e N
% e N

\\*\j

R
7
A 27

WY 132 s

$/<

]

2}

Development of models for designing
iIndustrial energy technologies related to
cold production and storage

Master’s Thesis within the Sustainable Energy Systerogramme

REMI ALLET

EDF R&D ¢
Department of Eco-Energy Efficiency and IndustRabcesses ® - eDF
Moret-sur-Loing, France > B

Department of Energy and Environment
Division of Heat and Power Technology
CHALMERS UNIVERSITY OF TECHNOLOGY
Goteborg, Sweden 2011






MASTER’S THESIS

Development of models for designing
industrial energy technologies related to
cold production and storage

Master’s Thesis within th8ustainable Energy Systepregramme

REMI ALLET

SUPERVISOR(S):
Stéphanie Jumel (EDF)
Mathias Gourdon (Chalmers)

EXAMINER
Mathias Gourdon

Department of Energy and Environment
Division of Heat and Power Technology
CHALMERS UNIVERSITY OF TECHNOLOGY

Goteborg, Sweden 2011



Development of models for designing industrial gyetechnologies related to cold
production and storage
Master’s Thesis within th8ustainable Energy Systepregramme

REMI ALLET

© REMI ALLET, 2011

Department of Energy and Environment
Division of Heat and Power Technology
Chalmers University of Technology
SE-412 96 Goteborg

Sweden

Telephone: + 46 (0)31-772 1000

Cover:
Experimental refrigerator of the E25 laboratoriesated at the research centre EDF
Les Renardieres, Moret-sur-Loing, France.

Chalmers Reproservice
Goteborg, Sweden 2011



Development of models for designing industrial gyetechnologies related to cold
production and storage

Master's Thesis in thBustainable Energy Systepr®gramme
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ABSTRACT

Numerous industries use cold fluids in their prgess Large energy savings can be
achieved through the efficient use of technologash as refrigerators and cold

storage. However, their integration requires dethgtudies to fit the network and the

demand. A simulation tool is often an asset tavesie the performance of a system.

The objective of this thesis is to develop modakted to cold production and
storage, allowing a user to assess systems’ dasigmerformances through dynamic
simulations. The work is based on the Modelica/Direnvironment. The Modelica
language offers an innovative way to model systbsmsising equations instead of
assignment statements. Due to this acausality,séme model can have multiple
purposes.

The technologies modelled are a refrigerator, altoed refrigerator/heat pump and a
latent heat storage with spherical phase-changeeriaat(PCM) capsules. The

refrigerator and the combined refrigerator/heat puane an assembling of four
components that are also modelled: a compresstondenser, an expansion valve,
and an evaporator. The development followed stulets that allow a user to include
these components in a larger network with othetesys.

The performance of the models was assessed dwsgases. They reveal a good
accuracy of the results, from a theoretical andedrpental point of view. Some

difficulties were encountered, most of them duéhi nature of the language or the
way the refrigerant properties were retrieved falcglations. The models are
however functional for most of the industrial sesli

Applications for the developed models are variolsey can be used to assess the
performance of an existing or future network. Tlaéso authorize sensitivity analysis
thanks to their easy-to-configure parameters. Bindhey are also suitable for
designing equipment. One example in the thesisribescthe combination of a
refrigerator and a cold storage which adapt themdpction according to a cooling
demand.

Key words: cold production, refrigerator, storagkase-change material, modelling,
simulation, Modelica, Dymola
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Notations

HTF Heat transfer fluid

PCM Phase-change material

A Area of contact between two elements (m?)
Cp Specific heat capacity (kJ/kg.K))
d Thickness (m)

dm Mass in one element (kg)

ds Exchange surface of one element (m2)
av Volume of one element

D Diameter (m)

f Volume fraction filled by the HTF
h Specific enthalpy (kJ/kg)

hs Convective coefficient of heat transfer (W/(m?2.K))
I Thermal insulance (m2.K/W)

k Thermal conductivity (W/(m.K))
L Length (m)

m Mass flow rate (kg/s)

n Number of elements

N Number of nodules

Nu Nusselt number

P Pressure (bar)

Pr Prandtl number

Q Heat rate (kW), heat gain (kJ)

r Radius (m)

Re Reynolds number

S Specific entropy (kJ/(kg.K))

S Surface (m?)

t Time (s)

T Temperature (K)

u Velocity (m/s)

U Overall heat transfer coefficient (W/(m2.K))
14 Volume (n?)

w Power (kW)

x Steam mass fraction, length (m)
Xy PCM liquid fraction

Greek symbols

A Difference

n Efficiency

v Kinematic viscosity

/[ Pressure ratio

p Density

Subscripts

0 Initial

1 Compressor inlet
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2 Compressor outlet

2s After isentropic compression

3 Condenser outlet

4 Evaporator inlet

a,amb Ambient

air Air

charge  Charge

comp Compressor

cond Condensation

d Distribution

dem Demand

dsh Desuperheating

e External fluid

eg External fluid when refrigerant is at saturategmar
evap Evaporation

ext External fluid on the condenser side
f Refrigerant, HTF

ff Refrigerant at saturated liquid
fg Refrigerant at saturated vapour
glycol Water-glycol

hx Exchanged

hzero Reference for zero enthalpy
i,in Inlet

ini Difference between initial and reference
is Isentropic

L Liquid PCM

m Mechanical

max Maximum

min Minimum

minc Minimum in condenser

mine Minimum in evaporator

nod Nodule

nom Nominal

o, out Outlet

p,pcm PCM

qzero Reference for no heat stored
ref Refrigerant, refrigerator

s Storage, solid

sat Saturation, phase-change, latent
satL Liquid saturation

satS Solid saturation

sc Subcooling

sh Superheating

sto Storage

stored Stored in the tank

S Solid PCM

w,wall Tank wall
water Water












1 | ntroduction
1.1 Presentation of EDF

The EDF Group is a leading player in the Europe@rgy industry and a leader in
the French electricity market, active in all arefghe electricity value chain, from
generation to trading, and increasingly activeh@ ¢as market in Europe. Leader in
the French electricity market, the Group also hakd spositions in the United
Kingdom, Italy and numerous other European cousitrigs well as industrial
operations in Asia and the United States. Overyhars, it has become the first
nuclear operator worldwide and the first hydropowesducer in Europe, generating
630 TWh of electricity in 2010.

EDF is relying on the power of innovation to mee¢ tworld’s energy challenges.
That's why the EDF invests about €490 million/yaad employs 2,000 people in its
Research and Development division. Generation, arésvand customers energy
uses: R&D is improving performance in all EDF besises and works on the
modernization of infrastructures to optimize bothput and safety. The development
of low-carbon electricity is the R&D’s core focults goal is to accelerate the
transition from innovation to industrial commerdation on the market.

EDF R&D is divided into 15 departments correspogdin 15 fields of activity,
which are split between 5 research centres: 3 Raas (France), 1 in London (UK),
and 1 in Karlsruhe (Germany).

This Master Thesis was conducted in the reseanatiecees Renardieres near Paris,
in the department Eco-Energy Efficiency and IndaktiProcesses (EPI). The
department EPI employs 100 people, including erags)gesearchers and technicians,
along with PhD students and interns. Its reseascfocused in the field of energy
efficiency of industrial processes, based on specdmpetences in heat and power
engineering. These competences result in methoals, and products that allow EDF
to offer its customers energy efficiency servioghjle ensuring its commitment to
sustainable development. The department’'s activiaee closely related to the
commercial division of EDF which is working with es-specific developments.
Research projects are lead in collaboration witress partners such as CEP Mines
ParisTech (Centre for Energy and Processes, FraBEHL (Ecole Polytechnique
Fédérale de Lausanne, Switzerland), or EPRI (Ete@ower Research Institute,
USA).

1.2 Background

Within the department, the group Methods & Tooldaslicated to the development of
diagnoses and pre-studies tools, which can eitbarsed by sales engineers or R&D
experts. It has been assessed that a large nurihtoei®ois available inside the R&D,
in the form of Excel spreadsheets or homemade adétwHowever each one is very
specific to the skills of one group of experts. $hthere is almost no interaction
between the different tools, preventing any comghestem that requires various areas
of expertise to be modelled.

Among the tools in development, EPI is dedicatinggaicular effort to the creation
of a library of models of utility technologies aimdlustrial process technologies under
a Modelica/Dymola environment. This library shoaltbw researchers and engineers



to develop accurate and dynamical thermal simulatiof industrial processes,
covering small scale processes — like a stand-atgatem — to large and complex
networks. Applications cover design and optimizatiof industrial processes,
measurement of energy performance, and comparisseveral technical solutions in
order to promote innovative technologies, whichrgntee a more efficient use of
energy (heat pump, high efficiency boiler, variatvsequency drive, etc.).

The environment Modelica/Dymola is suitable foistkind of applications for several
reasons. There is a growing interest from the siéiewommunity around the world
due to language specifications and the possibittyeasily share models between
different teams. Inside EDF, Modelica/Dymola haseady been used for several
years in another department, demonstrating itsitggglfor dynamic nuclear and
thermal power plant modelling and leading to theation of a library called
ThermoSysPro. EPI can thus benefit from this exgpee through an active support
service. Last year, a compressed air productiotesyand a boiler were modelled,
along with corresponding heat recovery technologid® library conceived during
this thesis project will be included in the EPIts@c of ThermoSysPro, together with
other developments carried out this year on heaipsuand air conditioning. This will
enable multi-engineering teams to work simultanBoas a product and its dynamic
behaviour.

1.3 Objectives

The main objective is to contribute to the develeptrof the Dymola library of EPI
by developing models linked to heat recovery tetdgies. For EDF, this will extend
their potential to realize accurate models in vagigituations, and bring engineers a
tool for making quick and smart decisions for custos.

This thesis focuses on developing models relatedotd production and storage.
These models will be used for static or dynamicusation of industrial processes.
Their main function is to describe the thermodyramver time in order to calculate
specific data such as flow rates, enthalpies, pressor temperatures, according to
the thermal specifications of the system. They lbamused to assess systems’ design
and performances by calculating power, efficie@®P, or energy consumption.

The systems that are to be modelled are listedlasvis:

- Refrigerator: the objective is to remove heat frarold space which is on the
evaporator side, and reject it outside on the coseleside, using a mechanical
compression heat pump.

- Combined refrigerator/heat pump: in this case hiat in the condenser is not
wasted. It can be used for water heating. The &ffatiency of this type of
system is thus higher than usual heat pumps agee#tors.

- Latent heat storage with spherical PCM capsulesagé device with phase-
change material encapsulated. The heat transfat flows through the
container. The heat exchanged is stored as lagattds the PCM crystallizes
or melts.

The first two technologies are studied both at werall level and at a component
level, including compressor, condenser, evaporatod, expansion valve. This is to
ensure that the level of detail will match usergectations.



The library developed has to be independent (oenat depend on other libraries) in
order to facilitate its future integration and dsgfon at EDF, while following pre-
established development rules to make the new madelsistent with the other ones
developed at EDF. To guarantee the ease of usé@eoimidels for future users,
documentation will be formulated and supplied thgetwvith the models.

1.4 Methodology

The initial phase of the thesis relied on an extenditerature review of the
environment Modelica/Dymola in order to learn thasibs of the programming
language. The purpose was to get a comprehensivefaaient use of the language,
in order to take advantage of its intrinsic quasitiand to be aware of all its
constraints. The project aims at developing modéekst are user-friendly, i.e.
accessible and quick to configure.

The working method for developing each model cansbhenmarized into the
following steps:

1. Pre-literature review

To begin with, a short technical review is madeider to understand properly how
the system is working.

2. Choice of the modelling level of details

A specific technology can be studied at an ovéeakl (i.e. treated as a “black box”),
at a component level (i.e. including sub-systems lcompressor, condenser,
evaporator), or even further in details (e.g. dpsion of heat exchanger geometry).
This determines the type of parameters and equsateaquired for the model.

3. Selection of the values to calculate

A model can have different purposes: it can cateulzasic thermodynamic values
based on inputs or outputs (flow rate, temperaforessure) as well as various ratios,
performance-related values, or anything which isntérest for the user. This has to
be determined in order to make a model that wiletradl or at least most of the

expectations anyone could have with a dynamic sitian.

4. In-depth literature review

Once the model has been defined, a detailed literateview is conducted, more
focused on the physics and the mathematical démeripf the system. Each system
has different thermodynamic properties correspandiintheir characteristics and the
type of fluids used. These properties, as wellhasetquations associated with them,
have to be studied since they constitute the hafathe model. Equations usually
describe thermodynamic equilibrium, heat balancajraply how state variables such
as pressure and temperature evolve across thersyste

5. Model programming

Gathering all the previously collected data, itnisw possible to start the actual
programming under Modelica/Dymola. The programmiisg done step-by-step,
starting from a very basic model and ending withuech more detailed one (including
more variables, parameters or equations, or a smiqtierface). This is to ensure that
any cause of trouble can be easily detected aotb#oly see how simulations evolve
in function of the model complexity.



6. Robustness testing

When the model is set-up, its accuracy has to loéiede through a series of tests.
These tests range from simple test cases (e.gsyiem alone) to complex and
closed-circuit cases where other systems are iadluth reproduce a real industrial
case. A comparative analysis with experimental datdso conducted to validate the
models or reveal the need for improvements. Thta daobtained from projects in
which EDF is involved and where measurements autaions have been done. This
will ensure the quality of the model and its capa¢o be implemented in more
complex cases.



2 Presentation of Modelica and Dymola

2.1 TheModelicalanguage

2.1.1 General introduction

The Modelica language has been developed since Hp#te Modelica Association,
a non-profit organization based in Linkoping, Swedehich gathers members from
Europe and the US.

Modelica is a freely available, object-orienteddaage for modelling of large and
complex systems. The program language is mainlg é@ecomputer simulation of
dynamic systems where behaviour evolves as a imdfi time. It has been designed
to deal with multi-domain modelling; this meansttbaveral aspects of physics can be
treated in the same model, for instance, an auigmadpplication involving
mechanical, electrical, hydraulic and control s@bems. All these objects can be
described and connected.

Modelica differs from other languages because ibdased on equations instead of
assignment statements. This means that a modetilmesdhe physical equations
governing a system and not the algorithm routinesdlve them. Variables are not
defined as inputs or outputs since their role canrdversed. This allows acausal
modelling that gives better reuse of classes sametions do not specify a certain
data flow direction.

Models in Modelica are mathematically describeddifferential, algebraic and/or

discrete equations. A Modelica tool will have enougformation to decide which

variables need to be solved. The language is degigach that available, specialized
algorithms can be utilized to enable efficient Hargdof large models having more
than 100,000 equations.

As mentioned before, Modelica is designed to bealomeutral and can thus be used
in a wide variety of applications, such as autow®industry or energy systems.

