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Abstract

On the basis of thenergy system installed #ihe University College of BergeHdgskolen i
Bergen the general fundamental®f thermal energy storaggTES)are presented.In
particular, te advantages ofTESthat consist of phase change materials (PCaf¢

discussed.

Building climatecontrol systens are facing dynamiboundary conditiondike a changing
ambient temperature or varyingoolingloadsinsidethe building TEScan be implemered
in the systems to correct the gap between supply and demand tandmprove the
performance and reliability of the thermal syste®urplus energgould be saved and re
used in case of heating or cooling shortage€M are apromising type ofan efficien TES
During a constantemperature processa high amount of latent heat of fusion can be
released or absorbed

Based on these conditions,dynamicmodel for aPCM energystorage is deeloped The
utilized equations andlerived relationsare illustrated,followed by an explarteon of the
required input data.The TESmodel was written in objeebriented Modelica code. The
model was implemented into an existing model libraryd validatedwith different sets of

measurement data frm both the plant in Bergeand thePCMmanufacturer

The performance of th@ ESf the UniversityCollegein Bergen was examined and assessed
in comparison to provided manufacturer's performance dskeeets andoreliminarydesign

calculationsThereport ends with a conclusion aratoposals for further work.
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1 Introduction

Buildings account for 37 % of the energy use in the Ete#Rombard2008). In order to
reduce the energy demand and the climate gas emissions, the energy efficiency in buildings
has to be improved. In neresidential buildings, such as officesdaeducational buildings,
substntial amounts of waste heat are oftexvailabé due to the high cooling demand. Thus,
energy systems for such buildings should be designed to avoid heat disposal. This has been
the design principle for the energgystemat the University Collegéen Bergen (Dar 2014).

The system employs different types thermal energy storage(TES)X energy wells and

phase change materials (PEM to transfer and to store surplus heat to utilize it upon

demand. This report focuses on modelling and analysis of the PCM storage system.

Models of storage systems and simulations of their performance are required to be able to
make assumptions and predictions on the design, dimensioning and layout of storage units.
Real world test rigs can be cost intensive and especially time intensiee, thie storage of
thermal energy is connected to rather slow and inert proces®¥ésh the help of a model

the dynamic behaviour of the system can be examined for several boundary conditions.

Chapter 2 provides detailethformation about the TESthat is utilized at the University

Collegein Bergen The motivation of using PCM as a T&@scussed.

After the basics about the implementation ®@ESare given, chapter 3 presents a derivation
of a model for a PCM thermal energy storage. The required infoomatbout the utilized

equations and the needed input parameters are explained.

Chapter 4 includes the validation results of the modellB8S For this sake real world
measurement data is used, taken from theonstruction in Bergen and the PCM
manufacturer.Additionally the performance of the installed PCBtorage system in Bergen
is evaluated and comparisons to the assumptions that were appli¢deatiesign phasare

made. In particular crging and dischangg dynamics of the PCM storage aeamined.

The last chapter summarizes the conclusions that wdrawn from the analysis The
presentedresults increasethe understanding of the PCBtorage andshouldprovide a base
for improved implementation of such storage in future systemdrinally,deficits of the

current model are presented andtawvities for further workare proposed.
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2 Basics

2.1 ThermalEnergy Storage

Anenergy storagerovides the ability tacapture energy produced a point oftime for later
utilization. Eergy is available in different formssuch as thermalchemical, electrical
potential and kinetic The energy storageoften involves converting energy from forms that
are difficult to store to more conveniently storable fornfSgure 1 presentshe different

types for energy storages.

Energy Storage
Thermal Chemical
Heat Pump
Heat of Reaction
Sensible Heat Latent Heat Thermal Chemical Pipe Line
Liquids Solids Solid-Liquid Liquid-Gaseous Solid-Solid

Figure 1 ¢ Types of aergystorage(Sharma 2007, modified)

Thermal energystorage (TEShas been recognizedas one of the most efficient waysto
enhancethe energy efficiencyand sustainabilityof heating and cooling systenfsiu 2016)
Storing high or low temperature energy for a later use can bridge the time gap between
energy availability and energy use. That wag tise of TESin building applicationscan
improvethe indoor thermal comfort, reduce machinery size, decreas@ning cost, improve

the system reliabilityand therefore enhancethe total energyefficiency.

Thermal energyan be stored in PCMs Due to their high latent heat during phase change
processes large amounts of energy can beestoin relatively small vames. The stored
energy can be retrieved when the process is reversed. Figilhestratesthat heatingand
coolingthe material occurswithout a temperature changeduring the actual phase change.
Therefore an energy flow to the PCM can be provided eveonly small temperature

differences between the PCM and the heat transfer fluid are available.
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temperature

A
< heating > < cooling >

’

subcooling

[
»

time

Figure2 ¢ Schematicycle formelting andfreezing of &2CM Kehling 2003

A subcooling effect results from nucleation processesing the beginning of the PCM
freezing. It is dependent on the type of the PCM, justhaspiarticularfreezing and melting
temperature. The choice of a prop@CMwith a suitable freezing/melting temperature is

dependent orthe overall cooling systerand can be customized f@ny application.

The following section gives a smallerview of the energy system #te University College
in Bergen.Furthermore he procedure for implementing a PCM thermal energy storage

system in the energy systewill be discussed

2.2 PCMThermal Energy Storagé University College Bergen
Thissectiongives a brief explanation on how to implemenT&Snto an energy system. For
this sake theenergy systenof the UniversityCollegeof Bergenwill be displayed, which

featuresfour PCM cold storage tanksee figure 3)n itschilledwater distribution loop

\

Figure3 ¢ PCM old storagetanks ofUniversityCollegeBergen (Dar2014)
10
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These tanks are filled with small containers that contain PCM. The salt hydrate in these
containershas a phase change temperature of X0(PCM Products Ltd. 201)/ater flows

through the tanksand through the small flow passage betweabe stacked PCMontainers.

The educational building of theUniversity Collegeof Bergenhas a total area obver
50,0004 6 and was projected fo an annual heating demand o6@0 0 ®w™Qand a cooling
demand of D60 0 W'Q Its peak heating and cooling loads ar@3@ Qwand 300 Qa
respectively (Dar 2014). The installed cooling capacity is higher than the heating demand,
due to the high amount of excess heat during summer months due to solar radiation and

high internal loads from students, computers, servers, IT roa@tts

To maintain the thermal comfort othe building on an appropriate level the room
temperature needs to stay at minimum I8 (Uno 2007) despite a fluctuating ambient
temperature and varying internal loads. An implemenfdgShas a compensating eftt that
enables the system to react to transient peak ambient temperatures without increasing the
power consumption of the heat pump system. Figdiilustrates the potential of decreasing
the machinery size of the cooling system after an implementadion thermal storagat the

energysystem of he University College in Bergen.

Max. cooling demand approx. 3 MW

3.0
SWECO&
< 25
<
2 50 PCM storage ( approx. 1600 kW)
- 2
: -
©
uE, 1.5 :
T : r ] —l > [
£ 19 Liquid chillers .
©° (approx. 1400 kW)
=] 0.51
o 0
OT’T‘?TT‘?T?T°fﬂ?3“ﬁ9'ﬁ??ﬁﬁﬂ$?
Charging of PCM storage (01-09) Charging of PCM storage (21-00)

Figure4 ¢ Coolingdemand over thedaytime atUniversityCollegeBergen(Sweco 2014modified
The utilized liquid chillers are providing an averaged capacity of only Tdd®ver the
whole daytime, although the peak load of the cooling demand is 3D@0Furthermore, the
cooling demand during the nighime is drastically reduced. Thus, a thexinstorage unit can
utilize thisdiscrepancyand save the cooling capacity at night to release it on demand during

11
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the day. Thus, there is nwecessityto design the liquid chillers to cover the peak load, which

leads to smaller machinery size and thusdowperating costs.

To optimizeinvestmentcosts and to minimize operational costéietheating and cooling
production system combines an ammonia heat pump/chiller installation thighmal energy
storages: groundsourceTESor seasonal energy storaged fourPCMaccumulation tanks
to provide peak load cowlg and backup cooling capaciiar 2014)Thus, the PCManks
are usedas daily energy storagd simplified scheme of the integrated thermal energy

system can be seen figureb.

pq Closed in cooling mode
District "%' Space heating B4 Open in cooling mode
heating —
A
r Heat pump/ w
)\

S
chiller >
-

PCM-storage ]
Ground-

[ source

thermal
Space

. energy
cooling storage

—

| A
I
Adiabatic cooling

Figureb ¢ Simplifiedscheme of theenergy gstemat University College Bergébar 2014)

Qutdoor

Thereport focuseson the peformance evaluation of the PCM caodtbrageand the chilled
water distribution loop. Terefore only the coolingerformance of the energy system will be
evaluated leaving aside the heating systerthe adiabatic cooling system and the ground

sourceTESA simplified scheme of thevaluatedsubsystem is shown iingure 6.

