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Sammanfattning

Vattenlosningar av organiska och oorganiska amnen anvands som koldbarare i
indirekta kylsystem for att transportera och Overféra varme. Vatten ar kant for sina
korrosiva egenskaper och kéldbarare baserade pa vattenlésningar har samma tendens.
Men det ar mgjligt att minimera korrosionsriskerna genom att tillsatta lampliga
inhibitorer. Koldbarare ar komplexa blandningar som aven innehaller pH-justerande
medel, antioxidanter, antiskummedel, stabilisatorer, fargdmnen m.m. Dessa tillsatser
kan stabilisera och forbattra vatskans prestanda men paverkar aven koldbararens
termofysikaliska egenskaper. Manga vanliga korrosionsinhibitorer ger ett mekanisk
skyddande skikt pa metallytan, vilket kan ha en negativ inverkan pa varmedverféringen.
Ett annat alternativ ar att bilda en skyddande film genom kemisk interaktion mellan
metall och inhibitorer. Denna skyddsfilm ar inte ett fysiskt hinder utan endast ett
molekylart skikt och tjockleken pa filmen definieras av ytstrukturen. Denna typ av
inhibitorer, adsorberande inhibitorer, tros kunna skydda metallytor mer effektivt an
andra traditionella typer.

For att kunna astadkomma detta har en komplett och unikt labb fér matningar av
egenskaper byggts upp vid Kyla-labbet, KTH. Parallellt med projektet har Inst. for
Energiteknik vid KTH upphandlat en utrustning for matning av specifik varmekapacitet
och entalpi, en mikroDSC evo 7 fran Setaram Instrumentation, vilket gor
matutrustningen pa labbet unik och mycket vardefull fér detta och kommande projekt.

Foljande egenskaper har kunnat matas: densitet med areometer och pyknometer,
viskositet med roterande viskosimeter fran Brookfield, varmeledningsformaga med Hot
Disk TPS-2500S instrument, specifik varmekapacitet med mikroDSC evo 7 och
fryspunkt har uppmatts med hjalp av specialutrustning byggd i labbet. De
koldbararvatskor vars egenskaper uppmatts ar. propylenglykol-vatten; etanol
(etylalkohol) — vatten; kalciumklorid — vatten. Dessutom har egenskaper uppmatts for 20
vikts-% etanol-vatten med olika typer av denatureringstillsatser. En del av dessa
matningar har fokuserats pa att fa fram resultat till ett antal mastersrapporter och
konferensbidrag. Framtagna data av termofysikaliska egenskaper jamférs och valideras
med referensdata for rena blandningar av koéldbarare och vatten samt med
kommersiella koldbarare.



Summary

Aqueous solutions of organic and inorganic substances are used as secondary fluids in
indirect refrigeration systems to transfer heat. Water is known for its corrosive character
and secondary refrigerants based on aqueous solutions have the same tendency.
Nevertheless, it is possible to minimize corrosion risks by applying proper corrosion
inhibitors. A corrosion inhibitor is a substance which reduces the rate of corrosion when
added to the corrosive environment in a suitable concentration. Secondary fluids are
complex mixtures containing also pH control agents, anti-oxidants, de-foaming agents,
stabilizers, dyes etc. Those additives can stabilize and improve the secondary fluid’s
performance but also influence the secondary fluid’s thermophysical properties.
Standard corrosion inhibitor produces a mechanical protective layer on the metal
surface, which can have a negative effect on heat transfer. Another alternative is to form
the protective film by chemical interactions between the metal and the inhibitor. This
protective film is not a physical barrier but it is based on molecular interactions. This
type of system protection seems to be a perfect solution and thickness of this protective
film is defined by the structure of corrosion inhibitor.

A complete and unique measuring lab facility has, in order to accomplish this goal been
built up at the refrigeration lab at KTH. The Dept. of Energy Technology at KTH has
parallel to this project obtained microDSC evo 7 from Setaram Instrumentation that is an
unique equipment used to measure specific heat capacity and enthalpy, which makes
the laboratory facility unique and very valuable for this and coming projects. The
following properties have been measured: density with aerometer and pycnometer;
dynamic viscosity using rotational viscometer; thermal conductivity with Hot Disk TPS-
2500S instrument; specific heat capacity with microDSC evo 7, freezing point with
special test equipment built in the lab. The following secondary fluids have been tested:
propylene glycol-water; ethanol-water; calcium chloride—water solutions.

Thermophysical properties of 20 wt-% ethanol-water including six types of denaturing
agents have been tested as well. Some of these measurements have been obtained in
conjunction with a number of master thesis reports and conference papers. Obtained
results are compared and validated with reference data for pure mixtures of secondary
fluids and with commercial secondary fluids.
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Bakgrund

Avd. Tillampad Termodynamik, Energiteknik, KTH, har under en langre tid varit
internationellt ledande nar det galler kéldbarare for kylandamal. En internationell
handbok med egenskaper och data for koldbéarare har av Ake Melinder, delvis
finansierat inom Effsys, tagits fram pa engelska for The International Institute of
Refrigeration, IR, samt Svenska Kyltekniska Foreningen (Melinder, 2010). Flera
svenska och engelska rapporter, vetenskapliga publikationer och bdcker har aven
producerats. Inom ett projekt finansierat av Energimyndigheten har Ake Melinder, med
hjalp av medarbetare pa KTH och ett antal experter inom Kylbranschen, skrivit en
handbok pa svenska om indirekta system med kdldbarare (Melinder, 2009). Handboken
behandlar termofysikaliska egenskaper, korrosionsegenskaper och materialpaverkan,
brandfarlighet, giftighet och miljdegenskaper projektering, dimensionering, konstruktion,
installation och optimering av kéldbararsystem. Handboken har aven med finansiering
inom Effsys dversatts till engelska.

Denna forskning har resulterat i battre kunskap om de rena koldbararnas egenskaper
men har inte i detalj behandlat tillsatser for denaturering, stabilisering,
korrosionsproblem, etc. Kommersiella kéldbararblandningar innehaller upp till 10%
tillsatser vilka aven paverkar vatskans termofysikaliska egenskaper. De verkliga
egenskaperna for dessa blandningar ar darfor inte helt kdnda. Nya data om
kommersiella koldbarares egenskaper med tillsatser kan hjalpa producenterna att
forbattra sina produkter och samtidigt ge mer detaljerad information till kunderna som
underlag for dimensionering av pumpar och varmevaxlare. Ett stort problem med vissa
koldbarare ar korrosion. Hittills har koldbarares korrosionsbenagenhet ofta motverkats
med klassiska inhibitorer som bygger upp en fysisk barriar pa metallytan vilken har en
bromsande effekt pa varmeoverféringsprocessen. Nyligen har adsorberande
korrosionsinhibitorer borjat anvandas, men fortfarande ar deras verkningsmekanism och
deras inverkan pa varmeoverforingsprocessen inte kand. Ett syfte med detta projekt har
darfor varit att undersdka adsorberande korrosionsinhibitorer, och att fa battre forstaelse
for deras beteende. Anvandning av adsorberande korrosionsinhibitorer forvantas kunna
forbattra varmedverforing och systemskydd.

