is common to find Matlab/Simulink software already

installed in engineering companies.

¢ The high optimized capability of interaction between the drag and drop modeling

Simulink environment and the numerical computing Matlab environment.

However, there are also some drawbacks when using Matlab/Simulink environment to
model physic facilities. For instance, the signals in Simulink are unidirectional and the

direction is set before the simulations.

Regarding the different modeling approaches described in Section 1.4.1, the model
will be developed as a physics-based dynamic model that will be able to simulate both
micro- and macro-scales simulations. It would give the possibilities of predict both fast
transient situations, such as working mode switches, and long time situations, such as

monthly system performance.

Additionally, PHEX model will be developed using FCV method. The main reason of
chosen this method is the versatility that offers it to simulate different HEXs config-
urations and types. For instance, by using FCV method, during this thesis it will be
presented a model that simulates the dynamic behavior of a refrigerant-to-liquid PHEX
that can work indistinctly in counter- or parallel-flow and both as a condenser and as

an evaporator.

Now, goals, contributions and structure of the thesis will be described.

2.2 Goals

The main goals of this thesis are the followings:
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1. To develop a physics-based dynamic model to simulate reversible liquid-to-
liquid HPs. The model must be able to simulate the dynamic behavior of a revers-

ible liquid-to-liquid heHP under different situations and configurations.

2. Tovalidate the developed model under fast transient situations. One of the re-
quirements of the model is to simulate the behavior of the system during transient
simulations in a micro-scale of time such as drastic change in operation conditions,
start-up situations or working mode switches. Therefore, the model must be valid-

ated under micro-scale situations.

3. To carry out dynamic simulations during a working mode switch. In order to
prove the validity of the model to simulate reversible HPs, working mode switches

from the heating mode to the cooling mode and vice-versa must be achieved.

4. To validate the model under large time scale situations. The last requirement
of the model it to carry out simulations under macro-scale situations. Therefore,

simulation results must be validated against large time scale experimental tests.

5. Flexible model. The developed model must be flexible to simulate HPs of different
sizes and configurations, allowing the user to change the specifications fo the used

components.
Additionally, to reach those main goals, some specific objectives must be achieved.

e To elaborate a comprehensive analysis of the state of the art in the field where the
study is focused: reversible HPs operation, experimental test with HPs, mathem-

atical dynamic models of HPs and dynamic characterization of HPs.
» To develop the mathematical model of each component of the system separately.

¢ To look for the appropriate simulation environment and become familiar with

the implementation of the dynamic models in it.
» To joint the different components together.

e To design a test methodology to validate the model under different dynamic situ-

ations.

e To carry out the data reduction, synchronization and treatment of experimental

test measurements.
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2.3 Contributions

The contributions of this thesis can be separated into two groups. The first one is
the contributions to the scientific community. The other one includes HVAC industry
and more specifically HPs manufacturers. Some contributions are horizontal to both

groups.

Contributions to scientific community

e Adetailed overview aboutresidential HPs is presented. Itis reviewed the European
legislation and global agreements regarding HPs, which supports a greater use
of HPs for production of DHW, space heating and space cooling. The basic prin-
ciples of operation and the different types of residential HPs that can be found in
the market are explained. Additionally, the different field and laboratory exper-

imental tests that have been carried out within last years are presented.

« Different approaches to carry out VCC mathematical models are presented. A
review of the scientific community advances in VCC physics-based models are

presented, focusing in the PHEXs mathematical dynamic modeling.

¢ Amodel that can predict the dynamic behavior of a HP during both fast transient-

states and slow dynamic situations is developed.
¢ A dynamic HP model to simulate working mode switches is developed.

¢ A model that can simulate the behavior of a PHEX working both as a condenser
or as an evaporator is developed. Moreover, the same model can work under
different configurations of the PHEX, such as counter-flow and parallel-flow con-

nections.

¢ An uncommon thermal facilities test methodology is presented.
Contribution to HVAC industry
¢ The developed model is able to simulate accurately HP systems varying the spe-

cifications of the used components such as geometrical characteristics, config-

urations and working fluids. It is useful to simulate the behavior of new systems
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or components during the design stages.

e Validated components or systems can be saved and libraries can be created. Thus,

new systems configurations or different operation conditions can be simulated.

e Asthe model is implemented in Matlab/Simulink, the developed control loops of

the manufacturers can be implemented in the model.

¢ With the same model, both micro-scale and macro-scale simulations can be car-
ried out. It allows the user to predict the behavior of the system both for fast
transient situations, such as start-ups, and for long time operations to study the

system performance.

2.4 Document structure

The thesis is divided in six independent chapters. However, in many cases along the

document are found references to other chapters or sections of the document.

Chapter 1 includes the introduction to the thesis presenting an exhaustive state of the
art about residential HPs and the advances on its modeling. Firstly, a general energy
background is presented. In it, the main global energy problems, heating and cool-
ing handicaps in buildings and the latest energy policies are presented. Then, a brief
description of HPs operation principles, types of HPs and their role in the energy trans-
ition is depicted. Additionally, different tests with HPs conducted by the community
are described. Finally, the advances in mathematical modeling of VCC and its compon-
ents are reviewed. In Chapter 2, the objectives of this thesis and the contributions to

both scientific community and HVAC industry are presented.

In Chapter 3, the model development is presented. Equations to characterize each of
the system component are presented and transformed in order to implement them in
Matlab/Simulink. The model block of each component is presented, explaining them
individually and collectively. Finally, apart from the implemented equations, the com-
plementary information that is needed to carry out simulations are defined and ex-

plained.

The model is used for micro-scale validations and simulations in Chapter 4. Firstly, the

used test facility and followed methodology to carry out tests for micro-scale validation
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are presented. Different transient situations are tested by varying the operation con-
ditions and the working mode of the system. Then, the validation during the heating
mode, the cooling mode and the system start-up is showed. Finally, a switching mode
simulation is presented, explaining the considerations for carrying out the simulation

and discussing the obtained results.

Chapter 5 presents the utilization of the model for macro-scale simulations. Firstly, the
testrig and the carried out tests are explained. in this case, the difference between tests
is the demanded cooling load and therefore, the ON/OFF time ratio. With those tests,
the validation of the model in macro-scale situations is given. Then, it is compared the

system performance during tests and simulations.

Finally, in Chapter 6, the scientific works that have been produced during the devel-
opment of this thesis, the conclusions that can be drawn from this research and the

proposed working lines that can be followed are presented.

Apart from the main chapters, the document includes some annexes where additional
information is given. In Annex I, some images about the interior of the component
model subsystems are shown. Then, in Annex II, the code written in the "S-funtions”
is given. In it, the FCV equations to simulate the dynamic behavior of PHEXs are imple-
mented. As said before, in Chapter 4 the validation in micro-scale is presented. How-
ever, in it, only some representative comparisons between test data and simulation
results are presented. Thus, Annex III collects the remaining carried out comparis-
ons. Similarly, in Annex IV are collected the comparisons in macro-scale that are not

shown in Chapter 5.
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Chapter 3

HEAT PUMP SYSTEM MODEL

During this chapter, the model to simulate the behavior of liquid-to-liquid
heat pump systems will be presented. It is firstly presented the govern-
ing equations that simulates the dynamic behavior of the system and the
modifications of the equations that are needed to implement them in the
simulation environment. The implementation in matrix mode of the PHEX
equations is also explained. Then, the interface of the model with a specific
explanation of each component in given. Finally, in addition to the equa-
tions, the complementary information and data that is needed to carry out

the simulations is presented and explained.
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3.1 Introduction

As said during the introductory chapter, the model is able to simulate liquid-to-liquid
HP systems under different circumstances such as water cooling, water heating, work-

ing mode switches, start-ups and shut-downs situations.

The modelis entirely developed in Matlab/Simulink environment implementing physic
equations and using the FCV method. Differently from the models that are usually
found in bibliography for HPs simulations, this model does not use any experimental
correlations nor regressions to carry out the simulations with the exceptions of the
empirical correlations that will be later presented to calculate the Heat Transfer Coef-
ficient (HTC) of the fluids inside the PHEXs. The model is developed with physic equa-

tions and components data provided by manufacturers.

Additionally, the PHEXs model simulates the behavior of a PHEXs indistinctly if it is
working as a condenser or as an evaporator. Moreover, it simulates both counter-flow

and parallel-flow connections.

There exist two kind of components in VCC systems. Some of them are responsible
of regulating the MFR, such as compressors and valves, while others regulate the high
and low working pressures, such as HEXs. The dynamics of the PHEXs are much slower
than the dynamics of the compressor and the valve. Thus, the dynamics of the system is
assumed to be dominated by the dynamics of the heat exchangers. Therefore, ir order

to simplify the model, the compressor and the valve are modeled as static components.

For models of those components that regulate refrigerant MFR, inlet and outlet refri-
gerant pressures must be known. Otherwise, for components that regulate the refri-

gerant pressure, the inlet and outlet refrigerant MFRs must be known.

During this chapter, the implemented governing equations to simulate the behavior of
the different components of the HP such as the compressor, the EEV, and PHEXs will be
firtly presented and transformed until reach the equations that can be implemented in

the chosen modeling environment.

Once the equations have been obtained, it will be explained the methodology to im-
plement the dynamic equations of the PHEXs using the FCV method for a N number
of FCV. Then, an example of a three finite volumes PHEX will be presented both for

counter-flow and parallel-flow connections.
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3.2 Governing equations

Now, the equations that model the behavior of the different components of a basic

liquid-to-liquid HP will be presented.

[t is assumed that each component of the system is thermally insulated from the sur-
roundings, taken them as adiabatic systems. Therefore, there will not be heat losses or

gains to/from the ambient air.

On the other hand, pressure losses between components (inside pipes) are negligible.

Consequently, it will be assumed two pressure levels: high-pressure and low-pressure.

Moreover, regarding pipes, since pressure losses are negligible and heat transfer to/-
from surroundings is null, the refrigerant energy at the outlet of one component will
be equal to the refrigerant energy at the inlet of the next component. Therefore, pipes
will not be modeled. Outlet properties will be directly sent to the inlet port of the cor-

responding component.

Neglecting pipes modeling is widely used in HVAC systems modeling [51, 90, 145].
Similarly, taken assumptions can be easily find along the literature [100, 114, 146]

3.2.1 Compressor

As said before, compressor is statically modeled. Both refrigerant MFR and outlet en-
thalpy are calculated by means of algebraic equations. Equation (3.1) and (3.2) are

used to calculate the refrigerant MFR and the outlet enthalpy respectively.

mcomp = Pin chomp * Mol (31)

hout,comp - hzn + (hout,isen - hzn) (32)

isen
The compressor power is calculated with an energy balance assuming an adiabatic

compression.

Wcomp - mcomp : (hout - hm) (33)

While the irreversibilities inside the compressor are measured with the isentropic ef-

ficiency, the friction and mechanical losses are given by the volumetric efficiency.
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3.2.2 Electronic expansion valve

The EEV model calculates the refrigerant mass flow as a consequence of the current
valve position and cycle pressures. The EEV is modeled statically and it is assumed to
have an isenthalpic thermodynamic behavior. The mass flow regulation is described

by the relationship presented in Equation (3.4).
mvalve - Cv Y AP - Pin (34)

The valve coefficient (C),) depends on the EEV type and can be determined experiment-

ally.

3.2.3 Four ways valve

The 4WV is the component that allows the reversibility of the system. By switching
the inlet and outlet ports of the valve, the system can switch from the cooling working
mode to the heating working mode and vice versa. Nevertheless, the reversibility is
internally given by switching the inlet signals to the components. It will be detailed

explained in Section 4.7.

On the other hand, it is known that losses are given inside 4WVs, such as pressure
drops, heat losses and fluid leakages from high-pressure to low-pressure side [147].
However, through experimental tests it was observed that this losses are chaotic, ran-

dom and hard to predict.

Therefore, taking into account the randomness of these phenomenon and that in the
model it is not needed such valve to allow the system reversibility, the 4WV model is

not modeled.

3.2.4 Plate heat exchanger

Unlike the compressor and EEV, PHEX are modeled dynamically, using partial differ-
ential equations to model the behavior of the refrigerant fluid, secondary fluids and

intermediate plates. At the time of modeling the behavior of the PHEX, some assump-
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tions have been taken into account. This assumptions are widely used for HVAC sys-
tems dynamic modeling [113, 114, 120, 121, 136].

e Pressure drops through the PHEX will be neglected. Although there exist pres-
sure drops, they can be neglected since are usually lower than 20k Pa [148, 149].
Moreover, at the time of validate the model, those values can be lower than the
inherit error of the used measurement device. Taken them into account would

lead in a more complex model and the accuracy ot results would not improve.

e The maldistribution of the refrigerant mass flow is neglected, so it is supposed
that it is uniformly distributed in the different channels of the PHEX.

¢ Axial thermal energy conduction is negligible.

e Itis supposed that the heat exchangers are totally insulated from the surround-

ings.
¢ Fluid flow through PHEX is modeled as one-dimensional.

¢ For the calculation of the heat transfer rate, the PHEX are reduced to two chan-
nels and one plate heat exchanger. Nevertheless, once the heat transfer rate is
calculated, it is multiplied by two to take into account the fact that each channel

is confined between two plates.
¢ The FCV method is adopted to carry out the calculations.

e Itis supposed that the density and velocity of the secondary fluid remain con-
stant along all the PHEX.

Refrigerant equations

The refrigerant fluid is the fluid that undergoes a phase change when it circulates
through the PHEX. It can be condensed going from superheated gas to subcooled li-
quid or evaporated going from two-phase fluid to superheated gas. Additionally, it can
go out from the PHEX as a two-phase fluid if the transferred heat between fluids is

insufficient to conclude the condensation or evaporation processes.

During transient-states, properties of the refrigerant fluid change with time and along
PHEX, with the exception of pressure, which do not change along PHEX. In order to

model the changes of the fluid properties, energy and mass conservation equations
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are applied to the refrigerant fluid. Momentum conservation equation is not applied

due to, as said before, the pressure drop through the PHEX is negligible.

Refrigerant mass: Equation 3.5 presents the mass conservation equation for the re-
frigerant fluid. Nevertheless, this equation is not suitable for being implemented in a
simulation code, so it must be transformed. Equations transformation is similar to the
followed by Rasmussen [114] for a single-phase heat exchanger. Firstly, each term is
integrated along the length of the heat exchanger. Then, each term of Equation 3.6 is

transformed separately.

prAc) | Oling)
gt + 8; =0 (3.5)
T O(ppAc) o(my)

/0 —gt da:+/0 —(9xR dr =0 (3.6)

Regarding the first term of the equation, extracting the cross-sectional area from the

integrator and applying the Leibniz integral rule [150], Equation 3.7 is obtained.

m&(pRAC) d v
/0 —L —dr = A, %/0 prdx (3.7)

ot
Then, the integral equation is solved (Equation 3.8).

d x
il d
dt/Opr

Finally, enthalpy and pressure are taken as independent variables for calculating the

A, =Vp, (3.8)

density time derivative, reaching Equation 3.9.

) ) ol .
(7, 72) - (57 hR)] >
h P

The second term is transformed by solving the integral and Equation 3.10 is gotten.

Vo=V

*0(ry) . .
/0 oz dr = TTLR7 out mR, n (310)
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Substituting the terms of the Equation (3.6) and reordering them, Equation (3.11) is

obtained.
ap| - ap|
('a—P PR)+<'% in)
h P

ap . . . :
where ’ 9P ‘ represents the refrigerant density variation with respect to the pressure
h

14 g, i, =0 (3.11)

R,in

- dp : : -
variation at constant enthalpy and ‘%‘ represents the refrigerant density variation
P

with respect to the enthalpy variation at constant pressure [151].

The mass conservation equation applied to the refrigerant fluid is now in function of

the pressure and enthalpy time derivatives.

Refrigerant energy: Equation 3.12 presents the energy conservation equation ap-
plied to the refrigerant fluid. It must be transformed following similar steps than for
the refrigerant mass. Firstly, ¢I" = h equality is applied, getting Equation 3.13. This is
because during the refrigerant phase changes, pressure and temperature are depend-
ent properties. Therefore, the calculations are simplified if the independent variables
to calculate the rest of the properties of the refrigerant fluid are the enthalpy (h) and
the pressure (P).

INppAccyTy)  O(APy) N d(m,c,T,)

R*R"R/ _ B

ot ot 0w~ rL(Tp—Ty) (3.12)

Woplehn) _ OALy) Ol _ (\ pir ) (3.13)
R R w .

ot ot ox
Then, each term of Equation 3.13 is integrated along the length of the heat exchanger

resulting in Equation 3.14 Now, spatial dependency can be removed.

* )(ppAchy) * O(A.P,) * (mh,) =

Regarding the first term of the equation, extracting the cross-sectional area from the

integrator and applying the Leibniz integral rule, Equation 3.15 is obtained.

/3” OpgAchy) 4
o ot ¢

%/0 (pRhR)dx] (3.15)
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Then, solving and assuming average properties inside the PHEX, Equation 3.16 is ob-

tained.
d [* ‘ _
A, a/ (pphg)dx :V(pRhRmve—FthRJUE) (3.16)
0

Enthalpy and pressure are taken as independent variables for calculating the density

time derivative. Assuming that, Equation 3.17 is reached.

ap| - ap| . .
(2] 29+ (2] 3]

Second term is transformed by extracting the cross-sectional area from the integral

V(pRh +thR,ave) =V

R, ave

and integrating the time derivative of the pressure, which results in Equation 3.18.

I—é(ACPR)d =VP 3.18
/0 o v TR (518

Integrating the third term, Equation 3.19 is obtained.