Building
Space Cooling

Figure6 ¢ Simplifed scheme of thechilled water distribution loop (Dar 2014modified)
12
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ThePCMcold storagetanksare positionedn the chilled water distribution loop. Four tanks

with atotal volume of 2284 (single tank volume 5@ ) and a total storage capacity of
11,240 Qa3Q (single tank capacity 281Md) are implemented in the energy system
rendering he PCMstorage system he largest of its kind in Européfhe PCM storage
enableda ~50 % reduction irthe installed chiller cooling capacityesulting in reducd

operational costs for the energy systa. Furthermore, an investment cost reduction was
obtained, mainly due to the redudion in the instaled chiller cooling capacity and the

number of boreholeslar 2014).

Figure 7 shows a detailed system scheme for the chilled water loop, implementing the PCM

storage tanks intdhe energy system of thelniversity Collegan Bergen

17°C

'LRTO1 i
OEO1] To building

. ‘space cooling
T <
7..13°C

s
s 03
.snbﬁ? SN0 -sMoR
-\|,7"(t G |

(controlled ice-water supply

C;.
)
|~ Ytemperature)

ATt
“Roz

Heat exchangers

== Charging = freezin
Towards HP/chiller/borehole park circuit gng 8

Discharging = melting

4 x 2800 kWh
| FLENSET RERSTYKKE T = 10 DC

melt

Figure7 ¢ Detailedsystemscheme of thechilled water distribution loop at University College BergébDar
2014)

The model derived in chapter 3 will simply consist of the PCM tank and inlet and outle
boundaries for the watergrange rectanglen figure 3. The blue and yellow dashed lines in
figure 7 mark the flow directions for water, corresponding to different operation modes for
the PCM storage tankswWhen the PCM tanks are not use, theequivalentbypass valves
are closed and no mass flow occurs at #rergy meterOE03.The purpose oftie chilled

water loop is to provide water for space cooling at a supply temperatureq13J0 at an

13
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inlet/return temperature of approximately 130. In case the PCM tanks are used, two

different operation modes can be distinguished:

The mass flow dition marked with blue in figure 7 represents the operation mode of
charging or freezing of the PCM. In this mode, the bypass valves allow a mass flow of chilled
water into the PCM tanks. The mass flow is supplied from the supply/inlet side of the space
cooling unit, resulting in a reduced cooling capacity that can be provided to the building. The
charging operation mode will be usually initiated if the inlet water temperature (sensor
RT02) reaches a very low level of J0 or if the cooling demand of thbuilding is generally

on a redwced level, for example at nighitme operation.

The mass flow direction marked with yellow in figure 7 displays the operation mode of

discharging or melting the PCM. In this case the PCM storages are fed by heated water from

the space cooling return/outlet side, for example in case of return water temperatures of
17 JO (sensor RTO1). Without the cooling effect of a discharging PCM storage, the

overheated water would result in an increased power demand in the heat pumigichiit.

Hence, with a proper application of the charging and discharging ability of the PCM storage
tanks, surplus cooling capacity can be used (in the form of freezing the PCM) to compensate
peak cooling demands (in the form of melting the PCM), leathngn increasedverall

efficiency of the cooling system.

Precise knowledge about the dynamic charging and discharging behaviour of the PCM
storage is fundamental for designing amlimensioninga storage system. Models and
simulations can provide new imimation and understanding about the storage performance.

Consequently, the next chapter discusses an approach for modelling a PCM thermal storage.

14
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3 TheHeat Exchanger Model faPCM ThermaGtorage

In this chapter the general approach for modellinB@GMthermal energy storage system will
be discussed.The PCM storage model hdmen implementedusing already existing
Modelica libraresfor thermal fluid systems'TIL is a nodel library for thermal components
and systemswhile"TIL Medi& contains a model library includirtgermophysical properties
for the utilized fluidgFrohbdse 2015)These libraries were provided by TTikermo GmbH

a German company faimulation tecmology and software development.

The aim with the Modelica odelis to be able tonvestigae the charging and discharging
dynamicsand hence to increase the understandiofthe PCMstorage Thatway the model
could provide aest practice data Beet and a base for a more optimamplementation of

future systems

3.1 Derivdion

The first challenge in modelling a TES consisting of PCM is to find suitable equations and
relations to express the real world behaviour of the storage. Since a thermal storage is
basically just exchanging heat with the chilled water distributmop, a suitable approach

for a model is to use a simple heat exchan@dX)model and modify and extend it to
represent a PCM cold storage. A derivation for this modification and extension will be given
in this section.

The utilized PCM storage tank fraifme University College of Bergen is filled with smaller
PCM containers that are stacked inside the tank, as shovigune 8 (a). The water flows in
between these containers. Figure 8 (b) shows a typical heat transfer model, which served as

ageneralstarting point for the present PCM storage model.

nSerialTubes = 3
nParallelTubes = 4

| ()

Figure8 ¢ Derivation ¢ the model: PCMeontainers in a PCMoragetank @) (Dar 2014)typicalheat
exchangerused formost HXmodels ) (TIL Library)
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The actual PCM storage is cylindrical. However, for simplification, a rectangular model was
applied. Figure 9 illustrates the steps of transforming the stacked PCM containers in a

cylindrical tank to a setup that resembles an ordinary rectangdMstructure.

(a) (b) (c) (d)

(Assumption) (A = const)

Figure9 ¢ Derivation of themodel: Transformingstacked PCMantainers to arectangularflow channel
structure (PCM Productktd. 2011, modified)

After the PCM containers are stacked in a compact way inside the tank, asexgmal
area as shown in figure 9b is formed. Figure 9c assumes that the walls beieidual
containers that are arranged side by side can be neglected. Hence, the fprees of the
ordinary HXmodel from figure 8b are now the gaps between the containers, resulting in
very wide, flat and narrow water flow channels. Fipdigure 9 is derived by transforming
the formerly round shape of the tank into a squangeavhile the crosssectional areaf the
tankis kept constant. A square cressctional flow area will be easier to manage in regard

to mass flow and heat transfer calculations.

2

nSerialTubes = 3
nParallelTubes = 4 ~ . T

(a) S - (@)

Figurel0¢ Derivation of the mdel: Newflow channelstructure resembes nitial heat exchanger
Figure 10sunmarizesthe geometricderivation of the model. The newly derivétkKmodel in
figure 1M resemblesanordinaryHXmodel To apply an existingiXmodel for the PCM tank,

the followingassumptions neetb be made:

- Hat rectangular flow ducts are used within thEXinstead of ordinary round pipes

- The walls of the flow channghrethe walls of the PCM containgr
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- A mass flow is only existenh the water sideThe PCM side of theXis a closed
sydem with a constant mass of PCM

- The mass flow of watesccursin one direction There is no occurrence of backflow or
recircdation flow within the PCM tank

- Noadditional geometries like fingre used in the PCM heat exchanglhe heat
transfer occuronly between the boundaries of "water to container wadihd

"container wall to PCM

The following section provides further information about the composition and

parametrization of the modifieéHXmodel.

3.2 General Layout
This chapter gives a detaild overview of the model's generastructure and its
parametrization. The layout of thelXmodel will be illustrated and exemplary estimations

for the input parameters are givekigure 11 shows the setup of the model.

SIM

<l

nFlowChannels

sleLiquidHX hxGeometry. P—

Qdot_singleSLE_A@oLSLE W

sieLiquidHX R _@—>

T_PCM_Out_degC

sleLiquidHX summary T_ P—

mass_PCM_kg

sleLiqudHX summaryma P—

mass_liq_kg

sleLiquidHX summaryma P—

ratio_mass_PCMWater

integrator_deltaT_error

O,[®

integrator_Qdot_section

/

Figurell ¢ Interface of the PCMeat exchangemodel (Simulatiorenvironment: Dymola

'm_flow_storage"
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The setupconsistdbasicallyof three main parts:

In the upper right corner is the Siblock. It provides the required material data and
properties of the liquid (water), the ®M Egalt hydrate, type S10, manufacturer PCM
ProductsLtd) and the container's wall {gh-density polyethyleneHDPE).

On the left hand side in figure 11 are the file reader blocks, which provides the measurement
data for the simulation. More informatio about the utilized measurement data is given in

chapter 4.