In parallel of its work, the Modelica Associatioawlops and distributes for free the
Modelica Standard Library. It is a reference ligrarhich is broadly used as a base
for any model, since it includes typical classes

2.1.2 Basic programming concepts

Modelica programs are built from classes that aally called models. As it is an
object-oriented language, it is possible to creatg number of objects from a class
definition, making instances of that class. Claseesnodels, are always gathered in a
package, which can be considered as the equivalkerat folder in a computer
operating system. Packages are thus used to oegarodels hierarchically. Finally,
all the models and packages add up to constitlibezay.

! The fundamental structuring unit of modelling irotiélica is the class. Classes provide the structure
for objects, also known as instances. Classes oataio equations which provide the basis for the
executable code that is used for computation in élfod. All data objects in Modelica are instantiate
from classes, including the basic data types (Retdger, String, Boolean) which are built-in cless



nodel Exanpl e

e—% Real x "Descriptive string for x";
@—% paraneter |nteger A=100 "Descriptive string for A";

Tenperature y(start=273) "Descriptive string for y";

Q-ﬁ equation LG

x=A*(y-1)/(y+1);

@ > x-y=exp(-x)*cos(y);

end Exanpl e;

Figure 2.1  Sample Modelica class

A model is typically divided into two sections: de@tion of variables and equations.
A sample program is presented in Figure 2.1 witihlghted items described below:

a)

b)

d)

The beginning of the model is generally used tolatecvariables and
parameters that will be used in the equations. Halse is a value calculated
during the simulation. It is declared by writingadvelements: the type of the
variable and the name of the variable. The diffetgpes are similar to those
existing in other programming languages, such ad, Reteger, Boolean, or
Stringf. Modelica also offers the possibility to add atui each of these
types. It is thus possible to declare a Temperatuig Pressure, which in fact
are two Reals, with an expressed unit, in KelvilPascal respectively. Units
are shown in the results of your simulation, faailng their reading. The most
important ones are already included in the Modefitandard Library, but
anyone can create his owns.

A parameter is a value that is set constant dutireg whole simulation.
Parameters represent what is known from the sysiém@y are declared the
same way as variables, except that the keywardmeteris required in front
of the type. As it is a constant, it is necessarmnention its value at the end of
the declaration.

To help the simulation to converge, it is possiblspecify a start value to the
variables. The start value is the first value tlhmugation uses to do its
calculations. Note that it is not an initial value, the value taken at t=0. Its
purpose is only to help the solver to go into tbedydirection and converge.
This is optional but can be critical in some cases.

The second part of the model contains all the égusmtthat describe the
system. The keywordquationis mentioned to indicate the transition between
variables declaration and equations.

All the equations are then listed. Because Mode$ican acausal language, it
doesn’t matter if variables are written on the sfte or on the right side of the
sign “=" since equations do not describe assignrbemtequality. Moreover,
the order in which equations are written is unint@otr and doesn’t affect the
results. This contrasts totally with a usual assignt language.

2 A Boolean is a logical data type whose valuetisegitrue or false. A String is a chain of charexte



Although Modelica relies on equations, it is sbitissible to write classic assignment
algorithms by mentioning the keywordgorithm in the model. Algorithms are not
preferable compared to the flexibility given by #guations and it would be senseless
to only use algorithms instead of equations. Howetleey are essential in some
situations and especially when it comes to funstioA function is a class that
contains a sequence of instructions. They can bedca equation-based models to
calculate variables. For instance, they can be tsgét thermodynamic properties of
fluids from temperature and pressure, as desciib8ection 3.4.3.

Comments and text that is not read during the sitrari have different forms. A
string description of a variable is written in gaidn marks'". A general comment
can be written after a double-slashor between * and*/. Finally, annotations are
intended to store extra information about a magleéth as graphics, documentation, or
the graphical user interface of the parameteregi@dee Section 3.3.1).

A last important point about Modelica languagehist tsimulations can be done only if
the number of equations in the model is equal éonitmber of variables (zero degree
of freedom). Otherwise, an error is returned.

2.2  The Dymola environment

2.2.1 General introduction

The Modelica language requires a modelling and itimn environment in order to
be used. An environment allows the user to comiitytdefine his models through a
graphical interface, to translate and simulate rspdend finally to visualize the
results. There are numerous environments for Moddhat are available. The main
actors are listed in the Table 2.1.

Table 2.1 List of Modelica environment programs

OpenModelica (Linkdping University, Swedef)

JModelica (Modelon AB, Sweden)

Open-sour ce
SCICOS (INRIA, France)

SimForge (Politecnico di Milano, Italy)

Dymola (Dassault Systemes, France)

MathModelica (MathCore AB, Sweden)

Commercial | MapleSim (Maplesoft, Canada)

SimulationX (ITI GmbH, Germany)

AMESIim (LMS International, Belgium)




The most advanced and well-known program is Dym@anamic Modeling
Laboratory). It is the one EDF has chosen for dsearch works, since it is an
efficient and robust tool that has been testedappioved by several companies and
universities.

Dymola is a commercial environment that has beereldped since 1992 by the
Swedish company Dynasim AB, acquired by the Freawhpany Dassault Systemes
in 2006 (Cellier, 2005). It can be interfaced witkher programs like CATIA,
Simulink, or Excel. This partly explains why itirscreasingly used by industries such
as Ford (automotive), Toyota (automotive), Saalrci@it), Tetra Pak (food
packaging), Ceres Power (heat and power), or Smlfenergy system design)
(Dassault Systemes, 2010).

The version used during the thesis was Dymolald.4rder to make simulations, a
C++ compiler has to be installed, like Visual Studi

2.2.2 Presentation of the environment

The typical Dymola main window when the softwarestarted is represented in
Figure 2.2. It operates in one of two modes: Madgland Simulation.

EPL Cooling - EPL Cooling - [Diagram] = o=

File Edit Simulation Plot  Animation Commands Window Help =& ®

MA@ R [/ooC Al L -2 [Z] ¢ e EHEE| v -

Package Browser B X

Padages gll Drawing m View toolbar
= EPI_Codli

|[3EP1_Cooing | toolbar

E [JHeatPumps M
= ﬁRefrigerator
RefrigeratorModel
RefrigerahorModelPoly
+ (]| Thermafrigopompe

= [J|Cempenents

= ﬁCompressor

@Compressor

@Compressorpoly
= [CJ|Exchanger
IHl(ilont:lenser
IHﬂ::njnclenserPoly

ﬁE\raporator [ |

m

ﬁE\raporatorPoly
+ [valve
+ ﬁsmrage

= [JlCennectors

- [ Fuidiniet

=:“'j‘5|’1“‘|’e: Modeling/Simulation tabs
i & | €] » [ 8]

Modeling | % Simulation

Figure 2.2  Dymola main window



The Modelling mode is used to compose, edit, artdupemodels. Dymola has
different view modes that are used depending ort whatended to do:

- lcon view: Dymola comes with a graphic editor whareicon representation
of the model can be drawn. This is particularly fusevhen it comes to
connect several models between them.

- Diagram view: it is the view used to assemble d#feé components and
connect them.

- Modelica text view: it is the view used when pragraing the models. The
Modelica code is shown with colours to help thedeza

_F
§33
P
()
N

[ m o

model Evaporator
"Evaporator model using TILMedia library for refrigerancs™
import SI = Modelica.$S s;

import NonSI = Modelic nits.Conversions.NonSIunits;

protected

(C) SI.Temperature Tfi(start=273.15) "Inlet fluid temperature”;

SI.Temperature Tevap(start=273.15) "Evaporation temperature”;

Figure 2.3  Dymola views: (a) Icon view of an evagior, (b) Diagram view of an
assembled heat pump, (c) Modelica text view.

2.2.3 Assembling components

One of the benefits of an environment like Dymdaits ability to easily create a
larger model (for instance, a network) based on etsodf different components.
Building a model is done by selecting componenthépackage browser and drag &
drop them into the diagram window. Once all the porents have been inserted,
doing all the necessary connections is enougmtdiie the global model.

In order to make connections between models, iteisessary to add connectors to
their codes. Connectors are classes that are asgmhhect a model to another. They
specify interactions between components and coafhguantities needed to describe
the interaction. More information about conneciergiven in Section 3.2.



2.2.4 Model settingsand preparation to the simulation

In Section 2.1.2 it has been mentioned that iteisessary to give parameters a value
in the Modelica code. However, it is rare that thelefault values match the user
needs when he wants to model a specific case. @id aoing modifications directly
into the code, Dymola offers a graphical user fam¥ which is an easy way to get
access to all the parameters and modify them ootytlie current model. The
parameters dialog can be accessed by double-dickina component in the diagram
view. A sample dialog is shown in Figure 2.4.

- o

EPI Cooling.Connectors.SourceT @
General

Component Icon

Mame

Comment ._-

Model

Path EPI_Cooling. Connectaors, SourceT

Comment

Settings
Parameter value

fixed A L Fixed input parameters

Input parameters values

= H bar Pressure

m ¥ Mass flow rate
v+ degC | Temperature
Unit and string description
Variable name Info | [ Close

Figure 2.4  Example of a parameters dialog

Before starting a simulation, one has to verifthi model is well-posed. The check
button present in Dymola assesses the number @bles and equations and checks
if there is anything missing. This has to be darst for each component individually
and then for the global model. Even if all its caments are valid, global models can
exhibit singularities with more or less equatiohart required. In this case, the user
has to check that there are no missing parameteesiondancy from the connections.
Other controls are made during a check. For instaDymola is able to tell you if
units are incompatible in your equations.

Once a model has been successfully checked, itow possible to switch to
Simulation mode.
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2.2.5 Simulation and visualization of results

The simulation tab offers a totally different emriment, as shown in Figure 2.5. On
the top of the screen is the simulation toolbare&€huttons will help the user to run a
simulation:

1) Translation button: the model has to be translaéfdre simulation. Indeed,
the Modelica code needs to be converted into C+his Tonstitutes an
additional check and some errors that were notlaiisd during modelling
check will pop-up here.

2) Setup dialog: the Setup dialog allows the usemterisy simulation duration
(in seconds). Algorithm and tolerance of integrnattan also be modified.

3) Simulation button: this is the last step. The dalitons are done for the
duration specified. This step is often the longest to execute depending on
the model complexity. Errors can still occur if tlsgmulation does not

converge.
Dymola - Dynamic Modeling Laboratory - [Plot [1%]] EI@
File Edit Simulation Plot  Animation Commands Window Help =& %

@ EEX EOE £-

Speed: 1 -

SHQAS N ¢ @ o
P Ul AP Tme o

Variable Browser g X

Variables Values Unit 30
+ Unnamed 1

SUnnamed 2
+Oh 103754 1kg 20

“ep 4187 )1/kg.K)
ST 24,7801 degC : :
g

)

= g4
< I 3
[ Advanced ]

104
e
[ Constants ” Time varying ][ Online ] Plﬂt Windﬂw
original [_| Difference ] Compare Results 20+
Search Filter:
T

e W °

¥ | Textstyle: Custom - IEI i u
g | =———rree
checklodel {"Unnamed") ; 1

= true

translatelodel {("Unnamed") ;

= true

gimulatelodel ("Unnamed” , stopTime=25, method="dassl", resultFile="Unnamed") ;

= true i

Modeling | W Simulation

Commands

Figure 2.5 Dymola simulation window

The rest of the window will be used to display thkeults. On the left is a variable
browser. It displays a tree view of all the vareshlsorted by component. Values are

11



given for the time specified in the correspondingk,balong with their unit and
description.

It is possible to plot any variable versus timegai a better idea of how the model
variables evolve. Plots are customizable with cdpuitles, legend, and other
appearance parameters.
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3 General principlesand models
3.1 Development rules

The Modelica/Dymola environment is suitable for ralidg of various kinds of
physical systems. The models and libraries develagye truly reusable if they are
well-programmed. It is important to state commoleswand then verify that they are
respected in order to ensure compatibility. AdvicGsd recommendations for
conception have been made inside EDF R&D to fatditmodels and results
readability (Bouskela, 2003). This is also to siifiyplhe sharing and distribution of
the libraries when they will be integrated in largeojects. Eventually, models have
to be adjusted so as to minimize their adherendagaccommercial tool Dymola so
that they can be used in other programs like Opeafelica. Below are given some
important rules that have been applied during llesit:

- Unrestricted: models do not impose any hypothesisiravanted physical
limitation that is not part of their concept. Thaluve of a specific heat
capacity, for instance, is not directly writtenthre equations, but rather in a
parameter, even if the fluid used is supposeday tste same. If the system is
meshed, the precision can be freely chosen.

- Easy to understand: models are clearly structuséti, different sections. All
variables are described and equations commentedaming convention is
established to allow quick identification of varialype.

- Easy to define: a great attention is given to ty®ulit of parameters dialogs,
with sections, tabs, check boxes or radio butteoghat the user won'’t get lost
in the list of parameters.

- Exemplified: each component is given with an examplodel to allow the
user to quickly test it and see what variablesexigected at the inlet and the
outlet (see Section 3.3).

- Easy to interpret: useful variables should be shawithe results whereas
others should be hidden (via the keywprdtected.

In the rest of this chapter are presented modalsatte reused for the development of
all the systems described in Chapters 4, 5 andhésd models are regrouped into
connectors, sources and sinks, and thermodynampepres of fluids. Several where

already defined in the library ThermoSysPro, bustmaf them seemed outdated or
unsuitable for the models to be developed. Therg also an expressed will to have
something simple, complete and universal for alftiture needs.

Some of these models are presented in Appendix 1.

3.2 Connectors

Complex systems usually consist of large numbergarinected components. To
achieve these connections, connectors are useg.aréelasses that specify variables
transmitted through a connection. They have toibectly included in a component
code since they represent its inlets and/or outlets instance, a pipe has two
connectors: one inlet and one outlet. A classi¢ Brehanger has four: two inlets and
two outlets. The variables can be reals, intedegs;al, or physical.
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The project conducted during the thesis is reldtedhermal and energy systems.
Three appropriate variables have been selecteddevimg) that systems are always
working with fluids. These variables are pressBrenass flow ratan, and specific
enthalpy h. These properties are enough to fully describe dtade of a fluid.
Supplementary connectors with temperature instefa@énthalpy have also been
created. Temperature cannot always be used bethegeare problematic during
phase transition. However, for industrial applicas, it is more common to know the
temperature of your fluids instead of their entlyalphe models with temperature
connectors will be stressed in the thesis. Alluhis used are Sl.

The Modelica code of a connector consists onlyhef\ariables declarations. There
are no equations in a connector. To help usersakentonnections properly, two
additional logical variables have been includedeyltverify that an inlet is not
connected to another inlet and the same for artuthus, two different connectors
have been modelleiuidinlet andFluidOutlet Their code is exactly the same except
for the value taken by the two Booleans.

