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PREFACE 

This PhD thesis represents the work done during my PhD study at the Department of Energy and Environment, the Danish 
Building Research Institute (SBi), Aalborg University, Denmark and the Department of Physics and Nanotechnology at 
Aalborg University, Denmark.  The final year of my PhD studies was spent in the Department of Chemistry at Technical 
University of Denmark (DTU), Denmark 

The PhD dissertation includes 5 supporting papers which are incorporated in Chapter 3 of the thesis. Four of the supporting 
papers are published in international peer-reviewed journals, and one is published in a peer-reviewed conference 
proceeding. 

The first part of this PhD study addresses the effects of aluminium surface morphology and chemical modification on 
wettability and was carried out in the laboratories of the BioPhysics’ Group, the Department of Physics and 
Nanotechnology, Aalborg University. The second part of the study focuses on the effect of surface modification on initial 
ice formation on aluminum surfaces and was carried out in the Air Quality Laboratory at the Danish Building Research 
Institute/Aalborg University. The final part of the study, addressing the effect of surface chemistry on ice nucleation and 
freezing delay, was carried out in the laboratories of the Group of Polymers and Functional Interfaces at the Department of 
Chemistry, Technical University of Denmark. 
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STRUCTURE OF THESIS 

Chapter 1 is allocated to the introduction. In the introduction section, the problems related to ice formation in air-to-air heat 
exchangers are presented. The relevant theories on surface characterization and morphology, including surface roughness 
energy and wettability and their effect on ice nucleation, formation, structure, growth and freezing delay are introduced. 
Moreover, state of the art results within this area are discussed and compared with the acquired results of this study. 

Chapter 2 is allocated to the material and methodology of the study and covers sample surface preparation, modifications, 
and the implemented experimental procedures together with descriptions of experimental setups.  

Chapter 3 presents the obtained experimental results. The results are further discussed and put into perspective. In order to 
prevent duplication of already published manuscripts, the research papers are attached to the thesis and form the basis for 
the discussion.  

Chapter 4 summarizes the conclusions obtained from the studies. It also includes suggestions for future work to advance the 
knowledge in the field of ice prevention on heat exchangers.  
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ENGLISH SUMMARY 

In cold climates, mechanical ventilation systems with heat recovery, e.g. air-to-air exchangers, are often used to reduce 
energy demand for heating by recovering the heat from the exhausted air. This, however, creates a risk of ice accretion on 
the fins of the heat exchanger as warm and humid exhausted air cools down. Due to the reduction in heat exchanger 
efficiency due to ice formation, this phenomenon has been studied for many decades. There are two approaches to 
controlling ice formation on heat exchangers: active and passive. The active methods, e.g. bypass, recirculation, preheating 
etc., require energy and consequently reduce the overall efficiency of the system. They are not addressed in this work and 
have already been studied extensively by many researchers. The passive methods, which are related to the surface 
characteristics of the heat exchanger fins and their effect on the initial phases of ice formation, are the main focus of this 
PhD study. Since aluminum alloys are commonly used to build air-to-air heat exchangers, their surface characteristics play a 
crucial role in ice nucleation, formation and accretion. This study is specifically focused on aluminum alloy 8011.  

Aluminum and its alloys are expected to possess a high energy surface; however, measurements show that the actual surface 
exhibits a rather high contact angle of about 78 degrees, which is presumably related to surface contamination. In this PhD 
study, several types of surface modifications were developed that allowed us to obtain stable hydrophilic and hydrophobic 
surfaces with the contact angles varying from 12° to more than 120°. The effects of these modifications on surface 
morphology and wettability—the main parameters determining ice nucleation, formation, accretion and freezing delay—
were studied comprehensively. In particular, it was found in the first part of study that flat hydrophobic surfaces exhibit 
slower ice growth and denser ice layers, making this type of treatment preferable for aluminum heat exchangers. Moreover, 
observations show that the bare aluminum surfaces are characterized by faster ice growth and less dense ice layer as 
compared to hydrophilically and hydrophobically modified aluminum surfaces.  This commonly observed phenomenon can 
be attributed to the heterogeneous character of bare aluminum surfaces, leading to a broad distribution of surface energies 
on the microscopic scale. Upon even minor cooling below the freezing point, this leads to the nucleation of widely separated 
water droplets/ice crystals on high-energy nucleation centers and the formation of low-density feather-like ice structures, 
hence this significantly deteriorates the performance of heat exchangers with aluminum fins.  