The measurement data is used as an input for the actual PCM heat exchlidagerin the
middle of figure 11The HXblock isestimating the heat transferate between alayer of PCM
containers and the half of its surrounding flow channel on each container .side

corresponding system boundariés the modelare shownin figure 12

PCM container layer PCM Heat Exchanger System Boundary Myater
e e i |
NERS——— . 5 S———— D 5 S E—— D N
S T R ¥ 15 ST 3, 1 BEN IR .,
S TN | 55 DI TRTRT, ', 5 WA WA = | 555
- _] N I 5 W5 _I_ PO
Water Flow Channel Auxiliary Platforms

Figurel2 ¢ Side vew of thetank'sinternalscheme
Since the water is assumed be equally distributed over the cros&ctional area, the heat
transfer ratewill be the samdor eachparticular container layerAfter the heat transfer rate
for one layer@®@ ) hasbeen calculated, it will be multipliewith the total
amount of flow channels to computéhe tank's overall heat transfer rat@) ). The
disadvantage of this method is that the tank material itself (i.e. the mass of the steel wall) is
not considered in the calculation. This simplification is discussed in detail in the validation
chapter 4.
The remaining blocks on the right side in figldl are serving for performance analysis or

debugging. The input parameters for the PCM storage model are listed in Table 1.
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Tablel ¢ Parametellist for the PCMeat exchanger

Discretization irDirection of theFlow Channel  Discretization irDirection of the PCM
“fudlrb ]t - e e i
Tank Height].+. g Tank Widthdy &
Tank Lengtim .. g Number of Flow Channets
Containerwall Thicknes®, Lul Flow Channel HeighR a
Measured Inlet Water Temg|. + «g » JF MeasuredMassHow Rate & _
Material Properties of the PCM Material Properties of the Wall (HDPE)

In addition to the parameters presented in Table 1, the measured outlet water temperature
"Y ; and the measured cooling capacily  will be utilized in the validation (see

chapter 4).

The differentiationbetween the discretization in the direction of the flow channel and in the
direction of the PCM is due to the internal structure of the PCM storage model, which will be
discussed in chapter 3.3. Most of the required input parameters from table 1 are depend
on the dimension of both the PCM cold storage tank and the particular PCM contasers

illustrated in fgure 13.

Input Parameters = f(Tank Geometry, Container Geometry)

| \

Neontainerss Nflow channels: Height of Flow Channels,
Width + Length Wall Thickness,
of Flow Channels, ... Wall Material, ...

Figurel3¢ Input parameters as &unction oftank andcontainergeometry

In addition, initial values areequired as wel(table 2). Initial valuesnfluence the quality of

the model's calculatiosespecially irthe beginning of the simulatio(seechapter 4.3.2)

Table2 ¢ Parametetist for initialization of the PCNieat exchanger

Freezing Progress in Direction of tidnannel | Feezing Progress in Direction of the PC

® -WmFlt - mm A

Water Temperatures]: . j; 4 «gbf Wall emperature’Y 39

PCMTemperatures|:. g <1 JF
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The PCM cold storage tanks that are used in the UniverGitylegeof Bergen has been

designedby the Swedishengineering consultancy company Sweco. Figldeshows the

engineering drawing for 87a PCM tank.
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Figurel4 ¢ Engineeringlrawing for the PCMold storagetank (Sweco2014)
Asmentionedin chapter 2.2 these tanks are filled with small containers that contei@M
The containers arealledC f | (i dleménis,provided by the British comparCM Products
Ltd. The salt hydrate in these containdnas a phase change temperature of i (PCM

Products Ltd2011). Water flows through the tanksind through the small flow passage

betweenthe stacked PCM containers.

" 500mm .

| ice Baam |

Figurels5¢{ A y 3t S cahfaiheli (PCMPProducts Ltd. 2011)
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Figure 15 shows the dimensions for a single PCM container. The nominal heighit 5.45
However, when several PCM containers are stacked on top of each other, squeezing occurs.
This leads to a decreased height of the contairk@r that case,lte manufacturer of the

contaings, PCM Products Ltd., suggestassume a container height of 404.

With all the provided geometric data from figure 14 and figure 15, the values for the flow

channel dimensions and the input parameters in table 1 can be calculated.
The length of the water flow channel equals the length of the PCM tank.

a a wa N
The total crossectionalarea of the PCM tank is given in figuréwith 6 = 6.354 . Since
the modelled PCM tank has a square shape (see derivati@hapter 3.1) and since the

width of the flow channel equals theidth of the overall tak (when the effect of thevalls

on the sides neglected), the width of the flow channel is

&) &) P W B Q @
The height of the flow channel is theyg between two PCM containers. The gagormed

due to the small round auxdry platforms of the containergsshown infigure 15.
Q TTMa o@a Yad (3)
The total number of PCM containers that can be stacketthin the PCM tank is the ratio

between the tank heighand the container height

s Q ® Q@ - (4)
Q w7

Therefore the amount of flow channelsgis @ as well.

All these parameters will be used within the PCM heat exchanger modestimate the
performance of the storagddow the heat transfer is calculated will be discussed in detail in

the following chapter.
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3.3 Internal Structure
The PCM heat exchanger model consists basically of three different types oL icglld cells

are connected wih the PCM cell over wall cells as shown in figure 16.

pinbi
L

1 [BAA #
Iy

TINOdY
1

1 [BAA #
L

pinbiq

Figurel6 ¢ Internal nterface of the PCNeat exchangemodel
Figure 16shows the internal structure of th€CMheat exchanger modelThis structure
resembles thdaank's internal scheme from figure 12. & bdiscretization of the particular cells
is possible lbng the water flow channel anth depth drection to the PCM Therefore,
€ p and ¢ are eligible parameter for the simulationWhile
€ h affects the discretization of all three cell types, is only
discretizing the PCM cell into the direction of the heat trangbdnich isperpendialarto the

water flow direction).

The heat transferrate in each cell is dependé on the type of heat transfer and will be

discussedn detailin the followingsections.

3.3.1 Liquid Cell
Theenergybalance equation for the liquid cell is

ay ©)

Qo

C

& 20 4 20

a Q)2

For the present case, three different options for the heat transfer type aassible:

Conduction, naturatonvection orforced convection. Whether the dominating type of heat
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transfer isconductionor convection canbe deduced from the Rayleigh numbeY ¢ a

dimensionless number in fluid mechanics. kkasculated as

wz"z (R 237V (6)

Y@ T

With applying the cavitational acceleratiofiQin & 71 , the thermal expansion coefficieht
in0 , the characteristic lengtkxin &, the kinematic viscositg in & 7i and the thermal

conductivity_in o 7a 0.

Computing the Rayleigh number for several possible boundary conditions for the present
case lead always to a Rayleigh numbep df700, which indicates th&brced convectioris

the dominant heat transfer typéor the liquid cell
The heat transfer rate for forced convection is
0 | 29z Y Y 270 (7)

The heat transfer area describes the area between watand wall. For example, in case of
a single PCM container with a discretization of 1 into every dimension, the heat transfer area
wouldbet® & zT®@ Wx T ¢ @ (seefigurelh).

Thefactor Q considers the change of the watetlsermophysical properties
as a result of a changing temperature between the water directly at the wall and in the
middle of he flow channel\{DI Heat Atlag013):

oy 8
o 1 8
o _ ®)

Finally, © calculate the heat transfer coefficient and to describe the forced
convective heat transfer for the particular case of a PCM heat exchasgegral possible
cases can be found in literatur€he validatiorshowedthat the best simulation results are
obtained when assuming the ca%#ow over a horizontal plee", followed by the caséflow
in a flat gapbetween two heatedwalls'. The equations and thesimulation results fothe

case'flow in a flat gagoetweentwo heatedwalls' will be given in the appendix chaptéx.7.

For the caséflow over a horizontal plae", the heat transfer coefficient becomes (VBéat
Atlas2013)
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Q z_Z00 9)

Thefreezing time factorQ Is considering the effect, that the time for freezing the
PCM igyreaterthan the time for melting the PCM. Further information and a calculation of

this factor will be given ithe section3.3.30f PCM heat transfer in the end of this chapter.
The Nusselt number can be calculated from

66 1@ @IUY QD™ (10)

This equationis valid for laminar flows withy Q (175). Chapter4 will show a maximum
water volume flow of up to 106 T'Q resulting in aY ‘®@f slightlyhigher than1”5. However,

tests with a Nusselt number for turbulent conditions resulted in only minor changes to the

overall quality of the simulation results.
Thecorresponding Reynolds number is

o zpz” (11)

YQ
With applying the dynamic viscosityin QM a i andflow velocity0 of

a (12)
”26

The calculation of the flow velocity might be inaccurate, since the small auxiliary platforms
of the PCM containers are affecting the flow conditiovithin the rectangular flow channels.

This effect was however neglected in the present study
Applyingequaions 7¢ 12, the convective heat transfer in the liquid cell can be estimated.

3.3.2 WallCell

The energybalance equation for the wall cell is

'Q v Y - ~ I 7 . (13)
Q0o

a zZ@?