© O h
/de:m h h (3.19)
0

8I R,out "R, out - mR, in  R,in
Integrating the right side of the Equation 3.14, Equation 3.20 is reached.
/ a,L(T, =T, )dr = a, A (T, =T, ) (3.20)
0

Finally, joining all the transformed terms together (Equation 3.17 - 3.20) and reorder-

ing them, Equation 3.21 is obtained.

dp : dp :
(’a_P‘ hR,ave - 1) VPR + <'%’ hR,ave + pR,ave) VhR+
h P

h

(3.21)

= a, AT, = T,,)

7nR, out’ "R, out B mR,in hR, in
Now, the energy conservation equation applied to the refrigerant fluid has been mod-
ified in order to be implemented in a simulation code. It is in function of the pressure
and enthalpy time derivatives so the phase change of the fluid can be taken into account

and simulated.
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Secondary fluids equations

The velocity and the density of the secondary fluid, generally water or a mixture of
water and Ethylene-Glycol, is assumed to be constant along all the heat exchanger. This
leads to not needing to apply the equation of the mass conservation for the secondary
fluid.

Equation 3.22 presents the energy conservation equation for secondary fluid. Differ-
ently from refrigerant fluid, the secondary fluid will remain in liquid-phase along all
the PHEX. Therefore, it can be directly calculated the temperature variation instead of

enthalpy variation.

Since the secondary fluid is assumed as incompressible fluid, the variation of the pres-
sure is neglected. Therefore, the partial derivative of the pressure with respect of time
does not appear in Equation 3.22.

INpgAccgTy)  O(mgegTy)

c S8 S S8/ _
5 2 = a LT, — 1) (3.22)

The following steps carried out to transform the equation in order to be suitable for
being implemented in a simulation code are similar to the previously followed for the

refrigerant energy conservation equation.

Each term of Equation 3.22 is integrated along the length of the heat exchanger.

/z 5(p511c0575)dx /x 6<mscsjs>dx — /m a L(T T
s\ w
0 0 0

5 2 )dx (3.23)

Transforming the first term of Equation 3.23 and assuming average properties, Equa-

tion 3.24 is obtained. Note that the density of the secondary fluid remains constant.

*0(pgAccgTy) :
/0 de = VpS, (weCS, aUeTS (324)

Transforming second and the right terms of Equation 3.23, Equations 3.25 and 3.26

respectively are gotten.

*O(mge Ty) '
/; or dx = mSCS, ave (TS, out TSyin) (325)
/O a L(T, —Ty)de = a A, (T, —Ty) (3.26)
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Finally, joining Equations 3.24 - 3.26, Equation 3.27 is obtained.

T

V'OS,zwecS,a'ue S S, a'ue( S,out TS,in) - aSAS (T =T ) (327)

w S

By implementing the Equation 3.27 in a simulation code, the secondary fluid temper-

ature variation with respect to time in a PHEX can be calculated.

Plates equations

The temperature variation of the intermediate plate is described by applying the en-
ergy conservation equation. It is presented in Equation 3.28 and no transformations
are needed.

my, ¢, T = a AT, —T,,) —agA (T —T,,) (3.28)
The temperature of the plate depends on the mass and the thermal properties of the

plate material and the heat transferred to or from both refrigerant and secondary flu-
ids.

3.3 Heat exchanger model implementation

Once the equations have been transformed into temporal derivative equations, they
are discretized into different FCVs. For an N number finite control volumes, 3.11, 3.21,
3.27 and 3.28 are transformed into Equations 3.29 - 3.32.

dp Jdp . . .
v, (‘ap )P +V, (‘%' )AhR#—mRyout’i—mR’m’i:O (3.29)
dp ap .
— h P V., h, . Ah, .
(8P h)i i i ('%‘ ) Ri TP PRt (3.30)
Mpg out,ihR, outi ~ Mg in PR in i = O‘R,z‘As, v (TR,i - TW,z')
VauPs iCs, zT F1igCq  (Tg i = Toin,i) = @54 (T = T ) (3:31)
mWVCvCWTWJ = O[R7Z'AS7CU(TR7Z‘ - TW ) — Qg As cv( - T ) (332)

Heat transfer rates between fluids and plates (¢;) are defined in Equations 3.30, 3.31
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and 3.32 as a; A; ., AT;.

This equations are now implemented in the chosen simulation environment, Matlab/Sim-
ulink [94]. Specifically, the model has been constructed in Simulink. This simulation
tool of Matlab environment allows the user to build and design simulation blocks mod-
els by a drag and drop system. Additionally, Simulink is integrated in Matlab and data
can be easily transferred from one to the other. Because of that, although the model
has been built in Simulink, the governing equations of the PHEXs have been implemen-
ted in a Matlab code by means of a the Simulink block ”S-function”. This block allows
to implement algorithms in Matlab code and then call to it from Simulink during the
simulation of the model. Then, in order to implement the presented equations in a

S-function, they are reorganized into a matrix equation.

dp dp
h -1 V,, h 0 0
o\ (3] (ah )z
8p 0
Voll=——= — 0 0
o\ |op ‘h> oh
0 0 ‘/CUPS iCS i 0
0 0 0 mW chW
‘PR mR, in,ihR, in,t o R out, 'LhR out, + 2qR A
% h.R,i — mR,zn,z R, out, i
TS,@' “M5Cs i (Tg putsi = L imi) T 255
Twid | U, t s, ]

(3.33)

Both heat transfer rates (¢, and ¢, ) are multiplied by two because every refrigerant or
secondary fluid are in contact with two intermediate plates, except for the boundary

secondary fluid channels.

In order to solve Equation 3.33, the inlet and outlet MFRs of the refrigerant fluid must
be known. When a steady-state is calculated, both are equal. Nevertheless, during a
transient-state, expansion and compression devices regulate the refrigerant MFR and
can be different. On the other hand, the inlet enthalpy of the refrigerant fluid and the

inlet temperature and MFR of the secondary fluid must also be known.

As will be shown later, when Equation 3.33 is extended to an arbitrary number of con-

trol volumes and the refrigerant inlet and outlet MFRs are known, the intermediate
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MFRs must be calculated at each time step. These intermediate refrigerant MFRs will

be moved to the second term of the matrix equation, forming another state vector.

In the aggregate, for each time step, 4N derivative states and integrations must be
solved, of which, the first corresponds to the pressure, from the second to N+1 to the
refrigerant enthalpies, from N+2 to 2/N+1 to the secondary fluid temperatures, from
2N+2 to 3N+1 to the intermediate wall temperatures and from 3N+2 to 4N to the
refrigerant intermediate MFRs. Nevertheless, only the refrigerant energy and mass
equations have to be solved together. The energy equation of plates and secondary
fluid can be removed from the matrix and solved separately, thus the computational

time is reduced.

On the other hand, at the time of applying the presented formulation to a fixed number
of FCVs, counter-flow and parallel-flow connections must be differentiated. Figure 3.1
and Figure 3.2 show a graph description of a PHEX discretized in N number of FCVs for

counter-flow and parallel-flow connections, respectively.

Control Control Control Control
volumen 1 volumen 2 o volumen n-1 volumen n
Plate ’AWW)W/ZWW/
Secondary Gs1 % 524 | | Gsn—14 I Gsn 4
fluid 1t Tsa : Tsz : : Tsn-1 : Ton Ty
——— [ —l—b [ —IP —bl ® —'—b ‘. ——b‘
T\‘.En TQ‘FIZ | | T"'vnl'l‘” T.‘\',cur
Gs1 A l '?5',2" | | c?s.n—,: : fl],s‘,n."ﬂ
Platte b /g o f A R L I A 7 7 .
ra | qrz | | rn-1 +" | qRJn &
I | | | Refrigerant
ﬁlR.out hR,l m : . hR,z I I hRJnfl m |7 . hR.n Mg ; fluid
| . R|1:2 P | ° R-1n ° pu R,in
hR,cm hR.|l:2 I [ hR.ﬂrl;n hR.in
) , | | . .
qra v, | dr2., | | drn-1-, | A,
Plate 7

Figure 3.1: Finite control volume counter-flow PHEX model.

As can be seen, the outlets and inlets of the refrigerant fluid are inverted when the con-
nection of the PHEX is in counter-flow or parallel-flow. The inversion of the refrigerant
fluid allows the model to be used in reversible HPs which can heat and cool-down wa-

ter, depending on the user demands.

3.3.1 Arbitrary number of FCVs case

Equation 3.33 will now be extended to N control volumes formulation for both a counter-

flow and a parallel-flow connection.
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Figure 3.2: Finite control volume parallel-flow PHEX model.

Equation 3.34 and Equation 3.35 show the matrix equations that solve the refrigerant

energy and mass equations for counter-flow and parallel-flow PHEX, respectively.

As the secondary fluid and plates energy equation can be solved separately, they have

been removed from the refrigerant matrix. Equation 3.36 shows the secondary fluid

energy matrix equation and Equation 3.41 shows the intermediate plate energy matrix

equation. They are equal regardless of the connection of the PHEX.

mR, out "R, out + 2qR 1
. 2, ,
-PR 7
h
R,1 .
e 2qR’n7 1
VARV . 7 h +2
P h, | = R R TR (3.34)
Z2 Z4 ZG m 7 mR, out
R,1:2 0
m
L "R,n—1:nd 0
L ﬁZLR7 in .
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_T;,LR7 n hR7 in + 2q‘RJ
L 2, 5
-PR |
h
ful Qq'R,nf 1
1 L3y 2 . m h + 2q
1 43 471 h, _ R,out' R, out TR, n (3.35)
Zy Zy s ot —Mp
mR, 1:2 0 7
_mR,n —1:nd 0
L mR, out -
Ty Mg (Tg i = To1.0) 24,
Zol x| . | = (3.36)
TS,n mSCS,n<TS,n71:n_TS,out)+2qS,n
TW,1 qR, 1 qS,l
o] x| - =] - (337)
TW,n qR,n o qs,n

Sub-matrices of Equations 3.34 - 3.36 are presented below.

— r 8p —
Van (\a—P )J’w ‘1}
- ap h
Vw (‘8_P )QhR’2_1]
- h
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dp
(8] e
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dp
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dp
V _
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0 0 0 V., (% ) anF PR
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S ;
-1 0
0 -1 1 0 0
[Zs] =
0 0 -1 1 0
0 -1
L O _1_
-‘/CUPS,ICS,I 0 ]
0 VC,U,O&QCS,2 0 0
[Z] =
0 chps,n—lcs,n—l 0
i 0 0 prsanc&n_

Equations 3.34 - 3.37 present the equations for a N FCVs model. Now, an example for

the case in which three FCVs are taken will be presented.

3.3.2 Three FCVs example case

Equation 3.33 will now be extended to a three control volumes formulation for both

counter-flow and parallel-flow connections.

Figure 3.3 and Figure 3.4 show schematically the three control volume counter-flow
and parallel-flow PHEX, respectively. Equation 3.38 and Equation 3.39 show the refri-
gerant matrix equations for counter-flow and parallel-flow PHEX, respectively. Equa-
tions 3.40 and 3.41 shows the secondary fluid and intermediate plates energy matrix

equation.
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Figure 3.3: Three FCV counter-flow PHEX model.
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Figure 3.4: Three FCVs parallel-flow PHEX model.
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TS,l mscs,1(Ts,m =T, ,) + 244,
(Zo] % | Ty, | = gy (T .y = Toy.3) +2dg (3.40)
TS,S mscs,:z(T&Q 3 TS,out) + 244 4
TWJ qR,l - qs,1
[mw,cucw] ATy | = |dpo — s (3.41)
TW,3 qR,3 - qS,S

Sub-matrices of Equations 3.38 - 3.40 are presented in Table 3.1.

Equations 3.38 - 3.41 present the equations for a three FCVs model, but they can easily

extended to an arbitrary number of control volumes to achieve better accuracy in the

results.
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Table 3.1: Sub-matrices of Equations 3.38 - 3.40.
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3.4 Model interface

During this section, the model final interface will be presented and some explanations

about it will be given. Each component will be presented separately and then, the
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whole model together. For each components, inlets and outlets will be explained. In
Annex I, the model subsystems of each component are presented. Similarly, in Annex ]I,

programmed S-functions for the implementation of PHEXs equations is written down.

First of all, the explanation given in Section 3.3 about the needed inputs to solve the the
equations of each component must be extended. As said in Section 3.1, there are two
kind of components: those which regulate the refrigerant MFR and those which reg-
ulate the refrigerant working pressures. These different blocks must be interspersed.
For instance, having a HEX, which is a block that regulates the pressure, the anterior
and posterior blocks must be those which regulate the MFR, such as valves or com-

pressors.

It is because in order to solve the equations of blocks that regulate the refrigerant
MFRs, it must be known the inlet and outlet refrigerant pressures. Similarly, to solve
the equations of blocks that regulate the refrigerant pressure, it must be known the

inlet and outlet MFRs. This will be clearly seen in the figures of the present section.

3.4.1 Compressor

In Figure 3.5 the block that simulates the behavior of a compressor can be seen. It
can be used either for a scroll compressor or a reciprocating compressor since the
equations presented in Section 3.2.1 generally calculates the outlet refrigerant MFR,

enthalpy and consumed power in function of the inlet properties, cycle pressures.

Block inputs

¢ Flow in: This input is a three variables vector. The first of them represents the
inlet pressure in [kPa], the second one is the inlet temperature in [°C] and the last
one represents the inlet enthalpy in [Kk]/kg]. This input port must be connected

to ‘Flow out’ outlet port of the evaporator.

e Up-stream pressure: This input port is a single variable that represents the
outlet pressure in [kPa]. In a simple HP, it will be the condensation pressure

calculated in the condenser.
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Flow outp
YFlow in
nise [-]p
n vol [-]p
3Up-stream pressure [kPa]
Work [kW]p

COMPRESSOR

Figure 3.5: Compressor model block.

Block outputs

Flow out: This output is a three variables vector. The first of them represents
the refrigerant outlet MFR in [kg/s], the second one is the outlet temperature in

[°C] and the last one represents the outlet enthalpy in [k]/kg].

e 7;set It shows the calculated isentropic efficiency of the compressor at each step

time.

e 7ot Itshows the calculated volumetric efficiency of the compressor at each step

time.

e Work: It represents the power consumption of the compressor in order to com-

press the refrigerant fluid in [kW].

3.4.2 Electronic Expansion Valve

The block to simulate the EEV is presented in Figure 3.6. It can be used for any kind of

EEV if the valve coefficient in function of the opening degree is known.
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YFlow in

~

YUp-stream pressure [kPa] Flow out
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ELECTRONIC EXPANSION VALVE

Figure 3.6: Compressor model block.

Block inputs

e Flow in: This input is a vector with the same three variables presented in the
compressor block. This input port must be connected to ‘Flow out’ outlet port of

the condenser.

e Up-stream pressure: This input port is a single variable that represents the
outlet pressure in [kPa]. In a simple HP, it will be the evaporation pressure cal-

culated in the evaporator.

e Valve opening: It is a single variable that represents the opening degree of the

EEV at each time step. It is a percentage between 0 and 100%.

Block outputs

¢ Flow out: This output is a vector with the same three variables presented in the

compressor block.

3.4.3 Indoor Unit PHEX

In Figure 3.7 can be seen the block used to simulate the indoor unit PHEX. As explained

before, it can work indistinctly as a condenser and as an evaporator. When the system
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is working in heating mode, this blocks works as a condenser and as an evaporator

during the cooling mode.

INDOOR UNIT PHEX

Figure 3.7: Indoor Unit PHEX model block.

Block inputs

Flow in: This input is a three variables vector. The first of them represents the
inlet refrigerant MFR in [kg/s], the second one is the inlet temperature in [°C]
and the last one represents the inlet enthalpy in [Kk] /kg]. This input port must be
connected to ‘Flow out’ outlet port of the compressor when working in heating

mode and to ‘Flow out’ of the EEV when working in cooling mode.

Up-stream refrigerant mass flow rate: This input port is a single variable that

represents the outlet refrigerant MFR in [kg/s].

Secondary fluid inlet temperature: Itis the inlet temperature of the secondary
fluid in [°C].

Secondary fluid mass flow rate: It is the MFR of the secondary fluid in [kg/s].
Mode: It is a single variable port that defines the working mode that will be
simulated. The value must be 1 for heating mode or 0 for cooling mode. With

this information, the PHEX block can know if it is working as a condenser or as

an evaporator.
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Block outputs

¢ Flow out: This output is a three variables vector. The first of them represents
the refrigerant outlet pressure in [kPa], the second one is the outlet temperature

in [°C] and the last one represents the outlet enthalpy in [Kk]/kg].

e Secondary fluid outlet temperature: It is the outlet temperature of the sec-

ondary fluid in [°C].

e Vapor quality: It is a N variables vector that represents the vapor quality of the
refrigerant at each FCV of the PHEX.

e Capacity: Itis the heat transfer given between fluids at each time step expressed
in [KW].

3.4.4 Outdoor Unit PHEX

In Figure 3.8 can be seen the block used to simulate the outdoor unit PHEX. Similarly
to the indoor unit, it can work indistinctly as a condenser and as an evaporator but in

the opposite situations.

AFlow in

~

Flow out

AUp-stream refrigerant mass flow rate [kg/s]
Secondary fluid outlet temperature [°C]

N
~

Secondary fluid inlet temperature [°C]

~

Vapor quality [-]

N

Secondary fluid mass flow rate [kg/s]

~

YMode Capacity [kW]
OUTDOOR UNIT PHEX

Figure 3.8: Outdoor Unit PHEX model block.

