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Kurzfassung

Durch den immer weiter ansteigenden Anteil an erneuerbaren Energien am Sirstalfhiein
Wechsel auf vollelektrische Heizmethoden, wie die Warmepumpe, eine Mdglichkeit dar die
COx-Emissionenim Gebaudesektozu reduzierenFir Bestandsbauten liegt der Antder
Warmepumpen jedoch durch Vorbehalte beziuglich des Einsatzes bei geringen
AulRentemperaturen oder ohne Ful3bodenheizung und weitreichende bauliche Investitionen,
noch im Bereich weniger Prozent.

Diese Arbeit verfolgtleshalldas Zieldazu beizutragen, solche besteherBledenken
auszuraumenMit experimentellen Untersuchungesoll ein tieferes Verstandnis lber die
Zusammenhange von sowohl internen als auch externen Einflissen auf die Warmiepumpe
diesen Temperaturniveaaseichtund so ein Beitrag zum aktuellen Forschungsstand geleistet
werden Diese Experimente wurden an einer Kompressidi@smepumpe miTemperaturen
der Warmesenkeon bis zu 75C im Bereich von Gebaudeheizungen in Bestandbauten
durchgefuhrtinterne Einflisse wurden durch déariation eines Isobutan/Propan Gemisches
als Kaltemittelund externe Einflisselurch die Anderung desVarmebedarfsals auch die
Variation defTemperatur dewarmequelle betrachtet.

In Kombination mit Warmepumpen kénnen latente thermische Speicher verwendet
werden, deren eingeschrankte Warmeubertragung durch verschiedene Methoden, wie Rippen
oder hohere treibende Temperaturgradienten, ausgeglichen wre@&inordnungpb der so
zunehmend&Varmestromproportionalzu den Parameterveranderungider Methoden steht
ist ein weiteres Ziel dieser Arbeit. Dazu wird, simulativ als auch experimeditlBe und
Entladung eines Speiches mit Paraffin als Speichermaterialuntersuchtund mit der
dimensionslosen Warmestromdichte eine neue Kenndfidfidie angestrebte Einordnung
eingefuihrt Zuletzt werden anhand dédessdatengrundlegende Uberlegungen prasentiert
wannder Einsatz eines thermischen Speictarargetischvorteilhafter als eine notwendige
Anpassung der Heizleistung der Warmepumapelen Warmebedaidt.

Durch die Analysen zeigt sickassder Einfluss von zeotropen Kaltemittelgemischen
auch fur héhere Temperaturniveansler Praxis geringer als in der Theorie idtgefahrs %
hoherelLeistungszaldn konntenim Vergleich zum reinen Kaltemittddeobachtetwwerden
wobei mit zunehmendem Temperaturniveau die Steigerungen geringer ausfielen. Der
Verdichter stellte die wichtigste Komponente des Prozesses mit den héchsten Exergieverlusten
dar, dessen Betriebsverhal@mdere Einflissauf denProzess uberlagerius diesem Grund




Kurzfassung

wurde nur bei einer Anderung der Betriebsparameter des Verdichters ein Einfluss der
Sekundarfluidparameter auf die Leistungszahl beobachtet.

Bei der Untersuchung des latenten thermischen Speinbbra der steigernde Effekt
auf die Warmestromdichtait zunehmenden Parametern der Verbesserungsmethoden fur die
Warmeubertragung abie Entladung des Speichers bei einem hohen Temperaturniveau stellte
eine Ausnahme dar, hier waren héhere treibende Tempgratlientenvorteilhaft. Fur die
Kombination von Warmepumpe und thermischen Speicher ergab sichdelassif den
Speicher Ubertragene Warmestrschon bei den nicht optimierten Laboranlagen haledie
reduzierte elektrische Leistung des Verdichters fur die Anpassung angetergeren
Warmebedarf ist.

Insgesamt zeigt sich so, dass Bersatz voWarmepumpe auf demremperaturniveau
eines HeizungssystenmsBestandsgebaudemdglich ist ungdmit Hilfe des Verstandnisses der
Einflisse auf den Prozess oder Optimierungen wie die Kopplung mit thermischen Speichern
die Effizienz eines solchen Systems gesteigert werden kann.




Abstract

Due to theconstantlyincreasing proportion of renewable energies in the electricity mix,
switching to alelectric heating methods, such as heat pumps, represents an opportunity to
reduceCOz-emissions in the building sector. For existing buildings, the proportion of heat
pumps is still in the range of a few per cent due to reservations regarding their use at low outside
temperatures or without floor heating and extensive structural investments

Therefore, his work aims tocontribute overcomingsuch concerns. Experimental
investigations ar@erformedto achieve a deeper understanding of the relationships between
both internal and external influences on the heat pump at these temperature levels and thus
contribute to the current state of research. These experiments were carried out on a compression
hea pump with heat sink temperatures of up to’@5thusin therangeof heating systems in
existing buildings. Internal influences were considered through th@atiea of an
isobutane/propane mixture asvarking fluid and external influences through the change in
heat demand as well as the variation of the temperature of the heat source.

In combination with heat pumps, latent thermal stores can be used whose limited heat
transfer is compensated for by various methods, such as fimseasingdriving temperature
gradients. Another aim of this work is ®valuatewhether the increasing heatuxl is
proportional to the parameter changes of the metheaisthis purposethe charging and
discharging of a storage with paraffin as the storage material is investigated both simulatively
and experimentally and a new parameter forithendedevduation is introducedwith the
dimensionless heatuk. Finally, based on the measurement data, fundamental considerations
are presentedihen the use of a thermal store is more advantageous from an energy point of
view than a necessary adjustment of the heat panogesdgo the heat demand

The analyses show that the influence of zeotremdking fluid mixtures is lower in
practice than in theory, even at higher temperature levels. Approximately 5 % GiQRer
were observed compared to the pilual, whereby the increases weatecreasingvith raising
temperature levels. The compressor was the most important component of the process with the
highest exergylestruction and its operating behaviosuperimposestber influences on the
process. For this reason, affect of the secondary fluigparameters on th€EOP was only
observed when the operating parameters of the compressor were changed.

In the investigation of the latent thermal store, the increasing effect on the heat flux

decreased with increasing parameters of the improvement methods for heat transfer.




Abstract

Discharging the storagat a high temperature level was an exception; here, higher driving
temperature gradients were favourable. For the combination of heat pump and theagel stor
it was found thaévenin the noroptimized laboratory systems the heat fi@tetransferred to
the stoagewas higher than the reduced electripaverof the compressor for adaptation to the
lower heat demand

Overall, this shows that the use of heat pumps at the temperature level of a heating
system in existing buildings is possible and that the efficiency of such a system can be increased

by understanding the influences on the procesisroughoptimisations such as coupling with

thermal storage

Vi
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The issues associated with climate change pose increasingly significant challecglesating
substantial engagement from the research community in thisofieldthe last decadeBut,
beyond academia, the topic helsonever been more prevalent wittne wholesocietythan
these daysThere are numerous reports, documentaries, and demonstf&tiGhgenerating
awareness and consequendgding topolitical action. Recent examples in Germany and the
EU would bethe Germargovernment'sclimate protectionplan upto 2050[7], the building
energy act[8], the EU strategy onadaptation toclimate changeg9], and thelaw on the
restoration ohature[10]. The building sector often occupies a central positidhaperception
of society and reportdue to the everydayness to everyobet overall,it alsoconstitutes a
considerable portion dhetotal CQ-emissionsFor instancel5 % of the760 million tons of
COx-equivalents irGermany in2021wereattributed to the building sectfit1].

A widely adopted approach to redubese emissions te switch tofull electrichouse
heating methods, as the global aim is to provide electricity from renewable energy sources in a
climateneutral manner. Among these methods, thdcawater heat pump is the most well
known, with its usageguickly gainingmore and morsignificancein newbuildingsin recent
years.In 2022, the share of heat pumps in new constructions wés Sémpared to only
31.4% in 2015[12]. In contrasttheirusagean existing buildings is significantly lower, with a
share of only 36 comparedo a 50% share of gas heating systems in 2[122. One reason
for this differenceare the necessary investment costsswitch to a newheating system.
Additionally, concerndowards the use of heat pumps in existing buildings peesistggthe
press andhe general publi¢14-16]. Frequently, comparisons are drawn with gas heating
systemswhich have lower investment coséed often are believed to beheaperthan heat
pumpsin operationdue to current electricity prices being higher than those of gas (per
kwh) [17]. Moreover the required temperature level for heating systems without floor heating
is seencritically andoperation without major modificatior(ke insulating the whole house)
is considereds unfeasible.

However, many scientific studies come to the opposite conclusion. While there are still
difficulties and uncertainties to be researched, fundamenthlty, agree thaheat pumps

represent a pathway to heat transifib®&-25] due to efficiencies high enough that the overall
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operation costs at@ready lower than for conventional systems. Despite that the cost savings
over time highly depend on the specific system, experienced companies in that business field
expect the amortization time for old unrenovated houses to be around 10 to 1R§Raiks
Thus, higher expected efficienes would lead toeven morereduced operating costs and
amortization times. This, alongside the benefits for the environment and chmoate,create
a broaerincentive for transitioning to a heat pump system.

For this reason, it isrucial to furtherintensify theresearch on heat pumjps this
residentialtemperaturelevel, to enhance understanding, anticipate influences better, and
achieve optimizations performanceThrough investigations on a compression heat pump at

laboratory scale, the present work contributes to gain these necessary insights.
Heat pumps at residential temperature level

One of the key aspects for the wider adoption of heat pumps in existing buildingssisrove
thebiasthat heat pumps would not beableat higher temperaturesd without floor heating
due to low efficienciesTypicalinlet temperatures for older heating systems reach up t€,70
while the return temperature often10 to 15°C lower. Potential heat sources in this context
may include the ground with a nearly constant temperaturé ©f(@t a depth of 2 meters) or
the ambient air, which is subject to greater fluctuatibhese temperatures for the heat demand
and source represent the necessary temperature lift of the process.ohmpared to floor
heatingsystemghatoperag at around 35C, utilizing the same heat sources results in a higher
temperature liftfor older heating systemsrThis results in a decreasingpefficient of
performance COP) of the heat pumpthatis the ratio betweerhé electrical power input and
the heat flow rate outputlowever this does not necessariljply that economic operatida
unfeasiblepecaise if an annualOP of at least 3 is achieved, the heat pump heating system is
generally considered asonomically viableFor the floor heatingheseCOPvalues are easily
achievabledue to the low temperature lift; however, sufficient studies demonstrate that such
efficiencies are alsfieasiblefor higher temperaturevels[28-34]. Nonetheless, there remains
a need for further research in this area, as various reviews inf@i8z8&,35] Particularly,
experimental work igmportantfor testing and comparirgmplified theoretical considerations
in practical applications.

An example for this are zeotropic working fluid mixtures of hydrocarbons,atieat
frequently investigated, as indicated by review artif3&s38]. In those leat pumpswith

zeotropicworking fluid occurs a temperature glide in the heat exchardyergo the different
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vapaur pressures of the working fluid§herefore,the composition of the vapour ardjuid
phasevary during the heat transfer, which results in a-isothermal phase changehus, a
bettermatchbetween theéemperature changes the working fluid and secondary fluid the

heat exchangers can be achievElis leads to lower temperature differences between both
fluids. Consequentlyexergy losses decreaaadresult inefficiency improvementf39-43],
whereby exergyepresents thehareof energythat could perform useful worknd is strongly
dependent on the temperature levidbwever, it is observed thah practice theCOP
enhancements are lower thaxpected fromheor for lower temperature leve[89,40,44]
Here, this circumstance was primarily contributedhit® compressothat superimposed the
benefit of theemperature glide in the heat exchangleding to the conclusion that it is a key
componentOverall thereare stillopenresearch questions regarding the higher temperature
level thatmustbe addressed; for exampleow the zeotropic mixturesor the changing heat
demand and souredfect the compressothe COP and the process itself.

Apart from this, wo operation methods for heat pumps in heating systems are currently
focusedFirstly, the OROff method[45-49], in which the compressor operates at a fixed speed
and the system is turned on and off to adapt to the heat defrtaiadOrOff operation, also
referred to as cycling, results in energy losaed inefficiencies due to frequestars and
shutdowns othe systenwhich, for example, lead to working fluid migration and equalization
of the pressuresithin the systenj45,46] Secondlythemodulatingmethod[34,50-53], where
the compressor speed and thusthtiemal output ivaried. Some studies also compare these
two method$33,54,55] concludng that there is no cledavouritebetween these twmethods
and it depends on the conditions whether the one or the other is favolitablever, the
operating time of an OO@ff system correlates with the performance over the [g&rOverall,
an alequate sizing and longer run times are advantageo@nOff Operationsas well as
less regulation for modulating systems with variable compressor sp&edspproach to
increase theerformance of the system in these wigythe combination of the heat pump with
a thermal storage systdhmat could be charged when the heat demand is low

Heat pumpswith thermal energy storages

Many studies prove that thermal energy storages can increase the performance of house heating
systems when they are combined with a heat p@3y»6-60]. In practicepuffer storage like
water tanks indeed are commonly used but too diftey arenot optimized for the application.

They are frequently oversizeat specifically designed for the heating systeranly water is
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considered astorage materiaNevertheless, instead of those sensible energy storages, latent
ones are an optiofor heat pumps as reviews sh{@,57,61] By usingthe high phase
transition enthalpy ophase change materials (PCNi&g paraffing latent storagesffer the
advantageof high energy densities and a roughly isothermal operation near the phase change
temperature of the PCM. This can lead to e.g. space saongsared to sensible oneghich

can be economically attractive in regions and applications where spaceeisieg[®3].
However, a issue withmostPCMs is their low thermal conductivity, resulting in lowezat
transferand reduced practical applicability.

To overcome this disadvantage, several researcivestigate the performance
enhancemerdf such latent storage systef2-65]. These include the use of fins in the storage
system[66-70], addition of highly thermally conductivenaterial into the PCM[71-75],
composite§76-80], or encapsulatiorof the PCM[81-85]. However, such improvement
methods may entail drawbacksy examplereduced storage capacity duetupiedvolume
from fins or exergy losses from lower discharge temperat@esrall, thereis a tradeoff
betweerthis and thencreasing performance to make certain processes feasible or economical
which implies the question whether the increase is proportional ofThist is particularly
important for the combination of a heat pump witltharmal storage, ast has a lotof
dependencies and dynamics, and thus potential for optimization.

All'in all, it becomes evident that heat pumps, thermal storage systems, as well as their
combination, require further experimental investigatibresidential temperature leveldus,
the studies need tgetcloser to practical applications, thereby recognizagvell autilizing
optimization potential more effectivelio increase theistribution offull electric space heating

in existing buildingsand accelerate the decarbonization of the building sector
Aim and motivation of this work

The present cumulative thesis aitosaddresshe challenges of operating heat purapshe
higher temperaturkevel of residentiaheating systemandto supportthe understandingf the
influences on heat pump systemghis use casby analysing experimental data from a-lab
scale test systenfrurthermore, latent thermal energy storage systemisnastigatecherein
simulations and experiment® contribute tothe clarification of theiradvantagesand
limitations, whether standing alone or bgmbiningthem withheatpumps

To achieve thisa compression heat pump, previously examiaétbwer condenser

temperaturegor floor heatingaround 35C [40], got modified andwas operated at higher
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temperaturesup to 75°C. Building upon this prior workand the literature reviewthe
hydrocarbonssobutane and propameere selected, aheir zeotropic working fluid mixture
had previously demonstrated improvement<{DP due to temperature glide effeci®hus,
their influenceis investigated herat the higher temperature lev@y varying themixture
compositionto identify the primary factors and componerits.consider external influences
on the heat pumpccurringin practical scenariog.g. fluctuatingtemperatures of the heat
source and the heat demand of the heating systemtions of the secondary flughrameters
areapplied to the test setup.

For the combination of therma&nergystorage and heat pumps, it is important to
examine the limitedndtime-dependenheattransferof latent storage Here, investigations
were performedfor a latent thermal energy storagensideringfins, increasingthermal
conductivity of the PCM or raising the driving temperaturegradient as heat transfer
enhancement methad$o explore the tradeff for an increasing use ohése methodghe
influenceontheheat fluxis quantifiedandsubsequentlgdiscussed regarding tpeoportionality
of the increasd-or this purpose,graffins with melting points of 44, 47 and 8C as PCMare
examinedin simulations and experiments consider different temperature levels of thermal
energy storages in heating systerRsr most applications, higher temperature levels are
preferred as thstoredenergyhereis more valuable in practical and exergetic teffinerefore,
the combination of the heat pump and latent thermabgéois exemplarily discussed for
experimental data at 6C to investigatavhetheradjusting théneat pumpoador charging the
storage with resulting excess energy at full loashisrgeticallymorevaluablefor a decreasing
heat demand

In conclusion theinvestigatedesearch questiorsf this thesiscan besummarizedas

follows:

Research questionf®r the heat pump:

1) Can previousnsights and COP improvementsfor varying zeotropic working fluid
mixturesfrom around 35 °e observed dtigher temperaturevelsup to 75°C?How
arethe componentaffectedby the zeotropic mixturat those higher temperatures?

2) What impacidoes thevariationof external influencefom secondary fluid parameters
have onthe processat the higher temperature le?eWhichparameters othe process
are mainly affected by higher temperature levels and how do theange the

performance
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Research question®r the latent thermal enerqy storage

3) How does the heatuk decreasavithin the operation time and increaie different
heat transfer enhancememithod® Is this improved heat fluxproportionalto the
parameter change of those methods?

4) Does this apply to the experiment andliffierenttemperature leve?

Research guestion®r the combined system of heat pump and storage

5) Whenis it energeticallymore valuabléo chargean energy storageith excess energy

than toadjustthe heat pumjpadto a decreasing heat demand

Thesequestionswill be addressed in thiellowing chapters, corresponding to publications in
peerreviewed journals for chapters 2 to 4.Chapter2 investigatesresearch questioh
experimentallyby varying the working fluidmixture of isobutane and propafte condenser
temperatures of 40 and 8C to examine the influence of the mixture composit@onthe
process

Research questidhis discusseth chapter3, wherein thdestperformingworking fluid
composition fronchapter2 is usedto determineghe effects from changing external influences
by varying theneat demand and heat source temperature of the secondary fluid

Chapterd examinegesearch questiod by performinga simulatiorbased investigation
of thetime-dependentischargeheat fluxfor differentfins, PCM thermal conductivities and
driving temperaturegradiens, introducing a dimensionless parameter to characteéhiee
proportionality of the increadeheat flux

Finally, chapters presents an investigation of research questions 4 and 5, wherein
latent storageiith the dimensions of the modelled system in chapi®uded teexamine PCM
with melting points of 47 and 61C. Thus,the simulation resultare validategndexperiments
at bothtemperaturdevels arecomparedFor research questidnexemplary experimental data
is discussed whethéne combination othe usedtest systemss energeticallyvaluable despite

that they ar@on-optimized.
Note

To makethis thesigmore consistent, the followingiudies published in various journals, have
beenslightly adjusted in theverallformattingas well aghe numbering of the figure$ables
and equationsAdditionally, small changes have been maaka few passagesr figuresfor

correction purposes which are indicated with footnotes.




Chapter 2
Propas®butane mixtures in heat pu

|l i1 ft: an experiment al I nve

The content of this chapter was publishe{Bil:

J. QuenelM. Andersand B. AtakanPropanesobutane mixtures in heat pumps with higher
temperature lift: arexperimental investigationrhermal Science and Engineering Progress
Volume42, 101907 (2023). DOI: 10.1016/j.tsep.2023.101907

Table 21 Author contributions for the paper following the CRediT author statement

methodology{87].
Category Quenel Anders Atakan
Conceptualization X X
Methodology X X
Software X X
Validation X X
Formal analysis X X
Investigation X X
Resources X
Data Curation X X
Writing - Original Draft X
Writing - Review & Editing X X
Visualization X
Supervision X X
Project administration X
Funding acquisition X

Author contributions to this paper

Theexperiments that provided the data for this paper were carried out by Maurits Anders as a
part of his master thesisly contributionwas to help supervising the thesis and analysing the
results used for the paper. Further, | did the visualization and wrote the manuargi.

Atakansupervisedhethesis andeviewed the manuscript



https://doi.org/10.1016/j.tsep.2023.101907

Chapter 2
Abstract

Introduction and key results ofthe first paper

Within theaim to investigateheat pump processes at the higher temperature levels, there is a
high demand of experimental data as reviews Okgermann et al. observiZB]. Especially

for zeotropic mixtures should be more investigations dd86gand dso other reviews, for
example Bamigbetan et §B7], reported challenges of the compressor with hydrocarbons at
higher temperaturesA previous thesig40] at the chairexamined these challenges at the
temperature level of floor heatinfgr zeotropic mixtures and provided experimental data.
Consequentlythis system can be used wlltransfer investigations to higher temperatures by
considering the influence of a hydrocarbon mixture on the process araipesssooperation
behaviour.

For this purposethe work usethe mentionedtompressioreat pumpandoperated it
atthetargetechigherheat sinkemperature levelp to70 °C. Isobutane and propamesre used
here in varying mole fractions, because tekgweda good performance iather studie$35].
Thus, the influence of the composition on thgerformance of the process evaluated
considering thalifferent components and how they are affecidus is achieved througén
exergy analysis for all components até indepth analysis of the compressor operation
behaviour.