When a connection is created in the diagram vie®ywhola (see Section 2.2.3), an
equation is added to the model:

connect (conponent 1. connector 1, conponent 2. connector?2);

This equation means that all the variables inatenectorlof componentiare equal
to the ones in theconnector2 of component2 It means that all the variables
transmitted through a connection remain constants.

In order to transmit values, equations inside easimponent are needed, which
assigns values to the connectors’ variables. Cdiomscto connectors should impose
the right amount of constraints. For instance,gtessurd® must not be calculated at
both sides of the connection, otherwise the equaltween connectors’ variables
cannot be guaranteed. One side should get the ¥iaoea component calculation
whilst the other side just receives the value frthra connection. This remark is
especially relevant when it comes to closed-ciromitdels such as the refrigeration
cycles studied within this work.

3.3 Loop breakers

There is indeed a special problem regarding equaystems resulting from models
with a loop structure. If a variable is spread framomponent in both directions (its
input and its output), there will be a locationtire system with an overconstrained
connection (the same variable coming from both sjidéo overcome this, loop

breakers have been created. There are small cldsgdsave to be put in the middle
of the connection where this problem appears.dtiies which variables must not be
transmitted through it, among the variables of tbenectors. This will delete the

redundant equations in the connection, making libsed-circuit model working.

3.4 Sourcesand sinks

When making a model or testing a component, iaisiqularly helpful to make use of
boundary conditions. Thus, it is not necessaryitdla complete network to check if
the components developed are working. Classes tmmdary conditions will
represent the extremities of an open-circuit model.
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The basic idea is to make models that can giveegato the inlet or outlet of a

component. They look very similar to the connegtdrst their structure is very

different. Connectors contain only three variabéeldrations. Boundary conditions
have these variables declared as parameters; ribkyé a connector and equations
that assigns these parameters to connector’s \@iaBontrary to a connector alone
where values are inherited, the user should hérenfivhat values are going to be

transmitted by the connector. There are two kirffdsoandary conditions:

- Sources: a source is used to state inlet conditibriacludes aFluidOutlet
connector that will be connected to the inlet ¢ tomponent one wants to
describe.

- Sinks: a sink is used to state outlet conditiorisintludes aFluidinlet
connector that will be connected to the outlethef tomponent one wants to
describe.

=

(a) (b) (c)

Figure 3.1  Icon representations of: (a) a loop bkeg (b) a source, (c) a sink.

3.4.1 Basic sourceand sink

The library ThermoSysPro includes numerous souroessinks, depending on if one
wants to set one, two or three parameters anchéetrdmaining free. There are as
much models as there are possible combinationsd fpressure only, fixed mass flow
and enthalpy, fixed pressure and mass flow, etts Vast choice can easily confuse
the user. According to the objectives set in SecBal (models shall be easy to
define), it seemed necessary to develop new urgvensdels in order to have only
one source model and one sink model, while covetiveg range of possibilities

offered by ThermoSysPro.

The Modelica language offers advanced commandsigtomize parameters dialog
that are completely utilized by Dymola. These comdsaare not always well known
and are not easily found in manuals. In this c#se,dea was to allow the user to
select what parameters to fix. A string paraméked with a drop-down list has been
developed so that it appears in the parameterogliads shown in Figure 3.2.
Depending on the user’s choice, input boxes of mpatars become enabled or
disabled, avoiding any doubt about what needs tfilbd in. This choice also has an
impact on how the source/sink behaves. The equatamsigning parameters to
connector’s variables are enabled according tetitieg fixed
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Settings

fixed | ; l * Fixed input parameters

Input par| free - Mothing is fixed .

P - Pressure is fixed Drop-down list
= m - Mass flow rate is fixed

T - Temperature is fixed

P, m - Pressure and mass flow rate are fixed b okafs Mass fiow rate

P, T -Pressure and temperature are fixed e degC  Temperature

m, T - Mass flow rate and temperature are fixed

P.m, T - Pressure, mass flow rate and temperature are fixed

-

bar Pressure

m

Settings

fixed Bom” o » Fixed input parameters

Input parameters values /
T T

-

P No fixed temperature bar  Pressure

m so input box disabled v kofs Masz flow rate

v deal  Temperature

Figure 3.2  Parameters dialog of the source withgstee and mass flow as inputs

3.4.2 Timetable and sourcewith external input

In reality, an inlet parameter such as mass flaw oa& temperature is rarely constant
through time. It can vary with a demand. The prasip developed source and sink
models cannot account for changes of the parameitirdsime. The idea is to develop

a source model that accepts a table of values amérgtes a signal by linear
interpolation. TheTimeTablemodel has already been developed in ThermoSysPro
and most of the code was reused for the thesis. fithetable can then be connected
to a slightly modified version of the source modelthe Sourcemodel, an additional
connector is present to connect the timetable,galeith a string parameter that
specifies which parameter will be defined by timeetiable.

In the timetable shown in Figure 3.3, the user &hali in the first column with time
values (in seconds) and the second column withespanding parameter values (in
the same unit as the source, which is Sl). Oneptainthe parameter versus time to
check that the values have been correctly enté&iadlly, it is possible to import data
from a CSV file.
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Figure 3.3  Sample timetable with plot

3.5 Thermodynamic propertiesof fluids

During the calculations, fluids properties such demnsity, specific enthalpy at
saturation, or thermal conductivity are requirethe3e values often depend on the
state of the fluid. Moreover, equations often wsagerature terms and thus it is often
necessary to convert the enthalpies that are tigiesimby connectors. This
conversion depends of course on the fluid studimhsequently, one needs to find a
way to calculate and retrieve these values autcalbtj without specifying anything
but the name of the fluid.

Ideally, properties should be accessed via a Maadlinction with two inputs like
pressure and enthalpy or pressure and temperatbeveral ways to get
thermodynamic properties of fluids have been ingastd during the thesis. Each of
them has its advantages and drawbacks as willdeisghe following sections.

3.5.1 External executable

The starting idea was to make a universal tool aithhhe main fluids used in cooling

systems like refrigerants, water, or air. The MaelStandard Library already

includes functions to calculate water and air proge. The beginning of the research
was thus focused on getting properties of refrigera

RefProp is a commercial library developed by NI&&mimon, McLinden, & Huber,

2007). It is a well known tool that is famous faing very accurate algorithms and
handling a large number of fluids. With the licenseme several files to help
interfacing RefProp with other programs such asualisStudio, Matlab, and Excel.
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There is, however, no official interface for Moaalj making its implementation
difficult.

In 2010, Assaf from the CEP Mines ParisTech, dgeaddn collaboration with EDF a
small program called Refbib (Assaf, 2010). Reflsbbased on the RefProp library
and requires all the fluid files that come withThe purpose of Refbib is to access
RefProp files from any program, by executing aremdl executable. This executable
reads a .txt file containing the input parameteame of the fluid, type of the two
input variables, and their respecting values. Rethipports 4 combinations for the
input variables: pressure and enthalpy, pressudevapour fraction, pressure and
entropy, and temperature and vapour fraction. Ftbis information, it is able to
calculate thermodynamic properties of fluids susheamperature, enthalpy, entropy,
density, specific heat capacity and thermal condiyt with their respecting
saturated liquid and vapour values. After its exiec) another .txt file is created with
the results. No graphical user interface is assedtiavith the program. When it is
executed, it just calculates the inherent valuebaokground and creates the output
file.

In order to use this program in Modelica, a funttias been made to automatically
create the input .txt file and read the output yeassigning each result to a variable.
A simple function call like the one below createseaord where all the resulting
values are stored:

record=Ref bi b("fluid nane", "P", "H', pressure, enthalpy);
Values are then referencedrasord.T, record.h record.Cp etc.

This solution has been tested and approved for sase tests. However, some of the
values obtained were erroneous, like enthalpiedgemsities with an exponent 14.

Moreover, it often happens that the simulation & able to converge using this

solution. Another default is that Refbib cannot dilanpressure and temperature as
inputs. This option is very important for an opting@velopment of the models, as

will be described in Chapter 4. Finally, since Mlickedoes iterative calculations, the

simulation has to repeatedly call the program,easing the time required to get the
good result. Compared to the alternative solutidescribed next, a simulation can

take 100 to 1000 times longer (about 20 secondsafeimple refrigerator). These

critical issues forced the complete abandon oRéfbib solution.

3.5.2 Dynamiclibrary

Since RefProp offers many advantages, it was deédidecontinue finding another
solution that takes benefits of a RefProp interfadéer some research online and in
the scientific literature, it was observed that fnee Modelica model has been
developed in this way. Only a commercial libraryneal TIL and developed by TLK-
Thermo GmbH includes a RefProp interface (TLK-Ther@mbH, 2009). The TIL
library is a Modelica library specialized in thevadced modelling of thermodynamic
systems. The next idea was to retrieve the cladsieg the interface and put them in
the developed EPI library, in order to use thenepehdently from the rest of the TIL
library.

TIL uses a Dynamic Link Library (DLL) file, TILMed204.dll, and a C file in order
to access to the RefProp database. Modelica haabihiy to call external functions
in files wrote in C. The use of the TILMedia libyas based on calling these functions
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within Modelica files. These functions access te LL file, which will read the
RefProp database.

Getting fluid properties into a model is fairly gfa. Basically, a refrigerant is
declared as an object, with a parameter specifyithgt variable couple has been
chosen as input: pressure and enthalpy, pressude eatropy, pressure and
temperature, or density and temperature. The erfig object contains variables
representing all its thermodynamic properties. Bsigning a value to the two input
variables, the properties are calculated and fossible to access any of the other
variables of the refrigerant object according t fibllowing:
Refrigerant ref(refrigerantNane, inputChoice=ph); //Declaration
equation
ref.p=Pf; //Assigning first input value
ref.h=hf; //Assigning second input val ue
Tf=ref.T; //Retrieving correspondi ng tenperature

Compared to Refbib, this solution is a lot moreatde. All values are correct and no
mistakes were detected during tests. The calculatime is excellent with
instantaneous simulations. It perfectly handles3@€luids included in RefProp as
well as 55 mixtures. This solution can be usedafmurate models with refrigerants.
However, as it comes from a commercial librarysitmportant to highlight that it is
necessary to buy a license in order to use it. phesents a possible distribution of
the EPI library, restricting its use to internal B&esearch. Note that the TILMedia
library seems to fail when used in combination witite Modelica Standard library’s
properties functions. It is thus better to caloeillatater and air properties with
TILMedia when it is used for refrigerants.

3.5.3 Polynomial functions

Despite its numerous advantages, using RefProp adehta simulations is not
perfect yet. The last alternative is to ignore RefPand calculate fluid properties
through Modelica functions directly coded in thlerdiry. Air and water are already
included in the Modelica Standard Library. Howevdigre are no models for
refrigerants. It was necessary to find mathematigatesentations of these fluids. The
Massey University, New Zealand, published polyndnaarve-fit equations for
refrigerant thermodynamic properties (Cleland, )99%hese equations have been
translated into Modelica functions. They use tlirder polynomials that are function
of temperature. Once all the functions coded, ipassible to calculate saturation
pressure, saturation temperature, enthalpy ofdiqmid vapour phase, latent heat, and
enthalpy change in isentropic compression. Forants, saturation pressure can be
calculated from saturation temperature as follows:

Psat =Psat ( Tsat) ;
The range of applicability is -40°€Tg< 70°C.

Modelica functions can be used as inverse functiingieans that it is possible to
calculate an input of a function instead of itsput by writing exactly the same
equation as if the output was the unknown. Thiggain due to the acausality of the
Modelica language. Therefore, one can get the a&wr temperature from the
saturation pressure with the same equation wrébmve.
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The polynomial solution is very fast and no latedcye to properties calculations has
been observed. Moreover, 100% of test simulati@we ibeen able to converge, even
the ones where TILMedia failed. It can thus be wesgful as a back-up solution.

However, this solution has its disadvantages. Fitstemains less accurate than
RefProp. Cleland claims in his article that thedmtd properties generally agree
with the source data to within about +0.4%. Thitugavas indeed observed during
tests. This has to be weighted considering thegoayeof simulations conducted, and
accepted as a moderate margin of error. Secortdly,a far less complete solution,
since most of the fluid properties such as densityl heat capacities are not
calculated. It also takes much more time to intiegsaveral fluids since all the code
has to be entered manually, not taking advantagepre-made database. During the
thesis, only R134a have been modelled by polynoegahtions.
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4 Refrigerator modelling
4.1 Presentation of the technology

Industries such as food industries often requieeutbe of cold fluids in their networks,
to satisfy their needs in cooling or preservatidngoods at low temperatures. A
refrigerator offers an efficient solution to proeuwold.

Four main elements constitute a refrigerator: apm@ssor, a condenser, an expansion
valve, and an evaporator. Its process is based ampaur-compression cycle,
presented in Figure 4.1. The objective is to rentoeat from a cold space which is on
the evaporator side, and reject it outside on tmelenser side.

Qout

Condenser

Valve

Evaporator

Qs

Figure 4.1  Refrigerator vapour-compression cycle

In this cycle, the circulating heat transfer flugl a refrigerant such as R134a or
R410A. The process can be described in four steps:

1. The refrigerant enters the compressor as vapous.VEpour is compressed at
variable entropy that depends on the compressotrggec efficiency. It exits
as superheated vapour with a higher pressure. f#ssyre ratio between inlet
and outlet depends on the compressor characterigtild the wanted
temperature lift between the evaporator and theleoser.

2. The superheated vapour enters the condenser.diésgperheated and then
condensed at constant temperature, rejecting heatcolder external fluid. It
can finally be subcooled by lowering the exit tenapere a few degrees. The
pressure is assumed to remain constant in the neade

3. The liquid refrigerant goes through the expansiatve;, where the pressure
decreases. The expansion is often considered abaddi i.e. the enthalpy
remains constant. Part of the refrigerant is evatedr; resulting in a colder
mixture of liquid and vapour.
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4. The mixture enters the evaporator and is completegorized by heat
exchange with the fluid to be cooled by refrigerator. It is often superheat
by a few degrees to avoid any liquid fraction thatuld damage th
compressor. The resulting refrigerant vapour retdonthe compressor inlet
complete the thermodynamic cy«

The different steps ahowr in a P-h diagram in Figure 4.2.