Block inputs

e Flow in: This input is a three variables vector with the same variables that the

indoor unit. This input port must be connected to ‘Flow out’ outlet port of the
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EEV when working in heating mode and to ‘Flow out’ of the compressor when

working in cooling mode.

e Up-stream refrigerant mass flow rate: This input port is a single variable that

represents the outlet refrigerant MFR in [kg/s].

e Secondary fluid inlet temperature: Itis the inlet temperature of the secondary
fluid in [°C].

e Secondary fluid mass flow rate: It is the MFR of the secondary fluid in [kg/s].

e Mode: It is equal to the Mode input explained in the indoor unit PHEX.

Block outputs

Flow out: This output is a vector with the same three variables presented in the
indoor unit PHEX.

e Secondary fluid outlet temperature: It is the outlet temperature of the sec-
ondary fluid in [°C].

e Vapor quality: It is a N variables vector that represents the vapor quality of the
refrigerant at each FCV of the PHEX.

e Capacity: Itis the heat transfer given between fluids at each time step expressed
in [kW]. As it is a model in which the losses to environment are not taken into
account, the sum of the capacity calculated in the evaporator and the compressor

work is equal to the capacity calculated in the condenser.

3.4.5 Model inputs

The inputs to the model that are needed to carry out a simulation will be explained. It
can be used a constant block for all the simulation or a ‘From Workspace’ block in order
to read a Matlab timeseries. The latter allows to vary input values with the periodicity

that the user wants.

— IU secondary fluid inlet temperature: Is the inlet temperature of the secondary fluid

to indoor unit expressed in [°C].
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— IU secondary fluid mass flow rate: 1Is the MFR of the secondary fluid to indoor unit

expressed in [kg/s].

— OU secondary fluid inlet temperature: Is the inlet temperature of the secondary fluid

to outdoor unit expressed in [°C].

— 0U secondary fluid mass flow rate: Is the MFR of the secondary fluid to outdoor unit
expressed in [kg/s].

— Valve opening: It represents the current valve opening degree of the EEV.

— Working mode: 1t is the current working mode that wanted to be simulated. It must

be manually set before start the simulation.

In the next section they will be seen the inputs located in it correspondent place.

3.4.6 Model interface example

Now, an example of the interface of the whole model will be presented. In Figure 3.9,
the model to carry out a heating mode simulation is presented. On the other hand, in

Figure 3.10 the interface for cooling mode simulations can be seen.

Dark green boxes are the up-stream MFR or pressure needed for the calculation of the
correspondent blocks. Light blue boxes are the secondary fluids inputs to the model
presented in the Section 3.4.5 and orange boxes the current working mode of the sys-

tem.

As can be seen, the only difference between both models is the direction of the refri-
gerant. While in the heating mode the refrigerant fluid goes from the compressor to
the indoor unit, then to the EEV, then to the outdoor unit and finally goes back to the
compressor, in the cooling mode it goes from the compressor to the outdoor unit, EEV,

indoor unit and back to the compressor.
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Figure 3.9: Simulation model interface during the heating mode configuration.
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Figure 3.10: Simulation model interface during the cooling mode configuration.
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3.5 Model complementary information

The equations presented during the previous sections model the dynamic behavior
of the system. They will be the same for any liquid-to-liquid HP that wanted to be
simulated. Nevertheless, there is some specific complementary information that must

to be added to the model in order to simulate the required specific system.

All this information is added to the model by means of the masks of the correspondent

component presented in Section 3.4.

Number of finite control volumes: Inside the mask of the interface of HEXs it must
be defined the number of FCV in which the PHEX wanted to be divided. It can be a dif-
ferent number for each PHEX. The accuracy of the model will increase with a higher
number of FCV but also the computational time will increase. A study of the appropri-
ate number of FCV is presented in Sections 4.5 and 5.3. In Figure 3.11 can be seen an
example of the properties mask of the PHEX model block, where the FCV parameter is
highlighted in red.

Block Parameters: INDOOR UNIT PHEX 5
Indoor Unit PHEX o

This block simulates the dynamic behaviour of a plates heat exchanger. It can work in parallel and counter flow configurations. It works
either for cooling or heating working modes.

Parameters

working parameters | Refrigerant fluid initial conditions | Secondary fluid initial conditions || Geometric parameters | Plates

Nuber of finite control volumes

20 E]

Refrigerant fluid name

R410A

m

Secondary fluid name

Brine

Initial configuration
Initial system working mode
@ Heating

© Cooling

Initial ports connections
© Parallel-flow

@ Counter-flow

Enable initialization figure

[ OK ][ Cancel ][ Help ][ Apply

Figure 3.11: Example of a PHEX block mask.
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Fluids and fluids properties: The refrigerant fluid that want to be simulated have
to be defined in the mask of each component as can be seen highlighted in green in
Figure 3.11. Additionally, in the PHEX the secondary fluid must be defined.

Moreover, previously to the simulation, tables of fluids properties must be defined.
This tables can be one or two dimensions tables depending on the fluid and proper-
ties. The dimension of the table depends on the property that if finding. For instance,
the enthalpy of the refrigerant fluid in the superheated area needs a two dimensions
table. However, to obtain the specific heat of the water is enough accurate with a one

dimension table in function of the temperature.

Fluid tables were obtained by means of the open source software CoolProp [152]. Nev-
ertheless, they can be obtained with other methods such as RefProp [153], EES [154]
or the Equations of the State of the fluids [155]. Once the tables are obtained, they
must to be saved together in a .mat file. The name of the file is which must be written
in the mask of the components. During the initialization of the simulation the tables

will be charged.

Initial system working mode: The initial working mode of the system with which
the simulation will start must be defined. It can be heating or cooling as can be seen in
light blue in Figure 3.11.

Initial PHEX ports connections: The initial ports connections of the PHEX must be
defined. During the simulation, if the working mode switches, the connection of the
ports will also be switched by reversing the flow of the refrigerant fluid. It can be

counter-flow or parallel-flow connections as presented in dark blue in Figure 3.11.

Initial boundary conditions: The boundary conditions for the initialization of the
simulation must to be defined in the heat exchanger blocks. In Figure 3.11 is remarked
in brown. The initial conditions of the fast-dynamics components such as compressor
and EEV are not needed to be defined.

Indistinctly if itis simulating heating or cooling modes, in each PHEX, it must be defined
initial conditions for both working modes. Then, during the initialization, depending
on the working mode of the system, ones or the others will be taken. Moreover, if user

wants, a figure where the temperatures distribution inside PHEXs is seen can be shown
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during the initialization. To do it, the box that is highlighted in gray in Figure 3.11 must

be checked. An example of the generated figures can be seen in Figure 3.12.

Needed initial boundary conditions for each PHEX are presented in Table 3.2.

Indoor Unit initial temperatures Outdoor Unit initial temperatures

@
&
&

Temperature [C]

N N

8 &

Temperature [C]
4

&

w
&
&

@
&
°
°
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Figure 3.12: Examples of the generated figures during the initialization. Counter-flow condenser (a) and
counter-flow evaporator (b).

o

Table 3.2: Initial boundary conditions for each PHEX.

Refrigerant mass flow rate [kg/s]

Refrigerant condensation pressure [kPa]
Refrigerant evaporation pressure [kPa]
Refrigerant inlet enthalpy (as condenser) [k]/kg]
Refrigerant inlet enthalpy (as evaporator) [Kk]/kg]
Refrigerant subcooling (as condenser) [K]
Refrigerant reheating (as evaporator) [K]

Secondary fluid mass flow rate [kg/s]
Secondary fluid inlet temperature (as condenser) [°C]
Secondary fluid inlet temperature (as evaporator) [°C]

Components dimensions and properties: Utilized components dimensions must
be defined. In Table 3.3 the needed dimensions are summarized. Additionally, the
specific heat of the heat exchanger plates must be defined. All this can be changed in
the mask of the correspondent component. For instance, in the PHEX is changed in the
tabs highlighted in orange in Figure 3.11.

Heat transfer coefficients: Inside the PHEX the HTC are calculated for each fluid in

each FCV in each time step. This HTC depends between others in the utilized fluids,
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Table 3.3: Needed physical dimensions of HP components.

Number of plates
Plates length [m]
Distance between plates [m]
Plates height [m]

PHEXs Hydraulic diameter [m]
Effective surface parameter
Plates mass [kg]
Chevron angle [rad]

Compressor Volumetric displacement [m3/h]

actual thermal and physical properties of the fluids and geometrical properties of the
HEX.

HTC is calculated with Equation 3.42.

a= Nu Dﬁh (3.42)

Where Nusselt number (/Nu) is obtained by means of empirical correlations that can
be found along the literature. There exist some general Nusselt number correlations
that can be utilized for different fluids and HEX geometries [156, 157]. Nevertheless, if
the accuracy of the simulation wanted to be increased, it is recommended to use more
specific correlations in accordance with the used fluid and HEX. For instance, to calcu-
late the HTC of R410A during its evaporation inside brazed plates heat exchangers, it

is preferable to use the correlation proposed by Han et al. [158].

Compressor efficiencies: The efficiencies of the compressor must be defined ac-
cording to the utilized compressor. As briefly explained in Section 3.2.1, both isen-
tropic efficiency and volumetric efficiency are utilized. The irreversibilities inside the
compressor are measured with the isentropic efficiency and the frictional and mech-

anical losses with the volumetric efficiency.

For the simulation, this efficiencies can be defined in different ways depending on the
information the user has. It can be defined as a correlation in function of the pressures
ratio (or other parameter), a n-dimensional table or even a constant. It will directly

affect results accuracy when calculating compressor consumption or refrigerant outlet
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properties.

Valve coefficient: In order to define the valve coefficient it can be utilized a correla-

tion, a constant or a table. It depends on the information the user has.

Refrigerant mass flow distributor: As described in Section 3.2.4, in the developed
model it is assumed that the refrigerant flow is uniformly distributed in the different
channels of the PHEX. Nevertheless, it does not happen. When a single-phase fluid
goes into a PHEX, it is generally uniformly distributed along PHEX channels. However,
a two-phase fluid is not uniformly distributed and the maldistribution phenomenon is
commonly given [159]. This occurs in the inlet of the evaporator since the refrigerant

fluid goes out from the EEV as a two-phase fluid.

This phenomenon can be minimized by placing a distributor in the inlet of the evap-
orator [160, 161]. However, the distributor causes important pressure drops in the
refrigerant fluid. This pressure drops are taken into account in the EEV model. The

expansion occurred in the distributor is assumed to be isenthalpic.

In the EEV model block mask, a pressure increment can be set, which is added to the
low pressure calculated in the evaporator. Therefore, a intermediate pressure level is
generated in the model. The EEV model block expands the refrigerant fluid from the
high pressure level to the generated intermediate pressure level. A graphic explanation

can be seen in Figure 3.13.
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Figure 3.13: Graphic explanation of the intermediate pressure and distributor pressure drop.
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Correction factors: As commented before, the calculation of HTC is based on empir-
ical correlations. Some of them are specifics for one fluid and others are more general
and can be used with different fluids. However, HTC empirical correlations usually

have implied a high degree of uncertainty.

Therefore, correction factors have been implemented in the model. They are applied
directly to the HTCs increasing or decreasing the value calculated with the correlations.
[t affects to the heat transfer between fluids, causing the modification of the operation

conditions of the system.

There have been implemented four correction factors. One for each calculated HTC:
refrigerant fluid in the indoor unit, secondary fluid in the indoor unit, refrigerant fluid
in the outdoor unit and secondary fluid in the outdoor unit. For instance, in Figure
3.14 can be seen the mask of the indoor unit PHEX, where the correction factors can
be modified.

Block Parameters: INDOOR UNIT PHEX P

Indoor Unit PHEX &

This block simulates the dynamic behaviour of a plates heat exchanger. It can work
in parallel and counter flow configurations. It works either for cooling or heating
working modes.

Parameters

tlid initial conditions | Geometric parameters | Plates | Correction factors IE_

Heat trasfer coefficient (1 = without correction) I
Refrigerant fluid HTC correction factor 1 E]
Secondary fluid HTC correction factor 1 E]

[ OK ] [ Cancel ] [ Help ] Apply

Figure 3.14: Example of a PHEX block mask with the correction factors.

The use of these correction factors is optional and depends on the user. It is important
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to remark that in the results presented in all this document there have not been used

any correction factor.
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Chapter 4

MICRO-SCALE SIMULATIONS

During this chapter, the model developed in the Chapter 3 will be used to
simulate fast transient-states. Firstly, the experimental tests will be de-
scribed, focusing in the used heat pump system, the developed method-
ology to force the required transient-states and the taken measurements.
Then, the model will be validated under three different situations: heating
working mode, cooling working mode and an start-up of the system. Fi-
nally, the usefulness of the model to simulate working mode switches from

the cooling to the heating working mode and vice-versa will be proved.
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4.1 Introduction

Once the dynamic model to simulate the behavior of liquid-to-liquid HP systems have
been developed, implemented and presented, it must be validated comparing the sim-
ulation results with experimental data. In this chapter, it will be validated in micro-
scale, focusing in fast transient-states such as changes in the operation conditions and

start-ups situations.

Laboratory experimental tests were carried out using a liquid-to-liquid HP system con-
nected to a climatic chamber, which emulates both the heat sources and sinks. The
used system is a commercial reversible HP of 5kW of nominal heating capacity. It is
compound of two PHEX, one scroll compressor, one EEV and one 4WV. During this
chapter, the system, its components and made measurements will be described in de-
tail.

It also will be presented the procedure to carry out the experimental tests, describing
the different working conditions of the system, how it have been forced the transient

situations and the steps followed to develop each test.

Regarding the comparison of the model with the experimental data, firstly it will be
specified the additional information that must be added to the model in relation with
the actual HP system, such as used HTC correlations, valve coefficient or compressor
efficiencies. Then, it will be compared test data with model simulation results under
the heating and the cooling working modes separately. Additionally, a system start-up
situation will be validated. The heating and cooling validations will be given against
transient situations that have been forced manually in the test bench. On the contrary,

the start-up situation has been tested using the control loop of the system.

Finally, a switching mode simulation will be presented in order to prove the validity of
the model to simulate the behavior of the system when switching the working mode
from the heating to the cooling or vice-versa. It will be explained which have been
the changes that had to be made in the model to simulate working mode switches and
which are the imposed simulation conditions. Results and a discussion about them will

be presented.

To conclude, some comments and conclusions will be drawn.
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4.2 Test facility

The test bed is compound by a reversible liquid-to-liquid HP coupled with a climatic
chamber. The whole system emulates the behavior of a ground or water source HP fa-
cility. The climatic chamber simulates the returning temperatures of secondary fluids
to the condenser and evaporator. Photography of the used HP system can be seen in

Figure 4.1.

Figure 4.1: Photography of the heat pump system.

The HP is a 5 kW commercial liquid-to-liquid reversible HP. It is compound of one fixed
speed and displacement scroll compressor, one EEV, one 4WV and two refrigerant-to-
liquid PHEX. In Figure 4.2 a 3D image of the HP and the used mentioned components

can be seen.

There are three independent fluids loops. One primary loop and two secondary loops.
The working fluid of the primary loop is the R410A commercial refrigerant fluid. It
circulates through all the components of the HP. The secondary loops are connected to
the PHEXs of the system. The fluids that circulate through secondary loops are Water
in one of them and a mixture of 44% Ethylene-Glycol and 56% Water (brine) in the
other. Brine is a commonly used fluid in underground boreholes due to the very low
freezing temperature. Heat transfer is given between primary and secondary loops
inside the PHEX.
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Figure 4.2: 3D image of the heat pump system.

Presented system has two working modes. One is the heating mode where the water
is heated and the other one is the cooling mode, where the water is cooled down. Dur-
ing winter seasons, HP works in heating mode, heating the water to be used in space
heating. Differently, during summer seasons, HP operates in cooling mode to produce

cold water that is used mainly for space cooling.

The different components, fluids loops, measurements points and direction of the re-

frigerant fluid during both working modes of the system are depicted in Figure 4.3

The used compressor is a commercial fixed speed and displacement scroll compressor
thatreceives the refrigerant fluid in the gas-phase atlow pressure and temperature and
compresses it increasing the pressure and, therefore, the temperature. Some technical

specifications of the scroll compressor can be seen in Table 4.1.

The EEV receives the refrigerant either in liquid-phase or in two-phase at high pressure
and expands it decreasing the pressure and temperature. Technical specifications of
used EEV can be seen in Table 4.2.

Regarding plates heat exchangers, since the HP is reversible, both PHEX work indis-
tinctly as a condenser and as an evaporator depending on the working mode of the
system. PHEXs work always with the same secondary fluid regardless of the work-
ing mode. For differentiate them, the PHEX that is connected to the brine loop is the

outdoor unit and the PHEX connected to the water loop is the indoor unit. Physical
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Figure 4.3: Scheme of the heat pump system.
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Table 4.1: Specifications of the used scroll compressor.

Electric connection 220/240V 1 50Hz
Nominal heating capacity (kW) 5.0
Displacement (cm?/rev) 19.34

Tevap = —1°C, SH = 4°C , Tpopnqg = 55°C, SC = 3°C,

Heating power (kW) 6.2

Absorbed power (kW) 2.03
COP 3.06
Refrigerant mass flow rate (g/s) 23.6

specifications of both PHEX are presented in Table 4.3.

The four ways valve is the component that allows the reversibility of the system. De-
pending on the working mode of the system, the inlets and outlets ports are internally
connected in different ways. In Figure 4.4 the connections of the ports and the refri-
gerant fluid direction in the 4WYV for both the heating and the cooling working modes

are presented.