Overall, somecontributionsof this work to thementioned challengesan beshortly

summarized as follosy

- Experimental datéor zeotropic working fluidss providedwith varyingisobutane/propane
mixtures for secondary fluid condenser outtehperaturesf 50 and 70C (atemperature
lift of 33and 53°C between heat source and 9ink

- The COP for higher temperature lift was arounda@d dependsn the isobutane mole
fraction and working fluid evaporator inlet temperature.

- Like in previous work,le compressor was thaost influencingctomponent of the process
with the highest contribution to the total exergy destruction.

- For areduced compressor speed, an incre&igis observed for the lower temperature
lift and a decreasg onefor the higher liff due tochangingcompressor efficiencies.

- The maximunCOPwas foundor an isobutane mole fraction of 0.2@&spite the highest
temperature glide occurrédr amole fraction of 0.527.

- The electremechanicatompressor efficiency wake most influentialstrongly affected

by the pressure ratio ardusing the before mention€®P observations.
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2.1 Abstract

The shift towards renewable energies leads to an increased interest in heat pumps, not only for
floor heating at temperatures around °@) but also for providing hot water at higher
temperatures (> 6TC). To reach the goal of a climate neutral process, it is important to use
working fluidswith low global warming potentidlGWP). Zeotropic mixtures are discussed to
potentially increase the coefficient of performanC®©P) of a heat pump compared to pure
fluids. The present work experimentally analyse®mpmression heat pump process of such
fluids; five mixtures of propanéR290) and isobutan€R600a)are investigated here. The
influence of composition, compressor frequency, inlet temperature of the working fluid into the
evaporator and the inlet temperature of the secondary fluid water into the condenser are
researched. Besides t8©P, the destroyed exergy the components are evaluatemfind the

most relevant losses. It is shown that@@Pfor a temperature lift of 3K are above 3 for the
mixtures, while at a higher temperature lift of K3he COPis around 2. Furthermore, a strong
impact of the compressor efficiency on the process was found. The results show that the
advantage of the zeotropic mixture within the heat exchangers is limited by their low
contribution to the total specific exergy destion compared to the compressdihe
compressor efficiency changes with the composition, due to composition dependant pressure
and density variation3.he oftenaneglected changes in electreechanicalosses get important,

when the pressure ratios are changing with composition, as shown experimentally.
2.2 | ntroducti on

Heat pumps gain more and more in importance, due to their efficiency and possibility to be
driven by , because the world energy increasingly stems from renewable sources. At the same
time, fluorocarbons have to be replaced as working fluids, due to their global warming potential
(GWP)[88]. Natural refrigerants like hydrocarbons are an option to replace them and were
investigated within several cycl§5,89-92], due to their low GWP and their good
accessibility. Further, zeotropic refrigerant mixtures are a good way to achieve lower exergetic
losses in heat exchangers when sensible heat sources and sinks are used, because the
temperature difference between therking fluid and the secondary fluid throughout the heat
exchange is reduced. While heat pumps are mainly used for low temperature lifts, the interest
in higher temperature heat pumps (HTHP) r[{2889,91,93,94]which provide secondary

fluid exit temperatures of 5@C to 100°C using heat sources around-320°C. Possible
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applications for HTHPs are the warm water distribution with a needed temperature of around
60 °C or conventional house heating systems with entering heat flows at 50Gothey could

replace natural gas heaters. High exergetic efficiencies and lewr@i@sions can be reached,

if the electrical energy is provided from renewables. In the field of water heating, Zhang et
al. [95] evaluated theCOP of a process depending on the pipe length of the heat exchangers
and the refrigerant amount. They used ambient air as the heat source and R22 as the refrigerant.
The temperature of the secondary fluid was increased 16 &hd theCOP strongly depended

on the temperature of the ambient air and the charge of the system.

Chaichana et aJ]96] compared the hydrocarbons propane, propene, isobutane; and n
butane as refrigerants for a sefawered heat pump for the provision of hot water, varying the
temperatures of evaporation and condensation. The mass flow rates, operating pressures,
compresspinlet temperatures andOP were compared. Propane and propene showed good
performance in their study for condensing temperatures of up“G.70

Chang et al[97] also compared the pure fluids isobutandyutane, propane and
propeneThey considered the zeotropic mixtures of isobutane/propane-batame/propane.

The substances were compared in a test plant at low secondary fluid temperature¥®fr21.1
the condenser and 88 in the evaporator. The mixture isobutane/propane (mass ratio 50/50)
led to a ®%6 higher coefficient of performance compared to the reference case with R22. The
mixture of nbutane/propane (mass ratio 75/25) increase@®iby about 11%.

Park et al[98] investigated propane and propene as pure refrigerants as well as the
mixture of these two substances, also as an alternative to R22. In addition, a ternary mixture of
propane/propene/DME was measured. They found an increased@B@mpared to R22 for
all used refrigerant except for pure propene, with the ternary mixture showing the highest
increase of 5.%%.

Bamigbetan et a[29] investigated a cascade heat pump that can provide energy at
115°C using residual heat. This cascade heat pump with a heating capacitk\wf \28s
operated with propane and butane. They concluded that this system with an &@Fagie
3.1 in the temperature range of 58 to°@2is the better alternative to electrical heaters or gas
boilers.

There are also several theoretical studies available, investigating zeotropic mixtures in
heat pumps. For example, Guo et[9] evaluated recuperative higamperature heat pump
cycles with subcritical zeotropic mixtures. The performance analysis for hot water supply from

15°C to 99°C with an air heat source was investigated for fluids like hexane, R431 Omee,
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propane, propene and R32 as refrigerant and studied the effect of pressures and mixture
compositions on cycl€OP and exergy utilisation. Highe€OPs of 5.063 and 5.011 were
reached for fhexane/propene and R431 Omee/R32 with a reduction of exergy destruction due
to a good temperature match between working fluid and heat sink. Also, the results were
compared to C®heat pump cycles and showed an increasé by up to 8.88%6 with
operation pressures belovWPa.

Mota-Babiloni et al [99] simulated and optimised higemperature heat pump cascades
with internal heat exchangers. They used low GWP working fluids like pentane, isobutane,
propane, HCF€1233zd(E), HCF@L224yd(Z) and HFE1336mzz(Z) as working fluids and
optimised theCOP of the cascade with an algorithm. They found the maxirQ@# of 3.15
for pentane/butane mixtures. An option with low flammability was a cascade with HFO
1366mzz(Z)/HFGL1234ze(E) which showed a good performance. In this study the low stage
internal heat exchangbad a low impact on the high stage discharge temperature.

Zuhlsdorf et al[100] investigated the increase of the performance of a booster heat
pump that heats a district heating water stream froAC40 60°C. They screened 18 possible
fluids like propane, pentane, propylene, isobutane or R1234yfansidered the pure fluids as
well as the possible mixtures of them. The mixture witlb&obutane and 5% pentane
showed the best performance with@@P of 9.01. By analysing the complete system of low
temperature district heating, they found the overall sy§i@Rincreasing from 136 to 22%
when using working fluid mixtures in the central and booster heat pump units.

In a further study, Zuhlsdorf et.g1] demonstrated the optimization of a heat pump
regarding the temperature glide. They investigated the temperature glide matching for 14
natural refrigerants and their mixtures. It was found thaCtBBincreases by up to Z&, when
there is a large temperature change in the heat source along heat transfer. Furthermore, they
concluded that a good temperature match in the heat sink and source imp@@theit an
optimal match does not necessarily lead to an optGd.

The reviewed theoretical studies show th&Ps can be increased significantly by using
zeotropic mixtures when the temperature glides match the temperature change in the heat
transfer fluids. Roskosch et. §9] investigated the reason, why theoretical studies often
predicting a high increase @OP for zeotropic mixtures, while they were often not found in
experiments. They found that the change in composition also changes the compressor
efficiency, which in modelling studies most often is set constant, leading to the observed

discrepancies. It wasoncluded that a zeotropic mixture is most beneficial for the performance
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when the compressor efficiency is nearly constant over the composition and when the
temperature glide matches the temperature change in the heat transfer fluids. As mentioned in
the reviewd28,35] the experimental study of HTHP especially with hydrocarbons was not
carried out often, but is promising as seen from the brief literature review. Thus, the present
experimental investigation evaluates propé@R290)/isobutang R600a)mixtures as working

fluids, using heat from water at environmental conditions and delivering secondary fluid
enthalpy flows at 40C or 60°C, aiming to determin€OPs and the exergy destruction in the

different components asfanction of mixture composition.
2.3 Experi ment al

The used simple compression heat pump system consists of a compressor, an evaporator, a
condenser, an expansion valve, and a working fluid reservoir. The simplified system is shown
in Fig. 2.1.

Working fluid
reservoir

Condenser

Electrical Heater

Water, T'= 17 °C

|

Fig. 21 SchematicvView of the used compression heat pump.

A semthermetic piston compressor (GEA Bock HGHC12P) increases the pressure between
states 1 and 2. It has two cylinders, two pole pairs and a maximum power consumption of
2.2kW. With a frequency inverter, the rotation speed can be varied continuously between
35and 70Hz. The actual frequency of the compressor is the AC frequency divided by the pole
pair number of two. Thus, an AC frequency ofHED leads to an RPM of 1508in™. In the
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reference case, the frequency is 1606 and is varied down to 105in%. The stroke volume

W of the compressor is 61.74n3, which is needed for the calculation of the theoretical
volumetric flow rateThe electrical power consumption of the compressor is measured at the
outlet clamps of the inverter. A minimum superheating of the working fluid °@f at the
suction side is needed to protect the compressor. The maximum outlet temperature of the
compressor is 128C due to the limit of the PTFE outlet seal. Reniso Synth 68 from Fuchs is
used as machine oil with the thermophysical properties givéable2.2.

Table 22 Thermophysicaproperties of Synth 68.

Property Value
Density at 15C 835kg/m?

Flash point (Cleveland) 260°C
Kinematic viscosity at 40C 68 mnv/s
Kinematic viscosity at 100C 10.5mm¥/s

Pourpoint -57°C

Water was used as the secondary fluid in bodisically counterflow tubein-tube heat
exchangers, its entrantemperature can be raised to°@with an electric heater; this was
varied in the experiments. In the evaporator, water with an inlet temperature ©fabid a
mass flow rate caround7 kg/min was used throughout. With this mass flow ratevaporator
outlet temperature of the working fluid of neatly°C is reached for all operation points. The
throttling is realised with the help of a needle valve. The fine adjustment of the needle valve
ensures the investigation of a wide range of operating points and allows to control the
temperature at the evaponaiolet. The evaporator has an inner tube diameter ofirhO(wall
thickness: Inm) and an inner diameter of the outer tub&@im. This results in an annular
gap of 2mm in which the watelddws. The evaporator has a length ofi4The condenser has
an annular gap of @m and an inner tube diameter of the outer tube @hi® The condenser
has a total length of 2&. To compensate the different needed working fluid mass loads at
different operation points, a refrigerant reservoir is installed before the needle valve. In this way
the system must not be refilled for operation point changes.

The water mass flow rates were measured with an Optiflux 4050 flow meter from
KROHNE. Furthermore, the flow rate of the working fluid can be measured with a Coriolis
flow meter MFS3081 K 1.5 E from KROHNE for calibration purposes. The use of the Coriolis
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flow meter causes heat losses and high pressure drops; thus, we followed the procedure from
our previous work on the same system and determined the flow rates from the energy balance
in the evaporator, the difference was determined there to be ar8apd?. Thus, the bypass

shown in Fig2.1 was used for all the measurements presented here.

For monitoring and evaluating the processes, 6 pressure sensors and a total of 38
temperature sensors are installed in the system. The pressure sensors are located at the inlet and
the outlet of the main components of the system (poir@ ih Fig.2.1). A temperature sensor
is also installed at each of these points. The water temperatures at the inlets and outlets of the
heat exchangers are also recorded. These pressure and temperature measurement points are
shown in Fig2.1. The remaining temperaturensers are installed in the heat exchangers. Thus,
the temperature profile inside the heat exchangers can be recorded and evaluated but are not
discussed here. The information about the used pressure and temperature sensors within the

system including theiranges and accuracies are summarized in TaBle

Table 23 Usedsensors with manufacturer, type, measuring ranges and accuracies.

Sensor Manufacturer Type Range Accuracy
~ PT-1000
Temperature Sensor Electric -5-120°C 0.1+0.005-T[ °C]
type AA
Position 1 and 5:
ICS Schneider 0 - 10bar (absolute) 0.1%
Pressure ) IMP331
Messtechnik Others: [of full spanoutput}

0 - 25 bar (absolute)

The influence of the mixture composition of propane and isobutane, the evaporator inlet
temperature, the compressor frequency, and the condenser inlet temperatater afn the

heat pump performance was investigated here and were varied. Since only some of the
parameters can be selected independently, it was decided to control both tempatahéres
evaporator inlet together with the mass flow rate of the secondary fluid, allowing a straight
forward analysis of the exergy destruction in the evaporator. Also, the entrance temperature
and the temperature difference of the water in the condemserkept constant, because these

are typical design variables of heatngus. By keeping these values constant, the outlet

! This bracketwasaddedand is, thusgeviating from the published manuscript
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temperature of the water in the evaporator, and the secondary fluid mass flow rate in the
condenser differ for every operation point and are used for the evaluations. Furthermore, the
minimum superheating was met for every data point, while the superdheaiine varied

overall throughout the study since it was controlled for the actual evaporator inlet temperature.
Also, the working fluid is subcooled at the outlet of the condenser for the presented work. The

process values set in this way are shown iferag.

Table 24 Investigategprocess boundary conditions.

Parameter Used values
Mole fraction isobutanecanio 0,0.25,0.5,0.75, 1
Compressofrequency Ncomp 1500 mint, 1050 mint
Working fluid inlet temperature evaporat®eyap;n 0°C,4°C,8°C
Secondary fluid inlet temperature evaporal@yap, sfin 17 °C
Secondary fluid inlet temperature conden3eyd, sfin 40 °C, 60 °C
Secondary fluid e mper at ur e di fTémst € 10 °C
Temperature lift T 33K, 53K

The temperature lift is defined as the effective total temperature difference achieved between
the evaporator inlet and the condenser outlet temperature sedoadary fluid. Thus, the
temperature lifts are 38 and 53K.

The target mole fractions of 0.25, 0.5 and 0.75 that are filled into the system, did not
correspond to the mixtures circulating during operation. These differed somewhat because the
more volatile propane accumulated in the gas phase of some parts datém, such as the
refrigerant reservoir. So, the circulating mixture contains a slightly higher amount of isobutane.
The composition of the circulating mixture was determined with the help of the assumption that
the expansion valve is isenthalpgnd thusthe mole fractions could be calculated iteratively
with the data from RefPrdgd01], until the enthalpy of a composition before and after the
expansion valve were the same. This method was proposed and used by different authors
before[102,103] It was found that the range of the difference to the target mole fractions is
from 0.011 to 0.045.

There are several potential sources of error in this experimental work. At first there are
systematic errors. For example, oil from the compressor transported with the working fluid,

fluctuations in the values while logging the data at an operation pdietad losses throughout
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the system. There were different approaches to prevent those errors and minimize the
uncertainties. Before logging in the data, a steady operation point was reached for all values.
To reduce the statistical error in the fluctuation of the values whileatipgrthe system, the

data logging was carried out fomin (the values are captured every second) and afterwards

the mean values were used for the calculations. Furthermore, the measurements were repeated
two times. Heat losses are reduced by using petiiane insulation (thicknesa) mm) for the

whole system, with an additional stone wool insulation (thickrg&ssim) for the heat
exchangers. Besides the approaches to reduce the systematic error, the statistical errors due to
the uncertainties of the sensors (See Taldewere analysed for this system in previous

work [40]. From error propagation it was shown that the uncertainty is in a range between
0.18and 3.51% for the various derived values. For example, the calculated error of the
compressor power consumption is 0%86for theCOP 2.22% and for the specific exergy loss

in the condenser 3.9b. The error increases for the parameters with a higher contribution of

the secondary fluid values to the calculation, due to the temperature sensitivity of the enthalpy
and entropy of water. Overall, the repetition measurenstiawed the same range of error for

the present work. Another mentionable source of error is the uncertainty of the equations of
state that are used by RefPjf@p1] for calculating the mixture properties. The authors of the
equations for isobutane and propane used within RefProp indicated their uncertainty to be
within 1—- 3% [104, p. 190]. Finally, the reproducibility of the measured data at different days

was within 2.5%.
2.4 Cal cul ati on

In the following, the most important equations necessary for the evaluation of the experimental
data will be introduced and discussed. T¥@P is defined as the ratio of the determimest
heat flow rate transferred to the secondary fluid (sf) in the condenser to the consumed

compressor power:

%R

To analyse the process details, the exergy destructahifierent parts are examined. These are
generally determined by the difference between entering and exiting exergy @oWwse
exergies, when the contributions of kinetic and potential energy changes are neglected, are
given by:
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0O a2 Q YOI i %R &
In this equationd HYihi are mass flow rate, temperature, specific enthalpy, and specific
entropy, respectivelyAn ambient (subscript: u) temperature of°€5and an ambient pressure
of 1 bar were used in this work as dead state. Usin@ Bgthe incoming and outgoing exergy
flows can be determined for each component and the difference can be calculated as exergy
destruction.
Various efficiencies can be defined for the compressoh#amacterise it. In the present

work, the electramechanical (subscript: em) compressor efficiency is used with:

o a 20 L .
R _f R i ®
v h

cq <2

5¢

It represents the ratio of the power delivered to the working fluid (subscriph: wf); and
the electrical power consumed by the compressor ;; and takes the electmechanical
losses in the compressor into account.

The isentropic efficiencys defined as the ratiof the isentropiccompressopower and the
power delivered to the fluid

0
0

j=x

% & 8

CYd ca
= x

5¢
5¢

With the inlet state of the working fluid and RefPif@p1], the isentropic enthalpy) at the
outlet of the compressor was calculated and used to determine the isentropic compressor work
per mass flow of working fluid .

0 P Q R Q %D
The real outlet state of the compressor was used to calculate the specific work delivered to the
fluid 0 r from the measured data, assuming an adiabatic compressor:

O R QR QG % & &
The volumetric efficiency is defined as the quotient of the effective volumetric flowdate (

into the compressoas calculated from the densfty  and the mass flow rate and the

geometrically highest possible volumetric flow rate:

%R &

a
= (b ” ﬁ&‘ ab
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The latter is calculated from the compressor frequéncy and stroke volumey . The
working fluid mass flowate was determined from the energy balance across the evaporator,
which was assumed to be adiabatic, because of the small temperature difference to the

environmen{40]. Thus, the mass flow rate can be calculated from:

, , Q vk Q wp N
a a O %
i a Q r ; ol &

=y

By using the working fluid mass flow rate and the specific work delivered to th€EHqi@.6),

0 r Is determined from the obtained data from the system.

2.5 Di scussresunl asd

In the following, first, theCOP change with mixture composition and further parameters are
presented, before going through the different devices aiming to get some insights into the
reasons for the found dependencies. The influence of the mixture composition, the compressor
frequency ad the temperature lift on th€OP is shown for different operating points in

Fig. 2.2. TheCOPIis plotted as a function of the isobutane mole fraction for all combinations

of compressor frequency and temperature lift andliffierent evaporator inlet temperatures.
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Fig. 22 COPdepending on the mole fraction of isobutane foFeadpn= 0 °C,
b) Tevap,in =4°C and C)Tevap,in =8°C.

The values for pure propane (mole fraction of 0) could not be recorded for a temperature lift of
53K, because the maximum pressure in the system would exceed the limidayt Zbie lowest
measuredCOP here is 0.97 (below 1, due to experimental uncertainties) f&; A050min

and a temperature lift of 38 at an isobutane mole fraction of 1. The highest meash@delis

4.24 for 8°C, 1050mintand a temperature lift of 38 at an isobutane mole fraction of 0.262.
Overall, it can be seen that tB®P increases, as expected from the reversible (Carnot) limit,
with increasing evaporator inlet temperature. The trends d@@fdependencies are similar

for the different temperatures, therefore, the results for the evaporator inlet temperatie of 4

are discussed in more detail.
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COPs between 2.54 and 3.73 are found for the lower temperature liftkof 88 seen
in Fig. 2.2 (b), which are higher than those for the higher temperature lift, where values between
1.28 and 2.29 are observed. Within a composiiaration series, pure isobutane leads
throughout to the lowe§OPs; the higheSEOPs are found for isobutane mole fraction of 0.25,
but the increase of th€EOP from pure propane to the maximum is only arourféh.5As
mentioned before, the circulating mole fraction differed fi@2b and was determined to be
0.267. TheCOP for pure propane as refrigerant is higher than for pure isobutane, the latter
COPs always being the lowest of each series.

