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Abstract 

This thesis presents and analyzes both theoretically and experimentally the concept of using 

magnetic slippery surfaces (MAGSS) to create icephobic, supercooling heat exchangers that 

can potentially allow higher degrees of supercooling to be reached than previously possible. 

Supercooling heat exchangers can be used for example to produce ice slurry for cold storage 

or to extract heat from water at near zero degrees via heat pump. However, such uses have 

so far been limited due to frequent icing when using normal heat exchanger surfaces such 

as metals. 

MAGSS surfaces consist of a thin magnetic fluid layer kept in place on a solid surface by a 

magnetic field. The liquid layer prevents water-solid contact from forming at the surface. In 

the theoretical section many parameters such as ferrofluid layer height and magnetic sus-

ceptibility, solid surface roughness, water flow rate, interfacial energies and gelator proper-

ties are identified as factors affecting MAGSS performance in supercooling heat exchang-

ers. The analysis suggests that if an evenly distributed and thick coating can be created, 

MAGSS both in liquid and gel form should provide an effective anti-icing coating resistant 

to shear flow at least up to some level. While liquid-MAGSS is much easier to apply as an 

even coating, gel-MAGSS should offer much better durability both under shear and under 

gravity and might function better in weak, uneven magnetic fields.  

In the experimental section it is confirmed that both MAGSS types effectively increase the 

levels of pure water droplet supercooling achievable before crystallization occurs. However, 

for natural unfiltered water, the difference between MAGSS and uncoated surface is much 

smaller. This is likely due to the impurities in the unfiltered water acting as nucleating 

agents. 

The preliminary experiments performed on an open channel heat exchanger support the 

premise that MAGSS should function as an effective heat exchanger anti-icing coating as 

the maximum achieved supercooling degrees on MAGSS are almost 40% higher than on 

the uncoated comparisons, while potential for improvements is still significant. However, 

the sample sizes are still too small for definitive conclusions to be reached on the feasibility 

of the concept and thus further research is needed. 
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Tiivistelmä 

Tässä työssä esitellään ja analysoidaan sekä teoreettisesti että kokeellisesti magneettisten 

liukkaiden pintojen (MAGSS) käyttöä jäätä hylkivissä, alijäähdyttävissä lämmönvaihti-

missa. MAGSS-pinnoite koostuu ohuesta magneettisesta neste- tai geelikerroksesta, joka 

pidetään paikallaan magneettisen kentän avulla kiinteän pinnan päällä ja joka estää veden 

kosketuksen kiinteän pinnan kanssa. MAGSS-pinnoitetut lämmönvaihtimet voisivat mah-

dollistaa aikaisempaa korkeampien alijäähtymisasteiden saavuttamisen, jolloin esimerkiksi 

jääsohjon tuottaminen kylmävarastointia varten sekä lämmön talteenotto lähes nolla-astei-

sesta vedestä lämpöpumpulla voisivat muodostua kannattaviksi. Toistaiseksi näitä sovelluk-

sia ei juurikaan ole toteutettu johtuen veden korkeasta jäätymistaajuudesta tavanomaisilla 

lämmönvaihdinpinnoilla. 

Teoreettisessa osiossa identifioidaan monia MAGSS-pinnoitettujen alijäähdyttävien läm-

mönvaihtimien toimintaan vaikuttavia parametrejä, kuten ferrofluidikerroksen paksuus ja 

magneettinen suskeptiivisuus, kiinteän pinnan karheus, veden virtausnopeus, pintojen väli-

set energiat sekä gelaattorin ominaisuudet. Analyysi osoittaa, että nestekerroksen ollessa 

riittävän tasaisesti levinnyt ja paksu pitäisi MAGSSin sekä neste- että geelimuodossa toimia 

tehokkaana jäätymisenestopinnoitteena ainakin virtausnopeuksien ollessa matalia. Vaikka 

neste-MAGSS on helpompi levittää tasaisesti, on geeli-MAGSS kuitenkin kestävämpi sekä 

suurien virtauksien että huomattavien korkeuserojen vallitessa. Lisäksi geeli-MAGSS saat-

taa toimia paremmin heikoissa, epätasaisissa magneettikentissä. 

Kokeellisessa osiossa osoitetaan, että puhtaat vesipisarat saavuttavat neste- ja geeli- 

MAGSS-pinnoilla korkeamman alijäähtymisasteen ennen jäätymistä verrattuna pinnoitta-

mattomaan verrokkiin. Luonnosta otetulla vedellä ero alijäähtymisasteissa on kuitenkin pal-

jon pienempi, mikä johtuu todennäköisesti luonnonvesien epäpuhtauksista, jotka toimivat 

kiteytymisytiminä. 

Avoin kanava -tyyppisessä lämmönvaihtimessa tehtyjen alustavien kokeiden perusteella 

vaikuttaa siltä, että MAGSS toimii tehokkaasti jäätymistä estävänä pinnoitteena lämmön-

vaihtimessa myös käytännössä, sillä pinnoitetulla lämmönvaihtimella saavutettiin lähes 

40% korkeampi maksimialijäähtymisaste verrattuna pinnoittamattomaan verrokkiin. Pie-

nestä otoskoosta johtuen lopullisia johtopäätöksiä konseptin toimivuudesta ei kuitenkaan 

voitu vielä tehdä vaan tarvitaan lisää tutkimusta aiheesta. 

Avainsanat  magneettinen liukas pinta, jäätymisen esto, alijäähtyminen, 

lämmönvaihdin, jääsohjo 
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1 Introduction 

Surfaces that either prevent unwanted frosting, ice formation or strong adhesion of ice to the 

surface have been under intense investigation for years and their development shows no 

signs of slowing down. This is not surprising as such icephobic surfaces or coatings have 

numerous potential applications in various fields of engineering as ice or frost build-up on 

for example airplane wings, power transmission lines, air coolers or turbine blades can lead 

to both economic and safety related issues.  

Many of these icephobic surfaces allow water droplets to temporarily cool significantly be-

low their normal freezing temperature without crystallizing i.e. they allow temporary super-

cooling of water. In fact, if the temperatures are not dropped too much, on these surfaces 

liquid water can remain at sub-zero temperatures for long periods of time. It is then an inter-

esting question to ask what would happen if we insert a highly icephobic surface onto a heat 

exchanger and cool the surface to sub-zero temperatures? Could such a heat exchanger con-

tinuously produce significantly supercooled water? 

If water could be supercooled effectively by significant amounts with a simple heat ex-

changer, it is easy to imagine such a device having numerous applications. After supercool-

ing, water can be crystallized into a mixture of ice and water, often referred to as ice slurry. 

Such a mixture has a high capacity to absorb heat without an increase in temperature, thus it 

has use in cooling applications both as a heat transfer fluid and as means of cold storing 

phase change material. Furthermore, a supercooling heat exchanger could be used to extract 

heat from water with a heat pump even when the water source is at near zero degrees. This 

would enable greater use of the natural, seasonal water heat reservoirs that are formed each 

year in lakes, rivers and seas, where water is insulated below the forming ice layer and re-

mains above the freezing point even when ambient air cools below it in wintertime. 

While different means of ice slurry production, including supercooling water with different 

methods, have gained increasing interest in the last decades, surprisingly little research has 

been conducted on the use of icephobic surfaces on supercooling heat exchangers. To gain 

insight into the potential of such devices, this thesis aims to provide both a brief theoretical 

analysis and an experimental investigation on such icephobic heat exchangers based on mag-

netic slippery surfaces (MAGSS).  

The thesis is arranged as follows; first, a brief look into the potential applications and past 

research on supercooling heat exchangers is presented. Then, a theoretical framework of 

crystallization is laid out and the icephobicity of MAGSS both in its original liquid and later 

developed gel form is discussed in this framework. The analysis includes attempts at finding 

the key parameters that affect the performance of MAGSS type surfaces, and a brief com-

parison with other types of anti-icing surfaces. Finally, in the experimental section, the per-

formances of liquid-MAGSS and gel-MAGSS are explored both via droplet freezing exper-

iments and by building a prototype heat exchanger. As the building of the prototype requires 

a large area to be coated with gel-MAGSS, the experimental section also includes the devel-

opment of a method to coat the heat exchanger surface evenly with the gel. The ultimate aim 

of the thesis is to establish whether MAGSS type surfaces have potential to create more 

efficient supercooling heat exchangers. As the concept is brand new and no conclusive re-

sults can be expected from one thesis, the aim is also to identify important areas for future 

studies. 
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2 Supercooling heat exchangers and their applications 

2.1 The supercooling phenomenon 

Supercooling refers to a phenomenon where a liquid substance is cooled below its normal 

crystallization temperature without any crystallization occurring. Thus, the supercooling de-

gree, or sometimes also subcooling degree, is defined as the temperature difference between 

the supercooled liquid 𝑇 and the melting point 𝑇𝑀 (Bédécarrats et al. 2010) 

Δ𝑇𝑠 = |𝑇 − 𝑇𝑀|  (1) 

For water this means dropping the temperature below zero degrees celsius (at atmospheric 

pressure) without ice forming. In everyday life, such phenomenon is rarely observed, at least 

for any significant periods of time. This is because a supercooled state is metastable meaning 

that the thermodynamically favored state is the frozen, crystal state. This means that a vol-

ume of water supercooled by any degree will eventually begin freezing, resulting in a tem-

perature rise due to latent heat release until either the freezing point is reached or all the 

water has frozen. However, as will be discussed in more detail in chapter 3, without the 

presence of a suitable foreign surface that catalyzes the crystallization, crystallization can be 

delayed by hours, weeks or even years if the supercooling degree is not too high. Indeed, 

without a suitable foreign surface available, water can be cooled by even tens of degrees 

below zero without crystallization occurring. In real life, foreign surfaces are of course al-

ways present but in theory, if their nucleating ability is very limited, such levels of super-

cooling are still possible although difficult to obtain for large volumes. 

A heat exchanger capable of constantly achieving significant degrees of supercooling could 

enable new applications for water as both a heat storage medium and a heat transfer fluid. 

This is because of the ability of such a device to extract heat from liquid water even at zero 

degrees and the ability to produce ice particles from the formed supercooled water. The for-

mer ability and its implications have not been researched much but the latter has seen grow-

ing interest in the last decades as ice slurry has found new applications in cooling and heat 

storage devices. In fact, practically all of the research on supercooling heat exchangers is 

related to ice slurry production. Thus, ice slurry and its production is presented next, as well 

as a look at the current state of research on ice slurry production using supercooling heat 

exchangers. 

2.2 Ice slurry and its applications 

Ice slurry can be defined as any aqueous solution with numerous small ice particles which 

have an average characteristic diameter of less than 1 mm. The aqueous solution can thus 

include other liquids, such as ethanol or glycol, significant amounts of any freezing point 

depressant such as sodium chloride, or other additives that are used for example to prevent 

agglomeration of ice particles the ice slurry. Depending on the particle characteristics, the 

slurry can have very high ice fractions and still remain extractable for pumping. This allows 

its use as a heat transfer liquid. Because of the latent heat of fusion of the ice crystals, ice 

slurry has a high energy storage density and is therefore able to absorb a lot of heat while 

remaining at almost constant temperature. This also helps in providing a higher heat flow 

compared to liquid water, especially in longer heat exchangers where the temperature in-

crease of the coolant is significant. (Egolf & Kauffeld 2005, Kauffeld et al. 2010) 
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These properties make ice slurry ideal as a secondary refrigerant. In this use ice slurry is 

produced with the primary refrigerant and the ice slurry is then circulated to cool the target 

system. In general, the benefit of using such secondary refrigerants is that while the primary 

refrigerants are often either toxic, highly flammable or detrimental to the ozone layer, water 

is a very safe liquid. Thus, only the small primary refrigerant circuit needs to be sealed tightly 

with materials that can withstand the primary refrigerant, while the secondary circuit can be 

made from regular materials.  

According to Egolf & Kauffeld (2005), compared to water or other traditional secondary 

refrigerants, using ice slurry can decrease the electricity consumption of the secondary re-

frigerant pumps to only about one eight while the tube diameter can be cut in half. On a 

larger scale, due to these benefits ice slurry can be used as coolant in a district cooling net-

work. Furthermore, ice slurry enables the possibility of direct contact cooling and freezing 

of products and it can be used to store cold that has been produced during cheap electricity 

hours. In addition, an economic method of producing ice slurry might lead to its use in place 

of traditional larger ice particles to cool anything from drinks to patients experiencing med-

ical emergencies. (Egolf & Kauffeld 2005, Kauffeld et al. 2010) 

However, while the benefits of ice slurry are numerous, its production has remained an issue. 

This is because, as water goes through a phase-change to ice, it has a tendency to adhere to 

any solid surfaces around. Thus, simply cooling water until it freezes in a regular heat ex-

changer is problematic as the ice tends to stick to the heat exchanger walls, first decreasing 

the heat exchanger efficiency due to the added ice layer and eventually blocking the heat 

exchanger entirely. In addition, the ice formed now needs to be removed from the walls. 

Still, due to increasing demand for energy efficient systems in the last decades, there has 

been a growing interest on ice slurry production despite the issue of freezing on solid sur-

faces. Various methods have been proposed such as water additives to prevent adhesion to 

the walls, continuous mechanical scraping of the surface to remove ice particles, cyclic freez-

ing and thawing cycles and direct freezing processes, where water is sprayed into a cold gas 

or other fluid medium. However, problems still remain for example due to low energy effi-

ciency and high maintenance requirements of these methods. (Kauffeld et al. 2010, Wang et 

al. 2012) 

In addition to these methods, it has been found that if the surfaces of the heat exchanger are 

only a few degrees below the freezing point, flowing water can be slightly supercooled for 

sustained periods of time. Crystal formation is then induced to the supercooled water after 

the outlet to form ice slurry. Such a method would in theory be extremely energy efficient 

compared to the alternatives, as no extra work needs to be done other than simply cooling 

the liquid. However, any crystallization events would lower the efficiency from optimal, as 

the supercooling process has to be stopped and the ice melted from the surface. As will be 

discussed in detail in chapter 3, the crystallization rate depends exponentially on the degree 

of supercooling but also on the flow velocity and shear conditions. Thus the operating pa-

rameters need to be carefully chosen so that the crystallization frequency is acceptably low. 

Especially the temperature at the heat exchanger walls needs to be carefully chosen as the 

wall temperatures are assumed to be the dominant factor affecting nucleation. Even slightly 

too low values will cause unacceptably high crystallization rates. Thus, even with tight con-

trol of the parameters, such supercooling methods are still limited in their ability, as will be 

discussed next. (Bédécarrats et al. 2010) 
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2.3 Studies on supercooling ice slurry makers  

Bedecarrats et al. (2010) found that for a 5 m long coaxial heat exchanger made of copper 

with the supercooled water flowing in the annulus, an evaporation temperature of 𝑇𝑅 =
−3.5 °C for the refrigerator yielded only one crystallization in 2 hours. However, lowering 

the evaporation temperature to 𝑇𝑅 = −5.2 °C increased the crystallization frequency dramat-

ically. With the lowered evaporation temperature, it seems supercooling was only possible 

by increasing the inlet temperature of water resulting in low supercooling degrees. Even 

then, high crystallization frequency was found as seen in Figure 1. Lowering the evaporator 

temperature even further to 𝑇𝑅 = −6.4 °C seems to have made ice production practically im-

possible. The flow in their experiments was clearly in laminar regime with 𝑅𝑒 ≈ 1700 

whereas the critical Reynolds number for transition to turbulent flow in the annulus is 𝑅𝑒 ≈
2750, when evaluated with the correlation of Dou et al. (2010, eq. 23).  

 

Figure 1. Ice production with varying refrigerant temperatures. Figure from Bedecarrats et 

al. (2010). 

With a lower evaporation temperature of 𝑇𝑅 = −3.0 °C and even lower Reynolds number 

𝑅𝑒 ≈ 1460, they were able to achieve a maximum supercooling degree of Δ𝑇𝑠 = 1.1 °C  for 

2 hour long run without any crystallization events. Increasing the supercooling degree by 

lowering the water inlet temperature caused the crystallization frequency to increase. Ulti-

mately, by varying the mass flow of water, inlet temperature and evaporation temperature 

they were able to find an optimum where maximum amount of ice in the 2 hour run was 

produced. The evaporation temperature at this setup was 𝑇𝑅 = −3.5 °C , 𝑅𝑒 = 1700 and 

ΔTs = 1.6 °C . Notably, at this level one crystallization event did happen during the approx. 

90 minute run. 

In general they found a trend that decreasing the evaporation temperature or decreasing the 

inlet temperature and thus increasing the supercooling degree lead to higher crystallization 

frequencies. These can both be explained by assuming that crystallization is dominated by 

the coldest temperatures in the water near the surface. The temperature at the copper surface 

can roughly be estimated as being halfway of the average water and evaporator temperatures. 

As water at the cooled surface is in thermal equilibrium with the copper tube, a decrease in 
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either the evaporation temperature or the inlet water temperature leads to a decrease of tem-

perature at the surface. The dominant effect of the coldest wall temperatures is suggested by 

Bedecarrats et al. (2010) themselves as well. In addition, it was found that increasing Reyn-

olds number leads to increasing crystallization frequency.  

Inaba et al. (1994) also used a coaxial heat exchanger of length 3.8 m but in their experiments 

the water flowed in the inner tube, which was made of polished Pyrex glass to help visual 

observations. They experimented with various different flow velocities ranging from very 

slow flow with 𝑅𝑒 = 500 to fully turbulent flows and found that higher supercooling degree 

was achieved with laminar flow. In addition they also varied the tube diameter and found 

that increasing radius enabled higher supercooling degrees, implying that lower shear rates 

lead to lower crystallization rates. The highest degree of supercooling achieved for continu-

ous operation of 4 hours without nucleation was approximately Δ𝑇𝑠 ≈ 1.2 °C . No data was 

provided on the temperature of the coolant or the surface. They also did experiments there 

the coolants temperature was lowered at a rate of 0.2 °C/min until crystallization occurred 

and found that the maximum supercooling degree before crystallization was Δ𝑇𝑠 ≈ 2.3 °C.  

Wang et al. (2012) investigated both an uncoated and a superhydrophobic, fluorocarbon 

coated 1.2 m long coaxial double-tube heat exchanger, where the water was flowing in the 

internal tube (inner diameter 𝑑𝑖𝑛 = 12 mm) and glycol-water solution acting as the coolant 

was flowing in the outer tube in the same direction as water. In their setup, the coolant was 

first cooled to -5 °C after which both water and coolant circulation began with the coolant 

temperature kept constant. Water in the tank then began to cool due to supercooled water 

flowing into it, which lowered the inlet temperatures. The experiment was stopped when 

crystallization occurred. Based on their figures crystallization seems to have always hap-

pened before stable temperature conditions were reached. Trying different flow velocities, 

they noticed that there was an optimum velocity where the highest degree of supercooling 

could be reached before instant crystallization. The highest degree of supercooling achieved 

was Δ𝑇𝑠 ≈ 1.75 °C for pure water and Δ𝑇𝑠 ≈ 1.4 °C for tap water. Notably, the superhydro-

phobic heat exchanger performed clearly better than the uncoated for which the correspond-

ing values were Δ𝑇𝑠 ≈ 1.35 °C  for pure water and Δ𝑇𝑠 ≈ 1.05 °C for tap water. 

Georg & Kauffeld (2016) theorized that small scale roughness i.e. a smoother surface would 

lead to higher achievable supercooling degrees. In their experiments they used an approxi-

mately 9.5 m long double-tube heat exchanger with water flowing in the inner tube of radius 

8 mm with varying surface roughness. The coolants temperature was dropped so that the 

supercooling degree rose 0.2 °C/min until crystallization. They found increasing supercool-

ing degree with increasing smoothness. For the smoothest tube, the highest supercooling 

degree achieved was Δ𝑇𝑠 = 3 °C with the coolant flowing at -4.6 °C.  

In addition to these, studies report that several companies in Japan use the supercooling phe-

nomenon for ice slurry production (Kauffeld & Gund 2019, Bédécarrats et al. 2010). How-

ever, the performance of these Japanese companies’ systems was not reported by either ar-

ticle. Only data found on these is Japanese manufacturer Nippon Steel’s own report (Igarashi 

et al. 1996), where it’s reported that they crafted an ice thermal storage system, which pro-

duced ice slurry during the cheap electricity hours occurring at nighttime to be used for cool-

ing (air conditioning) during daytime. The system consisted of plate type heat exchangers 

with the coolant being supplied to the heat exchanger at − 1.7 °C and leaving at −0.8 °C 



 

   6 

 

   

while the water entered at 0.2 °C and left at −1.7 °C . There is no data on whether crystalli-

zation events occurred at all during the operation but it can be assumed that at least they have 

to have been rare for the system to be functional.  

In conclusion, it seems only small degrees of less than Δ𝑇𝑠 = 2 °C have been achieved in 

constant operation and in the peer-reviewed studies only Δ𝑇𝑠 = 1.2 °C is reported for over 

two hours of constant running. Supercooling degrees of over Δ𝑇𝑠 = 3 °C  seem to cause al-

most instant nucleation while between Δ𝑇𝑠 = 2 and Δ𝑇𝑠 = 3 °C , the nucleation rate is very 

high. Additionally, the coolant temperatures need to be kept relatively high, above = −4 °C, 

to avoid high nucleation rates, although the precise value likely varies depending on other 

parameters. 

2.4 Other applications 

While not as widely studied, it has also been suggested that the supercooling method might 

enable ice slurry to be used as a kind of a phase-changing, long-term heat storage material; 

during wintertime, a heat-pump could be used to extract heat from a water tank and as the 

temperature reaches 0 °C , ice starts forming through the supercooling heat exchanger, which 

means temperature of the heat source remains almost constant. Whenever sunlight is avail-

able, excess solar heat from solar thermal collectors can be used to melt the ice. During 

summer, the heat pump can be used for cooling, thus melting even more ice from the tank 

while the ice slurry acts as a cold source. In principal, such a system would be similar to 

ground-source heat pumps, but would neglect the need for drilling. This might be useful for 

example in densely populated city areas where drilling holes might not be possible. (Car-

bonell et al. 2017) 

Additionally, perhaps the application with largest potential is the use of supercooling heat 

exchangers to extract heat from natural water sources, such as rivers, lakes and seas. During 

wintertime, large amounts of near zero degrees water is trapped under an insulating ice layer 

even when ambient temperatures drop significantly below zero. If the water is deep enough, 

the water at the bottom might be so warm even during winter time that regular heat exchang-

ers can be used to extract heat from this source. Such conditions exist for example in Stock-

holm, where heat pumps have been used to produce large amounts of heat (180 MW) to the 

district heating network (Friotherm 2017). However, often the water source is not deep 

enough so that the water at the bottom is only 1-2 degrees above the freezing point. This is 

the situation for most natural water sources found in Finland. In such cases freezing tends to 

be a problem because for efficient heat transfer, the surface temperatures have to be set be-

low zero even if the outlet temperature is 0 or above. Additionally, if the temperature drop 

is small, for example from 1 °C to 0 °C , the amount of heat extractable is small unless very 

high amounts of water is pumped. (VALOR Partners 2016, p.15, Aittomäki 2003) 

These factors have limited the use of water-source heat pumps in Finland to mostly small 

scale closed-loop type heat pumps. However, if the outlet temperature of water could be 

dropped significantly below zero without crystallization, large amounts of heat could be ex-

tracted from water even at close to zero degrees. Depending on the investment costs, this 

might greatly increase the economic viability of water-source heat pumps both in small- and 

large scale. However, no studies were found on this application of supercooling heat ex-

changers. This is likely because producing supercooled water has proven to be a difficult 

task even in lab conditions with ion-exchanged pure water. Water from natural water sources 

always contains large amounts of impurities which might make constant supercooling even 
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more difficult to achieve due to the impurities acting as nucleating agents, as will be dis-

cussed in chapter 3. However, if the effect of impurities only starts affecting at moderate 

supercooling levels or the impurities can be easily filtered out, with an effective anti-icing 

coating it might be possible to supercool even sea water. 
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3 Theory of crystallization 

3.1 Introduction 

A liquid is said to be supercooled or in a supercooling state when its temperature is below 

the liquid-solid equilibrium, often referred to as the melting point 𝑇𝑀. The supercooling de-

gree is then defined by Eq. (1). A solution is said to be saturated if it is in thermodynamic 

equilibrium with another phase, in this case a solid, at a specified temperature and pressure. 

If a solution contains more dissolved solid than the equilibrium amount, the solution is said 

to be supersaturated. When a liquid is supercooled it can also be considered to be supersat-

urated with the liquid phase (Stamatiou et al. 2005). This is because as the liquid is cooled 

below the melting point, the equilibrium solution concentration of liquid is lower than the 

current concentration, as some of the liquid would be in solid state in equilibrium. The terms 

supercooled and supersaturated liquid are sometimes used interchangeably in this context. 

However, they differ by their mathematical definitions. Supersaturation can be measured in 

several ways but in this thesis only the supersaturation ratio 𝑆 is used. It is defined as (Mullin 

2001, p. 125) 

𝑆 =
𝑐

𝑐∗
 (2) 

where 𝑐 is the solution concentration of the supersaturated solution and 𝑐∗ is the equilibrium 

saturation (maximum solution concentration of the solution at equilibrium) at the given tem-

perature and pressure. 

Although the term supercooling is more appropriate in the context of crystallization from 

pure liquids such as water, the term supersaturation is used extensively in literature describ-

ing the crystallization phenomenon. This is mainly due to the supersaturation term being 

broader since it covers for example crystallization from a salt solution that is supersaturated 

via evaporation. However, in this thesis mostly the term supercooling is used. 

As mentioned, in a supercooled state the liquid is away from the thermodynamic equilibrium. 