For att kunna utvardera koldbarares egenskaper, med avseende pa varmetransport,
varmeoverforing och behov av pumpeffekt, har matningar av densitet, viskositet,
specifik varmekapacitet, varmeledningsférmaga och fryspunkt behovt utféras. Ett klart
behov fran varmepumpbranschen att forstd inverkan av denatureringsamnen i
kommersiella etanolbaserade koldbarare pa marknaden har lett till att detta studerats.
En viktig del av projektet har darfor varit att bygga upp en komplett mattrustning for
dessa matningar vilket tagit langre tid an planerat. Féljande utrustning finns nu pa
labbet: areometer och pyknometer (densitet), roterande viskosimeter (viskositet), Hot
Disk TPS-2500S instrument (varmeledningsférmaga), en unik mikroDSC evo 7 fran



Setaram Instrumentation (specifik varmekapacitet), fryspunkt med specialutrustning
byggd i KTH labbet. Matningar av dessa egenskaper har utforts for ett antal kéldbarare.
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Mal

Malet med projektet har varit att bygga upp en matutrustning pa kyltekniklabbet vid KTH
for att kunna undersoka inverkan av tillsatser i kdldbarare pa marknaden, speciellt:

* hur tillsatser som korrosionsinhibitorer och denatureringsdamnen paverkar de
termofysikaliska  egenskaperna  for  koldbarare. Ett  klart behov  fran
varmepumpbranschen att férstd inverkan av denatureringsamnen i kommersiella
etanolbaserade kdldbarare har lett till att detta studerats. Detta har kunnat utféras vilket
redovisas i projektet, bl.a. i konferensbidragen.

* hur olika typer av korrosionsinhibitorer, de traditionella saval som nya adsorberande
korrosionsinhibitorer har pa varmedverforingsprocessen. Denna del har annu inte
kunnat slutféras pa grund av prioriteringsskal enl. ovan. Var férhoppning ar att det skall
bli mgjligt att gora detta under ett framtida program.

Genomforande

En komplett matutrustning har byggts upp pa kyltekniklabbet vid Inst. for Energiteknik
vid KTH. Parallellt med projektet har Inst. fér Energiteknik vid KTH upphandlat en dyrbar
utrustning for matning av specifik varmekapacitet och entalpi, en mikroDSC evo 7 fran
Setaram Instrumentation, vilket bidrar till att gdra matutrustningen pa labbet unik och
mycket vardefull for detta och kommande projekt.

Densitet har uppmatts med areometer och pyknometer. En areometer ar ett instrument
utformat for att mata densiteten av en vatska vid 15°C eller 20°C enligt ISO 17025 med
noggrannhet +/- 0.001 g/ml. Konstruktionen ar enkel, dar huvudkroppen ar ett ihaligt ror
i vilket en vikt och en skala placerats. Areometerns kropp placeras i en behallare med
vatskan som skall matas. Principen av hydrometern byggs pa Arkimedes lag.
Densiteten bestams genom att observera vardet vid vatskans o6vre yta. En pyknometer,
en kolv el. flaska med specifik vikt, ar ett annat satt att erhalla korrekta matningar av
relativ densitet med hog noggrannhet. Pyknometern ar en kolv med en propp som har
ett kapillarror genom den. Den specifika volymen for pyknometern bestamdes enligt DIN
ISO 3507 med tolerans +/- 0.01 cm®. Fér att definiera volymen anvands en arbetsvatska
med valkand densitet, sasom destillerat vatten. Genom att kanna till volym och mata
vikt av tom och full pyknometer, med hjalp av hég noggrannhet ar det mgjligt att
bestamma densiteten av en kdldbarare med tillsatser vid +20° C.



Fig.1 Areometer och pyknometer.

Dynamisk viskositet Brookfield roterande viskosimeter DV-lIl Pro med sarskild lag
viskositetsadapter (UL- adapter) med temperaturreglerad vatten - etylenglykol kylmantel
anvands for att utféra matningar vid temp -20°C till +100° C. Principen for drift av
roterande viskositetsmatare ar att kdra en spindel (som ar nedsankt i testvatskan)
genom en kalibrerad fjader (kalibrering utfors fore varje provning). Det viskdsa
motstandet av fluiden mot spindeln ges av fjaderns avbdjning vilkken mats med en
roterande givare. Viskosimeter matomrade bestams av roterande hastigheten for
spindeln, storleken och formen av spindeln, behallaren spindeln roterar i, och
vridmomentets fulla omfattning av den kalibrerade spindeln. Alla viskositetsmatningar i
temperaturomradet -20° C till +40°C for olika koldbarare goérs med UL-adapter och
samma spindel for att minska osakerheten i matningarna. Referensvatskor for dessa
matningar ar destillerat vatten och en ren blandning av kdéldbarare utan tillsatser.



Fig. 2 Brookfield roterande viskosimeter DV-II Pro.

Méatningar av varmeledningsférmaga och termisk diffusivitet har utférts med Transient
Plane Source (TPS) metoden med ett medel for Hot Disk Thermal Constant Analyzer
TPS-2500S. Det ar en modern teknik, som ger information om varmeledningsférmaga,
termisk diffusivitet samt specifik varme per volymenhet av materialet. Metoden bygger
pa anvandandet av en uppvarmd plan sensor. Hot Disk givaren bestar av ett elektriskt
ledande monster i form av en dubbel spiral, som har etsats ur en tunn metall (nickel)
folie. Denna spiral ar inklamd mellan tva tunna lager av ett isolerande Kapton material.
Nar en matning utfors ar Kapton sensorn monterad mellan tva bitar av provet.

Fig. 3 Kapton sensor och provhallaren.



Genom att skicka en elektrisk strom, tillrackligt hég for att 6ka temperaturen hos
sensorn och pa samma gang registrera hur motstandet (temperaturen) 6kar som en
funktion av tiden, anvands sensorn bade som en varmekalla och som en dynamisk
temperatursensor. Den typiska testvolymen av koldbarare med tillsats ar 10 ml. En
spruta anvands for att avlagsna luft fran provhallaren. Senare placeras provhallaren
med Kapton sensorn i en metallbehallare och nedsanks i ett flytande bad av en 43 vikts-
% etylenglykol - vatten 16sning (for att undvika att provet fryser och samt for att formedla
kontakt mellan provhallare och behallare). Varden pa destillerat vatten gav 1.15% fel
jamfort med teoretiska varden fran NIST for samma testmetod.