During the heating mode, the refrigerant that leaves the compressor goes into the
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Table 4.2: Specifications of the used electronic expansion valve.

Maximum working pressure (kPa) 4700
Maximum working temperature (C) 70
Minimum working temperature (C) -30
Operation range (pulses) 0-480

Tevap = 5°C,SH = 0°C, Tpopg = 38°C, SC =0°C,

Nominal capacity (kW) 6.8

Table 4.3: Specifications of the used plate heat exchangers.

Indoor Unit Outdoor Unit

Plates number 26 30
Dimensions (cm) 50x10x6.2 50x10x7.1
Chevron angle (rad) /4 /4
Primary fluid R410A R410A
Secondary fluid Water Brine
Total mass (kg) 6.35 7.01
Plates material Stainless steel  Stainless steel
Indoor unit [>-- i Indoor unit [} -y
Compressor inlet [>} .i <] Compressor outlet Compressor inlet [>}---f ' <] Compressor outlet
Outdoor unit D Outdoor unit D
(a) (b)

Figure 4.4: Ports connections and refrigerant fluid direction in the 4WV during the heating (a) and the
cooling (b) modes.

indoor unit through the 4WV. The indoor unit works as a condenser, so the water
increases its temperature while the refrigerant is condensing. Once the refrigerant
leaves the indoor unit, it is directed to the EEV and then to the outdoor unit, which
works as an evaporator. The brine of the outdoor unit heats the refrigerant and evap-
orates it, and therefore, the brine temperature decreases. Finally, the refrigerant goes

back to the compressor through the 4WV.

When 4WV switches, the system starts working in the cooling mode. The refrigerant
reverses its direction, going from the compressor to the outdoor unit through the 4WV.
Now, the outdoor unit works as a condenser, so the refrigerant is condensed while
the brine is heated. Then it goes to the EEV and the indoor unit, which works as an

evaporator, cooling down the temperature of the water. The cycle is closed when the
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refrigerant reaches the compressor through the 4WV.

When the working mode changes, the direction of the refrigerant also changes, while
the direction of the secondary fluids does not change. Because of this, the interaction
between the refrigerant and the secondary fluid changes from counter-flow to parallel-
flow or vice versa. It is widely known that a counter-flow connection has a better heat
transfer performance than a parallel-flow connection [162, 163]. In the actual system,
as the HP was optimized to work in the heating mode, both indoor and outdoor units
are connected as counter-flow heat exchangers when the working mode is heating. In

cooling mode, both of them are connected in parallel-flow.

In order to understand better the direction of the fluids inside the PHEX, Figure 4.5
shows the indoor PHEX connected in counter-flow (a) and parallel-flow (b). Similarly,
the outdoor PHEX in counter-flow (a) and parallel-flow (b) is presented in Figure 4.6.
In both PHEX, ports F1 and F2 are the inlet/outlet ports that corresponds to refriger-
ant fluid. Ports F3 and F4 correspond to the inlet and outlet ports of secondary fluid,
respectively. The connections of the PHEX ports with the rest of the components of the

system can be seen in Table 4.4.

(b)

Figure 4.6: Counter-flow (a) and parallel-flow (b) connection ports of the outdoor PHEX.
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Table 4.4: Connections of PHEX ports.

Refrigerant fluid Secondary fluid
PortF1 Port F2 PortF3 Port F4
Cooling mode Indoor Unit  Outlet to compressor Inlet from EEV  Water inlet Water outlet
(parallel-flow) Outdoor Unit Inlet from compressor Outletto EEV ~ Brineinlet Brine outlet
Heating mode Indoor Unit Inlet from compressor Outlet to EEV  Water inlet Water outlet
(counter-flow) Outdoor Unit Outlet to compressor Inlet from EEV  Brine inlet Brine outlet

On the other hand, in order to decrease the refrigerant fluid mass flow maldistribution
phenomenon described in the Section 3.5, a mass flow distributor is used. As the sys-
tem was optimized for working in the heating mode, the distributor is located in the
port F2 of the outdoor unit, which works as an evaporator during the heating mode.
A second distributor could be placed in the port F2 of the indoor unit for the cooling
mode. However, it is not recommendable to use two distributors because it would

generate important pressure drops in the working mode that wanted to be optimized.

The climatic chamber closes the secondary fluid loops cooling down or heating sec-
ondary fluids. Regarding water loop, climatic chamber emulates the radiators or cool-
ing systems. During the heating mode, when the water goes out from the indoor unit
PHEX, it is cooled down before going back to the indoor unit. On the contrary, during

the cooling working mode, the water is heated before going back to the indoor unit.

Regarding the brine loop, the climatic chamber also emulates subsoil boreholes or out-
door water reservoirs. During the heating working mode, brine needs to be heated be-

fore returning to the outdoor unit. Instead, in the cooling mode brine is cooled down.

Table 4.5 presents the specifications of the devices used to measure the fluids tem-
peratures, refrigerant pressures and secondary fluids MFRs. Figure 4.3 shows their

locations. Each measurement has a different purpose.

Table 4.5: Specifications of the utilized sensors.

Measurement Type Uncertainity
Refrigerant temperature NTC Thermistor Sensor +3%
Refrigerant pressure Pressure sensor 0 - 4600 bar +0.8%
Secondary fluids temperature Pt 100 resistance measurers +0.1K
Secondary fluids mass flow rate ~ Flow meter 9 - 150 1/min +1 —-2%

Secondary fluid sensors, both temperatures and MFR ones, were not located specific-
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ally for this tests, they are fixed sensors incorporated in the climatic chamber. There-
fore, the accuracy of the obtained data is high. Because of that, inlet temperatures and
MFR will be used as inputs to the model and outlet temperatures will be used to valid-

ate the model.

Pressure sensors were located at the inlet and outlet pipes of the compressor, pricking

the pipe. This data will also be used for the model validations.

On the other hand, the temperature sensors used to measure the refrigerant fluid tem-
peratures were located in the external part of the refrigerant pipes, between the pipe
and the insulation. Since the refrigerant fluid is a two-phase fluid and the temperature
of the pipe is not the same in the part of the pipe where is the liquid part or the gas
part of the fluid, this measurements were only used to figure out the conditions of the

refrigerant cycle.

Finally, it also were measured the opening degree of the EEV and the power consump-
tion of the system. The opening degree is taken directly from the control system of the

HP and the power consumption is measured with a power meter.

Since the goal of this tests is to validate the model under transient situations and not
to analyze the performance of the system, the power consumption of the system will

not be used. The opening degree of the EEV will be used as an input to the model.

In table 4.6 is summarized the purpose of each measurement.

Table 4.6: Purposes of the taken measurements.

Measurement Purpose
Refrigerant temperature Figure out thermodynamic cycle
Refrigerant pressure Model validation
Inlet secondary fluids temperature Input to the model
Outlet secondary fluids temperature Model validation
Secondary fluids mass flow rate Input to the model
Opening degree of the EEV Input to the model

Power consumption -

The tests facility is regulated by a main control loop conditioned by two subordinated
control loops. On the one hand, since it is using a fixed speed and displacement com-
pressor, the refrigerant MFR is regulated by the EEV opening degree, which is con-

trolled as a function of the refrigerant reheating at the compressor inlet port.
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On the other hand, the climatic chamber regulates the secondary fluids inlet temper-
atures and MFR. When the set-point of one secondary fluid changes, firstly secondary
fluid MFR is modified due to, unlike with the inlet temperature, it can be modified al-
most instantly. Therefore, since the MFR changes, the outlet temperature also changes.
Then, as the inlet temperature goes changing, the mass flow rate recovers its initial

value.

Later in this chapter it will be seen how the control systems affect differently to the

system working conditions.

4.3 Tests procedure

In order to gather all possible operation conditions, different tests have been carried
out. The aim of these tests is to force the system into sudden changes of the operation

conditions.

Taking into account that the compressor is a fixed speed compressor, the different op-
eration conditions of the system are limited to the operation conditions of the PHEX.
Depending on the outlet fluid-phase of the refrigerant fluid, two working conditions
have been differentiated in the condenser and another two in the evaporator. Addi-

tionally, it has been varied the set-point temperature of the secondary fluids.

In the aggregated, it has been carried out 14 tests under different working conditions.
The methodology to develop each test has been the same and it will be described later

in this section. Firstly, the operation conditions of each test will be presented.

4.3.1 Tests operation conditions

Tests conditions have been differentiated into two blocks. The first one regarding to
the refrigerant conditions taking into account the refrigerant fluid outlet phases. The

second one affects secondary fluids temperature conditions.
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Refrigerant working conditions

Concerning refrigerant fluid working conditions, four situations have been taken into
account. For a better understanding, regardless of the working mode of the system
is heating or cooling, it will be differentiated between condenser and evaporator, not
between indoor and outdoor PHEX. Additionally, it does not matter if the PHEX are in

parallel- or counter-flow connections.

Regarding the condenser, two different working conditions can be given depending on
the outlet refrigerant fluid conditions. In both of them, it is assumed that the fluid goes
into the condenser from the compressor as superheated gas. The first working condi-
tion that can be found is when the condensing process is completely fulfilled and the
refrigerant fluid goes out the condenser as a subcooled liquid with a certain degree of
subcooling. This is the most common working condition during the normal operation
of the system. Nevertheless, during starts-up or under uncommon external conditions,
it can be given that the refrigerant fluid does not completely condensate and goes out

from the compressor as a two-phase fluid. Both condenser situations can be seen in

Figure 4.7.
‘ Water or brine fluid
PR g 2 d
L L
7 SRS
Superheated Two-phase fluid

gas

(@)

Water or brine fluid

1 1 1
1 1 11

Superheated
gas

Figure 4.7: Refrigerant working conditions in the condenser. Three zones (a) and two zones (b) condenser.

Concerning the evaporator, another two different operation conditions can be differ-
entiated. Although the most given situation is when refrigerant fluid goes out from
evaporator as superheated gas, it also can be found situations in which it goes out as a
two-phase fluid. In Figure 4.8, both operation conditions schematically are presented.
In both cases, it is assumed that after the expansion of the refrigerant fluid in the EEV,

the refrigerant is a two-phase fluid.

CHAPTER 4. MICRO-SCALE SIMULATIONS 99



ENEDI Research Group

- Water or brine fluid

- — —
N

\ \ \

Superheated
gas

Two-phase fluid

1 1 1
1 1 1 1

(b)

Figure 4.8: Refrigerant working conditions in the evaporator. Two zones (a) and one zone (b) evaporator.

A summary of the refrigerant tests conditions with the chosen nomenclature for this

operation conditions can be seen in Table 4.7.

Table 4.7: Tests conditions and nomenclature regarding refrigerant conditions inside the PHEX.

Test condition Nomenclature
Three zones condenser C1
Two zones condenser C2
Two zones evaporator E1l
One zone evaporator E2

Secondary fluids working conditions

Now, the difference between each test is the set-point temperature of one of the sec-
ondary fluids. It is differentiated between the heating and the cooling working modes

and between water and brine fluids.

In each test, a previously decided step is given in the outlet of one of the secondary flu-
ids temperatures. That step is given by changing the set-point temperature of the cor-
responding secondary fluid. The water set-point temperature is referred to the tem-
perature at the outlet of the PHEX. However, the brine set-point temperature is the

inlet temperature.

All the initial and final set-point temperatures for each test are collected in Table 4.8.

The highlighted cells indicate the secondary fluid in which the temperature change is
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applied. The nomenclature for this conditions block is also presented. As can be seen,
five types of tests are carried out in the heating mode and two types of tests in the

cooling mode.

Table 4.8: Tests conditions and nomenclature regarding secondary fluids conditions.

Working Affected Set-point temperature
d Nomenclature secondary

mode fluid Brine inlet (1) Water conditions (1) Conditions (2)
A Water 0°C 40°C 35°C
B Water 7 °C 50°C 40°C

Heating C Water -5°C 35°C 30°C
D Brine 0°C 35°C 5°C
E Brine 5°C 45°C 15°C
G Brine 35°C 8°C 30°C

Cooling
H Water 30°C 12 °C 8°C

Tests summary

To sum up, in the heating mode, ten tests have been carried out. Six of them with a op-
eration conditions step-change in the condenser (indoor unit) and four of them with
the step-change in the evaporator (outdoor unit). On the other hand, in the cooling
mode, two tests have been developed with a step-change in the condenser (outdoor
unit) and another two with a step-change in the evaporator (indoor unit). The sum-

mary of developed tests can be seen tabulated in Table 4.9

4.3.2 Test methodology

Each presented test is compound of eight dynamic situations in which different dy-
namic situations are recorded. The recorded data for each situations is saved in a dif-
ferent file for its later data treatment and use. In Table 4.10 the dynamic situations
that compound each test are presented. As can be seen, firstly the control of the sys-
tem regulates the EEV position. Once the EEV position for each operation condition is
known, the rests of the test are carried out with the control of the EEV switched off and
regulating the EEV manually. In Figure 4.9 is presented the flowchart of the steps that

were followed to carry out each test.
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Figure 4.9: Flowchart of the steps followed to carry out each test.
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Table 4.9: Summary of developed tests.

Working mode Affected PHEX Affected fluid Refrigerant conditions Nomenclature

Three zones A-C1
Two zones A-C2
Condenser Three zones B-C1

. Water
(Indoor Unit) Two zones B-C2
. Three zones C-C1

Heating

Two zones C-C2
Two zones D-E1
Evaporator . One zone D-E2

. Brine
(Outdoor Unit) Two zones E-E1
One zone E-E2
Condenser . Three zones G-C1

. Brine
_ (Outdoor Unit) Two zones G-C2

Cooling

Evaporator Two zones H-E1

. Water
(Indoor Unit) One zone H-E2

Table 4.10: Data files for each dynamic situation.
Situations Dynamic simulation

Situation 1

Situation 2

Situation 3

Situation 4

Situation 5

Situation 6

Situation 7

Situation 8

Start from equilibrium condition until reach set-
point temperature (1) with the control of the sys-
tem.

From set-point temperature (1) to set-point tem-
perature (2) with the control of the system.

From set-point temperature (2) to set-point tem-
perature (1) changing manually the EEV position.

From set-point temperature (1) to set-point tem-
perature (2) changing manually the EEV position.

In operation conditions (2), increase manually
the opening degree of the EEV in +20% to aug-
ment the refrigerant MFR.

In operation conditions (2), decrease manually
the opening degree of the EEV position in -20%
to reduce the refrigerant MFR.

In operation conditions (2), increase the second-
ary fluid MFR in +20%.

In operation conditions (2), reduce the secondary
fluid MFR in -20%.

Each test starts switching on the HP and fixing the secondary fluids set-point temper-

ature (1). The control loop of the system regulates the opening degree of the EEV until
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reaching the steady-state for the operation conditions (1). The first data file is gener-

ated and the current positions of the EEV (1) is written down.

From the steady-state of conditions (1), the set-point temperature of the correspond-
ent secondary fluid for that test is changed to the set-point temperature (2). When the
steady-state of the operation conditions (2) is reached, the second data file is saved

and the current position of the EEV (2) is written down.

Now, the EEV positions for both operation conditions are known so the EEV control
system is switched off in order to move the EEV positions manually during the rest of
the test.

The third file is generated starting in the operation conditions (2) and finishing in op-
eration conditions (1) moving manually the EEV position. Equally, the fourth file saves

the transient from conditions (1) to conditions (2) moving manually the EEV position.

Starting in the operation conditions (2), fifth and sixth data files are gotten by increas-
ing or decreasing 20% the opening degree of the EEV. It produces an augmentation or

reduction of the refrigerant MFR producing a transient-state.

Finally, the last two transients are reached by maintaining the set-point temperature
(2) and EEV position (2) fixed and increasing or decreasing 20% the MFR of the cor-
responding secondary fluid. After that, the HP is turned off and the test is finished.

4.4 Testresults

During this section, taking as reference the test B-C1, test results will be presented.

As explained previously, different transient-states were forced, dividing each test in

eight transient situations.

On the other hand, it has been presented the measurement equipment and told that
the pressures and secondary fluids temperatures will be the data that will be used to
validate the model. Refrigerant temperatures at different points of the circuit will only

be used to get an idea of the refrigerant fluid working conditions.

The duration of the different situations are not equal since it depends on the time re-
quested by the system to reach the stationary state after the transient forced state. For

instance, situations 7 is shorter than situation 3 since the forced transient state is less
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aggressive. In the following figures, each dynamic situation is separated by dashed

lines and enumerated in correspondence with Table 4.10.

In Figure 4.10 the EEV opening degree during B-C1 test is presented. In situations 1
and 2 it can be appreciated that the system regulates gradually the valve opening by
means of the control of the system. In the situations 3-6 the control is switched off
and the EEV is regulated manually to the required opening degree for each operation

condition. In the situations 7 and 8, the opening degree of the EEV does not change.
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Figure 4.10: Opening degree of the EEV during the different situations of the test B-C1.

In Figure 4.11 the condensation and evaporation pressures are presented.
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Figure 4.11: Condensation and evaporation pressures during the different situations of the test B-C1.

In Figure 4.12 the inlet and outlet temperatures of the water are presented. During this
test the system is working in the heating working mode, so the indoor PHEX works as
a condenser. Similarly, In Figure 4.13 the inlet and outlet temperatures of the brine are

presented. The outdoor PHEX works as an evaporator.