Condensation

(WA ]
F
Expansion
P ~

Pressure, kPa

Evaporation

Enthalpy, k) /kg
Figure 4.2  P-hdiagramr

The condenser and the evaporator are heat exclsawghia refrigerant on one sic
and afluid where heat is rejected absorbedFor a refrigerator, thheated fluid in
the condenser is usually air, while water or w-glycol is often the cooled fluid i
the evaporatorTo understand what happens to the temperatureesetfuids, -Q
diagrams are shown in Figis 4.3 and 4.4\otations are the ones used irction 4.2.
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Figure 4.3  TQ diagram for counte-current flow in the condenser
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Figure 4.4  T-Q diagram for counter-current flowtime evaporator

4.1.1 Regulation

To clarify this section, water is considered asdbeled fluid (evaporator side) and air
as the heated fluid (condenser side).

The inlet and outlet temperature of water in thepevator are most of the time

constant for a network with a specific temperatiaege, which corresponds to the
cooling requirements. The variability in heat denhaffects the water mass flow rate.

It is this demand that regulates the evaporati@sgure and the mass flow rate of the
refrigerant.

In the condenser, air enters at a fixed mass flatg and a variable temperature
depending on climate conditions. Its rejection temafure depends on the cooling
demand. Consequently, the condensation pressihe oéfrigerant can vary. In order
to work in a large air temperature range, mosthefrefrigerators are now equipped
with a controller that allows floating condensatjgnessure instead of static. It is this
kind of refrigerator that is modelled in this chapt

4.1.2 Refrigerator variants

Heat pumps work very similarly to refrigerators, cegt that condenser and
evaporator’s roles are inverted regarding the ussfeam. Cold is rejected on the
evaporator side while heat is absorbed by a flnidh@ condenser side to produce for
instance hot water.

There is also a system with the same componentsdmabines a refrigerator and a
heat pump. A combined refrigerator/heat pump da¢svaste the heat rejected in the
condenser. It is thus possible to produce coldrastdvater at the same time, with a
unique system. For instance, it is possible to b&ates from the cold production of

an industry. Often, priority is given to cold pration while heat is recovered at a
variable flow rate. Since all the heat is recovesadboth condenser and evaporator,
the total performance of this system is higher thample heat pump or refrigerator.

23



4.2 Mathematical models

The refrigerator model is conceived at a composeale. It means that the four main
elements constituting the refrigerator are desdrib@d modelled independently.
Then, they are assembled to create a global mbdeletventually can be used in a
network. The component models are described theynaodically with enthalpies,
temperatures, pressures, and mass flow rates. @dhezs related to the power are
also calculated.

The objective is to be able to perform thermodymasimulations of refrigerators.

The models are not made for giving a detailed aesfggthe machine since geometry
characteristics such as type of exchanger, numbgiates, diameter of tubes, or
number of passes, are omitted.

The following hypotheses were taken into accountiie modelling:
- No pressure loss is considered across any elements.
- No heat loss is considered across any elements.

- No inertia is taken into account, meaning thatehsrno variable related to
time. A dynamic simulation with a varying parameell represent in fact a
succession of static states.

Variables of each model are presented groupedoniocategories:

» Parameters: variables which are constant and speédif/ the user before the
simulation starts.

» Variables retrieved from connectors: in order takyahe model needs some
variables that are externally calculated in cone@components. For instance,
these are the variables mentioned as parametees source/sink directly
connected to the model.

« Variables transmitted to connectors: variables @éhatinternally calculated and
copied to the connectors (input, output, or both).

« Other variables calculated: variables that are eeitmtermediate values
required for other calculations, or additional e wf interest.

Units are not always Sl but the ones commonly usednergy engineering. They
have been chosen in order to facilitate the readfrrgsults.

In the equations, the functioprop indicates that the value is obtained from a
thermodynamic database, based on the variablezatedi in parentheses. The
functionpropsatspecifies that the value taken is at saturation.

Equations related to transmitting values to cororstivariables are not included in
this part, since they are not helpful for the ustirding of the models.

All models are presented for a refrigerant procbss,they can be applied to a heat
pump model or a combined refrigerator/heat pummaut any modification (only
external constraints change).
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4.2.1 Compressor

The compressor model is used to calculate the toetiéhalpy according to the
pressures obtained from the condenser and the etapdt is based on the following

hypotheses:

- The isentropic and mechanical efficiencies aredikg the user and constant

through time.

The parameters and variables included in the margdlisted in Table 4.1.

Table 4.1 List of variables of the compressor model

Variables | Description Unit
Parameters

fluid Name of the refrigerant String
NMm Mechanical efficiency Real
Nis Isentropic efficiency Real
Variables retrieved from connectors

P, Inlet pressure bar

P, Outlet pressure bar

m Refrigerant mass flow rate kg/s
hy Inlet specific enthalpy kJ/kg
Variables transmitted to connectors

h, Outlet specific enthalpy kJ/kg
Other variables calculated

T Pressure ratio Real

T, Inlet temperature °C

S Specific entropy kJ/(kg.K)
hos Specific enthalpy after isentropic compression kdJ/
Tos Temperature after isentropic compression °C
T, Outlet temperature °C

wW Mechanical power delivered to the compressor kwW

The equations used in the model are listed and canted below.
_b
Py
Ty = prop(Py, hy)
s = prop(Py, hy)

I
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Entropys allows the calculation of enthalpys, considering thagd=s,=s,s,
has = prop(Py, s)
Tys = prop(Py, s)
Enthalpyh,sis then deduced from isentropic efficiency formula
Nis = %
2 1
T, = prop(P;, hy)
Compressor power takes account of losses represbytde mechanical efficiency.
W:mf'(hz—h1)
Mm

4.2.2 Condenser

The condenser model is used to calculate the csatien pressure and the
refrigerant outlet enthalpy according to extertaildf characteristics. It is based on the
following hypotheses:

- Subcooling and desuperheating are considered. Uibeosling temperature
difference is fixed by the user and constant thictuge.

- The minimum temperature differend@n,, is fixed by the user. Its position in
the T-Q diagram is automatically calculated.

- The flow through the exchanger is counter-current.
The parameters and variables included in the margdlisted in Table 4.2.

Table 4.2 List of variables of the condenser model

Variables | Description Unit
Parameters

fluid Name of the refrigerant String
extfluid Name of the external fluid Strirlg
Tsc Subcooling temperature difference K
AT min Minimum temperature difference K

Variables retrieved from connectors

My Refrigerant mass flow rate kg/g
hy; Refrigerant inlet specific enthalpy kJ/Kg
Pe External fluid pressure bar

Me External fluid mass flow rate kg/s
Tei External fluid inlet temperature °C
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Variables transmitted to connectors

Pcond Condensation pressure of the refrigerant bgr
hto Refrigerant outlet specific enthalpy kJ/Kg
Teo External fluid outlet temperature °C
Other variables calculated

Onx Heat exchanged across the condenser kW
hrg Refrigerant saturated vapour specific enthalpy kkd/
g Refrigerant saturated liquid specific enthalpy kigJ
heg External fluid sp. enthalpy when refrigerant itusated vapour| kJ/kg
Ts Refrigerant inlet temperature °C
Teond Refrigerant condensation temperature °C
Tto Refrigerant outlet temperature °C
Tash Desuperheating temperature difference K
hei External fluid inlet specific enthalpy kJ/kp
Teg External fluid temperature when refrigerant isusated vapour| °C

heo External fluid outlet specific enthalpy kJ/Kg

The equations used in the model are listed and ated below.

Heat exchanged across the condenser is alwaysveosibnsidering that refrigerant
inlet enthalpy is always larger than its outlethafpy.

Qnx = my - (hyi = hyo)

Heat balances are expressed in two parts. Thaysato geheg andhe,.
my - (hyi = hrg) = me - (heo — heg)
myg - (g = hyo) = me - (heg — hei)

Desuperheating and subcooling are defined in th@dong equations.
Tyi = Teona + Tasn
Tro = Teona — Tse

ATmin is applied at the position where it is actuallye tminimum temperature
difference. It is a fixed value, so the followinguation is used to g%, TcondOr Teg.

ATin = min(Tro — Tei, Teona — Teg)
The rest of the values are obtained from fluid bases.
Tr; = prop(Peonas hyi)
Peona = propsat(Teona)
hgg = propsat(Teona)
hyy = propsat(Tcona)
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hso = prop(Peona> Tro)
hei = prop(Fe, Te;)
Teg = prop(Pe, heg)
Teo = prop(Pe, heo)

4.2.3 Evaporator

The evaporator model is used to calculate the eatipa pressure and the refrigerant
outlet enthalpy according to external fluid chaeaistics. It is also the place where
the refrigerant mass flow rate for the whole redragor is calculated. It is based on
the following hypotheses:

- Superheating is considered. The superheating teyerdifference is fixed
by the user and constant through time.

- The minimum temperature differend@n,, is fixed by the user. Its position in

the T

- The flow through the exchanger is counter-current.
- The refrigerant enters the evaporator at its stturéemperature.
The parameters and variables included in the marmddiisted in Table 4.3.

-Q diagram is automatically calculated.

Table 4.3 List of variables of the evaporator model

Variables | Description Unit
Parameters

fluid Name of the refrigerant String
extfluid Name of the external fluid Strirlg
Tsh Superheating temperature difference K
AT min Minimum temperature difference K
Variables retrieved from connectors

hy; Refrigerant inlet specific enthalpy kJ/Kg
Pe External fluid pressure bar

Me External fluid mass flow rate kg/s
Tei External fluid inlet temperature °C
Teo External fluid outlet temperature °C
Variables transmitted to connectors

Pcond Condensation pressure of the refrigerant bgr
My Refrigerant mass flow rate kg/g
hto Refrigerant outlet specific enthalpy kJ/Kg
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Other variables calculated

Qhx Heat exchanged across the evaporator KYV
hig Refrigerant saturated vapour specific enthalpy kkd/
T Refrigerant inlet temperature °C
Tevap Refrigerant evaporation temperature °C
Tto Refrigerant outlet temperature °C

X Steam mass fraction at the inlet Regl
hei External fluid inlet specific enthalpy kJ/kp
heo External fluid outlet specific enthalpy kJ/Kg

The equations used in the model are listed and cnted below.

Heat exchanged across the evaporator is alwaysv@ysionsidering that refrigerant
outlet enthalpy is always larger than its inlethahpy.

Qnx = Mg (hpo — hyy)
Heat balance is expressed in a single part. keslwo geby,.
my - (hpo = hyi) = M - (hei = heo)
The refrigerant inlet temperature is the evaponatgnperature.
Tri = Tevap
Superheating is defined in the following equations.
Tro = Tevap + Tsn

ATmin is applied at the position where it is actuallye tminimum temperature
difference. It is a fixed value, so the followinguation is used to g&t, or Teyap

AT = Min(Teo = Tovap Tei — To)
The rest of the values are obtained from fluid bases.
x = prop(Fevap, hyi)
Pevap = propsat(Teyap)
hfg = propsat(Temp)
hso = prop(Pevap, Tro)
hei = prop(Pe, Te:)
heo = prop(Fe, Teo)

4.2.4 Expansion valve

The expansion valve model is used to get the ietehalpy of the evaporator. No
parameters are required. It is based on the faligwiypotheses:

- Fluid expansion is adiabatic.
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The variables inclued in the model are listed in Tabld4.

Table 4.4  List of variables of the expansion valve m

Variables | Description Unit

Variables retrieved from connect

h Inlet specific enthalg kJ/kg

Variables transmitted to connect

hto Outlet specificenthalpy kJ/kg

There is only onequation used in is model As the expansion is adiabatic, the oL
specific enthalpy is equal to the inlet specifithatpy.

hfi = hfo

Note that there is no transmission of pressureraads flow rate across tlvalve.
This has been done in order to avoid the loop proldvoked in Section 3

4.3 Modelica models
4.3.1 Components

All the mathematical models presented in Sectidh Have been translated ir
Modelica code.

For each component, two versions exist: one us<TILMedia and one usin
polynomial functions to calculate refrigerant pras. In both cases, water and
properties are obtained from the Modelica Standéycary.

The componentare represented by the icons shown in FigL5.
N
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Figure 4.5 Iconrepresentations of: (a) the compressor, (b) thedemser, (c) th
expansion valve, (d) the evapora
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CompressoandExpansionValvéave 2 connectors:
- 1inlet and 1 outlet for the refrigeram,(m, N
CondensemndEvaporatorhave 4 connectors:

- 1inlet and 1 outlet for the refrigeram,(m ,h
- 1linlet and 1 outlet for the external fluid,(m, T

Connectors for refrigerant use enthalpy becaussehansition is observed in the
whole process. Connectors for external fluid usepterature because there is no
phase transition observed and because it is mareeogent for practical use. Using
enthalpy everywhere would result in constant cosives between enthalpy and
temperature, increasing margins of error.

Modelica codes of the models are given in Apper2dix

4.3.2 Refrigerator

The four components described above along with seooece and sinks have been
assembled to form a refrigerator model. Additionain icon representation for the
whole system has been created. This offers theilplitysto directly use the
refrigerator model in a network, skipping the adskmg of the four main
components. Since the network for heat rejectiothéncondenser is usually ignored
(for instance it is rejected in the ambient aing source and the sink on the condenser
side are directly included in the refrigerator mlodée result obtained is shown in
Figure 4.6. Sources and sinks that are used coptassure, mass flow rate and
temperature, according to Section 4.3.1.

.

@

B

(b)

7
o B lm

Figure 4.6 (a) Diagram representation of the asskeaibefrigerator
(b) Equivalent icon representation with a sourcel ansink
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All the parameters that defines each componentokas gathered in the parameter
dialog of the refrigerator (accessed by doublekolig on the snowflake, see Section
2.2.4). They are summed up in Table 4.5. The refagpr has 2 connectors
corresponding to the external fluid side of theparator. Thus, the values retrieved

from these connectors are the same as the evapsmates.

Table 4.4 List of parameters of the refrigeratordab

Parameters | Description Unit
General

ref Name of the refrigerant String
fluidevap Name of the fluid to be cooled by theigerator String
Compressor

Nm Mechanical efficiency Real
Nis Isentropic efficiency Real
Condenser

AT minc Minimum temperature difference of the condenser K
Tsc Subcooling temperature difference K
fluidcond Name of the fluid for heat rejection Inetrefrigerant String
Pext External fluid pressure bar
Mext External fluid mass flow rate kg/s
Text External fluid inlet temperature °C
Evaporator

AT mine Minimum temperature difference of the evaporator K
Tsh Superheating temperature difference K

Compared to what each component already includes, nhodel mostly contains
connect equations (see Section 3.2). The COP is calcubtddiefined as:

evaporator. Qu,

COP =
compressor.W

4.3.3 Combined refrigerator/heat pump

The combined refrigerator/heat pump model is vamylar to the refrigerator model.