([ey]
=
Cc
5¢
Cc
5¢
C
0

While the liquid cell only possessese single heat port that connects the liquid agith the
adjacent wall cell, the wall cell itself possesses four heat ports. Two of them are connected

to the liquid cell(port "S') and the PCM ce(port "N"). The remaining two ports on the side
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of the wall cell are connected to the previo(sort "W") and nextwall cell(port "E'), in case

of a discretization of p.

For this case the heat transfer type is clearly just heat conductidre réspectiveheat

transfer rates arecalculated for each heat poseparately

. Y Y (14)
Y

With 'Y asthe heat resistancén U &fw , which is dependent on the directioof the heat
transfer. The heat rastance in the direction of thbeat transfer is

Q ¥q (15)

Y h
Z0

And in the direction perpendicular to the heat transtbe heat resistance is

a ¥¢ (16)
z 0

Y
The '0 "Yand 'w'O" subscripts aradentifying the particular crossection areador
calculating the heat resistance in tlirection ofthe tank's length("w '0") and in the
direction of the tank's width("0 ™). Thus,Y is the heat resistance for the he:
transfer between water and PCM, aidd is the heat resistance for the heat transf
between theparticularwall cells.
3.3.3 PCMCell
The balance equation for the PCM cell is

2 QQ 6 I o T . (17)

a =
Qo

The main difference to the balance equations of the liquid and wall cell is the uibe of
derivation of the enthalpynstead ofthe derivation of the temperaturebecausehe proper

calculation of the thermal capacity in the area of the phase change is nontrivial.

The determination of the heat transfer type for the PCM cell is quite challenging. In the case
of a completely frozen PCM the heat transfer willjbst heat conduction. But as soon as the
PCM starts to melt, the heat transfer type will start to change. On the one hanthémmal
conductivity_ will alter with the change of the phase aritle liquid mass fractioma On the

other hand, as soon as molten PCM is formed, it will start to move within the PCM container,
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leading to a heat transfer that resembles natural convectibine same applies for complete
liquid PCM. Theart of the PCM that is close to the wall widhange its temperature and
thus its propertiesThat waya changeduoyancycan lead to smalinass flowswithin the
container,affectingthe heat transfer type. Finally, the most challenging case is the beginning
of freezing. The emerging and increasiagelr of frozen PCM directly at the walightact as
some sort of an isolator for the remaining liquid PCM, leading to a higher freezing time than

melting time for PCM storages (s&eezing/melting profiles ihapter4.1).

Libeer(2016) proposes thdollowing explanatiorfor the huge difference ithe melting and

freezing time The convective heat transfer rate is highly dependenttib@ buoyancy force
that is dominantduring the melting of pure PCMFluctuating liquid water within the PCM
cell is inceasing the heat transfer ratelThat way,the time to meltthe PCM decreases

drasticallyin comparison to the freezing process.

Sun (2015) explairs the time difference of the phase changes with the temperature
difference within the PCM containeais well The temperature difference enhances the
natural convectiorwithin the cell, sce liquid PCM haa lower density and viscosity than

the solid PCMWith progressing PCM meltiniquid PCMcontinues tomove to the top of

the contairer while the solid PCM deendsto the bottom, thus enhancing themelting
process and reducing the melting tim&herefore,the heat transfer rate for horizontally
aligned PCM containers is higher on the lower side of the PCM containers than on the upper

side.

In recent years theffort in researching the phenomena of heat transfer that is related to
PCM has greatly increased. Figure 17 shows the number of published papers related to the
topic. The number of published papers is raising each year. This shows on the one hand the
increased attention towards the topic of PCM thermal storage. On the other hand it shows
the need for further research on the topic of phase change related heat transfer. General
understanding of the PCM heat transfer is required as well as more detijedions to

describe the heat transfer for a PCM with appropriate quality.
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Published Paper 'Phase Change Heat Transfer'
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Figurel7 ¢ Numbersof publishedpapersrelated to thetopic of*"phasechangeheat transfer
(Scienc®irectcom, July 2016)

At present, for the model utilized in this project report, it is assumed that the heat transfer
type is mereheat conductionnevertheless.Thus, the applieckequationsfor PCM cellare

analogous to theequations applid to the wall cell (equations 1416).

5 Y Y (18)
h Y
v 0 19
qZ_ zQ9
" a (20)
Cz_ z09

To considerat leastthe general difference bdeveen melting and freezing timea factor
ko) is introduced in the heat transfer equations for the liquid qakée equatiord).
This factorwas implementednto the liquid cellinstead of the PCM cell, sindels easier to
affect the model's performance with changes of the heat transfer coefficierth@fliquid
side than with changes of the heat transfer resistance of the PCM cell. Therefore it was
decided that the freezing progress of the PCM cell is directly tafte¢he heat transfer

coefficient of the water , utilizingthe factor'Q

| Q0 (21)
The factor Q is a function of theliquid mass fraction of the PCMo Tompute
ko) , a polynomial regression function is used:

27



SINTEF

~

0 "Qm W  w 0w Q (22)
The parameters for the regression function are adjusteth thatthe heat transfer

coefficientbecomes smallewhen the molten PCM starts to freeze. Figur@ shows the

model's setup for calculatin@

polynomialRegression

a3 +b* "2 +c™x+d [=

switch2
derivative_x_PCM

der(sleMedium.x) H < [>

hysteresis switch1

x_PCM_liquidmassfraction factor_freezingTime

sleMedium.x = b />
noChange FF
1 I
Figure18¢ Calculation of thdéreezingtime factor Q
Most of the timg 'Q equalsone. It will decrease to a lower value (1) and thus

start to slow down the heat transfeate as soon as— becomes negative, which plies the

start of freezing. Adiscussed beforethe freezing process ofthe PCM is increasingly
covering the wallvith frozen PCMleading to a delayed heat transfer in comparisoritie

melting processesHowever to keep Q from delaying the heat transfer every

single time a partial or only transient freezing process occurs, a hysteresis is added to ensure

the factor'Q isjusttaking action for cases when it is actually required.

All the equations required for describing the heat transfer of the PCM heat exchanger have

now been introduced. Therefore, the introduction of the model's internal structure is

completed and the following chapter will discuss the validation results antbpeance

evaluation.
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4 Validation

In this chapter the simulation results will be compared with measurement data to assess the
accuracy and quality of the PCM storage model. For that purpose the British PCM
manufacturer PCM Products Ltd. and the Swedislyireeer company Sweco provided

several sets of freezing/melting profiles and measurement data.

Three different data setsvere available. Each of these will be used for validation in the

following chapters. The complexity of the validation will increase with each chapter.

In chapter 4.1, the melting and freezing profiles will be used to verify the model's
estimations for thefreezing and melting time, with a constant mass flow and a constant inlet

temperature.

Chapter 4.2 utilizes measurement data from the PCM storage at the University College in
Bergen, thus the inlet temperature changes over time and the model's dynanponss

can be evaluated. However, only limited phase change processes occur during the recorded
time period and the focus of the validation lies on the correct calculation of the sensible heat

transfer.

Finally, in chapter 4.3 measurement data with highjynamic operation modes is utilized.

The model needs to consider the changing inlet temperature and changing inlet mass flow.
Furthermore, actual charging and discharging cycles with complete freezing or melting cycles
need to be predicted by the model. Tlehapter concludes with an evaluation of the general

measured PCM tank performance.

4.1 Freezing and Melting Profilg811
Freezing and melting profiles serve to describe the general behaviour of a PCM in regard to
its performance during phase change procesdevery PCM features individual characteristic

freezing and melting profiles.

The profiles used in this chapter are provided by the PCM manufacturer PCM Products Ltd.
Table 3compares the measured values taken from the PCM Products Ltd. profiles with the
predicted values from the modeFigures 19 and 20 compare the trajectory of the measured
and predicted freezing and melting profiles, respectively, as a function of the temperature

difference.
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Table3 ¢ Measured andgredictedfreeang andmelting time

2 800 885 390 400
3 625 590 310 270
4 500 440 250 200
5 400 355 200 160
6 320 295 165 135
7 260 255 135 115
8 220 220 115 100
9 190 195 100 90
10 180 175 90 82
Ltreeze Freezing
[min]
1000
900
800
700
600
500
400
300
200 —
100
0
2 3 4 5 6 7 8 9 10 AT[K]

e \easurement s odel

Figurel9 ¢ Measured andredictedfreezingtimes forvaryingtemperaturedifferencesin & "Q¢

Cmelt Melting
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Figure20 ¢ Measured angredictedmelting times forvaryingtemperaturedifferencesin & Q¢
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The tenperature difference is the difference i@mperature between the supplied water
and the PCM, which is kept close to the freezing/melting terafure point. Thus, the
freezing and melting time decreases with increasing temperature difference. As already

discussed ichapter3.3, the melting time is only half of the freezing time.