From Figures 4.11, 4.12 and 4.13 can also appreciate how the temperatures of the sys-
tem are initially in thermal equilibrium with the ambient and how the pressures of the

refrigerant in the condenser and evaporator are equalized.
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Figure 4.12: Water temperatures in the inlet and outlet ports of the indoor PHEX (condenser) during the
different situations of the test B-C1.
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Figure 4.13: Water temperatures in the inlet and outlet ports of the outlet PHEX (evaporator) during the
different situations of the test B-C1.

As advanced in the final part of Section 4.2, the effect in the operation conditions of the
system is differently affected by the two control loops. For instance, lets take situations
3,5and 7 of Figures 4.10 - 4.13. In situation 3, where both EEV opening degree and sec-
ondary fluids conditions change, the working conditions change. However, in situation
5, the opening degree changes but the secondary fluid conditions remain constant. It
results in almost null variation in the system working conditions. In situation 7, the
opposite happens, opening degree remains constant and the MFRs of one secondary

fluid changes. In this case, the system working conditions are slightly modified.

Therefore, if the opening degree of the EEV is modified within a moderate percentage
from its corresponding degree but the rest of the regulation conditions remain con-
stant, the system working conditions are hardly affected. However, it must be said
that the control loop that regulated the opening degree of the EEV is essential for an
optimized system, affecting mainly the refrigerant subcooling, reheating and system
performance [164-166].

Now, some results regarding the refrigerant temperatures will be presented. It has

been chosen the situation 4 of the test B-C1. Nevertheless, before showing measure-
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ment results, some comments must be given.

As explained before, this HP was initially optimized to work in heating mode. There-
fore, when the system is working on heating mode, both the indoor and outdoor PHEX

are connected in counter-flow. During the test B-C1 the system works in heating mode.

On the other hand, the temperatures correct distribution inside a counter-flow con-
denser and evaporator are shown schematically in Figure 4.14. As can be seen, re-
garding the evaporator, at any moment, the brine outlet temperature must be higher
than refrigerant inlet temperature and brine inlet temperature must be higher than
refrigerant outlet temperature. Similarly, during the condensation, water outlet tem-
perature must be lower than refrigerant inlet temperature and water inlet temperature

must be lower than refrigerant outlet temperature.

» 4
T ¢
Tbrine,in ref,in
Tcond /
T &
brine,out '/ ~ T
Tref,out water,out
Tref,out T
evap Tref in
P s
< ]
Twater,in
> >

(a) (b)

Figure 4.14: Correct temperatures distribution inside a counter-flow evaporator (a) and condenser (b).

Going back to measurements results, Figure 4.15 shows the inlet and outlet temper-
atures of both water and refrigerant fluids in the indoor unit (condenser) along the
situation 4 of the test B-C1. Equally, Figure 4.16 shows the temperatures in the out-

door unit (evaporator).

As can be seen, in both PHEX there is an incorrect distribution of the temperatures.
In the indoor unit, which works as a condenser, the inlet water temperature should
be lower than outlet refrigerant temperature, but it does not happen. Similarly, in the
evaporator, during much of the time, the outlet refrigerant temperature is higher than
the inlet brine temperature. It is not possible if the heat flux is supposed to go from
the brine to the refrigerant.This kind of situations are repeated many times during the

different tests and situations.

Moreover, as explained in the previous section, the sensors utilized to measure the
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Figure 4.15: Indoor unit (condenser) inlet and outlet temperatures of both water and refrigerant fluids in
situation 4 of the test B-C1.
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Figure 4.16: Outdoor unit (evaporator) inlet and outlet temperatures of both brine and refrigerant fluids
in situation 4 of the test B-C1.

water and brine temperatures are much accurate that the ones utilized to measure the
refrigerant temperatures. Consequently, and as it was asserted previously, the refri-
gerant temperatures measurements will only be used to figure out the thermodynamic

cycles but not for the model validation.

4.5 Model specific considerations

In the Chapter 3 it has been presented the physics-based model developed to simulate
a liquid-to-liquid HP. However, additionally to the equations, some complementary
information must be added to the model depending on the HP that wanted to be sim-

ulated, as explained in 3.5.
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Now, the specific information that was taken into account to simulate the actual HP

will be given.

PHEXs discretization: The PHEX discretization was studied in order to find which
is the number of FCV that should be used to reach a good agreement between compu-
tational time and results accuracy. Here, it is presented the study carried out with the
situation 6 of test C-C2 by increasing the number of FCVs in the PHEXs from 5 to 100.

These results were similar for other studied tests and situations.

Figure 4.17 shows the differences in the condensing pressure calculation using a dif-
ferent number of finite volumes. Although the simulation time was 1200 seconds, in
the image only is shown the period where the transient occurs in order to perceive bet-
ter the differences. Figure 4.18 shows the Real Time Factor (RTF) for different number
of FCVs.
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Figure 4.17: Condensing pressure with different numbers of finite control volumes.
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Figure 4.18: Real Time Factor for different numbers of finite control volumes.
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As can be appreciated in Figure 4.17, the shape of the system dynamic is well followed,
even with a low number of FCVs. Nevertheless, the numerical results do not accur-
ately fit with a low number of FCVs. With ten FCVs, the results can be improved. The
numerical results are accurate enough once the number of FCVs are equal or higher
than twenty. Regarding the computational time, the RTFs remains low up to 20 FCVs

and increases greatly with 100 FCVs.

Therefore, the micro-scale simulations will be carried out discretizing each PHEX into
20 FCVs.

Fluid tables: As explained in Section 4.2, the refrigerant fluid is R410A while the
secondary fluids are water in the indoor PHEX and brine in the outdoor PHEX. The

needed fluid tables were taken using CoolProp [152].

Nusselt number correlations: For both brine and water, Dittus-Boelter correla-
tions [167] are used to calculate the Nusselt number. Regarding refrigerant fluid, for
one-phase HTC, Dittus-Boelter correlation is used. Besides, the correlations presen-
ted in Han et al. [158, 168] are used for the two-phase HTC calculation. Evaporation
and condensation Nusselt number presented correlations are specific empirical cor-

relations for R410A refrigerant fluid.

In Equations 4.1, 4.2 and 4.3 are presented the one-phase, condensation and evapor-
ation used correlations, respectively. Equation 4.1 is also used for brine and water

calculations.
Nu = 0.0023 Re® Pr™ (4.1)

Where the exponent of Prandtl number is m = 0.3 when the fluid is cooled down and
m = 0.4 when the fluid is heated.

Nu = Cy Reg,“? Pr®3 (4.2)
Nu = Cs Reg,”* Pr®* Bog,"? (4.3)
GEq Dh . . .
Where Reg, = , Bogg = and C coefficients are non-dimensional
Hf G s

geometric parameters presented in Table 4.11.
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Table 4.11: C coefficients correlations.

—4.5
Peo 283 ('
Cy = 11.22 - -
i D, (2 5)

1.48
pCOO.23 T
Cy=0.35 - —
=035 5" (2 5)

Pep 0041 (77 —2.83
C3=2281 - —
(=21 b (D)

0.61
PDeo —0.082 [/ 7
Cy = 0.746 - —
(=016 22 (2 )

Compressor efficiencies: The volumetric efficiency and the isentropic efficiency of

the compressor are calculated as a function of the pressure ratio (r = Promp.out/ Peomp.in)-

The curves of both efficiencies are fitted using the information provided by the man-
ufacturer. While the irreversibilities inside the compressor are measured with the is-
entropic efficiency, which is directly provided by the manufacturer, the friction and
mechanical losses are given by the volumetric efficiency. The curve of the volumetric
efficiency was fitted using Equation 4.4, which relates the MFR provided by the manu-
facturer and the MFR calculated analytically with Equation 4.5 for different operation

conditions. Table 4.12 presents the equations and R? value of both efficiencies correl-

ations.
mmanufacturer
Nvol = . (44)
Manalitic
manalitic = Pin * V;:omp (45)

Table 4.12: Equation and R? value of volumetric and isentropic efficiencies correlations.

Volumetric efficiency Isentropic efficiency

EQ. 7yor = 0.005r2 — 0.0997 + 1.176 15 = 0.00672 — 0.0857 + 0.794
R2 0.926 0.883

EEV coefficient: The valve coefficient depends on the EEV that it is using. For this
case, Figure 4.19 shows the C, used in the presented system, whose data have been

provided by the manufacturer.
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Figure 4.19: Valve coefficient in function of the valve opening.

Components dimensions: The physical specifications of the used PHEXs and com-

pressor are described in Tables 4.3 and 4.1, respectively.

Refrigerant mass flow rate distributor: Asdescribed inthe Section 4.2, a mass flow
distributor was located in the inlet port of the evaporator during the heating mode, to
reduce the maldistribution phenomenon. This distributor causes a pressure drop in

the refrigerant fluid that must be taken into account during the simulations.

As shown in Figure 4.3, the refrigerant pressure has been measured in three locations:
inlet of the compressor, outlet of the compressor and in the pipe that connects the
EEV and the outdoor unit PHEX. During the heating mode, assuming that the pres-
sure drops inside PHEXs are negligible, the pressure difference between the inlet of
the compressor and the EEV-PHEX connection is the pressure drop generated by the
mass flow distributor. That pressure drop has been calculated and taken into account
in the EEV calculations. During the cooling mode, there is not a mass flow distributor
in the inlet port of the evaporator so only the compressor outlet and inlet pressures

are taken into account for the calculations.

Heating and cooling separated interfaces: As seen in Section 3.4, the developed
model is able to simulate both the heating and the cooling modes without changing the
components. Nevertheless, as explained in Section 3.4.6 it must be manually changed

the connections between components to simulate one working mode or the other.
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4.6 Validation of the model in micro-scale

Now, the validation of the model under micro-scale transient situations will be presen-
ted. It is presented for the heating mode, the cooling mode and during a heating start-
up with the situation 4 of C-C2, 3 of G-C1 and 1 of C-CZ2, respectively. Although these
situations were chosen as the representative ones, other comparisons between test

data and simulation results are presented in Annex III.

For the validation of the model, it will be taken into account the similarity of the graph-
ics, that indicates if the model follows the dynamics of the system, and the Normalized
Error (NE), which shows the numerical divergence between test data and simulation

results. NE will be calculated with Equation 4.6.

Zzg(simulation(k) — experimental(k))?

e (experimental (k)2

NE =

(4.6)

4.6.1 Heating mode validation

Heating mode validation will be given with the situation 4 of test C-C2. During the heat-
ing mode, the indoor unit works as a condenser and the outdoor unit as an evaporator.

Both are connected in counter-flow.

Water set-point temperature is initially placed at 35°C and is changed to 30°C. The

brine set-point temperature remains constant throughout the entire test at -5°C.

Figure 4.20 shows the simulated high and low working pressures compared with test
data. As can be seen, the simulation results accurately fit the experimental data. NEs
between simulation results and experimental data for the pressure in the outdoor and

indoor units are 1.16e-04 and 1.09e-03, respectively.

The comparison for both secondary fluid temperatures is presented in Figure 4.21.
The inlet temperature of both secondary fluids has also been drawn. As it has been
used as an input in the simulation software, both experimental and simulation inlet
temperatures of secondary fluids are the same. The NE of the simulation results with
respect to experimental data for the water outlet temperature is 1.83e-04 and for the

brine outlet temperatures is 2.72e-03.

CHAPTER 4. MICRO-SCALE SIMULATIONS 113



ENEDI Research Group

2500 -
20001 YR —
= :
1004 00| T Indoor un1t (t(_est)
8 Indoor unit (sim)
3 004 | Outdoor unit (test)
@ Outdoor unit (sim)
&
s0 4" """/
0 T T T T T 1
0 200 400 600 800 1000 1200

Figure 4.20: Test data and simulation results of the refrigerant pressures during heating mode.
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Figure 4.21: Test data and simulation results of water and brine temperatures during heating mode.

4.6.2 Cooling mode validation

Cooling mode validation will carried out with the situation 3 of the tests G-C1. The
indoor unit works as an evaporator and the outdoor unit as a condenser. In addition,

their connections are in parallel-flow.

In this case, the step in the set-point temperature is in the outdoor unit. Brine set-
point temperature starts at 30°C and finishes at 35°C. The water set-point temperature

remains constant at 7°C.

The comparison between test data and simulations for refrigerant working pressures
and secondary fluid temperatures are presented in Figure 4.22 and Figure 4.23, re-

spectively.
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Figure 4.22: Test data and simulation results of the refrigerant pressures during cooling mode.
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Figure 4.23: Test data and simulation results of water and brine temperatures during cooling mode.

The NE between simulation results and experimental data for the pressure in the out-

door and indoor units are 1.97e-03 and 3.26e-03, respectively. Regarding secondary

fluid outlet temperatures, the normalized error is 8.60e-05 for the water and 5.69e-03

for the brine.

4.6.3 System start-up validation

The start-up of the system has also been validated. Here, it will be taken as example

the situation 1 of the test C-C2. The start-up is during the heating mode.

Starting from an almost equilibrium conditions, the set-point temperatures are fixed

in 35°C for water and -5°C for brine. As explained during the Section 4.3.2, situation
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1 is carried out with the control of the HP switched on. Test and measurements go on

until the steady state is reached.

Figure 4.24 shows the simulated high and low working pressures compared with test

data. Figure 4.25 compares the secondary fluids temperatures.
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Figure 4.24: Test data and simulation results of the refrigerant pressures during an start-up situation in
heating mode.
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Figure 4.25: Test data and simulation results of water and brine temperatures during an start-up situation
in heating mode.

The NE of refrigerant pressures in the outdoor and indoor units are 4.33e-03 and
2.02e-03, respectively. Regarding secondary fluid outlet temperatures, the normalized
error is 2.56e-03 for the water and 3.18e-03 for the brine.

As can be seen, although there are some differences between test measurements and
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simulation results, the model simulates fairly accurately the transient-states during

the system start-up.

4.7 Switching mode simulation

Once the model has been validated in cooling and heating modes separately and also
during the start-up of the system, now it will be presented the capability of the model

to simulate the switching mode operation.

In a switching mode operation, the system change the working mode from cooling to
heating or vice-versa. As explained during the Section 1.2.1, in a liquid-to-liquid HP
the switching mode is given, for instance, when the system is working in the cooling
mode and, in a given time, it changes to work in the heating mode. In fact, the aim is to
simulate a summer period in which, during cooling supply for it use in a refrigeration
systems, a demand for DHW is given. After the demand has been covered, the system

returns to the cooling mode.

In the actual system, when a switching order is given, firstly the compressor stops
working. Then, both indoor and outdoor PHEX pressures are equalized through the
EEV. The EEV, which is initially in a given degree of opening, is then opened completely
in order to ease the pressure equalization. When the pressures are equalized, the con-
trol of the system switches the internal connections of the 4WV and the refrigerant
cycle is inverted. At that moment, the compressor is switched on again and the EEV re-
turns to the opening degree commanded by the system control loop. In this case, as in
the model the 4WV is expendable, the switches in the connections are given internally

in the component blocks.

Input conditions to the system will remain constant throughout the simulation. Being
the inlet water temperature 20°C, inlet brine temperature 12°C and the MFR of both
water and brine 0.25 kg/s. They have been chosen arbitrary. Nevertheless, 20°C is an
acceptable tap water temperature during the summer in a mild weather location and
12°C for the subsoil temperature supposing a vertical ground heat exchanger. Regard-
ing the EEV, it starts working at 45% of the opening grade. When the compressor is
switched off, the EEV is fully opened in order to ease the equalization of the pressures.
Once the system starts working again, it returns to the previous 45% of the opening

grade.
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For the simulation, the steady state reached during the cooling mode for given inputs
is firstly simulated. After some time, the order to change to the heating mode is given.
This order is transmitted to the compressor, which stops working, and to the EEV,
which is completely opened to ease the pressures equalization. Once the pressures are
equalized, the working mode is switched, the EEV returns to is correspondent open-
ing degree and the compressor starts working again. After some time in the heating
mode, the order switching is again given and the system returns to the cooling mode

following the same steps before described.

It must take into account that reproducing this switching conditions in a laboratory

might not be possible. In fact, in the presented facilities it was not possible.

4.7.1 Reversible model consideration

In Simulink, the connections between blocks are unidirectional. One signal (or signal
bus) from an outlet port of one component is sent to one inlet port of the next block
and can not be inverted during a simulation. Because of that, as seen in Section 3.4,
the difference between the cooling and the heating mode models is the connection

between blocks.

Nevertheless, for a reversible simulation in which both working modes wanted to be
simulated, the interface and block connections before presented are not valid. Because
of that, it is developed a reversible model in which the heating and cooling modes can

be simulated in the same simulation.

This model can also be used for single working mode simulations. Moreover, since
the model presented in the Chapter 3 and the specific considerations for the actual HP
systems presented in 4.5 are the same, the results using one model or the other are

equals.

The additional needs of the reversible mode and the differences between reversible

and non-reversible models will be now presented.

Components connections: Inthenon-reversible model presented in Section 3.4, the
inlet refrigerant properties port is connected directly with its corresponding anterior

block. Nevertheless, in the reversible model, the inlet refrigerant properties port of
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each component is duplicated and connected with both anterior and posterior com-
ponents. Then the correct signal is chosen in function of the working mode of the sys-

tem.

This must be done because as explained at the beginning of Section 3.4, each compon-
ent needs to known the pressure or MFR of the anterior and posterior block to solve
its respective equations. Moreover, as the model will simulate both working modes
at the same simulation, each block need to be fed with both possible refrigerant inlet

properties and then, depending on the working mode, use the correct ones.