Furthermore, the freezing delay and wettability of chemically modified aluminum surface as a function of the substrate 
temperature was studied. Comparison of the observed behavior with the predictions of the heterogeneous ice nucleation 
theory showed that a slightly hydrophilic substrate modified with (3-aminopropyl) triethoxy silane (APTES) exhibited 
longer freezing delays as compared to both more hydrophilic and more hydrophobic substrates. This is attributed to a 
particular surface chemistry of the APTES modification that prevents ice formation at the interface of the substrate due to 
presence of high local ion concentration (amino groups), hence leading to significant freezing point suppression. 
Furthermore, the results suggest that surface topography and wettability determine the freezing kinetics of a droplet placed 
on a precooled sample. Therefore, surface chemistry which may change these surface characteristics can be used as a tool to 
control the actual wetting properties of a cold surface in a humid atmosphere. 

On the basis of the findings and observations of this study, we find that tailoring the surface characteristics through the 
application of different chemical or mechanical methods is an effective method for changing the icing properties of a 
surface. Future studies might focus on studying the effect of different surface coatings with ion concentration on ice 
formation kinetics. 
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DANSK RESUME 

I kolde klimaer anvendes ofte mekanisk ventilation med varmegenvinding, for eksempel luft-til-luft varmevekslere, for at 
reducere energibehovet til opvarmning ved at genvinde varmen i udsugningsluften. Dette indebærer imidlertid en risiko for 
isdannelse på varmegenvinderen, idet den varme og fugtige indeluft afkøles. Fænomenet har været undersøgt i årtider da 
isdannelsen har en negativ indvirkning på varmegenvinderens effektivitet. Forebyggelse og bekæmpelse af isdannelse på 
varmegenvindere kan ske via to metoder betegnet henholdsvis som aktive metoder og passive metoder. De aktive metoder, 
for eksempel bypass, recirkulation og forvarmning, kræver energitilførsel, som dermed reducerer den samlede effektivitet af 
systemet. Aktive metoder er ikke behandlet i dette arbejde; metoderne har varit grundigt undersøgt tidligere. Fokus for dette 
ph.d.-studium er passive metoder, som er relateret til varmegenvinderens overfladeegenskaber og overfladernes virkning på 
de indledende faser af isdannelse. Da aluminiumlegeringer almindeligvis anvendes til fremstilling af luft-til-luft 
varmegenvindere, spiller deres overfladekarakteristika en afgørende rolle for isdannelsen. Denne undersøgelse er specielt 
fokuseret på aluminiumslegering 8011. 

Aluminium og aluminiumlegeringer forventes at besidde en høj overflade energi mens målingerne viser en temmelig høj 
kontaktvinkel for vand på ca. 78 grader, hvilket formentlig er relateret til snavs på overflade.  

Aluminium og aluminiumlegeringer må antages at have en høj overfladeenergi, men målingerne viser imidlertid, at den 
aktuelle overflade har en forholdsvis stor kontaktvinkel på ca. 78°, som formodentlig må tilskrives overfladeforurening. 

I dette ph.d.-studium blev der udviklet flere forskellige overflademodifikationer, som tillod stabile, hydrofile og hydrofobe 
overflader med kontaktvinkler varierende fra 12° til mere end 120°. Der er gennemført omfattende undersøgelser af effekten 
af modifikationerne på overflademorfologien og befugtningsevnen, som er vigtige parametre for nuklering, isdannelse, 
tilvækst og kinetik. Det blev fundet, at på flade, hydrofobe overflader forekommer istilvækst langsommere, og giver et 
tættere islag end hydrofile overflader. Denne type av behandling er således at foretrække for aluminiumvarmegenvindere. 
Desuden blev det observeret, at en bar aluminiumoverflade er kendetegnet ved en hurtigere istilvækst og et mindre tæt islag 
sammenlignet med en hydrofil og hydrofobt modificeret aluminiumoverflade. Dette almindeligt observerede fænomen kan 
tilskrives den heterogene karakter af en bar aluminiumoverflade, hvilket fører til en bred fordeling af overfladeenergi i 
mikroskopisk skala. Dette fører til kimdannelse af adskilte vanddråber/iskrystaller på højenergi partikeldannende centre selv 
ved mindre afkøling under frysepunktet og dannelse af lavdensitets  fjerlignende isstrukturer. Dette fører til en betydelig 
forringelse af effektiviteten af aluminiumvarmegenvindere. 