Based on figures 19 and 20, the model is capable of estimating the correct trajectoing for
freezing and melting timdJnfortunately, no information was available about the mass flow
that was applied when the measured profiles were recorded. However, as shown in chapter
3.3, the heat transfer coefficient is a function of the Reynolds numbdrthus of the mass

flow rate. The heat transfer rate is different for every mass flétve mass flow rate for the
model was set to 104 7Q a valuetaken from the measurement sets of the following

chapters.

Therefore the freezing and melting profiles cle just utilized for a very preliminary
validation to reproduce the general trajectory for the freezing time and melting time.
Furthermore, the freezing and melting profiles were used to adjust the parameters of the
regression function (equation2} to cdculate the freezing factoiQ (section 3.3).
Without the freezing factothe values for the freezing and melting time would be almost

equal.

4.2 Measurementt UniversityCollegeof Bergenn 2015

The following measurement data set of tR&€Mcold storage performancevas collected by
Sweco from 01.06.2015 until Z&.2015at the University College in Bergen, during normal
operation of the building and the energy systeiihe PCMcold storage was little used
during the investigated periodBecause of summer vacations, few people were present in
the building, and the weather was rather cold, leading to a low cooling demand. Therefore
the cooling capacity from the heat pump together with the adiabatic cooling systere

sufficient to supplyte building's cooling demand

Nevertheless, the data set can be used to validate the PCM storage model in the region of
sensible heat transfer withy 10J6 and a liquid mass fraction o= 0.The particular
measurement data set that was utiid for the validation of the model consists of: supply
and return temperature’Y ; and’Y | , the mass flow rated into the PCM

tanks, and the cooling capaclly  of the PCM storage.
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The values for the inldemperature and the mass flow rate are used as input parameters for
the model. The measured outlet temperature and cooling capacity serve for the comparison

to the predicted outlet temperature and the predicted cooling capacity by the model

4.2.1 Measurement 0006.2015¢ 09.06.2015
The first measurement excerpt used for the validation is a two days recording with just

sensible leattransfer, no phasel@angeand a onstantmassflow rate.

Figures 21¢ 23 illustrate the general operation mode of the PCM storageindu the
measured two days. The inlet temperature of the water was only changingubyF2r the

first twelve hours the inlet and outlet temperature are the same, implying a system in a
steady state. Thus, the heat transfer rate is zero as well (figuyeli23he subsequent hours

the inlet temperature starts to fluctuate. The model is capable of estimating the correct
outlet temperature from the PCM tank. However, each time a local peak occurs in the outlet
temperature, the model is struggling with calatihg the correct temperature. Figure 23
shows at 08.06. 13:00 that the modelled PCM storage is not capable to provide an
appropriate heat flow rate to keep the outlet temperature above the inlet temperature. A
reason mightbe that the steel tank mass was not considered (see chapter 3.2). With an
additional thermal mass that is capable of saving thermal energy during the steady state
operation mode before, the predicted outlet temperate could have kept closer to the initial
temperature of 8J0 and thus closer to the measured outlet temperature. However, quite
satisfying validation results are obtained with progressing measurement data. After 08.06.
19:00 both the simulated and measured outlet temperature are very close. The &aplies

for the simulated and measuredeat transfer rate in figure 23.

In the next step to increase the complexity of the inputs for the model, the following

measurement data set will provide a changing mass flow rate.

32



SINTEF

30 T T T T T T T T T
e \leasured Water Mass Flow [m3/h]
= 20
)
£
=
o
L
a
g 10 e e et T e e Y e
0

07.06. 08.06. 08.06. 0806. 0806. 09.06. 09.06. 09.06. 09.06.
19:00 01:00 07:00 13:00 19:00 01:00  07:00 13:00 19:00

Figure21 ¢ Measurement 07#09.06.2015 water massflow rate inad@ 7Q

10.0

—— Measured Water Lrem;')erafure in[°C]
= Measured Water Temperature Out [°C]

90 == Model Water Temperature Out [°C]

E 8.0 )
P T N
e L5

5.0

4.0

07.06. 08.06. 08.06. 0806. 0806. 09.06. 0906, 0906, 09.06.
19:.00 01:00 07:00 13:00 19:00 01:00 07:00 13:00 19:00

Figure22 ¢ Measurement 0709.06.2015 water inlet andoutlet temperature in3

30

— Measluredl Qch:)t P(I:I\/I [i(W]
= Model Qdot PCM [kW]

15

A\l
pgnn iy - AAJMWH

re iV alll

7Y Al

Heat Flow Rate [kW]
(o]
7
I3

-30

07.06. 08.06. 08.06. 08.06. 08.06. 09.06. 09.06. 09.06. 09.06.
19:00 01:00 07:00 13:00 19:00 01:00 07:00 13:00 19:00

Figure23 ¢ Measurement 0709.06.2015 heat transferrate of the PCM i



SINTEF

4.2.2 Measurement 21.06.201623.06.2015

Figures 24¢ 26 present measured and simulated data from another period in 2015. The
main difference in this data set in comparison to the measurement from Jénis The
varying water mass flow rate and a short time period with partialtmg. The first hours
consist of a steady state operation mode, leading to a heat flow ratgpfoaximately zero,

as shown inigure 26. After 24 hours, at 22.06. 12:00, the miaw decreases to zero for
roughly six hoursfigure 24). When the water mass flow increases again, the inlet water
temperature has increased from 9 to I@, causing a partial melting processthe formerly
frozen PCM {§ure 25). At 22.06. 23:00 thelét temperature is decreased to ¥ again,

leading to a decreasing outlet water temperature that is slovdgverging towardsY .

The model predicts the outlet water temperature with a proper tendency, as it can be seen
in figure 25. During theperiod when no mass flow occurs (starting at 22.06. 12:00) the
predicted outlet temperature remains the same, while the measumitlet temperature
increases. Thisesults from the increasing inlet temperaturesince figure 26 shows that
there is no heatransfer from the PCM during this time periddespite this minor inaccuracy

of the model during that special operation mode, the outlet temperature is predicted

correctly again when the mass flow is applied at 22.06. 17:00.

After the mass flow increases &g the inlet temperature increases to 1Jd. The model
calculates a slightly lower outlet peak temperature than the measured one. However, the
simulated heat transfer rate is exactly the same as the measured one during that period. An
explanation might b that the fluctuating mass flow has caused inaccuracies for the
temperature sensor, since a manual calculation of the heat transfer rate for this particular

point leads to the same outlet temperature the one given by the model.

After the inlet temperaturehas decreased to 90 againat and after the PCM starts to
completely freeze agaiat 23.06. 23:00the model predicts an outlet temperature close to

the melting temperature of 130, which is approximately 0.3 higher than the measured
outlet temperature. This difference might arise from the improper calculation of the heat
transfer during the dynamic phase change. Partial melting and freezing processes impact the
heat transfer rate, since the local boundary ditions directly at the PCM container wall are
changed for every particular liquid mass fractianAs discussed in chapter 3.3, adequate

equations to predict this specific behaviour in a more detailed way are currently lacking.
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Figure24 ¢ Measurement 2%:23.06.2015 water massflow rate ina 7Q
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Nevertheless the results of the model's calculations are satisfactory. Figure 27 shows the
results of the live simulation after the end of the measurement period at 23.06. 2309€.
yellow blocks on the right hand side figure 27 show the measured and modelled
integrated heat transfer rates and thus the amount of energy the PCM has absorbed and

released durig the investigated time period.

Measured T_in

[
‘ 9.1 degC

\ Measured mdot Integrated Qdot

section1 Measured| section1 Model

)

21 kWh 11.8 kWh
section2 Measured| section2 Model

Measured Qdot || Model Qdot

Measured T_out“ Model T_out W

352.3 kWh 355.3 kWh

oconnn

section3 Measured| section3 Model

210.3 kWh -259.4 kWh

8.9 degC 8.6 degC

Figure27 ¢ Simulationend results formeasurement 2106.-23.062015

Section 1 ends at 22.06. 11:808d covers the time period when outlet and inlet temperature
areroughlythe same. The integrated heat transfer for that sect{@irst row of yellow blocks
in figure 27)correctlyimplies that almost no errgy was transferred duringhat steady state

operation mode.