The optimal zeotropic mixture increases M@P compared to the pure refrigerants.
This can be attributed to the temperature glide that occurs for mixtures, leading to a better
matching between working fluid temperatures and secondary fluid temperatures and reduces
the exergy losses in the heat excheasgas will be discussed later. With the rising temperature
glide, the temperature difference between working fluid and secondary fluid is lower and, in
addition, the pressure ratio in the compressor degeds® an example, the measured
temperature glides in the condenser are plotted in2B8gas a function of the isobutane mole

fraction for a compressor frequency of 150! and an evaporator inlet temperature 6€4

-®-T,=33K-m-T;=53K

|} = 1 )

; ——————= :
0.0 0.2 0.4 0.6 0.8 1.0
Xe,Hy L]
Fig. 23 Temperaturglide in condenser depending on isobutane mole fraction at
Tevapin = 4 °C andncomp= 1500min for both temperature lifts.
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For ideal mixtures, the largest temperature glide is expected at a mole fraction of 0.5, here the
highest temperature glide is found at a fraction of 0.527 and iK5@da temperature lift of
53K and 6.9 for 33 K. The small, but not vanishing temperature glide for the pure fluids is
caused by the pressure drop in the condenser. In general, the temperature glide is larger at lower
temperature lifts of the heat pump (Bdere), because the condensation pressure is lower, and
thus, the difference beten boiling point and dew point is increased. The larger temperature
glide approaches the temperature change df I the secondary fluid, and this better
temperature matching in the heat exchanger leads to a lower exergy destruction. By comparing
Figs.2.3 and2.2, it is noticed that the operating point with the higl@S®Pis not found for the
mixture with the highest temperature glide, but at a mole fraction of 0.267. Thus, the positive
effect of the temperature glide must be superimposed by anothemdéncy. From previous
work, the variation in compressor efficiency with composition was suspected, which may be a
direct or an indirect effect, as discussed next.

To examine the influence of the compressor, the change 6QQRavith the compressor
frequency can be considered first by regarding E@yonce more. It is seen that the influence
of the compressor frequency is changing between the low and the high temperature lift. For a
high temperature lift th€OP is lower for the lower frequency, while for the R3ift, the
opposite behaviour is observed, and@@Pis higher at 105tin™. The increase of theOP
for the lower temperature lift can be explained by a reduction of the compressor losses, due to
lower friction losses as also discussed in previous \\d@%]. The inverse finding is
astonishing and justifies a closer look at this opposing behaviour. For the nominal isobutane
mole fraction of 0.25, Tabl25 compares the three compressor efficiencies, the isentropic, the
electremechanical, and the volumetric efficiency, as a function of frequency and temperature

lift, all for an evaporator inlet temperature of@.

Table 25 COP, isentropic and electrmechanical efficiency and volumetric efficienfoy
Tevapjn =4 °C and a target mole fraction of 0.25 depending on the compressor frequency and

temperature lift.

1500min*t 1050min?t | 1500mint 1050min*?
33K 33K 53K 53K
COP(-) 3.56 3.73 2.29 2.15
Oeomp, is(-) 0.619 0.631 0.637 0.642
Jcomp,em(-) 0.951 0.975 0.920 0.890
axomp (-) 0.731 0.725 0.640 0.608
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TheCOPincreases for the lower temperature lift from 3.56 to 3.73 with decreasing compressor
frequency, while th€OPincreases from 2.15 to 2.29 with frequency for the higher temperature
lift. The isentropic efficiency is increasing with frequency reduction for both, but for the lower
temperature lift, the increase is higher with 19%84ompared to 0.7% for the higher lift. Only

for the electremechanical efficiency, an opposing behaviour as forGd is noticed, it
increases by 2.5% for the 33 lift and decreases 3.2 for the 53 lift. The volumetric
efficiency is increasing with frequency for both temperature lifts but for the lower lift the
decrease is only 0.82, while for the higher lift 3%.

The finding that a higher compressor frequency is beneficial for a high temperature lift
but disadvantageous for a low frequency regardingCi@® can be rationalized from these
numbers: if0 i from Eq.2.1 is expressed with the elecimechanical and the isentropic
compressor efficiengythe influence of the latter gets obvious
Vi

% I 80
a 200 ¢ Q i oR;

600 - O {5 O

But also, the composition influences further operating conditions. To examine this, the mass
flow rate, the density at the inlet of the compressorytihemetric efficiencyand the pressure

ratio of the compressor (outlet pressure divided by the inlet pressure) for a temperature lift of
33K are given in Tabl.6.

Table 26 Isobutananole fraction dependence of tlensity at the compressor inletrking
fluid mass flow rate, theolumetric efficiency and the pressure raad for
Ncomp= 1500mint and T = 33 K.

Xcan1o(-) J comp, in (kg/m3) O wi (kgls) aomp (-) “comp (-)

0 9.75 0.0110 0.7299 3.457
0.267 8.09 0.0092 0.7312 3.417
0.527 6.59 0.0074 0.7225 3.509
0.778 5.26 0.0057 0.6979 3.695

1 4.15 0.0044 0.6763 4.078

With increasing isobutane mole fraction, the density of the mixture entering the compressor, as
well as the working fluid mass flow rate, decrease almost linearlyvdluenetric efficiency
dependence of the compressor is-finear; a maximum of 0.7312 for an isobutane fraction of

0.267 is observed and it decreases slightly towards pure propane and stronger towards pure
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isobutane. A highvolumetric efficiencymeans a better utilisation of the compressor (see
Eq.2.7). Also, the pressure ratio is lowest for the isobutane mole fraction of 0.267 and the
highest for pure isobutane, the trend resembles the one of the volumetric efficiency. The
combination of the highestolumetric efficiency the lowest pressure ratio, and the high
working fluid mass flow rate, at a mole fraction of 0.267, leads to a high total compressor
efficiency and a higiCOP.

Furthermore, the mixture composition influences the heat transfer to the secondary fluid
and thus th€COP. To underline this, the compositimependence of the heat transferred per

massunit of fluid (q) in the condenser is shown in Fty4.

—® N, = 1500 min”, T, = 33K — n,, = 1500 min”", T, = 53 K
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Fig. 24 Heattransferred per massit (dashed line) and saturation pressure in the condenser

depending on the isobutane mole fractioncatp=1500min™ and Tevapin = 4 °C for both

temperature lifts.

The composition dependence of the heat transferred peruniss the condenser is similar

to the course at the same conditions in Eigfor both temperature lifts with a maximum at an
isobutane mole fraction of 0.267. This behaviour is mainly due to the composition dependence
of the condensation enthalpy, which makes up the largest part of the heat transferred to the

secondary fluid inte condenser. The condensation enthalpies associated with the temperature
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glides (shown in Fig2.3), and the heat transfer rates in the condenser (related to the working
fluid) are listed in Tabl2.7. The boundary conditions are the same as inZ4g.

Table 2.7 Specificcondensation enthalpiesyndenser hedliow rates, and temperature glide

in the condensdbr isobutane mole fractions Bomp= 1500min’, Tix = 33K and

Tevapjn=4 °C.
Xcano(-) Ahcond (kJ/kg) Grwt (KW) TG (K)
0 288.55 4.06 0.286
0.267 310.15 3.41 5.706
0.527 315.92 2.73 6.947
0.778 312.29 2.07 4.946
1 300.94 1.53 0.290

From Table2.7 it is seen that the condensation enthalpy increases with rising temperature glide
up to the maximum of 315.9&)/kg at an isobutane mole fraction of 0.527, while the enthalpy

of 310.15kJ/kg for a mole fraction of 0.26%pwever, is not far below and much higher than

the propane enthalpy of evaporation of 28&3%&g. The heat flow rate in the condenser
decreases with increasing isobutane mole fraction due to the decreasing mass flow rate (see
Table2.6), with the maximum heat flow rate for pure propane. Thus, for pure propane, the heat
flow rate does not rise sufficiently to compensate for the larger mass flow rate obtained,
resulting in a small decrease of the heat flow rate compared to the one determined with a mole
fraction of 0.267. For a mole fraction of 0.527, the condensation enthalpii@tehtperature

glide are both maximal, but the mass flow rate is low, due to the lower density of the mixture.
The result is that for the mixture with an isobutane fraction of 0.267 the condenser heat flow
rate is the highest and the ratiolof; andd  is maximal.

Finally, the fluid dependent specific exergy destruction of all components are shown to
analyse their influence on the system performance ar@@reThe specific exergy destruction
depending on the isobutane mole fraction for a compressor frequency omirst)0a
temperature lift of 3K (a) and 5X (b) with an evaporator inlet temperature ¢Care shown
in Fig. 2.5.
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Fig. 25 Specificexergy destruction depending on the isobutane mole fraction at
Ncomp = 1500min_1 for Tevap,in =4°C and (a)TIift =33K (b) Tiie =53 K.

For Tir of 33K it is seen that the total specific exergy losses are in the range betwle#kd5

and 92kJ/kg. The lowest exergy destruction is found for a mole fraction of 0.267 and the
highest for pure isobutane. The losses with pure propane and with a mole fraction of 0.5 are
only slightly above the minimum. The exergy destruction in the condenser & |ovith values
between 5.&J/kg and 7.kJ/kg. The component with the next highest irreversibilities is the
expansion valve (8.6J/kg- 12.1kJ/kg). The evaporator leads to slightly higher destruction of
12.6kJ/kg to 15.%J/kg, while the compressor shows the largest irreversibilities between
35kJ/kg and 6(kJ/kg. As expected for a temperature glide, the specific exergy destruction in
the condenser is highest for the pure refrigerants. The observed low increase of &®oahd 5
the maximumCOP for mixtures compared to pure propane can be explained here too. The
contribution of both heat exchangers to the total exergy loss is only aroéhfo233K. Thus,

the possibility to reduce the exergy destruction with increasing the temperature glide is limited
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by the low share of the heat exchangers on the losses. With increasing temperaturé Iift (53

b) the contribution of the heat exchangers to the total exergy destruction decreases to around
21 %, so that the reduction potential gets even lower with higher temperature lifts. Because of
this, theCOPrange from minimum to maximum for different mixture compositions decreases
from 1.19 for 3X to 1.01for 53K (see Fig2.2).

In comparison to the heat exchangers, the compressor has a very high share of the total
exergy destruction. It contributes between 38.4ind 65.6P6 and the courses of the total
exergy destruction follows the one of the compressor so that it can be concluded that the
compressor is the most important component for the total exergy destruction of the process and
has a main influence on tldPtoo. To address this further, a closer look shall be taken at the
electrical and isentropic specific work of the qmessor for a temperature lift of 3in
Fig. 2.6.
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Fig. 2.6 Specificelectrical and isentropic compressor work depending on the isobutane mole
fraction atncomp= 1500min?, Tix =53 K and Tevap;n =4 °C.

In Fig. 2.6 it is seen that the specific electrical wotk ( 0  ; ¥& ) of the compressor

(black line) increases with the amount of isobutane in the mixture, similar to the behaviour of
the exergy destruction in the compressor, while the needed isentropic work is slightly falling
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with isobutane content. EQ.10 combines ER.3 and Eg2.4, and the electrical specific work
can be divided into three parts: the specific isentropic work and the eteettwanical and

isentropic compressor efficiencies:

%L T

As the isentropic compressor work only decreases slightly with the isobutane mole fraction, as
seen in Fig2.6 (red line), the change in the eleemechanical and isentropic compressor
efficiency is the reason for the increase of the electrical compressor work. To show this, the
compressor efficiencies, the pressure ratio andohemetric efficiencyare shown in Fig2.7

as a function of the isobutane mole fraction.
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Fig. 2.7 Internalcompressor efficiencltomp, em isentropic efficiencyvomp, is volumetric
efficiencyacompand the pressure raticas a function of the isobutane mole fraction at
ncomp= 1500min-1, Tlift = 53 K andTevap in—= 4 OC.

Interestingly, the electrmechanical efficiency drops with the isobutane mole fraction. Because
the electremechanics has not any direct relation to the working fluid, this must be due to the
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change in thenechanical variables, the pressure levels along the volume change. Therefore,
the pressure ratio of the compressor is shown in blue irRFigwhich increases from 5.12 at

() 0.267 to 6.22 for pure isobutane. This increase of the pressure ratio also leads to the

decrease of the volumetric efficiency (dashed line) with the isobutane mole fractions. As a result
of this, it is seen that both compressor efficiencies decreas¢heitbobutane mole fractions,

but for heomp, em(black line) the reduction by 13.85 is higher than folrcomp,is (red line) which

falls by 6.3%. The courses Gkomp andhcomp, emare similaraomp falls by 12.6%%. Thus, the
utilisation of the compre®r drops with isobutane mole fractions due to the pressure ratio and
the volumetric efficiency, resulting in lower compressor efficiencies, causing the increase in
the needed specific electrical work (2dLO and Fig2.6). This altogether leads to the highest

COPat a mole fraction of 0.267 within the investigated opergimnts.
2.6 Concl usi on

Experimental results for the fluid dependence of the performance of awedggrcompression

heat pump system with propanasobutane mixture anaigher temperature levels are presented.

The temperature level for the secondary fluid water, which acts as heat source,@a3He
rejected heat was used to heat water t6G@nd 70°C, respectively, both with a TC
temperature increase within tbendenser. These temperature lifts oK3&nd 53K are typical

for a sustainable system providing hot water. The performance was investigated as a function of
the evaporator inlet temperature, compressor frequency and isobutane mole fraction in a
propane/isobutane working fluid mixture. Although, theafghis zeotropic mixture has a positive

effect on the process due to the temperature glide and the associated higher condensation enthalpy,
both effects on th€OP are limited, because the mixture densiyies monotonically and leads

to lower working fluid mass flow rates with increasing isobutane mole fraction. The temperature
glide reduces the hetsinsfer exerggestructiorand therefore tends to increase@@P, but due

to the low contribution of both heat exchangers to the total irreversibility-e283246, this effect

is limited and gets even smaller with higher temperature lifts. Compared to this, the compressor
accounts for a high share of the total exetggtructiorbetween 586 and 66.6P%. It has a large
influence on the process and especiallyGk¥. The largest temperature glide is observed at an
isobutane mole fraction of 0.527, but the higl@SPis at 0.267. At this composition, the lowest
specific compressor work is found, and it was shown that the higher compressor efficiencies are

the reason for this. The efficiencies decrease with higher amounts of isobutane mainly through the
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reduction of the internal compressor efficiency that is caused by the decreakingetric
efficiency and increasing pressure ratfothe compressor. Therefore, it can be concluded that

the heat exchangers and with them the moderate temperature glide has a smaller influence than
expected, while the change in working conditions lead to indirect effects, which influence the
important ompressor efficiency, leading to the found shift in the higG€d®to a mole fraction

of 0.267. From this it gets clear thasing constant compressor efficiencies in cycle calculations

for different fluid mixtures will not lead to reliable results. In this context, the -oféghected
electremechanical efficiencghanges have to be characterized carefully. Finally, the tdyean

of zeotropic mixtures should gain in importance for mixtures with larger temperature glides used
to heat secondary fluids with adapted temperature chafidges. may be worth future

investigations.
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pumps with higher temperature | i

The content of this chaptey submittedo the International Journal of Refrigeration
J. Quenel and B. Atakan. Propasebutane mixtures in heat pumps with higher temperature

lift: an experimental investigation

Table 31 Author contributions for the paper following the CRediT author statement

methodology{87].
Category Quenel Atakan
Conceptualization X X
Methodology X
Software X
Validation X
Formal analysis X
Investigation X
Resources X
Data Curation X
Writing - Original Draft X
Writing - Review & Editing X X
Visualization X
Supervision X
Project administration X
Funding acquisition X

Author contributions to this paper
My contribution embracedeveloping the concept, carrying out the experiments, conducting
the data analysis, visualization and writing the manus@iptak Atakandeveloped concepts

andreviewed theesults as well as thmanuscript
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Introduction and key results ofthe secondpaper

In the last chapter, the influence of an isobutane/propane mixture as a workingrdiiid
exploredfor the higher temperature leyatherein the temperature glide affectstéraperature
change matcfrom the working fluidperspectiveOn the other handhis matchcan also be
influenced by charigg secondary fluid parametesshich frequently occur in practice due to
variations in heat demand or the temperature of the heat source. Consequently, it is crucial for
investigations to also consideridimpactandgiven the practical significance of these external
condition changes, such a stuglypportsovercoming biases agairnsie useof heat pumps in
existing buildings.

Therefore, lhe work n this chapter retained the higher temperature level and the best
performing working fluid mixture with an isobutane mole fraction of 0.25 from the previous
research for further investigation. The heat demand of a heating systemnmictedo user
requirementganddirectly affects both the mass flow rate and the return temperature otavater
the heat pumgFor this reasaoythis study varied both parameters to examine their influence on
the process. Additionally, altering teaterinlet temperatures into the evaporator represented
the potential variations in the heat source, particularly pertinent for widely ustsEvaater
heat pumps.

The resulting maincontributions of this work to the state of the art cansbertly

summarized as follosy

- Experimental dates provided foran isobutane/propane (0.25/0.75) working fluid mixture
with sink temperature levels of 60 to 75 and source levels of 8 to 28.

- The compressor proves to be the component with the highest elesgyctionalso at
this temperature level.

- The elation between throttling, mass flow rate and pressure drop in the expansion valve
is responsible for varying temperature and pressure levels in thghiase regimef the
evaporatorEspecially theesulting pressure levstrongly affectshe process by changing
the compressor pressure ratio.

- A lower pressure ratio leads to higher shares of power transferred to the fluid,
superimposed at low working fluid mass flow rates by the needed base power to drive the
compressor.

- A high compressor load is preferrable for the performance of the process due to the more

efficient compressor, even when i®Pwould decrease in theory.
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3.1 Abstract

Heat pumpsare also discusseébr replacing conventional house heating systemiigtier
temperatures. Their performance also dependshereat demandheatingsystemreturn
temperature, as well as the heat source temperathrehdetermine theeversiblyachievable
coefficient of performanc@COP). To approach reversibility in the heat exchangers, zeotropic
mixtures are often investigated, but the mean temperature difference in the heat exchangers is
also varies with secondary fluid parameters and heat load. Thsisstidyexperimentally
investigates the impact of secondary fluid paramsebn the performance of a wateater
compression heat pump systenth sink temperature levelsf 60 to 75°C and source levels

of 8 to 29°C. The heat pump operatesth a piston compress@nda 0.25:0.75 isobutane
propane working fluid mixtureThe system performance is analysesa function oheat
demand; the cycle is adapted by variable throttid@Psand exergy destruction rates of the
individual components are evaluateglyeaing theinfluence of secondary fluid parameters on

the processespecially via the influence on the cycle mass flow rate and the compressor
efficiency. The COPrisesby 63.4%, if the heat flow demand rises from 1.17 to 3kW. The
variation in theworking fluid throttling for matching the heat demaimfluences pressure

levels, mass flow rates, pressure ratios, and compressor efficiencies, often neglected in simple
cycle calculations. ¥®rying the evaporator water inlet temperature showed no significant
change inCOP, because of the counteracting of variations in compressor efficiency and

evaporator exergy destruction

3.2 | ntroducti on

Heat pumps can contribute to climateutral heating systems and are currently being discussed
as awidely usedreplacement for conventional heating systebecause thelectrification
increases with higher amounts of energy fremewable sources

For this reason, studies with possible climate friendly working fl[l88s.06,107]
optimisationsfor systems using heat pumj®9,108-110] or investigations focussing for
example on compressd?0,39,92,105,111,112)r heat exchangef$13,114]exchangers are
carried out.

A lot of studies consideraturalworking fluidslike hydrocarbonssean option to replace
environmentally harmfubnes like fluorocarbons. Hydrocarbons were investigated in several

cycles[35,89,93,94,115,116¢ue to their low GWP and their good thermodynamic properties.
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Zeotropic working fluid mixtures can achieve lower exergetic losses in heat exchangers in
combination with sensible heat sources and J#kg14,90,91] because of the temperature
glide that occurs during phase change on working fluid side. It reduces the temperature
difference between the working fluid and the secondary fluid throughout the heat exchange.
Heat pumps are often considered for low tempeedtfts, but the interest in higher temperature
heat pumps (HTHP) increas@8,31,32,117119] They provide secondary fluid exit
temperature$y of 50 to 120°C for the condenser with heat sources around 5 f€5fr even
higher and could be used for example for warm water distribution or for conventional house
heating systems. Due to the temperature D) (dependency of heat pumps, seen from the
limiting reversible coefficient gberformanceQOPe, = Tn/ OT)?, thosetemperature ranges for
the secondary fluid have an impact on peeformance

For domestic hot water production, Cui et[80] investigated the influencef the
compressor control strategy on the performance of al@@ pump experimentally. For the
secondary fluid side, the condenser inlet temperature was varied between 20 am8theated
up to 65°C as well as the heat source inlet temperature was set between 15°@ndrasy
considered for example ti@&OP,the heat flow rate in the condenser and the compressor power
and aimed for control strategies to maintain the heating performance for those different
variations. It was concluded that higher compressor rotating speeds increase the heat flow rate
while slightly decreasing th€OP. Furthermore, they found the rotation speed to be a good
control variable, maintaining the heating performance, while the temperatures of the secondary
fluids are changing.

Bamigbetan et a[29] evaluateda cascade heat pump that can provide enamy
to 115°C using residual heat 25 to 35°C experimentallylt had a heatingapacity of 2GkW
with propane in the low temperature and butane in the high temperature cycle. The influence of
compressor speed as well as the inlet and outlet temperatures of the heat sink and source were
investigated. For the considered temperature lift range of 58 € Ti2ey foundan average
COPof 3.1, whilethe highest at 58C wasnearly3.6. This wa®bviouslysuperior to electrical
heaters or gas boilers for their boundary conditions.