Endvidere blev nedfrysning kinetikken og befugtningsgraden af kemiskmodificeret aluminiumsoverflade som en funktion af 
substratet temperatur undersøgt. En sammenligning mellem den observerede adfærd og forudsigelser baseret på en teori for 
såkaldt heterogen isnukleering viste, at et svagt hydrofil substrat modificeret med (3-aminopropyl) triethoxysilan (APTES) 
havde længere frysningsforsinkelser end både mere hydrofile og mere hydrofobe substrater. Dette blev tilskrevet en bestemt 
type overfladekemi - APTES - som forhindrer isdannelse ved grænsefladen af substratet på grund af tilstedeværelsen af en 
høj lokal ionkoncentration (aminogrupper) hvilkeførte til en betydelig frysepunktsænkning. Endvidere blev det fastslået at 
overfladentopografien og befugtningsgraden kan bestemme indefrysningskinetikken for en dråbe som anbringes på en i 
forvejen afkølet prøve. Derfor kan overfladekemien anvendes som et redskab til at styre befugtningsegenskaber på en kold 
overflade i en fugtig atmosfære.  

Ændring overfladeegenskaber ved forskellige kemiske eller mekanisk metode er en effektiv metode til at ændre icing 
egenskaber af overfladen. Det kan foreslås, at fremtidige studier bør fokusere på studieraf effekten af forskellige 
overfladebelægning med ion koncentration på is dannelsens kinetik. 

Desuden blev frysningsforsinkelse og befugtningsevnen af en kemisk modificeret aluminiumsoverflade som funktion af 
underlagets temperatur undersøgt. Sammenligning af observationer og forventninger ud fra heterogen isdannelsesteori viste, 
at et svagt hydrofilt underlag modificeret med (3-aminopropyl) triethoxysilan (APTES) demonstrerede længere 
frysningsforsinkelse i forhold til både mere hydrofile og mere hydrofobe underlag. Dette skyldes APTES-modifikationens 
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særlige overfladekemi, som forhindrer isdannelse på grænsefladen til underlaget på grund af tilstedeværelse af en lokalt høj 
ionkoncentration (aminogrupper), som medfører en betydelig sænkning af frysepunktet. Endvidere tyder resultaterne på, at 
overfladens topografi og befugtningsevne er bestemmende for frysningskinetikken for en dråbe anbragt på en i forvejen 
afkølet overflade. Overfladekemien, der således er i stand til at ændre egenskaberne af en overflade, kan anvendes som 
redskab til at kontrollere de faktiske befugtningsegenskaber af en kold overflade i fugtige omgivelser. 

Resultater og iagttagelser fra denne undersøgelse viser, at ved at skræddersy overfladebeskaffenheden ved hjælp af 
forskellige mekaniske og kemiske metoder, kan en overflades frysningsegenskaber ændres. Det foreslås, at fremtidige 
studier fokuserer på effekten af forskellige overfladebelægninger på dannelsen af is. 
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SUBSCRIPTS  

adv              Advancing 

air                Air  

Al                Aluminum substrate 

Hetero         Heterogeneous nucleation 

Homo          Homogeneous nucleation 

Hyst             Hysteresis 

I                   Ice 

M                 Melting 

r                   Rough surfaces 

rec                Receding 

s                   Smooth Surface 

v                  Volume 

W                 water 

 

ABBREVIATIONS 

AFM            Atomic force microscopy 

APTES        3-aminopropyltriethoxy silane  

CA               Contact Angle 

PEG             Hyper-branched polyethylene glycol  

PFOS           Perfluorooctylsilane 

RMS            Root mean square 
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1.1 ICE FORMATION AND ACCRETION ON HEAT EXCHANGERS 

In this section, the ice formation problem and the related factors and theory to its nucleation, formation and prevention are 
explained and elaborated on. Ice formation and accretion on air-to-air heat exchangers’ fins provide a significant challenge 
in cold climates. This is due to the fact that by increasing the heat exchanger efficiency in order to reduce the energy uses in 
the buildings, the temperature of the exhaust air and the surface of the heat exchanger fins become lower than both the water 
dew-point and the freezing temperature. This will lead to condensation of  moisture  content of exhaust air and then to 
freeze and ice formation on the surface of the heat exchanger fins [8]. The formed ice layer can cause malfunction and 
reduce efficiency. This is due to the reduction of heat transfer rates caused by the disappearance of the direct contact of air 
flow with the surface and the ice layer thus functioning as an insulator. Moreover, it may cause the partial or complete 
clogging of the air passage of the heat exchangers and consequently decrease the airflow. This will lead to higher-pressure 
drop and reduce the amount of thermal energy available for recovery, and at worst, it may stop the function of the heat 
exchanger [3,9,10]. Therefore, in order to maintain the efficiency and working condition of heat exchangers, removal, 
control, prevention and de-icing methods of accumulated ice on heat exchangers fins must be applied [11]. 