Section 2 starts when the mass flow increases again and ends when the inlet temperature
decreases to Q0 at 22.06. 23:00. It represents the melting section and the model
successfully estimates thmrrect amount of transferred energy for that period (second row

of yellow blocks in figure 27). The remaining part of the simulation is covered by section 3,
displaying the freezing part. As mentioned in the discussion above, the modelled PCM is
releasingoo much energy during this section (ROmore than the measurement) leading to

an increase in the predicted outlet temperatur€he graphs for the particular integrated
heat transfer ratesas a function othe time are given in the appendix. These graphisbe

presented in the appendix for each of the subsequent chapters as well.
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In general the validation of the model after applying the measurement data sets from 2015
is quite satisfactory. With the measurement of Jun& the estimated water outlet
temperature was predicted too close to the measured water inlet temperatune. tiie
contrary, with the measurement of June 21he estimated water outlet temperature was
too close to the PCM storage temperature. Nevertheless the overall deviation of the
simuated outlet temperature from the measured outlet temperature was quite low. Figure
54 in the appendix A.3 illustrates that the deviation between estimated and measurést out

temperature isgenerallyless than 0.% for the whole measurement data of 2015

Thechapter illustrated soménconsistenes between the simulatioand the measurment.
With these deviations in mind, the following measurement data set will focus on evaluating

the PCM storage behaviour in connection to complete chargingdesuharging cycles.

4.3 Measurementt UniversityCollegeof Bergenn 2016

The measurements presented in this section were conducted by Sweco from 30.05.2016
until 05.06.2016. For several days in the recorded time period the PCM storage setup was
run in a tes mode. Instead of supplying all four PCM tanks with water, only one single tank
was operated while the others were bypassed. Since the measurement data of 2015
illustrated that the PCM storage tanks were barely in use, an operation mode with only a
quarter of the original amount of PCM mass is supposed to provide new informahont

the freezing and melting processedth preferably complete freezing/melting of the PCM
tank. The overall system performance during the charging and discharging cycleseand th

actual status of the particular tank®uldhence bebetter evaluated.

4.3.1 Measurement 30.05; 01.06.2016 (4 sections)

Measured and simulated data for the mass flow rate, inlet and outlet temperatures and heat
flow rate from 3005. ¢ 01.06.2016 is shown ifigures 28, 29 and 30, respectively. The test
mode with only PCMank #1 in operation started from May 3011:30 and lasts until June

15t 5:30. During that time the tank is operated in a highly dynamic operation mode and
performs four charging/discharging processes. This is ¢élasan for calling this chapted™"
sections$. In the subsequent chapter the same measurement data will be inatstig but

with onlythree charging/discharging sections to stress the importance of the initialization of

the model.
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Apart from a veryshort period in the middle of the measurement period, the mass flow was
constantly higher than zero (figure 28). The inlet water temperature was varying between
16 J6 for the melting sections and &6 JO for the freezing sections (fure 29). The model is

capable of reproducing thgeneraltrajectory of the measured outlet temperature.

The biggest deviations of the model's estimation, especially in regard to the predicted heat
transfer rate, occurs in the melting sections (1 and 3gnre 29). Both in section 1 and in
section 3 the predicted outlet temperature is missing the correct value for the outlet
temperature during the very beginning and during the very end of the respective section. A
reason might be that in chapter 3.3 only factor for modifying the freezing time

(Q ) has been implementedo consider the effect of the freezing process on the
ordinary heat transfer coefficientHowever, figures 29 and 30 illustrate that the tmg
progress appears to hawa largeimpact on the heat transfer asxpected The ordinary heat
transfer coefficient seems to be influenced by the melting process, but in a slightly
moderated way than by the freezing process. Thudaaor for the melting behaviour

Q is currently lacking ande®dsto be included in the model in the future.

As for the freezing in section 2 and section 4, the trajectory of the predicted outlet
temperature resembles the one of the measured outlet temperature. Although the progress
seemsto be differentfor both trajectories,both are roughly converging towards the same
temperature at the end of the section. The same observation is valid for the heat transfer
rate, which hasa different slope for the predicted and the measured value aslwé&he
predicted heat transfer during the freezing process seems to increase too much during the
very beginniig of the sectiorand remains on a slightly lower level than the measured heat

transfer which seems to have a marensistenttrajectory in generh

This chapter shows furthermore, that a general understanding athd@ughinterpretation

of the measured values igssential for improving the quality of the model. The

measurement illustrates a tank behaviour that cannot be completely specified by

appropriate equations yet. Figures 28 shows a varying mass flow ratppobximately 20;

60 a TQfor both melting sections, with a decreasing mass flow rate in section 1 and an

increasing mass flow rate in sectiontowever, the corresponding heat transfer rates for

these sectiongfigure 30)remain on slightly the same level (§0.00 Qcfor section land

120 Qmfor section 2 with a transient peak of 20@¢). In comparison, the heat transfer
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rates during thefreezing sections 2 and 4 aadteringmore, betweena value of roughly g
400°Qc despite of a constant mass flow rate in section 2 and section 4{1@Mand 60

a TQ respectively).The trajectory of the heat transfer rates are very similar forhbot
freezing sections, although the mass flow réalifferingby a factor of almost 2Also, he
measured outlet temperature seems to converge faster towards the value of the inlet
temperature during the freezing sections than in the melting sections @d9).It appears

the heat transfer rate during théreezing process in the tankless dependentn the mass

flow rate as supposed in chapter 3.3.1. The heat flow rate during melting processes seems to
be steadier than themore fluctuating heat transferate in the freezing sections. Chapter
3.3.3 discussed several explanatidosthis differing behaviour of the PCM tank for freezing

and melting processes.

Nevertheless, lte validation of the model during the freezing sectiaagjuite satisfying
Despite the slightly inaccurate trend of the trajectory of the heat transfer rate in section 2
and 4,the integrated values for the heat transfer rate in these sectionsvairy similar as

shown by themodel results at the endf the simulationin figure 31.

| Measured mdot || Measured T_in Integrated Qdot

‘ﬂ| o

Measured Qdot |( Model Qdot \

section1 Measured| section1 Model

1103 kWh 1164.1 kWh

section2 Measured| section2 Model

-1113.0 kWh -1234.9 kWh

-175 kW

ocomnn
oOCnmnn

section3 Measured| section3 Model

-42 kW

1536.3 kWh 1269.0 KWh

Measured T_out |( Model T_out section4 Measured| section4 Model

-1618.3 kWh -1621.2 kWh
7.3 degC 6.4 degC

Figure31 ¢ Simulationend results formeasurement 3@5.-01.062016 (4 section$

In figure 31, the integrated values of the heat transfer for the freezing sections (section 2
and 4) are quite close, implying that the implementation of the factor for the freezing time

~
g

Q in chapter 3.3 was successful. However, #&g88 illustrated that the trajectory
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of the predicted outlet temperature can be still improved. Thus, more research on defining
the correct parameters of the regression function in equati@n2eds to be performed or

an even more detailed estimation fané freezing behaviour needs to be implemented.

Figure 31 illustrates that espmlly in section 3 the values ftine integrated heat transfer
rate are deviating for the model's prediction and the measurement. As explained above,
further research on the dailed melting behaviour is required to model the heat transfer in

a more precise way.

Finally it shall be mentioned thahe overall tank performance appears to be in a proper
condition. The melting dischargingysections are starting at 30.05. 11:30dat 31.05. 08:30,
respectively. They ladbr roughly 12 hoursover the whole daytime uil the night. The
freezing ¢harging sections start at 30.05. 21:00 amadi 31.05. 20:00, respecily. They last

for 12 hoursduring thenight-time until the next mornig. Therefore, the general operation

of the PCM tank seems to fit the initial statements about the PCM storage performance that
were discussed in chapter 2.2. Figure 31 tells that, as for the measured data, the amount of
energy that was absorbed during sen 1 (1103QaQ equals roughly the amount of energy
that is released again in secti@n (1113QQ. The same applies for the subsequent
sections, with absorbing about the same energy in section 3 (f88&) that will be

released again in section 4 (16T835Q.

However, the initial design guides apckliminarycalculationsassumed a maximum cooling
capacity of 2800QuQper single PCM tank (seshapter 2). Although fgure 29 illustrated

that the measuredoutlet temperature has already begun to converge towards the inlet
temperature inthe end ofsection 2and 4 and although the heat transfer rate in these
freezing sections is converging to zero despite of rather high amounts of mass flowtrates,
appeas that nevertheless only 50 % of the available capacity of the PCM tank has been
used This resul can be confirmed by the model, as shown in figure 32, illustrating the
model's prediction of the liquid mass fractiéor a discretization in the directiorowards the

flow channel of =3
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Figure32 ¢ Measurement 30.0501.06.2016 (4ection3, model'sprediction of theliquid massfractionwith
discretization of = 3(cell 1 at the front and cell 3 at the end of the tank)

The model predicts that the PCM storage is only partially melting, until a liquid mass fraction
of ®=0.5¢ 0.6, just as it was reasoned by comparing the integrated heat transfer rates
above.Thelefore it appears that a fully frozen PCM tank cannot be obtained during just one
nighttime of charging the tank (i.e. 12 hourd).seems he preliminary assumed cooling
capacity of 2800Qd3Qper tank cannot becompletelyutilized during an ordiary opeation
modewith charging the tank at night and discharging it at daytime. Further investigations in
regard of retrieving the complete potential of a PCM storage tank will be discussed in

chapter 4.3.3, where an operation mode with an extended melting section wél/briated.