Thus, in a supercooled state the system is not in balance because there is a difference in 

chemical potential between the solution phase and the solid crystalline phase 

Δ𝜇 = 𝜇𝑙(𝑇) − 𝜇𝑠(𝑇) (3) 

This difference drives the formation of ice crystals, which can be formed from supercooled 

liquid until, as a result of the latent heat being released, the temperature rises to the solid-

liquid thermodynamic equilibrium where the temperature dependent chemical potentials are 

equal. (Stamatiou et al. 2005) 

However, the condition of supercooling alone is not sufficient for crystallization to begin 

(Mullin 2001, p. 181). Many substances undergo significant supercooling for long periods 

of time when cooled down to the melting point and beyond. In other words when liquids of 

the substances are cooled, they do not crystallize when the thermodynamic freezing point is 

reached. Thus instead of being unstable, the supercooled state is said to be metastable. 

(Seppälä et al. 2009, p. 8)  

In the supercooled state, two more steps are needed for crystallization to occur in significant 

amounts. These are nucleation, which is the formation of the initial stable crystal nuclei, and 

crystal growth. Nucleation may occur spontaneously or it may be induced artificially by for 
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example agitation or friction, although it is not always possible to determine whether nucle-

ation was spontaneous or not. Nucleation can also be divided into homogeneous and heter-

ogeneous nucleation, as will be further covered later. In either case, fluctuations in the su-

percooled liquid create small aggregates of molecules which initiate the crystallization if 

they have a size greater than a critical value. The critical size depends on various parameters, 

the most important of which is the degree of supercooling. The existence of a critical value 

size can be explained by the classical theory of nucleation, which is detailed next after a brief 

introduction to the terminology used. (Mullin 2001, p. 181-288) 

3.2 Interfacial tension, surface tension and surface energy 

The terms interfacial tension, interfacial energy, surface tension and (specific) surface (free) 

energy are crucial when describing the process of nucleation. Although these expressions 

are sometimes used interchangeably in literature, they don’t necessarily always mean the 

same thing. This is partly because the tensions are vectors i.e. they have a direction whereas 

energy is a scalar quantity. This results from the slightly different definitions. The absolute 

values of tensions and energies are often the same for liquids, but for solids this is not nec-

essarily true. In addition, surface tension and –energy can sometimes directly refer to a case 

where one of the phases is air whereas interfacial tension and –energy can be used to refer 

to a more general case with any two phases.  

For simplicity, in this thesis mostly the term interfacial energy is used and any exceptions 

will be pointed out. The definition for interfacial energy used in this thesis is the same as the 

definition of specific surface free energy by Bormashenko (2013) except that the surround-

ing phase is not limited to air; it is the energy needed to be supplied in order to increase the 

surface area by one unit between any two phases. 𝛾𝑖𝑗 is used as a symbol for interfacial en-

ergy, with 𝑖 and 𝑗 being the two relevant phases. In case one of the phases is air, it assumed 

that the air is saturated with the vapor of the other component in the interface. 

3.3 Homogeneous nucleation 

3.3.1 Classical nucleation theory  

The classical nucleation theory (CNT) is still often cited in literature and offers a simple and 

elegant model for crystallization that can be used for the basic predictions needed in this 

thesis, although it does have its limitations. These limitations are the result of the assump-

tions made, which include among others that macroscopic values such as interfacial energies 

can be used to predict behavior of microscopically small nuclei. Nevertheless, CNT has been 

found to be in surprisingly good agreement with both more advanced models (Pruppacher & 

Klett 1997, p. 198-204) and experimental results for water freezing (Pruppacher & Klett 

1997, p. 211, Irajizad et al. 2016). 

In classical nucleation theory the overall changes in the Gibbs free energy Δ𝐺 during nucle-

ation are inspected. It is assumed for simplicity that the formed initial nucleus (sometimes 

referred to as embryo) is a sphere with radius 𝑟. The Gibbs free energy change due to the 

formation of a new surface between the solid particle and the liquid phase is then (Mullin 

2001, p. 183) 

Δ𝐺𝑆 = 4𝜋𝑟2𝛾𝐼𝑊 (4) 
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where 𝛾𝐼𝑊 is the interfacial energy between the developing crystalline surface and the su-

persaturated liquid in which it is located. Note that the abbreviations 𝐼 and 𝑊 (ice and water 

respectively) are used instead for example the commonly used 𝑐 and 𝑙 (crystalline and liquid 

phases). This is done throughout this thesis for simplicity as the thesis is concerned with 

crystallization of ice from water. However, the theory is more general and applies to other 

types of crystallizations as well.  

The Gibbs free energy change due to the transformation of volume 𝑉 of liquid to solid is 

(Mullin 2001, p. 183) 

Δ𝐺𝑉 =
4

3
𝜋𝑟3Δ𝐺𝑣 (5) 

where Δ𝐺𝑣 is the Gibbs free energy change of the transformation per unit volume, which is 

a negative quantity as energy is released when a supercooled liquid transforms to crystal 

phase. 

Thus the overall change in Gibbs free energy is 

Δ𝐺 = Δ𝐺𝑆 + Δ𝐺𝑉 = 4πr2𝛾𝐼𝑊 +
4

3
𝜋𝑟3Δ𝐺𝑣 (6) 

As is known from basic physical chemistry, the system at constant temperature and pressure 

always tries to minimize its Gibbs energy i.e. without external energy inserted, the system 

moves to the direction where Gibbs energy gets smaller. Thus, if we want to find the size of 

the critical nuclei, we need to find the radius at which increasing the crystal size by even one 

molecule decreases the Gibbs free energy. Δ𝐺𝑆 is proportional to 𝑟2 and Δ𝐺𝑉 to 𝑟3, so that 

Δ𝐺 will increase as the radius increases, until a maximum value Δ𝐺 = Δ𝐺𝑐𝑟𝑖𝑡 where 𝑟 =

𝑟𝑐𝑟𝑖𝑡 is reached (Figure 2). The critical radius can be found by setting 
𝑑(Δ𝐺)

𝑑𝑟
= 0, which yields  

𝑟𝑐𝑟𝑖𝑡 = −
2𝛾𝐼𝑊

Δ𝐺𝑣
 (7) 

and 

Δ𝐺𝑐𝑟𝑖𝑡 =
16𝜋 𝛾𝐼𝑊

3

3(Δ𝐺𝑣)2
=

4𝜋𝛾𝐼𝑊𝑟𝑐𝑟𝑖𝑡
2

3
 (8) 

Any nuclei formed will tend to dissolve to minimize its Gibbs free energy if it has a radius 

smaller than 𝑟𝑐𝑟𝑖𝑡. On the other hand larger nuclei will continue to grow to minimize Gibbs 

free energy. Thus nuclei that reach this size will tend to spontaneously grow without any 

extra energy needed. (Mullin 2001, p. 181-215) 
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Figure 2. The Gibbs free energy changes in nucleus formation. Figure from Mullin (2001, 

p. 185). 

An extremely important feature of crystallization is its stochastic nature. Seemingly identical 

samples will not crystallize at the same temperature or at the same time of the cooling pro-

cess. This can be explained with CNT. The initial formation of the critical sized nucleus does 

still require energy as the Gibbs free energy increases in the early process of initial nuclei 

growth. Thus, even though the crystallized state is favored thermodynamically, the nuclea-

tion does not happen instantly as an energy barrier needs to be crossed. Eventually crystalli-

zation does happen, as even though the energy of the liquid system is constant, there are still 

statistical fluctuations about the mean value. Thus there are temporary regions with higher 

energy levels where the molecules have enough energy for breaching the Gibbs energy bar-

rier forming the initial nucleus of critical size. (Mullin 2001, p. 181-215, Bédécarrats et al. 

2010)  

The amount of molecules needed for a stable nucleus, which ranges from about ten to several 

thousand (about 100 for water), is so large that it is believed to be very unlikely that the 

stable nucleus form by simultaneous collision of all the required molecules at the same time. 

Instead, it is more likely to occur by bimolecular additions according to the scheme 

A1 + A1 ⇌ A2 

A2 + A1 ⇌ A3 

An−1 + A1 ⇌ An 

where 𝐴𝑖 represents a molecular cluster of 𝑖 molecules. The bimolecular process is believed 

to be very rapid and can only continue in local areas of very high supersaturation. Many 

times the process can fail to reach maturity as the sub-nuclei simply redissolve before form-

ing stable nuclei. (Mullin 2001, p. 181-215) 
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3.3.2 Nucleation rate 

It is the statistical, time- and space-dependent variation of energy within the liquid that 

causes the statistical nature of crystallization observed in macroscale. As a result, a droplet 

of liquid supercooled by the same amount may at one time freeze in a few minutes and 

another time the state can last for many times longer. In mathematical form, this can be seen 

from the Arrhenius reaction rate equation, which is commonly used to describe the rate of a 

thermally activated process and is thus applicable for nucleation rate as well (Mullin 2001, 

p. 184): 

𝐽 = 𝐾 𝑒𝑥𝑝 (−
Δ𝐺

𝑘𝑇
) (9) 

where 𝐾 is a kinetic pre-factor specific to each reaction, 𝑘 is the Boltzmann constant and 𝑇 

is temperature in Kelvins.  

If the Gibbs free energy change of the formation of a nuclei with a critical radius Δ𝐺𝑐𝑟𝑖𝑡 is 

inserted into Eq. (9), the result gives the reaction rate (number of reactions per unit time per 

unit volume) of the formation of a critical sized nuclei: 

𝐽 = 𝐾 𝑒𝑥𝑝 (−
Δ𝐺𝑐𝑟𝑖𝑡

𝑘𝑇
) = 𝐾 𝑒𝑥𝑝 (−

16π 𝛾𝐼𝑊
3

3(Δ𝐺𝑣)2𝑘𝑇
) (10) 

As shown by for example Mullin (2001, p. 184), the Gibbs free energy change of the trans-

formation per unit volume Δ𝐺𝑣 depends on the supersaturation ratio 𝑆  

Δ𝐺𝑣 =
−𝑘𝑇𝑙𝑛𝑆

ν
 (11) 

where ν is the molecular volume. Inserting this into Eq. (10) results in 

𝐽 = 𝐾 𝑒𝑥𝑝 (−
16𝜋𝛾𝐼𝑊

3𝜈2

3𝑘3𝑇3(𝑙𝑛𝑆)2
) (12) 

Plotting a graph of this equation against the degree of supersaturation as is done in Figure 3 

reveals that according to CNT, nucleation rate 𝐽 is highly dependent on the degree of super-

saturation and that after a certain threshold is reached, nucleation should be practically in-

stantaneous as nucleation rate increases exponentially towards infinity. On the other hand, 

for low degrees of supersaturation, the nucleation rate is extremely low, meaning that even 

with samples of significant size, some supersaturation levels can theoretically be maintained 

with high likelihood for years. 
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Figure 3. Nucleation rate according to CNT (theoretical) along with the experimentally de-

termined nucleation rate for liquids for which viscosity rises sharply with increasing degree 

of supercooling. Figure from Mullin (2001, p. 185). 

However, it may be more useful to find a relation for the nucleation rate as a function of the 

degree of supercooling as the latter is much easier to measure for water supercooling. The 

Gibbs-Helmholtz equation can be used to approximate the Gibbs free energy change of the 

transformation per unit volume Δ𝐺𝑣 as a function of the melting point 𝑇𝑚, the latent heat of 

fusion at the melting point Δ𝐻𝑓 and crucially also the degree of supercooling Δ𝑇𝑠 as 

Δ𝐺𝑣 =
Δ𝐻𝑓Δ𝑇𝑠

𝑇𝑚
 (13) 

Inserting this into Eq. (10) yields nucleation rate as a function of the degree of supercooling 

(Mullin 2001, p. 186): 

𝐽 = 𝐾 exp (−
16𝜋𝛾𝐼𝑊

3𝑇𝑚
2

3𝑘𝑇(𝛥𝐻𝑓
 )

2
(𝛥𝑇𝑠)2

) 
(14) 

It is worth nothing that many liquids don’t follow the exponential curve (solid line) depicted 

in Figure 3 once high degrees of supercooling are reached. Instead, their experimentally 

determined curve reaches a maximum and subsequently decreases as depicted by the dashed 

line. This has been long suspected to be because of sharp increase in viscosity for some 

liquids at high degrees of supercooling, which limits the crystallization rate. The effect of 

increase in viscosity can be taken into account for calculating the nucleation rate. For water 

the effect is small, especially at the relatively small degrees of supercooling that are studied 

in this thesis; while supercooled water at for example 𝑇 = −25 °C does have a viscosity of 

around 7 cP which is over 3 times higher than viscosity of water at the melting point 

(Debenedetti 1996, p. 311), it is still a very low viscosity and the effect of viscosity should 

thus be small. Regardless, this effect can be taken into account on the Arrhenius equation 

Eq. (14) by making the pre-factor 𝐾 temperature dependent. A form of this temperature de-

pendent factor for water can be derived based on Eberle et al. (2014) as 
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𝐾 = 𝐾(𝑇) = 2,08 ⋅ 1029 𝑇 exp (−
892𝑇

(𝑇 − 118)2
) (15) 

Using a value for ice-water interfacial energy 𝛾𝐼𝑊 = 23240 (
𝑇

235.8
)

0.35

J/m2 from Němec 

(2013), value for 𝑘 = 1.38066 J/K from Atkins (1994) and value for Δ𝐻𝑓 = 334 000 kJ/m3 

based on equation 3-26 from Pruppacher & Klett (1997, p. 97) at 𝑇 = 0 °C, Eq. (15) com-

bined with Eq. (14) multiplied with the volume of the sample can be used to plot nucleation 

rate per second of known volume as a function of the degree of supercooling. This is done 

in Figure 4 for both very small droplets of different volumes and a larger sample of 1000 l =
1 m3. Not visible in the figure, nucleation rate eventually drops as the increase in viscosity 

starts to dominate. However, for water this is predicted to happen only at extremely high 

degrees of supercooling. 

 

Figure 4. Nucleation rate of different sized water samples for homogeneous nucleation ac-

cording to CNT. 

Based on the figure, for homogeneous nucleation the prediction of CNT is that for a very 

small water droplet there is practically no crystallization at temperatures above 𝑇 = −30 °C. 

However, after that the nucleation rate starts to rise steeply and a level is quickly reached 

where nucleation should be practically instantaneous. As an example, for a water droplet of 

1 μl size, the nucleation rate at 𝑇 = −31 °C is still just around 0.003 1/s but at 𝑇 = −33,4 °C 

the crystallization is practically instantaneous as nucleation rate is more than one per second. 

This general trend corresponds with experimental findings and the results are indeed close 

to experimental values, although the observed supercooling degrees seem slightly higher 

(Pruppacher & Klett 1997, p. 210).  

The shape of the graph remains the same if higher volumes are used with only the spike 

moving to the left and the spike becoming even steeper; for the 1000 l sample, a decrease 
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from 𝑇 = −25.2 °C to 𝑇 = −26.8 °C  leads to nucleation rate rising from 0.0006 1/s to over 

one per second. This is because when increasing the volume, the nucleation rate 𝐽 [1/m3s] 

from Eq. (14) is simply multiplied by a larger volume, resulting in a higher rate of change 

everywhere. 

3.4 Crystal growth and latent heat release 

Once critical sized, stable nuclei are formed in the supercooled liquid, they begin to grow in 

to crystals of visible size. In general, in pure liquids the rate at which the crystal grows is 

limited by the rate of heat transfer between the crystal face and the bulk of the liquid. Latent 

heat is released as more liquid molecules form a crystal structure and this increases the tem-

perature of the growing crystal to the melting point. A temperature gradient then forms 

within the thin layer between the supercooled bulk liquid and the crystal. (Mullin 2001, p. 

216-236) 

Many attempts have been made to describe and model the crystal growth rate for different 

materials (Mullin 2001, p. 216-236). However, for this thesis it is sufficient to know that for 

water, the crystal growth is very fast. In fact, on a cooled aluminum surface the crystalliza-

tion front has been measured to spread at a speed of 10-30 cm/s (Seppälä et al. 2009, p. 27).  

The crystallization proceeds until the thermodynamic equilibrium state is reached i.e. either 

the temperature rises to the thermodynamic freezing point due to latent heat release or all the 

liquid crystallizes. For water the latter only occurs in very high degrees supercooling which 

are very unlikely to be reached in a heat exchanger. Thus, in practical applications it is ex-

pected that water freezes only partially. As reaching the equilibrium should happen very fast, 

the average temperature of the water-ice system should be around 0 °C quickly after freezing 

begins.  

The approximate relation between the supercooling degree and the ice formation can be ex-

pressed as (Carbonell et al. 2017, p. 10) 

�̇�𝑖𝑐𝑒 = �̇�𝑤

𝑐𝑝

𝐿𝑓
 Δ𝑇𝑠 (16) 

where  �̇�𝑖𝑐𝑒 and  �̇�𝑤 are the mass flow rates of ice and water respectively, 𝑐𝑝 is the specific 

heat capacity of water and 𝐿𝑓 the latent heat of fusion. The value of 𝑐𝑝 should be an average 

value from between 0 °C and the observed crystallization temperature and 𝐿𝑓 should be eval-

uated at the melting point. 

3.5 Heterogeneous nucleation 

The presence of a suitable foreign body, which can be merely a trace of impurity, a solid 

surface or anything in between, can induce nucleation faster at lower degrees of supercooling 

than those required for homogeneous nucleation. In fact, since the impurities acting as nu-

cleating agents can be extremely small, it is generally accepted that true homogeneous nu-

cleation is not a common event. (Mullin 2001, p. 192-193) For example, for pure water, the 

degree of supercooling where homogeneous crystallization of water droplets happens spon-

taneously is generally significantly below 𝑇 = −30 °C (Pruppacher & Klett 1997, p. 210) 

yet such levels of supercooling are practically never observed in nature, even in clouds. In a 

heat exchanger, the entire surface acts as a nucleating agent, increasing the probability of 

nucleation at low level of supercooling dramatically. This significantly decreases the amount 

of supercooling possible in a heat exchanger, especially since water at the surface is in ther-

mal equilibrium with the surface and therefore the temperatures at the surface are colder than 
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the average temperature of the cooled water. Therefore it is vital to understand how nucle-

ating agents work in increasing the nucleation rate.  

For the formation of a critical size nucleus under heterogeneous conditions, the overall Gibbs 

free energy change Δ𝐺𝑐𝑟𝑖𝑡
′  must be smaller than the corresponding free energy change of 

homogeneous nucleation Δ𝐺𝑐𝑟𝑖𝑡  since heterogeneous nucleation occurs easier. That is 

(Mullin 2001, p. 193) 

Δ𝐺𝑐𝑟𝑖𝑡
′ = 𝑓Δ𝐺𝑐𝑟𝑖𝑡 (17) 

where 0 ≤ 𝑓 ≤ 1 is referred to as the surface factor. Thus, Eq. (14) for heterogeneous nu-

cleation is 

𝐽 = 𝐾 exp (−
16𝜋𝛾𝐼𝑊

3𝑇𝑚
2  𝑓

3𝑘𝑇(𝛥𝐻𝑓
 )

2
(𝛥𝑇𝑠)2

) 
(18) 

Thus, the nucleation rate is exponentially dependent on the surface factor 𝑓. Therefore even 

small variations in 𝑓 can induce significant changes in the nucleation rate.  

The general shape seen in Figure 4 in chapter 3.3.2 applies to heterogeneous nucleation as 

well, although naturally the spike in nucleation rate moves to much lower supercooling de-

grees. In fact, analyzing Eq. (18) yields that a decrease in the Gibbs energy barrier should 

make the spike in nucleation rate even steeper. The exponential rise and sharp spike in nu-

cleation rate also means that even small changes of 2-3 degrees observed in average nucle-

ation temperatures on different surfaces are very unlikely to be statistical variance even if 

small sample sizes are used. 

As explained by Fletcher (1958), the decrease in the Gibbs free energy barrier is the result 

of the initial nucleus forming part of its new solid interface with the (often also solid) foreign 

object instead of its own liquid phase, thereby decreasing the Gibbs free energy change Δ𝐺𝑆. 

This can be better understood by looking at change in Gibbs free energy for the case depicted 

in Figure 5, for which the change due to surface formations is 

Δ𝐺𝑆
′ = 𝛾𝐼𝑊𝐴𝐼𝑊 + 𝛾𝐼𝑆𝐴𝐼𝑆 − 𝛾𝑊𝑆𝐴𝐼𝑆 (19) 

where 𝛾𝐼𝑊 is the interfacial energy between the supercooled liquid (water) and the initial 

crystalline (ice) nucleus and 𝐴𝐼𝑊 is the surface area between them (grey line), 𝛾𝐼𝑆 is the in-

terfacial energy between the nucleating solid1 surface and the crystalline nucleus and 𝐴𝐼𝑆 is 

the surface area between them (dotted line) and 𝛾𝑊𝑆 is the interfacial energy between the the 

supercooled liquid and the nucleating surface. Multiplying interfacial energy with the inter-

facial area gives the energy needed to form such an interface. Thus, Eq. (19) gives the overall 

change in free energy as the two new interfaces (𝐴𝐼𝑊 and 𝐴𝐼𝑆) are created and part of the 

supercooled liquid-nucleating agent interface is removed. As before, the overall change in 

Gibbs free energy is a sum of the change caused by the surface formations Δ𝐺𝑆
′  and the vol-

umetric phase-change energy of formation Δ𝐺𝑉 = 𝑉𝑐Δ𝐺𝑣, where 𝑉𝑐 is the volume of the crys-

talline nucleus. Combining these yields 

                                                 
1 Technically the nucleating surface can be in any phase, but in practical scenarios the nucleating agent is al-

most always a solid. The theory remains the same even if the solid is replaced with for example a liquid, as is 

the case for MAGSS. 
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Δ𝐺𝑐𝑟𝑖𝑡
′ = 𝑉𝑐Δ𝐺𝑣 + 𝛾𝐼𝑊𝐴𝐼𝑊 + (𝛾𝐼𝑆 − 𝛾𝑊𝑆)𝐴𝐼𝑆 (20) 

 

 

Figure 5. Heterogeneous nucleation on a foreign surface. 𝑅𝑐𝑢𝑟𝑣 is the curvature of the sur-

face while 𝑟𝑐𝑟𝑖𝑡 is the critical radius. θ is the contact angle of ice on the nucleating solid with 

water phase surrounding. 

Fletcher (1958) assumed that both the nucleating agent and the initial nucleus are of spherical 

shape (as in Figure 5) which are explained to be reasonable assumptions because of the very 

small scale. Thus, he was able to derive a new form for the equation of Δ𝐺′. Importantly, in 

his form the unknown surface areas are replaced by two other variables, the curvature of the 

nucleating surface 𝑅𝑐𝑢𝑟𝑣 and the contact angle 𝜃 of the forming crystal phase on the foreign 

surface surrounded by the supercooled liquid phase. Thus, the equation is now actually solv-

able or at least it is possible to analyze it. The equation was later expanded to include concave 

foreign surfaces yielding the form used by for example Irajizad et al. (2019). The resulting 

combination of equations is 

Δ𝐺𝑐𝑟𝑖𝑡
′ = Δ𝐺𝑐𝑟𝑖𝑡𝑓(𝑚, 𝑥) =

16𝜋 𝛾𝐼𝑊
3

3(Δ𝐺𝑣)2
 𝑓(𝑚, 𝑥) (21) 

where for a convex surface 

𝑓(𝑚, 𝑥) =
1

2
[1 + (

1 − 𝑚𝑥

𝑔𝑣
)

3

+ 𝑥3 [2 − 3 (
𝑥 − 𝑚

𝑔𝑣
) + (

𝑥 − 𝑚

𝑔𝑣
)

3

] + 3𝑚𝑥2 (
𝑥 − 𝑚

𝑔𝑣
− 1)] 

where 

𝑔𝑣 = (1 + 𝑥2 − 2𝑚𝑥)
1
2 

and for a concave surface 

𝑓(𝑚, 𝑥) =
1

2
[1 − (

1 + 𝑚𝑥

𝑔𝑐
)

3

− 𝑥3 [2 − 3 (
𝑥 + 𝑚

𝑔𝑐
) + (

𝑥 + 𝑚

𝑔𝑐
)

3

] + 3𝑚𝑥2 (
𝑥 + 𝑚

𝑔𝑐
− 1)] 

where 

𝑔𝑐 = (1 + 𝑥2 + 2𝑚𝑥)
1
2 

In the equations, 𝑚 is defined as 

𝑚 = 𝑐𝑜𝑠𝜃 =
𝛾𝑊𝑆 − 𝛾𝐼𝑆

𝛾𝐼𝑊
 (22) 
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and 𝑥 as 

𝑥 =
𝑅𝑐𝑢𝑟𝑣

𝑟𝑐𝑟𝑖𝑡
 (23) 

In the equations 𝑓 can receive values between 0 and 1. A value of 1 corresponds to homo-

geneous nucleation limit since in that case Δ𝐺𝑐𝑟𝑖𝑡
′ = Δ𝐺𝑐𝑟𝑖𝑡 . In theory, this limit can be 

achieved for example if 𝑥 = 0, which would mean that the radius of curvature on the nucle-

ating agent is zero, thus meaning the nucleating agent is absent. On the other hand if 𝑥 = ∞, 

the surface is molecularly completely smooth. Values between the two extremes correspond 

to at least somewhat rough surface. However, when 𝑥 is larger than ∼ 10, 𝑓 becomes largely 

independent of 𝑥 i.e. the value “saturates” to the smooth surface value and is only dependent 

on the value of 𝑚 as can be seen in Figure 6. From the same figure it can also be seen that 

for a concave surface, the value of 𝑥 can only decrease the value of 𝑓 but for a convex sur-

face, values of 𝑥 < 1 i.e. 𝑅𝑐𝑢𝑟𝑣 < 𝑟𝑐𝑟𝑖𝑡 increase the value of 𝑓 and thus also the Gibbs en-

ergy barrier substantially. Thus, the surface should have convex features in order of homo-

geneous critical radius to have an increasing effect on the nucleation temperatures whereas 

concave features in the same order decrease the nucleation temperatures. (Irajizad et al. 

2019) 

 

Figure 6. a) The contact angle of forming ice nucleus and the interfacial tensions. b) Surface 

factor for a convex nucleating surface as a function of 𝑥. c) Surface factor for a concave 

nucleating surface as a function of 𝑥. Figure with permission to reuse from Irajizad et al. 

(2019). 