The common sources of moisture in residential buildings that may cause ice formation problems in ventilation system in 
cold periods include human evaporation, humidifiers, whirlpools, hot tubs, washing, cooking, bathing etc.[12]. 

Increasing the efficiency of heat exchangers increases the risk of ice formation due to reduction in the exhaust air 
temperature. The risk can also be increased by increasing the mass flow rate ratio of supply air to the exhaust air (mass flow 
rate of supply air/mass flow rate of exhaust air) [10]. On a cold day, the exhaust air at room temperature, which contains 
moisture, is cooled down when its heat content is transferred to the supply air. Condensation occurs as soon as its 
temperature decreases and reaches the dew point, and by decreasing the temperature to below the freezing point, ice 
formation will occur on the heat exchanger surface. This procedure is illustrated as point 1 to point 3 in a classical 
psychometric Mollier diagram in Figure 1-2, which is a graphical representation of the relationship between air temperature, 
moisture content and enthalpy of air.  

Point 1 represents warm humid exhaust air in the heat exchanger at room condition of for example temperature of 25°C and 
the relative humidity of around 50% and the dew point of 6°C. By decreasing the temperature from 1 to 2, the water vapor 
content of air will remain constant until it reaches the dew point 2, then condensation on the surface will occur. The exhaust 
air temperature will decrease until the temperature reaches the cold heat exchanger fins surface temperature, as seen in 
example point 3. By continuing the temperature drop and reaching the freezing point, ice formation will occur on the 
surface.  The formed ice layer grows by migration of the moisture molecules of the supply air passing in to the formed ice 
layer on the surface.  This leads to ice layer growth and densification. 

1.2 ICE CONTROL AND PREVENTION METHODS 

Since ice formation may cause malfunction and reduce the heat recovery effectiveness of the heat exchanger, different 
techniques and methods have been investigated and applied in order to control and prevent ice formation and maintain heat 
exchanger efficiency [3]. The existing methods are categorized in two main categories; passive methods and active 
methods. Basically, the passive methods aim to prevent and delay ice formation by means of tailoring the cooled surface 
characteristics with no additional energy applied, while the active methods control ice formation and remove the formed ice 
by supplying additional energy. These two methods are described below. 

1.2.1 ACTIVE METHODS 

Active methods control the ice formation and remove the formed ice. This means that ice formation on the surface must be 
detected and certain measures must be taken to control its growth or to remove it from the surface.  This may be done 
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through the application of three common sensing techniques which include installing a temperature sensor in the supply air 
or in the exhaust air located in the cold corner of the heat exchanger, and by sensing the pressure drop across the heat 
exchanger. The common active methods used for the control and removal of ice are: preheating of supply air, variation of 
the mass flow ratio, bypassing the supply air and exhaust air recirculation. All these techniques reduce the overall efficiency 
of the heat exchanger [3,9,10,13]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2.1.1 Preheating of supply air 

This is a common technique for ice formation control [14]. As soon as the installed temperature sensors in the supply air 
passage sense that the supply air temperature is below the frosting threshold and there is added risk of condensation and ice 
formation, the heating elements of the heat exchangers begin heating the supply air. Another control strategy for activating 
the preheating technique is to use a pressure drop sensor across the exchanger core. This method requires auxiliary energy 
such as gas or electricity and significantly reduces the energy efficiency of heat exchangers. Therefore, this technique is not 
economical in regions with long periods of cold temperatures [3,13,15,16] 

 1.2.1.2 Variation of the mass flow ratio  

Variation of the mass flow ratio (m supply air/m exhaust air) is another technique for controlling the ice formation on the 
heat exchanger’s fins. When the sensors detect the added risk of ice formation, the flow ratio of cold supply air to warm 
exhaust air (m supply air/m exhaust air) is reduced and consequently, the thermal energy of warm exhaust air will 
compensate for the low thermal energy level of supply air and prevent and control ice formation [9,16]. The disadvantage of 

Figure 1-2 Psychrometric representation of the air water content condensation and ice formation on heat exchanger fins by Mollier 
diagram [13] 
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this method is that it creates an unbalanced flow rate in the system which, over a long period of application, may cause 
infiltration in the building and a reduction of the building’s air quality [15].  