Figure 32 shows the advantage of modelling the PCM storage. A model provides
understanding about the system which i3t accessible by measurements under normal
circumstances. With varying the discretization of the modelled tank with j

along the tank ande into the perpendicular direction, it is possible to make

assumptions on théhree-dimensionafreezing and melting progresses inside the tank.

In figure 32, the rathemnbalancedvaues for the liquid mass fraction in the beginning of the
simulation are the result of improper initialization of the PCM tank. Since initialization has a

huge effect on the simulation results, the following chapter will focus on this topic.
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4.3.2 Measurement 8.05.¢ 01.06.2016 (3 sections)

In this chapter mostly the same measurement data is used as above. However, the first part
of the measurement data, i.e. the daytime of May™30s cut out such that the data set
starts at 22:00 on May 30 That way thesimulation begins from a different starting point
which requires a different initialization. The impact of the changed initialization on the

subsequent sections of the PCM storage behaviour can be investigated.

The measurement data and simulation results this period are presented in figures &3
35. Rurthermore igure 36 presents the integrated values for the heat transfer rate at the
end point of the measurement period. The sectiong B in figure 34 are equal to the
sections 2¢ 4 in figure 29. Forhe last freezing section the model predicts the same
trajectory for the outlet temperature as previously. However, the model's estimations for

the other two sections are dependent on the initial parametrization of the PCM Tank.

The results for the figure83 ¢ 36 have been taken from a simulation that was initialized

with a partially frozen PCM tank. Thiscretization was set t&@ = 3 and
€ i = 2. As for the initial liquid mass fractioq) was set to 0.95 and
W § was chosen in a way to decreasbetinitial liquid mass fraion by 0.2 for

each discretized cell in the direction of the flow channel.

As a result of the initially frozen PCM the predicted outlet temperature in figure 34 is slightly
lower than the measured one. Though, the trajectory for the estimated outlet temperature
in section 2 is more satisfying than in the previous chapter. Theefrsidl fails to reproduce

the correct overallslope for the outlet temperaturetrajectory, but the yellow blocks in
figure 36 illustrate that the difference in the integrated value of the heat transfer rate has
highly decreased for this sectioffmeasured1538.9 'QaiQ predicted 1668.6Qd3Q in
comparison to thepreviouschapter4.3.1 (measured 1536:843Q predicted 1269.00¢3Q. It

is selfevident that the integrated value of the predicted heat transfer rate in section 1 is
now diverging from the irggrated value for the measured heat transfer rate in figure 36
This isbecause of the new initialization that assumed a patrtially frozen PCM for the start
leading to a predicted outlet temperature that is lower than the measured outlet
temperaturein sedion 1 (figure 34) The initialization of the model has a huge impact not
only on the very beginning of the simulation, but also for the subsequent sections as it was
shown in this chapter.
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Figure36 ¢ Simulationend results formeasurement 35.-01.062016 (3 sectionsinitial w< 1)

For the sake of completeness figures 37 and 38 show the results of the simulation with an
initial liquid mass fractiorof @ = 1 (fully molten) for every PCM cell. The results are
extremely close to the results from the-séctional measurement data in the previous

chapter 4.3.1 (figures 29 and 31).
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Figure37 ¢ Measurement 30.0501.06.2016 (3ections initial = 1), water inlet +outlet temperature in3
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Figure38 ¢ Simulationend results formeasurement 3M5.-01.062016 (3 sections, initiafo= 1)

Thismeasurement data set frori0.05.¢ 01.06.2015~vas conducted witlonly PCM tank#1
in use. In the following chaptethe same procedure will be conducted fod#dferent PCM

tank.

4.3.3 Measurement 02.06; 05.06.2016
Analogous to the previous chapter, this measurement data set focuses on the performance
of a single PCM tankuring the recorded time period, only PCM tank #3 was supplied with

water while the remaining tanks were shut down.

In the investigated period the measured mass flow rate was always higher tharamgro
variedbetween 10c 604 TQ

The freezing and thusharging sections start at 02.06. 21:00 and at 04.06. 19:00,
respectively. They last during the whole nigime until the next morning. The melting and
thus discharging section is starting at 03.06. 09:00. It lasts over two days and one night until
the beginning of the second night. Theaasured and simulated data for the mass flow rate,
inlet and outlet temperatures and heat flow ratare shown in figures 340 and 41,

respectively
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Figure39 ¢ Measurement 02.0605.06.2016 water massflow rate ina 7Q
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Figure41 ¢ Measurement 02.0605.06.2016 heat transferrate of the PCM ifQ®
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In general the same conclusions for the predicted outlet temperature can be drawn like in
the chapters before: The quality of the prediction of the outlet temperature is better for the
freezing sections. In the first half of the melting section the estimatetlet temperature is
clearly lower than the measured outlet temperaturiggre 40). In the second half of the
melting section it is the opposite, and almost equal to the inlet temperatitewever,
figure 42(as well as figure 67 in the appendsklow that the model is actually predicting the
correct value for the integrated heat transfer for the melting sectiomeésured
2525.4Q03Q predicted 2751.1Q¢3Q. This means, that the model is capable of estimating
the correct amount of energy the PCM tankaissorbing during this section. Though, the
calculations for the corresponding heat transfer and thus for the temperature trajectory lack
refinement and need to be improved for the melting progress in particular, as it was already

mentioned in the previoushapters before.

In general, the measementduring the extended melting section demonstrate some effects
that require more detailegkvaluation The melting section can be roughly divided into 3-sub
sections which are differing in their respective mafésw rates The first subsection starts

at 03.06 09:00 and lasts 12 hours over the daytime. The mass flow rate during this sub
section is 25 50 & FQ(figure 39)and the heat flow rateis 100 ¢ 150 ‘Qa3Q(figure41),
which resembles the value®r the 12-hour-melting sectionsfrom the measurement of
30.05.2016 in chapter 4.3.1.

The second subection starts at 03.06. 21:00 and lasts 12 hours over the tigiet The
mass flow rate is reduced to 1@ ¥'Qduring this time. As a result, the heat transfete

decreases to 3Mn

In the last subsection, which starts at 04.06. 09:0fie mass low rate is increasing again to
40¢ 504 ¥Q However, the correspondent heat transfer rate remains on the low level of
approximately 3@; 50 Qo (with a transientpeak of 90Qd). A reason for this might be the
decreased difference between thalet water temperature andthe PCM temperature after

24 hours of melting. Figure 40 shows that the temperature difference between inlet and
outlet water temperature has deeased to 2 U by then Thus, the increase of the mass
flow rate by the factor of 5 athe end of the melting section &@4.06. 09:00 is needed to
compensate the decreasing temperature difference, resulting in a nevertheless constant
heat transfer rate in comparison to the previous ssdxtion.
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As a result for the extended melting section that lasted 36 hougsyé 42 ilustrates that a
total amount of absorbed energy by the PCM of 25283Qwas achieved This value
resembles the initial design parameter for the PCM tank of 78@60)(see chapter 2.2) and
implies that the PCM tank appears to be able to utilize its tsttatage potential in this case,
becauseof the highly extended melting periodn combination with an increased mass flow
rate at the very end of the melting sectiofiherefore as discussed in chapter 4.3.1, the
system is not capable of utilizing the colee tank potential during ordinary operation
modes thatrequire a charging during the nighitne and a discharging during a daytime (i.e.
12 hours for each), adiscussed in chapter 2.Eurthermore, the actual cooling system of
the University College d@ergen has implemented four PCM tamkstead of just one. Aus,

it appears to be very unlikely that the full PCM storage potential of 17@@#could be

utilized during ordinary operation modes.

The results in thee chapters haveshown that both tanks @ in principle fully operable.
However, the complete potential of the PCM storage tanks cannot be retrieved during a
single nighttime charging and daytime discharging cycle. Neverthel&éssptodel managed

to reproduce the tank's behaviour with adequatecuracy

| Measured mdot || Measured T_in
ﬂ| -

Measured Qdot ‘ Model Qdot

Integrated Qdot

section1 Measured| section1 Model

-353.8 kWh
-72 KWh

section2 Measured| section2 Model

2525.4 KWh 2751,1 KWh

-90 kW
-57 KW

section3 Measured| section3 Model

Commn
oley § §

-1579.1 kWh -1425,3 kWh

Measured T_out " Model T_out

7.3 degC Z,9.degC

Figure42 ¢ Simulationend results formeasurement 0206 -05.062016

49



SINTEF

5 Conclusion an@roposal foFurther Work

A Modelica based model for simulating the performance of a PCM thermal energy storage
has been derived based on a PCM storage unit atUheversity Collegef Bergen. The
validation of the model was conducted using measurement data from the plant at Bergen.
The aim with the model was to provide understanding about the PCM storage behaviour and
charging dynamics, and to improve the dimensioning of such stosggtems and the design

of the operation modes.