In Figure 4.26 can be seen the blocks used for the reversible model. There are two
differences with the non-reversible model. The first one is that the Mode input port
has been added to the compressor and EEV blocks. Secondly, the "Flow in” and "Up-
stream refrigerant mass flow rate” or "Up-stream pressure” input ports are substituted
by "Flow in from compressor” and "Flow in from EEV” or "Flow in from indoor unit” and
"Flow in from outdoor unit”. During the simulation, the correct signal will be chosen

depending on the current working mode.

INDOOR UNIT PHEX

Flow in from compressor Flow out)

JFlow in from EEV
Secondary fluid outlet temperature [2C]p

3Secondary fluid inlet temperature [2C]
Vapor quality [-

Secondary fluid mass flow rate [kg/s] [=r e v e

Mode Capacity [kW]p

&5

OUTDOOR UNIT PHEX

Flow outp

JNFlow in from indoor unit
Flow in from indoor unit

m & [F|g Flow in from outdoor unit
3Flow in from outdoor unit Flow outp

Val i %
o ) |8 alve opening [%]

Mode

yMode

ks
Work [kw]p ELECTRONIC EXPANSION VALVE

COMPRESSOR

Figure 4.26: Reversible model blocks interface.
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Compressor stop and start-up: In the actual system, to carry out a working mode
switch, the compressor must be firstly stopped. Nevertheless, there is not informa-
tion available about the time that is needed from the stop command is given until the
compressor completely stops. Moreover, in the simulations, if the compressor is tried
to be completely stopped instantaneously in a given time, a discontinuity is given and
the simulation stalls. Because of that, according to size of the compressor, it has been
assumed that the compressor takes three seconds to completely stop working and an-

other three seconds to completely re-start it.

Working mode switching: Reversible model must be capable to switch between the
heating and the cooling modes when is required. After the switching signal or com-
mand is given, firstly the compressor stops working, then the pressures are equalized

and finally the working mode switch is given. After that, the system re-start working.

In the simulation, indoor and outdoor unit pressures are compared. If the indoor unit
pressure is higher than the outdoor unit one, the system is currently working in the
heating mode and vice versa. During the equalization of the pressures, when the dif-
ference between them is less than 5 kPa, the working mode is inverted. Then, the

compressor starts working again.

Refrigerant mass flow rate distributor: As said in Section 4.5, in the current sys-
tem, the mass flow distributor is only used during the heating mode. In the model,
a fixed pressure drops due to the distributor are taken into account in the EEV block

calculations during the heating mode. In the cooling mode they are avoided.

Computational height: Although the reversible model can carry out single working
mode simulations and the obtained results are equal, the computational height of the
reversible model is higher than the non-reversible one. It is due to at each step time, in
each component, which is the correct signal depending on the working mode must be
chosen. Therefore, the required time to carry out the same simulation is approximately

three times higher.

Thus, the reversible model is recommendable only to simulate switching working modes.
Otherwise, it is better to use non-reversible mode to simulate single working mode

simulations.
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4.7.2 Results:

Ithas been simulated the switching mode operation from the cooling mode to the heat-
ing and back to the cooling mode following the conditions described in Section 4.7. In
Figure 4.27 is presented the time in which the system is working in heating and cool-
ing modes. It also is marked the moments in which the compressor is stopped and

re-started.

Stop ' ' Start Stop

Heating -

Cooling

0 20 40 60 80 100 120 140 160 180 200 220 240
Time [s]

Figure 4.27: Working modes during the reversible simulation.

The simulated MFR of refrigerant is presented in Figure 4.28a. Calculated MFRs in the
compressor and EEV are differentiated. In Figures 4.28b and 4.28c are given the zoom
in cooling to heating switch and heating to cooling switch respectively. The moments
in which the compressor is stopped and re-started are marked. As can be seen, the
compressor MFR goes to zero in three seconds, faster than the EEV ones, which depend

on the dynamics of the system.

After the mode is switched, the compressors start working again. The MFR in the com-
pressor reaches a high value in a few seconds and oscillates until achieve the equilib-
rium with the MFR calculated in the EEV. The MFR in the EEV continue decreasing
after the switch is given, because of the dynamics of the system, and then increases to

reach the equilibrium.

Refrigerant fluid pressures can be seen in Figure 4.29. Initially, in the cooling mode, the
outdoor unit PHEX works as a condenser (high pressure), while the indoor unit works
as an evaporator (low pressure). During the heating mode, the opposite is true. It is
clearly seen both the change in the working mode of the PHEX and the time at which

pressures are equalized.

Figure 4.30 shows the refrigerant and brine temperatures in the outdoor PHEX inlet
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Figure 4.28: Refrigerant MFR during reversible simulation. Entire simulation (a), zoom in cooling to heat-
ing (b) and zoom in heating to cooling (c)
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Figure 4.29: Refrigerant pressures during reversible simulation.

and outlet ports. During the cooling mode, port 1 and port 2 are the inlet and the
outlet of the refrigerant sides respectively. During the heating mode, the port 2 is the
inlet and the port 1 is the outlet. Brine is heated during the cooling mode and cooled

down during the heating mode.

During the cooling mode, the temperature of the refrigerant at the port 1 is high be-
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Figure 4.30: Outdoor PHEX inlet and outlet temperatures. Entire simulation (a), zoom in cooling to heating
(b) and zoom in heating to cooling (c)

cause it comes as superheated vapor from the compressor. At the port 2, it is near to
the brine outlet temperature, which indicate that the PHEX is working in parallel-flow
configuration, as described in 4.2. When the compressor stops working, the temper-
atures of both ports decrease. In the outlet port because although the refrigerant MFR
is almost null, the brine keeps flowing and cooling the refrigerant. In port 1, the tem-
perature decreases because the compressor stops compressing the refrigerant. In fact,
during the time in which the compressor is switched off, the refrigerant MFR that goes
through PHEXSs is almost null.

After the switch to the heating mode, the port 1, which now is the outlet port, reach
a similar temperature than the inlet of the brine due to the configuration of the PHEX
has changed to counter-flow. The refrigerant goes into the PHEX through the port 1
and comes from the EEV at a low pressure and temperature. Then, the steady state in
the heating mode is reached.

When the switching order is given again to return to the heating mode, both fluids

temperatures are balanced before reach the initial values.

CHAPTER 4. MICRO-SCALE SIMULATIONS 123



ENEDI Research Group

Figure 4.31 shows the refrigerant zones lengths inside the outdoor PHEX along the sim-
ulation. During cooling mode, in which the outdoor unit works as a condenser, it can
be seen that the refrigerant is divided into three zones: superheated vapor, two-phase
fluid and sub-cooled liquid. After the compressor shut-down, the sub-cooled zone dis-
appears and the superheated zone continues decreasing until it disappears. As seen in
Figure 4.30, for some time during the compressors shut-down, both refrigerant tem-
peratures are equal. This is because all the fluid inside the PHEX is two-phase fluid,
as can be seen in Figure 4.31. After the start-up, as the refrigerant MFR flows con-
stantly again, the temperatures of the refrigerant starts separating one from the other

and the superheated zone increases. The outdoor unit is now working as a two-zone
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evaporator.
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Figure 4.31: Outdoor PHEX vapor-liquid zones length per unit during reversible simulation.

Figure 4.32 shows the refrigerant and water temperatures in the indoor PHEX inlet
and outlet ports. The port 2 is the inlet during the cooling mode and the outlet during
the heating mode. Water is initially cooled down because the PHEX is working as an

evaporator and, after the switch, it is heated due to the PHEX works as a condenser.

As the PHEX is initially working in parallel-flow, the refrigerant outlet temperature is
similar to the water outlet temperature. During the heating mode, as the configuration
is in counter-flow, the refrigerant outlet temperature defines the maximum temperat-

ure at which water can be heated.
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Refrigerant temperature in the outlet port increases when the compressor is stopped
because the water, which has a higher temperature than the refrigerant, continues cir-
culating and heating the refrigerant. Temperature at the inlet also increases because
the refrigerant comes at a higher pressure from the EEV during the equalization of the

pressures.

After the switch, inlet port temperature increases considerably because it is super-

heated vapor that come from the compressor.

When the system switches back to the cooling mode, the transient behavior that occurs

is similar to the one described in the first switch of the outdoor unit PHEX.

In Figure 4.33 can be seen the quality of the refrigerant fluid during the switching sim-
ulation. During the cooling mode, the PHEX works as a two-zone evaporator. During

the heating mode, as a three-zone condenser.

100 -
P Port 1 Indoor
]
—, 80 - i — - - Port 2 Indoor
O (A%
o, | tvasmmooteomcncmone— \ Water out
o 60 - | \ .
= H \| = -=-Waterin
& 40 - i \
o ol \
8_ Al s e N
& 20 p-=-=-=-=-==-- 3 I P e e e e
[} . .
IS J N
-20 T T T T 1
0 50 100 150 200 250
Time [s]
(a)
100 7 geopi i Start L~ 100 7 stop ; ! Start
— 80 1 i i SN 80 - | |
g ! : ! -
‘s 60 1 ! ; /
5 H ! /
5 40 1 : | /
A D e JIUPE= SO~
g 20 : =
04 e
'20 : T i T T 1 —20 : T : T T 1
60 65 70 75 80 85 160 165 170 175 180 185
Time [s] Time [s]
(b) (c)

Figure 4.32: Indoor PHEX inlet and outlet temperatures. Entire simulation (a), zoom in cooling to heating
(b) and zoom in heating to cooling (c)

The brine is heated 6°C during the cooling mode and is cooled down 5.8°C during the

heating mode. The water is cooled down 4.5°C during the cooling mode and heated
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Figure 4.33: Indoor PHEX vapor-liquid zones length per unit during reversible simulation.

5.4°C during the heating mode. The obtained results are similar to the ones obtained

in the laboratory tests for the heating and cooling modes separately.

As said before, there is not available experimental test data to compare the simula-
tion results. However, it is important to highlight that the objective is to demonstrate
that the developed model is capable to carry out simulations under switching working
mode, without focusing in the numerical results. In fact, taken inputs to the model,
apart from being arbitrary, are taken as constant and invariant during all the simula-

tion, which is far from the behavior of a real HP.

Moreover, as can be appreciate from Figures 4.31 and 4.33, when the PHEX are working
as evaporators, the superheated zones are much longer than they should be, specially
the indoor unit during the cooling mode. This denotes that operation conditions have

not been studied and much less optimized.

4.8 Conclusions

During this chapter, the model presented in the Chapter 3 has been validated in micro-

scale for transient simulations.

The different tests developed to validate the model have been explained. Tests were

126 CHAPTER 4. MICRO-SCALE SIMULATIONS



University of the Basque Country

carried out with a liquid-to-liquid HP of 5kW of nominal heating capacity connected
to a climatic chamber that emulates the heat source and sink. In total, 14 different
tests were carried out. Both the heating and the cooling modes were tested. During
each test, 8 different situations were given, in which changes in the operation condi-
tions were forced to get transient-states. The tests facility and procedures have been

described in detail.

The validation of the model has been presented. It has been validated under the cooling
and the heating situations separately and also under a heating start-up situation. In the
results can be seen how the model is capable to simulate different transient situations

accurately.

Finally, a switching mode was simulated and the results were discussed. The capability
of the model to simulate switching modes has been proved. Moreover, although there
are not laboratory tests with which compare the simulation results, it can be asserted
that they can be a good approach to the real behavior of the system under switching

mode operation.
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Chapter 5

MACRO-SCALE SIMULATIONS

During this chapter, the model will be validated in macro-scale, which will
allow to predict the energy performance of HP systems. The used HP, test
methodology and test results will be presented. Then, the model validation
will be shown. Finally, an study about the system performance prediction

will be presented and some conclusions will be drawn.
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5.1 Introduction

The use of dynamic models to simulate the behavior of a thermal facility in macro-scale
allows the user to predict the performance of the system under long time operation.
For instance, it can be predicted the electricity consumption during the cold season,
the COP of the system for space heating or the SPF of the facility. Because of that, it is
important that the dynamic model presented in Chapter 3 to be able to simulate HPs

in macro-scale.

The model will be validated against macro-scale laboratory experimental tests. They
were carried out with a reversible liquid-to-liquid HP of 16 kW of nominal heating ca-
pacity working in cooling mode. The system works with Propane (R290) as refrigerant

fluid and water as secondary fluids.

Different tests were carried out by varying the cooling loads in the HEX that simulates
the building cooling demand. Therefore, seven tests were developed with different
ON/OFF time ratios. The duration of tests vary between approximately 40 minutes

and 4 hours depending on the test.

Once the model is validated in macro-scale against one of those tests, there will be
simulated the rest of them. System performance calculated from simulation results

and tests data will be compared and discussed.

5.2 Tests description

5.2.1 Tests facility

Tests have been carried out with a reversible liquid-to-liquid HP joined to two hy-
draulic groups that simulate the indoor (building) and outdoor (ground/water) sec-
ondary loops. In each of these loops, it can be imposed the secondary fluid MFR and
set-point temperature or the wanted thermal load. Both secondary loops work with

water as secondary fluid. The HP uses Propane (R290) as refrigerant fluid.

A scheme of the used test rig is shown in Figure 5.1. The HP, of 16 kW of nominal
heating capacity, is compound by a reciprocating compressor, an EEV, a 4WV and two

refrigerant-to-liquid PHEX. Secondary loops are compound by a water pump, a PID
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controller to fix set-point temperatures or thermal loads and a HEX to simulate heat

sink and source.
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Figure 5.1: Scheme of the used test ring in cooling mode with the measurement points.

Indoor loop

Specifications of used PHEXs and compressor are presented in Tables 5.1 and 5.2 re-

spectively.
Table 5.1: Specifications of the used plate heat exchangers.
Indoor Unit Outdoor Unit
Plates number 26 26
Dimensions (cm) 50x10x6.2 50x10x6.2
Primary fluid R290 R290
Secondary fluid Water Water

Heating connections Parallel-flow (Condenser) Parallel-flow (Evaporator)
Cooling connections Counter-flow (Evaporator) Counter-flow (Condenser)

Table 5.2: Specifications of the used reciprocating compressor.

Electric connection 220/240V 1 50Hz
Maximum power input (kW) 7.9
Displacement (m3/h) 22.72

Tevap = —1°C, SH = 20°C', T,.opq = 55°C', SC = 3°C,

Heating power (kW) 17.4
Absorbed power (kW) 5.09
COP 242
Refrigerant mass flow rate (g/s) 46.25

The operation of the HP is very similar to the one described in Section 4.2. However, in
stead of using a climatic chamber to simulate heat source and sink, it is used secondary

water loops with HEXs.
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During tests, the system is working on cooling mode. Thus, the outdoor unit will work

as the condenser and the indoor unit as the evaporator.

Used measurement devices are presented in Table 5.3 and their location is shown in
Figure 5.1. When an actual thermal facility of a building wanted to be monitored in
order to characterize the performance of the system, the measurements that are ac-
cessible are the temperatures and MFR of secondary fluids and the system power con-
sumption. Therefore, as the goal of this tests is to obtain the performance of the system,

it has not been measured the refrigerant fluid conditions.

Table 5.3: Specifications of the utilized sensors.

Measurement Type
Water temperature Pt 100 resistance measurer
Water mass flow rate Coriolis effect sensor
Compressor electrical input Power meter

5.2.2 Tests procedure

The objective is to simulate the performance of a liquid-to-liquid HP during the cooling
working mode. Outdoor unitloop is adjusted to simulate the ground or water heat sink
and indoor unit loop to simulate the refrigeration facility of the building during warm

seasons.

The thermal load of a hypothetical building is varied in order to carry out different
tests. Water MFR of both secondary loops remain constant during all tests, being ap-
proximately 1 kg/s. The outdoor loop inlet temperature is fixed in 25°C for all tests and
it remains constant during all the test. Instead, in the outdoor loop, a specific base AT
is imposed by the control of the system between the inlet and outlet temperatures of
the HEX that simulates the building cooling thermal load. During the operation of the
system, a percentage of that base AT is fixed. That percentage is varied in each test.
Thus, the ON/OFF time ratio of the system is varied. The higher the percentage is, the
lower is the ON/OFF ratio and therefore, the lower is the emulated cooling load of the
building. There were developed tests with 10, 15, 30, 40, 50, 70 and 90% of cooling
load. The based AT was fixed in 5K approximately.

Additionally, not all tests have the same cycle time. Understanding as a cycle the sum
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of one ON cycle and one OFF cycle. In Table 5.4 are presented the ON time, cycle time

and real working percentage for each test.

Table 5.4: Cycles times and real ON/OFF ratios for each test.

Test ON time [s] Cycle time [s] Real ON/OFF ratio

T10 335 2325 14.4%
T15 340 2020 16.8%
T30 405 1430 28.3%
T40 555 1180 47.0%
T50 640 1175 54.5%
T70 925 1360 68.0%
T90 3530 3865 91.3%

As an example, in Figure 5.2 are presented the water temperatures of both secondary
loops and the electrical power input for the test T40. As can be seen, approximately

the 40% of the time, the system is working and approximately the 60% is switched off.
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Figure 5.2: Water temperatures and power input T40 test.

5.3 Model specific considerations

Some specific considerations must be taken into account to simulate the system presen-
ted in Section 5.2.
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PHEXs discretization: The realized study for micro-scale validations regarding the
needed number of FCV is repeated with macro-scale tests. T40 test was used and the
results are collected in Figure 5.3. As can be seen, in this case, discretizing each PHEX
into 5 or more FCVs, accurate results are obtained. However, in order to reach an
agreement between computational time and results accuracy, 5 or 10 FCVs are enough.