Fig. 4 Hot Disk Thermal Constant Analyzer TPS-2500S.

Utrustningen fér matning av specifik varmekapacitet tog lang tid att inforskaffa av flera
skal. Dels kostade den sa mycket att en strikt upphandlingsprocess maste foljas enligt
KTH regler. Det var ocksa viktigt att valja den utrustning som bast passade
huvudtillampningen, matning av specifik varmekapacitet av vatskor vid lag temperatur.
Detta ledde till att en mikroDSC evo 7 inférskaffades fran Setaram Instrumentation och
kunde borja anvandas mot slutet av 2013. Differential Scanning Calorimetry (DSC), ar
en termisk analytisk teknik dar differensen i mangden varme som kravs for att oka
temperaturen av ett prov och en referens mats som funktion av temperatur. Bade prov
och referens bibehdller samma temperatur under hela experimentet.
Temperaturprogrammet for en DSC analys utformas sa att provhallarens temperatur
Okar linjart som funktion av tiden. Denna mikroDSC evo 7 ar kopplad till en Huber
minikylare och en dator, och anvands matning av specifik varmekapacitet av vatskor i
labbet. Matningarna har utforts i Cp kontinuerligt lage med "scanning rate” 0.05K/min i
temperaturomradet -45°C till +40°C med en timmes stabiliseringstid och upprepades tva
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ganger. Varden pa destillerat vatten gav 1.35% fel jamfért med teoretiska varden fran
NIST fér samma testmetod.

Fig. 5 microDSC evo 7 Setaram Instrumentation.

Fryspunktstesterna utférs med en specialdesignad testutrustning som bestar av en
Sanyo “"Ultra Low” frys (temperaturomrade: -10°C till -90°C), en Agilent 34970A
datainsamlingsenhet ansluten till en dator och en vid Energiteknik, KTH speciellt
konstruerad enhet for matnings av fryspunkt. Denna enhet bestar av 9 identiska
plastbehallare (volym 100 ml) placerade i en cirkel, monterade pa en plexiglasskiva.
Behallarna forsluts fran toppen med en stangningsplatta. Hela enheten stods av fyra
metallben och en bottenplatta for att sakerstalla att behallarna inte ar direkt i kontakt
med botten av frysen. Sarskilda lock har anpassats till den Ovre plattan for att undvika
kontamination med smuts och korsinteraktioner av prov. Dessutom, har ett styrt
termoelement placeras i mitten av varje lock for att sakerstalla att avlasningarna gors i
mitten av varje behallare. Ytterligare 2 termoelement ar fasta i frysenheten att mata
forhallandena i frysen under varje test. Alla 11 termoelement ar kalibrerade med
noggrannhet pa +/-0.1°C. Normalt ar temperaturen for frysen installd pa minst 10K
under den antagna fryspunkten.
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Fig. 6 Fryspunkt testutrusning.

De egenskaper som uppmatts ar:
¢ Densitet (+15°C till +20°C) med areometer och pyknometer.
¢ Viskositet (-20°C till +40°C) med roterande viskosimeter.
e Varmeledningsférmaga (-20°C till +40°C) med Hot Disk TPS-2500S instrument.
e Specifik vdrmekapacitet (-45°C till +40°C) med mikroDSC evo 7.
e Fryspunkt med specialutrustning byggd i labbet.

De koldbararvatskor (utan tillsatser) vars egenskaper uppmatts ar:

Propylenglykol-vatten: 10, 20, 30, 40, 50 vikts-% PG.

Etanol (etylalkohol)-vatten: 5, 10, 15, 20, 24, 25, 30 vikts-% EA.

Kalciumklorid—vatten: 22, 24, 25 vikts-% CaCl2.

Dessutom har egenskaper uppmatts for 20 vikts-% etanol-vatten med sex olika typer av

denatureringstillsatser: isopropanol, n-butanol, isopropanol + n-butanol, metyletylketon,
metylisobutylketon, metyletylketon + metylisobutylketon.

Flertalet av dessa matningar har fokuserats pa att fa fram resultat till mastersrapporter
och konferensbidrag inom projektet. Framtagna data pa termofysikaliska egenskaper
jamférs dar med referensdata for rena koéldbararblandningar utan tillsatser samt med
andra kommersiella kdldbarare. Se: Projektets vetenskapliga publikationer.
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Resultatsammanfattning / Summary of results

SAMPLE PREPARATION

The mixtures of pure secondary fluids of ethanol, ethylene and propylene glycol are
prepared according to the volumetric dilution method of known concentration from stock
solutions using Eq. (1):

C1 'V1:C2 'Vz (1 )

where

V. is the volume of stock solution in ml,
C, is concentration of stock solution in %,
Vs is the volume of new solution in ml,

C, is concentration of new solution in %.

Calibrated volumetric flasks 250 ml, 500ml, 1000ml and 2000ml with tolerance of +/-
0.2ml to +/-0.6ml according to DIN EN ISO 1042:1998 were used in order to prepare the
solution of pure secondary fluid.

Another method is applied to prepare the mixtures of pure calcium chloride, potassium
formate, potassium acetate and potassium carbonate secondary fluids. The solution of
defined concentration is prepared by dissolving a known mass of solute (anhydrous salt
purity above 99.5%) into a specific amount of a solvent which in this case is water using

Eq. (2):

C=(Msolute /msolution)'loo% (2)

where

C is the concentration of solution in %,
Msolute IS the mass of solute in g,
Msolution IS the mass of new solution in g,

Later the concentration is verified by measuring the refractive index npyo using Abbe
Refractometer 5 from Bellingham + Stanley with accuracy of +/-0.0005 and compared
with reference values in (CRC, 1986-87). The indirect method to determine
concentration by using aerometer was not done due to its low accuracy as mentioned in
(Melinder, 1998). Two reference fluids are chosen in order to validate the error of all
measurements: distilled water and pure solution of corresponding secondary fluid.
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ETHANOL BASED SECONDARY FLUIDS

Background

Ethanol based aqueous solutions are the most common secondary fluids in Sweden
used in ground source heat pumps, recommended by the Geological Survey of Sweden
(SGU) and the Swedish Environmental Protection Agency (Naturvardsverket) (SGU,
2008). The available ethanol based commercial product is 95 wt-% ethanol concentrate,
including up to 10 wt-% of denaturing agents but no corrosion inhibitors. European
Union regulations strictly define the types and concentrations of denaturing agents
added to prevent from drinking e.g.: acetone, methyl alcohol (methanol), isopropyl
alcohol (isopropanol), n-butyl alcohol (n-butanol), methyl ethyl ketone (MEK) and methyl
isobutyl ketone (MIK) (EUR-Lex, 2013). In Sweden the most common denaturing agents
for ethanol based secondary fluid are: isopropanol (isopropyl alcohol) and n-butanol
(butyl alcohol). Ethanol based secondary fluids are due to safety regulation and
flammability risks usually not exceeding 30 wt-%, corresponding to a freezing point of -
20.5 °C (Melinder, 2010).