1.2.1.3 Bypassing the supply air 

This is another common technique for the control and prevention of ice formation. In using this technique a set point for the 
exhaust air temperature or supply air is selected to inform the controller of the heat exchanger system when to activate the 
bypass.  This set point is selected according to the calculation of the dew point and the risk of condensation on the heat 
exchanger. It means that the heat exchanger will be de-iced by fully closing the supply air flow in the heat exchanger, thus 
allowing the exhaust air to continue to flow. The warm exhaust air flow will then warm up the heat exchanger and de-ice it. 
By regulating the set point, a bypassing switch may be continuously regulated for optimum energy use. When no risk of 
condensation or ice formation exists, bypassing remains out of the operation [3,10]. Bypassing may be applied to fully or 
partially de-ice the heat exchanger. In case of partial de-icing, dampers are installed in the cold supply air, which would be 
open under normal working conditions. In case the installed sensors detect a risk of ice formation in a certain location of the 
heat exchanger, individual dampers are alternately closed for a certain period of time, which will prevent the cold supply air 
from entering into that particular part of the exchanger. The warm exhaust air flow then de-ices the heat exchanger [13]. 

1.2.1.4 Exhaust air recirculation 

Using this active technique when the risk of ice formation is detected, the supply air flow will be stopped and only the 
exhaust air flow is recirculated in the system to warm the heat exchangers for a fixed duration of time at set time intervals. 
Since the recirculation of exhaust air may cause a reduction in air quality, the defrosting time should not exceed 20% of the 
total operating time. In order to prevent this and compensate the air quality of the system in the normal operating time, the 
airflow rate must be increased; this, however, may reduce the efficiency of the heat exchanger [9,15]. In comparing 
defrosting techniques, Philips et al., showed that this technique is particularly suitable for extremely cold climates [9].  

1.2.2 PASSIVE METHODS 

Passive methods of ice formation control on heat exchanger fins are related to the methods that do not require energy and 
consequently reduce the energy efficiency of heat exchangers. Moreover, implementing these methods will improve the 
effectiveness of the heat exchanger in cold working condition; this is due to the ability of these methods to partially control 
and delay the ice formation by changing the surface characteristics of the heat exchanger fins. The surface characteristics of 
the heat exchanger fins such as surface wettability, roughness and surface energy play a significant role in ice nucleation 
and ice formation. However, it should be noted that the effect of these methods is restricted to the initial stages of ice 
formation. This is due to the fact that in a freezing condition by inevitable nucleation of ice on the surface the  direct contact 
between modified fin surface and humid exhaust air will be disappear. Therefore  the surface effects on control and 
prevention of ice formation becomes weaker as ice grow [17,18].  Though the effectiveness of passive methods is restricted 
to the initial stages of ice formation, their application may reduce the energy required for the regeneration of heat 
exchangers significantly [19]. 

Along with the fundamental interest in research on surface modification, this has led to a recent increase in the interest in 
passive methods. For example,  some studies focus on the effect of surface characteristics in real heat exchanger 
applications, such as Qi, 2013 [20] and Rahman and Jacobi, 2012 [21], while other studies merely focus on the effect of 
surface characteristics on plate samples representing  the surfaces of heat exchanger fins in an effort to investigate the effect 
of surface characteristics on wettability and  ice formation [22–24].  

Previous studies have mainly focused on changing  the surface wettability to become  more hydrophobic or more 
hydrophilic [22,25].  Surface wettability may be changed by modifying the surface characteristics by tailoring the surface 
roughness or tailoring surface chemistry. 
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Many recent studies have focused on the effect of superhydrophobic surfaces and have reported the anti-icing effects of 
superhydrophobic surfaces, these include Cao et al., 2009, Farhadi et al.,2011and Kulinich et al., 2011[26–28]. 

On the other hand, other studies have shown that superhydrophobic surfaces do not have always the anti-ice effects and thus 
may not be the best choice for freezing delay [29,30]. Oberli et al., 2014 observed that superhydrophobic surfaces may slow 
the rate of water condensation on its surface and consequently delay water freezing, however, this does not eliminate it 
completely [30]. These authors also found that some superhydrophobic surfaces may have strong ice adhesion and do not 
have the anti-ice effect. Moreover, Jung et al., 2011 studied water freezing delays on untreated and coated surfaces ranging 
from hydrophilic to superhydrophobic, and they observed the longest freezing delay for hydrophilic surfaces [31]. 

In the present study, the effects of different surface modifications of aluminum alloy 801 is investigated in order to find the 
most suitable and effective aluminum surface characteristics for freezing delay and the delay of ice formation for heat 
exchanger production. 

Moreover, the effects of aluminum surface characteristics, such as wettability and roughness, on ice nucleation, formation 
and growth is presented, discussed and explained in this study through detailed and state of the art investigations within this 
area. 