Caoet al.[110] carried out a theoretical optimisation of an ejector enhanced heat pump
system with an butane/R143a mixture by using a robiiective nordominated sorting

2 Calculated with thermodynamic mean values
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algorithm. They aimed to analyse the performance of the system and compared it to
conventional ones. Furthermorethermoeeconomic and exergy analysis was conducted, and
the mass fraction of butanalong with thecondensation and evaporation temperatures were
varied. They stated that with increasing condensation temperdheesit cost of product and
COPdecrease, while the heating load, exergetic efficiency and net consumed power increase.
Also, rising evaporation temperatures led to increasing tptabuct costs, exergetic
efficiencies andCOPs.

For industrial waste heat recovery, Mateayo et al[89] theoretically examined the
energetic, economic and environmental performance of high temperature heat pump
configurations using various low GWP working fluids. To simulate different waste heat
sources, two variations for the heat source inlet were ughd3@ito 50°C as well as 70 to
90°C. Besides that, the heat sink outlet temperature ranged between 100 &ad 1660
differentworking fluidswere investigated for these conditioAsnongst others, they concluded
that singlestagecompression configuti@ns are more suitable for temperature lifts belowG0
and twostage conceptshould be usedor temperature lifts over 6. Furthermore, a
significant potential of twestage booster cycles for industrial waste heat recovery was
identified.

Zhao et al[120] optimisedthe working fluid and temperature matching of a geothermal
cascade consisting a heat pump. The thermodynamic, economic and environmental
performance of the system was taken into account, while investigating 4 different hydrocarbons
as working fluid. With he help of a model, the optimal temperature matchings in the heat
exchangers of the whole system were calculated for all working fluids. They found butane to
have the largeSLOP and generally the optimal minimum approach temperatures in the heat
exchangers should be minimal, liké@. By performing a sensitivity analysis, they saw that all
temperatures and temperature differences had an impact o€QRe but the injection
temperature back into the ground had the highest influence.

Ganesan et aJ32] theoretically analysed a cascade HTHP providing water from 100 to
118°C. Mixtures of CQwith butane and pentane were used as working fluid. The working
fluid mixtures and the heat source inlet temperature5QTC) were varied to examine the
performance of the system analysing (B@P, condenser outlet temperature, and heating
capacity. They drew the conclusion that the heat source temperature has a great influence on

the performance of the system, becauseQO® rosewith increasing temperatures. Witte
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COefraction the hot water temperature increased up to°Clidr 8% CO», while the highest
COPof 4.5 was found for 2.

The publications reviewedew that secondary fluid parameters aften fixed in heat
pumpinvestigatons while work on thempact d their variations is scarce. While zeotropic
mixtures are investigated often to reduce the mean temperature difference in the heat
exchangers, and thus reducing entropy production, the mean temperature is also influenced by
the not often studied seconddlyid parametersTheir influence orheat pump heating systems
with zeotropic mixtures is unclear and is addressed iprisgent work, because they vary with
heat demandnd the surrounding or heat source temperatire variations in heatindgemand
specifically the heat flow in the condenser, are explored by adjusting mass flow rates and
introducing temperature variations in the condenser for the secondary fluid. Furthermore,
diverse external conditions during heating are considered by varyisgdbedary fluits inlet
temperatures in the evaporator. This approach aims to systematically elucidate the influence
secondsgy fluid parameters on the overall process and its individual components.

3.3 Experi ment al

The used compression heat pump systemmaady the same as in the previous styg] and

consists of a compressor, an evaporator, a condenser, an expansion valve, and a working fluid
reservoir.Now, an electrical heater is also used to vary the water inlet temperature in the
evaporator. The secondary fluid was water in the evaporator and in the condenser, respectively.

The systenis shown inFig. 3.1.
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Working fluid
reservoir

Condenser

Electrical Heater

Water

Fig. 3.1 Schematic View of the used compression heat pump

The semihermetic piston compressor (GEA Bock, HGHC12 running wistthine oil Reniso

Synth 68 from Fuchs) increases the pressure between states 1 and 2. The compressor has a
maximum power consumption of XV, it has two pole pairs, and two cylinders; the rotation
speed is kept constant at 15000, At the outlet clamps of a frequency inverter, the electrical
power consumption of the compressor is measukedinimum superheating of the working

fluid of 3 °C at the suction side fargeted for all operation points to protect the compressor.

The mass flow rate, the temperature change of the water in the condenser, and the water
inlet temperature of the evaporator were varied in the present work. The evaporator inlet
temperature of the water into the teibetube heat exchangensas variedetween 8 and 2%C.
Throughout, the water mass flow rate in the evaporator was set to aroukg/B.idbensure a
high heat transfer. Here, it was not attempted to control the temperature change of the water.
The evaporator has an inner tube diameter omd0(wall thickness: Inm) and an inner
diameter of the outer tube 6 mm. This results in an annular gap ahg in which the water
flows. The evaporator has a length ofri4The condenser has an annular gaprafi2and an
inner tube diameter of the outer tube of®. The condenser has a total length ohRA
needle valve is used for throttling in a wide range of operation points. A working fluid reservoir
between the condenser and the needle valve compensates the different needed working fluid
mass bads at different operation points, so the system must not be refilled for operation point

changes.
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A flow meter (Krohne, Optiflux 4050) measures the water mass flows in the secondary
fluid cycles. The working fluid mass flow rate was determined from the energy balance in the
evaporator like in previous studies on that syg#nB86], which agreed within % with direct
flow measurements, but avoided additional pressure 1¢48ks

Pressure and temperature sensors provide the state information along the cycle and for
the secondary fluids {& in Fig.3.1) to evaluate the process. The manufacturers, ranges and

accuracies of the used pressure and temperature sensors are summarized®i@. Table

Table 32 Used sensors with manufacturer, type, measuring ranges and accuracies

Sensor Manufacturer Type Range Accuracy
~ PT-1000
Temperature Sensor Electric -5-120°C 0.1+ 0.005- T [°C]
type AA
Position 1 and 5:
ICS Schneider 0- 10bar (absolute) 0.1%
Pressure ) IMP331
Messtechnik Others: [of full span output]

0 - 25 bar (absolute)

Thecirculating working fluid mixture deviated from the targeted proganbutane mixture of
0.75:0.25(molarf. A method to determine the actual composition was used, which was
proposed and used by differenithors befor§l02,103] Assuming that the expansion valve is
isenthalpic, the mole fractions can be calculated iteratively until the enthalpy of the composition
before and after the expansion valve is the same; fluid properties were evaluated using
RefProp[101]. The variation of the secondary fluid parameters leads to a slightly varying
distribution of the working fluid mixture between cycle and reservoir. Thus, for every operation
point the composition was evaluated and used further, whereby the calculatéchotime of
isobutane was found to be 0.002 to 0.0353 higher than targeded.was taken to ensure
superheating at the compressor inlet and subcooling at the condenserToetktcondary

fluid parameter (subscript: sf) value rangeed in the expearientsare shown in Tabl8.3.

3 This bracketwasaddedand is, thusgeviating from thesubmittedmanuscript
4 This bracketwasaddedand is, thusgeviating from thesubmittedmanuscript
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Table 33 Investigated secondary fluid parameters

Parameter Used values

Secondary fluid mass flow rat®endenserd cond,s 1.5- 6 kg/min
Secondary fluid temperature difference condenS&gnd,st 5-20°C

Secondary fluid inlet temperature evaporal@yap, sfin 8-29°C

Thehighest investigate@vaporator inletemperatureare unrealistiéor house heatingvhile
hot water is also needed in summer; here it allows to vatgtheeraturdift between heat sink
and source temperature in a wide range.

An error analysis was carried out previously for this sy$886h and shall only be
summarized, and some taken measures explddedadre logging in the data, it was waited until
a steady operation point was reached. Furthermore, the statistical uncertainty in the fluctuating
values was reduced by logging the data witfeIfor 10 min and using the averaged values for
further evaluatin. To reduce the heat losses, a polyurethane insulatiomafi2bickness was
used for the whole system. An additional stone wool insulation airBthickness was used
for both heat exa@mgersln addition, the statistical errors due to the uncertainties of the sensors
(see Table.2) were analysed previous]g0]. There it was shown from error propagation that
the uncertainties for the various derived values are in a range between 0.18 &td Bob1
example, the calculated uncertainty of the compressor power consumption 4, G@6he
COPit is 2.22% and for the specific exergy loss in the condenser it is %@.50verall,

repetition measurements showed that the errors are in the same range for the present work
3.4 Data evaluation

Theevaluation of the experimental datad the usedquationshall brieflybe introduced and
discussedhere From the measured data and the iteratively determined mixture composition at
every operation point, properties like enthalpy and entropy were directly calculated with
RefProp[101].

With the known secondary fluigubscriptssf) mass flow ratex r and temperature
changeATeond,sfin the condensegisubscript: conyl the transferred heat flow rabe can

be calculated, representing the heat demand:

v § a EBY § % Kb
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TheCOPis defined as the ratio of the determimed heat flow rate transferred to the secondary

fluid in the condenser to tlreeasuredompressofsubscript: comppower0d R

p=xj

~

60U % bg 5

C Cn
¢

To analyse the process details, the exergy destructedhaomponentss examined. These are
generally determined by the difference between entering and exiting exergy Glowse
exerg flow rates, when the contributions of kinetic and potential energy changes are neglected,
are given by:
0O a2Q 7Q YO0 i % &

In this equationd FYih are mass flow rate, temperature, specific enthalpy, and specific
entropy, respectivelyAn ambient (subscripimb) temperature of 25C and pressure ofldar
were used in this work as dead state. Using3E3;all enteing andexiting exergy flowsare
calculatedor each component and thdifferenceis theexergy destruction.

The mass flow ratef the working fluid (subscript: wivas determined from the energy
balance across the evaporgsubscript: evap)which was assumed to be adiabatic, because of
the small temperature difference to the environn#®it Thus, the mass flow rate can be

calculated from:

- % Rod

Q wr Q wp
a a {5 9 ”
Q i

\J!I
Q i

¢
¢

The outlet state of the compressor was used to calculate the specific work delivered to the fluid
0 r from the measured data, assuming an adiabatic compressor:

0 M Q Qi % o)

By usingad  ando F,0 i was determinedAlso, the specific electrical work of the
compressor can be calculated by dividing j through the working fluid mass flow rate.
Thepressure rati is defined as the quotient of thatlet pressurq r and

the inlet pressurg  j of the compressas measured in the process

% Ro®p

5 The indice ofCOPwasaddedand is, thusgeviating from thesubmittedmanuscript
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Various efficiencies can be defined for the compressor to characterise it. In the present work,

the electremechanical (subscript: em) compressor efficieacy  is used with:

a Q Q  ;

= % Ko
U R 08(

c ©1
= | T¢

It represents the ratio of the power delivered to the working fluid ; and0 i, thus
consideringhe electremechanical losses in the compressor.

The isentropic efficiency(subscript:is) is defined as the rati@f the isentropic

compressopowerd  j andd  f:

=y

0
0 R 0

- F % Koy

¢

The specific isentropic wonk i is calculated using the isentropic enthalpy 5 for

the outlet enthalpy in E®.5. With — R and— i, thetotal efficiency— RIS
calculated

- R - RO R % Rbdo
3.5 Di scussion and resul ts

Heat demands buildings vary, which in turn leads to varyirmgat flows to the water in the
condenser. According to E8.1. the adjustment of the heat flow could either be achieved by
adaptingthe circulating water mass florateor by a differenttemperaturehange (or both)n

the following, the case of varying the mass flow rdtetween 2 and 4kg/min will be
consideedfirst, while the temperature chang®cond st Washeld constant at 1T with an inlet

temperature of 60C. Also, the evaporatovater inlet temperature  ; was constant at

20°C.
3.5.1Variation of the mass flow rate in the condenser

First, two strongly differing conditions shall be discussed atbdg temperaturers. enthalpy

flow ratediagrams In Fig. 3.2 theresulting statefor & r of 2 and 4.%g/min areshown
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20 e —
1.0 15 2.0 25 3.0
H [kW] H [kW]

Fig. 32 T-& diagrams for al cond,st= 2 kg/min and bYi cond,st= 4.5kg/min with condenser
water inlet temperature 60 C ,Tcondst = 10°C andTevap,stin= 20°C.

The cycle is plotted in black, the evaporat@ter states are shown in blue, and the prescribed
water states in the condenser are plotted in red. The numbered states between the main
components (see Fig.1) are marked with black dots.

The changes in mass flow rate lead to heat flow rates & .dnd 3.14&W, thus, quite
different heat loads, as seen from the diagram. The cycle has to be adapted to the different loads,
here by changing the throttling valve opening, and thus, the vgpfkild mass flow rate.

Comparing the two diagrams shows that the temperature difference between the
secondary fluid and working fluid in the evaporator for the higher mass flow3atb)(is
significantly lower than for the low mass flow rate case, although the boundary conditions for
the water in the evaporator were the same for both. This results in a lower superheating of the
working fluid at statel for 3.2-b. Additionally, the temperature at the compressor exit ()ate
is lower, 92.51°C for 2-b compared to 111.7%& for3.2-a. Some heat loss (below %) occurs
between the compressor exit and the condenser entrance of the working fluid (state 3). At first
sight, one could think that the overall heat transfer coefficient dropped strongly in the
evaporaor. But since statestunchanged between both cases, and especially the enthalpy and
temperature are identical for state 1, it is clear that the heat transfer is not limiting: the secondary
inlet temperature is nearly reached by the exiting working fluid. Instead, themdiatween
throttling, mass flow rate, and pressure drop is responsible for the difference. This large mean
temperature difference directly leads to larger exergy losses. The same holds for the

42



Chapter 3

Discussion and results

superheating, which leads to larger exergy losses at low mass flow rates. The quantitive
evaluation will follow.

To further examine this difference, the energy flow rates in the evaparator,
condensed ,and compressar  j , along with the working fluid mass flow rae |

are plotted in Fig3.3.

—— Qcond, sf
304 Qevap - 0.011
Pcomp,el
2.5 1 +0.009
=20 0.007 2
Ly . é%
1.5 4 0.005
1.0 - 0.003
0.5 T T T T T - 0.001

rhcond, sf [kg/min]

Fig. 3.3 Energy flow rates for secondary fluid in tbendense€3cond,si for evaporatoQevap
and the compress®&&:omp,ei0n left yaxis as a function af cona,st Working fluid mass flow
rated ws on right yaxis. Condenser water inlet temperature® 60 ,Tconddt = 10 °C and
Tevap,stin= 20 °C.

In Fig. 3.3, the lefty-axis displays the heat floratesonto the secondary fluid in the condenser
(circles) and in the evaporator (stars), as well as the electrical compressor power (squares). The
right y-axis represents thgorking fluid mass flowrate (triangles). Asa i increasesall

energy flow ratesas well asd , increase.The heat flowrates andd  exhibit an
approximately proportional increase with , while 0 r Increases lessteeply The

latter indicates that the specific enthalpy change in the compressor gets smaller with the mass
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flow rate (or the load), as is deduced froag. 3.7 ("Q Q h—ho

leading to lower exit temperatures for the same inlet enthalpy with larger mass flow rates.

A reason foithis lower increase o0 i Wwith load is due to the throttling relation

betweend , pressure, and loalow mass flow rates lead to larger pressure drops in the
expansion valve (15.6 compared to lst), while the entrance pressure is only slightly
increasing (18.1 to 1Bar), leading to lower temperatures in the 4pt@se regime for the low
mass flow rateThis can also be observed in thiferenttemperature differendeetweerstates

4 and 5(before and after the expansion value)Fig. 3.2 when comparing (a) and (b)he

pressuretevels at the compressor infgt  ; and outlet r are plotted in Fig3.4 on

the left axis together with the pressure ratio  on the right axis

20 11
] I ——— I
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Fig. 34 Pressure beforgdomp,n State 1) and aftepéomp,out State 2) the compressor on left
y-axis, pressure ratiaomp0n right yaxis; both as a function 6fcond,st Condenser water inlet
temperature 60 C ,TcondSf = 10 °C andTevap,st,in= 20 °C.

The inlet pressure increases by 8&9while the outlet pressure increases only [8/9%.

between2 and 4.5kg/min water mass flow rateand “ decreases by 79% in the

considered range. Lower pressure ratios reduce the forces in the compressor, |dagdiray to
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amounts of power transferred to the fluid ( ; . Itis shown in Fig3.5 as stars along with

the electrical poweDd i (circles) and the power needed for an isentropic compression

0  (dots).
1.2 4 |
I Pcomp,el .
11—, comp,is
1.0 __*_ Pcomp,wf *
J ]
" /
i 0.8 4 ® X
a ]
0.7
] ™
1 B
05 = /
0.4 "
1 1 v 1 L
2 3 4 5

mcond, sf [kg/mln]

Fig. 35 Electrical compressor poweomp,e; power delivered to the working fluRtomp,wf
and isentropic powePcomp,isas a function oll cond,st Condenser water inlet temperature
60° C ,Tcond%f =10°C andTevap,sf,in: 20°C.

Most noticeable is the increaselin  ; from 0.578 to 0.82&8W when increasing the mass
flow ratefrom 2 to 3kg/min, representing a 42% higher powerThe electrical power only
increasedy 19.1% from 0.803 to 0.95&W. The stronger increass 0 i indicakesan
improving efficiency of the compressoObviously, some power is needed to drive the
compressor, even for small or nearly negligible loads, leading to an offset, which is
unfavourable for small mass flow ratés.contrast, the poweior anisentropic compressor
increases moderately by 28

To illustratethis effect on compressor efficiencies, F&6 showsthe total— R
(square), electrnechanical- n (circle), and isentropic efficiency (star) of the

compressar
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Fig. 36 Total [dcomp,tota), €lectramechanical dcomp,en) @andisentropic comp,i9 cOMmpressor
efficiencies as a function 6fcond,st Condenser water inlet temperature®6Q
ATcond,sf =10°C andTevap,sf,in: 20°C.

Over theinvestigatedrange, there is a 24.06 increase irthe electromechanical efficiency
— r , from 0.719 to 0.89%ith a larger increase between the first pointstditbe marked
higher proportion ob i (Fig.35.). In contrast, there is a slight decrea$®.46% in the
isentropic efficiency— i . At last, resulting from thelectremechanical and isentropic
efficiency in Eq.3.9 (- R - 5 > i ), an increase imotal efficiency from
0.519 to 0.581 (11.8%) with mass flow ratés measuredverall

Fig. 3.7 shows the fate of the specific exergy (per mass of working fluid) entering the
heat pump, basically from the electrical work transferred to the compnessory, . This
specific exergy is either transferred to the condenser Water;, or destructedn the main

componentstheir distribution is enlightening.
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Fig. 3.7 Specific working fluid exergy added to the system and its fate as a function of
secondary fluid flow rate. The specific exergy transferred in the condenser and the specific
exergy destruction in the compressor, expansion valve, evaporator, and conaesisewa

as a function ofi cong,si Condenser water inlet temperature®’6Q ,Tcondds = 10 °C and

Tevap,stin= 20 °C.

The exergy transferred to the heat sink per mass of working fluid in ofange is nearly
constant with 4%kJ/kg, due to the constant conditions in the condenser, while the remaining
exergy added to the working fluid is destructed, with the amount reduced @im 70kJ/kg

with increasing heat loads as seen from the hatched parts.

As seerpreviously[39,40,86,105the compressor proves to be the component with the
highest individual exerggestruction accounting foA3.3% of the destruction of the entering
exergyat 2kg/min andreduced to 34.% at 4.5kg/min. It is followedby the expansion valve
and the evaporator, all decreasing with the mass flow rate. In the evaporateertietielosses

decreasdy 68.94% from 24.95 to 7.7%J/kg due to the decreasing temperature difference

47



Chapter 3
Discussion and results

between working and secondary fluid resulting frammising evaporation temperature and
decreasing superh@aj. The throttling at low mass flow rates ends at high vapor qualities,
which is reduced with increasing mass flow rates, leading to lower I0Bsescondenser
contribuesaround 6% to the total exergy destructi@andremains nearly constant, dtethe
maintainedtemperaturdevels for the secondary fluid, resulting in minimal changes in the
temperature difference between the fluids (seeFR). This decreas®f lossesn almost all
components leads the noticeable reduction in total exergy destructioml 0 B

As a result, the COP increases with the mass flow rate, as shown 8:8Fighile the
COP:amot (COPsarnot= Teond,st.ouf Tiitt)° for a reversible process would stay constant (plotted as

squares in the diagram).
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Fig. 38 Ideal and experimentally measut@®P as a function ot cong,sffor a condenser
water inlet temperature 60 C ,TcondSf= 10 °C andTevap,stin= 20 °C.

The reversibleCOP of 6.9 does not depend on the load while @@Pss values significantly
increase by 63.% from 1.73 (&g/min) to 2.77 (4.%g/min). The measure@OPss is 25.1%

6 This bracketwasaddedand is, thusgeviating from thesubmittedmanuscript
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of the ideally achievable value akg/min, while it is 40.246 at 4.5kg/min. Thus, higher loads

are preferrable if mass flow rates are changed for adaptation.
3.5.2Variation of the condenser water temperature change

FromEq.3.2itis clear tha”Y j can alstbe adapted to adjust the heat demand  at
constant secondary fluid mass flow rates, being an alternativeaoagion of& i - This
variation should be addressed nextyvaying Y | between approximately 5 and 16
with an inlet temperature of 6, while keepingx r constant at 8g/minand™Y ;i
at 20°C. The experimental values fei'Y | are not exactly 8C, 10°C and 15°C, but will
be called so in the following discussion for simplicity.