For water, 𝑟𝑐𝑟𝑖𝑡 is highly dependent on the degree of supercooling. Using Eq. (7) along with 

Eq. (13) and the values of 𝛾𝐼𝑊 and Δ𝐻𝑓 used previously in chapter 3.3.2, an approximation 

for the value of 𝑟𝑐𝑟𝑖𝑡 can be obtained at different temperatures, as is done in Figure 7. 

 

Figure 7. The critical radius 𝑟𝑐𝑟𝑖𝑡 as a function of the supercooling degree for water. 
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The critical radius quickly drops to less than 10 nm as moderate supercooling degrees of 

approx. 4 degrees are reached. On most micro- or nanostructured surfaces, the roughness 

scale is much larger than this limit and therefore nucleation barrier can be altered mainly by 

tuning the value of 𝑚 (Irajizad et al. 2019).  

As can be seen from Eq. (22), since 𝛾𝐼𝑊 is independent of the nucleating surface, the value 

of 𝑚 can only be altered by varying the interfacial property 𝛾𝑊𝑆 − 𝛾𝐼𝑆. Thus, an ideal surface 

for preventing ice nucleation would be a surface that minimizes this value i.e. a material 

which has as low interfacial energy with liquid water as possible but high interfacial energy 

with ice. However, if the surface has concave roughness features in the scale of ∼10 nm or 

less, these features might prohibit nucleation at least at relatively low degrees of supercool-

ing where the critical radius size is not too small. 

3.6 Effect of shear flow 

In a supercooling heat exchanger, the liquid is constantly under shear stress caused by the 

flow of the liquid. Thus, the effects of shear flow on nucleation have to be taken into account. 

Although it is generally understood that agitation can increase nucleation (Mullin 2001, p. 

190), the exact effect of shear on nucleation is still not well understood. In addition, no ac-

curate experimental data on the effect of shear on nucleation in supercooled water could be 

found. Most experiments conducted for crystallization under flow have been done with for 

example colloids, supersaturated solutions of organic compounds, supercooled polymer and 

metallic melts and the results are somewhat confusing; in some cases shear flow seems to 

increase nucleation rate whereas in other cases nucleation rate is decreased. It is suggested 

that the effect is highly dependent on shear rate and there can even be found a level of shear 

where nucleation rate reaches a maximum. (Forsyth et al. 2015, Liu & Rasmuson 2013, Pa-

rambil et al. 2011, Mura & Zaccone 2016)  

Despite the inconclusive data, attempts have been made to explain the effect of shear as 

general extensions of CNT with the additional help of computer simulations. The three mod-

els found in literature (Blaak 2004, Mura & Zaccone 2016, Mokshin et al. 2013) are some-

what in disagreement with one another. However, it is possible to draw some conclusions of 

what is the general consensus at the moment. In general, it would seem that the model of 

Mura & Zaccone (2016) is, at the moment, the most promising as it suggests a fundamental 

mechanism for the effect of shear under nucleation. It is also the latest of these models. In 

their model there are two mechanisms in shear flow that affect the nucleation rate; advective 

enhancement of molecular transport to the nucleus and the increased energy barrier due to 

mechanical straining, which causes a more elliptical form for the initial nuclei and thus, 

increased surface area and therefore a larger Δ𝐺𝑠. In Eq. (10), the enhancement of molecular 

transport causes an increase in the exponential pre-factor 𝐾 which becomes a linearly in-

creasing function of shear rate �̇� so that 𝐾~�̇� while the mechanical straining of nucleus de-

creases the value of Δ𝐺𝑐𝑟𝑖𝑡 so that ΔGcrit~
1

�̇�2
. In small shear flows, the effect on kinetic pre-

factor 𝐾(�̇�) dominates. These alterations cause the nucleation rate to peak at a certain shear 

rate after which an increase in shear decreases nucleation rate. If we assume that the peak 

value is only achieved at large values of shear, the model also agrees well with the findings 

of Bedecarrats et al. (2010) and Inaba et al. (1994) who, as reported in chapter 2.3, with 

relatively low Reynolds number flows used found the nucleation rate to increase with in-

creasing flow rate. 
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4 Preventing icing – icephobic surfaces 

4.1 Introduction to icephobicity 

Undesirable icing is a significant issue in numerous fields of engineering. For example, 

freezing of airplane wings, power lines, roads, telecommunication facilities, wind turbines 

etc. can cause major problems and safety risks. As a result, a great deal of effort has been 

made for decades to develop more effective ways to eliminate these problems. However, 

typical de-icing methods, which include vapor heating, electro-thermal melting and mechan-

ical vibration, are not viable in many situations and as such, passive anti-icing surfaces have 

gained great interest. These surfaces are often referred to as icephobic surfaces. While the 

definitions do vary a little bit, in general icephobicity refers to the ability of a surface to repel 

ice or prevent ice formation. It is often measured with ice nucleation temperature 𝑇𝑁, icing 

delay time 𝜏𝑎𝑣  and ice-adhesion 𝜎𝑠 . The nucleation temperature 𝑇𝑁  is the temperature at 

which the droplet freezes when the droplet, surface and surroundings are cooled in a quasi-

equilibrium approach, practically meaning a constant cooling rate (often 10 °C/min ). As we 

saw earlier, the nucleation rate has a significant spike after a threshold temperature, making 

𝑇𝑁 an excellent parameter for evaluating the value of the Gibbs energy barrier Δ𝐺𝑐𝑟𝑖𝑡
′  and 

thus also 𝑓(𝑚, 𝜃) experimentally. The icing delay time 𝜏𝑎𝑣 is the average time until ice nu-

cleation at a certain equilibrium temperature which is basically the inverse of nucleation rate 

for a known surface area. The ice-adhesion is simply the force per unit area required to re-

move the ice particle from a surface once it has frozen to it. (Irajizad et al. 2019, Shen et al. 

2019) 

Numerous methods have been pursued to either prevent or delay nucleation altogether or 

reduce the adhesion force with which ice is attached to the solid surface. For example super-

hydrophobic surfaces, which were first introduced in late 1990s, can reduce ice formation 

by their ability to shed supercooled water droplets off the surface rapidly, reducing the prob-

ability of nucleation and ice adhesion notably. They can also have an extremely low contact 

angle with water, meaning that the interfacial area between the water droplet and the solid is 

minimized. As nucleation rate is directly proportional to the interfacial area, this will de-

crease the nucleation rate for water droplets, although for water layers this will be meaning-

less. Regardless of whether inspecting a droplet or a layer, at least some solid-water interface 

will form and as was discussed in chapter 3.5, the nucleation rate per unit area on this solid-

liquid interface depends on the parameters 𝑚 and 𝑥. Superhydrophobic surfaces tend to have 

a relatively large value of 𝑚 which decreases their performance from optimum. In addition, 

as noted previously, the roughness of the surface can decrease the nucleation rate because of 

its effect on the parameter 𝑥 only if its length scale is below < 10 nm, but such surfaces tend 

to be difficult and expensive to make. Still, superhydrophobic surfaces do clearly outperform 

for example regular aluminum surfaces and their 𝑇𝑁 is between −20 °𝐶 and −25 °𝐶. (Shen 

et al. 2019, Irajizad et al. 2019, Kreder et al. 2016) 

Another proposed approach is called slippery liquid-infused porous surface (SLIPS), some-

times also referred to as liquid-infused surfaces (LIS), which was first introduced in 2011. 

In these surfaces, an immiscible liquid is infused into a textured, porous solid. In addition to 

the pores being filled, a thin film is formed at the surface as a result of interfacial energies 

and as a result, the surface shows significantly reduced ice adhesion compared to superhy-

drophobic surfaces. However, even though it was theorized that the thin liquid film could 

lead to the complete exclusion of solid-water-interface which, as we will see later, leads to 

drastically lowered value of m and thus, low nucleation rate, this is not necessarily the case 
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as partial contact with water might remain due to the finite thickness of the layer and the 

thermodynamic preference for solid-water-interface, as shown by Irajizad et al. (2016). This 

in turn means that the performance of SLIPS is similar, or only slightly better than the best 

superhydrophobic surface in terms of preventing ice nucleation and for SLIPS 𝑇𝑁 ≈ −25 °𝐶. 

A major drawback for SLIPS might be their durability; at least on some SLIPS surfaces it 

has been shown that after a few cycles of icing-deicing, the liquid layer is permanently de-

pleted and the performance of the surface suffers drastically as a consequence. Additionally, 

their stability under shear flow has been questioned. (Irajizad et al. 2016, Kreder et al. 2016, 

Irajizad et al. 2019) 

4.2 Magnetic slippery surface (MAGSS) 

While the search for icephobic surfaces is active and new progress is made continuously, as 

of today, clearly the best performance for all three of low nucleation temperature, long icing 

delay and low ice-adhesion has been achieved with a surface called magnetic slippery sur-

face (MAGSS), first reported in (2016) by Irajizad et al. The functionality of MAGSS rests 

on a similar principal as SLIPS type surfaces; a thin liquid layer is created to prevent the 

solid-water contact and thus a significant increase in the Gibbs energy barrier for nucleation 

is achieved. With SLIPS the force repelling water from solid-water contact is caused only 

by differences in interfacial energies (Wong et al. 2011). As will be discussed later, this will 

often lead to partial formation of a solid-water interface in SLIPS. With MAGSS, solid-

liquid interface is prevented from forming by using a magnetically responsive liquid, com-

monly known as ferrofluid, and exerting a magnetic force perpendicular to the surface on it. 

The magnetic force experienced by the magnetic nanoparticles in the ferrofluid prevents the 

infusion of water droplets into the liquid and into contact with the solid. Thus, only a liquid-

water interface is formed, which highly increases the Gibbs energy barrier compared to a 

solid-water interface. The concept is demonstrated in Figure 8. (Irajizad et al. 2016) 

 

Figure 8. Exclusion of solid-water interface in MAGSS. Figure from Irajizad et al. (2016). 

The magnetic force is induced by a permanent magnet which can be either underneath a thin 

solid, non-magnetic surface or can act as the surface itself. In addition to preventing nucle-

ation, the magnetic force also helps reduce both water and ice adhesion to minimum, spread 

the ferrofluid evenly on the surface and lock it in place. Neglecting other forces such as 

gravity and shear stress caused by a flow, the spreading can be understood as simply the 

minimization of the potential energy of the magnetic nanoparticles in the magnetic field; any 

movement away from a situation where the ferrofluid is evenly spread would increase the 

potential energy, thus the evenly spread ferrofluid is the stable state. This ability of magnetic 

field to lock the ferrofluid in place also means that the porous, textured surface of SLIPS is 

not needed at all. In fact, in theory almost any solid surface can be made MAGSS by inserting 
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a permanent magnet underneath it, provided that it is geometrically possible to insert a per-

manent magnet underneath. In practice though, the geometry of the surface limits the possi-

bilities quite a bit. (Irajizad et al. 2016) 

4.2.1 Ferrofluids  

The ferrofluids used in MAGSS are colloidal dispersions of single domain magnetic particles 

in a carrier fluid. Many oils are good candidates for the carrier fluid, as they do not dissolve 

in water. In ferrofluids, nanoparticles of magnetic material are dispersed in the carrier fluid 

and kept suspended by either an electric double layer or a surfactant/detergent coating (Fig-

ure 9b). The nanoparticles are often iron-oxide Fe3O4, also known as magnetite, but other 

magnetic particles are also used. In the absence of a magnetic field, the magnetic dipole 

moments are randomly oriented and the fluid has no net magnetization (Figure 9a). However, 

under a magnetic field, the magnetic dipoles align at least partially, resulting in the net mag-

netization of the ferrofluid. As the magnetic field strength is increased, more magnetic di-

poles align until a saturation magnetization value is reached. (Torres-Díaz & Rinaldi 2014, 

Mayer 2008) 

The agglomeration of the nanoparticles due to magnetic forces and short range van der Waals 

forces is prevented with the surface treatment while Brownian motion of the very small 

(~ 10 nm) particles prevents the sedimentation in both gravitational and magnetic fields. 

Still, agglomeration and sedimentation do happen over time and eventually they lead to the 

magnetic effect disappearing from the liquid. However, some ferrofluids can remain stable 

up to 8-10 years or even longer, which makes them suitable for heat exchanger coatings. 

(Khalil et al. 2014, Mayer 2008)  

 

Figure 9. a) Single magnetic domains in ferrofluids and b) the composition of the magnetic 

nanoparticles. Figure from Mayer (2008) . 

4.3 Gel-MAGSS 

Even though the ferrofluid in MAGSS is locked in place by the magnetic force, some fluid 

depletion does occur when the flow velocity and therefore shear stress increases (Irajizad et 

al. 2016). While the depletion rates observed in earlier experiments were small, the sample 

surface areas were also very small and it is unknown if the problem will scale up on larger 

surfaces. In addition, as is later discussed, the effects of gravity might be influential once 

significant tilt angles on the surface are implemented. The effect of using multipole, striped 

magnetic surfaces might also cause surprising effects on the performance of MAGSS. As 

will be discussed later, the use of these striped magnetic surfaces instead of homogeneous 

surfaces is a necessity for the large surface areas required for heat exchangers. 
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With these potential deficiencies in mind, the type of gel-MAGSS proposed as an anti-scal-

ing surface by Masoudi et al. (2017) seems like a viable alternative to normal liquid based 

MAGSS and worthy of researching. The gel can be seen in Figure 10. In addition to the 

magnetic force, in gel-MAGSS a polymer skeleton holds the ferrofluid in place via forces 

caused by interfacial energies. This additional force might help keep the layer more stable 

under shear stresses and gravitational forces.  

 

Figure 10. Self-made ferrogel. 

While gel-MAGSS has not been tested for anti-icing purposes, it did provide excellent re-

sults as an anti-scaling surface under shear flow. Scaling, or scale formation, is defined as 

precipitation and accumulation of undesired solid materials from an aqueous solution. It is 

the result of supersaturation of a liquid and consequent nucleation and crystallization of dis-

solved particles to the container walls. (Masoudi et al. 2017)  

The fundamental mechanism of scaling is very similar to supercooling and in fact, CNT can 

be applied to scaling as well. Thus, the promising scaling experiment results suggest that 

gel-MAGSS should work well as an anti-icing coating as well.  
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5 Analysis of MAGSS 

5.1 General characteristics 

Liquids are naturally smooth and defect-free down to the molecular scale. Thus, if only a 

liquid-liquid interface exists between supercooled water and the sub-zero temperature sur-

face, the surface can be considered completely smooth and the value of 𝑥 =
𝑅𝑐𝑢𝑟𝑣

𝑟𝑐
  in Eq. 

(21) approaches infinity as the curvature of the surface 𝑅𝑐𝑢𝑟𝑣 approaches infinity. As de-

scribed in chapter 3.5, in such a case Eq. (21) becomes independent of 𝑥. Thus, for liquid 

surfaces the parameter 𝑓 that describes the decrease in Gibbs energy barrier is only a func-

tion of 𝑚 = 𝑐𝑜𝑠𝜃 =
𝛾𝑊𝑆−𝛾𝐼𝑆

𝛾𝐼𝑊
 i.e. the contact angle of the initial crystal nucleus on the nucle-

ating (liquid) surface when surrounded by the supercooled liquid. Therefore, for MAGSS 𝑓 

is only dependent on the interfacial energies. (Irajizad et al. 2019) 

For liquids acting as nucleating agents for ice crystallization, the value of 𝑚 can be close to 

-1, which is the homogeneous limit, corresponding to the nucleating surface being simply 

the bulk supercooled liquid as can be seen from Eq. (21) which gives 𝑓(𝑚 = −1) = 1. Thus, 

the Gibbs energy barrier can be very close to the homogeneous limit when only liquid-water 

interfaces exist. In other words, liquids are generally very poor nucleating surfaces compared 

to solids. (Irajizad et al. 2019) 

The precise value of 𝑚 depends on the liquid properties. In the case of MAGSS mainly the 

carrier fluid properties are assumed to be important. The effect of nanoparticle size and the 

surfactant is unknown at this point, but it is believed that since the nanoparticles are entirely 

covered with the partly “dissolved” surfactant molecules, they should at least not change the 

smooth nature of the surface. (Irajizad et al. 2019) 

Based on experimental measures of the interfacial energies, Irajizad et al. (2016) calculated 

that for their chosen ferrofluid, 𝑚 = −0.95, which corresponds to value of approximately 

𝑓(𝑚) = 0.98. Thus, the Gibbs energy barrier is only very slightly decreased and therefore 

the nucleation rate should be only slightly higher than in the homogeneous case if all solid-

water contact is eliminated. This was indeed confirmed in their experiments, where they 

found that with high enough magnetic field strengths, the average nucleation temperature 

was 𝑇𝑁 = −34.1 °C. In addition, they found that the elimination of solid-water contact re-

sulted in extremely low ice-adhesion and long icing delay times. The icephobicity parame-

ters 𝑇𝑁, 𝜏𝑎𝑣 and 𝜎𝑠 of MAGSS are compared to other state of the art icephobic surfaces in 

Figure 11. The best 𝑇𝑁 value of MAGSS compares extremely favorably to the next best re-

sult of 𝑇𝑁 ≈ 25 °C for SLIPS. Additionally, for MAGSS when temperatures were set higher 

than 𝑇 = −25 °C, with strong enough magnetic field no nucleation was recorder over a time 

period of 24 hours, meaning that the threshold value lies somewhere near Δ𝑇𝑠=25 °C. The 

ice adhesion was also minimal, close to 2 Pa, and the frozen water droplets could be slid off 

with a tilt angle of just a few degrees. Thus, the results are far beyond what has been achieved 

with other types of surfaces. (Irajizad et al. 2016) 
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Figure 11. Comparison of a) the average ice nucleation temperature 𝑇𝑁 , b) icing delay time 

𝜏𝑎𝑣  and d) ice-adhesion 𝜎𝑠  of MAGSS with other surfaces. In c) the icing delay time of 

MAGSS is shown with different magnetic flux densities. Figure from Irajizad et al. (2016). 

However, they found that both 𝑇𝑁 and 𝜏𝑎𝑣, and thus also 𝐽 =
1

𝐴 𝜏𝑎𝑣
, are highly dependent on 

the strength of the permanent magnet, as is presented in Figure 11c for 𝜏𝑎𝑣. Additionally, a 

further analysis revealed a dependence on both the height of the ferrofluid layer and the 

interfacial energies between the ferrofluid, the solid surface underneath the layer and air. A 

detailed understanding of all of their effects is critical in order to predict how the surface 

will behave in a heat exchanger. An understanding of the parameters effect on nucleation 

rate also paves the way to the possibility of tuning the parameters for optimal performance. 

Thus, MAGSS is now analyzed in more detail, with focus on finding the key parameters 

influencing performance. 

5.2 Thermodynamic states of water on MAGSS  

Once a water layer is placed on MAGSS i.e. the ferrofluid (FF) layer, it has two possible 

configurations as seen in Figure 12. In state 1, a solid-FF and FF-water interface continue to 

coexist so that water is only in contact with the ferrofluid which lies between water and the 

solid surface. In state 2, the solid-FF layer is excluded by the solid-water interface, pushing 

the ferrofluid away and leading to a single solid-water interface. The state that is thermody-

namically favored, meaning it has a lower Gibbs free energy level, is the one that will be 

occupied in equilibrium. That is, state 1, where only liquid-water interface exists for water, 

is the stable state only if it has a lower Gibbs free energy level than state 2.  
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Figure 12. Possible states of water on MAGSS. The layers are assumed to be infinitely wide 

and long. 

Interestingly, the criteria for stable state is a little bit different depending on whether the 

analysis is done on an infinitely large layer of water or a droplet of water. The former of 

these is the simpler one in mathematical terms and more related to an actual heat exchanger, 

thus it will be the main focus of the analysis.  

In the following analysis, which is an expansion from the thermodynamic analysis of water 

layers on SLIPS type surfaces by Wong et al. (2011) to include magnetic energies, instead 

of ferrofluid FF, notation of O for oil is used for simplicity as the ferrofluid in the experi-

mental section of this thesis is an oil-based ferrofluid. S refers to the solid surface underneath 

the oil layer, W to water and A to air. 

Neglecting gravity and for now also the magnetic energy, for a layer of water placed on 

MAGSS or any other oil layer, the Gibbs free energy per surface area 
Δ𝐺𝑖

𝐴
= 𝐸𝑖, which from 

now on is just called energy of the state, is for state 1 

𝐸1 = 𝛾𝑆𝑂 + 𝛾𝑂𝑊 + 𝛾𝑊𝐴 (24) 

where 𝛾𝑆𝑂 , 𝛾𝑂𝑊 and 𝛾𝑊𝐴 refer to the solid-oil, oil-water and water-air interfacial energies 

respectively. The energy for state 2 is 

𝐸2 = 𝛾𝑆𝑊 + 𝛾𝑊𝐴 (25) 

where 𝛾𝑆𝑊 refers to the solid-water interface. The condition for state 1 to be the preferred 

state is found by requiring that state 2 has a higher energy, that is 

Δ𝐸 = 𝐸2 − 𝐸1 = 𝛾𝑆𝑊 − (𝛾𝑆𝑂 + 𝛾𝑂𝑊) = 𝛾𝑆𝑊 − 𝛾𝑆𝑂 − 𝛾𝑂𝑊 > 0 (26) 

While there are many oil-solid pairs for which 𝛾𝑆𝑊 > 𝛾𝑂𝑊, the condition of Eq. (26) re-

quires that the sum of interfacial energies from both solid-oil and oil-water interfaces needs 

to be lower than the solid-water interfacial energy. This is because even if 𝛾𝑆𝑊 > 𝛾𝑂𝑊, the 

minimization of energies leads to oil packing up around some area and solid-water contact 

forming in another area, unless the condition of Eq. (26) is satisfied so that it is thermody-

namically favored to form two overlapping layers.  

While fulfilling the condition of Eq. (26) is the foundation of SLIPS type surfaces’ function-

ality (although they may fall short of this and still function to some extent if roughness is 

taken into account as will be described in chapter 5.4), this balance can be affected by the 

presence of a magnetic field when the oil in question is a ferrofluid. When a volume 𝑉 of 

ferrofluid in a magnetic field is displaced, a body force 𝐹𝑚
′  that is equal and opposite in sign 
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to the magnetic force on the displaced liquid is exerted on the particle that displaced it so 

that (Rosensweig 1997, p. 264)  

𝐹𝑚
′ = −𝑉𝜇0𝑀𝛻𝐻 (27) 

where 𝜇0 is the permeability of vacuum, 𝑀 is the magnetization of the ferrofluid and 𝛻𝐻 is 

the gradient of magnetic field strength. The magnetic field strength decreases as distance 

from the magnetic surface increases. Thus, when a water layer on MAGSS is pushed towards 

the solid surface underneath the oil layer of thickness 𝑡, an increasingly large volume of 

ferrofluid is displaced and therefore an increasingly large force is exerted on the water layer. 

This effect is often referred to as magnetic buoyancy, as the phenomenon is similar to how 

objects can float on water. However, with small changes in height the magnitude of magnetic 

buoyancy is generally orders of magnitude larger than regular buoyancy. 

The work needed to push the water layer to be in contact with the solid surface needs to be 

included in Eq. (26) as additional energy in state 2. However, this would require the 

knowledge of the gradient of 𝐻 throughout the ferrofluid layer. Often this can only be ob-

tained through detailed computational analysis. As a workaround, a simple estimation for 

the energy required to displace the ferrofluid layer can be obtained by noting that the energy 

effect in introducing a volume 𝑉 of ferrofluid in the static magnetic field is (Rosensweig 

1997, p. 175) 

Δ𝐸𝑚 = − ∫
1

2
𝜇0𝑀𝐻0 𝑑V

𝑉

 (28) 

where 𝐻0 is the original magnetic field strength in a vacuum, 𝑀 is the magnetization of the 

ferrofluid and 𝜇0 the permeability of vacuum. Changing the sign of Eq. (28) yields an ap-

proximation for work Δ𝑊 needed to remove a volume V of ferrofluid from the magnetic 

field i.e. the work done in replacing the ferrofluid layer with water. Now, since the ferrofluid 

layer is assumed thin, we can approximate 𝐻0 as near constant. Inserting the definition of 

magnetic susceptibility 𝜒 =
𝑀

𝐻0
 (Rosensweig 1997, p. 92) into Eq. (28) (with the sign 

changed) and performing the integration yields 

Δ𝑊𝑚 =
1

2
𝜇0𝜒𝐻0

 2𝑉 =
1

2
𝜇0𝜒𝐻0

 2𝐴𝑡 (29) 

where 𝐴 is the surface area and 𝑡 is the ferrofluid layer height (so that 𝑉 = 𝑡𝐴). Note that 𝜒 

and 𝑀 are specific to each ferrofluid but they are also functions of 𝐻0. Before including this 

term into Eq. (26) the energy needs to be divided by the surface area 𝐴. When the surface 

specific energy is then added to state 2, the condition for elimination of state 2 (solid-water 

contact) becomes 

Δ𝐸 = 𝐸2 − 𝐸1 = 𝛾𝑆𝑊 − 𝛾𝑆𝑂 − 𝛾𝑂𝑊 +
1

2
𝜇0𝜒𝐻0

 2𝑡 > 0 (30) 

This helps understand why both the strength of the magnetic field and ferrofluid layer height 

are significant factors affecting nucleation rates on MAGSS; for small layer heights, the 

difference in energy states can be approximated to be directly proportional to the layer height 
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𝑡 and proportional to the square of the magnetic field strength 𝐻0 at the solid surface. Addi-

tionally, nucleation rate is dependent on magnetic susceptibility 𝜒 which is a property of the 

ferrofluid. In general, a higher concentration of nanoparticles should lead to a higher value 

of 𝜒, although the nanoparticle and coating materials also play a role.  

In theory, Δ𝐸 can now be approximated after simply measuring the magnetic field strength 

on the solid surface, which can easily be done. However, the relevant interfacial energies 

still need to be known. Additionally, it is unknown to what at layer heights the assumptions 

of constant 𝐻0  give reasonable approximations as with larger distances 𝐻0  quickly ap-

proaches zero, although a similar approximation seems have been done by Irajizad et al. 

(2016) for their droplet state calculations. In any case, for more accurate results Eq. (28) can 

be used instead of the approximation to calculate the magnetic energy accurately. 