1.3 ICE NUCLEATION AND GROWTH 

In forming a better understanding of the ice formation problem, the mechanism of ice nucleation and growth on a surface is 
described and elaborated in this section. Ice nucleation begins when the surface temperature drops below the dew point. 
This is caused by a decrease in the water content temperature of the exhaust air which is in direct contact with the surface. 

Hayashi et al., (1977) originally classified three stages of ice growth to describe the evolution of an ice layer, and this theory 
is now widely accepted by other researchers for example by Wang et al., 2006, Prolss  et al., 2006, Cheng  et al., 2002 
[32][33][34]. Hayashi et al., (1977) investigated ice formation through the deposition and ice nucleation of water content of 
air stream on cold surfaces. Other researches, such as Tao et al.,(1994) have investigated ice growth stages according to 
condensation and the freezing  of water content of humid air on cold surfaces [35]. 

The three stages introduced by Hayashi are: (1) crystal growth stage (2) ice layer growth stage, and (3) ice layer full growth 
stage [36]. In the first stage, which is rather short, the ice nucleation formation requires overcoming to the free energy of 
nucleation which is related to the interfacial energy. During this stage, the nuclei size will increase and initially ice crystals 
are formed on the surface. These ice crystals cover the cold surface and are formed far apart from each other in a vertical 
direction [17,36]. In this stage, the ice crystal surface temperature becomes higher than the cooled substrate temperature as 
its surface area increases.  Consequently, increased energy removal is required to maintain its growth. When this amount 
becomes higher than the energy removal required for starting a nucleation on a new site, the initial crystal stops growing 
and forms branches around the top of each ice crystal. This process will continue and new nuclei will form on each branch; 
when having reached its maximum size, a new nucleation starts and branches together to form a forest of ice trees. At this 
stage, the ice is characterized as "ice layer growth" and this will continue until a uniform ice layer has been formed.  After 
this stage, during "Full layer ice growth", the ice layer will not change its shape until the surface temperature of the ice has 
reached water triple point temperature; this is caused by an increase in the thermal resistance of the ice. This temperature 
will cause for continuous cycles of the ice melting and refreezing on its surface. This cycle abruptly increases the ice layer 
density as the molten water penetrates the ice layer and freezes there. This will continue until thermal equilibrium is reached 
throughout the ice layer [36–38]  

Figure 1-3 shows the early stages of ice formation and growth on a cold surface following the condensation of air water 
content on the cold plate, adapted from Tao et al. (1993) and (1994). The first initial stage shows the condensation of water 
from ambient flow on the cold surface as small droplet of subcooled liquid phase. In time and as the temperature drops, the 
subcooled liquid phase droplets starts to crystalize and form a certain ice layer thickness, as explained previously [35,39]. 
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According to t Tao et al. (1993) and (1994) investigation, the ice growth stage after the freezing of the water droplets is 
identical to the stages suggested by Hayashi et al., (1977) [35,36,39]. 

 

 

 

 

 

 

 

 

 

 

1.4 ICE LAYER GROWTH AND DENSIFICATION MECHANISM 

Ice layer growth involves the transfer of heat (q) and mass (m) from a humid air stream to the formed ice layer when the 
humid air is in contact with ice layer. The schematic illustration of ice growth and densification is shown in Figure 1-4. Part 
of the transferred mass in the form of moisture deposits on the surface of the ice layer and increases its thickness. The other 
part diffuses into a porous structure of ice which deposits there by phase changing and causes an increase in the ice density 
‘‘densification process’’. Moreover, during the mass transfer the sensible heat (q), which is related to changes in the 
temperature of moist air, is also transferred from the humid air stream to the ice layer because of their temperature 
difference. The latent heat of the phase change of moist to the ice on the ice surface and in the ice structure is also 
transferred to the ice layer by conduction [5,37,40,41].  

 

 

 

 

 

 

 

 

Figure 1-3 Definition of early stages of ice growth on a cold plate – adapted from Tao et al. (1993)[39]. 

Figure 1-4 A schematic illustration of ice growth and densification through heat (q) and mass (m) transfer from humid air stream
adopted from [5,41] 
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It should be mentioned that the surface heterogeneity, contamination, roughness and chemistry can cause a three phase 
contact line pinning phenomenon. This phenomenon causes for the constant decrease of the contact angle and height of 
droplet until the droplet has reached a stage of total evaporation, thus making it impossible to measure the  receding contact 
angle and consequently, the contact angle hysteresis on the surface [46,58–60]. Shanahan and Bourgès-Monnier (1994) and 
Bormashenko et al.,(2011) observed and reported the pinning of  three-phase contact line after the initial stage of sessile 
drop evaporation on a rough polymer surface, aluminum and steel surfaces [58,60].  If the pinning point phenomenon 
occurs, the advancing contact angle and the static contact angle can be measured.  