According to the definition given in Section 4.1cdld production has priority over
heat production. Thus there is no difference oretraporator side. The only variation
IS located on the external fluid side of the cors#gn
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In the refrigerator, the mass flow r and the inlet temperature of the external f
are defined as parameters. The outlet temperauteduced from calculations. In 1
combined refrigerator/heat pump, both inlet andlebutemperatures are defin
(representing the heat demanit is the mass flow rate thast ideduced fror
calculations.

An icon representation has also bemade for the modelas shown in Figure <

Since the network for heat rejection in the condens of importance in this cas
there is no source aink directly ircluded in the combinedefrigerato/heat pump
model. Consequently, the combined refrigerator/heat pungs M connectol
corresponding to both external fluid sides of theporator and the conden:

Figure 4.7 lcon representation of the combinrefrigerator/heat pum

Parameters are strictly identical to the refrigeratones, withouPey, Mex, and Tex:
Two different COPs are calculated, one on the smld and one on the hot sit

evaporator. Qy,

COP =
cold ™ compressor.W

condenser.
COP,,; = Qnx

compressor.W

There is not a true definition of a global COPhistcase. ThCOP,,q and theCOR,
can be added to give an idea of the overall perdmea of the machir

44  Simulations and results

441 Test case

To illustrate the model, a simulation was done wvathefrigerator connected to
source and a sinksee Figure 4.6. In this case, the purpose tio cool water fron
12°C to 6°C using R134a as refrigerant and aires hejectio fluid. 4Ty, in the
exchangers are set to 5K for water and 15K forThe irput parameters are sumrr
up along with the results obtained in Table. Subscripts 1, 2, 3 and 4 refer to
position of the refrigerant in Figure 4
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Table 4.5

Parameters and results of the test sitimna

Parameters Value Unit
General

ref R134a
fluidevap water
Compressor

Nm 0.90

Nis 0.80
Condenser

ATminc 15| K
Tsc 5K
fluidcond air

Pair 1| bar
Mair 5| kals
Tairin 20| °C
Evaporator

AT mine K
Tsh K
Source and sink

Puwater 1| bar
Mwater 1| kgl/s
Twater,in 12| °C
Twater,out 6|°C

4.4.2 Experimental case

In order to assess the performance of the refrigeraodel, a test was performed
based on an experimental refrigerator installedhen EDF R&D laboratories. The
objective is to run a real refrigerator and compate a simulation of the model with

the same parameters.

Contrary to the model developed, the experimemtimigerator has a static condenser
pressure (high pressure). The model's accuracystiinbe tested by releasing a
variable, the external fluid mass flow rate in twndenser, and convert the variable
condensation pressure to a parameter.

The experimental refrigerator was run for 30 misuféis used to cool water-glycol
from about 13°C to 6°C using R410A as refrigerard aater as heat rejection fluid.
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Results Value Unit
Heat exchanged and power

COP 3.98
Vibmp 6.32| kW
£ cond 30.87| kW
Qhx,evap 25.18| kW
Pressures

Rap 2.82| bar
Pcond 10.30| bar
T 3.65
Temperatures

Trer 1 7|°C
Tret 2 59.28| °C
Teond 40.48| °C
Tet 3 35.48| °C
Treta -1|°C
Tevap -1]°C
akout 26.13| °C
Mass flow rate

Mef 0.162] kg/s
Steam mass fraction at evaporator iflet
X 0.256




The condensation pressure is set to 21 bars andsuperheating temperature
difference in the evaporator to 7K.

To do a simulation, the model requires other inpalues. Most of them were
retrieved from sensors and averaged on the run-tmméch was the case fdFs
Twater,in. Mylyco Tglycol,in @Nd Tgiycoloue Other parameters had to be estimated since no
experimental or design data was availaldlg;, in the exchangers were set to 5K; the
mechanical efficiency was estimated from experimemsults olCOR,,; andCOP;qq
(their difference give 0.88); and the isentropiftcégncy is a more arbitrary value.

The input parameters are given in Table 4.6. Thepawative analysis of results is
shown in Table 4.7.

Table 4.6 Parameters of the experimental simulation

Parameters Value Unit
General

ref R410A

fluidevap water-glycol
Compressor

Nm 0.88

Nis 0.75
Condenser

Peond 21| bar
ATmine 5K
Tsc 11.8| K
fluidcond water

Puwater 3| bar
Twater.in 7.28| °C
Evaporator

AT mine 5/K
Tsh 7K
Source and sink

Pgiycol 3| bar
Mglycol 5.488| kg/s
Tgiycol,in 13.13| °C
Tgiycol,out 6.75| °C
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Table 4.7 Comparative results of the experimentalkation

Results Experimental | M odel Difference
Heat exchanged and power

COP 4,72 4.83 +2.32 %
Weomp 21.00 kW | 20.73 kW -1.26 %
Qhx,cond 110.21 kW | 107.86 kW -2.13 %
Qhx,evap 99.55 kw | 100.14 kW +0.59 %
Pressures

Pevap 8.10 bar 8.27 bar +2.13 %
Temperatures

62.33 °C 63.07 °C +0.74 °C|

Tref, entering condensg

=

Teond 35.04 °C 34.28 °C -0.76 °C
Tref, leaving condenser ~ 23.18 °C 22.42 °C -0.76 °C
Tevap 0.68 °C 1.13 °C +0.45 °C
Tref, leaving evaporato 7.72 °C 8.13 °C +0.41 °C
Twater,out 33.99 °C 34.26 °C +0.27 °C
Mass flow rate

Mref 0.521 kg/s | 0.516 kg/s -0.94%
Muwater 0.997 kg/s | 0.955 kg/s -4.17%

The results obtained from the model are very clims¢he ones measured in the
experimental refrigerator. Temperature differenneser exceed 1°C. The machine
performance is well estimated with a COP of 4.88taad of 4.72. Most of the
differences can be explained by assumptions madé&déomodel that can’t be applied
to reality. For instance, a better or worse resatt be obtained by simply adjusting
the compressor efficiencies. Moreover, while ncspoee drops are considered in the
model, they were actually measured by sensors énetkperimental refrigerator.
Consequently, pressures and temperatures vary éetthe output and the input of
two elements. Regarding the water mass flow ratbencondenser, the gap observed
probably results from an accumulation of the ddferes observed in the condenser
power and temperatures.

36



5 Cold storage modelling
5.1 Presentation of the technology

Refrigerators are usually sized to satisfy maximiesign load conditions. Much
this capacity ioften usecfor only a few hours per dayhermal storage allows tt
use of smaller refrigerators by completing the cptdduction, durin for instance
load peaks. Therare various storage strate(; the most common one is to let 1
refrigerator operate at ithominal powet and use it as aase loa. During low
demand periods the storage is charged, and thangdbrgh demand the ener
stored is releasedAn example is given in Figure 5./A cold storage allows
comprehensive management of the cooling energy radiogp to the demant
Significant savings can be made on running costs usimginstance otpeak
electricity rates.
L
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Figure 5.1 Example of a daily cold producti

There are two types of heat stor systems: sensible and latei. sensible hee
storage, the storage medium is t liquid (or solid) and it isits variation of
temperature that provides either heat storage at heleaseliquid water is a
common medium storage in this case. The main deés#dyge is that the stora
capacity per unit volumes very low. Inindustrial cooling, the process requireme
do not permit large temperature differentials asrtdse circuit. Tht, the storage
volume required can be enormous or unrealistiotweive

Latent heat storage uses the latent heat of tmagganedium t«charge or discharg
the storageat a constant temperatuiLatent heat is the energy released or absc
during a change of statThis energy is rather significant compared to therg)

required to decrease or increase the medium temope Consequeny, this method
has a higher storage density than sensible heabhge It also avoids larg
temperature differences as theatis stored at a constant temperattlt is this

technologywhich is modelled in this chapt

% The nominal power is achiev when the compressor operates in nominal conditibris.usually the
power giving the highest efficiency or the maximaapacity of the compress
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Two different fluids are found in a latent heatragge: a heat transfer fluid (HTF) and
a phase-change material (PCM). The heat transted fs the fluid that travels

through the storage, being either heated (chargepoled (discharge). The phase-
change material is the medium storage that releaslésto the HTF (discharge) or
absorbs heat from it (charge).

Various latent heat storage technologies existermifg in how the PCM is contained.
The most common type of PCM containment is mackapsulation in which PCM is
encapsulated in discrete units (Regin, Solanki, &n$ 2008). In this thesis, the
technology studied is based on a packed bed of Baidres. Sphere shape offers a
high exchange surface with the HTF, increasindhtre transfer rate.

The storage modelled is composed of a cylindrigaktfilled with nodules of same
size. Nodules are spherical capsules containing PUMir diameter usually ranges
from about 1 to 10 cm, depending on the manufacture

5.1.1 Mechanism

The HTF flows through the voids in the bed, camgyanergy from the source. During
charging mode, cold HTF circulates and the PCMdmgshe capsules releases latent
heat and crystallizes. During discharging mode, H®F circulates and the PCM
melts. The cooled fluid is then used to meet tlael leither directly or through a heat
exchanger.

In both operating modes (charging and dischargitng) PCM is sensibly heated for a
few degrees, until it reaches its phase-changedeatyre. After complete melting or
crystallization is achieved, further heat additiopom the HTF causes the PCM to
superheat or subcool, thus again storing heatldgn3ihe charging process continues
until the PCM and the HTF attain thermal equilibniuThe difference between the
mean temperature of HTF and the phase-change tatuperof PCM must be
sufficient to obtain a satisfactory rate of heanhgfer.

A latent heat storage has different modes of omerdhat are described in Chapter 6.

5.1.2 Performance

Several variables determine the performance oearthl storage unit. In general, the
principle governing parameters for design a PCMasgfe are related to the storage
configuration (particle size and shape, void fiactvithin the bed, tank length), HTF

and PCM thermal properties (latent heat, phasegehée@mperature, convective heat
transfer coefficients), HTF flow rate, and HTF intemperature (Regin, Solanki, &

Saini, 2008).

The most common phase-change materials used aex/ie@t paraffin wax, and
eutectic salts (salt hydrates). Their phase-ch&mgeerature ranges from about -30°C
to 60°C.
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5.2

M athematical model

The latent heat storage model is conceived attamsyscale. It means that no internal
element is modelled independently. Consequentlythal equations describing the
system are gathered in only one model. The moddéssribed thermodynamically
and relies especially on temperature variations sysifem geometry. Other values
such as heat transfer coefficients and energydtmealso calculated.

The objective is to be able to perform dynamic dations of latent heat storage with
PCM spherical capsules.

5.2.1 Hypotheses
The model’s equations are based on the followisgmaptions:

Pressure loss is neglected across the storagee fiassure does not impact
the calculations, it is a reasonable assumption.

Tank geometry is considered to be cylindrical.

Flow is laminar, axial and incompressible. It gaesone direction for the
charge mode and the other for the discharge mode.

Variation of temperature of the heat transfer flisdonly along the axial
direction; temperature is independent of radialtpos

HTF and PCM properties (Cp, k andv) are set constant and do not vary with
temperature.

Nodules are considered as exchangers. The heaarey@th is proportional to
the difference of temperature between the fluid tued®CM.

PCM capsules behave as a continuous porous medidnm@ as a medium
composed of individual particles.

Temperature inside the PCM capsules is homogeneous.

PCM melts or crystallize at a constant phase-chaeggoerature. Phase-
change does not take place in a melting temperatunge. This is a realistic
assumption for eutectic mixtures (Mehling & Cabexz(8).

The mass and volume of the nodules’ envelope agiected. The PCM inside
the nodules is considered as PCM spheres. Consgqu®CM density
represents the mass of PCM spheres per unit omalif data is available for
solid and liquid densities, the liquid one shouddused to be closer to the real
PCM mass in a nodule.

Effects of conduction across the envelope and akhtionvection inside the
PCM nodules are neglected. PCM thermal conductiistynot considered
during calculations (see Section 7.1.4 for furtivgslanations).

PCM and HTF have the same initial temperature evieeye in the storage.

5.2.2 Parameters

The parameters that need to be specified are listédble 5.1. Units are not always
Sl and have been chosen in order to facilitateehding of results.
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Table 5.1

List of parameters of the latent heatagje model

Parameters | Description Unit
Storage volume characteristics

charge Indicate if the storage operates in chargiesscharge mode Boolean
Y, Storage volume m®

L Tank length m

f Volume fraction of the storage filled by the HTF Real
Ambiance characteristics

ambient Consider or neglect heat leak through thié w Boolean
Tamb Ambient air temperature °C

dwall Tank wall (with insulation) thickness m

Kwall Insulation thermal conductivity W/(m.K
Phase-change material properties

Tsat PCM phase-change temperature °C

hsat PCM latent heat kJ/kg

Cps Solid PCM specific heat capacity kJ/(kg.K)
Cp Liquid PCM specific heat capacity kJ/(kg.K)
Pp PCM density kg/m®

Dpcm PCM nodule diameter m

Heat transfer fluid properties

Cp HTF specific heat capacity kJ/(kg.K)
Pf HTF density kg/m®

Ks HTF thermal conductivity W/(m.K

v Kinematic viscosity m?3/s
Simulation conditions

To Initial PCM and HTF temperature °C

XLo Initial PCM liquid fraction, used only if gETsy Real

Tqzero Reference temperature for which there is no heatdt °C

n Number of elements for meshing tank lefigth Real

An additional constanflyzo is defined as the reference temperature for a zero

enthalpy. Its value does not impact the results.

* See Section 5.2.4 for further explanations.

40



5.2.3 Variables

The variables included and calculated in the madellisted in Table 5.2. Since flow
can be reversed depending on the storage mod@&varaon is set for the following
variables and equations. Inlet temperature referghe temperature of the fluid
entering the storage in charge mode or leaving sfoeage in discharge mode.
Similarly, outlet temperature refers to the temperaof the fluid leaving the storage
in charge mode or entering the storage in dischaae.