It was shown that the measured performance of the PCM tanks is generally matching the
preliminary design parameters. Especially during a measuremenbcpéarni 2016, the PCM
storage haseen successfully opated with charging and discharging cycldswas shown

that the maximum amount of cooling capacity of 280@3Qpromised by the manufacturer
could be reached with the PCM tank, when the melting time is sufficiently ldogever,

the PCM tank's completstorage potential of 11200Q¢3Q cannot be retrieved during
ordinary nighttime/daytime charging/discharging cycles. The preliminary design of the
storage system appears to be oversized for the University CatieBergen forthe present
mode of operation Further esearch needs to be performed whethiie heat transferate
during ordinary 12 hourchargingsections couldoe enhanced to increase the amount of

retrieved storage potential.

The model was capable of predicting the measured values correctyadiéquate quality.
Especially the values for the amount of absorbed or released energy by the PCM storage
were on a satisfyig level. However, the correct trendf the trajectory for the outlet

temperature still lacks refinement.

The current deviations the simulation results with respect to the measurement data can

be related to the assumptions that were made while deriving the present model. More
research needs to be conducted in expressing the influence of the phase change on the heat
transfer process The process of how the heat transfer coefficient is changing with
progressing melting or freezing activities within the PCM containers needs to be reproduced

in a more accurate way by implementing proper equations and correlations.

In particular, the e#ct of thebuoyancywithin the PCM containers needs to be considered.

As discussed in chapter 3.3.3, the chandgmgyancyduring a phase change has a huge
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impact on the natural convection within the PCM containét horizontally aligned PCM
containers he heat transfer rate on the bottom of a PCM containenaescehigher than for

the upper side of the PCM container in case of melting.

As mentioned in section 2.1, subcooling occurs during the freezingchf. Fhe particular
effect of subcooling on the freezing time, on the trajectory of the predicted temperature and
on the overall heat transfer rate requires more investigation and a proper implementation in

the model.

Irreversibilities, entropy production angecond law efficiencgiuring a phase change need to
be highlighted. Their effect on retrieving the maximum amount of storage capacity and their

impact on the longerm performance of the PCM require more research.

Furthermore, the mass flow rate thin the flow channel shoultbe @lculated with a more
detailed approach which considers the obstacles within the flow chafiie.small auxiliary
platforms on the surface dhe PCM containers are causing local turbulences that affect the
local heat transfer coefficient. Local differeation between laminar and turbulent flow
should to be considered as wellhe PCM tanks at the University College of Bergen were
equipped withflow distributors to ensure an evenly distributed mass flow rate of water. The

present model assumes a perfectlgtributed mass flow within the tank.

The PCM container walldetween the particular PCM containers were neglected. Their
effect on the heat transfer needs to be investigated, since the HDPE walls increase the heat
resistance for the heat flow within thiayer of PCM containes. Thetank's steel wall was
neglected when estimating the heat capacitf the systemAn increased thermal mass is
affecting the heat transfer rate especially for the PCM containers close to the tank's wall.
Moreover, more detailednaterial properties for the PCM are lacking for both the liquid and
the solid state. Especially for the liquid state the material properties were only approximated

with using comparable values from literature.

More precise freezing and melting profileseaneeded to validate the model for several
boundary conditions, such as varying mass flow rates. Generally, more precise measurement

data with a higher quality would greatly help to improve the model.

As for future prospects, assuming that the model accureould be successfully increased as

discussed above, the model could be used to provide best practise data sheets for future

51



SINTEF

dimensioning of new plants dor improving the operation of existing oseFurthermore,

the model could be utilized for visuahg and predicting the behaviour of system
parameters that cannot be studied lbyeasuremens. Asystem layout as shown in figure 42

or a wer interfaceas shown in figure 4Bresent possible ways to visualize Ameasurable
system parameters. Thavay, accurate information and updated valuesuld be provided

for e.g. the distribution of the temperature over the tank or the local liquid mass frachion

for a particular layer of the PCM storage. Such a visualization tool could enable live
performance assssmeni system debugging, maintenanageration for deficient PCM

containersor general prevention of improper operation modes
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Figure43 ¢ Futureoutlook: Potential ofive visualization fomon-measurablesystemparameterslike the
integrated heat transfer rate for eacRCM containe(side view on the tank's inlet, 2x5 stacked containers with
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A Appendix; Additional Results

A.1 Measurement Data 21.06.23.06.2015

Given below are the integrated hetiansfer rates 0 for eachsectionas a function ofime

for the measurement period of 206. ¢ 23.06.2016, discussed in sectidr®.2, figure 27

Temperature [°C]

Integrated Qdot PCM [kWh]

Figure45 ¢ Measurement 21-23.06.2015 integratedheat transferrate section 1in ‘QaQ
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Figure44 ¢ Measurement 2123.06.2015 definition of thesections
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Figure46 ¢ Measurement 21:-23.06.2015 integrated heat transferrate section 2in "QaQ
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Figure47 ¢ Measurement 21-23.06.2015 integratedheat transferrate section 3in ‘QaQ

A.2 Measurement Data 29.06.06.07.2015

The figures 4& 50 are illustrating the measurement data and the simulation resultsHer
week from June 29 until July & 2015 during normal operation of the building, where
typical low cooling demand conditions occétmong other thingsghe measured values for
the heat transfer seem to be improper, since a m®10 heat transfer is measured despite

equal inlet and outlet temperatures. Therefore it was decided to not further utilize any data

from this week for the sake of validation in theport.
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A.3 Measurement Data 01.06.26.07.2015

For a roundup of the measurement data set from 2015 the results of the simulation of the
overall two month time period is given figures 51¢ 55. The most important tendencies of

the model's behaviour towagithe 2015measurement havebeen elaborated irchapter4.2

of the report. Some improper peaks or major deviations of the measured values in the

following figures might result from measuremenmiaccuracies or general system errors and

are hencenot discussedurther.
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Figure51 ¢ Measurement01.06.¢ 26.07.2015measuredwater massflow ratein & 7'Q
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Figure55 ¢ Measurement01.06.¢ 26.07.2015measured angredictedheat transferrate in Q
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A.4 Measurement Data 305.¢ 01.062016(4 section$
Given below are the integrated heat transfates_ 0 for eachsectionas a function ofime

for the measurement period of 30.06§.01.06.2016, discussed in sectir3.1, figure 31

e O e O e O ecltion 4
18 e C ee g e g ee e
16:" TN N 7
p e L)
S
14

12 /':7/
8 RN/

Temperature [°C]
3

£

gy /
\Rﬁr-\"“«} Lf— Measured T In L
6 === Measured T Out \Q
4 === NModel TOut LA SR

30.05. 30.05. 30.05. 31.05. 31.05. 31.05. 31.05. 01.06.
11:30 17:30 23:30 05:30 11:30 17:30 23:30 05:30

Figure56 ¢ Measurement30.05:01.06.2016 (&ectiony, definition of thesections
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Figure57 ¢ Measurement30.05:01.06.2016 (4ectiony, integratedheat transferrate section 1in ‘QdQ
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Figure58 ¢ Measurement30.05:01.06.2016 (4ection3, integratedheat transferrate section 2in ‘QdQ
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Figure59 ¢ Measurement30.05-01.06.2016 (4ection3, integratedheat transferrate section 3in "QaQ
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Figure60 ¢ Measurement 30.0501.06.2016 (4ection3, integratedheat transferrate section 4in ‘QdQ
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A.5 Measurement Data 305.¢ 01.06.2016(3 section$
Given below are the integrated heaansfer rates 0 for eachsectionas a function of time

for the measurement period of 30.06§.01.06.2016, discussed in sectir3.2, figure 36
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Figure61 ¢ Measurement 30.0501.06.2016 3 sectiong, definition of thesections
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Figure62 ¢ Measurement30.05-01.06.2016 § sectiong, integratedheat transferrate section 1in QaQ
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Figure63 ¢ Measurement 30.0501.06.2016 3 sectiong, integratedheat transferrate section 2in "QaQ

Figure64 ¢ Measurement 30.0501.06.2016 (3ectiong, integratedheat transferrate section 3in "QaQ

A.6 Measurement Dat@2.06.¢ 05.06.2016
Given below are the integrated heat transfates_ 0 for eachsectionas a function of time

for the measurement period of 0@6. ¢ 05.06.2016, discussed in sectidrB8.3, figure 42
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