As above, the working fluid mass flow rate increases withhtbet demandwhich is
accomplished byeduced throttlingwhich in turnleads to an increadeompressoefficiency,
as discussed befar&o show this,Table3.4 summarizes several values ®fC, 10°C and
15°C.

Table 34 Condenser heat flo@cond,s; €lectrical compressor powBgomp,e; the COPx,
working fluid mass flow raté wf, inlet pcomp,inand outlepcomp outpressure of the compressor,

pressure rati0compand the compressor efficiencigsmp for &l cond,sfof 5 °C, 10°C and
15°C. Condenser water inlet temperature®60a cond,si= 3 kg/min andTevap,stin= 20 °C.

Parameter Unit 5°C 10°C 15°C

Geona,st  [KW] 117 217  3.27

Pcomp.el [kW] 0.75 0.99 1.23

COPy [-] 155 220  2.66

Olwi [kg/s] 0.00357 0.00686 0.01159

Pcomp,in [bar] 2.23 3.42 5.26

Pcompout  [bar]  17.19 1848 20.73

" comp [-] 7.70 5.40 3.94

Qeomp,em [-] 0.697 0.830 0.849

Oeomp,is [-] 0.716 0.687 0.695

Jcomptotal [-] 0.499 0571 0.590

With the increase a&’Y  from 5 to 15°C, the heat flowd i increass by a factor of

2.8, while the compressor power only increases by 6which leads to aBOPss increase by
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71.6%.Also, with the higher mass flovate the pressure levels before and after the compressor
increasedue to reduced throttling. Although the pressure difference remains constant, the
increased pressure levels lead to a significant variation in the pressure ratio It halves

from 7.58 to 3.88and contributes to the higher  j . Altogether, his results in lower
exergetic losses in the compresandhigherCOPst, which are shown in Fig.9 together with

the COP:amotfor the reversible process.

.\
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Fig. 39’ Ideal and experimentally measur@®P as a function oéelcond,stwith condenser

ond, sf

water inlet temperature 6C, G cond,st = 3 kg/min andTevap,stin= 20 °C.

ThereversibleCOPamotdecreaseBy 10.7% with 37Y  from 5 to 15°C, becaus¢éhe mean
temperature of the secondary fl@ldoincreaseswhile the experimentaCOPst increass with
3’Y  from 1.55 to 2.66, corresponding to an increase of 7d.®hus, COPs achieves
20.5% at 5°C and 39.4%0 at 15°C of the reversibl€OP.amo. Consequently, the higher heat
load with increasing’Y | is preferrable as for the variation@f .

Sections 4.1 and 4.2 can be summarized as follows: The variation iy, primarily

influences the working fluid mass flow rate. Since this is mainly achieved by changing the

" The legend of thisliagramwas corrected and is, thudgviating from thesubmittedmanuscript
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throttling, the process pressure levels are affected, altering the operational behaviour of the
crucial component, the compressor. The comparisotead and measurédOPsshows that

the influence of the secondary fluid parameters outweighs the expected ch&t@e firom

theory.

3.5.3Variation of the evaporator water inlet temperature

After analysingthe secondary fluiéghfluencein the condenser, the evaporai®investigated
now. The most significant variablhere is theheat sourcéaemperature, which, in practice,
corresponds to a change in the outsidsourceaemperature.

Here, evaporator inléémperatures ranging from 8 to 20 were investigatedvhereby
the highestemperatureare not of interest for domestic house heating, but e.g. for warm water
production For this temperature range, f ,0 r anda are plotted in Fig3.10, with
a constant condensematerinlet temperature dd0 °C and3Y  of 15°C. To maintain the
boundary condition oBY | of 15°C in this variation and to achieveworking fluid
superheating at the compressor infet, ; had to be reduced to 2kg/min (11 and 14C)
and 2.4kg/min (8°C), due to thdixed evaporator heat transtmea

° o—— T e o |
3.0 / L 0.0175
- . . -
2.6 - / -0.0150
()
S22- L 0.0125 5,
= : X,
. I Qcond, sf =
—=—P —>-m ‘&
1.8 colnp. ol = " 5.0100
| S e S| .
.- > -lop
i
144 > L 0.0075
L n ———
104 p—0——M8""" " e ——a L 0.0050
T T T T T T T T T T T T

Tevap, sf, in [OC]
Fig. 3.10 Heat flow rateQcond,srand electrical compressor powRemp.ei0n left yaxis as a

function of Tevap,stin Working fluid mass flow ratéw on right yaxis.Condenser water inlet
temperature 50 C  a Togh,sf =AL5 °C.
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It is seerthatenergyand mass flowates mainly change until £, whilethereare only slight
variationsat higher temperatureSompared to the previous series, the range of massdiew
remains within 1@6 of the average value. Results are summarized in Babfer 8, 17 and

29°C.

Table 35 Condenser heat flo@cond,s; €lectrical compressor powBgomp,e; the COPx,
working fluid mass flow raté s, inlet pcomp,inand outlepPcomp,ocutpressure of the compressor
and pressure ratiaompalong the temperatuomp,nand superheatin@superheafor the
compressor inlet foFevap,st,in0f 8,17,and 29°C. Condenser water inlet temperature’60
a n dlcondsi=15°C.
Parameter Unit 8°C 17°C  29°C
Geona,st [KW] 253 312  3.10
Pcomp.el [kW] 1.00 1.07 1.04
COPy [] 252 291 297
Ol wf [kg/s] 0.00761 0.00971 0.00894
Pcomp,in [bar] 3.66 4.34 4.04
Pcompout  [bar] 17.23  17.39 16.96
" comp [-] 4.70 4.01 4.20
Tecomp,in [°C] 7.05 16.30 28.98
Tsuperheat  [°C] 2.80 6.59 21.30

It is seen that the condenser heat flow rate is nearly constant for 17 &0ch28 1%6 lower

for 8 °C. The compressor power is barely affected¥y ; ; and remains within % around
1.04kW. Consequently, th€OPs is 13.4% lower for 8°C. The mass flow rate and both
pressures go through a slight maximum at@,/while the pressure ratio has a minimum at this
temperature.The temperature levels at the compressor iMet ; and™Y increase
monotonically The compressor inlet pressuoaly changes slightlywhich also holds fothe
evaporation temperaturérhus, a higher'Y | , due to the increasing secondary fluid
temperature€’Y i, resuls in a higher superheetg (6.59 to 21.30C), increasingthe
temperature difference between therking fluid and the secondary fluid in the evaporator

higherexergy destructiofollows as seemn Fig. 3.11.
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Fig. 3.11 Specific working fluid exergy added to the system and its fate as a function of
Tevap,stin The specific exergy transferred in the condenser and the specific exergy destruction
in the compressor, expansion valve, evaporator, and condenser are shown as a function of

Tevap,stin CoOndenser water inlet temperature®5@  a Taogh st =ALS °C.

Here, the sum of the hatched parts in the bars also illustrates theshare |  of the
specific working fluid exergy added to the system, which is basiéally . FromFig. 3.11
it is recognized that basically two opposite trends countetecevaporator's share of the total
exergy destructionincreasesfrom ca. 5 to 2&J/kg to 24% with Y 5, which is

compensated by a reduction bétcompressdosses from 55 to 4kJ/kg At a lower level, the
exergy destruction in the throttle is reduced slightly with evaporator temperature, while the
condenser values rise. Both, being indirectly influenced by the evaporator temperatures via the

pressure levels and pressure ratios. Tted &xergy destruction and  ; remains relatively

constant with a minimum at ITC.
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The resultingCOPs (left y-axis, circles)and COPeamot (right y-axis, dots)or this variationare
plotted in Fig.3.12.
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Fig. 312 Experimentally measured (leftaxis) anddeal (right yaxis) COPas a function of

Tevap,stinwith condenser water inlet temperature°®0andael cond,st= 15 °C.

For constant heat rejection temperatures, the reveriGiDR.amot rises with the temperature

levels in the evaporator, because temperature lift is reducedC@Rg values remain nearly
constant in a range of 2.91 to 2.98, with an average of 2.95 for temperatures atOywittY

lower values between 8 and 1@. For 11 and 14C, COPs values of about 2.7 are
approximately 1@%6 lower; for 8°C, it is 2.52 and 14.% lower. All in all, the results for the
evaporator parameter variation support the previous findings that the main influence of the
secondary fluid parametts are primarily via the compressor conditions, while the heat
exchanger exergy destruction rates are minor here. The compensation of the increasing exergy
destruction in the evaporator by reduced exergy losses in the compressor nicely emphasises the

importance of the system coupling.
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3.6 Concl usi on

Experimental results for the influence of the secondary fluid parameters on the performance of
a waterwater compression heat pump system with higher temperature levels are presented. A
piston compressor and a fixed working fluid mixture of isobutane aopape (0.25:0.75

mola) was used. The temperature level for the secondary side of the condenser outlet was 60
to 75°C. These temperature levels are common for conventional heating systems in houses and
also for warm water production, but then the water to be heated would antewer
temperatures. Heat source temperature levels in the range of 8Gon9e investigated. The
performance was evaluated as a function of the mass flow rate and temperature change of the
water in the condenser and the water inlet temperatuteaaporator to simulate different
heating system scenarios on the test system, especially with respect to heat demand. The heat
pump cycle was adapted to the different conditions by changing the throttling, which influences
mass flow rate and pressurgéés, and thus the operation conditions for each part.

Such zeotropic mixtures are used to reduce the entropy production in the heat
exchangers, especially in the condenser. Whether this goal is achieved, also depends on the
adaptation of the secondary fluid temperature change and mass flow rate. Butat theniend
varies, again both strategies can be followed, with respect to the secondary fluid, either its mass
flow rate can be varied or its temperature change. In both cases the cycle must react, mainly
with varying working fluid mass flow rates, whichsalchange the pressure levels and state
points. In the present work, this was accomplished by varying the throttling process,
alternatively the compressor frequency could be adapted, or storages could be used.

On the condenser side, theat flow rate is thérst determinantwhile the variation of
the evaporatowater inlettemperature demonstrated thle increasing evaporator entropy
production with higher temperatures and the increasing compressor efficiency just compensated
each other here.RE risingwater inlettemperatures only resulted in higher supeihgaind
thus exergy destructionin the evaporatgorbecause the working fluid mass flow rate, and
consequential, the pressure level and evaporation temperature were not affected.

The adaptation of the working fluid mass flow rate to adapt to a variation in heat demand
generally influences the pressure levels and the operation points, respectively the efficiency, of

the compressor. This coupling leads to dependencies, beyond demders deduced from

8 Thisword wasaddedand is, thusgeviating from thesubmittedmanuscript
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reversible cycles or simple cycle calculations with constant efficiencies, which have to be kept
in mind and taken to account in the design process. The main difficulty is that these
dependencies are normally not provided by the compressor companiessitategs
experimental work. For the investigated system, it appears that within a limited range, a
variation of the heat demand by varied throttling is acceptable, but for larger ranges, either a
reduced compressor speed or a thermal energy storagesahatly the heat pump running at

high speed seems more favourable than strong throttling.
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The content of this chapter was publishefL@il]:

J. Quenel and B. Atakan. Heat flux in latent thermal energy storage systems: the influence of
fins, thermal conductivity and driving temperature differerigat and Mass Transfer Volume

58, pages 2082096, (2022)DOI: 10.1007/s0023D22-032203.

Table 41 Author contributions for the paper following the CRediT author statement

methodology{87].
Category Quenel Atakan
Conceptualization X X
Methodology X
Software X X
Validation X
Formal analysis X
Investigation X
Resources X
Data Curation X
Writing - Original Draft X
Writing - Review & Editing X X
Visualization X
Supervision X
Project administration X
Funding acquisition X

Author contributions to this paper

My contribution embracedeveloping the concept, modelling the computer code, conducting
the data analysis, visualization and writing the manus@iiak Atakandeveloped concepts,

parts of the initial code arméviewed theesults as well as theanuscript
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Introduction and key results of thethird paper

The results of the investigated secondary fluid parameters showed that the performance of the
heat pump i1is significantly reduced when 1t s
storages this could be avoided when the excess energy is ugetdde the storage instead of
reducing the output of the heat purbjmfortunately, hepromising latent storages tend to have
low heat fbw rates because most PCMuffer from low thermal conductivitywhich is
addressed in the literature with heat trangfiehancement methadslowever the detailed
investigation of the heat flushangewithin operation time differentiated by the methods has
not been carried ouvery often previously. Furthermore, the examination whether the
enhancement of the heat flux is proporticiwahe parameter changeghin the method is rare.
Consequently, these questions are discussed in this work to enable a better evaluation of the
latent storage usage in such application cases.

To investigate this, dischargesimulation based on Fif$22] for a rectangular storage
with PCM and fings carried out The fin volumdraction, the thermal conductivity of the PCM
and thedriving temperaturgradientis variedandthe trend of the heat flux as a function of the
discharge time is discussebhe novel dimensionless heat flM is introduced and aims to
illustrate the relation of the heat flux to tlEiving temperaturegradient the thermal
conductivity, and the characteristic lengtiespectively Thus, theM-level can beused to
conclude whethethe increasing heat flux is proportional comparecchangeddischarge
parameters

Overall,somekey resultof this work can be shortly summarized as fokow

- The heat flux dropped steeply within the first few minutes of discharging attributable to
the insulation of the first layer of solidified PCM.

- Increasing fin volume fraction was found to be less effectigeause the discharge time
reduction will be outweighed by the storage capacity lossesaatainvolume fraction

- In contrast to the heat flux, no steep drop was observed for the stored energy at the
beginning of discharging.

- The increase in thermal conductivity only was effective for less fin volume fractions

- The combination of driving temperatugeadiens and conductiwt increasehas leado
low M and islessfavourablethan just applying one method

- The exergetic efficiency dropped strongly with increasiniging temperaturgradiens,

showing the tradeff between performance and exergy losses.
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4.1 Abstract

Phase change materials (PCM) can increase the energy densities in thermal energy storage
systems. Heat transfer rates in PCMs are usually limiting, different improvement methods were
used previously, such as fins or improved thermal conductivities. Herenfluence of fin
geometries, PCM thermal conductivity and discharge temperature of the secondary fluid are
investigated by modelling. The analysed outcomes are their influence on stored energy, heat
flux and stored exergy. The twbmensional time depeent energy equation was solved for a
rectangular enclosure with a secondary fluid with constant temperature as boundary condition
on one side. The modelled PCM data based on a paraffin melting°@t 4se different
improvement methods increase the heat flux, but the increase is lower than expected according
to idealized calculations. The basis for this investigation is the evaluation of a dimensionless
heat flux number formed from the heat flux,rthal conductivity, temperature difference from

the secodary fluid to the phase change temperature and a characteristic length of the system.
The influence of the better thermal conductivity is found to be lower at higher fin volume
fractions. The increase of the discharge temperature difference had thesitiopget on the

heat flux, but the exergy loss also increased. The exergy loss was also related to the achieved
reduction in the discharge time as an indicator for the heat flux. Here, it was seen that the exergy
losses outweigh the advantage in dischatigee from a higher discharge temperature

difference.

4.2 l ntroducti on

Energy storages offer the possibility to reduce the temporal discrepancy between demand and
supply of energy, which results from the natural fluctuation of renewable energy resources such
as sun and wind. Thermal energy storages are one possible chdidbewprare often cost
effective and easily implemented.

Latent thermal storage systems store large amounts of thermal energy in a small
temperature range, due to their high phase change enthalpies, thus, they are discussed as a more
effective way to store energy than sensitive storage systems. The discudsafchfiplication
is broad, e.g. in the storage of heat from renewable energy sources, especially solar
energy[123,124] in thermal management for building®5-127], in industrial
applicationd128,129] or for cooling electronicEl30]. One problem with latent thermal

storage is the often limited heat transfer due to the low thermal conductivity of most PCMs.
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Therefore, the improvement of heat transfer is the subject of many
investigationg§64,65,131,132]

The three main improvement methods for the heat transfer are a larger surface area for
heat transfer, increasing the driving temperature difference or to increase the thermal
conductivity of the PCM. Dispersed substances with better thermal conductonigebetter
possibilities for heat transfer in the PCM, which is equivalent to a PCM with higher thermal
conductivity. Mostly the systems are compared with respect to the discharge time, the liquid
fraction, and the temperature distributigh83-136]. But the heat flux is another crucial
process variable. This is not addressed sufficiently in the literature, although most technical
applications of thermal storages depend on the achievable heat flow rate. Therefore, the present
work investigates the fluence of these improvement methods on the heat flux.

Various possibilities for attaching fins were investigated like longitudirg8,137]or
cross fing134,138] Different designs, such as plates or wedgaped fins, were also
compared139]. Otherwise, the optimisation of fin systems with respect to the number, spacing
and dimensioning of the fins is exami{&@85,138] Another approach is to optimise the natural
convection in the PCM, through suitably irregularly distributed fin geome¢rdi}.

An alternative way to improve the heat transfer properties of the PCM is to disperse
substances with better thermal conductivity into the PCM. Nanopatrticles are usually used for
this. The storage capacity is reduced less compared to fins when dispestadcasbare used,
but the increase in thermal conductivity is loyietl]. Different types of nanoparticles are
considered in the literature such as aluminium oiidd-144] copper and copper
oxide[145,146] titanium dioxidg147], iron oxide[148] and nano graphitd43,149] Much
of the literature evaluates the properties in relation to the proportion of
nanoparticle$141,142,145,146]Other influences, such as the effect of a magnetic field on the
PCM[148] are also considered. Furthermore, different enhancement options are combined,
such as nanoparticles together with {ib41], or a porous structuf@é42,145,148]

Lamberg[150] has developed an analytical model to determine the phase boundary and
the fin temperatures of a solidification process in a finneddinensional PCM storage and
compared the results to experimental findings and numerical simulation with the heatcapacit
method. She found a deviation of %0 in the analytically determined melting fractions
compared to the numerically simulated ones. and found a better agreement for geometric
dimensions in the analytical method where the heat conduction can be apprdximate

dimensionally. Bau€l51] also developed an analytical method for determining the
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solidification time. The analytical results were compared with simulation results and for one
case also with experimental work from the literature. Furthermore, he investigated the influence
of various dimensionless parameters that represent storagelessaich as the thickness,
length, number and spacing of the fins. Kamkari and Shokouhfha@6thave experimentally
investigated the melting process of a PCM in a rectangular enclosure. This storage was
isothermally heated from one side and isolated on the other sides. They investigated different
numbers of fins and different wall temperatures Tioemd that with a higher wall temperature

and a lower number of fins, the improvement of heat flow through the fins decreases compared
to the case with no fins. In this work, the heat flow rates were addressed, but not the exergy
losses.

Gunjo et al[152] investigated the influence of adding/® particles of pure copper,
copper oxide and aluminium oxide to a paraffin sample. They tested the influence of added
particles on the charging and discharging time compared to pure paraffin. For example, copper
addition decreased the charging time by adiaof 10 and led to 8 times faster discharging.
With their results they calculated thermal conductivities for the mixtures that were about
1W/ ( m- K) for paraffiwd(wiKh foppatitonxandlem ax
20W/ (m- K) for copper addition.

One aspect that is not addressed explicitly is the strong change of charging and
discharging heat flux with time and how it is influenced by fins, conductivity, or the driving
temperature difference. Further, the relation between the change in heatlftlisdrarge time
and the investigated improvement meth@anains unclear. Especially larger temperature
differences at discharging have the problem that heat flow rates can be increased, but this also
leads to larger exergy destruction.

To investigate these issues, a numerical parameter study of the heat transfer from a PCM
during the discharge of a rectangular storage is presented, which can be regarded as part of a
larger arrangement. The geometry of fins, the thermal conductivity laaddischarge
temperature were varied. The material data of the used PCM are from RT44 HC, a paraffin with
an average melting temperature of 31Kl1ffom the company Rubitherfi53]. The system
is modelled in 2D using the finite volume method to solve the-tiependent heat conduction
equation. Due to the small distance between the fins, convection in the PCM is neglected here.
The focus of the investigations is the impact on thergetic performance with the heat flux

and the energy and exergy stored as a function of discharge time.
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4.3 Model l ed System

The modelled system is depicted in Fd.. The rectangular storage shown in part a of £1.

Is the basis for the investigation. The two surfaces on the right and left are plates, functioning
as heat exchangers with water as secondary fluid. The PCM and the vertical aluminium fins are
placed at regular intervals between the plate heat exchatigemssumed that the temperature
distribution is periodic inadirection and symmetric with the fins being the planes of symmetry.
Thus, along the line of symetry in the ydirection, the system can be reduced in size by
applying an adiabatic boundary condition. The same condition can be applied at the central
symmetry line in xdirection. The system reduced in this way is shown in &igin the
enlarged view b with the dashed lines as a rectangle. This system is the basis for the simulation

as shown in the detailed view in Fy2

a
i
1

Aluminium

! Water

Fig. 4.1 Schematic view of the problem geometry

PCM: RT44 HC adiabatic

| |

m v adiabatic
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bﬁn

X

Fig. 42 Detailed view of the simulated system
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The height of the simulated systemhgs = 5mm, while the width id¥in = 50mm. The
thickness of the aluminium fin ik = 0.5mm. Except for the left side of the system, the
boundaries of the system are adiabatic. The PCM in the system is shown in grey. For this, the
commercially available PCM RT44 HC from Rubitheftb3] was assumed as base system,
where theamaterial properties of the PCM as given by the manufacturer are shown irdPable

The used properties for aluminium can be found in TalBl@nd are based on values in the

VDI heat atlag154, p. 629637] for AIMg2.5. The temperature dependence of the properties

of aluminium was neglected due to the relatively small temperature interval considered here.