For the following simulations, 10 FCV have been utilized.

p—
N
J

—5FCv

=
|~ —10FCV
N —— 20 FCV

p—
(=

1
/

o))
1

Indoor unit water outlet
temperature [°C]
0]

4 T T T T 1
2650 2750 2850 2950 3050 3150
Time [s]

Figure 5.3: Indoor unit water outlet temperature with different numbers of finite control volumes.
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Figure 5.4: Real Time Factor for different numbers of finite control volumes.

Fluid tables: The utilized refrigerant fluid is Propane (R290). The secondary fluid in
both PHEXSs is water. Again, the needed fluid tables were taken using CoolProp [152].

Nusselt number correlations: Differently from micro-scale validation, instead of
using specific Nusselt number correlations for the used refrigerant, it was used more

general correlations. Dittus-Boelter correlation [167] is used to calculate the HTCs of
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water and single-phase refrigerant and Chisholm correlation [169] to calculate two-

phase refrigerant HTCs.

Dittus-Boelter correlation is presented in Equation 4.1 and the Chisholm correlation

in Equation 5.1.

5 0.646
Nu = 0.724 (—) Rel583 ppm (5.1)
i
Where the exponent of Prandtl number is m = 0.3 when the refrigerant is condensing

and m = 0.4 when it is evaporating.

Since this correlations are not specific for one refrigerant fluid, it makes the model
more suitable to simulate different systems. Moreover, although during the simula-
tions presented in this thesis there have not been used HTC correction factors, it must

be take into account that can be utilized to adjust the calculated HTC of each fluid.

Compressor efficiencies: Compressor volumetricand isentropic efficiencies are cal-
culated as a function of the pressure ratio. Used correlations are presented in Table 5.5.
This correlations were obtained from a set of tests carried out with the same system

under different steady operation conditions.

Table 5.5: Equation and R? value of volumetric and isentropic efficiencies correlations.

Volumetric efficiency Isentropic efficiency

EqQ. 7o = —0.02487 + 1.0231 15 = —0.05217 + 0.8749
R? 0.995 0.998

EEV coefficient: Figure 5.5 shows the C), of the used EEV in the presented system,

whose data was provided by the manufacturer.

Components dimensions: The physical specifications of the used PHEXs and com-
pressor are described in Tables 5.1 and 5.2, respectively. They are both taken from

open technical data sheets provided by the manufacturers.
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Figure 5.5: Valve coefficient in function of the valve opening.

Refrigerant mass flow rate distributor: Since there is not information about the
refrigerantloop, there was not taken into account any pressure drops in the refrigerant

distributor.

EEV opening degree Differently from micro-scale tests, in this case it has not been
monitored the opening degree of the EEV. However, as seen in Section 4.4, it is not the

parameter that most affects the working conditions of the system.

In this case, since there is not implemented a control loop in the model, the opening de-
gree remains constant during all the simulations. Nevertheless, at the time of selecting
the opening degree, it was taken into account that for the tests operation conditions,
the refrigerant MFR calculated during the simulation was similar to the one given by

the compressor manufacturer software for those conditions.

System downtime: In reversible simulation cases, it is interesting to know the be-
havior of the fluids during the time in which the system is switched off to enable the

working mode switch.

On the contrary, at this macro-scale simulations, it is not important the behavior of the
system during the off time. It is known that there will be transient-states where the
pressures will be equalized, the refrigerant MFR will decrease and the temperatures
in HEX will reach an equilibrium. However, that transient-state time is much smaller
than the total time where the system will be switched off. Therefore, those transient-

states are neglected.
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Moreover, in order to accelerate the simulations, the time in which the system is stopped
has not been simulated. In the instant in which the system is stopped, the simulation
jumps until the time in which the system is restarted. The simulation restarts taking

the initially fixed initial conditions.

After the simulation, the results are filtered. During the no simulated stop times, the
compressor power input has been set to 0 and the outlet water temperatures have been

equated to the inlet ones.

5.4 Validation of the model in macro-scale

Now, simulation results will be compared with experimental data. Here it will shown
T70 test. In Annex IV are presented the comparison between test data and simulation

results of the rest tests.

In Figure 5.6 and 5.7 are shown the temperatures of the outdoor and indoor PHEXs
respectively. As seen, heat transfer between fluids is correctly simulated and therefore,

simulation water outlet temperatures are similar to the one from tests.
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Figure 5.6: Test data and simulation results of water temperatures in the outdoor unit (condenser).

In Figure 5.8 is presented the comparison between the compressor power consump-
tion during the test and the simulation. As can be seen, the model under-calculates the

power input to the system.

Finally, the calculated EER is compared. EER is the parameter commonly used to meas-

ure the cooling efficiency of an air conditioning system or a reversible HP working in
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Figure 5.7: Test data and simulation results of water temperatures in the indoor unit (evaporator).
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Figure 5.8: Test data and simulation results of compressor power consumption.

the cooling mode. It is calculated by means of Equation 5.2.

EER — Qcooling _ mwater ind'oor (ATwater indoor)

(5.2)
compressor W eompressor

Calculated EER from simulation results is overestimated in comparison with test data.
It is mainly because while the water AT is similar in simulation results and test data,
the compressor workis under-calculated during the simulations. In next section, where
the system performance at different loads is studied, it will be discussed the reasons

of the divergences between test data and simulation results.
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Figure 5.9: Test data and simulation results of calculated EER.

5.5 Model performance study at different cooling loads

The system efficiency at different cooling loads will be studied. Firstly, all test were
simulated and the obtained results were treated in order to obtain the EER. Obtained

results are presented in Figure 5.10 in comparison with the EER from test data.
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Figure 5.10: Test data and simulation results of calculated EER for different cycle loads.

As can be seen, the model tends to overestimate the system performance. Now, it will

be tried to obtain where the observed overestimation comes.

First af all, as seen in Section 5.4, the model simulates accurately the outlet water tem-
peratures in PHEXs but under-predicts the compressor absorbed power. Integrated
energy along one cycle in indoor unit, outdoor unit and compressor were calculated

for each test and are presented in Figure 5.11. Some differences between simulation
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and test data can be appreciate. However, since each test have a different cycle time

(Table 5.4), the differences between tests cannot clearly seen.
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Figure 5.11: Integrated energy along one tested cycle in indoor unit, outdoor unit and compressor.

Because of that, it has been assumed a cycle time of one hour for each test maintaining
the real ON/OFF time ratios presented in Table 5.4. Integrated energy in the indoor

unit, outdoor unit and compressor were again calculated and are shown in Figure 5.12.
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Figure 5.12: Integrated energy along one hour cycle in indoor unit, outdoor unit and compressor.
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Now, it can be better seen how the compressor absorbed work is underestimated in
all tests. However, integrated energy in the indoor unit, which represents the cooling

energy of the system, is generally overestimated.

In order to see it in more detail, In Figure 5.13 it is depicted the relative difference
between simulation results and test data in the integrated energy of the indoor unit

and compressor.
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Figure 5.13: Relative difference between simulation results and test data in indoor unit and compressor.

[t is observed the overestimation of the cooling capacity against the underestimation
of the compressor work. Both of them collaborate in the overestimation of the EER.
Additionally, it can be seen that the longer is the ON-cycle time, the smaller the differ-

ence is.

Finally, in Figure 5.14 are presented the comparison between simulation results and
test data of heating capacity, cooling capacity and compressor power input. It can
be asserted that the model simulates fairly accurately the behavior of the systems in

macro-scales.

On the other hand, it can be said that the main differences are given in the compressor
power input calculation. In fact, compressor model is a basic model which does not
simulates the dynamics implicit in its operation and in which only basic thermody-
namic laws have been applied. In case the compressor model was improved, the results

could be more accurate [137].

Additionally, it must take into account that different assumptions were taken into ac-
countin order to simplify the modeling of the system. This directly affects the accuracy

of the results.
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Figure 5.14: Comparison between simulation results and test data of heating capacity, cooling capacity
and compressor power input.

5.6 Conclusions

During this chapter, the model presented in the Chapter 3 has been validated in macro-

scale obtaining the performance of the system.

Medium-long time scale tests were developed using a reversible liquid-to-liquid HP
working in cooling mode. In secondary fluid loops, water was heated or cooled down
using secondary HEXs which simulate the demand of the building and the ground /wa-
ter reservoirs, respectively. Different cooling loads were fixed in order to vary the

ON/OFF time ratio of the system. In the aggregate 7 tests were developed.

Using one of those tests, the model was validated. The model predicts accurately the
water outlet temperature from both indoor and outdoor PHEX. However, it tends to
underestimate the compressor power consumption. It leads to an overestimation of

the system performance.

Then, the rest of tests were simulated in order to analyze the system performance. It
was seen that the performance overestimation is maintained at different cooling loads.
Additionally, it was observed studying the integrated energy in the indoor unit and the
compressor that while water outlet temperature is overestimated, power input is un-

derestimated, collaborating both of them in the overestimation of the system perform-
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ance.

On the other hand, it was observed that the overestimation of the water outlet tem-
perature decreases with high ON/OFF time ratio. Thus, the differences in the system

performance calculation mainly reside in the compressor power input calculation.

Finally, taking into account firstly, that the water temperatures are fairly well simu-
lated but the power consumption is mainly overestimated and, secondly, that the com-
pressor model is a static and basic model, it can be concluded that focusing on the

improvement of the compressor model, better results could be obtained.
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Chapter 6

ENDING

During this chapter, a summary of the described work along the thesis
is presented, remarking the main conclusions. Additionally, the scientific
production carried out from the presented work and the future research

lines that can be afforded from this work are enumerated.
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6.1 Conclusions

HPs are one of the most promising technologies to reduce the use of fossil fuels for heat-
ing and DHW production in buildings. Moreover, the capability of reverse the working

mode allows them to cover also the refrigeration demand.

In this thesis it was developed a physics-based dynamic model to simulate the behavior
of reversible liquid-to-liquid HPs. The model of each component of the HP was separ-
ately developed and then they were joined together. The model was implemented in

Matlab/Simulink environment.

Since the dynamics of the HEXs are much more slower than the dynamics of compon-
ents that regulates the refrigerant MFR, such as compressor and valves, these were
statically modeled. It simplify the model and decrease considerably the computational

time of the model.

HEXs model was developed using the FCV method. With the developed model of refrigerant-
to-liquid PHEX, the behavior of PHEXs either if they are working as condensers or as
evaporators can be simulated. Moreover, it allows the user to choose the configuration
of the PHEX between parallel-flow and counter-flow. The used equations and their im-

plementations were presented.

Then, it was validated the model in micro-scale situations. Different tests under differ-
ent transient situations were developed. Obtained measurements were used to valid-
ate the model under heating, cooling and start-up situations. Simulation results presen-

ted good agreement with test data.

After validating the model under different micro-scale transient situations, it was sim-
ulated a working mode switch. It was simulated the behavior of the system starting in
cooling mode, switching to heating mode and going back to cooling mode. Since there
were not available experimental data of working mode switches, it was not possible to
compare the simulation results with tests data. However, the obtained results could be

a good approach to the actual behavior of the system during a working mode switch.

Finally, the model was used to simulate the behavior of a different HP under macro-
scale situations. It was firstly validated under cooling working mode and then a system
energy performance study was conducted in order to clarify the divergences between

test data and simulation results. It was concluded that, although the results were good,
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improving the compressor model more accurate results could be obtained.

To sum up, it can be asserted the validity of the model to simulate reversible liquid-
to-liquid HPs obtaining accurate results. It can be used either to simulate micro- and
macro-scales simulations under different working modes and configurations of PHEXs.

Additionally, working mode switch simulations can be carried out.

6.2 Scientific production

Based on the developed work and the obtained results, it was possible to carry out

quality and original scientific contributions during the development of this thesis.

International journals publications

¢ ‘Flexible dynamic model of PHEX for transient simulations in Matlab/Simulink using
finite control volume method’ Erik Salazar Herran, Koldobika Martin Escudero, Luis
Alfonso del Portillo Valdes, Ivan Flores Abascal and Naiara Romero Anton. Interna-

tional Journal of Refrigeration [Under 2" review]

e ‘Numerical model for liquid-to-liquid HPs implementing switching mode’ Erik Salazar
Herran, Koldobika Martin Escudero, Andrew G. Alleyne, Luis Alfonso del Portillo
Valdes and Naiara Romero Anton. Applied Thermal Engineering, vol. 160, ar. 114054,
20109.

e ‘Solar energy system for heating and domestic hot water supply by means of a heat
pump coupled to a photovoltaic ventilated facade’ Koldobika Martin Escudero, Erik
Salazar Herran, Alvaro Campos Celador, Gonzalo Diarce Belloso and Ifiaki Gomez
Arriaran. Solar Energy, vol. 183 p. 453-462, 2019.

International conferences publications

e “Liquid to Liquid Plates Heat Exchanger physics-based dynamic model’ Erik Salazar
Herran, Koldobika Martin Escudero, Luis Alfonso del Portillo Valdes, Ivan Flores
Abascal adn Naiara Romero Anton. XI National y Il International Engineering Ther-
modynamics Conference, p. 839-851, 2019.
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* ‘Analysis of an Air Source Heat Pump Water Heater with Photovoltaic Ventilated Facade
for different climatic zones’ Erik Salazar Herran, Koldobika Martin Escudero, Luis
Alfonso del Portillo Valdes, Alvaro Campos Celador and Pello Larrinaga Alonso. 9th
European Conference on Energy Efficiency and Sustainability in Architecture and Plan-
ning, p. 161-169, 2018.

e ‘Experimental study of thermal perofmance of a water-to-water heat pump system’
Erik Salazar Herran, Koldobika Martin Escudero, Ivan Flores Abascal and Luis Alf-
onso del Portillo Valdes. X National y I International Engineering Thermodynamics
Conference, p. 370-371, 2017.

» ‘Residential Heat Pumps as Renewable Energy’ Erik Salazar Herran, Koldobika Mar-
tin Escudero, Luis Alfonso del Portillo Valdes, Ivan Flores Abascal and Ana Picallo
Pérez. 8th European Conference on Energy Efficiency and Sustainability in Architec-
ture and Planning, p. 163-170, 2017.

National conferences publications

 ‘Caracterizacion experimental de una bomba de calor acoplada a una fachada vent-
ilada para produccién de agua caliente’ Erik Salazar Herran, Koldobika Martin Es-
cudero, Ignacio Lopez Paniagua, Alvaro Ji-
ménez Alvaro and Naiara Romero Anton. I Congreso Ingenieria Energética, p. 362-
374,2018.

6.3 Future research lines

The present work offers the possibility of deepening in the research lines followed in

this thesis as well as using the presented material in other research lines.

Reversible HPs: The use of reversible HPs is spreading. However, the behavior of
the system during working mode switches is something that must still be studied in
more depth. This model allows simulating the behavior of the system during a working
mode switches. Therefore, it can be used in the improvement and development of new

reversible systems.

148 CHAPTER 6. ENDING



University of the Basque Country

More components models: In this thesis, refrigerant-to-liquid PHEX, EEV and com-
pressor models have been developed. Residing the main contribution in the PHEX
model. However, in HP facilities there are used many other components such as refrigerant-
to-air HEX, thermal tanks, accumulators, thermostatic valves, long path pipes or in-
ternal HEX. The development of those models would allow the user to simulate more
complex and actual HP facilities. Moreover, nowadays is growing the relevance of
phase change materials, which could be modeled to include them in the simulated fa-

cilities.

Model optimization: Itwould be positive to optimize the model in order to decrease
the computational time and enhance it’s versatility. ”S-functions” block is a useful tool
but increase considerably the computational weight of the model. Therefore, remove
'S-function’ or at least reduce the calculations made inside them would decrease the

weight of the model.

Control system: Control loops is one of the most important things in the actual HPs.
Integrating control loops in the model would allow the user to improve existing control

strategies or to design new ones.

New refrigerant fluids: Refrigerant policies are increasingly stringent with the use
of refrigerants with low levels of greenhouse and ozone layer deployment emissions.
Therefore, researches are being conducted on the development of new refrigerants or
the use of natural ones. This research line can be assisted with simulation models such

as the one presented in this thesis.

Hybrid systems facilities: Hybrid electro-thermal residential facilities are increas-
ingly popular worldwide. The research on the performance and coupling of those sys-

tems could be benefited from this kind of simulation models.

Buildings thermal demand supply: The model could be transformed in order to
switch on/off depending on the thermal demand of a building. There exist different
software that calculate the thermal demand of buildings. Thus, using the calculated
thermal demand as an input to the model, it would be capable to switch on/off the sys-

tem and obtain daily, monthly or yearly performance parameters for a studied building.
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ANNEX1

Model interface and subsystems

In this annex, the subsystems of the blocks presented in Section 3.4 are
shown. Both indoor and outdoor units use the same subsystem changing

only the "S-function”.

171



ENEDI Research Group

Compressor block
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PHEX block
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ANNEXII

PHEX "S-function” code

In this annex, the S-funtion used to simulate the heat transfer and the
properties variation inside a PHEX is presented. Equations presented in

the Chapter 3 are implemented.
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Indoor unit PHEX ”S-funtion”

The ”S-function” used to simulate the indoor unit PHEX is presented. The only differ-
ence between the indoor unit and outdoor unit ”S-funtion”-s is that the behavior of the

PHEX is inverted in the system working modes.

Therefore, during the heating mode, the indoor unit works as a condenser and the out-
door unit as an evaporator. In the cooling mode, the indoor unit works as an evaporator

and the outdoor unit as a condenser.

The only change that must to be made to use this function in the outdoor unit is to

replace "mode == 1” with "mode == 0" in line 160 of the code.