Sample characterization

Ethanol - water solutions at given concentrations: 5, 10, 15, 20, 25 and 30 wt-% were
tested. Ethanol based secondary fluids including additives (denaturing agents) were
prepared based on the specifications stated in (EUR-Lex, 2013) by first mixing absolute
ethyl alcohol with 99.9% pure denaturing agent (isopropanol or n-butanol) in the given
proportion and later diluting to concentration of 20 wt-% ethanol including denaturing
agent. It is common to mix two denaturing agents with ethanol, thus a sample of 20 wt-
% ethanol including isopropanol and n-butanol; and another sample of 20 wt-% ethanol
including methyl ethyl ketone and methyl isobutyl ketone were tested. Ethanol solutions
containing methyl ethyl ketone or methyl isobutyl ketone additive were prepared using
the volumetric dilution method thus, first 20 wt-% (corresponding 24.47 vol-%) ethanol
water solution was prepared. Later, the defined amount of methyl ethyl ketone or methyl
isobutyl ketone was added. It was found that methyl isobutyl ketone is not well soluble
in ethanol water solution, thus two samples of 20 wt-% ethanol with methyl ethyl ketone
and methyl isobutyl ketone and 20 wt-% ethanol with methyl isobutyl ketone could not
be tested. Table 1 summarizes the types of 20 wt-% ethanol with different denaturing
agent that could be tested.

Table 1. Summary of all ethanol-water samples with denaturing agent.

Sample type Conc. of Conc. of denaturing agent
ethanol (wt-%)
Ethanol incl. denaturing agent 18.4 1.6 wt-% isopropanol
Ethanol incl. denaturing agent 19.4 0.4 wt-% n-butanol
Ethanol incl. denaturing agent 18.0 1£4W\;[v'to_/?%lsriiﬁﬁgfl
Ethanol incl. denaturing agent 20.0 3.32 vol-% methyl ethyl ketone
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Pure ethanol based secondary fluids

Fig.7, presents the results from density measurements for different concentration of
pure ethanol — water solutions. As seen in fig.7, the reference values for density were
higher than experimental results by up to 0.5% than values compiled in (Melinder, 1998;
Melinder, 2007) which could be related to the different testing method applied, deviation
in sample concentration or purity of ethanol. Experimental results were performed using
both aerometer and pycnometer method which gives higher accuracy. Additionally,
results for ethanol solutions published in (Backstrom et al., 1965) were not pure ethanol
but methylated ethanol. The measurement results preformed for distilled water using
same testing method was having an error below 0.14% when compared to reference
results.
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Fig. 7 Density results for different concentrations of pure ethanol - water solution.

Fig.8, presents the dynamic viscosity results for pure ethanol solutions. As seen, results
obtained for pure ethanol 20 wt-% results were lower than reference values in
(Melinder, 2010) at temperature range between -5 and -15 °C. The biggest differences
were observed at -13 °C for 25 wt-% (19%) and at -15 °C for 30 wt-% (27%).
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Fig. 8 Dynamic viscosity results for various concentrations of pure ethanol - water solutions.

Fig.9 presents the results of the specific heat capacity measurements for pure ethanol—
water samples. Results for 15 wt-% and 20 wt-% ethanol-water solutions show different
tendency than the literature values summarized in (Melinder, 1998; Melinder, 2007).
These differences could be explained by the fact that the new testing method was
applied for liquid samples based on the concept of very slow heating scanning rate
(0.05 K/min) instead of cooling one. Same testing method was applied to test distilled
water and an error of 1.4% was obtained. Moreover, ethanol at concentrations lower
than 25 wt-% have higher specific heat capacity than water as already reported in
(Melinder, 2007). With increasing ethanol concentration the specific heat capacity
tendency is changing. Ethanol solutions of 5 wt-% and 10 wt-% seem to have similar
tendency as water. With increasing concentration of ethanol function of specific heat
capacity versus temperature is changing and the highest specific heat capacity is
obtained for ethanol concentration of 15 to 20 wt-%. These results are agreeing with
some of the previously reported results for ethanol concentration of 10 wt-% by (ICT,
1928-29; Evenmo, 1998; Fransson, 1996) while questioning previous results for 20 wt-
% by (ICT, 1928-29; Plank, 1988). No literature results for concentration of 15 wt-%
ethanol-water solution were found except interpolated results in (Melinder, 2010). Same
testing method was applied to determine specific heat capacity of distilled water in
temperature range between +5 and +40 °C and an error of 1.38 % was obtained.
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Fig. 9 Specific heat capacity results for different concentrations of pure ethanol - water solutions.

Fig.10, presents the results of the thermal conductivity tests for pure ethanol-water
solutions. It is important to underline that volumetric heat capacity, pcp, is one of the
input parameters that can decrease the measurement error to below 2%. Higher values
of specific heat capacity could explain the steeper slopes of thermal conductivity curves.
The error in measurements for distilled water was less than 1.15% when compared to
reference values.
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Fig. 10 Thermal conductivity results for different concentrations of pure ethanol - water solutions.

Ethanol based secondary fluids with denaturing agents
Four ethanol-water samples including methyl ethyl ketone (MEK) and isopropanol, n-
butanol were tested and exact concentrations were presented already in Table 1.

Fig.11, presents the results obtained for 20 wt-% ethanol solutions with different
denaturing agents used. As seen, the presence of methyl ethyl ketone, isopropanol and
n-butanol increased the density by around 0.24 to 0.4% which cannot be accounted as
a significant change.