Table 42 Thermophysicaproperties of RT44 H{153].

Property Value
Cp (liquid) 2 000 J/
Co (solid) 2 000 J/
} (liquid) 800 kg/n?
} (solid) 800 kg/n?
a(liquid) 0.3 W (nm
a(solid) 0.3 W (nm
Tmelt 317.15K
Pmelt 250000 J/kg

Table 43 Thermophysicaproperties of Aluminiunj154, p. 629637].

Property Value
Cp 870 J/ (K
J 2680 kg/ni
o 140 W/ (n

For all simulations, an initial temperatureTof= 322.15K was used, which corresponds to a
difference of X to the phase change temperatlikg: The internal energy is discharged to a
secondary fluid, which is assumed to have a constant temperaflg€li@ke seen in Fig4.2)
on the whole left side of the system.

The temperatur@ss, the thermal conductivity of the PCM and the type of included fin
were varied throughout the simulation&s varies from 315.1K to 302.15K, which

corresponds to a difference of 2 toK %0 the phase change temperatilisgr. To investigate
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the influence of thermal conductivity of the PCM, the values wareed from 0.3 to 1 and

15W/ ( m- K) . The used findgeometries are s hown
Without fin
Y Half fin
> X
Continuous fin

b

fin, cross

b PCM, cross

Crossed fins

Fig. 43° Investigated fin cases in the system.

Aluminium is shown in black and the PCM in grey. The fin volume fraction varies for the
different systems and increases from top to the bottdagi.3. The system with crossed fins
has the highest aluminium content; by using vertical fins byithross= 10 mm that are placed
on the horizontal fin. These fins are regularly distributed in the system, resulting in 5 voids with
a width ofbpcm,cross= 9.1 mm filled with PCM. The aluminium on the right side of the system
has only half the thickness b, crossdue to the symmetry of the entire system.
The system with a continuous fin, a temperature in the secondaryT§lud312.5K
and a thermal conductivity of O/ ( m- K) is taken as t he ref

investigations.
4.4 Mo d el

The twodimensional time dependent energy balaBge4.1 is solved with a finite volume
solver, neglecting convection. The rectangular mesh consists of 450 cells iditeetypn and
250 in the xdirection. Regarding to the dimensions of the system this leads to cell edge length

of the cells ofdcer,y = 0.0111 mm in theygirection and ki, x = 0.2 mm in the »direction. The

9 The xy dimension of thifigure wasaddedand is, thusgeviating from the published manuscript
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heat conductioieq. 4.1 is solved using the python package HFP22] and the time dependent

temperature distribution is calculated.
"WYY~ N _"YOD- Db (Eq.4.1)

All further quantities of interest, such as the heat flux and the energy can be derived from the
cell temperatures and their gradients. For simulating the phase change, the heat capacity method
is used. With this method the phase change occurs over artggurpenterval and thus a heat
capacity can be defined along the phase change. With the normal distribution askagb4&is,

was used for the heat capaaity

w"Y —=—:A0B— 30 ; OF (Eq.4.2)

The assumed size of the temperature interval for the phase change and thus the value of the heat
capacity is determined via the variarieThis value ofiwas set to 0.K in the present work
and leads to a good reproduction of the analytical solidification solution of the one dimensional
system without fins, the Stefgmoblem[155, p. 203206].

The energy per cell is calculated wig. 4.3 using the properties of the cell material.
The sum of the energies of all cells is the current given total internal energy in the system for a
certain time.

QX0 32 o h Al Aoegu

0 i 3 .. . (E0.43)
Q s XN 3 WY Yh AT AACOIi EI qui

¢

= x

At the start of the simulation, all cells have the initial temperature 3R2.Ebr the left side of

the system, a constant temperafliés used as a boundary condition. Starting from this initial
condition, the simulation is carried out until each cell has reached the condition
Teen  Tst+ 0.5K. In this way, the time required for the simulation is kept within reasonable

limits.
4.5 Di scussresunl asd

The reference system with a continuous fin, thermal conductivity oW0.3 m- K) and
Ts+=312.15K is analysed, the other systems are then compared to this reference 4Hig
shows the heat flux and the interealergy of the system as a function of the discharging time.
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Fig. 44 Heat flux and energy as a function of time for reference system with continuous fin,
0.3W/ ( m- KT}=3l21bK.

Figure4.4 shows the heat flux and the energy over time in minutes. The time to discharge all
cells to 0. above the secondary fluid temperature takemifb The heat flux drops steeply
from more than 7&Wm2to 5kWm2 within the first 3min. The heat fluxes, as typical fiovo-
dimensional calculations, are for a length of one meter in the orthogdivaction. After the
first 3 minutes, the drop in heat flux flattens out and there is a continuous reduction over time.
Overall, the heat flux is low with values below®/m after 3min. The energy curve is slightly
concave, but unlike the heat flux, it does not show an initial steep drop in stored energy.

The reason for the strong decrease of the heat flux at the beginning of the process can
be found in the rapibrmation of a solidified layer. The formation of this layer can be traced
in Fig.4.5.
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Fig. 45 Temperature distributions at 01@n, 3.25min and 49.5nin for the reference system
with continuous fin, 0.3V/ ( m- KT)= 312 16K.

There, the temperature distributions in the system are shown foni®.23.25min and
approximately 50nin graphically. After 0.2nin a solidified layer is seen in dark blue at the

left and lower left system side. The distance to the tn@asferring left side is short for those

cells so that the heat flux is high, as seen in&#and the PCM solidifies quickly there. The
layer starts forming from the left side and at the bottom left corner and lowers the heat flux due
to the lower temperature difference to the secondary fluid. It can also be seen that the
temperature in the areeear the fin drops more quickly along the length of the storage, due to
the significantly higher thermal conductivity of the metal which leads to higher tataper
gradients in ydirection. It is noticeable that the temperature decreases faster along the fin than
in the PCM inx-direction. However, the fin doesn’t readaquickly over the complete length

as it could be expected with its higher thermal conductivity. Instead, a curved shape of the phase
transition area is observed over the complete discharging time with significant lower fin
temperatures for only some mmdirection. Furthermore, the amount of the sensible thermal

energy in the system aftezaching Wm2 is small, because nearly each cell is at least at a

67



Chapter 4

Discussion and results

temperature of 31K, which corresponds to the phase transition temperature. This part of the
initial energy of the system can be discharged way quicker than the phase change energy. So,
the faster retrievable part of the sensible heat and the formation of the solidiBecsagn
insulator are responsible for steep drop of heat flux at the beginning of the discharge.

To investigate the influence of different fin geometries on the discharge process, the
storage with a continuous fin is compared with systems that have no fin, half a fin or
additionally vertical fins, as shown in Fi§3. The heat fluxes over time for the different fin
types at reference conditions (W3 ( m- KTyt = 312 16K) are shown in Figd.6.

80
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Fig. 46 Heat flux and energy over time for systems with different fin geometries,
0.3W/ ( m- KT}=3121bK.

In Fig. 4.6, the solid line shows the heat flux evolution for the reference case with a continuous
fin, the dotted line for a system without fin, the dashed line for a system with a half fin and the
dasheeddotted line for the crossed fin system. The initial drofhefheat flux described before
also occurs with all fin geometries.

However, a difference in the heat flux evolution is recognized after the steep drop. With
increasing fin volume, the heat flux after the initial drop increases. As an example, in the storage

without fin after 3.5min a heat flux of approximately 7¥8/m? is found, whereas for the
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crossfin system values of 3.7 tok8/m? between 5 to 7.5in can be reached. This can be
related to the isolating effect of the already solidified PCM. A system with fins provides a larger
area over which energy can be transferred vertically from the PCM, which leads to an increase
in heat flux even if an isoleig layer is formed. The difference in the progress of the phase
change can be seen in Higr. There, the temperatures in a system without a fin and one with

a continuous fin are plotted at reface conditions after 5@in of discharging.

322K

Continuous fin

0.004 m 320K
0.000 m
0.00 m 0.01m 0.02 m 0.03m 0.04 m 0.05 m 318 K
316 K
Without fin
ooin | s
0.002 m 314 K
0.000 m . : ,
0.00 m 0.01m 0.02m 0.03m 0.04 m 0.05 m
312K

Fig. 4.7 Temperature distributions at B@in for systems with continuous fin and without fin,
0.3W/ ( m- KTy=3il21bK.

It is clearly seen that in the system without fin there is only a temperature gradiglitention
and the phase change does not progress as fast as in the case with a continuous fin. With an
increasingproportion of fins, the advantage in discharge time is smaller. This can be better

observed in Fig4.8, where the energy for the 4 different systems is plotted against time.
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Fig. 48 Total amount of energy in the system over time for different fin geometries,
0.3W/ ( m- KT}=3121bK.

As seen in Fig4.8 a storage system with a half fin requires only 28.6f the discharge time
compared to a system without a fin, whereas a system with cross fins requirés aftiie
discharge time of a system with a continuous fin. Thus, the effectiveness of the additional fin
material decreases. The possible amount of stored energy and the volume fractions of PCM and
aluminium are shown in Tabke4. The stored energy is calculated wih. 4.3; the volume

fractions depend on the geometry of the fins and decreases with the PCM volume fraction.

Table 44 Volume fraction of PCM and aluminium, and total amount of stored energy at
Teen = To = 322.15K for considered fin geometries.

Volume Volume fraction  Stored energy at
fraction PCM aluminium To [kJ]
Without fin 1 0 54.00
Half fin 0.95 0.05 51.59
Continuous fin 0.9 0.1 49.18
Cross fins 0.819 0.181 45.28
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Because of the low impact of the sensdaergy of aluminium on the stored energy, the energy
drops nearly as much as the volume fraction of the PCM in the system. A comparison of the
stored energy for crodm systems to the storages without fins demonstrates the coincidence,
at 81.9% PCM volume fraction the energy storage capacity drops t0?83.9

The decrease in stored energy is lower than the decrease of the discharge time with
increasing volume fraction of aluminium. The discharge time is @4l@wver for crossed fins
compared t@ontinuous fins, but the stored energy is only%.fbwer. In the considered cases
the advantage of a larger fin volume is given. But it can be assumed that the effectiveness of
additional fin volume will continue to decrease. So, there will be a point, where the reduction
of discharge time with increagirfin volume will be outweighed by the continuous loss of
stored energy due to the reduction in PCM volume fraction.

Furthermore, the influence of the thermal conductivity of the PCM on the heat flux is
investigated. For this purpose, FO compares a system with a continuous fin and a system
without a fin, whereby the heat flux over time is examined for thermal conductivities of
03W/ (( m- W) (m1K) Wd fdn- K) 5

125 = .
- - -0,3 W/(m-K)
100 -f —— 1 W/(m-K)
. 1,5 WI(mK)|
12

Y
o

6 Continuous fin  Without fin

Heat flux [kWm™]
(0]
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A T | s T
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Fig. 49 Heat flux as a function of time for thermal conductivities ofW.3 ( m- W) ¢ m'1 K)
and15W/ ( m- K) with conti nTg231215K i n and with
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The upper group of curves in Fi§§9 belongs to the system with a continuous fin, while the
lower group belongs to the system without a fin. In the system without a fin, a proportional
increase of the heat flux with increasing thermal conductivity is observed, while for a system
with a coninuous fin, the heat flux is increased 10 to%2Qntil a discharge time of I&in.
From this point on, the heat fluxes are the same throughout the systems mitil A8ter this
the time for full discharge is lower ftnigher thermal conductivity. This discharge behaviour
suggests that the increase in thermal conductivity becomes more ineffective with increasing fin
volume fraction and that the impact of the fin on discharge outweighs the effect of increasing
thermal onductivity.

For a better comparison of the influence of the heat exchange enhancement methods on
the discharge process, a dimensionless heat flux nuvhiecalculated from the heat flui
the thermal conductivitpf the PCMA , initiAl¢ e mp er at ur d (belwednfoande n c e
Ts)'%and a characteristic length as shown irEq. 4.4.

o — Eq.4.4
— (Eq.4.4)

Here the length in the-glirection of the system was used as the characteristic length since the
phase change is last completed in this direction.

In order to quantify the influence of the increase in thermal conductivity more precisely
for the two systems discussed above, &it0 shows the dimensionless heat flux nunders
a function of the Fourier number for the same thermal conductivities as #h9Fighe
characteristic length needed to calculate the Fourier number is also the lengiteictipn.

10 The description of the equation parametasextendedand is, thusgeviating from the publishesianuscript
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Fig. 410 Dimensionless heat fluM as a function of the Fourier number for thermal
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fin, Tst= 312.15K.

continuous

The curves for the system without a fin are all shown with continuous lines, as these almost

overlap indicating that the increase in heat flux is proportional to the increase of the values from

the boundary conditions in the denominator. The systems wittincious fins show different

results. For this condition the dimensionless heat flux number decreases with increasing thermal

conductivity and comes closer to the curve for the system without a fin. This means in contrast

to the results of the system watlt a fin that the increase of heat flux does not increase

proportional to the thermal conductivity and increasing the thermal conductivity in systems

with fins loses effectiveness and is less needed, as summarized indbahdere the

discharge time of the system is shown depending on the fin geometry and the thermal

conductivity.
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Table 45 Discharge times in min for two thermal conductivities and different fin geometries
for Tsf= 312.15K.

a{W/(m- K) Without fin Half fin Continuous fin  Cross fins
0,3 2895 865 75 57
1 855 270 56 47
Ratio 0,30 0,31 0,75 0,82

The discharge time decreases with higher thermal conductivity and fin volume fractions.
However, the ratio between the discharge time aW0.3( m- K )W/ a( nmd Kl) , s hown
third row, shows that the discharge time decreases less with increasing fin volume fraction. For
a system without fin, the higher thermal conductivity leads to a ratio of 0.30, which means that
the discharge is 7% faster, while with cross fins as the system with the highest fin volume,
the discharge is only 1% faster with a ratio 00.82 between the two thermal conductivities.
Accordingly, the influence of the thermal conductivity decreases significantly with increasing
fin volume. Furthermore, Figl.10 shows that the Fourier number increases for the continuous
fin with increasing thermal conductivityhis shows that for a system with one specific fin case

the decrease in discharge time is not proportional to the increase in thermal conductivity.

The influence oflss was also investigated, because the heat fluxes can be increased with
larger driving temperature differences. The temperature differences to the phase change
temperature of K, 10K and 15K were investigated. In Figl.11 the time dependence of the
heat flux is presented for a system with a continuous fin and a thermal conductivity of
0.3W/ ( m- K) .
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Fig. 411 Heat flux as a function of time for temperature differenceskf BOK and 15K in

a system with continuous finand OM ( m- K) .

An increase in the heat flux and a reduction indisgharge time of approximately 46 can
be observed comparing the temperature differeri@Bsaf 5 K with the one of 1. Thereby,
the heat flux aDr = 10K falls below the level oDT =5 K at about 27min. The heat flux at
DT = 15K is for approximately 14nin higher than the heat flux at KO Overall the change in
heat flux is higher when changing fronK5o 10K than from 1K to 15K, as also seen for
the discharge times. There the discharge time is lower for higher tempedrdiarences, which
leads to the intersection of the curves.
Fig. 4.12 shows the dimensionless heat fMxplotted as the function of the Fourier
number for the three temperature differences for a continuous fin and a thermal conductivity of
0.3W/ ( m- K) .
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Fig. 412 Dimensionless heat flux as a function of the Fourier number for temperature

differences of K, 10K and 15K for a system with continuous finand O\ ( m- K) .

The level of the dimensionless heat flux decreases with an increasing temperature difference of
Tst and the phase change temperature of the PCM. Like also seen4rilEjghere is a larger
drop of the heat flux number froBT =5 to DT = 10K than from 10 to 1%. Similar to the
variation of thermalconductivity, the heat flux is not increased proportionally to the
temperature difference to the secondary fluid.

Furthermore, the comparison of the influences of higher thermal conductivity and lower
discharge temperatures is of interest. A comparison is seen id.Egfor the possible
combinations of 0.3V/ ( m- K)W/a( nmd KK andc 10K fér a system with a continuous

fin.
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Fig. 413 Dimensionless heat flux as a function of Fourier number for temperature differences
of 5Kand 10K with0.3W/ ( m- K)W/amd KI) for a system with

In comparison the system wiblf =5Kand 0.3W/ ( m- K) has the highest
flux for Fo>3), but the second lowest Fourier number at full discharge. The system with a
conductivity of 0.3W/ ( m- K) and a Kdasfhé secoadnhigkest difienslofless
heat flux level as well as the lowest Fourier number at full discharge. The combination of high
driving temperature differences and high conductivities leads to quite low dimensionless heat
fluxes and is worse thanguiapplying one method tocrease the heat flux.

In Fig.4.10 it was observed that the decrease of discharge time is not proportional to
the increase in thermal conductivity. In addition to that, #3 shows that the increase in
thermal conductivity has the same influence on the discharge time regardless of the temperature
difference. This is seen in the same ratio of the Fourier numbers at full discharge for the systems
with equal temperature diffanee but different thermal conductivities. The ratio of Fo at full
discharge for 0.3v/ ( m- KKandl W/ 6 m- KKis adbaut 05, which is also the ratio for
theFoat0.3v/ ( m- K)W/ammd¢d KI) ®Wot h at 10
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Besides the fact thdkr has the highest influence on the heat flux and the overall discharging
time, it has also a huge impact on the exergy. Lowefggeans that it gets nearer to the
ambient temperaturéy which leads to lower extractable exergies, and it should be
considered whether it is reasonable to use lolwerFor each of th8ss, the exergy of the

transferred hedD @  is determined according . 4.5.

~

06 p —— B (Eq.4.5)

0 is the heat transferred over the whole discharge fimhe.  was taken as 298.1&

Tst is constant due to the boundary condition. Thus, the factor before is constant for a
specific temperature difference. In the following it is cafidfixranscan be compared with the
exergyExotal In the storage at the initial temperatuBsota is the same for each case because
the start temperature was not varied. The exergetic efficiency is defifed=a&Xrand EXotal.

The values for t hTecandea fdufidéanrTabi6. c onsi dered A

Table 46 Transferred heat, exergies and exergetic efficiencies for diffaferg@ystem with

continuous finand 0.8/ ( m- K) .

AT [K] f [-] Qtrans [kJm '2] EXtrans [kJm‘Z] EXtotal [kJm '2] d_Ex[']
2 0.0539 52.60 2.84 4.1 0.6927
5 0.0446 53.68 2.41 4.1 0.5872
10 0.0293 55.40 1.62 4.1 0.3959
15 0.0132 57.29 0.76 4.1 0.1845

The transferred heat slightly increases from 5&.bat 2K to 57.29kJ at 15K due to the higher
temperature difference and thus a higher sensible heat fraction. In contrasingferred

exergy decreases from 2.B4 to 0.76kJ. The exergetic efficiency drops from 69%7to

18.45%, as the final temperature approachés . Thus, the exergetic efficiency is already
relatively low at a difference of R anddrops t r on gl y wi Tt Ihcontrastto this s i n g
decreasingiex is the decreasing discharge time and with it the increasing heat fluxes. A
calculated exergetic efficiency of 0.6927 & &r 0.5872 at K are relatively high for a thermal

energy storage like this, but it should be considered that these efficiencies are achieved with the
condition of an isothermal secondary fluid. Overall, there is a-wéd@etween the efficiency

and the discharge timteecause a high exergy efficiency with very long diggk times is just

as unsuitable for applications as a fast discharging, with high exergy losses.
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For a comparisorExransand the discharge timtare listed in Tabld.7 for temperature
differences of 2 to 1K for a system with a continuous finand W3 ( m- K) . Fur t her m
transferred exergy and the discharge time are calculated relative to the vallles ©K. The

relative exergy and relative discharge time are shown indHig.

Table 4.7 Absolute and relative transferred exergy and discharge time for diffefanta

system with a continuous finand O\ ( m- K) .

AT [K] EXtrans [kJm'Z] t [min] EXtrans / EXtrans,2k ['] t /tox [']

2 2.84 179 1 1
3 2.70 122 0.95 0.68
4 2.55 93 0.904 0.52
5 241 75 0.845 0.42
6 2.26 63 0.80 0.35
7 2.10 55 0.74 0.31
8 1.95 49 0.69 0.27
9 1.78 44 0.63 0.24
10 1.62 40 0.57 0.22
11 1.45 36 0.51 0.20
12 1.29 34 0.45 0.19
13 1.11 31 0.39 0.18
14 0.94 30 0.33 0.17
15 0.76 28 0.27 0.16
- — - Relative exergy
1.0 4 - —— Relative discharge time
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Fig. 414 Relative exergy and relative discharge time from Tableas a function oAT for a

system with continuous finand W8/ ( m- K) .
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In Fig. 4.14 it is seen that the relative exergy decreases nearly linearly with incradsimlgile

the relative discharge ti me Tthe slopeedecsease. THea s t @
comparison of these two curves shows the taftien exergy efficiency and lower discharge

times with higher temperature differences. First the relative discharge time decreases faster than

the exergy loss until AT of around6 K, which means that it is beneficial to use higB&until

this driving temperature differencié discharge time is the crucial parameter. But with higher
temperature differences thanké the transferred exergy is 20 lower than for X and

decreases for highddT, which can outweigh the reduction in discharge time for some
applicationsConsidering this it can be concluded that increasing the temperature difference is

only reasonable up to a certain point and the todfibetween exergy loss and lower discharge

times should be weighed carefully for every system and application.
4.6 Concl usi on

Methods to improve heat transfer in latent thermal storage systems were investigated by

modelling. The considered cases were the introduction of fins into the system, increasing the

thermal conductivity of the PCM and a greater temperature differencedretive secondary

fluid and the phase change temperature of the material. A section of a larger rectangular storage
was regarded, in which convection within the material was neglected and where the temperature
of the secondary fluid was considered constant.