According to the observation of Bourg and Shanahan, 1995 and Shanahan and Bourg, 1994 [56,58] on the smooth surface in 
the first and second stage of the evolution of measured contact angle, contact angle of the droplet decreases slightly in time 
and in the third stage the contact angle almost remains constant. In the fourth stage it decreases until the droplet has 
evaporated completely. These stages are illustrated in Figure 1-9 by solid line. Moreover the contact angle measurement on 
rough surface has constant decrease of the contact angle until the droplet has reached a stage of total evaporation as due to 
pinning phenomenon and illustrated in Figure 1-9  by  dashed line. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-8 Schematic representation of sessile drop evaporation stages and its effect on contact angle by M., Shanahan, M., Bourg, 
1994 [58] 

Figure 1-9 Evolution in contact angles of sessile drop evaporation contact angle measurement: solid and dashed lines denote smooth 
and rough surface, respectively. 

Stage I and II Stage III Stage IV 
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1.8 FREEZING DELAY TIME 

A small quantity of water does not immediately freeze when cooled under its equilibrium temperature. It has some freezing 
delay time which means that it remains in its metastable super cooled state for a while; this is considered freezing delay and 
related to the ice nucleation phenomenon and, consequently, the surface characteristics.  

Freezing delay can be measured by measuring the time interval between placing the droplet on the pre-cooled substrate to 
when the droplet starts freezing, or from the beginning of the cooling stage until the beginning of the freezing stage.  
Surface characteristics, such as surface roughness and wettability, are crucial to the ice nucleation and consequently, to 
freezing delay [64].  As previously discussed, surface chemistry and morphology may have an effect in the initial stages of 
ice nucleation and may cause delay, but it cannot prevent ice formation completely [75]. 

Due to the small size of ice nuclei, which are just few nanometers in size, obviously, the initial stages of nucleation cannot 
be detected and measured by using IR or visible light cameras. It cannot be detected until the nucleus size has reached 
macroscopic dimensions.  Another important factor to be considered in the study of freezing delay and ice nucleation is the 
droplet size which may affect freezing delay. In classical nucleation theory calculations, the droplet radius of 1 mm or 6 ml 
is considered; this is also the case for the investigations of this study [6].  

Different studies and investigations have been made and have shown different results on the effects of surface 
characteristics on freezing delay and experimental results have been compared in different temperature ranges to the theory 
of nucleation. Singh and Singh, 2013, for example, studied and observed the effect of changing the surface chemistry with 
nanocolumnar silver surface coating of copper on the freezing delay in comparison to the conventional silver thin film. The 
observed delay in freezing on silver nanocolumns is explainable in terms of the reduction in effective liquid-solid interface 
area within the framework of the Cassie-Baxter model [76]. Wang et al., 2012, investigated and observed the effect of 
changing the surface chemistry of copper surface with nano-fluorocarbon coating on freezing delay [77]. 

Moreover, the role of surface roughness on freezing delay was also investigated recently. For instance, Jung et al., 2011, 
investigated supercooled (-20°C) water freezing delays on untreated and coated surfaces ranging from hydrophilic to 
superhydrophobic. They observed longer freezing delay times for the hydrophilic surfaces with nanoscale roughness 
(smaller than the size of the first stable ice nuclei) compared with typical superhydrophobic surfaces with larger hierarchical 
[31]. 

Heydari et al., 2013, measured the freezing temperature and freezing delay time of surfaces with similar chemistry but 
different topography, including smooth and rough surfaces, and found that water freezing delay time is not significantly 
affected by surface topography. They also discussed their finding within the classical theory of heterogeneous nucleation 
[44].  

Hao et al., 2014, investigated the effect of surface roughness and wettability on the freezing delay. They conducted their 
study on smooth surfaces with a roughness smaller than the size of the critical ice nuclei and on superhydrophobic surfaces 
with hierarchical structures. They found that the freezing delay of smooth surfaces is much longer than that of 
superhydrophobic surfaces and [64].  

In this study, the effect of surface chemistry, without significantly modifying the surface topography on the freezing delay, 
is investigated. The freezing delays and water contact angles are measured as a function of the substrate temperature and the 
results are compared to the predictions of the heterogeneous ice nucleation theory. 
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HAPTER 2. MATERIALS AND METHODS 

2.1 MATERIALS 

All solid substrates and chemical substances used in this study are mentioned in this section. 