1 function Sfun_PlateHEX_IndoorUnit(block)

3 setup (block);

4+ end

6 WISSITTIIT0 DESCRIPTION YIS TTTTTTTITTSSSSSIIIT T o

7 % This S-funtion implements the matrix equation that calculates the ...
time

8 % derivatives of the refrigerant pressure, temperature and

9 % enthalpy; secondary fluid temperature; and plate temperature in ...
an indoor

10 % unit PHEX by applying the FCV method.

12

13 function setup (block)

14

15 % Register parameters

16 block.NumDialogPrms = 1;

17

18 % Register number of ports

19 block.NumInputPorts = 5;
20 block.NumOutputPorts = 6;
21 block.NumContStates = 0;
22

23 % Setup port properties
2 block.SetPreCompInpPortInfoToDynamic;
25 block.SetPreCompOutPortInfoToDynamic;
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26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

N = block.DialogPrm (1).Data; % number of volumes

block.InputPort (1) .Dimensions = 6;
block.InputPort (2).Dimensions = 4*N+8;
block.InputPort (3).Dimensions = 4*N;
block.InputPort (4) .Dimensions = 4*N+1;
block.InputPort (5).Dimensions = 13;
block.InputPort (1).SamplingMode = 'Sample';
block.InputPort (2).SamplingMode = 'Sample';
block.InputPort (3).SamplingMode = 'Sample';
block.InputPort (4).SamplingMode = 'Sample';
block.InputPort (5).SamplingMode = 'Sample';
block.OutputPort (1).Dimensions = 4*N+1;
block.OutputPort (2).Dimensions = 1;
block.OutputPort (3).Dimensions = 1;
block.OutputPort (4) .Dimensions = 1;
block.OutputPort (5).Dimensions = 2*N;
block.OutputPort (6).Dimensions = N;
block.OutputPort (1).SamplingMode = 'Sample';
block.OutputPort (2).SamplingMode = 'Sample';
block.OutputPort (3).SamplingMode = 'Sample';
block.OutputPort (4).SamplingMode = 'Sample';
block.OutputPort (5).SamplingMode = 'Sample';
block.OutputPort (6).SamplingMode = 'Sample';
block.SampleTimes = [0 0];
block.SimStateCompliance = 'DefaultSimState';

block.RegBlockMethod (' Outputs ', @Outputs);

end

function Outputs(block)

Ac = block.InputPort (5).Data(l); % Cross-sectional area
As = block.InputPort (5).Data(2); % Contact area

Vol = block.InputPort (5).Data(3); % Total volume

Dh = block.InputPort (5).Data(4); % Hydraulic diameter
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69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

N_ref =
channels
N sec =
channels
mass__wall =
cp__wall =
K -
CF_ref =
CF _sec =
beta

ports =

block.InputPort (5)
block.InputPort (5)

block.InputPort (5)
block.InputPort (5)
block.InputPort (5)
block.InputPort (5).
block.InputPort (5)
block.InputPort (5)
block.InputPort (5)

= parallel - flow

9% INPUTS
mdot_ sec

T sec in
mdot_ref in
mdot__
h in

mode

ref out

heating (condenser) // 0 =

%% CONTINUOUS
P_ref =
h ref
Tw =

mdot ref

T sec

= block.InputPort

(4)
block.InputPort (4)
block.InputPort (4)
block.InputPort (4)

(4)

%% REFRIGERANT PROPERTIES

.Data

.Data(5); % Number

.Data(6); % Numer

Data(7); % Plates mass
Data(8); % Plates
Data(9); % Number

Data (10); % Ref.
Data(11); % Sec.
Data(12); % Chevron angle
Data(13)

= block.InputPort (1).Data(1)/N_sec;

= block.InputPort (1).Data(2);

= block.InputPort (1).Data(3)/N_ref;

= block.InputPort (1).Data(4) /N_ref;

= block.InputPort (1).Data(5);

= block.InputPort (1).Data(6); % 1 = ...

cooling (evaporator)

STATE CALLBACKS
block.InputPort .Data(1);

(1

.Data (2:K+1);

.Data (K+2:2*K+1);

.Data (2*K+2:3*K+1);
(3

3¥K+2:4%K+1) ;

correcrion

correction

of refrigerant

of secondary

specific heat

factor

factor

i % 1 = counter-flow //

95 rtho_ref = block.InputPort (2).Data (1:K);

96 d_rho_P = block.InputPort (2).Data (1*K+1:2*K) ;
97 d_rho_h = block.InputPort (2).Data (2*K+1:3*K) ;
9s T _ref = block.InputPort (2).Data (3*K+1:4*K) ;
99 mu_ lig = block.InputPort (2).Data (4*K+1);

10 k_lig = block.InputPort (2).Data(4*K+2);

11 Cp_liq = block.InputPort (2).Data (4*K+3);

12 rho_ gas = block.InputPort (2).Data (4*K+4);

103 rho_ liq = block.InputPort (2).Data (4*K+5);

104 h_gas = block.InputPort (2).Data (4*K+6);

105 h_lig = block.InputPort (2).Data (4*K+7);

106 U__gas = block.InputPort (2).Data (4*K+38);

107
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108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

%% SECONDARY FLUID PROPERTIES

cp_sec = block.InputPort (3).Data (1:K);

rho_sec = block.InputPort (3).Data (1*K+1:2*K) ;
mu__sec = block.InputPort (3).Data (2*K+1:3*K) ;
k_sec = block.InputPort (3).Data (3*K+1:4*K) ;

WITSTTSTTTSTISTISTTSSTISST TSI IS TS STITSTIS o
%% CALCULATES FLUIDS CURRENT PROPERTIES %%

% Calculate refrigerant enthalpies at volume bounds
if ports =— -1 % Parallel -flow
h_bound = [h_in;(h_ref(1:K-1)+h_ref(2:K))/2;

(h_ref(K)+(h_ref(K)-h_ref(K-1))/2)];

else
h_bound = [(h_ref(1
f(

(h_re

)+(h_ref(1)-h_ref(2))/2);
1:K-1)+h_ref(2:K))/2; h_in];

end

% Calculate refrigerant outlet temperatures

if ports = -1 % Parallel -flow
T_ref out = T_ref(K)+(T_ref(K)-T_ref(K-1))/2;
h_ref out = h_bound (end);

else
T_ref _out = T_ref(1)+(T_ref(1)-T_ref(2))/2;
h_ref out = h_bound(1);

end

% Calculate refrigerant quality
h_fg = (h_gas - h_liq);

quality = (h_ref-h_liq)/h_fg;
quality (quality <0) = 0;

quality (quality >1) = 1;

% Calculate secondary temperatures at volume bounds

T_sec_bound = [T_sec_in;(T_sec(1:K-1)+T_sec(2:K))/2;
(T_sec(K)+((T_sec(K)-T_sec(K-1))/2))];

%% CALCULATE REFRIGERANT HTC %%
WITSTTISTISTTISTISTIISTISTIIS o

p_co = (21.01*beta”™2 - 19.022*beta + 8.98)/1000;
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151

152 G_ref = abs(mdot_ref)/Ac;
13 G_Eq = G_ref .* ((1-quality) 4+ quality *((rho_liq/rho_gas)"0.5));
152 Re_Eq = G_Eq * Dh / mu_liq;

155 Re_liq = G_ref * Dh / mu_liq;

156 Re_gas = G_ref * Dh / mu_gas;

157 Pr = Cp_liqg * mu_liq /k_liq;
158

159 alpha_ ref = zeros(K,1);

10 if mode = 1 % Condenser

161 C 1=11.22 * (p_co/Dh)™-2.83 * (pi/2 - beta) -4.5;

162 C_2=10.35 * (p_co/Dh)70.23 * (pi/2 - beta)”1.48;

163

164 alpha_2p = (k_liq/Dh) * (C_1 * Re_Eq.”"C_2 * Pr70.3);

165 alpha_gas = 0.023 * (k_liq/Dh) * Re_gas.”0.8 * Pr70.3;

166 alpha_liq = 0.023 * (k_liq/Dh) * Re_liq.70.8 * Pr70.3;

167

168 for n = 1:K

169 if quality(n) = 1

170 alpha_ref(n) = CF_ref * alpha_gas(n);

171 else if quality(n) = 0

172 alpha_ref(n) = CF_ref * alpha_liq(n);

173 else

174 alpha_ ref(n) = CF_ref * alpha 2p(n);

175 end

176 end

177 end

178 else % Evaporator

179 q = abs(mdot_ref) .* (h_gas-h_ref) ./ (As/K);

180 Bo_Eq = abs(q) ./ G_Eq ./ h_fg;

181

182 C1=2.81 * (p_co/Dh)™-0.041 * (pi/2 - beta) -2.83;

183 C_ 2=10.746 * (p_co/Dh)"-0.082 * (pi/2 - beta) 0.61;

184

185 alpha_2p = (k_liq/Dh) * (C_1 * Re_Eq.”C_2 .* Pr 0.4 .* ..
Bo_Eq.70.3);

186 alpha_1p = 0.023 * (k_liq/Dh) * Re_gas.” 0.8 * Pr70.4;

187

188 alpha_ref = zeros(K,1);

189 for n = 1:K

190 if quality(n) =1

191 alpha_ref(n) = CF_ref * alpha_1lp(n);

192 else
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193

194

195

196

197

198

199

200

201

202

203

204

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

alpha_ref(n) = CF_ref * alpha_2p(n);
end
end

end

%% CALCULATE SECONDARY FLUID HTC %%
WISTTTISTTTISTSTISISTITISTITISTITI o

mass_sec = mean(rho_sec)*(Vol/K);
G_sec = mdot_sec / Ac;
Re_sec = G_sec * Dh ./ mu_sec;

Pr_sec = mu_sec .* cp_sec ./ k_sec;

alpha_ref = zeros (K,1);

if mode = 1 % Condenser
alpha_sec = CF_sec * (k_sec/Dh) * 0.023 .* Re_sec.”0.8
Pr_sec.”0.4;
else
alpha_sec = CF_sec * (k_sec/Dh) * 0.023 .* Re_sec.”0.8
Pr_sec.”0.3;
end

WITSTISTISSTISTISTISTISTISSTISTISTISTITST IS
%% CALCULATE SECONDARY FLUID DERIVATIVES %%

Q_sec = alpha_sec * (As/K) .* (Tw - T_sec);

T_sec_dot = (mdot_sec*cp_sec.®(T_sec_bound(1l:end-1)-...
T_sec_bound(2:end)) + (2*Q_sec))/ ...

(mean (cp_sec)*mass_sec) ;

%% CALCULATE REFRIGERANT DERIVATIVES %%
WISTTTISTSTISTSTTTIS TSI IS TSI IS IS ISTIS TS

Q_ref = alpha_ref. *(As/K).*(T_ref-Tw);
% Matrixes

Z = zeros (2*K,2*K) ;
s = zeros (2*K,1) ;

*

*
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234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

259

260

261

262

263

264

265

266

267

268

269

271

272

273

274

275

276

% P_dot

Z(1:K,1) = ((d_rho_P.*h_ref)-1)*Vol/K;
Z(K4+1:K*2,1) = d_rho_P.*Vol/K;

% h_dot

Z(1:K,2:K+1)
Z(K+1:K*2 ,2:K+1)

diag (((d_rho_h.*h_ ref)4+rho_ref)*Vol/K);
diag (d_rho_h.*Vol/K) ;

% m__dot
h diag = diag(h_bound(2:end))+diag(-h_bound(2:end-1),-1);
m_diag = diag(ones(K,1))+diag(-ones(K-1,1),-1);

if ports = -1 % Parallel -flow
Z(1:K,K+2:end) = h_diag(:,1:end-1);
Z(K+1:end ,K+2:end) = m_diag(:,1:end-1);
else
Z(1:K,K+2:end) = -h_diag(:,1:end-1);
Z(K+1l:end K+2:end) = -m_diag(:,1l:end-1);
end

% Solution

if ports = -1 % Parallel -flow
s(1) = (mdot_ref_in*h_in)-(Q_ref(1)*2);
s (K) = -(mdot_ref out*h_bound (end)) - (Q_ref(K)*2);
s(K+1) = mdot_ref in;
s(2*K) = -mdot_ref out;
else
s(1) = -(mdot_ref out*h_bound (1)) -(Q_ref(1)*2);
s (K) = (mdot_ref_in*h_in) -(Q_ref(K)*2);
s(K+1) = -mdot_ref out;
s(2*K) = mdot_ref_ in;
end
s(2:K-1) = -(Q_ref(2:K-1)*2);
% Solve

x_dot = Z\s;

P_dot = x_dot(1);

h_dot = x_dot (2:K+1);

mdot = ([mdot_ref_in;x_dot(K+2:2*K)]|+ ...
[x_dot (K+42:2*K) ;mdot_ref out]) /2;
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277

278

279

280

281

282

283

284

285
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289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

mdot_new = (mdot-mdot_ref);

WISTTITISTTITISTITISTITISTITISTITI o
%% CALCULATE PLATE DERIVATIVES %%

Tw_dot = ((Q_ref)-(Q_sec))/(cp_wall*mass_wall /K) ;

%% OUTPUT %%

% Derivatives vector

block.OutputPort (1).Data (1:4*K+1) = [P_dot; h_dot; Tw_dot;

mdot_new; T_sec_dot];

% Secondary fluid outlet temperature
block.OutputPort (2).Data = T_sec_bound (K) ;

% Refrigerant outlet temperature
block.OutputPort (3).Data = T_ref out;

% Refrigerant outlet enthalpy
block.OutputPort (4).Data = h_ref_ out;

% Refrigerant HTC
block.OutputPort (5).Data = [alpha_ ref; alpha_sec];

% Refrigerant quality
block.OutputPort (6).Data = quality;

end
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ANNEX III

Micro-scale validations

In this annex, the remaining comparisons between experimental data
and simulation results in micro-scale that have not been presented in
Chapter 4 are presented. It is included the comparison of high and low
working pressures and the water outlet temperature of both indoor and
outdoor PHEXSs.
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All tests that were carried out and their conditions are summarized in Table 4.9. Sim-

ilarly, different transient-states forced in each test situation are described in 4.10.

Initially, it was thought that the model could need some different corrections for dif-
ferent operation conditions. Thus, in total, 14 test with 8 situations each are carried
out. However, after start comparing test data with simulation results it was observed
that, having enough information from the manufacturers, the model was able to sim-
ulate the behavior of the system under different working conditions without the need

of any kind of corrections. Therefore, not all the tests where finally used.

Representative results were presented in Section 4.6. Here, the rest of the simulated

test results are presented.

On the other hand, there are situations in which the forced change in the operation
conditions affects the refrigerant fluid circuit but that barely has influence in secondary
fluids (i.e. situations 5 and 6). Therefore, could be thatin the presented figures it seems

as an stationary situations.

For anyone interested in seeing more test or simulation results, contact the thesis au-
thor.

Test A-C1

Situation 1

e L Indoor unit (test)

o i Indoor unit (sim)

5 1500 Outdoor unit (test)

$ 1000 - Outdoor unit (sim)

-

500 -
0 T T T T T 1
0 400 800 1200 1600 2000 2400
Time [s]
Refrigerant pressures.
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Situation 2

Situation 3

50
40 A
=) s WNF—— = e — e — e — . —
o Brine outlet (sim) Water outlet (sim)
520 1 Brine outlet (test) ----- Water outlet (test)
o | Brine inlet — - - Water inlet
s 10
Q,
5 o0
H
-10 -
'20 T T T T T 1
0 400 800 1200 1600 2000 2400

Time [s]

Water and brine temperatures.

3]

= e Y Indoor unit (test)

£ 1500 - Indoor unit (sim)

a Outdoor unit (test)

@ 1000 A Outdoor unit (sim})

o

500 -
0 T T T T T 1
0 200 400 600 800 1000 1200
Time [s]
Refrigerant pressures.
50 -

.40
%J I e o e — e — s — e — N N
@ 30 - e — i —
% 20 - Brine outlet (sim) Water outlet (sim)

) Brine outlet (test) =---- Water outlet (test)
£10 A Brine inlet — - - Water inlet
(4]
= o

'10 T T T T T 1
0 200 400 600 800 1000 1200

Time [s]

Water and brine temperatures.
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3000 -
2500 ———— T ———
o
82000+ e Indoor unit (test)
@ i Indoor unit (sim)
5 1500 Outdoor unit (test)
$ 1000 - Outdoor unit (sim)
(a9
500 A
0 T T T T T 1
0 200 400 600 800 1000 1200
Time [s]
Refrigerant pressures.
50 1
40 -
'éj‘ j:_ ..................
E‘ 30 — ¢ e e emm— . ¢ mm— e -—
% 20 - Brine outlet (sim) Water outlet (sim)
g Brine outlet (test) ----- Water outlet (test)
g 10 1 Brine inlet — - - Waterinlet
(5]
= 0 4
'10 T T T T T 1
0 200 400 600 800 1000 1200

Time [s]

Water and brine temperatures.

Situation 4

©

= e Y Indoor unit (test)

£ 1500 - Indoor unit (sim)

?} Outdoor unit (test)

& 1000 - Outdoor unit (sim}

o

500 -
0 T T T T T 1
0 300 600 900 1200 1500 1800
Time [s]
Refrigerant pressures.
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Situation 5

Situation 6

50 -
40 -
& - -
E‘ 30 - e~ .- —_— .. — e o t ——. .
% 20 - Brine outlet (sim) Water outlet (sim}
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ANNEX IV

Macro-scale validations

In this annex, the remaining comparisons between experimental data
and simulation results in macro-scale that have not been presented in
Chapter 5 are presented. It is included the comparison of the water out-
let temperature of both indoor and outdoor PHEXs and the compressor

power consumption.
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Test T90
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