Fig.12, presents the dynamic viscosity results obtained for 20 wt-% ethanol solutions
including different denaturing agents. As seen, the presence of denaturing agents led to
lower dynamic viscosity by around: 10 % for EA 20 wt-% including n-butanol; 10% for
EA 20 wt-% including isopropanol and n-butanol, 8% for EA 20 wt-% including
isopropanol and 12% for EA 20 wt-% including MEK when compared to experimental
results for pure ethanol 20 wt-%. Thus, denaturing agents had a positive effect and
decreased the dynamic viscosity.
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Figure 12 Dynamic viscosity results for 20 wt-% ethanol with different denaturing agents.
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Fig.13 presents the results of specific heat capacity tests. As seen, 20 wt-% ethanol
including isopropanol and n-butanol showed 1-2 % higher specific heat capacity than
pure 20 wt-% ethanol. Isopropanol and n-butanol have higher specific heat capacity
than ethanol which can explain the increment in specific heat capacity value of tested
mixture. Presence of isopropanol in ethanol solution seems to improve specific heat
capacity in low temperature range and n-butanol in higher temperature range.
Moreover, methyl ethyl ketone (MEK) had a negative effect on specific heat capacity by
around 1%.
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Figure 13 Specific heat capacity results for 20 wt-% ethanol with different denaturing agents

Fig.14, presents the results of the thermal conductivity tests. Again, higher values of
specific heat capacity could explain the steeper slopes of curves. As seen, the additives
had a positive effect and higher thermal conductivity could be observed in comparison
to pure 20 wt-% ethanol solution. The increment in thermal conductivity was around 1.5
% at -8 °C and 4.3 % at +40 °C.
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Fig. 14 Thermal conductivity results for 20 wt-% ethanol with different denaturing agents.

Summing up, the experimental results and reference values for pure ethanol solutions
of density were rather similar. Larger differences were observed between experimental
results and reference values for pure ethanol solutions for dynamic viscosity, specific
heat capacity and thermal conductivity. A different tendency for specific heat capacity
values was found for 15 and 20 wt-% pure ethanol solutions than reported previously.
Further tests of 20 wt-% ethanol including denaturing agents confirmed the same
pattern for specific heat capacity curve. This fact may have a significant influence for
any indirect refrigeration system and ground source heat pump using ethanol based
secondary fluid. Denaturing agents in form of isopropanol and n-butanol had a positive
effect on thermal conductivity, specific heat capacity and dynamic viscosity. Dynamic
viscosity results showed that denaturing agents can decrease dynamic viscosity.
Samples including isopropanol and n-butanol showed higher specific heat capacity than
pure 20 wt-% ethanol and sample containing MEK. Isopropanol and n-butanol have
higher specific heat capacity than ethanol and this fact can explain the increment of
specific heat capacity value. Additionally, higher thermal conductivity could be observed
when isopropanol and n-butanol were present. Thus, denaturing agents can be used to
improve the properties of secondary fluid by adjusting the concentration of each
additive. This gives possibility of further development of alcohol based secondary fluids
and creating new mixtures with adsorption corrosion inhibitors.
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Note: more information about tests and results obtained for pure ethanol-water
solutions and study of influence of denaturing agents can be found in report by
Laura Foray: Investigation of thermophysical properties of ethanol based
secondary fluids with additives

Another conference article was written in conjunction with these results - Investigation
of ethanol based secondary fluids with denaturing agents and other additives
used for borehole heat exchangers by Ignatowicz M., Acufia J., Melinder A., Palm B.
submitted to World Geothermal Congress, Australia, 2015, to investigate how the
different thermophysical properties affect pressure drop and heat transfer in typical
borehole heat exchanger and results are presented below.

Pressure drop and fluid to pipe thermal resistance in a U-pipe borehole heat
exchanger case study

The most important thermophysical properties of secondary fluids when evaluating
performance of secondary fluids in borehole heat exchangers are: freezing point,
viscosity, thermal conductivity, specific heat capacity and density. A field sample from a
BHE installation was collected and compared with aqueous solutions of pure ethanol,
ethanol solution including same concentration of additives as the field sample, and with
literature reference data retrieved from Melinder (2010).

Field sample was made by diluting the “concentrate” (a concentrated mixture of ethanol
including 7-9 wt-% isopropanol and 2 wt-% n-butanol denaturing agents); to the desired
concentration of 20 wt-% solution of ethanol including 1.4-1.8 wt-% isopropanol and 0.4
wt-% n-butanol additives. Since the concentration of isopropanol additive was not
exactly stated by the producer, it was decided to use the most common concentration
recommended of 8 wt-% which is at the same time an average value for the range
between 7 wt-% and 9 wt-%. Control sample of 20 wt-% solution of ethanol including
additives was prepared in the laboratory by first creating a similar concentrate of ethanol
including 8 wt-% isopropanol and 2 wt-% n-butanol that was later diluted to 20 wt-%
solution of ethanol including additives (1.6 wt-% isopropanol and 0.4 wt-% n-butanol).

The pressure drop and the fluid to pipe thermal resistances in a U-pipe BHE have been
calculated for the ethanol based secondary fluid at three different volumetric flow rates
(typical flow rates in BHE installations today), using the thermophysical properties
tested in the laboratory for three temperatures within the typical operating range of
BHEs in northern Europe during heat extraction mode: +5, 0 and -5 °C. The aim was to
identify the implications of using some of these properties in borehole heat exchanger
design for typical flow conditions. More details regarding thermophysical properties
results and calculations of pressure drop and the fluid to pipe thermal resistances can
be found in the attached conference article.
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The first step before carrying out the calculations was to determine the Reynolds
number, which defines whether the flow regime is laminar, transitional or turbulent, and
indicates the correlations that should be used in the design process. The result of this
calculation, introducing the laboratory density and viscosity measurements is presented
in Fig.15. An axis line has been drawn at Re = 2300 in order to delimit the theoretical
transition between laminar and turbulent flow.
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Fig. 15 Reynolds number for different fluid properties at different flow rates in U-pipe BHE.

For all fluids, Reynolds number decreases with decreasing temperature level, related to
the shape of the density and viscosity curves. The properties of the field sample and the
ethanol solution including both denaturing agents give the highest Reynolds number
when compared to pure ethanol and reference data. This is valid for all flows and
temperature levels. In some cases (when flow is 0.2 and 0.3 I/s), the thermophysical
properties of field sample results in turbulent flow while the pure mixture and the values
from Melinder (2010) indicate laminar flow, for example. The effect of more viscous
flows at lower temperatures for a given fluid sample becomes clear. At the lowest flow
rate (0.2 I/s), the regime is laminar in all cases. At 0.3 I/s the regime is strictly dependent
on the viscosity values while at the highest flow rate (0.4 I/s); the flow is almost always
turbulent. It is suspected, however, that good heat transfer conditions cannot be
guaranteed at such flow rates since it is known that the Reynolds number even varies
from inlet and outlet along the U-pipe. The flow regime has implications for a U-pipe
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BHE in terms of pressure drop and fluid-to-pipe thermal resistance, Rip. The pressure
drop and Ry, calculated for the conditions from Fig.15 are shown in Fig.16 and Fig.17,
respectively.
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Fig. 16 Pressure drop for different secondary fluid properties at different flow rates.