Notably, while even an infinitely small magnetic field should theoretically prevent any solid-

water contact from forming in the first place (as long as gravity is neglected), if the layer is 

thin, random fluctuations in a flow will likely cause the water to be momentarily in contact 

with the solid surface at some point, and if the solid-water contact is the preferred state, this 

interface will then become permanent after initial contact and spread throughout the surface. 

Thus, in real life the condition of Eq. (30) needs to be satisfied for complete elimination of 

solid-water contact.  

Indeed, in the experiments of Irajizad et al. (2016), for a layer height 𝑡 = 300 μm a magnetic 

field strength of 347 mT was needed to completely eliminate solid-water contact. This is a 

very high value for a permanent magnet. Thus, while it might be tempting to just use the 

condition of Eq. (30) alone to yield parameters that are more than sufficient for complete 

elimination of solid-water contact everywhere and leave it at that, in real life the increase of 

magnetic field strength will likely come with great increase in price and any increase in layer 

height will both  increase the volume of ferrofluid needed (increasing costs) and reduce the 

thermal conductivity of the material. Perhaps even more importantly, the kinetic energy of 

the flowing liquid might induce additional terms into Eq. (30) which might at least locally 

change the balance if the difference is small. As even small areas of solid-water contact and 

resulting increase in 𝑓 can affect nucleation rate greatly, it is worthwhile to explore situa-

tions where Δ𝐸 of Eq. (30) is close to zero and analyze which factors might increase or de-

crease its value locally. 

5.3 Effect of surface waves 

When placed on a surface with a magnetic field lines normal to the surface, ferrofluid has a 

tendency to form small surface waves, as depicted in Figure 13. The surface waves form due 

to a competition between interfacial energies and the magnetic energy (Irajizad et al. 2016). 

As a result, small pits form where the height of the layer is smaller than the average height 

and the contact between water and solid is easier. The amplitude of the induced surface 

waves at the water–FF interface, and thus the minimum height of the layer, is a function of 

the interfacial energy of this interface and the applied magnetic field.  
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Figure 13. Surface waves on MAGSS. The white scalebar is 1 mm. Figure from Irajizad et 

al. (2016). 

In order to take these surface waves into account, a correction would have to be made into 

Eq. (30) since the lowest parts of the layer are lower than the average. While corrections 

could be made using the models of Amin et al. (2005), for the purposes of this thesis, Eq. 

(30) is sufficient in identifying the relevant parameters, as long as it is kept in mind that for 

complete removal of the solid-water-interface, the average height of the ferrofluid layer 

needs to be slightly higher than the minimum based on Eq. (30). With a decrease in magnetic 

field strength, the amplitude of the waves also increases (Figure 13) and thus the solid-water 

contact area at the pits increases, which explains the gradual decrease in 𝜏𝑎𝑣 in the experi-

ments of Irajizad et al. (2016). 

5.4 Roughness of the solid surface 

Additional complexity is added by surface roughness of the solid, as the above equations are 

only valid if the solid and oil surfaces are completely smooth. For simplicity, the “rough-

ness” caused by surface waves is neglected in the following analysis. For most situations, 

this should be a reasonable assumption since the scale of the surface waves is so much larger 

than it is for surface roughness on solids. However, if it were to be included, the surface 

roughness2 𝑅, defined as the ratio between the actual and projected surface areas of the solid 

and used in the equations to follow, should be replaced with the ratio of the surface rough-

nesses of the surface waves in oil layer vs the solid surface roughness.  

 

Figure 14. Roughness increases the real surface area on the solid interface by the factor R 

whereas the oil-water layer is relatively smooth. 

                                                 
2 Note that the surface roughness defined here is a different parameter compared to curvature 𝑅𝑐𝑢𝑟𝑣 presented 

in chapter 3.5 despite the similar symbols used. 
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If the surface is rough, the surface area on the (possible) solid-water interface is larger than 

the surface area on the smooth oil-water layer (Figure 14). This affects Eq. (30) as it was 

defined as the Gibbs free energy per unit of smooth surface area which corresponds to the 

projected surface area. Including the surface roughness as was defined above yields the en-

ergies of states 1 and 2 with the magnetic energy included as (Wong et al. 2011) 

𝐸1,𝑅 = 𝑅𝛾𝑆𝑂 + 𝛾𝑂𝑊 + 𝛾𝑊𝐴 

𝐸2,𝑅 = 𝑅𝛾𝑆𝑊 + 𝛾𝑊𝐴 +
1

2
𝜇0𝜒𝐻0

 2𝑡 

Inserting these into Eq. (30) yields 

Δ𝐸 = 𝑅(𝛾𝑆𝑊 − 𝛾𝑆𝑂) − 𝛾𝑂𝑊 +
1

2
𝜇0𝜒𝐻0

 2𝑡 > 0 (31) 

where 𝑅 ≥ 1. Here, 𝑅 = 1 corresponds to a completely smooth solid surface. It is clear from 

Eq. (31) that including the effect of roughness 𝑅 increases the value of Δ𝐸 in MAGSS type 

surfaces as long as (𝛾𝑆𝑊 − 𝛾𝑆𝑂) > 0. In such a case the roughness decreases the required 

magnetic field strength for Δ𝐸 > 0. The same applies to SLIPS i.e. the effect of roughness 

decreases the requirements for interfacial energies for SLIPS type surfaces as well.  

If (𝛾𝑆𝑊 − 𝛾𝑆𝑂) < 0, roughness decreases Δ𝐸 and thus increases the required magnetic field 

strength, although such a situation should be avoided in any case when choosing the carrier 

fluid.  

5.5 Local variations 

5.5.1 Local surface roughness 

It is important to note that surface roughness is only an average value of a microscopic fea-

ture. As such it is possible that there might be areas where the local roughness of the surface 

is smaller, which might lead to partial pinning (partial water-solid contact). 

 

Figure 15. a) water droplet on a solid-oil combination that satifies Eq. (30) b) water droplet 

on a solid-oil combination that satisfies Eq. (31) but not Eq. (30). Here surface energy is 

used as a relative term to categorize surfaces, as similar surfaces tend to attract one another. 

Figure from Smith et al. (2013). 



 

   31 

 

   

The local variation of roughness and the resulting partial pinning has been discussed in lit-

erature at least to some extent. Smith et al. (2013) presented a state for a water droplet where 

due to the microscopical features of the surface, solid-water contact is formed in the higher, 

horizontal sections of the surface (top of the pillars in Figure 15) whereas on the rest of the 

surface, water-oil interface exists. They showed that for SLIPS, solid-water contact is com-

pletely removed only when the condition derived for completely smooth surfaces i.e. Eq. 

(30) holds. If only the equation derived for rough surfaces i.e. Eq. (31) holds, partial pinning 

is likely to occur. Although their analysis was based on a surface that was for experimental 

purposes engineered to feature horizontal pillars, similar phenomenon can be expected to 

occur in regular rough surfaces, where some sections can be slightly higher with lower local 

roughness, as illustrated in Figure 16. 

 

Figure 16. Illustration of a possible surface structure in which partial pinning might occur 

at the locally smoother sections. 

Irajizad et al. (2016), experimentally found that droplets placed on a SLIPS surface did in-

deed not slide off at the velocity that they should have if solid contact was completely re-

moved, even when the thermodynamic conditions based on average surface roughness sug-

gest that the solid contact should be completely removed. They suggested that the droplet 

could be partially pinned to the solid surface underneath the oil. They proposed that this 

would explain both the slower slide off velocity and lower 𝑇𝑁 compared to MAGSS. Alt-

hough they did not explicitly state what they meant by the term partial pinning, their expla-

nations coincide with the theory of Smith et al. (2013). 

Partial pinning from the pits of the surface waves could also explain the gradual increase in 

nucleation rate as the magnetic flux density3  𝐵  is dropped below a threshold value in 

MAGSS, as was seen in Figure 11c. Without considering local differences, after the mag-

netic field is decreased below the threshold value, solid-water contact should form every-

where, leading to sudden dramatic increase in nucleation rate as the functionality of the sur-

face disappears, yet this was not observed. Indeed, Irajizad et al. (2016) mention partial pin-

ning likely causing the gradual increase with lower magnetic field densities, although once 

again they do not specify what they mean with partial pinning. The surface wave structure 

alone would lead to solid-water contact area gradually increasing in the pits as the magnetic 

                                                 
3 Here, magnetic field density 𝐵 is directly proportional to magnetic field strength via 𝐵 = 𝜇0𝐻. The thresh-

old value corresponds to the level after which an increase in magnetic field density no longer decreased the 

nucleation rate i.e. Δ𝐸 > 0 for smooth surfaces and Eq. (30) is satisfied everywhere. 
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field gets weaker, but local roughness differences might make the transition even more grad-

ual as smoother areas form solid-water contact first as the magnetic field is weakened.  

In addition to local variations of surface conditions, in a flow situation, the local (kinetic) 

energy of the fluid might vary. As an example of spatial variation, a sharp turn in a tube 

would lead to locally higher pressure pushing the water towards the solid surface. This would 

create an additional energy term into Eq. (31) that would decrease Δ𝐸 and might thus even 

induce local solid-water contact. This might happen even if Δ𝐸 for smooth surface is positive 

i.e. Eq. (30) is satisfied.  

In addition, especially on a turbulent flow there are random fluctuations which should lead 

to temporarily higher local energy levels. If the absolute value of Δ𝐸 is low, this could lead 

to temporary formations of solid-water contact. One might presume that such states would 

instantly revert back to the equilibrium without any effect, but as described by Bormashenko 

et al. (2013, p. 129-148), even if a wetting state is not the most thermodynamically stable 

state, the transition to the most energetically favorable state can involve an energy barrier 

caused by the temporarily unfavorable transition state. Thus, once a solid-water contact 

forms through fluctuations, the formed state might be metastable and last for some time. If 

the appearance of these metastable solid-water interfaces is frequent, temporary states might 

affect the overall observed nucleation rate.  

5.5.2 Average Gibbs energy barrier 

The above has yielded that even if Δ𝐸 is satisfied for completely smooth surfaces, in some 

areas there might be partial contact with solid and water due to flow conditions. In such a 

case the local roughness becomes a major factor affecting nucleation rate. In addition, if Δ𝐸 

is only satisfied for rough surfaces to begin with, the local variations in roughness and flow 

conditions become even more important. 

As the nucleation rate can thus vary locally, confusion arises as to what is actually then the 

Gibbs energy barrier on macroscopic scale. To avoid confusion in later discussion, the 

measureable average nucleation rate 𝑁𝐴 [1/s] (on a given surface area 𝐴) and local nuclea-

tion rate 𝐽(𝑥, 𝑦) [1/m2s] can be used to define the average Gibbs energy barrier Δ𝐺𝑎𝑣𝑔
′  (and 

also an average value for the kinetic pre-factor 𝐾𝑎𝑣𝑔) with the help of Eq. (9): 

𝐾𝑎𝑣𝑔 𝑒𝑥𝑝 (−
Δ𝐺𝑎𝑣𝑔

′

𝑘𝑇𝑎𝑣𝑔
) 𝐴 = 𝑁𝐴 ≡ ∫ 𝐽(𝑥, 𝑦)

𝐴

𝑑𝐴 = ∫ 𝐾(𝑥, 𝑦)𝑒𝑥𝑝 (−
Δ𝐺′(𝑥, 𝑦)

𝑘𝑇(𝑥, 𝑦)
)

𝐴

𝑑𝐴 (32) 

Which leads to 

Δ𝐺𝑎𝑣𝑔
′ = −ln (

𝑁𝐴

𝐾𝑎𝑣𝑔𝐴
) 𝑘𝑇𝑎𝑣𝑔 (33) 

In the above equations, 𝑇𝑎𝑣𝑔 is the average temperature at the surface. In general, it should 

be possible to cover the effect of random fluctuations in a flow as well by using time aver-

aged values. However, here the above definition is only done to help understand the termi-

nology used so no specific definition is done for time-averaged case. 

5.6 Cloaking 

It is worth noting that any water layer that only partially covers an oil layer underneath it 

might in equilibrium be covered with a thin layer of said oil due to the formation of a three-
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phase contact line. Such a case was illustrated for a water droplet in Figure 15a. The phe-

nomenon occurs if the sum of interfacial energies 𝛾𝑂𝑊 + 𝛾𝑂𝐴 is smaller than 𝛾𝑊𝐴. The pa-

rameter that defines the phenomenon is called the spreading parameter and it is defined in 

this case as (Bormashenko 2013, p. 13-14) 

𝑆 = 𝛾𝑊𝐴 − (𝛾𝑂𝑊 + 𝛾𝑂𝐴) (34) 

Such spreading of oil to cover the water droplets or layer is called cloaking and it happens if 

𝑆 > 0 (Irajizad et al. 2016, Smith et al. 2013). If cloaking occurs, the water-air interface is 

replaced with a combination of water-oil and oil-air interfaces. Thus, in the equations of 𝐸𝑖, 

𝛾𝑊𝐴 is replaced with 𝛾𝑂𝑊 + 𝛾𝑂𝐴. However, this yields no change in the overall energy dif-

ference as the term 𝛾𝑊𝐴 was eliminated from all equations of Δ𝐸.  

5.7 Droplets on MAGSS 

The minimum magnetic field strength required to completely prevent solid-water contact is 

different for a water droplet and a wide layer of water or even a puddle. Thus, the nucleation 

rate is also different for the same surface area, or a volume of liquid, depending on whether 

water is in droplet form or spread out due to gravity. This surprising result can be found from 

the calculations of Irajizad et al. (2016). The difference occurs because with water droplets, 

the energy difference between states 1 and 2 is also affected by the differences in contact 

angles, which results with different surface areas depending on whether the water droplet is 

sitting on the oil or solid surface. In addition, as can be seen from Eq. (27), the force exerted 

on the droplet is directly proportional to the droplet volume, not the infusion height. Thus, 

as the volume of water infused into the ferrofluid grows with 𝑡2 and not 𝑡 as is the case with 

a simple layer, the energy required for infusion of a water droplet into contact with the solid 

surface is dependent on the square of the layer height 𝑡2 and not simply 𝑡.  

The equation for energy difference Δ𝐸 for a droplet is not presented here due to its complex-

ity but it can be found for the case of completely smooth solid surface from the supplemen-

tary information of the paper by Irajizad et al. (2016). Whether the nucleation rate is in-

creased or decreased for a water droplet vs a layer of water depends on the interfacial ener-

gies between all the four phases included, that is water, oil, solid and air and it needs to be 

calculated separately for each case. 

5.8 Striped magnetic surfaces and MAGSS 

The magnets used in the experiments of this thesis are flexible striped, multipole magnetic 

sheets that are a mixture of magnetic powder and suitable other components, which are often 

different kind of polymers that make the material flexible. The magnetic material on the 

sheets was in most cases neodymium but in some experiments, ferrite-based magnetic sheets 

were used. Out of these two the neodymium-based magnetic sheets are in general much more 

expensive but also much stronger.  

Key difference between the magnets used here and the magnets used in the original MAGSS 

ice nucleation experiments of Irajizad et al. (2016) is that they mostly used regular permanent 

magnets where two opposite surfaces of the magnet form magnetic poles, making the mag-

netic field at the surface near homogeneous except for the edges (Figure 17a), whereas the 

flexible magnets used here are multipole magnetic sheets where the magnetic field varies 

greatly among the surface due to alternating north and south poles (Figure 17b). In general, 

for the same ratio of surface area to thickness, multipole magnets offer a much stronger 
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magnetic field strength on the surface than regular magnets. This is because regular two-

poled magnetic surfaces increasingly loose flux density as the ratio of the surface area vs 

thickness increases, making such magnetization very unpractical in large surface applica-

tions. 

 

Figure 17. Magnetic fields around a) a regular two-faced magnet and b) a multipole magnet 

with a simplified Halbach configuration. Figure from K&J Magnetics (2019). 

More specifically, the magnetic sheets used in this thesis are Halbach array multipole mag-

nets, as opposed to the simpler alternative polarity multipole magnet design. The Halbach 

array effectively circles the magnetic field around the material, as seen in Figure 18. This 

results in the magnetic field mainly being focused on one surface and thus, a stronger field 

than with a regular alternating poles arrangement. This makes the Halbach array ideal for 

MAGSS surfaces. (Coey 2009, p. 478, Dura Magnetics Inc. 2019a) 

 

Figure 18. On the left, a comparison of magnetic fields on a regular multipole magnet sur-

face and Halbach array. Purple color indicates stronger magnetic field. On the right, a more 

detailed view of the magnetic orientation in Halbach array. (K&J Magnetics 2019, Dura 

Magnetics Inc. 2019b) 

However, in any multipole setup, the magnetic field strength is going to vary throughout the 

surface, as can be seen in the above figures where the density of field lines is obviously 

smaller around the transition area between the poles. These weak spots might make the anti-

icing effect locally much weaker, which might decrement the performance of MAGSS and 

gel-MAGSS. However, on their anti-scaling experiments with both liquid-MAGSS and gel-

MAGSS performed on multipole magnetic surfaces, Masoudi et al. (2017) did find very 

good results, suggesting the multipole magnetization might work on the anti-icing surface 

as well. Additionally, while no data was provided, Ghasemi et al. (2017) suggest in their 

patent that magnetic tapes, which feature multipole striped surface magnetizations, should 

work as well with MAGSS.  
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However, the precise effect of multipole magnetic surface remains unknown as no analysis 

or experiments have been reported on their performance as an anti-icing coating. It can be 

predicted that the weak spots are the dominant nucleating areas and as such, effort should be 

made in designing magnetic surfaces that maximize the magnetic surface in the weakest 

sections, rather than maximize the average magnetic field as is normally done. Additionally, 

in choosing a ferrofluid, a critical parameter to look for is the initial magnetic susceptibility, 

which determines how well the ferrofluid becomes magnetized in weak magnetic fields.  

5.9 MAGSS spreading and effects of gravity 

5.9.1 Background and the ferrohydrodynamic Bernoulli equation 

In a heat exchanger, the heat transfer surface is typically very large and usually consists of 

closed systems such as tubes. Thus, an important question for practical application is, can 

the ferrofluid layer be easily spread on the surface without precise mechanical work done by 

outside forces? As no fitting description was found for this situation in literature, a brief 

analysis of my own based on the theory of ferrohydrodynamics is now presented. 

The question can be investigated by a thought process that is first done on regular, two-faced 

magnets and then extended to multipole striped magnetic sheets. The coordinate system is 

set so that 𝑥 and 𝑦 are along the surface and 𝑧 normal to the surface. On a two-faced perma-

nent magnet, apart from the edges where the magnetic field strength is 𝐻 = 𝐻(𝑥, 𝑧) or 𝐻 =
𝐻(𝑦, 𝑧), we have approximately 𝐻 = 𝐻(𝑧) with 𝐻′(𝑧) < 0 i.e. magnetic field strength de-

creases with distance. When a volume 𝑉 of ferrofluid is placed on the surface, it experiences 

a body force 𝐹𝑚 pulling it towards the surface because of the stronger magnetic field 𝐻(𝑧) 

in that direction as per Eq. (27). This force increases the ferrofluid pressure near the surface 

and therefore causes the fluid to spread in all directions normal to the force. The increase in 

pressure is similar to how pressure increases due to gravity in water layers.  

On a finite sized permanent magnet induced field, once the ferrofluid reaches the edges of 

the magnetic field, there is a decrease in the magnetic field strength when traveling parallel 

to the surface in 𝑥- or 𝑦-direction. As the force exerted on the ferrofluid is dependent on ∇𝐻, 

this decrease in 𝐻 should induce a magnetic body force which prevents the ferrofluid from 

spreading away from the area of the magnetic field. Thus, the ferrofluid layer spreads on the 

magnetic surface and there is a force preventing it from leaving the field. 

For a more mathematical analysis, the balance at the static state can be inspected by the 

ferrohydrodynamic Bernoulli equation4 which includes magnetic body forces in ferrofluids. 

The differential form of the equation is written as (Rosensweig 1997, p.58) 

𝑑𝑝

𝑑𝑠
+ 𝜌𝑣

𝑑𝑣

𝑑𝑠
+ 𝜌𝑔

𝑑ℎ

𝑑𝑠
− 𝜇0𝑀

𝑑𝐻

𝑑𝑠
= 0 (35) 

where 𝑑𝑠 implies a direction along a streamline, 𝑝 is static pressure, 𝑣 is velocity, 𝜌 the den-

sity of the ferrofluid, ℎ the height, 𝑔 gravitional acceleration, 𝜇0 the permeability of vacuum 

and 𝑀 the magnetization of the ferrofluid. The equation can also be given in integrated form 

between two points 1 and 2 as 

                                                 
4 The form of ferrohydrodynamic Bernoulli equation used here is the simplest extension that includes mag-

netic effects to the regular Bernoulli equation. While more detailed, and thus also more accurate, equations 

that include the magnetorestrictive effects and interfacial energies have been derived, it is assumed here that 

the simple form is sufficient for this thesis i.e. the other terms are assumed to be negligibly small. 
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𝑝1 + 𝜌
𝑣1

2

2

+ 𝜌𝑔ℎ1 − 𝜇0 ∫ 𝑀
𝐻1

𝐻2

𝑑𝐻 = 𝑝2 + 𝜌
𝑣2

2

2

+ 𝜌𝑔ℎ2 (36) 

Defining �̅� =
1

(𝐻1−𝐻2)
∫ 𝑀

𝐻1

𝐻2
𝑑𝐻 as the field-averaged magnetization yields 

𝑝1 + 𝜌
𝑣1

2

2

+ 𝜌𝑔ℎ1 − 𝜇0�̅�(𝐻1 − 𝐻2) = 𝑝2 + 𝜌
𝑣2

2

2

+ 𝜌𝑔ℎ2 (37) 

Eq. (37) helps understand the significance of the magnetic term in the Bernoulli equation; a 

decreasing magnetic field strength causes a force that opposes flow of fluid, whereas in-

creasing magnetic field strength induces a flow. 

Going back to the case of thin ferrofluid layer on a magnetic surface, points 1 and 2 can be 

chosen anywhere at the surface of the ferrofluid layer. Gravity can be neglected as the 

changes in ℎ are small due to the small layer height. In a static situation velocities are zero 

and since both points are at the surface 𝑝1 = 𝑝2 = 𝑝0, where 𝑝0 is the atmospheric pressure, 

Eq. (37) reduces to 

∫ 𝑀
𝐻2

𝐻1

𝑑𝐻 = 0 (38) 

Since magnetization 𝑀 always has a positive value (Rosensweig 1997, p.59), this yields 

𝐻1 = 𝐻2. Thus, when the layer is horizontal, the magnetic field strength is the same every-

where on the surface. Apart from the edges, between any two points 1 and 2 we have the 

condition 𝐻1 = 𝐻(𝑧1) = 𝐻(𝑧2) = 𝐻2. Thus the layer height 𝑧 has to the same everywhere 

apart from the edges, where a curve will form.  

Note that interfacial energies are neglected in this analysis. Including them leads to the pres-

ence of surface waves that were presented in chapter 5.3, but for this analysis they can be 

neglected. 

Once a large surface is tilted, the effect of gravity has to be considered. As an extreme ex-

ample, a vertical surface covered with FF with magnetic field gradient towards the surface 

can be inspected. First the surface is tilted instantaneously from horizontal to vertical angle. 

Now, at a point at the bottom edge of the surface, the pressure is suddenly increased by Δ𝑝 =
𝜌𝑔ℎ. The increased pressure pushes the ferrofluid at the bottom surface downwards, but 

simultaneously as the ferrofluid expands to new area, an increasingly large opposing force 

of approximately 𝐹𝑚 ≈  Δ𝑉𝜇0𝑀𝛻𝐻, where Δ𝑉 is the volume of the ferrofluid that has ex-

panded to a new area, is created. As the opposition to downward direction increases, fer-

rofluid starts spreading in other directions, where resistance is smaller until Δ𝑉 is such in all 

directions that the forces induced by gravitational pressure are compensated.  

The situation in the balance can again be described by the generalized Bernoulli equation. 

Choosing two points at the ferrofluid layer surface again, point 1 at the top of the heat ex-

changer and point 2 at some height ℎ2, and eliminating the velocity and static pressure terms 

from Eq. (37)  yields 

𝜇0�̅�(𝐻1 − 𝐻2) = 𝜌𝑔(ℎ1 − ℎ2) (39) 
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Now since 𝑀 cannot be negative, this can only be true if 𝐻1 > 𝐻2 which can happen only if 

point 1 is closer to the surface than point 2. Thus, starting from the bottom, the higher on the 

surface we go, the higher the value of magnetic field strength 𝐻 has to be at the surface of 

the ferrofluid layer and therefore the lower the layer has to be. In other words, the gravity 

induced pressure needs to be countered with an increasingly large difference in magnetic 

field strength between the two points and this causes a tilt or a curve in the ferrofluid layer 

as depicted in Figure 19. Although interfacial energy (more commonly referred to as surface 

tension in this context where an air-liquid interface is involved) is neglected from Eq. (37) 

it is important to remember that it is crucial in how the ferrofluid stays intact at the bottom 

i.e. the ferrofluid does not disperse into small droplets which makes it possible for the mag-

netic force to act on the entire fluid volume. 

 

Figure 19. MAGSS surface thinning under gravitational forces. The figure is not in scale, 

actual changes are likely much smaller. Actual shape can be very different as it depends on 

the function 𝐻(𝑧). 

The situation can be described in terms of the differential form of the Bernoulli equation as 

well. Eq. (35) yields that there has to be enough of a slope in 
𝑑𝑧

𝑑𝑠
 so that  

0 = 𝜌𝑣
𝑑𝑣

𝑑𝑠
= 𝜇0𝑀

𝑑𝐻

𝑑𝑧

𝑑𝑧

𝑑𝑠
− 𝜌𝑔

𝑑ℎ

𝑑𝑠
 (40) 

at all points on the surface of ferrofluid.  