Table 5.2 List of variables of the latent heat ag@ model

Variables | Description Unit
Variables retrieved from connectors

P Heat transfer fluid pressure bar
My Heat transfer fluid mass flow rate kg/s
Tii Heat transfer fluid inlet temperature (if chargeda) °C

Tio Heat transfer fluid outlet temperature (if disgfe@mode) °C

Variables transmitted to connectors

To Heat transfer fluid outlet temperature (if changede) °C

Ts Heat transfer fluid inlet temperature (if discheargode) °C
Phase-change material variables

Tp PCM temperature °C

XL Liquid PCM fraction Real

hp PCM specific enthalpy kJ/kg
hsatL PCM specific enthalpy at liquid saturation kJ/kg
hsats PCM specific enthalpy at solid saturation kJ/kg
ho PCM specific enthalpy at t=0 for,FTo kJ/kg
hyzero PCM specific enthalpy for jETqzero kJ/kg
Heat transfer fluid variables

Tt HTF temperature °C

u HTF velocity m/s

hrp Convective coefficient of heat transfer with PCM (W7.K)
haw Convective coefficient of heat transfer with tan&lw W/(m2.K)
Up Overall heat transfer coefficient from HTF to PCM /(2. K)
Ua Overall heat transfer coefficient from HTF to anttiair W/(m2.K)
Nup Nusselt number for PCM Real
NUuy Nusselt number for tank wall Real
Re, Reynolds number for PCM Real
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Rey Reynolds number for tank wall Real
Pr Prandtl number Real
Geometry variables

Vnod Volume of 1 PCM nodule i)
Shod Surface of 1 PCM nodule m?
Nnod Number of PCM nodules Real
V, Volume of all PCM nodules ™

S Total PCM exchange area m?2
D Internal diameter of the tank m
Samb Exchange surface with ambient air m2
Elements variablés

AX Length of one element m
dv Volume of one element i)
dv, Volume of PCM in one element *m
dV; Volume of HTF in one element m
dS Exchange area of one element m?2
A HTF area of contact between two elements m?
D¢ Diameter of HTF area of contact m
dm, Mass of PCM in one element kg
dmy Mass of HTF in one element kg
Power and heat stored

Q Heat gain by HTF kJ

Qp Heat gain by PCM kJ
Weond Heat change rate due to HTF conduction kw
Weonv Heat change rate due to HTF convection kw
W, Power exchanged between HTF and PCM kW
W, Power exchanged between HTF and ambient air kw
Qk stored Total heat stored in HTF kJ

Qp stored Total heat stored in PCM kJ
AQswredini | Total heat stored difference betweeyamd Tyzero kJ
Qstored Total heat stored kJ
Peharge Charge or discharge rate kw

® See Section 5.2.4 for further explanations.
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524 Mesh

The model is based on the mathematical model dpgdlby Wu et al. and describing
a heat storage system with PCM in spherical capg\lai, Fang, & Liu, 2011). The
conservation equation for the heat transfer flaidsiitten as:

oy 0T
fpr-Cpy ot
heat change rate of HTF
02T, aT, S
f f p
— ke — f. Cpru-——+ U, -—-(T. —-T
frkeaa —fprCppruroo vy (T —Tp)
effect of conduction effect of convection energy transfer with PCM
Samb
- Ug - % '(Tf_Tamb)

energy transfer with ambient air

wherex is the location of the flow direction arids time. Each term is described in
the equation.

The conservation equation for the phase-changeriaadepends on its state:

( aT,
(A—=1) pp-Cps T if PCM in solid phase
Sp ox, . .
Uy v (T —T,) =<1 -f)- Pp " hsat "3 if PCM in phase transition
aT,
\(1 —f)pp-Cpy T if PCM in liquid phase

These equations use partial derivatives.

Presetiibre is no simulation support

available in Modelica for solving partial differéatequations (PDES) problems. Only
ordinary differential equations (ODES) can be sdl{ddodelica Association, 2010). It

is however possible to handle PDE models by usifigi@ difference method. This

method transforms a PDE into a system of ODEs inngl only time-dependent

variables and time-derivatives. This is achievedisgretizing variables that depend
on other variables than time (Li, Zheng, & Zhan@0@).

In the latent heat storage mod&,depends on a spatial variable, The domain of
simulation (the tank cylinder) is meshednrelements along the axial flow direction
as shown in Figure 5.2.
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Storage volume = cylinder

Spherical capsules of
phase-change material

Volumeelementi

Figure 5.2  Storage volume meshing

According to the method developed by Li et al., filowing terms are approximated
using a forward-difference formula for the firsder derivative, and a central-
difference formula for the second-order derivative:

OTr\ _ Tria — Trii-uy
ox /. Ax

0°Tr\ _ Trtien = 2Tr1a + Trioyg
0x? ). Ax?

wherei is the element of the mesh= 1, ..., n).

Consequently, several variables listed in Table&a®e to be expressed as vectors
with n elements. These variables afg:x., hy, Tr, G, Qo Weona Weonw W, andW.

5.2.5 Equations

The equations used in the model are listed and ented below. Equations related
to transmitting values to connectors’ variablesratincluded in this part, since they
are not useful for the understanding of the model.
The following equations have the purpose to cateutlae total exchange area of the
PCM nodules, by calculating first the volume andaze of each one.
v o Dpcm3
nod — 6

— . 2
Snod =T Dpcm
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_ %

Nnod -

Vnod
b=0Q-1)V
Vv, -8
Sp _ P nod

Vnod

Another surface required is the exchange area avithient air, which is actually the

surface of the cylindrical tank. It is based on itternal diameteb calculated from
tank volume and tank length.

_T['D2
4

DZ
4

The tank is meshed im elements. Element volumes, surfaces and masses are
calculated below.

A
Samp = T-D-L+2-

L
Ax = —

n

V
av =—

n

Y
de = ;
dVs = f-dV
ds, = AV " Snod

Vnod

dmy, = dV, - pp

A is the area of contact between two elemerdndi+1. It is a virtual area that is
based on the volume taken by the fluid only. Itherefore different from the area

based on the internal diamef@r As a result, a virtual diamet&; corresponding to
the ared is defined.

T Ax _fL_f 4

A
a T

To calculate heat transfer coefficients, dimensssl numbers such as Prandtl,

Nusselt and Reynolds are estimated. Heat trankfel ¥elocity u is required and
based on the ardapreviously obtained.
m
u= L
pr A
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Reynolds and Nusselt numbers are calculated foremtion of HTF on PCM and for
convection of HTF on tank wall. Prandtl number remmahe same for both cases.
Dpemis the characteristic length for PCB is the characteristic length for tank wall.

C .
Pr =—pf s
ke
“u+D
R€p=pf pcm
U
“u+D
Rew=—pf !
U

Nu, = 2.0 + 2.03 - Re,"/? - Pr/3 + 0.049 - Re,, - Pr1/?
0.8

Dy
0.19 - (T ‘Re,, * Pr)

Nu,, = 3.657 + aeT

Dy
1+0.117 - (T ‘Re,, - Pr)
Nu, is based on a correlation developed by Galloway age (Galloway & Sage,
1970) and improved by Beasley and Clark (Beasle&yl&k, 1984)Nu, is based on a
correlation developed by Hausen (average Nussettbeu for laminar flow in a
circular tube with uniform surface temperature) {bken, 1959).

Convective and overall heat transfer coefficierts then be calculated. Since thermal
conductivity of PCM is not considereld, has a simpler expression thidg

kaup
h’fpz D
pcm
ks Nu
hfW:_fD w
f
Up = hgp
U, = v
=
1+hfw_dwall

wall

Each term of the conservation equation for the HpFé€sented in Section 5.2.4 is
represented by a single variable to facilitaterdeding of results and the analysis of
their respective influence.

Qs
W = Weona + Weonw + Wp - W,
9013 0Trpi) .
T_ dmf Cpf T for i€ 1:n

Trrivq1 — 2T + Tryie
Weonaip = A - ky - fl+a] A;;[Zl] M= for i€ 1:m

Ty — Trpie
—dmg - Cpf-u-f[l]A—xf[ll] for i € 1:n, if charge
Weonplil =
ot Tyt — Trpi+a] . .
k_dmf Cps-u- — r for i € 1:n, if discharge
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The difference between charge and discharge fordaheection term is due to the fact
that the flow goes in the opposite direction, frelementi+1 to element.

Wp[i] = Up ' Sp . (Tp[i] - Tf[i]) fori € 1:n

0Qppi)
at
To calculaté\, two constant enthalpies are used to check inlwstate the PCM is:

hsaer, = Cps - (Tsat - Thzero) + gt

hsats = CPs * (Tsat — Thzero)
Using an if-condition\W,, h, andx_ (or T,) are obtained. Since Modelica is acausal, it
is possible to have an if-condition on a varialllattis calculated inside. All the
equations below are applied fo€ 1: n.

Wp[i] = —dmp ' Cps ' (,;;l

=Wy fori€lin

if hp[i] < hgqts § hp[i] = Cps - (Tp[i] - Thzero)

\ XLl = 0

Wp[i] = —dmp ' CpL ' ;;fl

else if hp[i] > hsatL \ hp[i] = CpS ’ (Tsat - Thzero) + hsat + CpL ’ (Tp[i] - Tsat)

VX =1
axL[i]

,
Wp[i] = _dmp “hgat T

elSe< h’p[l] = Cps . (Tsat - ThZeT'O) + hsat ' xL[l]

\ Tp[i] = Tsat

It is possible to consider or neglect the heat lgakugh the wall. This option is
useful if data about insulating are not available.

S amb
n

Several equations contain derivatives. The difféaged variables should then be
initialized at t=0.

Tr(t=0)=T,
T,(t=0)=T,

x(t=0) =xp9 ifTy = Tsqs
{ T,(t=0)=T, else
Qs(t=0)=0

Wa[i] =Ug,"

“(Tfriy — Tamp) for i € Lin
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Qp(t=0) =0

SinceTs contains onlyn elements, the following variables should be replaicethe
above equations far= 1 andi = n:

Tr1o) < Ty
Trn+1) © Tpo
A boundary conditioms necessary fcT;, depending on the storage mc
{ Tera) = Ty if discharge
Tty = Ty, if charge

Finally, the quantity of heat stor by PCM nodules and HTF is calcula, as well as
the charge/dischargate of the stora.

n
Qf,stored = z Qf[i]
i=1

n
Qp,stored = Z Qp[i]
=

i
Qstored = Qf,stored + Qp,stored + AQstored,ini

_ aQsl:ored
P charge — T

The heat store not an absolute val and depends on the temperatfor which one
estimates that the heat stored is z¢Qsioreq,ini IS @ coOrrective factor that add
amount of heat in relatioto this reference temperatut®, is the initial enthalpy o
PCM.

AQstored,ini =f-V- Pr - Cpf ' (TO - quero) + V}) "Pp (ho — hqzero)
h'O = hp[l](t = 0)

Cps - (quero - Thzero) if Tyzero < Tsat

hqzero -
CpS ' (Tsat - Thzero) + hsat + CpL ' (quero - Tsat) else

5.3 Modédica mode

The mathematical model presented in Section 5.2okas translated into Modeli
code. No fluid database is requi to solve the equations. All the wired fluid
properties are entered as parameters. The modepriesented by the icon shown

Figure 5.3.

Figure 5.3 Icon representations of the latent heat stol with a source and a sil
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The LatentHeatStoragenodel has 2 connectors: 1 inlet and 1 outlet far heat
transfer fluid (withP, m, Tsince the HTF is no supposed to change state). As
explained in Section 5.2.3, the inlet and the owt#a invert their role when switching
the storage mode (charge or discharge).

Modelica code of the model is given in Appendix 3.

54 Simulations and results

To illustrate the model, a simulation was done waitlatent heat storage connected to
a source and a sink (see Figure 5.3). In the dasked, the purpose is to charge a
cold storage with an initial temperature of 6°Catdemperature of -6°C. The tank
volume is 2 m. Water-glycol is used as the heat transfer flitsl source is at -6°C
and is infinite. The phase-change material is aaiat mixture developed by Cristopia
called AC.00 (Cristopia, 2008). Losses due to heak through the wall are
considered. The tank is insulated with polyureth&mems. The thermal physical
properties are retrieved from literature (DehonP720(Cristopia, 2008) (Young,
1992).

All the parameters are listed in Table 5.3.

Table 5.3 List of parameters of the latent heatagje test simulation

Parameters | Value | Unit
Storage volume characteristics
% 2| m

L 2.98| m

f 0.45
Ambiance characteristics

Tamb 20| °C

Cwall 0.035| m

Kuwall 0.02| W/(m.K)
Phase-change material properti¢s
Tsat 0]°C

hsat 190.42| kJ/kg
Cps 2.754| kJ/(kg.K)
Cp 4.328| kJ/(kg.K)
Pp 915 | kg/m’®
Dpcm 0.098| m

Heat transfer fluid properties
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Cpx 3.35| kJ/(kg.K)
Pt 1084 | kg/m®
Ks 0.435| W/(m.K)
\% 7.7E-06| m?/s
Source

My 1| kg/s
Tin 6| °C
Simulation conditions

To 6|°C
Taqzero 6|°C

n 30

The simulation duration is set to 15,000 second®({#s and 10 minutes).

The HTF velocityu is estimated to 3.1 mm/s.
The total PCM exchange ar&gis estimated to 67.3 m2.
The overall heat transfer coefficiddg is estimated to 302 W/(mz2.K).

The exchange surface with ambientRjg, is estimated to 10.0 m2,

The overall heat transfer coefficiddy is estimated to 0.55 W/(m2.K).

The evolution of the HTF temperature and the PCpkuakes temperature across the
tank are shown for different axial positions inu#igs 5.4 and 5.5.

HTF temperature [*C]

Figure 5.4
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The HTF is cooled faster at the inlet than at thded, due to the larger temperature
difference between it and PCM capsules. A plateauolserved, due to the
crystallization of PCM at constant temperatureh@ligh the HTF remains liquid).
The plateau temperature increases with the distdaaaeach the PCM phase-change
temperature of 0°C.

LA

6 Inletcapsules T

Outlet capsules

PCM temperature [*C]
[

0.0EQ ZEIEB drEIES . EIE3 BEIE3 1. EIE4 1.2E4 1.4E4
time =]

Figure 5.5 Temperature evolution of the PCM fofedi#nt axial positions
The PCM temperature evolution clearly shows thdopdsr when sensible heat or

latent heat is stored. The delay between phassitiars of each axial position can be
observed: it is due to the HTF velocity and tempeeadifference with PCM.

The evolution of the liquid PCM fraction is shownkigure 5.6.

1.0% oy — ——-—-;:— gy S

A

& Outlet capsules

/
11 AANAS

Inlet l:apsules T

0.0ED P_'EIES 4 0E3 6.0E3 a3.0E3 1.0E4 1.2E4 1.4E4
time Izl

Figure 5.6  Liquid PCM fraction evolution for diffemt axial positions
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Since the tank is well insulated, the final tempa& is very close to the inlet HTF
temperature (approximately -5.97°C). If the HTF mé#ew rate is set to zero, it is
possible to observe the evolution of the tempeeatnside the tank due to heat leak
through the wall. Figure 5.7 shows a test case evtiex HTF flow is stopped for 48
hours after a charge of 4 hours. The average Hifipeeature in the tank increases of
only 0.07°C per hour, considering an ambient amperature of 20°C. Without
insulation, it would raise to 20°C much quickere thtorage tank is made of steel
which has a thermal conductivity range of approxetyal0-60 W/(m.K). This shows
how important insulation is to avoid major heasks

HTF flowis stopped

average HTF temperature [*C]
[ )

0.0ED 2.0E4 4.0E4 6.0E4 3. 0E4 1.0E5 1.2E5 1.4E5 1.6EA 1.8E5
time [s]

Figure 5.7  Average HTF temperature when the flostapped

The total heat stored by the HTF at the end ofctierge is estimated to 10.87 kWh.
The total heat stored by the PCM at the end otttage is estimated to 65.10 kWh.
The tank is fully charged in about 4 hours, stoangtal of 75.97 kWh.