The pressure drop indicates that, in a few cases, the result falls outside what could be
intuitively estimated, although it is normal to expect that AP increases with decreasing
temperature level as the viscosity and density become higher.

The internal fluid-to-pipe thermal resistance presented in Fig. 17 shows that the
convective layer inside the pipes can significantly affect the resistance if flow is laminar,
as expected. Laminar flow conditions become harmful and the highest flow is certainly
preferred in U-pipe BHEs. Most of the conditions for flow rates of 0.2 and 0.3 I/s,
independently of the fluid properties are unfavorable for heat transfer and for a proper
thermal performance of the U-pipe. Even at the higher flow rate (0.4 I/s), laminar
conditions are obtained at the lowest temperature levels.

Summing up, the characteristics of the field sample representing the market products
are more favorable than pure ethanol solutions, implying that commercial installations
may probably perform slightly better than expected. It can be seen that, within each
pipe, the resistance is normally lower than 0.02 Km/W for turbulent flow. If the pipes are
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symmetrically placed inside the borehole, the contribution of the fluid to pipe resistance
to the total borehole resistance is, in this case, no more than about 0.01 Km/W. This
number can be put in perspective as compared to the total local borehole resistance in
a groundwater-filled borehole (which also includes the contribution the pipe properties
and thickness, and the convection outside the pipes), typically ranging from 0.06 to 0.09
Km/W, see (Acuiia, 2013), i.e. Rip is a small fraction of the total resistance. On the
other hand, R, would have a dominant weight at laminar conditions, as interpreted from
Fig. 17.
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Fig. 17 Fluid to pipe thermal resistance for different fluid properties at different flow rates.
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CALCIUM CHLORIDE SECONDARY FLUID

Thermophysical properties of pure 22, 24 and 25wt-% calcium chloride solutions and
field samples from 7 different ice rinks in Sweden were measured in the laboratory to
study the energy saving potential associated with secondary fluids and compare pure
secondary fluids with commercial solutions.

More about the ice rink project can be found in master thesis report by Willem Mazzotti:
Secondary fluid impact on ice rink energy systems performance, Dept. of Energy
Technology, KTH, 2013 and conference paper: Secondary fluid impact on ice rink
refrigeration system performance, 11th IEA Heat Pump Conference — Montreal, May
12-16, 2014 by Ignatowicz M, Mazzotti W, Rogstam J, Melinder A, Palm B.

The freezing point, or concentration, directly influences the thermophysical properties
and thus, the heat transfer and pressure drop. The recommended concentration of
calcium chloride in ice rinks should be 24 wt-% (F,= -26.5 °C). However, measurements
for several Swedish ice rinks showed freezing points closer to -30 °C rather than
recommended -26.5 °C.

Nevertheless, only the samples from the two studied ice rinks (situated in Nacka and
Jarfalla municipalities in Sweden) are investigated in this study. The freezing point of
those secondary fluids were measured and appear to be -24 °C for Nacka ice rink and -
31 °C for Jarfalla ice rink. Table 2 presents the results of determination of sample
concentrations.

Table 2. Summary of all field samples.

Name Conc. of CaCl; (wt-%) Freezing point (°C)
Bjorknas 25.47 -32.39
Jarfalla 25,50 -31.20
Kallhall 25.51 -30.61

Lulea 24 .88 -28.88

Nacka 20.86 -23.96

Saltsjdbaden 25.40 -34.85
Alta 25.44 -33.50
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Commercial secondary fluids may have different thermophysical properties than those
given for pure secondary fluid mixtures due to various additives added e.g.: corrosion
inhibitors that may modify properties. In order to perform the comparison pure mixtures
of secondary fluids having the same freezing points as samples from Nacka and Jarfalla
were prepared in laboratory and results are presented in Figures 18-21. The exact
chemical composition of Nacka and Jarfalla samples was not investigated.
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Fig. 18 Density results for different calcium chloride samples

Fig.18 presents the results of density tests. As seen, results for Nacka and Jarfalla are
unexpected and could be explained by the fact that different additives were present.
Density difference between both commercial products having so different freezing point
is almost zero. The exact composition of both samples was not tested. Results for
calcium chloride 25.54 wt-% were in good agreement. Experimental results for 22.89 wt-
% and 24.38 wt-% solutions were different by 0.4% than reference values.

Fig.19 presents the results of dynamic viscosity tests. Nacka and Jarfalla samples had
lower dynamic viscosity value compared to pure calcium chloride with corresponding
concentration. The biggest differences between reference values and experimental
results were found in temperature range -15 to 0 °C, especially in case of 25.54 wt-%
calcium chloride solution.
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Fig.20 presents the results of specific heat capacity measurements. Nacka sample had
the highest specific heat capacity among all samples. Jarfalla sample had very close
values to its corresponding concentration of 25.54 wt-% calcium chloride and reference
values for 24.38 wt-%.
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Fig. 21 Thermal conductivity results for different calcium chloride samples.

Fig.21 presents the results of thermal conductivity tests. The difference between
reference values and experimental values was insignificant. Again results for Nacka and
Jarfalla were difficult to compare with corresponding samples.

Jarfdlla and Nacka ice rinks case studies

Jarfalla is a rather old ice rink having a partially indirect refrigeration system with
ammonia as the primary refrigerant and having air-cooled condenser. Initially, the
refrigeration plant was cooling down an indoor and outdoor ice rink. However, the
outdoor ice rink is not in operation anymore. Ammonia is used as primary refrigerant
and 25.54 wt-% calcium chloride (F,= -31°C) is used as the secondary fluid. When
using thermophysical properties of calcium chloride with recommended concentration of
24 wt-% (F,= -26.5 °C), the calculations gave an energy consumption of 176 MWh for
compressors and a potential energy saving of roughly 46.8 MWh/yr. Considering the
freezing point difference, the potential energy saving is 10.8 MWh when increasing the
freezing point by 1K (or 26.9 MWh per each 1 wt-% concentration). This potential
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energy saving represents 12% of the total energy associated with the refrigeration
(compressors and pumps). These values show that the energy saving potential related
to the concentration of secondary fluid may be significant for some of the ice rinks.