Thus, the requirement for a static state on vertical surface is a high enough slope 
𝑑𝑧

𝑑𝑠
. It is 

possible then to imagine a situation where due to the limited volume of ferrofluid on the 

surface, such a slope cannot be achieved even with the top edge of the surface having a layer 

height of ℎ𝑙𝑎𝑦𝑒𝑟 = 0. This is because the bottom part of the layer cannot thicken more than 
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the volume of ferrofluid allows. In such a situation it is then expected that a flow will con-

tinue until a high enough slope is achieved, thus leaving some section of the top completely 

exposed and without a layer as illustrated in Figure 20. The limit height at which this starts 

to happen depends on the gradient of magnetic field strength function 𝐻(𝑧). 

 

Figure 20. Illustration of insufficient volume of ferrofluid in combination with thinning due 

to gravity leaving top sections of MAGSS exposed i.e. without a ferrofluid layer. 

Additionally, at some level of ℎ, the gravitational force will be so high that the magnetic 

field is not strong enough to counter it. This should lead to a flow of ferrofluid away from 

the magnetic field at the bottom, until a new balance is reached where enough of the top is 

exposed and ℎ is thus smaller. The critical height for this can be found from the ferrohydro-

dynamics Bernoulli equation by setting the upper point directly at the magnetic surface so 

that 𝐻2 = 𝐻0 and the lower point to just outside the magnetic field so that 𝐻1 = 0 . This 

gives the maximum magnetic energy available. As static pressure is once again the ambient 

pressure 𝑝 = 𝑝0 at both points, the velocity change is positive (i.e. there is flow away from 

the surface) if  

𝜇0 ∫ 𝑀
𝐻0

0

𝑑𝐻 = 𝜇0�̅�𝐻0 < 𝜌𝑔Δℎ (41) 

The flow should continue until the height differences are such that 𝜇0�̅�𝐻0 = 𝜌𝑔Δℎ . 

Whether exposing of the top happens before or after some ferrofluid has bled off the surface 

depends on the volumetric amount of ferrofluid on the surface. 

5.9.2 Non-vertical angles 

Two major simplifications that were used in the above derivation were a completely vertical 

surface and a homogeneous magnetic surface. For the vertical assumption, the simplifica-

tions are easily overcome, as the equations are exactly the same for any tilt angle as long as 

one remembers that ℎ is still the vertical height and is no longer equal to the length along the 

solid surface. 
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5.9.3 Spreading on magnetic stripes 

If the surface is not magnetically homogeneous, the situation can get a bit tricky. This is the 

case on a multi-pole striped magnetic surface. On a magnetic stripe, the magnetic field lines 

are curved as seen in for example Figure 18. In static conditions, the condition of Eq. (38) 

needs to be satisfied on the striped surface as well. On a striped magnetic surface 𝐻 =
𝐻(𝑧, 𝑦𝑠) where 𝑦𝑠 is now the coordinate along the surface, perpendicular to the stripes as 

depicted in Figure 21. With regard to 𝑦𝑠, 𝐻 is now a periodic function with respect to the 

distance between centers of the stripes. Between the stripes, 𝐻 = 𝐻(𝑧, 𝑦𝑠) = 𝐻𝑦𝑠
(𝑧)  is 

weaker, thus the distance 𝑧 where the same value of 𝐻 is reached is smaller between the 

stripes than on the stripes. In other words, in the horizontal case where 𝐻 has to be equal 

everywhere, the weak sections should have a lower layer height. This is likely the cause of 

the wavy structure on magnetic tape that was observed in the experiments of Irajizad et al. 

(2016) and can be seen in Figure 21. 

 

Figure 21. Water droplet laying on a striped MAGSS. Scale bar is 1 mm. Figure taken from 

Irajizad et al. (2016) and edited to add the coordinate axis. 

This wavy structure might have important consequences for the anti-icing performance of 

MAGSS as the layer height is significantly lower at the “pits” of the waves. In addition, the 

magnetic field strength is weaker in these sections, which decreases the magnetic energy 

further as per Eq. (28). This allows the possibility of solid-water contact even if the average 

surface height is sufficiently large.  

Note that the phenomenon is different from the surface waves caused by the competition 

between interfacial energies and the magnetic force. It is unknown whether the surface 

waves are present at all on MAGSS on a striped magnetic field. Based on the visual evidence, 

if they are, the amplitude should be very small.  

5.9.4 Magnetic stripes under gravity 

For the tilted case, if the stripes are exactly the same direction where the differences in height 

occur, all the previous equations hold as each stripe and areas between them can be evaluated 

individually.  

If there are height changes perpendicular to the stripes, the equations change slightly as the 

magnetic field strength is now a function of both 𝑧 and 𝑦𝑠, where 𝑦𝑠 is again the coordinate 

along the surface, perpendicular to the stripes. Thus, the condition of Eq. (40) 

𝜇0𝑀
𝑑𝐻

𝑑𝑠
− 𝜌𝑔

𝑑ℎ

𝑑𝑠
= 0 

yields 

𝜇0𝑀 (
𝑑𝐻

𝑑𝑧

𝑑𝑧

𝑑𝑠
+

𝑑𝐻

𝑑𝑦𝑠

𝑑𝑦𝑠

𝑑𝑠
) − 𝜌𝑔

𝑑ℎ

𝑑𝑠
= 0 (42) 
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Magnetic field strength 𝐻  still decreases everywhere as distance to the surface 𝑧  is in-

creased, even if the local function 𝐻𝑦(𝑧) is different for different 𝑦. Thus, once a tilt angle 

is induced, it is clear that a similar thinning effect will be observed. However, it might be 

that even before entire exposure happens, in the weaker, lower sections a sufficient slope 

cannot form anymore, leading to the exposure of the weak parts. This would essentially mean 

that the surface becomes visually striped with ferrofluid only being located at the stronger 

sections. 

The condition of ferrofluid bleeding is a little different as well. As the magnetic field 

strength at the magnetic surface is significantly smaller in the sections between the stripes, 

in these sections the magnetic field strength limits are reached with much lower Δℎ than in 

the stronger parts i.e. Eq. (41). This should then induce a flow away from the surface, and 

thus, bleeding should be controlled by the weakest parts of the surface.  

If the weak sections are indeed the dominant factor in whether bleeding occurs or not, bleed-

ing might be a real issue at least on the cheaper ferrite magnets. To evaluate this some ex-

ample calculations can be done. If it is assumed that the weakest parts of the magnetic field 

have a magnetic flux density 𝐵 value of 5 mT=0.005 T, which is a reasonable assumption 

for a ferrite magnetic sheet, the magnetic field strength is (Amin et al. 2005) 

𝐻0 =
𝐵

𝜇0
=

0.001 T

1.2566 ⋅ 10−6  
T ⋅ m

A

≈ 3980 A/m  

For evaluating whether bleeding happens, the average magnetization �̅� is still needed. Ac-

cording to Franklin (2003, p. 60), for low magnetic field strengths the average magnetization 

of a ferrofluid can be approximated as �̅� ≈
𝜒𝐻0

2
 where 𝜒 is the initial magnetic susceptibility 

and for example for Ferrotec EFH1 ferrofluid (which is also used in the experimental section 

of this thesis) 𝜒𝐸𝐹𝐻1 = 1.552. Solving Δℎ from Eq. (41) yields the condition for critical 

height difference above which ferrofluid will start flowing away from the surface until new 

balance is reached 

𝜇0𝜒𝐻0
2

2𝜌𝑔
< Δℎ 

Inserting the values obtained above and of EFH1 density 𝜌 = 1.169
kg

m3  from Amin et al. 

(2005) yields 

Δℎ >
1.2566 ⋅ 10−6  

T ⋅ m
A 1.552 (3980

A
m)

2

2 ⋅ 1.169
kg
m3 9.81

m
s2

≈ 1.35 m   

Even lower values than 5 mT might be present at the weakest sections of thin ferrite magnetic 

sheet. As the critical height is dependent on the square of the magnetic flux density, a drop 

to for example 1 mT yields a critical height of only 5 cm. In addition, even before ferrofluid 

flow away from the surface is initiated, considerable thinning will occur at the higher sec-

tions. Thus, for weak ferrite magnetic sheets, the height can become a critical factor limiting 

the geometry of heat exchangers. On the other hand, if the minimum magnetic flux density 

is kept above 10 mT, the critical height increases to over 130 meters. Thus, on the stronger 

neodymium magnetic sheets, changes in height should not be a problem. 
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5.10  Durability under shear flow 

In a supercooling heat exchanger, a continuous flow is always present. Thus, it is important 

that the layer of FF does not deplet away or at least the depletion rate has to be extremely 

small to ensure durability in long term operation. Experiments performed by Irajizad et al. 

(2016) showed that on MAGSS the depletion rate is minimal if the shear flow is kept small 

enough and magnetic field strength is high enough. However, the data from the experiments 

is very limited, especially for water flow. Thus, no predictions of the long term durability of 

MAGSS can really be made, other than that even moderately strong magnets should likely 

be able withstand at least slow laminar flow. 

As the entire surface of MAGSS is under shear stress in flow conditions, it is expected that 

this shear stress will cause a force that tries to rip the layer away from the surface. No anal-

ysis of the forces or their magnitudes was found and modelling them is likely to be difficult 

task. Therefore only a brief discussion on possible mechanisms for depletion of the layer is 

now provided. 

At the inlet the shear stress will induce forces that have component that drives the surface 

away from the layer due to curvature of the surface seen in Figure 21. The same situation 

occurs at the trailing edge. If there are surface waves of any kind present against the flow, 

the shear forces will try to force the ferrofluid to leave the surface. Perhaps most importantly, 

the shear stress from the flow should initially cause a flow of ferrofluid in the direction of 

the flow, similar to how gravity was predicted to effect the layer (Figure 19). This will likely 

happen until at the trailing edge, enough of a difference in magnetic field strength occurs so 

that the flow is opposed by magnetic forces. The trailing edge is thus the weakest part of the 

surface, as more ferrofluid gathers there and the ferrofluid is therefore “stretched” towards 

the edges of the magnetic field. In combination with direct, possibly fluctuating shear force 

of the flow, small droplets of the ferrofluid might drip away from the trailing edge easier 

than anywhere else, especially in turbulent conditions.  

It is likely that wherever depletion happens, the escaping droplets will be extremely small. 

This is because the force required to remove an object from the magnetic field is proportional 

to the droplets volume and thus smaller droplets would require a smaller force. However, as 

the surface area compared to the volume of the droplet gets larger as the droplet radius de-

creases, interfacial energies tend to favor larger droplet sizes. Thus, there likely exists an 

optimum droplet size and a corresponding minimum force required for removal. 

In case of large surfaces, it might be possible to compensate the effect of shear forces by tilt 

angle induced gravity effect in the opposite direction. That is, if the flow is flowing upwards 

so that there is difference in height between the inlet and the outlet, gravity will induce a 

force in opposite direction compared to the shear induced flow, which might reduce the ef-

fects of shear induced depletion. Whether this is possible in practice naturally depends on 

the magnitudes of forces involved. 

5.11 Conclusions from the analysis of liquid-MAGSS 

Based on the above analysis, liquid MAGSS seems like a very promising coating for a su-

percooling heat exchanger due to the highly increased Gibbs energy barrier for nucleation 

compared to any regular surface and the resulting low nucleation rate. In theory, low surface 

temperatures of even less than 𝑇 = −20°C might be achievable with small nucleation rates. 

However, as these would require either a very strong magnetic field or a thick layer, and 

because a flow situation (especially turbulent) might decrease the performance of the surface 
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compared to a static case, in real life applications the achievable surface temperatures may 

end up somewhat more conservative due to partial solid-water contact forming.  

However, a weaker magnetic field can be somewhat compensated by inducing roughness to 

the surface and by optimizing the ferrofluid properties. The roughness should be in small 

scale so that there are no locally “higher” sections, but it should maximize the roughness 

factor 𝑅. For ferrofluids, high initial magnetic susceptibility is preferred along with good 

durability. In addition, the solid-carrier fluid combination should be such that the value of 

Δ𝐸 in Eq. (30) is as high as possible even without the magnetic energy included. In practice, 

this means that the combination of solid surface and ferrofluid carrier fluid would ideally be 

such that it could be used for SLIPS as well, with the magnetic force only improving the 

performance.  

The analysis also yielded valuable information on the spreading and stability of liquid 

MAGSS in practical applications. For horizontal surfaces, when a magnetic field with a gra-

dient normal to the surface is present, ferrofluid should spread evenly on the surface regard-

less of the type of magnetization. However, if the heat exchanger is tilted, the FF layer height 

decreases at the higher sections because the gravitational forces require a slope to form on 

the surface. At some critical level, due to volume limitations, enough of a slope cannot form 

and thus, the solid surface is completely exposed in the upper sections. In addition, once the 

height differences in the heat exchangers are high enough, gravitational forces on the liquid 

will likely induce bleeding of the ferrofluid.  

Both of these effects are amplified when using striped magnets as the weakest spots are 

expected to determine whether at least some sections are exposed or not. This happens re-

gardless of stripe orientation. At least for ferrite based magnets, this might pose a real prob-

lem as the required heights for bleeding can be low and the visible thinning effects should 

appear even earlier. Based on the analysis it seems that the exposure of weak sections nor 

bleeding cannot be eliminated by inserting stronger sections of magnetic field on the surface, 

as weaker sections will be the dominant factor. It is also worth noting that changes in the tilt 

angle to temporarily lower values in the middle of the heat exchanger or even certain sections 

of upwards tilt will not solve the issue of exposed sections as the potential energy only de-

pends on the height difference between two points. Overall, this might limit the possible 

geometries that can be used in the heat exchangers, especially in large scale.  

In general, horizontal designs with minimal height differences should be favored. As an ex-

ample, while for example in a horizontally placed tube the local tilt angles are high, the 

differences in height are minimal, which suggests ferrofluid should easily spread evenly on 

the inside of small tubes without major thinning. 

The findings from analyzing thinning and bleeding as well as the thermodynamic states and 

nucleation suggest that for the magnetic surface configuration, focus should be on maximiz-

ing the magnetic field on the weakest sections of the surface, rather than focusing on the 

average magnetic field strength. In practice this might for example mean that the north-south 

stripes should be very thin and as close to one another as possible.  
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6 Analysis of gel-MAGSS 

6.1 Introduction 

As the possible problems caused by gravity, shear flow and the use of striped magnetic sheets 

have now been presented, it is worthwhile to analyze how these problems could be solved 

with gel-MAGSS that has an additional polymer skeleton holding the ferrofluid in place. 

Additionally, since gel-MAGSS has never been tested for anti-icing purposes, it is important 

to understand the main differences between MAGSS and gel-MAGSS and how these affect 

their functionality. For the analysis to be possible, at least a brief understanding of the gel 

structure and formation is needed. Thus, a brief introduction to the gels used is now pre-

sented. 

6.2 Structure and gelation 

The gel that is used as gel-MAGSS coating here is a thermoreversible gel, meaning that over 

a certain temperature it behaves as a liquid but once it is cooled below its sol-gel transition 

temperature, it attains a finite elastic response. This means that up to certain threshold, when 

a shear strain is extorted on the gel, it will strain but will not start flowing and once the strain 

is removed, the gel returns to its original form. (Nguyenmisra & Mattice 1995, Lattermann 

& Krekhova 2006) 

In this thesis, the elastic gel behaviour is achieved by mixing a triblock ABA copolymer 

with the EFH1 ferrofluid, heating the mixture to well over 100 °C and after sufficient time, 

cooling the mixture. Triblock ABA copolymers consist of three distinct blocks, two A end-

blocks and one B midblock between them in a linear polymer chain. In the experiments of 

this thesis, the polymers are SEBS type polymers where the endblocks are made of polysty-

rene (PS) and midblocks are made of poly(ethylene butylene) (PEB) (Figure 22a), but in 

theory, any block combination of carrier fluid and ABA triblock copolymer can be used if 

they behave as follows: when heated, the PEB midblock is dissolved in the ferrofluid, or 

more precisely the carrier oil of the ferrofluid, and remains dissolved upon cooling. How-

ever, the PS endblocks are not very soluble in the carrier oil. Since they also have a high 

glass-transition temperature, as the mixture is cooled the PS endblocks of the molecule 

chains aggregate into glassy PS cores consisting of multiple PS endblocks from different 

molecules. (Mortensen et al. 2002, Durrschmidt & Hoffmann 2001, Lattermann & Krekhova 

2006)  
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Figure 22. a) SEBS polymer structure b) The cross-linked structure of SEBS gel. Here, ag-

gregated micelle corresponds to a micelle domain c) Visual image of a cross-section of the 

ferrogel. The red scale bar is 100 𝜇m. Figure reprinted with permission from Masoudi et al. 

(2017). Copyright 2017 American Chemical Society. 

The PS cores are the main building block of the network. A SEBS polymer connected to a 

PS core can have three different configurations. In the first one, called looping, the second 

PS endblock of the same molecule is connected to the same PS core via the PEB midblock 

making a loop. In the second one, called dangling, the other end of the molecule is left hang-

ing in the carrier fluid. These two configurations, looping and dangling, are mostly respon-

sible for the formation of micelles or micellar cores, which consist of the PS cores and their 

surroundings, where a high concentration of PEB midblocks and some PS endblocks is pre-

sent together with some carrier fluid swollen in to fill the gaps. (Nguyenmisra & Mattice 

1995) 

In the third configuration for the PS endblock in PS cores, called bridging, the other PS 

endblock is connected to a different PS core thus connecting the cores physically. As a result, 

the micellar cores form tightly interconnected clusters which start to form bridges to other 

micellar cores (Figure 22b). Once there are enough bridges to connect sufficient number of 

clusters to span the entire volume, the physical, cross-linked network is complete and gela-

tion occurs. Still, some pure liquid phase can exist between the micellar domain clusters, as 

well as single SEBS polymer, single micellar domains or small clusters of domains uncon-

nected to the larger network. The “free” liquid is presumably kept in place by interfacial 

energies although this is not discussed specifically in the literature. (Nguyenmisra & Mattice 

1995, Lattermann & Krekhova 2006) 

In ferrogels, the magnetite particles have been found to preferably locate in the “free” carrier 

fluid between the micellar domains. Importantly, since the magnetite particles are present 

inside, the gel retains the ferrofluids superparamagnetic functionality. It is noteworthy that 

these volumes of free ferrofluid are very small; visually the surface of the ferrogel is near 

homogeneous. It is then not surprising that if the polymer content is increased too much, the 

magnetite particles start to agglomerate and precipitate as grainy, solid phase. This is be-

lieved to be the result of the extensions of the micellar domains and subsequent absorption 

of the carrier fluid into the micellar domains, thus leaving no room for the free ferrofluid to 

exist. On the other hand, if there is too little polymer content, some of the ferrofluid escapes 

the polymer network upon gelation and thus two phases, gel and liquid, form. (Krekhova & 

Lattermann 2008, Durrschmidt & Hoffmann 2001) 
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As mentioned previously, the SEBS type ferrogels are thermoreversible. Thus, if tempera-

ture is increased enough again after gelation, the gel becomes visco-elastic and further heat-

ing turns it back into a fully flowing fluid. In other words the gelation process is repeatable. 

This sol-gel transition temperature increases with increasing polymer concentration as the 

network density increases. Additionally it is affected by polymer properties; the molecular 

weight and thus the length of the PEB midblocks compared to the PS endblocks as well as 

overall molecular weight play a role. The sol-gel transition temperature has been found to 

have only very slight dependence on the magnetite concentration until high concentration of 

above 30%, where the transition temperature suddenly rises. It is believed that this is caused 

by the chainlike aggregation of the nanoparticles themselves which might add up to another 

network in addition to the SEBS network. (Krekhova et al. 2010, Lattermann & Krekhova 

2006) 

The micellar core size seems to vary between with the carrier fluid, polymer molecular 

weight and polystyrene content affecting it. For example, in some studies of neat gels, the 

micellar core diameter has been between 19.4 and 22.4 nm (Laurer et al. 1996) or even 6.8 

nm (Durrschmidt & Hoffmann 2001), although it’s unclear whether the latter refers to the 

entire micellar core or just the PS core. In addition, for ferrogels made with one of the poly-

mers used in this thesis (Kraton G1650) it was found that the mean size of the PS cores was 

17 ± 1.4 nm and micelle cluster size was 66–117 nm radius (Lattermann & Krekhova 2006). 

In another study, the mean PS core diameter was between 12.5-22.5 nm depending on the 

carrier fluid, polymer molecular weight and polymer content (Krekhova & Lattermann 

2008). 

6.3 The performance affecting parameters of gel-MAGSS 

6.3.1 Interfacial interactions 

The presumed anti-icing performance of gel-MAGSS is the result of the same mechanism 

as with liquid MAGSS and SLIPS; eliminating the solid-water contact and replacing it with 

liquid-liquid interface increases the Gibbs energy barrier for nucleation. Masoudi et al. 

(2017) assumed that the prevention of the solid-water interface should be the result of the 

same magnetic volumetric force as is the case with regular MAGSS. This does seem like 

feasible possibility at first; after all, the gel does contain the ferrofluid with magnetic nano-

particles which results in a volumetric force exerted on the gel. Indeed, the results of their 

study were excellent; gel-MAGSS drastically reduced scale formation compared to an un-

coated surface i.e. it increased the Gibbs energy barrier for salts crystal nucleation. 

However, for optimizing the performance of the surface in future applications, it is important 

to understand its functionality and the parameters affecting the performance. For now, it is 

unclear what the effect of the polymer skeleton is as it is a foreign solid object inside the 

ferrofluid and could thus function as a nucleating agent. Masoudi et al. (2017) suggested that 

there may indeed be a small fraction of solid-water interface when gel-MAGSS coating is 

used but that with appropriate composition, a thin liquid layer forms on top of the gel pre-

venting most solid-water contact. However, Figure 22c taken from their studies suggests that 

large portions of the surface are not covered with a liquid layer. Furthermore, as the resulting 

FF layer above the gel would be extremely thin, the volumetric energy of the layer would be 

very small. Thus, it seems unlikely that the existence of a very thin, partial liquid layer would 

be enough on its own to prevent a formation of an interface between the polymer and water. 

Thus, the sole reason for reduced nucleation might not be the thin liquid layer and alternative 

explanations are worth exploring. 
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Instead of just the thin liquid layer preventing nucleation, it might also be that the pure gel 

form itself might also increases the Gibbs energy barrier. While the micellar cores mostly 

consist of the polymer and the pure carrier fluid swollen in with very little magnetite parti-

cles, it might be that the interfacial energies rising from the molecular interaction between 

the polymer components and the carrier fluid in the micelle are enough to prevent water-

solid contact between the polymer and water. In fact, this situation seems very similar to 

how SLIPS type surfaces operate and somewhat similar to how the nanoparticles are as-

sumed to have no effect on nucleation due to their surfactants. If Eq. (26) is satisfied for the 

polymer-oil-water combination so that it is energetically favored for oil-polymer and oil-

water interfaces to form rather than water-polymer, no magnetic force might be needed for 

the prevention of solid-water contact in the gel.  

Since the PEB midblock of the polymers is dissolved in the carrier fluid, any contact between 

the midblock and water seems extremely unlikely. For PS core evaluation, the interfacial 

energy between water and polystyrene (in glassy state) vs the carried fluid and polystyrene 

(glassy state) would need to be known with the presence of the PEB midblock of the same 

molecule taken into account. Such data is not easy to get. However, even if the PS-water 

interface would be energetically favored compared to PS-carrier fluid interface, the PS cores 

are surrounded by loops and dangles of PEB midblocks, to which the carrier fluid is highly 

attracted. Thus, the surrounding PEB midblocks might help prevent the infusion of water 

into contact with the PS cores.  

If the above logic holds, it would also lead to the unlikeliness of infusion of water through 

the gel to form solid contact with the surface underneath, as the infusion would require the 

penetration either through the free ferrofluid or through the micelles. Either case would re-

quire an energetically costly transition state. However, it cannot be neglected that for exam-

ple added kinetic energy from a flow might help overcome the energy barrier, leading to at 

least temporary solid-water contact between the PS cores and water and if these interfaces 

are forming with relatively high frequency, they might affect the nucleation rate. It is even 

possible that water might eventually penetrate through the gel layer resulting in permanent 

solid-water interfaces. 

However, in case the contact was with the PS cores, the size of the PS cores themselves 

might play a role in nucleation. This is because their size is in nanometer scale. As was 

described in chapter 3.5, if surface features are in scale of less than 10 𝑟𝑐𝑟𝑖𝑡, their radius of 

curvature starts to have significant impact on the value of 𝑚 and 𝑓. Thus, convex features, 

such as PS core spheres in scale less of approx. 10 nm or less might inhibit nucleation. By 

changing the polymer size and composition, it might be possible to tune the PS core size 

smaller so that radius of curvature 𝑅𝑐𝑢𝑟𝑣 on the PS cores is less than 10 𝑟𝑐. 

6.3.2 Effects of gravity and shear 

As the ferrogel layer is elastic up to a certain shear rate, it is possible that fluid depletion due 

to shear can be almost completely prevented as FF flow to the trailing edge cannot progress. 

Sections of free ferrofluid inside the gel should also be unlikely to be removed as they have 

an increased concentration of nanoparticles due to part of the carrier fluid swelling the mi-

celles.  

However, one possibility is the slow progress of the complete ferrogel layer towards the 

trailing edge. This possibility cannot be denied so easily as technically the movement across 

the surface is prevented only at the trailing edge where a large gradient in 𝐻 is present, as 

was the case with liquid-MAGSS surface. However, if we assume the gel mostly retains its 
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shape, when the gel starts leaving the magnetic field, the shear force has to either break apart 

the interfacial forces of the polymer skeleton itself or remove the entire layer, which requires 

very high force due to the large magnetized volume being removed. Thus, intuitively even 

with this method, the resistance against shear flow should be orders of magnitude larger than 

with liquid-MAGSS. 

The arguments are even clearer for the case of gravitational thinning. As the gel is elastic, 

the thinning of the layer should be practically meaningless, as long as the gels ability to resist 

strain is sufficient. Bleeding of ferrogel is very unlikely due to the same reasons why shear 

depletion should be minimal. Thus, the gel should be much more resistant to gravitational 

effects than liquid-MAGSS. 