The study investigated the influence of the fin geometry, the thermal conductivity and
the driving temperature difference on the heat flux and discharge time. For this purpose, the
absolute data as well as a dimensionless heat flux was considered. Fomdhetine
proportionality of the heat flux and discharge time to the growing heat transfer improvement
and the tradeff between exergy loss and higher driving temperature differences were
investigated.

It was shown that the heat fluxes drop steeply in the first few minutes due to the
solidified PCM layer as an isolator. After that, discharging takes place with moderate heat
fluxes. With increasing fin volume, the general level of heat flux increasedtadtmitial drop,
but the advantage decreased with increasing fin volume. For the thermal conductivity a value
of 0.3W/ ( m- K) , typical for a paraffin as PCM,
15W/ ( m- K) . 1t was obs er ves dith larher fin valumes andh@1 u e n ¢
discharge time does not decrease proportional with higher thermal conductivity. This was
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reflected in the decreasing dimensionless heat flux number, less decreasing discharge times and
higher Fourier numbers at full discharge. The increase in the temperature difference brought
the greatest advantage for the heat flux of the considered impeovemethods, but there was

also a decreasing dimensionless heat flux number and thus a decreasing benefit at higher driving
temperature differences. The combination of lower discharge temperatures and increasing
thermal conductivity turned out to be thergtovariant in the comparison. This was shown by
lower dimensionless heat flux numbers for this case than for using only one enhancement
method. Within the scope of the investigations for the discharge temperature, the exergetic side
was also evaluated. Itvas shown that higher driving temperature differences were
advantageous at first, but the behafdraund of 1 o
6 K after which the decreasing slope of the relative dischargentamdower than for thexergy

loss. Thus, the tradeff between the extractable exergy and the reduction of discharge time for
increasingAT is important and should be considered in addition to the relation between the
change in heat flux and discharge time for different latent thermal energy storage improvement

methods.
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expers ment

In the previouschapters, research questions 1 tow8re examined withexperimental
investigationsof heat pump operations and simulatizased insights into the discharge
performance of a latent thermal storage systanthis storage systerthe validation of these
prior theoretical findings and their relevance across different temperature levels remains
unresolvedA higher temperature leved crucial given the broader application potential and
increased energy value, such as exerggsociatedwith higher storage temperatures.
Additionally, the charging dynamics of the storage mustdesideredn a combined system
with a heat pump, ake charging iglirectly connectedo theheating systemn contrastthe
discharge behavioureavily depends on the specific application context of the stoikge
hot water reservoir or heating buffer, and isn't always directly linked to the heat pump itself.
Consequently, theonsidered control parametene the mass flow rate and inlet temperature
into the storage, rather than a specific outlet temperature. Simtlae poevious simulations,
it must beinvestigatedwvhether alterations in these parameters correspond proportionally to
changes in heat flux. Once again, the dimensionless heat flux, represeiMeddryes as a
valuableparametefor this evaluation.

As previously concluded inchapter3 and addressed in research quediioit is
furthermorenteresting to considevhen the combination a@lie heat pump and thermal storage
is more advantageous thanly adaptingthe heat pumpo a changed heat demar@€¢hapter3
demonstratethatmaximizing the loaf theheat pumpparticularly the compressor, leads to
enhanced performance. Henttee combined systeis anapproacho reduceregulation losses
by maintaining continuous operation at full load asd theexcess energy to charge the thermal
storage. However, this necessitates designing the system to effecigtlg energy from the
storagebut sufficient opportunities can be found here, such as preheating water streams in hot
water preparatiann such ascenarig the exact heat flow rate from the storage becomes less
critical, because even if the desired water temperature is not reachdiddmarging the
electrical heater power consumption is reduced dirdxtlthe heat flow rateTherefore,|t is

requiredto evaluate the energy savings achieved through regulating the heat pump during the
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experiment and determine whether these are outweighed pgdbiblecharging heat flow rate
of the excess water flow at full load

The formulated research questions experimentallyinvestigated here using a latent
thermal storage, with the dimensions of thedelledsystem inchapter4. Therefore the
secondary fluid condenser outtdtthe previously used heat pump systsroonnectedo the
storaganlet, enabling variations in water mass flow rate and inlet temperature into the storage
by adjusting the heat sink parameters. For expersn&intn lower temperature level and
validation of the prior simulation model, a PCM with a timgJ point of 47°C was selected.
Subsequentlythe investigatiorof a PCM with a higher melting point of 6C enablesigher
discharge temperatures and is suitablettiertargeted temperature levellefating systems,
still allowing a moderate initial temperatugeadientfor charging For this temperature level,
thecombined systens exemplarily discusseoly comparing the reduction in compressor power
with the heat flow ratéo the storagendersimilar conditionsin the experiments

The results of this chapter, althought published in a journal, constitute additional
findingsthat continughe studies presented in earlier chapters. In summary, the key results of

this chapter can be briefly outlined as follows:

- The pevious heoretical modelvasexperimentallyalidated fordischargingRT47 with
sufficient agreement andn observed dependence of the useddel parameters.
Particularly the thermal conductivity of the PCM and the variance of the modelled phase
change (heat capacity method) had the highest influence on the simulated heat flux.

- In experimentswith RT47, higher initial temperature gradients are less advantageous,
especially during the charging process, as indicated by e dls.

- At the elevated temperature level of RT@0e effect of increasinginitial temperature
gradientson theM-level differsfor charging and dischargimgith yet unclear reaso®n
increase of the Mevel is observed for discharging, while there is a decrease for charging.

- The heat fluxremains nearly constant for varying water mass flow rates, wiaiclhe
attributed to the low thermal conductivity of the PCM.

- For the investigated test systenecombinedsystemis energeticallynoreadvantegeous
thanthe adjustment of the heat pump prodessesponse to decreasing heat dem#émd
the example discussed, the decrease in electrical compressor power was surpassed by the

heat flow rateo thethermal storagesing the excess mass flow rate for charging.
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5.1 Experisment @l

The rectangular thermal energy storage andugesin this setup are constructed entirely from
AlMg2.5 Within the storage unit, 29 vertically positioned pldt@sction as fins, effectively
creating 30 sections filled with PCNPlate heat exchangers asalisedby water flowing on

both sides of the systerfig. 5.1 provides a schematic tolown view (xy section) of the
system, with blue denoting water and yellow representing the PCM. The water circulates from

the bottom to the top of the storage unitl{zction) to ensure a more consistent flow.

B Xsys
3 6 9 1
y [ ] [ ] [ ]
2 5 8
) ] . ysys
‘ 1
X . 3 {
Water Aluminum fins PCM

Fig. 5.1 Schematic tomlownview of the used thermal energy storage sygtedirection as

third, not shown, dimension)

The system measures a total length of30n the xdirection (xy9 and 10cm in the ydirection

(Ysys- Each fin has a thickness of 1 mm, resulting in a spacing of 9omRTCM sectionsAn
imageshowingthe topdown view of the system as observed in the laboratory is provided in
theappendix (Fig.A.1). The inlet of the thermal storage unit is connected teghendary fluid
outlet of the heat pump, while the water flows to a reservoir after passing the storage
Additionally, the plate heat exchangers dieided into 3 sectionsfor a better flow.This

configurationis illustratedin Fig. 5.2, which shovg the front view(x-z section)f the system.
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Sys

Xsys

water to
reservoir

water from
condenser

Fig. 52 Schematic fronview of the used thermal energy storage system.

An image of the system from that perspective, as observed in the laboratory, is included in the

appendix(Fig. A.2). The height of the storage unit in thelizection (zys is 30cm. Each heat

transfer surface extends in dimensions gf and zys resulting in a combined surface area,

Asys oOf 0.18m?. Additionally, forimprovedclarity, a sectional sideut view (y-z section) of

the system is depicted in Fig. 5.3, with water represented in blue and PCM in yellow.

water
flow

Z

L.,

Aﬁ HA

water
flow

sys

g

Fig. 53 Schematic side cwiew of the used thermal energy storage system.
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On the water side of the system; 1200 temperature sensors kreatedatthe inlet and outlet
of the storagepne pair for each plate heat exchangarbsequently, these temperatures are
averaged during analysis, with the resulting mean tempenagadaseitherthe inlet or outlet
temperatureAs for the PCM side, 9 temperature sensors are positioned thrmigéin the
cover, systematically arranged along the x aralis to ensure uniform temperature distribution
recording The positions of these sensors are indicatedlack dots () in Fig5.1. All
temperature sensors record data at a frequency of 1 Hz.

The used PCRlwere RT47156] and RT6(157], both manufactured by Rubitherm.
These materials have nominal melting points 43T and 60C, respectively. Selected
specifications for the PCMs, according to the manufacturer's data, are summariziele fl

Table 51 Thermophysicaproperties of RT47 and RT60 psovided by
Rubitherm[156,157]

Parameter Unit RT47 RT60
Melting range °C 41-48 5561
Solidification range °C 4841 61-55
Storagecapacit 160 160
(in tempiratlfre r;/ng1 kIkg (39-54 °C) (53-68 °C)
Specific heat capacit kJ/(kgK) 2 2
Density (solid) kg/l 0.88 0.88
Density (liquid) kg/l 0.77 0.77
Thermal conductivity W/(mX) 0.2 0.2

The mass flow rate of water mseasured and recorded using the flow meter of the heat pump
system. It is varied and investigated up to kKgbnin for charging and 9.8y/min for
discharging. Thisnass flowcanbe heate& up to 75°C with the heat pump andedfor either
charging or dischargin@peration points are regulated for bathtermass flow rate and inlet
temperature, as these parameters are primarily associated with heat pump application.scenarios
To enhance comparability with practical applications and the resultchapte 4, the storage
material is initially preheated to a uniform temperature, set eithéC Hbove or below the
melting point. After achieving this initial conditiondaiving temperaturgradientof 5, 10, or

15°C from water inlet tanominalmelting temperature is applied émsureconsistency with

previous findings. Additionallythe experiment is endeehen there ig temperature difference
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of 2°C at all PCM temperature measurement points compared to the water inlet temperature.
This approach ensures that the duration of each experiment remains mangyeabthat the

heat flux is already very low at this point.
5.2 Data evaluation

Given the simple structure oie storage has a simple structutes studies presented here
primarily concentrate on water for a practical approach, although PCM temperatures are also
recordedThe heat flowate0 transferred to or from the water is determined by the averaged

inlet 'Yy ) and outlet (Y, ) temperatures:
0 a Jop 27Yj Yk %R
In this equation the specific standard heat capacity of watgkater IS assumedto be

4.1819% J / ( KThe n¥ags flow rate of watérss is a knownand regulategharameter. With

the heat transfer aregys and0 , the heat fluxi can be calculated at any given tindes

introduced in Chaptet, the dimensionless heat flik canbe determined from this

0 (% RR)
>

In this approach) is relatedto the thermal conductivity of the PCM mateatw, theinital
temperaturgradienteglmerst (from nominal melting temperatutte water inlettemperaturg
and a characteristic lerdgt. The distance betweenfihis (9 mm) is selectedas L since it
represents thdirectionwith the slowest melting rate. Consequendyly the change ithe

temperaturgradientaffectsM in the experiments
5.3 Di scusséesunl asd r

Thefollowing discussion wilffirst validatethe simulation results from Chapt#rFor the same
model,new simulatiors wereconducted using data for RT47 (see TdblB, which wasised

in the experiment.
5.3.1Comparison simulation and experiment

To initially evaluate the overall accuracy of the simulation results, the heat flux obtained from
experimental data (lighted) is compared with the simulated results using manufacturer

provided parameterstjown inTable5.1 andrepresented by the solid ling) Fig.5.4. This
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comparison is conducted for a discharge scenario with an initial temperature’©f &7
discharge temperatui@isharge Of 47 °C, and a water mass flow rate of &g@min. Thishigh

mass flow rate was selected to closely approximate the assumptiocoobt@ntdischarge
temperaturén the simulations

Experiment
10 — Simulation
; — — Simulation adapted

Get [KW/m?]

tdischarge [min]
Fig. 54 Comparison of heat flugs:. experimental datéRT47), simulation(manufacturer
values RT4Yand simulatior{adaptednanufactureralues for TaisthargeOf 37 °C as a function

of time. Thermal conductivity of 0.12 W/B andvariance of 0.5 for agbted simulation and

water mass flow rate of 9.3 kg/min for the experiment.

At first, it is evident that the simulatiowith the manufacturerparametersis within a
comparable rangeof the experiment offering a fundamentally reliable prediction of
experimental outcomes. However, the simulation tends to overestimatsatifeixfor the first
15 to 20min, leading to a considerable underestimation of discharge In the experimental
setting,the dischargaook approximately 6Inin, whereas the simulati@ndedafter 33min.

To enhance theredictionof this model and gain deeper insights into the disparities
between simulation and experiment, adjustments were madeetonodel parameters
Generally, improvements in simulation accuracy were achieved by increasing the variance

(from 0.1 to 0.5), reducinthe thermal conductivity (from 0.2 to 0.1/ m- K) , and ado
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the specific enthalpy distributiondepending on the PCM temperatuypeovided by the
manufacture[156]. In contrastvariation inthespecific heat capacity showed negligible impact
and was thus maintained at RJ / k g - K. Th e thesemdjusted parametass/i t h
illustrated in Fig5.4 as dashed line.

Theseadjusted parameters led to enhanced prediction accuracy in the simulation.
Specifically, the initial heat transfer was less overestimated, and the simulated discharge time
of 44 min more closelynatchedexperimental observations. Moreover, the decrease in heat flux
towards the end of discharge was Iss=epwith the adapted parametefSonsequentlythe
accuracyf the manufacturer specifications, whitlaybeadequate for technical purposess
a considerable influence on the more sensitive simulatibngher refinement of model
parameters and boundary conditions, such as addressing convection within the storage material,
may offer opportunities to enhance accuracy in future iterations

After the comparison of simulated and experimental data revealed sufficient agreement,
the identified trends from Chaptdrshouldbe verifiedwithin the experimeratl setupwhile
investigating the storage performance for lower temperature Ielelss, in Figh.5, the
dischargingheat fluxes dsr are depictedor Taisharge Of 42, 37 and 32C, while maintaining a

constant water mass flow rate of 9.3 kg/min.
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| Tdischarge 42 °C
37 °C
32 °C

Tdischarge
| Td

ischarge

qer [KW/m?]

tdischar_qe [mm]
Fig. 55 DischargingRT47. heat fluxdss for TaischargeOf 42, 37 and32 °C as a function of time

with water mass flow rate of 9.3 kg/min.

Here, it can be observed thatver discharggemperature lead to an increase in heat flux,
resulting in a decrease in discharge tidser initially high values foithe heat flux,there is a
sharpdropto a few kW/n% within the firstminutes. Subsequently, the decreiashe heat flux
gets less steepor example, this occurs after approximateypib for a discharge temperature
of 42°C. In chapted, this was attributed to thgquick formation of an insulating layer of
solidified PCM. Thidormation ca beobservedn the experiment, as depicted in tbp-down
view of a PCMsectionduring a discharge processth TaischargeOf 37 °C and water mass flow
rate of 9.%g/min after 10min, shown in Figb.6.
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Solid PCM Aluminum fin Liquid PCM

Heat exchanger Aluminum fin
aluminum plate

Fig. 56 Top-down view on PCMsection(RT47)after 10min of dischargingvith Tdischarge
of 37 °C andwater mass flow rate of 9I&/min.

The insulating layer of solidified PClvhite)is visibleat the surface area of the heat exchanger
plateon the left and the fins on top and bottontred imageMeanwhile, the remaining liquid
PCM isin the middle of the sectiorGiven that this picture was capturaéter 10min of
dischargingthe rapid formation of the insulating layer of P@hatcheghe simulations.

Moreover the dimensionless heat flux candadculatedaccording to Eg5.2) for the
heat flux in Fig5.5 and the resultinyl is depicted in Fig5.7.

92



Chapter 5
Discussion and results

50 5
Tdischarge 42 °C
Tdischarge 37°C

40 | — Tdischarge 32°C

M-

[min]

tdischarge
Fig. 5.7 DischargingRT47. dimensionless heat fluM for TaischargeOf 42, 37 and32°C as a

function of time with water mass flow rate of 9.3 kgimi

It becomesevident that as Tdistharge decreasesthe M-levels slightly decreaseas well
Consequently & increass nonproportionally with lower discharge temperaturgand
therefore higheradTstmer). Thisobservatiorfundamentally aligns with theesultsin chapterd
andexperimentallydemonstrates tHesselbenefit oflower discharge temperaturésowever,
the decrease M-levels observed here is less pronounced compared to the simulatiapiar
4. This suggestthatsome model parameters or conditionboseinfluencesdiffer especially
at different temperature levelare not fullyconsideredand the simulatiomas potentialfor
improvement

In combination with heat punspthe chargingprocess is essential for thermal energy
storages, amentionedn the introductionConsequently, charging was algerformedhere,
aiming to investigate whether tlecreasingffect ofhigheralstmeit 0CCurs To examine this,
Fig. 5.8 showdggss on the left yaxis and also the resultilg with a slight transparency on the
right y-axis for faster correlation. The considered charge temperatures are 52, 57°énd 62
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with a water mass flow rate of 4k§/min. This flow rate is used because it is more typical for
heating systems thahe 9 kg/min usedfor discharging.

12

10

Qs [KW/m?]
()]

10'20I30'40‘50'60'70I80
tharge [MIN]
Fig. 58 ChargingRT47: heat fluxdgss onleft y-axis and dimensionless heat flikon right
y-axis forTchargeOf 52, 57 and62 °C as a function of time with water mass flow rate of 4.5

kg/min.

As Tchargeincreasesthe heat fluxalso risegor the charging procesBor example after 20min

Gt is approximately 2.8RW/m? for 52°C, whereas it increaséy 63% to 3.6kW/m? for
charging the samaurationwith 62 °C. Additionally, the requirea¢tharging times reducedglit
decreases from approximately mn for 52 °C to 47min for 62 °C. In contrast the M-level
decreases withighercharging temperature$hus, thebenefit of the increased heat flux for
raising Tcharge decreasesoticeably especially compared to the results for the discharge in
Fig.5.7. In conclusion, charging is less affected by increasiRgner than dischargingwhich

should be examined more detailed in future work to investigate the reason fobsaised
difference.
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5.3.2Transition toa higher temperaturdeveli RT60 as PCM

Following the validation of simulations and léemperature performance studiessng RT47
focus shifts to a higher temperature level suitable for heating and hot water systems.
ConsequentlyRT60 was selected, with a nominal melting point of@Qas itenablesthe
storage to be charged by a typicahventionaheating systentemperatures up to 7C) and
can providadischarggemperaturéevels suitabldéor hot waterproduction

Initially, the dischargproceswwill be examinedior selecteddlischargegemperatures of
20, 45, 50, and 5%C. This approach considers both smaller and lasgefrmer for different
potential applicationsin Fig. 5.9, the heat flux ishownwith the left yaxis, whileM is plotted
with the right yaxis bothfor the mentionedTaischarge The water mass flow rate was set to

3 kg/min, which is more realistic and suitable for the dimension of this thermal storage.

24 15
I Tdischarge 55 °C I
55 7-discharge S0°CL 12
) Tdischarge 45 °C}
‘ 7-discharge 20°C9
16 [
(\ll—| I~ 6
£ =
E 18- 4 2
®
e | 0
B
- -3
] 6
0 8

10 20 30 40 50 60 70 80

tdischarge [min]

Fig. 59 DischargingRT60 heat fluxdsr on left y-axis and dimensionless heat fliikon right

y-axis forTgismargeOf 55, 50, 45 and20 °C as a function of time with water mass flow rat& of

kg/min.
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It can be observed that wikbwer discharge temperaturélse heat fluxsignificantly increases
while the discharge timenostly decreasesFor instancethe dischargas completedafter
approximately 7%nin for50 °C,whereagor 20 °C, it takes only22 min. Notably, the discharge
time for 5°C islesscompared to 10°C and 15°C. Than beattributed to theisedend criterion

as the experiment iBnished upon reaching a temperature of %7 in the PCM & 2°C
difference toTdismargd. Due to the nonsothermal phase change in practice and the resulting
distribution of thephase change energy in a wider temperature rangertian of the total
storage capacity of 18QJ/kg remains unused when the experimentasipletedat 57°C.
According to the datasheet of RTA® 7], the temperature range from 56 to°&2accountgor

62 kJ/kg (about 3%0) of the 16kJ/kg total capacity Consequently, the storage capacity is
lower for this experiment than for the discharge with 50 diGl&asthe complete phase change
energy is used for these two. This results in a longer discharge time for 50 @hdatapared

to 55°C, despite a higher heat flux.