Nacka refrigeration system is fully-indirect system and heat recovery from the
condenser and desuperheater is being done. The refrigeration system is used to cool
down two rinks: one indoor and one outdoor. The refrigeration system uses ammonia as
the primary refrigerant and 22 wt-% calcium chloride (Fp,= -24 °C) as the secondary
fluid. Since the freezing point is below the recommended -26.5 °C energy savings
obtained by lowering secondary fluid’s concentration were not assessed. Unfortunately,
the pumping power was not measured and no information was found on the pump
control, except the fact that variable speed pumps were used. Additionally, the sensor
measuring the ice temperature was disabled and no information could be retrieved
regarding the ice temperature profile. Nacka refrigeration system is having ON-OFF
control strategy for the compressors. Yearly energy consumption for the compressors is
250 MWh. The total pumping power was estimated as 41 MWh/yr which account for
16% of the total refrigeration energy consumption, contrasting with 44% in Jarfalla case
due to variable speed pumps. It is important to underline that some energy
consumptions such as lighting in the locker rooms and domestic electrical devices were
not measured. If assuming that the non-measured shares were 10% a total energy
consumption of 1060 MWh/yr would be obtained which corresponds to 38% of the total
energy consumption.

Figure 22, shows the total pumping power for different samples and reference data from
(Melinder, 2010). Nacka sample had lower viscosity and density; and higher specific
heat capacity (around 4% higher) comparing to pure fluid with same concentration.
These results were unexpected since commercial fluids usually have worse
thermophysical properties than pure ones due to the additives (e.g. corrosion inhibitors).
As a result Nacka had the lowest pumping power and the highest COP among all
samples as seen on Figure 22 and 23. Jarfalla sample had as well better
thermophysical properties then the corresponding secondary fluid of same freezing
point which resulted in slightly lower pumping power and higher COP.
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Summing up, a comparison between two secondary fluids with different freezing point
was performed for the Jarfalla case and the results showed a potential energy saving of
12%, corresponding to 46 MWh/yr. An increase of 1K in the freezing point may lead to
10.8 MWh/yr savings. Due to the lack of the ice temperature measurement, it was not
possible to conduct the same type of comparison for Nacka. However, yearly energy
consumption shares could be measured showing that refrigeration accounts for 38 % of
the total energy consumption, which is similar to 43 % obtained from statistical studies.
Moreover, the freezing point could be even higher since the normal operating
temperatures rarely exceed -10 °C in ice rinks. (Melinder, 2007) recommends having a
concentration giving a freezing point 10 K lower than the normal operating temperature.
In the two ice rinks used as case studies minimum measured temperature of the
secondary fluid and evaporation temperature was -9.1°C and -17°C, respectively.
Hence, a freezing point of -20°C instead of -30°C would be sufficient.

NOMENCLATURE

C concentration (%)

COP Coefficient of performance (-)

Cp specific heat capacity (kJ-kg'K™)
k thermal conductivity (W-m™'K™)
m mass(g)

MEK methyl ethyl ketone

MIK methyl isobutyl ketone

Np20 refractive index (-)

\% volume (ml)

vol-% volume concentration (-)

wt-% weight concentration (-)

P density (kg-m™)

M dynamic viscosity (mPa-s)

Re Reynolds number [-]

Rf p fluid to pipe wall resistance [MKW']
AP pressure drop [Pa]
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Maluppfyllelse

Syftet med projektet har varit att undersoka hur tillsatser som denatureringséamnen
paverkar de termofysikaliska egenskaperna for koldbarare. Ett klart behov fran
varmepumpbranschen att forstd inverkan av denatureringsamnen i kommersiella
etanolbaserade koldbarare har lett till att detta studerats. Detta har kunnat utforas vilket
redovisas i projektet, bl.a. i konferensbidrag.

For att kunna astadkomma detta har en komplett matutrustning byggts upp pa labbet
vid KTH. Parallelt med projektet har en utrustning for matning av specifik
varmekapacitet och entalpi, en mikroDSC evo 7 fran Setaram Instrumentation, Inst. for
Energiteknik vid KTH inférskaffats vilket gér matutrustningen pa labbet unik och mycket
vardefull for detta projekt. Foljande egenskaper har darmed kunnat matas: densitet
med areometer och pyknometer, viskositet med roterande viskosimeter,
varmeledningsformaga med Hot Disk TPS-2500S instrument, specifik varmekapacitet
med mikroDSC evo 7, fryspunkt har uppmatts med hjalp av specialutrustning byggd i
labbet.

De koldbararvatskor vars egenskaper uppmatts ar: propylenglykol-vatten; etanol
(etylalkohol)—vatten; kalciumklorid—vatten. Dessutom har egenskaper uppmatts for 20
vikts-% etanol-vatten med olika typer av denatureringstillsatser: isopropanol, n-butanol,
isopropanol+n-butanol, metyletylketon, metylisobutylketon, metyletylketon+
metylisobutylketon. En del av dessa matningar har fokuserats pa att fa fram resultat till
ett antal mastersrapporter och konferensbidrag. Framtagna data av termofysikaliska
egenskaper jamfors och valideras med referensdata for rena blandningar av kdldbarare
och vatten samt med kommersiella kdldbarare. Dessa matningar boér pa sikt kunna
forbattra de produkter som anvands i kollektorer i hundratusentals ytjord- och
bergvarmepumpar i landet.

Syftet med projektet har aven varit att undersdka hur olika typer av korrosions-
inhibitorer, traditionella saval som nya adsorberande typer kan paverka
varmeodverforingsprocessen. Denna del har annu inte kunnat slutféras pa grund av
prioriteringar som gjorts under projektets gang. Var forhoppning ar att det skall bli
mojligt att slutfora detta under ett kommande program.
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Forslag pa fortsatt arbete

Ett syfte med projektet var att undersdka hur olika typer av korrosionsinhibitorer,
traditionella saval som nya adsorberande typer paverkar varmeodverféringsprocessen.
Hittills har kdldbarares korrosionsbenagenhet ofta motverkats med klassiska inhibitorer
som bygger upp en fysisk barriar pa metallytan vilken har en bromsande effekt pa
varmeoverforingsprocessen. Nyligen har adsorberande korrosionsinhibitorer som inte
ger en sadan barriar borjat anvandas, men an sa lange ar deras verkningsmekanism
och deras inverkan pa varmedéverforingsprocessen inte kand. Det borde vara intressant
att testa nagra adsorberande korrosionsinhibitorer som tillhérs sa kallad "grona
korrosionsinhibitorer grupp” som kan blandas med kranvatten och har ett 100%
organisk / vaxt ursprung.