6.4 Spreading a homogeneous ferrogel on a heat exchanger 

In the study done on anti-scaling performance of gel-MAGSS, the thin gel layer was cut with 

precise equipment and placed on the magnetic surface (Masoudi et al. 2017). However, in 

practical application this is very inconvenient and possible even impossible in closed heat 

exchanger configurations. Thus, the ferrogel layer would preferably be cast directly onto the 

magnetic surface in liquid form where it spreads and then upon cooling reaches the sol-gel 

temperature and obtains elastic structure. However, casting such thin layers of ferrogels on 

large surfaces has not been studied. It is possible that for example the polymer might to some 

extent separate into its own phase as its not responsive to magnetic forces. Thus, the effec-

tiveness of spreading will have to be confirmed experimentally. 

As an interesting side note, the experiments of Nadasi et al. (2019) showed that if the cooling 

of a gelator-solvent mixture to sol-gel transition temperature is done while homogeneous 

magnetic field is present, the gel can attain stripe-like features along the direction of the 

magnetic field (Figure 23). This suggests that the magnetite particles align in the form of 

chains, which increases the magnetic field along the chain line.  

 

Figure 23. Striped features in ferrogel after casting and cooling the gel under the magnetic 

field. The stripes are along the direction of magnetic field. Figure from Nadasi et al. (2019) 

6.4.1 Ferrogels on striped magnetic surfaces 

For the striped magnetic surfaces, all the previously presented arguments should hold. Ad-

ditionally, if the magnetite nanoparticles do indeed align themselves in stripes with the mag-

netic field during sol-gel transition permanently, it might be that the magnetite chains add 

another resistance to movement of the gel, as moving them to another spot would mean they 

are not aligned with the magnetic field anymore. Naturally, such movement would be op-

posed by magnetic forces. This would cause additional resistance to both shear stress and 

gravitational forces. 
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In addition, the effect of the “weak spots” that exists between the stripes might be drastically 

less important in increasing nucleation rate. This is because if the theory holds that interfacial 

energies prevent solid-water contact inside the gel and also the infusion of water to the solid 

surface, the effectiveness of the coating is less dependent on magnetic field strength. In fact, 

it can even be theorized that no magnetic field is needed at all to prevent nucleation and the 

gel alone might act as a SLIPS type anti-icing coating, although the magnetic force is still 

needed to keep the gel in place. Whether this is the case would require comparative studies 

on ferrogels with and without magnetic fields induced. 

6.5 Conclusions from the analysis of gel-MAGSS 

Based on the analysis, the performance of gel-MAGSS as an anti-icing coating likely de-

pends largely on what the interfacial energies between the gelator polymer, oil and water 

are. This is because the functionality of gel-MAGSS is expected to be at least partially more 

similar to SLIPS type surfaces than liquid-MAGSS in that interfacial energies between the 

polymer network and the carrier oil might also prevent water infusion into contact with the 

solid surface underneath. This also means that the performance of gel-MAGSS can possibly 

be optimized by using different combinations of gelator and carrier fluid to yield more opti-

mal interfacial energy combinations. In addition, tuning the gelator composition might lead 

to small PS core sizes that further limit nucleation. Regardless, partial pinning might still 

occur both between the PS cores and water, as well as the solid-surface in water, especially 

under flow conditions. As was the case with liquid-MAGSS, partial pinning is expected to 

be amplified under turbulent flow conditions. 

If the anti-icing performance of gel-MAGSS is indeed not highly dependent on magnetic 

field strength, it might be that the effect of the weak spots in the magnetic field is smaller in 

gel-MAGSS. This might even make gel-MAGSS a more effective anti-icing surface on weak 

magnetic fields which might prove important as the weaker ferrite-based magnets are also 

much cheaper than the strong neodymium based magnets. 

However, magnetic forces are likely still needed to prevent solid-water contact from forming 

in the free ferrofluid areas between the micellar cores and to lock the ferrogel in place. Still, 

gel-MAGSS is likely to be more durable than liquid-MAGSS under both shear and gravita-

tional forces if similar magnetic forces are used. It is possible that the durability is even 

improved if direct casting of the gel to a magnetic surface is done in liquid form, as oriented 

stripes can help withstand higher forces. However, the spreading behavior of gel-MAGSS 

in liquid form is not known at this point and it will have to be determined experimentally 

whether an even coating can be cast. 
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7 Experimental section 

7.1 Objectives 

As the discussion in the theoretical sections showed, both liquid-MAGSS and gel-MAGSS 

look very promising for use as an anti-icing coating on a supercooling heat exchanger. In 

theory, either one of them might provide a surface that can lower the nucleation rate by such 

amount that constant supercooling of water to relatively high degrees can be achieved. In 

addition, the ice adhesion might be so weak that the ice can be removed by the shear force 

of increased water flow, thus removing the need for melting periods. However, as such a 

concept has never been tried before, multiple questions remain open. These are compiled to 

a list below 

1. MAGSS anti-icing performance when magnetic stripes are used instead of regular 

permanent magnets  

2. MAGSS anti-icing performance when large surface areas and shear flow are involved 

3. MAGSS spreading on larger surface areas, especially under significant tilt angles 

4. Anti-icing performance of gel-MAGSS both under shear flow and without flow 

5. The even spreading of gel-MAGSS on large surfaces while maintaining homogene-

ous structure 

6. Durability of both liquid-MAGSS and gel-MAGSS in long term use under shear flow 

7. Ice adhesion on gel-MAGSS 

In search of answer to at least some of these questions, as a part of this thesis multiple ex-

periments were conducted. Their setup, results and analysis are presented next. 

7.2 Droplet experiments 

The theoretical analysis of chapter 5 predicted that when using striped magnetic sheets, the 

average layer thickness and average magnetic strength would likely need to be higher in 

order to prevent solid-water contact, but in general, the same anti-icing effect should still be 

prevalent as with regular magnets. The results of Masoudi et al. (2017) were also encourag-

ing for liquid-MAGSS on a striped magnetic surface. Similarly, the theory presented in chap-

ter 6 and results of Masoudi et al. (2017) with gel-MAGSS as an anti-scaling surface under 

flow suggest that gel-MAGSS might work as well as an anti-icing surface.  

Thus, droplet freezing experiments where run to determine whether the liquid-MAGSS and 

gel-MAGSS surfaces caused any change in average nucleation temperature 𝑇𝑁 compared to 

an uncoated magnetic sheet, and whether there was a clear difference between the gel- and  

liquid-MAGSS surfaces.  

7.2.1 Setup 

The setup of the experiments can be seen in Figure 24. A neodymium flexible magnetic sheet 

with thickness 1.5 mm (out of which 0.15 mm is adhesive material) was purchased from 

Supermagnete and its average magnetic flux density was measured to be around 100 mT at 

the magnetic surface. A circular cut of the neodymium magnetic sheet was cleaned from the 

magnetic side with ethanol and then glued to the circular stainless steel disk with the adhe-

sive, non-magnetic side down. A temperature meter coated with thermal paste was installed 

to a hole in the stainless steel disk so that the entire hole was filled with the thermal paste. 
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Figure 24. Setup of the droplet freezing experiments. All parts were well insulated. 

At the beginning of each run, the system was close to room temperature. A number of small 

water droplets of volume ~ 7 μl were placed on the circular disk and the see-through plexi-

glass was placed above them to provide insulation. The thermal bath was then used to cool 

and circulate the silicone oil, which was directed towards the circular disk from underneath, 

cooling it continuously as the thermal bath cools silicone oil. The temperature of the silicone 

oil was dropped at full power until all the water droplets had crystallized. The crystallizations 

were recorded with a camera that was synchronized with the temperature recording device. 

As the temperature meter is inserted inside the disk, it gives a close approximate of the sur-

face temperature. While the value is not the exact temperature of the surface-droplet inter-

face due to the thermal resistance and heat capacity of the magnetic sheet and glue under-

neath it, the values can still be used to compare the performance of different surfaces.  

The cooling runs were first performed with the uncoated magnetic sheet, then with liquid-

MAGSS and finally with gel-MAGSS. Most experiments were done with ion-exchanged 

pure water, but on some runs natural unfiltered water5 from the nearby sea bay was used. 

Because of the stochasticity of freezing events, multiple runs were conducted on each type 

of surface to ensure sufficient data to evaluate at least preliminary average values. The num-

ber of droplets on a single freezing run was usually 20-30 droplets. 

7.2.2 Creating the liquid-MAGSS surface 

For the creation of liquid-MAGSS, a small amount of ferrofluid was simply poured on the 

magnetic sheet were it spread evenly, with the wavy surface that was expected from the 

theoretical analysis and seen in the experiments of Irajizad et al. (2016). Due to the notably 

large adhesion of the ferrofluid to the walls of pipettes, the control of small volumes was 

difficult. Thus, the volume amount was not controlled accurately, rather it was just set so 

                                                 
5 The water was collected from nearby Laajalahti bay. Although it is technically sea water, it should have a 

low salt content as Laajalahti is a bay of the Baltic sea, which itself has a salt content of only 0.5 %. 
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that the layer height was clearly above 300 μm. The surface can be seen in Figure 25. No-

tably, the surface waves that form on regular two-faced magnets seemed to be mostly absent 

on the striped magnetic surface. 

The ferrofluid used in droplet experiments was CMS Magnetics with codename FERRO-

2OZ, obtained commercially. This ferrofluid was chosen for the droplet experiments as it is 

the same ferrofluid used by Irajizad et al. (2016) in their experiments.  

The water droplets were quickly fully cloaked with the ferrofluid once they were in contact 

with MAGSS. The droplets had extremely low adhesion to the surface, and as such they 

would easily slide if any tilt was present or the surface was agitated mechanically. This sug-

gests that the ferrofluid layer height was sufficient to eliminate at least most of the solid-

water contact. 

However, the low adhesion also caused slight issues as care had to be taken to ensure the 

surface was level and that the system was not touched after a test run had been initiated. 

Even with these precautions, the droplets would sometimes slide off the surface or onto other 

droplets, creating much larger droplets that had to be neglected from the nucleation studies 

due to their greatly increased size. 

Notably, contrary to reports of Irajizad et al. (2016), the layer clearly evaporated and thinned 

out in a significant manner in less than a week, especially from the weaker sections of the 

magnetic surface as can be seen in Figure 25. This could be because of increased evaporation 

in the weaker sections. 

 

Figure 25. Initial liquid-MAGSS surface and the surface after a few days had passed. 

7.2.3 Creating and spreading the gel-MAGSS surface 

For the first gel experiments, the gel was prepared with similar method that was used by 

Masoudi et al. (2017). A commercially obtained SEBS type copolymer Kraton G1650 was 

used as the gelator. G1650 has a total approximate molar mass of 100 kg/mol and polysty-

rene (endblocks of the copolymer chain) content of approx. 30%. (Krekhova et al. 2010). 

Thus, G1650 content can be abbreviated as 𝑆15𝐸𝐵70𝑆15
    100 where the subscripts denote the 

wt% of the respective block the superscript gives the overall molar mass in kg/mol and 𝑆 

and 𝐸𝐵 refer to styrene and ethylene buthylene respectively. Ferrotec EFH1 was used as the 

ferrofluid. These are the same components used by Masoudi et al. (2017). 

The two components were mixed in a glass beaker with about 4% of the mass being the 

G1650 polymer and the rest EFH1 ferrofluid. The mixture was left to swell for over 20 hours, 



 

   52 

 

   

then heated at an oven at approx. 110-130 degrees for 2 hours and finally heated for an hour 

with continuous mechanical mixing in a small silicone oil bath kept at approx. 110 °C by a 

hot plate underneath it. The first sample was let to cool down in the container to confirm the 

formation of an elastic structure that was shown in Figure 10 in chapter 4.3.  

In high temperatures of close to 100 °C, the gel is in liquid form. Thus, directly after the 

preparation process or upon re-heating the elastic gel to sufficiently high temperature, the 

gel can be cast directly onto the magnetic surface. This method was used to try and prepare 

the gel-MAGSS surface on the magnetic sheet for droplet experiments.  

The liquid-like mixture was cast directly onto the magnetic sheet glued to the steel disk using 

a large pipette. However, on the first attempt, clear phase separation of gel-and liquid areas 

formed on the surface as can be seen in Figure 26. The gel-phase was further split into more 

locally homogeneous gel-like areas and areas where grainy, more solid-like particles existed. 

The liquid nature of some of the sections was confirmed visually by disturbing the surface 

physically, which revealed the liquid structure. 

 

Figure 26. Results of casting the hot G1650 based ferrogel onto a magnetic surface at room 

temperature with a pipette. 

This macro level phase separation might be caused by the rapid quenching of the mixture to 

below sol-gel transition temperature in the pipette, which could lead to the polymer network 

forming before the ferrogel can spread on the surface. It also seems that in such a rapid 

transition, large amounts of ferrofluid escape the polymer network completely while some 

amount of the nanoparticles aggloromate to grainy subsections. It is unknown whether the 

free flowing ferrofluid sections still contain some amount of the polymer. In any case, the 

findings suggest that the casting of gel-MAGSS cannot be done using a pipette or any other 

device at room temperature, even if the gel itself is very hot. Thus, for the next experiments, 

the tip of the pipette itself was heated for the casting, as well as the surface, which was heated 

with silicone oil circulated from the thermal bath at approx. 𝑇 = 50 °C. This lead to slightly 

better result seen in Figure 27. The area on the left is more gel like, which is likely because 

it was cast very rapidly whereas on the left part the casting was slower, possibly leading to 

the gel cooling in the pipette.  
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Figure 27. Second attempt at casting the ferrogel, this time with heating of the pipette tip 

and surface. 

However, the presence of such clear defined areas of better and worse gel cover suggests 

that moderate temperatures at the surface are themselves limiting the spreading of gel-

MAGSS. Slight increases of the surface temperature only lead to moderate improvements 

and since the cooling system contains plastic parts that might not endure high temperatures, 

eventually the steel disk was removed from the cooling system and placed on a hot plate 

where it was heated to a temperature of approx. 110 °C. In addition, instead of a using a 

pipette the gel was poured directly from the hot glass beaker where it was heated. 

These changes resulted in a more homogeneous and well spread gel seen in Figure 28. The 

surface of the gel still seems somewhat “rough” suggesting that the gel might even now be 

cooling at a too high rate especially at the top where the surrounding air at room temperature 

cools the gel rapidly. The “wavy” structure due to the magnetic stripes is also much less 

pronounced than in liquid-MAGSS. However, the entire area except for some sections at the 

edges seemed to be in relatively homogeneous gel phase. As with liquids-MAGSS, drying 

of the layer was clearly noticeable in a few days, as seen in Figure 28. 

 

Figure 28. The final form of G1650 ferrogel directly after casting onto the magnetic sheet 

and 5 days later. On the top corner of the left figure there are some water droplets sitting on 

the gel-MAGSS surface. 

The droplets placed on gel-MAGSS clearly had much higher adhesion compared to liquid-

MAGSS. On the other hand, cloaking was much more limited. 
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7.2.4 Developing an easier spreading gel 

The high temperatures needed for even spreading of the gel even on a small area suggest that 

spreading might be a significant issue on larger surface areas. The formed “rough” surface 

further supports the theory that gel might not have enough time to spread on larger surfaces 

before transitioning to gel-like structure. Thus, to improve spreading, it would likely be help-

ful to craft gels which possess a lower sol-gel transition temperature. Ideally, this tempera-

ture would only be slightly above room temperature. 

Krekhova et al. (2010) found that the sol-gel transition becomes lower if the PEB midblock 

is made longer by decreasing the PS content or if a diblock polymer is mixed with the 

triblock copolymer. Here, the diblock copolymer is simply a triblock copolymer with one 

endblock missing i.e. a SEB polymer. They found that with Kraton MD6932 

(𝑆10𝐸𝐵80𝑆10
    130) 𝑇𝑠𝑜𝑙−𝑔𝑒𝑙 ≈ 25 °𝐶 when the minimum needed amount of polymer (6 wt %) 

was used and with Kraton G1726 (30% 𝑆15𝐸𝐵80𝑆15
    77 + 70% 𝑆15𝐸𝐵35

    38), the correspond-

ing value was 𝑇𝑠𝑜𝑙−𝑔𝑒𝑙 ≈ 20 °𝐶 with the minimum needed amount of polymer being 4 wt %. 

The minimum value refers to the limit at which the gel becomes homogeneous and does not 

split into two phases, gel and liquid.  

While the ferrofluid used in their experiments was different from EFH1, the general trend 

should still be evident. Thus, both polymers were obtained from Kraton Polymers, who 

kindly provided them free of charge. They also noted that the trade name of MD6932 had 

changed and it is now sold commercially as G1643, which will be used from now on in this 

thesis. Out of these two, G1643 with the longer PEB midblock was chosen for the droplet 

experiments while G1726 was experimented with later when coating a larger surface.  

For gel-MAGSS with G1643, the preparation was exactly as with the earlier G1650 gel, only 

with the wt% of polymer being approximately 6 % due to the higher minimum limit required. 

The gel was also cast similar to G1650 directly from the glass beaker. The gel spread evenly 

on the surface even under significantly lower temperatures; in fact even at close to room 

temperature, the gel still retains some viscoelastic behavior i.e. it is able to flow to some 

extent and only attains elastic form at slightly below room temperature. 

 

Figure 29. G1643 based ferrogel cast onto the magnetic sheet. The fully transparent liquid 

at the top on the figure in the left is water, as well as the droplets on the right figure. 

The G1643 gel-MAGSS coating is much more transparent than the G1650 gel coating, as 

can be seen in Figure 29. Initially, this was assumed to be simply because of the different 

structure of the polymer and that the composition of the ferrogel is still near homogeneous. 

However, further evidence in later experiments suggested that the gel structure is likely fun-

damentally different and some altering in the preparing process was needed to achieve a 
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more homogeneous ferrogel, as will be explained in chapter 7.3. As this was not known at 

the time, the imperfect gel-MAGSS coating was used in droplet experiments.  

7.2.5 Problems in the droplet experiments 

During the experiments a piece of plastic had separated inside the chamber where the cooling 

liquid flows. This was noticed when the system lost the ability to cool the steel disk below 

−20 °C and to find the reason, the chamber was opened up for inspection. It is likely that the 

plastic piece greatly restricted the flow towards to disk, leading to a small heat transfer rate.  

The chamber was easily repaired after inspection but unfortunately, while analyzing the re-

sults later on, it was found that the problem had existed for a while and cooling rate was 

subtantially lower on many runs before the fixing. A smaller cooling rate leads to lower 

nucleation temperatures, as the probability of nucleation is higher if more time is spent in a 

supercooled state. Thus, many runs had to be omitted as their results were not comparable. 

Overall, this lead to a lower sample size than was initially planned.  

7.2.6 Results 

For gel-MAGSS, only results from the clear/brownish G1643 gel are included. This is be-

cause for the final G1650 gel that formed a near homogeneous layer, the results were deemed 

inconclusive as it was clearly visible that an advancing frosting layer front was formed, lead-

ing to the crystallization of every droplet as the frost layer achieved them. This phenomenon 

can be seen in Figure 30. Based on visual inspection it seems that the frost formation starts 

around the first droplet that crystallizes. As the frost spreads relatively fast and crystallizes 

each droplet on its path, it is then only possible to determine the nucleation temperature of 

one droplet at a time. This would lead to a very small sample size or a large number of 

repetitions needed. 

 

Figure 30. Frost layer progressing and crystallizing the water droplets on the G1650 gel-

MAGSS layer. 

Such quickly spreading frosting occurred only on the runs with G1650 based gel-MAGSS. 

However, as the G1650 runs were performed on consecutive dates, it cannot be neglected 

that increased air humidity might explain the phenomenon as well, although this seems un-

likely due to the large number of overall dates on which experiments were performed without 

such frosting ever occurring on other surfaces. 
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On G1643 based gel-MAGSS, some frosting did occur but it was contained to areas near the 

frozen droplet, as can be seen in Figure 31a. In addition, early imperfect, non-homogeneous 

coating versions cast during the development of G1650 gel, such as seen in Figure 31b, 

behaved similarly i.e. formed no advancing frosting layer. It is unknown why such different 

frosting behavior would occur between different gels. However, later evidence that will be 

discussed in chapter 7.3 suggested that the G1643 gel seen here might be an “imperfect” gel 

as well. Thus, it is possible that the quickly advancing frost layer phenomenon is somehow 

only prevalent in homogeneous ferrogels whereas the imperfect gels behave differently. On 

uncoated surfaces such a spreading frost layer was not observed. 

  

Figure 31. a) On the G1643 gel, the formation of frost was limited to the immediate sur-

roundings of the frozen water droplets. b) The same phenomenon occurred on imperfect 

version of G1650. 

The results are collected into Tables 1 and 2. In the results, the relative time spent before 

nucleation 𝑡𝑁  is evaluated from the moment the surface temperature reached 𝑇 = −5 °𝐶 

during cooling. Values of 𝑇𝑁 and 𝑡𝑁 are averages from the samples. 𝑇𝑚𝑎𝑥 and 𝑇𝑚𝑖𝑛 refer to 

the highest and lowest observed nucleation temperature. 𝜎𝑇 and 𝜎𝑡 are the sample standard 

deviations for 𝑇𝑁 and 𝑡𝑁 respectively.  

Table 1.  Results from droplet freezing experiments with ion-exchanged pure water.  

surface type samples 𝑇𝑁 (°C) 𝑇𝑚𝑖𝑛 (°C) 𝑇𝑚𝑎𝑥  (°C) 𝜎𝑇 (°C) 𝑡𝑁 (s) 𝜎𝑡 (s) 

uncoated 65 -18.7 -22.3 -14.7 2.2 1066 212 

liquid-MAGSS 62 -23.5 -25.7 -18.9 1.3 1835 239 

gel-MAGSS 75 -23.6 -27.0 -17.1 2.1 1737 347 

 

Table 2. Results from droplet freezing experiments with natural unfiltered water. 

surface type samples 𝑇𝑁 (°C) 𝑇𝑚𝑖𝑛 (°C) 𝑇𝑚𝑎𝑥  (°C) 𝜎𝑇 (°C) 𝑡𝑁 (s) 𝜎𝑡 (s) 

uncoated  91 -14,8 -17,7 -10,8 1,5 715 140,3 

liquid-MAGSS 69 -16,0 -20,4 -10,4 2,4 837 232,6 
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The results are likely at least slightly affected by the differences in contact angles and thus 

contact areas, and not entirely due to the differences in (average) Gibbs energy barrier. How-

ever, this effect is assumed to be small as the total area of contact only affects linearly, 

whereas the effect of the Gibbs energy barrier is exponential. The liquid and gel layers also 

decrease the thermal conductivity which will slightly inflate their supercooling values, but 

this effect is also assumed to be small. 

Based on the results, both liquid-MAGSS and gel-MAGSS (G1643 gel) clearly provide a 

significant decrease in 𝑇𝑁, signaling a lower average Gibbs energy barrier. This is evident 

as even the lowest value of crystallization temperature 𝑇𝑚𝑖𝑛 obtained for any water droplet 

crystallization temperature for the uncoated magnetic sheet is still higher than the average 

value 𝑇𝑁 for both liquid-MAGSS and gel-MAGSS. In addition, the difference in the average 

relative time before nucleation 𝑡𝑁 is even larger than the difference in nucleation tempera-

ture; 𝑡𝑁 is over 60% higher for both MAGSS type surfaces whereas the difference in 𝑇𝑁 is 

slightly over 19%. This is because the cooling rate of the thermal bath is not constant and 

instead it decreases as the temperature gets lower (Figure 32). This tends to decrease the 

temperature differences in 𝑇𝑁 as for example the time spent on level between -24 and -25 

degrees is much longer than the time spent between -14 and -15. If the temperature gradient 

was linear the percentage difference in relative time and 𝑇𝑁 would be the same. As this is 

not the case, the real difference in 𝑇𝑁 is somewhere between 19% and 50% although likely 

closer to the 19% due to the exponential nature of crystallization rate. 

 

Figure 32. The measured surface temperature during a droplet freezing experiment on 

G1643 gel-MAGSS. At lower temperatures there are small spikes present. These are likely 

due to the latent heat released during crystallizations of water droplets. 

While the 𝑇𝑁  value of gel-MAGSS coating is even slightly higher than that of liquid-

MAGSS, there is more variation in the results, as evident in the higher value of standard 

deviation 𝜎𝑇𝑁
. In fact, the earliest recorded nucleation was at almost two degrees higher 

temperature for gel-MAGSS compared to liquid-MAGSS while the lowest recorded nucle-

ation for gel-MAGSS was at over a degree lower temperature. This suggests an uneven coat-

ing where some areas perform better than others likely due to local pinning of droplets. Sur-

prisingly, liquid-MAGSS actually has the lowest value of standard deviation even though 

the theoretical analysis suggested that there are large differences due the varying magnetic 

field strength and layer height on striped magnetic surfaces. The surprising result is likely 
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explained by the water droplets’ observed tendency to gather at the low pits, possibly due to 

gravity. Thus, the results would essentially show the liquid-MAGSS surface performance at 

the weakest points meaning that the average performance might be significantly better than 

now shown. 

Overall, the experimental 𝑇𝑁 value of the present experiments for liquid-MAGSS is some-

what higher than what the results of Irajizad et al. (2016) would suggest for a 100 mT mag-

netic field. This can be partially explained by their use of nitrogen environment, as compared 

to the lab air environment of the present experiments. In addition, more care was taken to 

provide clean experimental conditions in their work. However, it is likely that the results are 

also different simply due to the weakest sections of the striped MAGSS containing more 

solid-water contact than when regular magnets are used. This falls in line with the predictions 

made in chapter 5. Encouragingly, the difference between striped and homogeneous surface 

seems relatively small. 