80

704

total heat stored [kWh]
N w sy a1 [o2]
s R R S

=
2

O v T v T v T v T v T T T T T
0.0EO 2.0E3 4.0E3 6.0E3 8.0E3 1.0E4 1.2E4 1.4E4
time [s]

Figure 5.8  Total heat stored in the tank
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6 Refrigerator and cold storage combination

Chapters 4 and 5 introduced two technologies: #fegerator and the latent heat
storage. While the former can be used alone, ttierlaeceds to be connected to a
refrigerator to work. This combination will be dabed in this chapter.

The storage system may be used in parallel orriaseith the refrigerator. Since it is
the most common, the parallel lay-out is the onédamodelled here. It allows the
refrigerator and the storage to operate at the sameeratures. To compare, in a
series lay-out, the refrigerator and the evaporptoduce each a proportion of the
temperature differential required by the distribati

The network can be configured as shown in Figute 6.

Refrigerator

Distributinlf;:

Al |

Figure 6.1  Parallel lay-out of a refrigerator andosage network (Cristopia, 2008)

6.1 Description of the modes of operation

The parallel lay-out offers several modes of openatlepending on the cooling
demand. Each mode is regulated by valves, pumpseamgerature probes, in order to
have a constant distribution temperature. The gefator requires two temperature
regimes: one corresponding to the charge mode &430°C) and the second
corresponding to the discharge mode (e.g. 5/10FQg.discharge regime is often the
one required by the distribution.
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6.1.1 Chargeonly

This is the normal operating mode when no coolsgequired, for instance during
night-time hours. The refrigerator runs to charge $torage. The HTF is cooled to a
temperature below the phase-change temperaturehef RCM, causing the
crystallization of the PCM contained in the noduMhen the minimum temperature
corresponding to the end of the charge is readhedrefrigerator is shut down by a
temperature controller.

The refrigerator is in charge regime.

cH X ﬁi.

Pch

Ev2

Ev3
Figure 6.2  Charge only mode (Cristopia, 2008)

6.1.2 Direct production

When the cooling demand is lower than the instakddgerator capacity, the demand

Is satisfied by the refrigerator alone. This is #@mne operation as a conventional
system without storage. It can also be used whesttirage is empty and the demand
higher than the refrigerator capacity. There islow through the storage.

The refrigerator is in discharge regime.

Ev3
Figure 6.3  Direct production mode (Cristopia, 2008)
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6.1.3 Dischargeonly

This situation occurs when the user wishes to dbuin the refrigerator and use the
storage alone, for instance during peak electricaye periods or for backup
applications. The HTF enters the storage at a teatyre above the phase-change
temperature of the PCM, causing the fusion of t#Pcontained in the nodules,
which cools the leaving HTF.

3WV @

CH

Ev3
Figure 6.4  Discharge only mode (Cristopia, 2008)

6.1.4 Direct production and discharge

This is the most common situation during day-tino@rs. It occurs when the cooling
demand is higher than the refrigerator capacityjrfstance during peak demand. The
refrigerator works at full capacity while the stgegprovides the rest.

The refrigerator is in discharge regime.

Ev3
Figure 6.5 Direct production and discharge modei¢@mpia, 2008)
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6.1.5 Direct production and charge

This is the operating mode when the cooling demarsialler than the refrigerator
capacity, for instance during night-time hours withv demand. The refrigerator
charges the storage and supplies the cooling desiandtaneously.

The refrigerator is in charge regime.

Ev3
Figure 6.6  Direct production and charge mode (Qisa, 2008)

6.2 Regulation
The system is regulated by two variable flow raienps and a three-way valve.

The distribution pump Pd sets the flow rate in fiorc of the demand. When the
refrigerator runs, the fluid is circulated at isnminal flow rate by the charging pump
Pch. In direct production mode, since the demamsatisfied by the refrigerator alone,
the charging pump Pch is configured to circulagegame flow rate as the distribution
pump Pd. Ideally, the refrigerator nominal floweas calculated to avoid direct
production during peak demand (see Section 7.3.2).

The three-way valve 3WV is used to keep the distidm temperature constant by
regulating the two incoming flow rates. It is ddmea temperature probe placed at the
distribution inlet.

When the refrigerator regime is toggled, the evapon temperature is adjusted by
the compressor speed, giving the expected outigtdeature.

The storage flow direction (depending on chargefdisge mode) is set by an on/off
valve.

6.3 Moddica modd

The network presented in this chapter has been lleddeith the components
developed in Chapters 3, 4, and 5. Since no predssses are considered across
them, the necessary pumps are not included andéhstead replaced by flow rate
conditions across the refrigerator and across igtalaltion.
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The return loop set by Ev2 and used by the refaigernn the direct production mode
is not modelled. Consequently, the temperaturenregof the refrigerator should
match the demand input and output temperatures.

The diagram view of the network is shown in Figare.

Iy Y
Tfo Tsi Tdi
- M
c =
L)
[+1] =
= 1; E"_""I Tso
ol W
Tfi = o
S| 2 %\ h- N Tdo
s
h 3 4

Figure 6.7  Diagram view of the refrigerator and istge network model

Three way valves are represented for each intéoseclthough only one of them is
electronically regulated (on the upper right). Aidlcolour symbolizes an inlet and a
red an outlet. A mixed blue/red means that it caneliher an inlet or an outlet,
depending on the flow direction due to the stonagele. A condition sets the pressure
in the network. Three loop breakers are presem,jmeach loop (see Section 3.3).

The distribution model (on the right) includes tfalowing parameters: inlet

temperature, outlet temperature, specific heat agpaf the fluid, and power

demand. The mass flow rate required to fulfil themdnd is deduced using the
following equation:

Pgem =mq " Cp " (Tgo — Taz)
The power demand can be read using a time tabessibed in Section 3.4.2. It is
thus possible to do calculations based on a demanve.

Some variables are declared to facilitate the mgitof the regulation and the
readability of the results. They are listed in Eabl1.

The variablemode lists the different operating modes. A specifipayhas been
created, in the form of an enumeration (a listalties). It can either be equal to:

- ¢ (for “charge only”)

- d (for “discharge only”)

- pc (for “direct production + charge”)

- pd (for “direct production + discharge”)
- p (for “direct production”)
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Table 6.1

List of variables of the refrigerator astbrage network model

Variables | Description Unit
Temperatures

Ts Refrigerator inlet fluid temperature °C
Tto Refrigerator outlet fluid temperature °C
Tsi Storage inlet fluid temperature °C
Tso Storage outlet fluid temperature °C
Tai Distribution inlet fluid temperature °C
Tao Distribution outlet fluid temperature °C
Mass flow rates

My Mass flow rate of the fluid across the refrigerator kg/s

Ms Mass flow rate of the fluid across the storage skg/
My Mass flow rate of the fluid across the distribution kg/s
Mtnom Nominal mass flow rate of the refrigerator kg/s
Power

Pre Power produced by the refrigerator kw
Psto Power charged/discharged by the storage kwW
Pdem Power demand kw

Prom Nominal power production of the refrigerator kw
Other variables

Cp Specific heat capacity of the fluid kJ/(kg.
X1 Valve 1 mass flow fraction Real
X2 Valve 2 mass flow fraction Real
X3 Valve 3 mass flow fraction Real
X4 Valve 4 mass flow fraction Real
charged Indicate if the storage is fully dischargedot Boolean
mode Operating mode of the network Mode

The equations used in the model are listed and canted below.
Preg =mg-Cp - (Tro — Tfi)
Psto = ms - Cp - (Tso — Tsi)
Biom = Menom = C0 * (Tro — Tfi)
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In the model developedrom is declared as a parameter but it can be optimized
according to the demand and the storage capac#yda over-nominal regimes for
the refrigerator.

Valves with 2 inlets and 1 outlet contain the fallng equations:
x Tu+(A=x)Ty=T,
mjp =Xx"m,
mp; =1 —x)-m,
whereil is the first inletj2 the second inlet, amulthe outlet.
Valves with 1 inlet and 2 outlets contain the fallog equations:
T, =T;
Ty, =T;
My =X "My
My, = (l_x)'mi
wherei is the inletol the first inlet, and2 the second outlet.

The mixed valves alternate these equations depgnalinthe storage mode. The
second inlet/outlet is always the one vertical nve tiagram view of Figure 6.7
(connecting valve 1 to valve 3 and valve 2 to valye

The valves are regulated as follows:
x1 = x3
xz = x4

The value of the Boolearhargedis related to the energy stored in the tank:

charged = { true if storage.Qgtorea > 0
false else
Depending on the operating mode, the followingalalgs are assigned:
_( true if mode == c orpc (orp)
storage. charge = {false if mode == d or pd
Menom if mode == ¢ or pc or pd
mge ={ mg if mode ==1p
0 if mode ==d
T = {Tfo,charge if mode == corpc
fo T, if mode == dorpdorp

where Tio charge IS the outlet temperature of the refrigerator dgricharge regime
(declared as a parameter).

The remaining equation selects the current operatinde depending on the power
demandPgemand on the energy left in the storage. For inganc

¢ if Piey <0
p ifO<Pdemspnom

pd if Pyer, > Pyom and charged = true
p if Pjom > Pyom and charged = false

mode =

59



6.4 Simulationsand results

To illustrate the model, a simulation was done witb network presented in Figure
6.7. The heat transfer fluid is water-glycol. Thdrigerator produces cold at 0°C in
charge mode and 6°C in discharge mode. The phasegehmaterial has a fusion
temperature of 3°C. The following parameters wesedu

Menom = 1Kg/s
Tfo,cnarge = 0°C

T4 = 6°C

T4, = 12°C

Cp = 3.35K]/(kg.K)

The parameters of the refrigerator are the saméh@sones listed in Table 4.5
(excluding the “Source and sink” section).

The parameters of the latent heat storage areatne &s the ones listed in Table 5.3
(excluding the “Source” section), except tiigt, = 3°C instead of 0°C and that heat
leak through the wall is neglected (which is a oeable assumption according to
results of Section 5.4).

The power demand is read from a time table reptegea daily cold consumption.
This daily demand is represented in Figure 6.8.

40

35

30

25

20

15

povverdemand [KUW)

10

o1 2 3 4 5 6 7 & 9 1011 1213 14 15 16 17 18 19 20 21 27 23 24

time [hours]

Figure 6.8 Daily cooling demand of the test simolat

The nominal power production of the refrigerato2&1 kW, which corresponds to
the cooling demand between 8:00 and 10:00. Theatipgrmode selection is done
according to the example given at the end of Secl@. If there is no cooling
demand, the mode is set to “charge only”. If thended is lower than the nominal
power of the refrigerator or if the storage is emphe mode is set to “direct
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production”. If the demand is higher than the naahipower of the refrigerator ar
there is energy left in the storage, the modet to “direct production + dischargt

The simulation duration is set to 86,400 secondsh(@rs)

The initial temperature of storage is set to !

The evolutions of the power demand, the power efrdfrigerator and the power
the storage are shownkiigure 6.€ The operating modes are indicated in pu

45 —— Pdem - power demand Pref - refrigerator power Psto - storage power

40
35 \
30+ \

25+ \!

520+
3
a15-

10+ _
5_ \\ \\

0: C 8 p |10: ,Od 16:30( D |18: C 24:

-5 I | ] I | ! I | I
OEO 1 II-Z4 2Ié4 3é4 4é4 5é4 6!|E4 7IIE4 8I]E4 9E4
time [s]

Figure 6.9 Powers evolutio of the different components

Between 0:00 and 8:0@he storage is charged by the refrigerator wthikre is nc
cooling demand. Betweer:00 and 10:00, the demandsgatisfied by the refrigeratt
alone. Then, the demand is higher than the nonpioakr: the storage is discharg
When the storage becomes en around 16:30the refrigerator has to take care of
peak demand by increasing its power, until the demeturns to zero. Finally, tt
storage is charged again by the refriger The initial peak power at :00 is due to
the large temperature difference between the efiigr oulet (0°C) and illet (12°C).

The storage power can be compared to the tote stored in the tank shown
Figure 6.10.

0l c 8 p [10:  pd 1630 p |18 c 24:

T T T T T T T T T
OEO 1E4 2E4 3E4 4E4 5E4 6E4 7E4 8E4 9E4
time [s]

Figure 6.10 Total heat stored in the ta
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The temperatures of the refrigerator and storalgésiand outlets are shown in Figt

6.11.The temperatures of the dibution inlet and outlet remain constani6°C and
12°C respectively.

(3)1 —— Tfi - refrigerator inlet temperature ——— Tfo - refrigerator outlet temperature

—_
I\JJ-b

temperature [°C_1
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N
L

L0 c 8 p |10 pd 1630 p |18: c 24:

T T T T T T T T T
OEO 1E4 2E4 3E4 4E4 5E4 6E4 7E4 8E4 9E4
time [s]

(b) P — Tsi - storage inlet temperature ——— Tso - storage outlet temperature
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Figure 6.11 Temperatures of (a) the refrigerator and (b) therage

The mass flow ratesf the heat transfer fluid across the different pomentsare
shown in Figure 6.12They are very close to the evolution of their resppe power

(see Figure 6.9During charge mode, the mass flows remain constarine powe
decreases.
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Figure 6.12 Mass flow rates across the different compor
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Other test simulations have been run with alteveatcooling demands and
regulations. It has been observed that the Modé&ligaola environment does not
handle very well discontinuities in temperatured arass flow rates that occur when
the operating mode changes. Depending on how thigeeator regimes and the
regulation are set, the simulation may terminatematurely. This needs further
investigation related to the Modelica languagdfitse
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7 Discussion

This chapter outlines aspects of the thesis thatl e be justified or discussed,
highlights the possibilities offered by the develdp models and lists some
improvements that can be done in the future.

7.1 Commentson hypotheses

7.1.1 Compressor efficiencies

In the compressor model, efficiencies are assurodoketconstant. However, a real
compressor has efficiencies that may vary withratsitional speed or the pressure
ratio (between condensation pressure and evaporptessure). According to Kinab

et al., the isentropic efficiency is correlatedaagolynomial function of the pressure
ratio of this form:

nis=A+B-mw+C-n?

where A, B and C are regression coefficients chiaramg the compressor model and
obtained from experimental results (Kinab, Marciitojiere, & Zoughaib, 2010). For

the model developed, it has been decided not ttudeca variable isentropic

efficiency (since the condensation pressure igdifiga Indeed, it is rare in industries
to have data such as the regression coefficiertitasne.