Once again, the dimensionless heat flux provides further ingtgbtevident that the
M-levels for thdower Taishargeare closely clustered, whereas f8r°&, itis noticeablyreduced
Thus, n contrast to the results for discharge with RT47, the increag@simer is slightly
advantageousere Particularly thehighobservedM-levelfor 20 °C contrasts with the previous
results The reason for this is nget clear, but itmight be attributed tothe difference irthe
water mass flow ratassedfor RT47 and RT60

In chapter3, it was consideretbr the heat pumghatcharginga thermal storageould
circumventthe disadvantages of strong throttlitgadapt to a changing heat demand in the
condenserTherefore, RT60 in such a scenasanvestigatedhext usingTchargeOf 65, 70, and
75°C. These temperatures correspond to the heat pump temperature levels in Chapter 3 as well
as to the previous thermal storage investigations asiithmert 0f 5, 10, and 18C, respectively.
The heat flux and the dimensionless heat fluxtiiss variationand a water mass flow rate of
4.5kg/minare shown in Figs.10.
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Fig. 510 ChargingRT60 heat fluxdsr on left y-axis and dimensionless heat flikon right
y-axis for TchargeOf 65, 70 and75 °C as a function of time witlvater mass flow rate of 4.5

kg/min.

Additionally, alongside the increasing heat flux with higher charging temperatures, a noticeable
decline in heat flux towards the end of the process is eviBleninstance, at &hargeOf 75 °C,
this declineoccurs approximately after 40in. Based orobservations durinthe experiment,
it marks the point at whiclthe PCM is completely liquidIn its liquid state the PCM
temperature increases faster, leadingnwee pronouncedecrease ithedriving temperature
gradientand consequently in heat flukor lower aTstmer, this decline occurkess andver a
shorter durationFurthermore, thé-level decreases for higher charging temperaturaus,
similar trends to RT47 are observed, indicating that lowlearging temperatures are
advantageouwhen the time for the process is not limited

In conclusion the influence of thaitial temperature differenaen the heat fluxaries

for charging and dischargingt the higher temperature level of RT6The reasonfor this
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remains unclear, but it may be related to differengpigal forliquid and solid phaseduring
the processsuch as convection or volume changes.

In addition tothe temperature levelthe circulatingmass flow rate represents a
significantparametefor heating systens itis changed frequentigue touserregulation This
directly affects the heat pungutlet parameterand subsequently thbermal storagéeor this
reason the influence of th water mass flow rate ochargingthe storage is examined for a
similar parameter ranggs in chapteB for the condenseof up to 6kg/min. The heat flux for
water mass flow rates of 3, 4.5 an#t@min are shown in Figs.11.A TchargeOf 65°C was
selected due to its highesgt-level in the previous variatiohut aseparateexamination oV

for the mass flow ratis not informative, as it is not influenced ity

10 -
_T — Meongst 3 KG/min
1 — Meong sf 4-5 kg/min
8 - —— Mot © KG/MIN
&6
=
=
=,
L 4
2 4
0 —71r r r - 1 - 1 rr 1 - 1 - T r*r T 1
10 20 30 40 50 60 70 80 90
tcharge [min]

Fig. 511ChargingRT60. heat fluxdss for water mass flow rate &, 4.5and 6kg/minas a

function of time withTchargeOf 65 °C.

In Fig. 5.11, itis evidenthatdss remains nearlgonstanfor an increasing water mass flow rate.
This observation appears contradictory since a higher water mass flow rate typically implies a
higher heat capacity flow of the watéiccording to Eq. 8, an influence on the heat flux would

be expected
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Given thatthe specific heat capacity of water, the heat transfer surface area, and the water inlet

temperature are controllgzhrametersthe water outlet temperatuferout iS expected to vary
This is illustrated irFig. 5.12.

64 -

[ r:ncond,sf 3 kg/min
T Meondsf 4.5 kg/min
—— Mgongsf 06 KG/MIn

62

Tsf, out [OC]
3

10 20 30 40 50 60 70 80 90

o

tcharge [min]

Fig. 512 ChargingRT60 water outlet temperatuils outfor water mass flow rate &, 4.5
and 6kg/minas a function of time witfichargeOf 65 °C.

The trend ofncreasingdTst,out With higher water mass flow rates becomes evident; for example
the outlet temperature exceeds®°64after 15min with a flow rate of6 kg/min, compared to
45 min with a flow rate o#.5kg/min. This suggests that changes in waterss flow rate and
outlet temperature directlgirectly compensate each otheesulting ina constanheat flux.
herefore, it appears that heat exchange is limited on the PCM side, possibly due to its low
thermal conductivity.

Subsequently, the reduction in charging time with higher water mass flow rates observed

in Fig. 5.11 ands.12becomes apparerftorinstancethe required time decreases fromngié
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for 3kg/min to approximately 5nin for 6 kg/min. Toillustratethis, the requiredhargingtime
Is plotted as a function of the water mass flow rate in%ik, supplemented with the required

time for 1.5kg/min.
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Fig. 513 ChargingRT60 time until full chargétui chargefor water mass flow rate df.5, 3,4.5
and 6kg/min with TchargeOf 65 °C.

There isanalmostinear reduction irthargingtime withincreasingvater mass flow rageThis
reduction is primarily due to the size of the storage Wwiith a storage capacityof
approximately MJ, everslight changsin theheatflow rate(20 to 30W) can noticeably affect

the charging timedespitethese changdseingsmall compared to the observed total heat flow
rate of a fewhundred wattsSimilar observations were madeth RT47, and corresponding
diagrams are included in the appengig. A.3 to A.5). After examiningthe charghg and
dischargng behaviour of the storage, the last remaining question is the discussion of the
advantages arising from the combination of the heat pump and thermal storage test system. Due
to the experimental setup with a reservoir for the secondary fluid, the two systedecoupled

from each other for dischargingdditionally, the storage capacity and heat transfer surface
area of the thermal storage system are noitnaly sized for the heat pumpleverthelessan
energeticassessmertdf the combined test setupsovides initial insights that can be further

investigated in the future

100



Chapter 5
Discussion and results

5.3.3Charging the storage or regulating the heat pump

In general, heat demand within heating systems fluctuates due to user needs, primarily regulated
through adjustments to radiator valves, which in turn affects the water mass flow rate. For
instance, valves automatically close once the desired room tempeiratreached or when
manually adjusted by users. Whesinga heat pump, these fluctuaticaféectthe required heat

flow rate on the secondary side of the condenser to maintain the target outlet temperature,
necessitabg considerations on system addma. Two potential solutionsould be the
regulaton ofthe heat flow rate provided by the processiang the arisingexcess water mass

flow to charge a thermal storage.

To regulate the provided heat flow rate, adjustments to the working fluid mass flow rate
are necessary, achievable through increased throttling via the expansion valve or reduced
compressor speed. While both methods decrease the required compressothsyweaso
result in decreasedOP at higher temperature levels, @&viously discussed ihis work. For
example, a compressor speed reduction 863 a condenser outlet temperature level giG0
led to aCOPdecrease of up to 1 inchapter2. Similarly, inchapter3, reducing the condenser
water mass flow rate from 4.5 t&k@/min resulted in £O0P decrease of 37.%.

The alternative option of charging a thermal storage thiglexcess water mass flow
requiresthe split of the water flow after the heat pur@mecoveringthe heat demand, while
the other charges the storaged thus withflexibility for adjustment based on requirements.

This approach allows adaptation to changing heat demand wittthwtedefficiendesdue to
regulated heat flow rate. Although this scenariccompressor power requirememtmain
constant and thus higher compared to the first optlenstored energy can bsedelsewhere

in the building. For instancé,could be used for preheating water for hot water production via

an electrical heate In this context, the exact heat flow rate from the storage becomes less
critical, because even if the desired water temperature is not reached by the discharge, the
electrical heater power consumption is reduced diréstlthis heat flow rate

Consequentlythe reduced compressor power and the heat flow rate to the thermal
storage should beomparedto assess whethea combination of these systems is more
advantageous thamly regulating the heat pungs theyrepresent the benefits lbbthoptiors,
directly impacting electricity consumption and operational costs.

To investigate this within the test system, operation points for increased throttling (as

seen irchapter3d.5.1) and reduced compressor speed (ffoapter2.5), under similar operating
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conditions, areexamined againKey values are summarized in Tabl@, with all operation
points maintaining a condenser water inlet temperature € 68 temperature change of A0,

and an evaporator water inlet temperature ofQ0

Table 52 Condensemass flow rat@l cond,si COMpressor speedomp condenseneat flowrate
Geond,s electrical compressor powBkomp,eiandthe COPy, for the variations of increased
throttling and reduced compressor spéaahdenser water inlet temperature®@)

ATcond,st= 10 °C andTevap,stin= 20 °C for all operationpoints

Parameter  Unit Increased Throttling | Reduced compressor spee:
Ocond, st kg/min 4.5 2 3.9 2.5
Ncomp min?t 1500 1500 1500 1050
Geond,sf KW 3.1 1.4 2.69 1.77
Pcomp el kW 1.125 0.804 1.103 0.756
COPxt = 2.77 1.73 2.44 2.34

For increased throttling of the process, the heat flow (ies, the heat demandgcreases
from 3.1 to 1.&KW due to the reduction in water mass flow rate ofkgysnin, which would be
the excess water mass flohe compressor power drops from 1.125 to 01884 resulting in
a decrease i@OPs from 2.77 to 1.7337.5%). For thereduced compressor speed, thange
in heat demand is less significamtith Geona stdropping from 2.69 to 1.7kW. However, the
required compressor poweasa similar reduction, from 1.103 to 0.7k%/, as observed during
increased throttling, resulting & less pronounced decreas€@Pss of 4.1%.

Thus, the heat flow rate to the storage using the excess water mass flow must be higher
than these power reductions for the compressor oMB4reduced compressor speed) and
321W (increased throttling) to be considered mardkantageoushan regulating the heat
pump.To examine thisFig. 5.14 depicts the heat flow rate to the stor@lgeconsidering a
charging temperature of 7€ and water mass flow rate ok@/min (approximately matching
the reductiorof G cona,sfin Table5.2for increased throtttig). The compressor power reduction

of 321 W for thisis represented by a red line in this figure.
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Fig. 514 Charging RT60heat fow rateQss as a function of timéor a water mass flow rate of
3 kg/minwith TchargeOf 70 °C. Reduction ofPcomp eifor heat pump processith increased

throttling shownas red line

It becomesevidentthat the heat flow rate exceeds 3®1for approximately 5@nin, implying
that the storage can be considered fully chabgeduse the phase change is completeidthe
average temperature within the storage mateyiatound 65C. This state of the storage can
be compared to the conditiookthe previously investigated discharge in Eg, where a heat
flux of several kW/rindicates a valuableseof the stored energwithin this 50min period
Consequently, theseof theexcess water mass flow to chargettiermal storage proves to be
more beneficial than regulating the heat pump through increased thrdttliagan be assumed
for the reduced compressor speed as well, despite the differing excess water mass flow rate
(1.4kg/min instead of 2.%g/min), because the decreases in the required compressor power
were similar for both variations and varying water mass flovs retd no significant influence
on the heat flux to the storage, as observathapter5.3.2.

In conclusion, the investigated heat pump process should be adapted to changing heat
demands by operating at full load and being combined with thermal storage. Given that both
are noroptimized labscale systems, it's reasonable to expect &igimer benefits from this

combination with improved design in terms of storage capacity and heat transfer area.
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Chapter 6
Concl usfiwthurmaemdper spectives

6.1 Concl usi on

Throughout this thesi#he primary aim wat expand the understanding of the thermodynamic
influences on heat pump systems at residential heating temperature delklssmg the
challenges ofuch systems existing buildingsTo overcome thes@, reasonabl€OP must

be achieved at heat sirtkmperature levelof up to 70°C, making it feasible to replace
conventional heating systems with@xtensivanvestmentsThis would suppottheincreasd
useof fully electric heating in buildingsonsequentlyedugng CO.-emissions in this sector.

Therefore, condenser outlettemperatures of50 and 70°C were examined
experimentally in a compression heat pubmidging the gap between floor heating and
conventional house heatintgobutane and propane were investigated as zeotropic working
fluid mixtures with the aim to use the temperature glide of such mixtures to reduce the exergy
destruction in the heat exchangers, thereby improving the process performance dependent of
the mixture composition. e COP of the test system randdrom 2.54 to 3.73t 50°C,
indicating suitable efficiencies for a nomptimized systembeng within the economically
viable COPrange of around.3However,atthe desired higher temperatwk70 °C, theCOP
only rangedfrom 1.28 to 2.29, which would be insufficient for practical udenetheless
valuable insightgan be drawifrom these resultior further optimgations and understanding.

In practical applications, the influence of zeotropic working fluid composition on
performance is found to be less advantageous than theoretical expectations, particularly at
higher temperature level®nly amaximumCOP increase of approximately% compared to
the purefluid was achievedobservedat an isobutane mole fraction of 0.25, simfy from the
maximum temperature glide occurring at a mole fractiob.®fThis discrepancy is attributed
to thelow impact of heat exchangers total exergy destruction, thereby limiting the potential
of zeotropic working fluids¢o redue theselossesMoreover, at higher temperature levets
reduction is more limitedsthe losses athe compressadncrease

The compressor is the most influential component, havindnitifeest sharen total
exergydestructionand overall process performanc&€onsequentlychanges in the operating
behaviourof the compressatirectly affects the entire proce§herefore composition otthe
mixture with themaximumCOP s shiftedfrom theonewith the highestemperature glide, as
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increagdisobutananole fractiondecreases the pressure in the evaponasujting in a higher
compressopressure ratio. High pressure ratios increase the forces and losses in the compressor,
consequentlprimarily reducing iteelectremechanicaéfficiency andsulsequently the process
performance.

Therefore the currentstudies suggest that while the use of zeotropic workingsfiaid
advantageoulr all temperature leveltheimprovement of th€ OPis moderate for the piston
compressousedand decreases at higher temperautreould be assumed that the temperature
glide could have higherinfluence on systems with other compressor typeking thenbetter
suited for operation witlzeotropic mixtures. Moreover operating the system within a
temperaturdevel suitable forheating systems generallyreasonablehowever,there is still
potential for improvement, with particular attention to be paid to the influence on the
compressor.

Such an influence occumsith changingexternal parameters through the secondary
fluid. Especiallythe change in heat demand isracialparametethatis stronglydependent on
therequirements of usem heating systems. lsuch a systeqnthe inlet temperaturend mass
flow rate of the condensare directly affected by this changdo investigatethis within
realistic ranges for conventional heating systems, massrétgup to 6 kg/min and inlet
temperatures up to 6@ wereselectedn the presented experiments

There, 1 is observed that the influenoa the processf varying these two parameters
is similar, and with changes in heat demand, the heat transfer in the condenser adjusts
accordingly.The working fluid mass flow ratenust be adaptedvhich is realised through
increasedhrottling when thecompressor spead fixed (corresponding to eoff operation in
practice). Consequently, thaffectsthe pressure and temperature levels, particularlghe
evaporatons a phase change occurs therein, making these two interdep@&hdzeletads to an
influence on le inletand outletpressureof the compressor, angincethe inlet pressure is
generally low, the changdereis significantly more pronounced than in the outlet pressure.
Thus, the compressorpressure raticand subsequentlyhe electremechanical efficiency
changes

The influenceof theheat source, represented by ¢évaporatowater inlet temperature,
is less than for the condenser. Here, the pressure level in the evaporator remains udcieanged
to the not affected working fluid mass flow rate. This results in a constant evaporation
temperature and unchanging pressure ratio, r@shyiting inhigher superheating of the working

fluid and exergy losses.

106



Chapter 6
Conclusion

Based on the results, it is also evident that the sizing of the compressor is crucial for the
process because oversizing woufdom the beginnindead to a lower utilization andith
decreasingvorking fluid mass flow rates to even loweompressor loal Such a reduced
compressor loads less favourable becausige ratio between the pow&s only drivethe
compressor and the power transferred to the working laceasesComparinghe COP of
the process with the ide@OPagain revealthe importance of the compressor{tesmeasured
performance improves with higher heat demand regardlegheotheoretically expected
tendencies. For instance, when theantemperature in the condensand thus temperature
lift, wasincreasedthe idealCOP decreased while the measured one increased agugdber
compressoload

The results indicate that achieving high utilization of the heat pump for as long as
possible igdesirable A thermal energy storage is an option to support this when it is charged
by the heat pump at full speed instead of regulabragjust to lower heat demarfebr latent
thermal storage the low thermal conductivity of the PCM limitise heat transfer. Increasing
this heat transfels necessary and was simulated here usingdingher thermal conductity
andhigherdriving temperaturgradiens asa function of discharge time

During discharge, the heat flux decreases significantly, especially in the first few
minutes. For example, inifwork, it drops fromseveral kw/rito a few 100//m?. This can
be attributed to the rapid formation of an insulating layer of solidified PCM and discharge of
the initial sensitive energy sectioifter thissteep dropthe heat flux dclinesmoderately over
time due to the decreasing driving temperagreslient

For the investigated heat transfer enhancemmethods (fins, higher thermal
conductivities of the PCM and raising driving temperature gradiethis level of heat flux
during operation increasd, but the tradeoff between these improvements and the
disadvantagegor exampleeduced storage capacity or exengyist be considered. The novel
dimensionless heat fluk relatesthe heat flux tothe thermal conductivity, initial driving
temperaturggradient and characteristic lengénd demonstrateshat the leat flux does not
increase as thehangedenhancement methaahply.

Furthermore, te combination of different improvement methods is disadvantageous
compared with individuabnes. For instance, increasing thermal conductivity with higirer
volume fractionsn the storage or higher driving temperatgradientsis less effective than

just the increasetihhermal conductivity
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Additionally, increasing the driving temperatugeadienthas a tradeff with exergy
andis onlyvaluableup to a certaitemperaturgradient Until this,the effect on heat flux and
discharge time outweighs the decrease in exdigyexample this temperaturgradientwas
6°C in this work and with highegradientghe exergy drop outweighed the influence on heat
flux and discharge time

If sufficient heat transfer of the latent storage is enswigddthose methodst can be
used in combination with a heat pump. For this purpose, charging and discharging at different
temperature levels must be investigated, with the influencing factors beindritieg
temperaturgradientand the water mass flow rate.

For lower temperature level oRT47, the simulated results of thearied initial
temperaturgradientapply to both charging and discharging. Here, with increasing temperature
gradient the M-level getslower and thusthe benefit decreaselseing more pronounced for
charging than for discharging. In contrast, the effect for the higher temperature level with RT60
Is inconsistentDuring charging, the increase in heat flux is declinwlgile theM-level slightly
increases during dischargiagd thus has a favourable impadbwever, with larger increases
in temperature difference, thieneficialeffect is significantly less pronounced.

Increasing thehargingmass flow rate does not lead to an increase in heat flux, as this
only affects the water siddhe limitationhere ison the PCM side due to the low thermal
conductivity.

For the combination of a heat pump and a themnalrgystorage, it is important to
determinewhenthis is morevaluablethan adjusting the heat purtipthe heat demarioly by
increasedhrottling or reduced compressor spedétie savedcompressor power represents the
economic advantagm practice as this electrical energy typically needs tophechased
externally. If thechargingheat flow rate exceeds tis saving from the compressor, the
combination of both systenesin be consideredaluable for examplavhen thestoragds used
to reduce theequired poweilin hot water productionln this work, even thenon-optimal
systems prove that this is feasibWith optimisations regarding stage capacity or heat
transfersurfacearea,even better resultsould be achieved

In conclusion, based on the results of this sttltgyse of heat pumps in heating systems
with higherresidentiatemperature levels optimizable bufeasible thuspotentially replacing
climate harmful ones in existing buildings like dpslers This would support the reduction of
the CQ-emissions in the building sect@dditionally, understanding the influences on such a

system and optimizatiorapabilitiesthrough urgently needed experimewsredemonstrated
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whereascharging a thermal energy storage instead of regulating the heat pump appears
promising for energy savingllevertheless, there are still unansweareskarchguestions that

leave room for future investigations
6.2 Future perspectives

The investigations demonstrated that the secondary fluid pararhaterannfluenceon the
performance of the heat pump when the compressor operating conditi@ifeeted In this
study, only a fixed compressor speed was considered for this vandieraas also modulating
heat pumps are investigatiediterature Consequently, it remains unclear how vaeationof

these parameters affects the process when the speed is variable, and a comparteen with
regulation via throttling should also be @ra Sincemodulatingthe compressospeed also
changeshe circulating working fluid flow rate, the pressure and temperature levels in the
evaporator could similarly be influence@sulting in the same influences on the compressor

Furthermore, the examined systezsearchednly a piston compressor, making further
investigations with other compressor typeteresting As themechanical operatioprinciple
differs, the effects on the compressor or their significance on the entire process could also
change. Particularly through the examination ofchyapressorproportion of exergy losses, it
should bedeterminedwhether shifts in importance for the process occur with different
compressor types.

Regarding the investigated latent therraakrgystorage, the question remains open
why the influence of changing theitial temperature difference is inconsistentadtigher
temperaturdevel of RT6Q There might be a connection with the respective properties of the
forming phase, but this needs further investigation and validation. Insights ¢giressbuld
potentially be transferred to otheCMsleading to more accurate simulations

Lastly, the presented considerations on the combination of heat pump and storage are
still fundamental and only address the charging. Even though the discharging is notably more
situational than charging, it could be included in future investigationsaat karough
assumptions, thus bringing them closerptactice Besides the necessary inclusion of the
economic component of such storage, practical experiments must be conducted to identify and

subsequently resolve any challenges in the control of sistérsy.
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