For natural unfiltered water, the 𝑇𝑁 value is clearly higher for both uncoated and MAGSS 

surface. Additionally, the difference in 𝑇𝑁 is much smaller between the MAGSS and the 

uncoated surface. These changes are likely caused by the large amount of impurities in the 

unfiltered water. With the uncoated surface, the nucleation of pure water will almost always 

take place at the interface between the surface and water. However, when impurities are 

present, heterogeneous nucleation can occur also at the locations of the impurities, greatly 

increasing the surface area available for nucleation. Thus, the overall nucleation rate of a 

droplet is increased. For MAGSS the same effect occurs but with even more dramatic dif-

ference as normally most or all the solid-liquid interface is eliminated. Thus, the impurities 

likely act as the main nucleating agent instead of the surface. This is also supported by 

MAGSS with natural unfiltered water having the highest standard deviation in the samples; 

the amount of impurities in water droplets might vary which would lead to increased vari-

ance in the nucleation rates of the droplets especially in the case of MAGSS. 

7.3 Development of the heat exchanger and MAGSS coatings 

7.3.1 Coaxial tube design 

With the droplet experiments indicating that both liquid-MAGSS and gel-MAGSS can per-

form well when placed onto a striped magnetic surface, it was decided that a prototype heat 

exchanger could be built using a sufficiently long stretch of magnetic sheet. However, cre-

ating sufficiently large magnetic area proved to be a difficult task. A tube with the inner 

surface being coated would be ideal for experiments, as it is very simple and many of the ice 

slurry production experiments reported in literature were done with coaxial tubes. However, 

magnetic tubes where the inner surface is magnetized in appropriate manner, ideally as a 

multi-pole surface, are apparently not commercially available. This is likely due to lack of 

applications where such magnetization is needed.  

With no simple solution available, an attempt was made to cut pieces from A4 sized mag-

netic sheets and glue them around a very thin-walled brass tube with an outer diameter of 12 

mm to create a cheap magnetized tube for experimental purposes. While the distance be-

tween the ferrofluid on the inner wall and the magnetic sheet on the outer wall would de-

crease the magnetic field, due to the small wall thickness, the magnetic field strength might 

still be high enough when neodymium magnets are used.  

However, when ferrofluid was poured on the inside of the tube after gluing the magnetic 

sheets as closely together as possible to the surface, it was found that the sections where the 
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magnetic sheet was not continuous i.e. the sections were two cut pieces of the sheet were 

glued together led to small areas where the brass surface was exposed. As even small un-

covered sections would lead to the results being much worse than with a complete coating, 

the magnetizing of a tube in such a manner was dismissed.  

However, it was found that the ferrofluid did clearly spread around the inner tube surface 

where the magnetic field was present. Thus, it would seem that for example a coaxial tube 

heat exchanger, where the inner tube is coated with MAGSS, should be possible, as long as 

the magnetic field is made continuous. Crafting such a magnetic field should be possible but 

would require some additional design work. 

Additionally, it was proven that the gravitational effects can be significant; in the 2 m long 

tube, sufficient tilt angles lead to much higher exposure in the upper parts and clear packing 

up of the ferrofluid in the lower sections. The surface also became visibly striped with fer-

rofluid coated and uncoated areas, as predicted in chapter 5.9.4. 

7.3.2 An open channel heat exchanger 

As crafting a tubular heat exchanger proved difficult, an open channel heat exchanger was 

designed for testing the ability of liquid-MAGSS and gel-MAGSS to prevent icing. An open 

channel design also makes it much easier to confirm the formation of a consistent, evenly 

distributed coating and to inspect the changes in the coating over time. 

The heat exchanger without the magnetic sheet can be seen in Figure 33a. It is crafted from 

a 90 cm long, 4 cm wide and 2 cm high piece of closed rectangular brass tube onto which 

two 100 cm long aluminum “wings” are attached with silicon glue to create a flow path for 

water. Below the rectangular tube, an inlet and outlet are placed to allow the flow of silicone 

oil inside the tube which acts as the coolant. In use, the cold silicone oil flows from the front 

inlet through the rectangular tube onto the back outlet, cooling the water flow in the channel 

above it. The design is a countercurrent heat exchanger, where the two heat transfer fluids 

are flowing in opposite directions. The countercurrent design was chosen due its high heat 

transfer rate. 

 

Figure 33. The open channel heat exchanger a) before and b) after installing a neodymium 

magnetic sheet.  
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One meter long pieces of neodymium and ferrite magnetic sheets with thickness 1.5 mm (out 

of which approx 0.15 mm was glue) were purchased from magnets4you GmbH (www.mag-

net-shop.com). Based on the data provided on their website, the neodymium magnetic sheet 

should be more than 4 times stronger than the ferrite sheet. The ferrite magnetic sheets were 

used as such for comparison runs and both neodymium and ferrite sheets were coated with 

ferrofluid/ferrogel to create different MAGSS coatings. An uncoated neodymium magnetic 

sheet glued to the open channel can be seen in Figure 33b. The magnetic sheet had to be 

lengthened by a glued piece to control flow of water at the outlet as it would easily stick to 

the brass tubing (Figure 34). The resulting structure, where the magnetic sheet extends be-

yond the end of the tubing can be seen for example in Figure 42a. 

 

Figure 34. Water adhesion at the outlet. 

7.3.3 MAGSS spreading and visual obervations on stability 

In liquid ferrofluid form, an even surface is easily created on the open channel heat ex-

changer even at room temperature as long as sufficient amount of ferrofluid is poured. The 

wavy structure seen earlier is still present as expected. However, any non-continuous sec-

tions where two magnetic sheets are glued to one another, tend to cause small exposed sec-

tions to form (Figure 35a). Solid-water contact from these sections was confirmed as water 

droplets would stick to these spots (Figure 35b).  

 

Figure 35. Exposed sections in the ferrofluid and water pinning to these sections. 

When water flows on the open channel, significant amounts of oil flow with the water stream 

to the water tank. This was clearly observed visually and resulted in the water bath quickly 

becoming contaminated with black oil (Figure 36). While depletion due to shear might the-

oretically play a role in this, it seems much more likely that the relatively large flow of oil 

was mainly caused by the cloaking phenomenon; as new “clean” water flows to the channel 

from the inlet, the interfacial tensions force a flow of ferrofluid from the edges of the water 

flow to the air-water interface, replacing it with air-oil and oil-water interfaces. In static 

conditions this would just lead to a very thin layer of oil forming on top of water, but the 

constant flow of clean water from the inlet leads to a constant flow of cloaking oil. Indeed, 
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it was visually observable that oil was flowing to the water surface from the edges of the 

water stream. 

 

Figure 36. Water tank contaminated by the ferrofluid. 

7.3.4 Spreading of gel-MAGSS 

It was evident from the experiments done earlier that using the polymer Kraton G1643 

yielded a ferrogel with a much lower sol-gel transition temperature which would likely lead 

to easier spreading on a large surface, whereas a G1650 gel might “freeze” before spreading 

evenly. Thus, a sample of G1643 ferrogel was prepared as before and the open channel was 

heated with silicone oil flowing at approx. 50 °C before pouring the gel all over the surface. 

However, as can be seen from the pictures of the results in Figure 37 and Figure 38, the layer 

was not homogeneous and did not spread very well at all. The formed G1643 gel coating 

now had black gel sections similar to those observed for the G1650 gel in the droplet exper-

iments. In addition, there seems to be grainy areas, as well as some slightly transparent brown 

gel phase similar to what was previously observed for G1643 gel in the droplet experiments. 

The brown transparent gel is mostly located at the angled wings of the channel and does not 

seem to follow the magnetic stripes much. The black gel phase on the other hand tends to 

gather at the stripes where the magnetic field is the strongest and the areas between them are 

grainier. In addition, some areas contained ferrofluid in liquid form.  

 

Figure 37. The results of initial casting of G1643 based ferrogel on the large surface of the 

heat exchanger. 
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Figure 38. Close-up of the results of initial casting of G1643 based ferrogel on the large 

surface of the heat exchanger. 

Overall, it’s clear that the transparent, brown gel seen in the droplet experiments was not just 

a feature of the G1643 polymer, rather it was more likely a case of macro phase separation 

occurring during the casting. It is very likely that such an unevenly distributed coating would 

not provide the best possible results. In addition, with such poor spreading ability, it would 

be very difficult to coat for example a tube with the gel and thus the real life applications 

would be limited. Therefore, further experiments with the spreading of the gel were con-

ducted to try to find a composition and casting manner under which the gel would spread 

evenly on the open channel without the need for surface temperatures of over 80 °C 6.  

7.3.5 Experiments on different compositions of gel-MAGSS 

For experiments with the spreading of gel-MAGSS, small strips of magnetic sheet were cut 

and different gel samples were poured on strips that were heated to 70 °C with a hot plate. 

Once appropriate coating was achieved on the small strips, the experiments were repeated 

on the large open channel surface while the composition and preparation of the gel was fur-

ther improved to achieve an evenly distributed coating. For these experiments, the open 

channel surface was heated with silicone oil from the thermal bath.  

The variables in composition and preparation methods that were experimented with in-

cluded: 

 three different polymers and their mixtures (Kraton G1643, G1650 and G1720) 

 overall polymer weight percentage 

 individual polymer weight percentages (polymer ratios) 

 mixing methods (preparation) 

 heating time and temperature (preparation) 

 pouring rate (casting) 

 surface temperature (casting) 

The method for evaluating the performance was completely visual and the tests were not 

repeated; if a given mixture did not provide significant improvement, it was simply dis-

missed and not tried again. When changing to a new coating in the experiments, the surfaces 

                                                 
6 This temperature limit was critical as some of the hoses where the silicone oil flows were unlikely to with-

stand much higher temperatures than 𝑇 = 80 °C. 
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were always cleaned first using hand towels and mineral oil, and finally wiped with ethanol. 

More detailed descriptions of the experiments can be found in appendix A.  

Ultimately, while it is by no means likely to be an optimum method for the preparation of 

the gel, the following yielded a sufficiently evenly coated surface: roughly 3 % of G1650 

and 1.8 % of G1643 were mixed with liquid EFH1 ferrofluid which constituted the rest of 

the mass. The resulting mixture was then heated for 4-5 hours in high temperatures of 140-

160 °C in a glass bottle with occasional strong mixing by shaking with a cap on top of the 

bottle. During shaking of the hot mixture, pressure developed inside the container, meaning 

the cap had to be removed and put back on every 10-20 seconds during the shaking to avoid 

high pressures developing. However, for the heating periods in the oven, the cap was still 

left on very lightly to limit oil evaporation. Right before pouring on the open channel surface, 

the gel was again mixed heavily with the cap on. The bottle and cap were made of glass since 

plastic based caps tended to gradually dissolve in the hot gel. Notably, the pre-swelling of 

the polymers before oven heating and the regular mechanical mixing, both conducted by 

Masoudi et al. (2017) in their ferrogel preparation, were omitted. 

The resulting coating can be seen in Figure 39. 

 

Figure 39. First full coating of the open channel with the final gel mixture. 

The gel-development experiments did yield other important findings as well. Often phase 

separation would occur when a seemingly homogeneous gel coating heated to high temper-

atures around 70 °C was tilted to an angle leading to the transparent phase sliding off from 

the top of the gel, leaving behind a thinner black phase (Figure 40). It was evident that the 

transparent brown phase responded very little to magnetic fields; if properly heated and an-

gled, the brown phase would completely slide off the magnetic surface and once slid off, it 

responded very weakly or not at all to external magnets.  
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Figure 40. Phase separation in G1643 gel on a striped magnetic surface. Phase separation 

occured when the hot surface containing black gel was tilted to a significant angle. 

Phase separation seemed to occur also in the hot, liquid phase gel when still in the glass 

beaker; the bottom parts of the beaker clearly contained mainly pure ferrofluid while the 

upper parts seemed to contain the clearer, almost non-magnetic phase. This was noticeable 

as slow pouring of the liquid gel form the glass beaker resulted in a brownish/clear gel form-

ing while the bottom parts where mostly just liquid ferrofluid with very little polymer con-

tent.  However, if the liquid gel was allowed to cool in the beaker, it formed a homogeneous 

black gel. 

7.3.6 Analysis on the experimental findings of gel-MAGSS structure 

The results above lead to an interesting question; if there indeed exists both a black and 

brown, transparent gel phase, what is the physical difference between these? As no equip-

ment was available for throughout analysis of the morphology of the cast gels, no compre-

hensive analysis can be made, but some conclusions can still be deducted. 

Since the brown phase appeared much less responsive to magnets, the logical answer is the 

lack of or small amount of magnetite particles in the brown gel. As was discussed in chapter 

6.2, in the ferrogel the magnetite particles are mainly located in the free ferrofluid volume 

between the micellar cores. Thus, it seems plausible that in the brown non-magnetic phase, 

very little free ferrofluid exists and instead, the gel consists almost entirely of the tightly 

interconnected micellar cores with no room for free ferrofluid. The micellar cores themselves 

consist of the PS cores, the looping and bridging PEB midblocks and the swollen in carrier 

fluid surrounding the midblock. The small magnetite content in the carrier fluid swollen into 

the midblocks explains the lack of magnetic response. Such a structure would also explain 

the color of the gel as Ferrotec reports the carrier fluid of EFH1 being a light hydrocarbon 

(Ferrotec Corporation 2019), many of which obtain transparent or brown colors. 

The presence of the layer on top of the beaker when in hot liquid form could perhaps be 

explained simply with differences in density; if the PS cores have a lower density than the 

ferrofluid, it might lead to the SEBS polymers floating towards the top when the gel is still 

liquid. As the gel cools, a stable cross-linked network starts to form. For this static network, 

it is likely thermodynamically favorable for the separation between micelles to be constant 

everywhere, thus leading to the diffusion of PS cores towards the bottom and eventually an 

even spreading of the PS cores resulting in a homogeneous gel. However, if the top layer is 

poured away from the beaker before sufficient cooling, this homogeneous gel does not form 

and instead, a gel with high micelle concentration is formed as was seen in the droplet ex-

periments for G1643 (Figure 29). The strong mixing via shaking before pouring the gel 

might be enough to break the layered structure of the hot gel so that it is more homogeneous 

when cast. This would explain the better results achieved when shaking with a cap was ap-

plied right before pouring the hot gel on the surface. 
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The phase separation under tilted angles can possibly be explained by the magnetic field 

acting on the ferrofluid; as the magnetite particles are pulled towards the surface, it might 

lead to the polymer network being pushed away from the surface and thus, the polymer net-

work becomes more dense as the distance from the magnetic surface increases whereas mag-

netite particle concentration decreases with distance. The top of the gel layer might then 

contain very little magnetite particles and therefore it does not spread evenly. There is some 

indirect evidence that such accumulation of magnetite particles might indeed happen in a 

gel; in a research focusing on the behavior of a ferrogel sphere under magnetic field, it was 

found that with G1652, the gel “sweats out” ferrofluid faster under a magnetic field, whereas 

this effect is not mentioned for G1650 (Gollwitzer et al. 2008). As G1652 has a lower sol-

gel transition temperature (Krekhova et al. 2010), it could be that with lower transition tem-

perature also comes a tendency for the ferrofluid to sweat out of the gel phase, leading to the 

observed phase separation. However, no explanation could be found in literature for the un-

derlying mechanism. It is likely that the difference between the gels in this respect is some-

how related to the average sizes of the micelles and the distances between them.  

7.3.7 Retrospective notes on the droplet experiments 

With the knowledge gained in these experiments, it is clear that the G1643 gel used in the 

droplet experiments was not a good representative of a homogeneous ferrogel. In fact, it is 

likely that it had a very low concentration of magnetite particles, as it was poured from the 

top of a small glass beaker and had the brown, transparent color that has now been linked to 

low magnetization. With the assumed low magnetic nanoparticle concentration, it is surpris-

ing that the gel still performed so well in the droplet experiments. In chapter 6.3.1 it was 

suggested that the partly dissolved polymer network might itself prevent solid-water contact. 

In retrospect, the droplet experiments with G1643 gel seem to support this premise; as the 

magnetic force should have been small, it is unlikely that it had a meaningful role in pre-

venting nucleation. 

If nucleation can indeed be prevented by mere presence of the gel and its polymer network, 

magnetic field would only be needed to spread the coating evenly and keep it in place. This 

might have significant consequences for practical applications as the magnetic field might 

not need to be very strong to achieve the adhesion force required. Additionally, if the gel can 

be modified to increase adhesion to the solid surface, even weaker magnetic fields can be 

used. Furthermore, the weak spots on a striped magnetic surface might not significantly hin-

der the anti-icing performance. As the sample size was relatively small, further studies are 

definitely needed to prove this.  

7.4 Heat exchanger crystallization experiments 

7.4.1 Setup for heat exchanger crystallization experiments 

After the development of liquid- and gel-MAGSS coatings on the open channel, some pre-

liminary experiments were run both on the coated and uncoated versions of the open channel 

to gain some insight into the performance of the coatings. The setup of these experiments 

can be seen in Figure 41. Not seen in the figure, a thermal camera (FLIR SC7000) was also 

placed above the open channel to record the surface temperature of the water stream near the 

end section of the channel (between thermometers TS,1 and TS,2).  
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Figure 41. Setup for the heat exchanger freezing experiments. Ti,j refer to the different ther-

mometers used while ṁW is the mass flow of water. All components were insulated to reduce 

thermal losses. 

 

Figure 42. a) Outlet (TW,out) and b) Inlet (TW,in ) water thermometers. 

The inlet of water along with the inlet water thermometer can be seen in Figure 42b. Figure 

42a shows the water outlet section and water outlet thermometer. 

The thermometers TS,i in Figure 41 were stuffed between the magnetic sheet and the rectan-

gular brass tube. They were used to get an approximate of the surface temperature of the 

magnetic sheet. The accuracy of the method is relatively poor; while the tip of the thermom-

eter was covered with thermal paste, there was still some air between the magnetic sheet and 

the brass surface, and the contact between the magnetic sheet and the thermometer was not 

optimal. Furthermore, the magnetic sheets were replaced many times which lead to the con-
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tact and location of the thermometer changing between different runs. Thus, the surface tem-

perature measurements are not comparable between different runs. However, they still rec-

orded the crystallization time very accurately, as during crystallization the temperature read-

ing of the meters rises sharply due to latent heat release. The thermal camera measurements 

recorded a similar spike in water surface temperature at crystallization which was used to 

confirm the crystallization time.  

Before the experiments, the water tank was filled with water and cooled with pre-made ice 

to near zero degrees, usually around 2-4 °C. Some ice still remained in the water tank, but 

due to lower density, the ice particles float on top. To improve stability of the conditions, 

plastic bottles filled with ice were also inserted in the water tank before the start of as exper-

iment run.  

During the experiments, water was pumped from the bottom of the tank first through a flow-

meter, then a pre-cooler and then onto the open channel heat exchanger where it was super-

cooled. The pre-cooler is needed because the open channel heat exchanger length is less than 

1 m, thus it can only supercool water if it is already at close to zero degrees at the inlet. The 

pre-cooler consisted of a tank filled with water-glycol mixture, where two helical coils, one 

for the coolant and one for water, were immersed. The water-glycol mixture evens the tem-

perature differences and acts as a buffer between the two helical coils. The water-glycol 

cooling tank is the reason for the bypass line directly from the thermal bath to the pre-cooler 

seen in Figure 41, as due to its high heat capacity, the water-glycol tank needed to be cooled 

separately before each experiment.  

The coolant (silicone oil) was first pumped through the open channel heat exchanger after 

which the flow was split with some coolant going straight back into the thermal bath while 

some coolant was directed to the pre-cooler. The amount of coolant flowing into the pre-

cooler was controlled by a manual globe valve. The volume flow control with globe valve 

was used to control the inlet temperature of water; the more coolant that flows into the pre-

cooler, the colder the water is at the inlet. Care needed to be taken as the helical coil in the 

pre-cooler is not coated and thus water would often freeze in it if the surface temperatures 

would drop too much below zero. 

During both type of runs, as exiting water was cooled significantly below zero, it would 

often crystallize upon impacting the thermometer 𝑇𝑤,𝑜𝑢𝑡. This lead to the icing front pro-

gressing along the flow towards the open channel (Figure 43). Thus, the outlet thermometer 

had to be placed sufficiently low to ensure that the resulting ice-slurry column would fall 

before reaching the channel. If the column reached the channel, it resulted in instant freezing 

of the channel surface.  

Water temperature after initial ice slurry formation at the thermometer could be roughly 

approximated by correlating it with surface temperature near the outlet 𝑇𝑆,1 and water sur-

face temperature from the thermal camera7. However, the methods precision is not very high 

as the thermal cameras output is highly dependent on lab air conditions and camera place-

ment, which varied slightly between different runs. Thus, these approximations were sup-

plemented with occasional melting and re-placing of the outlet water thermometer to provide 

short “bursts” of temperature data until crystallization took place again.  

                                                 
7 A surface average value of the temperature was used i.e. the data from the thermal camera was processed so 

that an area covering only the water stream was selected (thus neglecting areas where water was not present 

in the channel) and an average value of temperature for that area was calculated for each second of recording.  
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Figure 43. Supercooled water freezing upon impacting the thermometer. 

Overall, two sets of experiments were conducted. In the first set, referred to as “cooling until 

crystallization”, the circulating coolant was cooled with maximum available power until 

crystallizing took place and in the second set, a constant coolant temperature and near con-

stant supercooling degree were set and the system was run until crystallization took place, 

or in some cases, the run was aborted after time 𝑡 since it was evident that crystallization 

rate was very low. 

7.4.2 Cooling until crystallization  

The procedure for the “cooling until crystallization”-experiments, was as follows: first, the 

coolant circulation was started and the coolant was cooled to around zero degrees while 

water was set to flow on the open channel with full pre-cooling, meaning that all the coolant 

flow was directed to the pre-cooler. Then, once the state had stabilized, the run would begin 

as the thermal bath would be set to cool the circulated coolant at maximum available power 

and at the same time, the recording of the temperatures would begin with both the thermom-

eters and the thermal camera. As the coolant got colder, the manual globe valve controlling 

inlet flow of the coolant into the pre-cooler had to be controlled to decrease the coolant flow 

in order to prevent freezing in the pre-cooler.  

Eventually water would begin to supercool in the open channel, first only near the surface 

but later also the average temperature of the flowing water reached supercooled levels. The 

run was continued until crystallization of the water stream took place.  

The runs were conducted with the uncoated ferrite magnetic sheets, with ferrofluid on top 

(liquid-MAGSS) and also with the cast gel layer (gel-MAGSS) on both ferrite and neodym-

ium magnetic sheets.  

7.4.3 Results of the cooling experiments  

The developments of the most important temperature measurements during an example cool-

ing run are shown in Figure 44. During the cooling, small spikes in coolant temperatures can 

be seen (A). These are due to the manual control of coolant flow into the pre-cooler; lower 

coolant flow into the pre-cooler leads to lower overall heat flux into the coolant fluid, which 

in turn increases the cooling rate and lowers the thermal bath temperature. The temperature 

spike in surface temperature measurements (the thermometers under the magnetic sheet) 

upon crystallization is clearly visible in the figure (B). On the example run, temperatures 

were measured with the “burst” method, i.e. the thermometer was occasionally handheld in 
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the outlet water stream, allowing short temperature measurements even when high degree of 

supercooling is present (C). 

 

Figure 44. Example cooling run for set 2 on uncoated ferrite sheet. TS,1 and TS,2 are ther-

mometers under the magnetic sheet near the water outlet, TW,in and TW,out are the inlet 

and outlet water temperatures and TC,in and TC,out are the coolant inlet and outlet temper-

atures respectively.  

The results of the cooling runs are collected in Table 3. The temperatures 𝑇𝐶,𝑖 are of the 

coolant flowing into the heat exchanger (𝑇𝐶,𝑖𝑛 in Figure 41). This coolant inlet temperature 

should be directly proportional to the surface temperatures which is presumed to be the con-

trolling factor in crystallization. 𝑇𝐶,𝑚𝑖𝑛 and  𝑇𝐶,𝑚𝑎𝑥 refer to the best and worst run respec-

tively for the given surface type i.e. the lowest and highest coolant temperatures at which 

crystallization took place. Δ𝑇𝑠,𝑚𝑎𝑥  is the maximum supercooling degree of outlet water 

achieved during any the cooling runs for the surface type8. For surface types, (neo) and (fer) 

refer to neodymium and magnetic sheets respectively while (tot) refers to the total combined 

results of the surface type i.e. both magnetic sheets combined. 

As was the case in droplet experiments, for the comparison to be possible between coated 

and uncoated surfaces, it was assumed that the effect of the added thermal resistance due to 

the ferrofluid/ferrogel layer is small. The validity of this assumption is uncertain, however 

the recorded high supercooling degrees on the MAGSS surfaces of Table 3 do seem to sug-

gest that the effect is indeed relatively small. 

                                                 
8 No average values are provided for ΔTS since its value was difficult to evaluate for the runs where crystalli-

zation occurred relatively early when the cooling rate was still high. In such cases only temperature measure-

ments directly before freezing would be reliable and correlations based on other data cannot be trusted much. 

If the cooling rate had already dropped to low levels, as was the case in all the best runs, it was easier to ex-

trapolate the supercooling level from earlier temperature measurements done with the “burst” method. 
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Table 3. Results of the cooling experiments. The supercooling values highlighted with an 

asterisk are rough approximations based on other thermal data as direct measurements of 

water outlet temperature were not recorded close to crystallization time. 

surface type samples 𝑇𝐶,𝑎𝑣𝑔 (°C) 𝑇𝐶,𝑚𝑖𝑛 (°C) 𝑇𝐶,𝑚𝑎𝑥 (°C) Δ𝑇𝑠,𝑚𝑎𝑥  (°C) 

uncoated     12 -12,9 -14,2 -11,8 2,9 

liquid-MAGSS      1 -15,6 -15,6 -15,6 3,9 

gel-MAGSS (tot)      5 -14,9 -16,5 -12,8 4* 

gel-MAGSS (neo)      3 -14,8 -16,5 -12,8 4* 

gel-MAGSS (fer)      2 -15,1 -15,2 -14,9 3,2 

 

The results are consistent with the droplet experiments in the sense that the average values 

of 𝑇𝐶 (which should correlate with the surface temperatures) for all MAGSS versions are 

lower than even the best results for uncoated surfaces. Additionally, it is especially encour-

aging that the achieved maximum supercooling degrees are clearly higher for MAGSS than 

for the uncoated surface; four degrees of supercooling is almost 40% higher than 2.9 degrees. 