Ett syfte med detta projekt har darfér varit att undersbka om sadana adsorberande
korrosionsinhibitorer kommer att innebara forbattrad varmedverféring och systemskydd.
Denna del har annu inte kunnat slutféras pa grund av prioriteringar som gjorts under
projektets gang. Var forhoppning ar att det i en nara framtid skall bli mgjligt att
undersdka korrosionsinhibitorer och att fa battre forstaelse for deras beteende.
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APPENDIX

Abstracts for de vetenskapliga publikationer som har tagits fram:

1. Ignatowicz M, Mazzotti W, Rogstam J, Melinder A, Palm B., 2014, "Secondary fluid
impact on ice rink refrigeration system performance”, 11th IEA Heat Pump Conference
— Montreal, May 12-16, 2014.

Abstract
Sweden has 352 ice rinks in operation which annually use approximately 1000MWh. A

refrigeration system usually accounts for about 43% of the total energy consumption
and can present a significant energy saving potential. More than 97% of the Swedish
ice rinks use indirect refrigeration system with aqueous solutions as secondary fluid and
thermo-physical properties of the secondary fluid have a direct impact on the heat
transfer and pressure drop. A theoretical model and two case studies focusing on the
importance of the secondary fluid choice were investigated. The results showed that
potassium formate had the best heat transfer properties while ammonia led to the
lowest pressure drops and pumping power. Propylene glycol showed the worst
performance in both cases. Ammonia and potassium formate showed respectively 5%
and 3% higher COP than calcium chloride for typical heat loads of 150kW. When
controlling the pump over a temperature difference (AT), the existence of the optimum
pump control or optimum flow was highlighted. For typical cooling capacity of 150kW
optimum pump control temperature difference AT was around 2,5K for calcium chloride
and around 2K for ammonia. The Jarfalla case study showed a potential energy saving
of 12% for the refrigeration system when increasing the freezing point of the secondary
fluid. An energy saving of around 10,8 MWh/yr per 1K increase of the secondary fluid
freezing point was found.

Keywords: ice rink, secondary fluid, refrigeration system, heat transfer, pressure drop
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Artiklar insanda till konferenser:

1. Ignatowicz M., Acufia J., Melinder A., Palm B., Investigation of ethanol based
secondary fluids with denaturing agents and other additives used for borehole
heat exchangers, World Geothermal Congress, Melbourne, Australia, 2015.

Abstract

Ground source heat pumps are commonly used in Sweden. The dominating method of
exchanging heat with the ground is by circulation of a secondary fluid through borehole
heat exchangers inserted into energy wells. Due to the environmental reasons and
relatively good thermophysical properties, aqueous solutions of ethanol are
recommended and are commonly used for the borehole heat exchanger application in
Sweden and other Nordic countries. The primary idea of using these fluids is to
decrease the freezing point of the fluid since many borehole loops in Northern Europe
operate near or below the freezing point of water. The available ethanol based
commercial products consist of ethyl alcohol with up to 10% of denaturing agents
without any corrosion inhibitors. The main denaturing agents used to prevent from
drinking are mixtures of isopropyl alcohol, n-butanol, acetone, methyl ethyl ketone and
methyl isobutyl ketone. These denaturing agents in commercial secondary fluids can
influence the fluid’s thermophysical properties and thereby affect the pressure drop and
heat transfer in the borehole heat exchanger. These not well defined effects of additives
can cause uncertainties in the ground source heat pump design and operation. The
thermophysical properties of a few aqueous ethanol solutions are experimentally
studied in this paper, including a field sample, a pure mixture of ethanol, and ethanol
including additives are compared with reference data. The density of 20 wt-% solution of
ethanol including additives and the field sample were higher than pure 20 wt-% ethanol
sample. The additives increased the specific heat capacity by 2.3% at -10 °C and 1% at
0 °C. A decrement by 10.5% in the dynamic viscosity was observed. Presence of
additives increased the thermal conductivity values by around 1.5% at -8 °C and 4.3%
at +40 °C. Some implications in terms of pressure drop and fluid to pipe thermal
resistance are observed when these properties are applied in borehole heat
exchangers, as the occurrence for laminar or turbulent varies at given temperature
levels. An alternative would be to replace the denaturing agents with corrosion inhibitors
to decrease the concentration of additives, improve corrosion protection of the systems
and still fulfill the market recommendations.

Keywords: secondary fluid, borehole heat exchanger, ground source heat pump,
thermophysical properties, pressure drop, ethanol, denaturing agents
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2. Ignatowicz M., Melinder A., Palm B., Evaluation of thermophysical properties of ethyl
alcohol based secondary fluids used in indirect refrigeration systems, 11" IIR Gustav
Lorentzen Conference on Natural Working Fluids, Hangzhou, 2014.

Abstract

Ethyl alcohol (ethanol) based secondary fluids are commonly used in different types of indirect
refrigeration systems in Sweden due to its low toxicity, environmental regulations regarding
leakage and relatively good thermo-physical properties. Ethyl alcohol based commercial
products available in Sweden contain different types of denaturing agents but no corrosion
inhibitors. The most common denaturing agents are isopropyl alcohol (isopropanol), n-butyl
alcohol (n-butanol), methyl ethyl ketone and methyl isobutyl ketone. Results showed that
presence of these additives in ethyl alcohol based secondary fluid improved the thermophysical
properties especially in terms of specific heat, thermal conductivity, and dynamic viscosity.
Additionally, it was found that the specific heat capacity tendency is different than previously
reported.

Keywords Ethyl alcohol, secondary fluid, refrigeration system, thermophysical properties,
denaturing agents

3. Melinder A., Ignatowicz M., Properties of seawater with ice slurry use in focus, 11™

IIR Gustav Lorentzen Conference on Natural Working Fluids, Hangzhou, 2014.

Abstract

Seawater is the most common fluid on earth and ice generating machines are
increasingly used on fishing vessels to produce ice slurry from seawater to be poured
over the catch. An experiment using this method has recently shown that sensitive fish
immersed in ice slurry, when flown from Japan to Taiwan, arrived in better condition
than fish chilled by ordinary procedure. In this study, a literature search has been made
to establish physical property data of seawater as function of salinity and temperature.
Ice slurry properties of seawater have been generated and are presented by means of
an enthalpy-phase diagram and related tables with ice concentration, enthalpy change
and density. This material confirms that an initial salt content of 2—3 % is optimal and it
can help determine the potential for long preservation of catch on board and during
transport. As seawater is known to be corrosive, a brief discussion on corrosion causes
and problems, the use of corrosion inhibitors as well as choice of suitable machine and
transport materials is included in this paper.

Keywords: seawater properties, ice generating machines, ice slurry properties,
enthalpy-phase diagram, corrosion.
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