A lower isentropic efficiency increases the outigtecific enthalpy and thus the
mechanical power required. In the condenser, mlt®sn a larger desuperheating
temperature difference. The mechanical efficiendy affects the mechanical power.

7.1.2 AT i position

In the condenser and evaporator models,, is defined by the user. Its position in
the T-Q diagram doesn’t have to be mentioned anautematically calculated in
order to respect this minimum temperature diffeeecmnstraint across the exchanger.

In the condenser model, there are two positionsiples betweenT;, and T, or
betweenTcong and Teg. A third position, betweefMy and Teo, could also have been
included but this situation is very unlikely to Ipgm (for instance, if the mass flow
rate of air is very low compared to the mass flate rof refrigerant). If it happens, the
design of the refrigerator is probably bad andG&¥ very low.

In the evaporator model, the two possible positiares considered: betwedi, and
Tevap or Te| andeo

7.1.3 Constant fluid properties

In the latent heat storage model, HTF properties amsumed to be constant. It is
however not true in most cases where they vary teitfiperature (and pressure but in
our model pressure remains constant). For wateenkatic viscosity is doubled
between 30°C and 0°C while specific heat capacitycan be considered constant for
the same temperature range. For water-glycol, @pveay a lot: about 10% for a
temperature range of 50°C. Consequently, it woelgteferable to use variable fluid
properties in order to increase the model accurélig implies the development of a
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library of fluid properties since wa-glycol is not included in RefPr. It was
however beyondthe scope ofthis thesis These properties were thus assul
constant, which is a reasonable assumption forlgeraperaturevariations (less tha
12°C for test cases of Sections 5.4 and.

7.1.4 PCM conductivity

Effects of conduction inside the PCM sphere ardentgr in the latent heat storay
model.To consider them, the overall heat transfer coefficU, has to be reviseby
including the thermal insulance of the PCM spll, and the internal radius of so
PCMr; definedas follows

=1 +}fl¢fp 1
fr 'p

Ip _ Toem . Toem — T
ke Ty

rsg =Xy rpcmg
The above equations still neglect the nodule’s ke

During charge mode, the crystallization begins o inner surface of the envelo
and then the solid grows concentrically towards ¢hatre. Cosequently,rs varies
during all the crystallization/fusion process, bhewn in Figure 7.:

/)

Figure 7.1 Crystallization inside a spherical PCM nod

This part was difficult to implement becauvof the complex nature of physics ir
PCM sphere. Therare many other equations required in order to geaccurate
model of what happens in a PCM sphere during dtiggton/fusior (Bedecarrats,
Castaingkasvignottes, Strub, & Dumas, 20. Moreover, the thermal insulan

calcdated above becomes problematic w -0 (100% solid sphere

Consequentlyall the events occurrit in a PCM sphere werggnored It would

require muchurther work to correctly take accol of them which was beyond tr
scope of this thesis.
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7.2 Perspectivesregarding the developed models

The models developed during the thesis have besigraal to simulate dynamically a
refrigerator and a latent heat storage, indiviguatlin parallel.

They can be used to reproduce an existing netwodkcampare theory and reality.
This could help in detecting possible leaks if difeerence in the results is significant.

By changing component parameters, it is possibldaca sensitivity analysis and
determine the effects of such changes. This cahttealeas for future improvements.
In the case of a varying cold production, changethé daily demand could affect the
global network, implying the necessity to reconsidiee refrigerator or storage
capacity. The models can be used to deal withkihi of issues.

If improvements or changes on the current netwogkpdanned, it is possible to assess
the performance of such changes before they ardemgmted. Similarly, the
behaviour of a whole new network can be testeddasea preliminary design, in
order to see what kind of results is expected.

7.3 Improvementsand further work

In this section, some ideas of improvement for deegeloped models are presented.
The list is not exhaustive and the possibilitiefei@dd by the Modelica language
should allow much more in the future.

7.3.1 Systemsdesign

The models can be used for a design purpose. Dysaitdas the user to free a
parameter and instead fix a variable, invertingrthele (the parameter becomes a
variable and the variable becomes a parametery ftmiction works fine in the
refrigerator model. For instance, it is possibldixothe COP and free the condenser
external fluid mass flow ratee,. The simulation will thus calculate the exterdald
mass flow rate required to reach the intended COP.

However for the latent heat storage model, thisoopts somehow limited due to the
time dependency of variables. For instance, fixhmgcharge ratBeharge and releasing
the tank volumé/ will result in an error (the model can’t be iniizzzd). One way to
get around this problem is to create a new varidbég estimates the maximum
amount of heat stored when fully charged:

Qstored,max =f-V-: Pr - Cpf ' (Tfi - quero)
-H/;) "Pp (Cps - (Tfi - Tsat) — hgar — Cpy, - (quero — Tsqr))

where Ty is the constant HTF temperature entering the géordhis equation only
applies for a tank in charge mode with neglecteat leak through the wall and with a
uniform initial temperature. When the tank is futljarged { - ), Qstoreq Should be
equal t0Qstored,max If Qstored maxiS fixed andV is released, the model works fine and
calculates the volume required to store the intdradeount of heat.

Overall, designing equipment with the developed et®dvorks but may require
further improvements to be completely functional.
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7.3.2 Optimization of operating modes for a cold production

A better understanding of the problem discussed&loould result in an interesting
improvement for the refrigerator and storage netwwesented in Chapter 6. Indeed,
the developed models could be used to optimizedifierent operating modes and
provide the most efficient way to satisfy a varyidgmand. This needs a more
detailed regulation than the one described by tuatons of Chapter 6.

During direct production, the refrigerator massMlate is adjusted to match the one
required by the distribution. It is better thatstimass flow rate does not go too much
above the nominal flow rate, otherwise the COP smwerely decrease: this is what
happens in the test case of Section 6.4 (see red ouFigure 6.9), when the storage
is totally discharged. The refrigerator nominalifleate could be calculated according
to the demand and the storage capacity, in ordavaa direct production with a flow
rate above nominal. Consequently, the heat disedalyy the tank is well shared
during the day (like in Figure 5.1).

Another possible regulation is to stop the refrager when the temperature difference
between inlet and outlet is below a certain lirfor, instance 2°C. This will ensure
that the refrigerant mass flow rate does not dropvalues close to zero (like
10° kg/s), which are unrealistic.

7.3.3 Compressor working limits

In the current model, the compressor doesn’t hawerking range. It can operate at
any flow rate. This is not true in reality. A corepsor is often designed to have a
minimum and a maximum load, considering a variabtgor-speed. Consequently,
these minimum and maximum loads should be includélde model as parameters, in
the form of rotational speeds or compressor powafsen above or below these
limits, the program should either display an emoessage or decide to stop the
compressor.

In order to simplify the configuration of the comder and evaporator modeilin

iIs set constant during the calculations. This awvoging into geometry details.
However, when the temperatures leaving or entetiveg exchangers vary (like in
Chapter 6), this assumption is not true anymoreat¢hould remain constant is the
UA-value (the overall heat transfer coefficient ésn the exchange surface).
Consequently, the refrigerator model’'s accuracy ¢ greatly improved by
calculating the UA-value for standard conditionsid ahen using this value for
dynamic simulations.

The UA-value can be obtained from this equation:
Qny = UA-LMTD

with LMTD the log mean temperature difference. Boe evaporator, assuming no
superheating, its expression is:

(Teo - Tfi) - (Tei - Tfo)

Too — Ty;
ln( eo fl)
Tei - Tfo

LMTD =
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7.3.5 Temperatureinertia

In the refrigerator and storage network, the switgtween charge and discharge
regime causes discontinuities in temperatures,has/is in Figure 6.11. In reality,
when a valve opens or closes, there is inertiarbdfe new temperature is reached. A
ramp could be generated to avoid these disconisudnd give a more accurate
result. Additionally, the refrigerator model coulttlude temperature-time integrals to
make the system even more dynamic.
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8 Conclusion

This thesis has demonstrated the potential offéredhe Modelica language for
developing models of industrial energy technologies order to make dynamic
simulations. Based on equations instead of assighregtements, its acausality
simplifies the programming and extends the waysodehcan be used. Combined to
the Dymola environment, the user can easily creseemble and configure models
thanks to an advanced graphical user interface.

The models developed during this thesis were dedign take advantage of these
benefits. They gather technologies related to potdiuction and storage: refrigerator,
combined refrigerator/heat pump, and latent heatge. Each of them can be used
individually or in parallel with other systems. §aarantee their compatibility in any

case, some additional components such as loopdnealere developed.

Beyond the physical study of the technologies, ra gfathe thesis was focused on the
development of a library of refrigerant properti€n one hand, using the RefProp
database offers an extensive amount of fluids blunits future distribution of the
models. On the other hand, using polynomial fumgigives fast but less accurate
results, while requiring much more work to be exdtae. Both solutions have their
qualities and will probably need improvements ie thture.

If they are in some way limited by the hypothesslseh, the models give results
which are very close to what is expected in realftle values calculated by the
refrigerator model differ from experimental valugsonly a few percents, delivering
a reasonable accuracy. The latent heat storagedtidseen tested experimentally but
the results obtained concur with the literaturerfrawhere the mathematical model is
extracted.

One way to combine the models developed is to ceaca network with a
refrigerator and a latent heat storage, which iBisties cold according to a varying
demand and regulation equations. This rather comrgdeembling seems to work fine
when the regulation is carefully defined, althougls not flawless in some cases.
Such modelling offers great possibilities for reguoing the behaviour of different
operating modes and how they switch accordingeéatoling demand.

Applications for the developed models are numeramsl range from simple

comparisons of theory and reality to sensitivityalgeis on parameters and
performance assessments of future systems or ireprents. Additionally, the

models can be used to design systems by permutuagiable and a parameter. For
instance, it is possible to optimize the COP oéfaigerator or calculate the required
volume storage for a specific demand.

To conclude, the models developed during the the$iers a wide range of

parameters and applications that can be of grdat foe industries which want to

study and improve the efficiency of their systeffise results obtained give in most
cases a good accuracy, although there is still rtmmimprovement. This is all the

more true as the Modelica language will continuevtolve in the future.
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Appendix 1. General models

Some general models used for the rest of the trasispresented here. Annotations
graphical elements have been removed for clarity.

Connector

for

connector FluidinletT "Fluid inlet connector with tenperature"
Model i ca. Slunits. Pressure P(start=1e5) "Pressure of the fluid";
Model i ca. Sl units. MassFl owRate n(start=100) "Mass flow rate of the fluid";
Model i ca. Slunits. Tenperature T(start=273.15) "Tenperature of the fluid";
i nput Bool ean a=true
"Pseudo-variable for the verification of the connection orientation";
out put Bool ean b
"Pseudo-variable for the verification of the connection orientation";
end FluidlinletT;

Source

nodel SourceT
"Source with fixed pressure, nass flow rate and/or tenperature"”

paraneter String fixed="P, m T" "Fixed input paraneters”
annot ati on(Di al og(group="Settings"), choices(
choi ce="free" "free - Nothing is fixed",
choice="P" "P - Pressure is fixed",
choice="m' "m- Mass flowrate is fixed",
choice="T" "T - Tenperature is fixed",
choice="P, m' "P, m- Pressure and nass flow rate are fixed",
choice="P, T" "P, T - Pressure and tenperature are fixed",
choice="m T" "m T - Mass flow rate and tenperature are fixed",
choice="P, m T"
"P, m T - Pressure, mass flow rate and tenperature are fixed"));

paraneter Mddelica. Slunits. Pressure P=1e5 "Pressure"
annot ati on(Di al og(group="Input paranmeters val ues", enable=(Mdelica.Uilities.Stri
ngs. find(fixed,"P")<>0)));

paranet er Modelica. Slunits. MassFl owRate m=100 "Mass fl ow rate"
annot ati on(Di al og(group="1nput paranmeters val ues", enable=(Mdelica. Uilities.Stri
ngs. find(fixed,"ni')<>0)));

paraneter Moddelica. Slunits. Tenperature T=273. 15 "Tenper at ure”
annot ati on(Di al og(group="Input parameters val ues", enable=(Mdelica. Uilities.Stri
ngs. find(fixed,"T")<>0)));

Connectors. FluidQutletT fo;

equation

if Modelica. Uilities.Strings.find(fixed,"P")<>0 then
fo. P=P;

end if;

if Modelica. Uilities.Strings.find(fixed,"n')<>0 then
fo. mFm

end if;

if Modelica. Uilities.Strings.find(fixed,"T")<>0 then
fo. T=T;

end if;

end SourceT,
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L oop breaker

nodel LoopBreaker "Break an overconstrained connection | oop"

paraneter String Break="P, ni' "Variables to break in connections"
annot ati on(Di al og(group="Settings"), choices(
choi ce="free" "free - Nothing is broken",
choi ce="P" "P - Pressure is broken",
choice="m' "m- Mass flowrate is broken",
choice="T" "T - Tenperature is broken",
choice="P, m "P, m- Pressure and nass flow rate are broken",
choice="P, T" "P, T - Pressure and tenperature are broken",
choice="m T "m T - Mass flow rate and tenperature are broken",
choice="P, m T"
"P, m T - Pressure, mass flow rate and tenperature are broken"));

FluidinletT fi;
Fl uidQutl etT fo;

equation

if Modelica. Uilities.Strings.find(Break,"P"')==0 then
fi.P=fo.P;

end if;

if Modelica.Uilities.Strings.find(Break,"n')==0 then
fi.mfo.m

end if;

if Modelica. Uilities.Strings.find(Break,"T")==0 then
fi.T=fo.T;

end if;

end LoopBreaker;

Valvewith 2 inletsand 1 outlet

nodel Val ve2l 10
Real x(start=0.5) "Mass flow fraction";

Connectors. FluidlinletT fil;
Connectors. FluidlinletT fi2;
Connectors. FluidQutletT fo;

equation

/* Pressure */

fil P=fo.P;

fi2. P=fo.P;

/* Tenperature */

x*fil. T+(1-x)*fi2. T=fo. T,
/* Mass flow rate */

fil mrx*fo.m
fi2.me(1-x)*fo. m

end Val ve2l 1G,
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Appendix 2. Refrigerator M odelica models

Compr essor
Confidential and property of EDF R&D.

Condenser
Confidential and property of EDF R&D.

Evaporator
Confidential and property of EDF R&D.

Expansion valve
Confidential and property of EDF R&D.

Refrigerator
Confidential and property of EDF R&D.

Combined refrigerator/heat pump
Confidential and property of EDF R&D.

75



Appendix 3. Storage M odelica models

Confidential and property of EDF R&D.
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