As a further illustration of the relative performance, below are the best recorded runs for 

both uncoated (Figure 45) and MAGSS type surface (Figure 46). Once again, small spikes 

due to control of coolant flow into pre-cooler are visible (A) in the coolant temperature, as 

well as clear spikes on the surface temperature measurements upon crystallization (B). In 

Figure 45, C is simply a temperature spike at the end of the run when cooling in the thermal 

bath was stopped. 

Notably the sample size with MAGSS was smaller, thus statistically, the uncoated version 

had a higher chance of achieving results that are further from the average, yet still MAGSS 

achieved much better “best runs”. Furthermore, it is evident that on the best MAGSS runs, 

the temperatures were already close to stationary as the cooling power of the thermal bath 

was limited. 
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Figure 45. Cooling run on uncoated ferrite sheet. Symbols used are the same as in Figure 

44. 

 

Figure 46. Cooling run on gel-MAGSS. Symbols used are the same as in Figure 44. 

Once again it should be noted that the surface temperature measurements are not compara-

ble, only the coolant temperature are (at least to some extent). Additionally, the cooling 

rate is different on the two different runs, reasons for which will be discussed in chapter 

7.4.7. However, this does not change the overall view of the results; as can be seen, on the 

uncoated run the crystallization occurs very quickly once the coolant reaches -14 °C 
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whereas on gel-MAGSS, the temperature is even below -16 °C for extended period of time 

and the overall time that is spent at sub -14 °C coolant temperatures is over 50 minutes. 

7.4.4 Constant coolant temperature 

On another set of experiments, an attempt was made to find the limits on how cold the gel-

MAGSS surface could be and what levels of supercooling could be reached while still re-

taining stable operation of at least two hours at that level. The main purpose was to obtain 

preliminary results that can, at least to some extent, be compared to the results found in 

literature, but brief comparison runs were also done on an uncoated ferrite based magnetic 

sheet. 

In the runs, the coolant and the pre-cooling water-glycol tank were cooled to the desired 

temperature and the water pump was started. The pre-cooler coolant flow was controlled 

with the globe valve so that inlet temperature was 𝑇𝑊,𝑖𝑛 ≈ 0 − 0.5 °C. The runtime started 

when stable levels of surface temperature were reached and the run was stopped if crystalli-

zation occurred. If the temperature level seemed stable for a long period of time, coolant 

temperature was dropped to find if a lower level would also yield stable operation. 

For the constant temperature runs, the outlet water thermometer was placed directly onto the 

falling stream to get a more accurate reading. This was done because when placed in the 

small red container below the water stream, the temperature values recorded are slightly too 

high. However, as the falling water stream is small in radius, there was quite a bit of variation 

in the readings depending on the exact positioning of the thermometer on the current take. 

If the thermometer is partially exposed air, or even near the edges of the stream, the reading 

is higher than the real value. As the outlet temperature should be close to constant, it was 

assumed that the lower values measured should give a better approximate of the real tem-

perature, as misplacement of the thermometer cannot give too low values but can easily give 

too high values for temperature. In any case, the determination of the temperature with this 

method is somewhat subjective. 

7.4.5 Results of the constant temperature runs 

For practical reasons, the constant temperature runs were all performed on the gel-MAGSS 

surface on a neodymium magnetic sheet while the uncoated comparison runs were per-

formed on ferrite magnetic sheet. For liquid-MAGSS no experiments of this kind were con-

ducted. 

For gel-MAGSS, it was found that constant operation in conditions where the supercooling 

degree was approximately 2.7 °C on average9 and at times over 3 °C, was achieved for over 

2 hours without any crystallization events recorded. In addition, for cumulative time of over 

5 hours without any crystallization events, an average supercooling degree of 2.5 °C or 

higher was achieved.  

Without coating, a crystallization at supercooling degrees of likely no more than 2.5-2.7 °C 

on average happened in slightly over 30 minutes. Even at slightly lower supercooling de-

grees that were likely no more than 2.3 °C on average, crystallization still took place slightly 

                                                 
9 This is actually a conservative approximate taken due to the uncertainty in the measurements. It is likely 

that the actual average supercooling degree was at least 2.7 °C but it may have also been between 2.7-3.0 °C.  
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before two hours was reached. Thus, gel-MAGSS clearly seemed to outperform the uncoated 

surface in this experiment. 

As was found in the literature review of chapter 2.3, supercooling degrees of over 2 °C have 

generally been unachievable in constant operation and in peer-reviewed studies only super-

cooling degrees of less than 1.3 °C are confirmed for over two hours of running. Thus, the 

achieved supercooling degree of over 2.7 °C in constant operation compares extremely fa-

vorably to the previous results.  

However, it must be noted that in general, the results from the literature used larger heat 

exchangers with more surface area. As the nucleation rate is directly proportional to the 

surface area, direct comparisons are perhaps not possible.  

On the other hand, in an open channel air heats the water layer from above, which causes a 

temperature gradient throughout the water layer. This means that for the average water tem-

perature to be the same, the surface temperatures need to be colder than in a closed heat 

exchanger. In addition, the heat exchanger is very short meaning low surface temperatures 

are needed to supercool water by any amount. Overall, these factors mean that it is very 

likely that on a better optimized heat exchanger, significantly higher supercooling degrees 

than those obtained here are possible. This is especially true because the limits of the surface 

performance for closed heat exchangers were likely not found in the experiments due to frost 

formation, as will be discussed in chapter 7.4.7. 

7.4.6 Additional findings on performance of MAGSS 

Once an even coating was cast, the gel-MAGSS surface obtained very hydrophobic tenden-

cies similar to liquid-MAGSS. This suggests that some thin liquid layer does form on top of 

gel-MAGSS when it is properly prepared and cast. Indeed, the cloaking phenomenon ob-

served for liquid-MAGSS previously did occur for the final gel form as well, although the 

flow of oil to the water surface seemed much slower. 

Both MAGSS type surfaces would visibly dry in a matter of few days, which was early on 

discovered to lead to degraded performance. For the gel surface this meant that the coating 

was assumed to operate optimally for only a few days after which a new coating had to be 

cast. 

On some occasions, on a gel-MAGSS surface water would crystallize almost immediately 

as the surface was cooled below zero. This seemed to only happen when consecutive runs 

were conducted. Even though the formed ice was melted so that all visible ice was removed 

it is possible that some water may have got stuck into the gel structure upon freezing, pre-

venting the surface from regenerating. There is some visual evidence to support this; in Fig-

ure 47a it can be seen that water and gel have formed some sort of a clear mixture that 

behaves as a very viscous fluid, as evidenced by its almost gel-like behavior. The frozen 

condensed droplets in Figure 47b also seem a bit strangely colored and their evaporation 

from the edges took many hours at room temperature, while normal water droplets evapo-

rated much earlier. In addition, it was observed that freezing the gel surface to temperatures 

below 𝑇 = −15 °𝐶 while exposed to laboratory air for long periods of time could lead to a 

change in the visual appearance of the surface, as seen in Figure 47c.  
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Figure 47. a) Water-gel mixture on the gel-MAGSS surface b) condensed water droplets 

frozen on the wings of the channel c) gel-MAGSS surface after cooling to beyond 𝑇 =
−15 °𝐶 in open lab air overnight. 

With SLIPS type surfaces, it has been found that ice can penetrate the liquid layer and form 

contact with the solid surface upon freezing, and that this penetration then becomes perma-

nent. It is possible that something similar happens on gel-MAGSS. However, while on 

SLIPS type surfaces this results in permanent degradation of the surface, on gel-MAGSS the 

damage is repaired with sufficient time (in this case over 24 hours, but less might be enough) 

at room temperatures or higher. This might be due to the magnetic forces repelling the water 

away. Regardless of the precise mechanism, as the evidence suggests that these early crys-

tallizations were outliers explained by poor regeneration, they were dismissed from the final 

results. 

During the experiments it was also found that the adhesion strength of ice to both liquid- and 

gel-MAGSS varied. Sometimes the adhesion was so strong that the ice could not be removed 

without excessive use of force, other times it could be slid off with relative ease. However, 

the adhesion was still strong enough that the ice didn’t slide off on its own with small tilt 

angles, as was the case with water droplets. Instead, it had to be slid off with some use of 

force. 

7.4.7 Issues with the cooling experiments 

Overall, the system suffered from lack of stability between different runs. This was espe-

cially apparent on the “cooling until crystallization” –experiments where the cooling rate 

varied even when exactly the same setup was used. This is likely because many of the pa-

rameters, such as water inlet flow rate and water-glycol tank temperature, could only be 

controlled with limited accuracy while some parameters, such as air temperature, humidity 

and even sunlight coming through the roof windows could not be controlled at all. The sur-

rounding conditions greatly affected the heat flow from surroundings into the coolant, thus 

increasing the coolant temperature flowing back to the thermal bath, and thus also affected 

the cooling rate reachable. 

In addition, as the water flow does not cover even the entire bottom of the heat exchanger 

nor the wings, there are large areas on the heat exchanger that are not covered with flowing 

water and are thus very cold and exposed to air. In these sections, condensation can happen 

in large amounts as seen in Figure 48. This condensed water is stationary and can therefore 

supercool by larger amounts than the flowing water, as the flowing water warms the surface 

directly underneath it whereas the stationary water does not. Thus, the condensed water 

likely has a higher nucleation rate per surface area than the flowing water, and if there is a 

large amount of it, the probability that the condensed water crystallizes first increases. This 
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might be further amplified if the nucleation rate for droplets is larger than it is for flat water 

layers, which is possible as was discussed in chapter 5.7.  

 

Figure 48. Condensed water on the wings of the open channel. 

 

Figure 49. Frost formed on the wings of the open channel on both gel-MAGSS (left) and 

liquid-MAGSS (right). 

As was found already in the droplet experiments, at least on the gel-MAGSS surface, the 

formed frost layer can spread quickly. Thus, after condensed droplets freeze, a progressing 

frost layer might form and quickly reach the flowing water and initiate crystallization. Such 

events would naturally skew the results, as the crystallization rate of the condensed water 

would depend on the lab air conditions. At least for some runs on MAGSS there was a clear 

frost layer noticeable minutes before eventual crystallization (Figure 49). Surprisingly, such 

frost layer was even observed on the liquid-MAGSS.  

It is impossible to know for certain which crystallizations were initiated due to frost for-

mation and which due to crystallization of the flowing, supercooled water. However, the 

frost formation rate is a function of time as enough water needs to condensate on the surface 

before crystallization becomes likely. Thus, crystallizations that happen in relatively short 

time after initiation of the cooling i.e. at a higher temperature of the coolant are more likely 

to be crystallizations of the flowing water. The crystallizations on MAGSS type surfaces 

always took place after 1-2 hours (sometimes even more) whereas on the uncoated surfaces 

the time to crystallization was in general much shorter. Thus, it seems likely that at least the 

numerous early crystallizations on the uncoated surface occurred at the water stream whereas 

for MAGSS surfaces, it is even possible that all the crystallizations reported in Table 3 were 

due to frost forming from condensed water. 
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Many other practical problems lead to the sample sizes being much smaller than initially 

planned. Thus the average values reported here are not statistically very robust and can only 

provide preliminary data on the performance of the coatings. 
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8 Conclusions 
This thesis has analyzed both theoretically and experimentally the possibility of using 

MAGSS type of surfaces to create icephobic, supercooling heat exchangers. The theoretical 

analysis suggested that if a sufficiently evenly distributed and thick coating can be created, 

MAGSS both in liquid and gel form should provide an effective anti-icing coating resistant 

to shear flow at least up to some level. Furthermore, spreading of liquid-MAGSS should be 

easy while for gel-MAGSS it might be more complicated. Indeed, in the experiments con-

ducted, for gel-MAGSS the spreading was achieved only in sufficiently high temperatures 

and by using a mixture of two different SEBS polymers as the gelator. However, gel-

MAGSS should offer much better durability both under shear and under gravity and might 

function better in weak magnetic fields than liquid-MAGSS. The latter might prove espe-

cially important as weaker magnetic fields are cheaper to manufacture. 

In the experimental section it was confirmed that both MAGSS types efficiently prevented 

ice nucleation with water droplets; when using ion-exhanged pure water, values of 𝑇𝑁 were 

at least 3.8 °C lower with both liquid- and gel-MAGSS compared to the uncoated magnetic 

sheets. Additionally, the experimental setup likely had a tendency to decrease differences in 

𝑇𝑁, meaning the real difference in 𝑇𝑁 is likely even higher. However, for natural unfiltered 

water, values of 𝑇𝑁 were in general much higher and the difference between MAGSS and 

uncoated surface was smaller. This is likely due to the impurities in the unfiltered water 

acting as nucleating agents. 

For the preliminary experiments in the open channel heat exchanger, once proper coating 

was achieved, MAGSS type surfaces seemed to clearly outperform the uncoated surface in 

both “cooling until crystallization”- and constant supercooling level experiments. The un-

coated surface was able to achieve an estimated maximum supercooling degree of 2.9 °C 

while liquid- and gel-MAGSS achieved supercooling degrees of 3.9 °C and 4 °C respec-

tively. In addition, average supercooling degrees that were estimated to be at least 2.7 °C 

were achieved for over two hours of constant operation. This compares extremely well to 

previous experiments, in which Δ𝑇𝑆 > 2 °C has not been achieved for constant operation. 

However, the small size of the heat exchanger also meant that the supercooled surface area 

was relatively small, which tends to inflate the results as nucleation rate at a given super-

cooling degree is directly proportional to the cooled surface area. On the other hand, due to 

the short length of the heat exchanger and the open design, the surface temperatures were 

lower than usually required to achieve the supercooling degrees. In addition, due to frost 

formation it is likely that the limits of MAGSS for closed heat exchanger designs were not 

found here as it is possible that even all or most crystallizations on MAGSS were initiated 

from frost instead of the cooled water stream. Thus, it is likely that clearly higher supercool-

ing degrees are possible at least in small scale and especially in a closed heat exchanger. 

While all the experiments along with the theoretical predictions do seem to suggest that the 

coating is very effective and allows previously unachievable supercooling levels, the sample 

sizes are still very small and the results need to be reproduced in larger scale to confirm the 

findings. This is especially important as some of the data required subjective evaluation and 

thus, too optimistic interpretations of the data are possible. 
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For future research, a longer, closed heat-exchanger, for example a tube coated with gel- or 

liquid-MAGSS should be crafted and experimented with. This would allow more easily com-

parable results to be obtained as water condensation would not be a problem, the experi-

mental conditions could be kept much more consistent and the heat exchanger could be made 

sufficiently long so that higher degrees of supercooling could be achieved without exces-

sively cooled surfaces.  

An open type heat exchanger such as used in these experiments does not seem as promising 

based on the observations, as it suffers severely from drying of the ferrofluid/ferrogel layer, 

cloaking, frosting and the formation of the water-gel mixture on condensated water. How-

ever, at least the drying and cloaking may be fixable by choosing a proper carrier fluid with 

very low evaporation rate and such interfacial properties that it does not cloak water streams. 

Frosting may also be limited if the heat exchanger is longer so that higher coolant tempera-

tures can be used to achieve similar supercooling levels. 

Experiments should also be made with water from natural sources to determine if its super-

cooling is possible as well. This would pave the way for efficient extracting of heat from the 

liquid water stored under ice layer of rivers, seas etc. during winter time. Based on the droplet 

experiments, it might be that some sort of filtration is needed for this to work. 

In addition, experiments should be made to determine whether the parameters identified in 

the theoretical analysis do influence nucleation rates. These parameters include for liquid-

MAGSS surface roughness, overall height differences, water flow rate, ferrofluid magnetic 

susceptibility, ferrofluid layer height, ferrofluid-solid-water interfacial energies and mag-

netic field strength at the weakest sections of the surface. In addition to these, for gel-

MAGSS also polymer-carrier fluid-water interfacial energies and PS core size can be signif-

icant factors. In addition, it would be interesting to see what the effect of magnetic field 

strength is on gel-MAGSS performance, as there are some indications that the anti-icing 

properties of the gel may not all be strictly related to magnetism as interfacial energies inside 

the gel might also be crucial. Experiments on the different parameters effect would pave the 

way on finding optimal compositions for MAGSS surfaces in supercooling heat exchangers 

and determining the limits of the concept. 
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Appendices 

Appendix A: Development of gel-MAGSS coating 

In the first experiments, a new set of G1643 gel was slowly poured from a glass beaker on 

one of the sheets. This time the gel was of the brown, transparent phase again seen previously 

in droplet experiments (Figure 29). When more of the gel was poured on another sheet, the 

color turned darker before turning completely black and once again at the bottom, pure liquid 

phase seemed to exist. This was quite surprising as when a G1643 gel prepared in the same 

method was allowed to settle inside a beaker earlier, it seemed to form a completely homo-

geneous gel.  

On another experiment, on one sheet the gel was poured from the beaker and on another, the 

gel was picked with a spoon. The results of this experiment can be seen in Figure A1. The 

difference in color is once again noticeable; when picking the mixture with spoon, more of 

the mixture is from the bottom/middle part and a black gel forms, whereas if poured from 

the top, the gel is more brownish and transparent. 

 

Figure A1. Above is G1643 gel-MAGSS poured slowly from the glass beaker whereas for 

the sheet below the hot, liquid gel was picked with a spoon from the bottom. 

Thus, it seems that when at temperatures well over the sol-gel transition, the G1643 gel-

mixture can have several different phases in layers, even though these phases don’t seem to 

separate if the gel is allowed to cool and settle in the beaker. Of the layers, the top layer is 

rich with the polymer whereas the bottom mainly consists of pure liquid ferrofluid. 

It was also found that even a seemingly homogeneous black gel that forms from the middle 

part of the beaker can endure macro phase separation if the hot surface is tilted so that the 

flow is perpendicular to the magnetic stripes, as seen in Figure A2. This suggests that the 

brown, clear phase is less responsive to magnetic fields. This might have unfortunate conse-

quences as the non-magnetic phase of the gel might not be very strongly adhered to the 

surface and its anti-icing performance might be hindered. 
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Figure A2. Phase separation in G1643 gel on a striped magnetic surface. Phase separation 

occured when the hot surface containing black gel was tilted to a significant angle. 

Thus, several methods were attempted to mitigate the effect. The method for evaluating the 

performance was completely visual and the tests were not repeated; if a given mixture did 

not provide significant improvement, it was simply dismissed and not tried again.  

The percentage of the G1643 polymer was varied between 6-10 % with no major improve-

ments. As the G1643 has a longer PEB midblock and higher amounts of the polymer are 

used in crafting the gel, it might be that higher temperatures and longer heating times are 

needed for the PEB midblocks to completely dissolve; thus longer heating period and higher 

temperatures were experimented with. These did seem to provide marginal improvement, at 

least in terms of the gel being more homogeneous in the glass beaker before pouring. The 

gelator polymer was also varied and the use of G1650 instead of G1643 as the gelator poly-

mer resulted in a black gel even when poured slowly from the glass beaker.  

However, even in the G1650, the bottom of the beaker contained pure liquid. Thus, it is 

possible that the layer separation is just less highlighted with the G1650. In addition, the 

spreading of G1650 is very limited; it tends to freeze very fast even when the surface is at 

𝑇 ≈ 70 °C. This is because of its higher sol-gel transition temperature compared to G1643. 

Another polymer, G1720 which contains AB type diblock polymers mixed with ABA 

triblock copolymers, was also experimented with as it provided a lower sol-gel temperature 

in the experiments of Krekhova et al. (2010). Indeed, the sol-gel transition happened at a 

similar temperature as G1643 but the phase separation was as clear as with G1643. 

Finally, it was found that shaking the hot G1643 gel strongly in a glass bottle with a cap 

multiple times during the heating period and right before casting the gel provided better 

results; a more homogeneous gel that managed to spread rather well when poured from the 

beaker, at least on the smaller strips, was formed.  

However, when tried on the larger heat exchanger surface, phase separation still occurred if 

the surface was tilted, as can be seen in Figure A3. The gel also tended to gather to the 

bottom of the channel. Note that the sliding stops almost completely once the surface is 

cooled to a low enough temperature and the gel goes through the sol-gel transition and 

achieves elastic form. 
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Figure A3. Phase separation on the open channel under small tilt angles. The apparent color 

varies a lot depending on how bright the lighting is. For this photo, the surface was under 

direct bright lighting, highlighting the transparency of the gel. 

As the magnetic sheet used in these experiments has some perpendicular magnetic stripes in 

addition to the stripes along the direction of the channel, the ferrogel tends to be wider at 

these stripes as it aligns itself along the strongest magnetic field. This can be seen happening 

also at the “brown phase” sections highlighted with arrows in Figure A3. This suggests that 

the brown phase is at least somewhat responsive to magnetic fields. However, when the 

surface was tilted so much that some of the gel slid away from the surface, the escaped brown 

gel showed very little response to a permanent magnet. This suggests that the magnetic par-

ticles might be concentrated on the surface whereas the non-magnetic gel above them is 

easier to slide away. 

As G1726 behaved exactly the same as G1643 when prepared with the new “heavy shaking” 

method, new methods had to be considered. G1650 could be made spread somewhat better 

by adding a strongly radiating spotlight above the heat exchanger surface, which increased 

the temperature of the gel. However, it seems that this tends to dry the gel very quickly as 

evaporation is increased, which leads to the gel “freezing” again as liquid content decreases. 

Thus, instead the focus was turned to the composition of the gel. 

Polymer mixture as the gelator 

Since both G1650 and G1643 have their own problems but also advantages with the much 

smaller phase separation in G1650 and lower sol-gel transition and resulting easier spreading 

in G1643, mixtures of these two were experimented with. As the endblocks and midblocks 

are the same in these polymers with only their length/size varying between them, it was 

theorized that a mixture polymer gel of G1650 and G1643 might have properties somewhere 

between the single polymer gels. Thus, various compositions with different overall polymer 

percentage and different ratios of the two polymers themselves were experimented with as 

the open channel heat exchanger coating. It was found that in general, increasing the G1643 

content does seem to lower the sol-gel transition temperature, whereas increasing G1650 

content decreases the amount of phase separation. Also, the minimum required overall pol-

ymer percentage for homogeneous gel when cooled down in a glass beaker is somewhere 

between 4% and 6%, depending on the ratio of G1650 to G1643. Higher relative amount of 

G1650 lowers the limit whereas higher relative amount of G1643 increases it. 
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Overall, the best results were obtained when the gel contained roughly 3 % of G1650 and 

1.8 % of G1643 with the rest of the mass being the ferrofluid. In preparation of this form, 

the mixture with the polymers and ferrofluid was heated for 4-5 hours in high temperatures 

of 140-160 °C in a glass bottle with occasional strong mixing by shaking with a cap on top 

of the bottle. During shaking of the very hot mixture, pressure develops inside the container, 

meaning the cap had to be removed and put back on every 10-20 seconds during the shaking 

to avoid high pressures developing. However, in the oven, the cap was put on very lightly to 

limit evaporation. Right before pouring, the gel was also mixed heavily with the cap on.  

The bottle and cap were made of glass since plastic based caps tended to gradually dissolve 

in the hot gel. Notably, the pre-swelling of the polymers before oven heating was omitted as 

was the regular mechanical mixing. 

The gel still maintained relatively good spreading ability yet had only limited phase separa-

tion. The gel was still responsive to tilting of the surface, but at least low angles mainly 

resulted in thinning of the layer without any exposed spots. This was taken advantage of in 

crafting the coating on the entire channel; excess amounts of the gel was poured on the sur-

face and while the surface was still heated with silicone oil underneath, it was tilted back to 

allow the excess gel to flow away from the heat exchange surface, leading to a thin layer. 

During the casting, the surface was heated with silicone oil flowing in at 𝑇 ≈ 70 − 75 °C 

and also to some extent with a spotlight from above, leading to likely surface temperatures 

around 𝑇 = 80 °C at highest. The results of the coating can be seen in Figure A4. 

 

Figure A4. First full coating of the open channel with the final gel mixture. 
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Figure A5. Close-up of the full coating of the open channel. Some small exposed sections 

are still present at the top edges of the wings. 

However, gravity still pulls the gel towards the bottom of the channel before it has time to 

cool down, leading the edges of the wings with a very thin layer and even some exposed 

spots, as seen in Figure A5. This can be limited by casting the hot gel as evenly on the surface 

as possible and using even more excess gel but in any case, it is somewhat difficult. 

The exposed sections are not necessarily always a big problem, as the water flow is not 

particularly close to these exposed sections. However, condensation of water to these sec-

tions can cause problems with low enough temperatures is discussed when analyzing the 

results. To correct for this, for the last runs, the wings were coated directly with G1650 gel 

while the rest of the surface (the bottom of the channel) was coated with the mixture gel. As 

the G1650 spreads much less, it does not flow to the bottom channel as much which leads to 

the coating being thick enough even on the tops of the wings
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Appendix B: Additional notes on the open channel experiments 

In general, the calibration of the temperature meters was done accurately only for the tem-

perature meters measuring water outlet and inlet temperatures directly (𝑇𝑊,𝑜𝑢𝑡 and 𝑇𝑊,𝑖𝑛). 

For their calibration, the meters were immersed in a small ice-water bath and the recorded 

temperatures were corrected to 0 °C. For the other meters, calibration was done only briefly 

or based on other similar meters calibration and their accuracy may not be high, although 

they should give correct results at least within one degree. The lack of accuracy in calibration 

for these meters is not an issue, as they are used mainly for comparisons between different 

runs. 

For liquid-MAGSS “cooling until crystallization”-experiments one result was left out be-

cause for unknown reasons the thermal bath simply would not cool to a lower temperature 

than -12,7 °C at inlet despite running for over two hours. Thus, the other run, which yielded 

a nucleation temperature 𝑇𝐶,𝑖𝑛 = −15,6 °C was presumed to be a better approximate for the 

performance of the coating.  

On the constant temperature runs, the open channel was partly covered from the top (Figure 

B1) to decrease the heat flow from the laboratory air onto the cooled water. This would help 

create higher degrees of supercooling of water with smaller supercooling degrees at the 

surface. Note that the covers effectiveness is still limited as it is “open” from both ends.  

 

Figure B1. The simple cover used in constant temperature runs. 

 

 

 

 

 

 

 

 