2.1.1 ALUMINUM ALLOY 

Since the aluminum alloys are the materials predominantly used in heat exchanger production, the focus of this study is on 
aluminum alloy surface characteristics and the control of ice formation on top of their surfaces in cold working conditions. 
The main material used as a substrate for all the samples preparation and experiments and surface modifications of this 
study is aluminum alloy 8011. The aluminum alloy is used as received from the production line of air to air heat exchangers 
with a chemical composition according to Table 2.1. Aluminum sheets were plain, single rolled with a thickness of 0.25 mm 
and cut into test samples of 15× 15 mm2 or 10 ×10 mm2.  

Samples were degreased in an ultrasound cleaner in a process consisting of 10 min in an acetone bath, then 10 min in DI-
water and finally 10 min in an ethanol bath. The samples were then dried under an N2 stream or under a clean air stream and 
dried in an oven overnight at 110°C. 

Table 2-1 Chemical composition of Aluminum alloy 8011 according to EN 573-3. 

 Si [%] Fe [%] Cu [%] Mn [%] Mg [%] Cr [%] Zn [%] Ti [%] Others 
each [%] 

Others 
total [%] 

min 0.40 0.50 - - - - - - - - 

max 0.8 1.0 0.10 0.10 0.10 0.10 0.10 0.05 0.05 0.05 

 

2.1.2 ALUMINUM FOIL 

The high surface roughness of bare unpolished aluminium samples renders it impossible to measure directly the thickness of 
the native aluminium oxide, hyperbranched PEG and perfluorooctylsilane layers formed on its top by ellipsometry. 
Therefore, to be able to use ellipsometry for measuring the thickness of a formed layer on top of an aluminum alloy, the 
smooth foil samples must be prepared as substrates and synthesized for further measurements. The aluminum foil samples 
were cut from a rolled aluminum foil, 0.3 mm thick and 30 mm wide produced by Merck KGaA, Darmstadt, Germany.  

2.1.3 CHEMICALS 

All chemical substances used during this study, such as a anhydrous methanol (99.8%), sodium methoxide, fuming nitric 
acid (100%), glycidol (96%), toluene (99.5%), tetrahydrofuran (99%) and (3-Aminopropyl) triethoxysilane (APTES) 99% 
were purchased from Sigma–Aldrich Co. 1H,1H,2H,2H- perfluorooctyltrichlorosilane was purchased from Fluorochem Ltd. 
and Sigma–Aldrich Co.  All aforementioned chemicals were used as received. 
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2.2.5 WATER PLASMA TREATMENT 

One group of samples was modified using the water plasma treatment method. Moreover, the native oxide layers on top of 
the aluminum substrate samples needed to be activated for further surface modification. The water plasma treatment or the 
chemical methods, heated sodium methoxide solution as used and explained in 2.2.4, may be applied for surface activation 
[22,45]. 

Figure 2-1 schematic of polymerization mechanism of PEG on top of the aluminum substrate [22] 
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2.3.2 ELLIPSOMETRY 

The ellipsometry measurement was applied for measuring the deposited and synthesized layer of PFOS and PEG on top of 
the smooth surface of polished aluminum and aluminum foil samples. The measurements were carried out using Sentech SE 
850 Ellipsometer as explained in paper I. The ellipsometry measurements could not be completed on top of the aluminum 
samples due to surface roughness.  

2.3.3 ATOMIC FORCE MICROSCOPY(AFM) 

In paper I, the surface morphology was visualized by atomic force microscopy (NTEGRA Aura, NT-MDT Co.) in tapping 
mode using Olympus OMCL-160TS cantilevers for the measurement. The AFM images were analyzed using WSXM 
software [86]. In paper V, atomic force microscopy (NanoWizard 3, Germany) is used in tapping mode and NSC36/Cr-Au 
cantilever was used for the measurements. The acquired images were processed for RMS roughness calculation by JPK data 
processing software. 

2.4 EXPERIMENTAL APPARATUS AND METHODOLOGY 

In this study, two experimental apparatus are built and modified for measuring the ice thickness and density formed on top 
of the samples and for measuring the freezing delay.  

2.4.1 ICE FORMATION AND GROWTH MEASUREMENTS  

The experimental apparatus built for measuring the ice thickness and ice density formed on top of the sample surfaces are 
explained in details in paper III and IV[17] and its schematic is illustrated in Figure 2-6. 

This experimental apparatus consisted of a climate chamber which allowed full control of the ice formation parameters, 
including airflow, air humidity, surrounding temperature and the cold surface temperature of the test section. Moreover, the 
experiments were performed in a clean room in order to ensure a low concentration of polluting gases and particles during 
the experiments. The air supply system in the clean room provided extensive air filtration using a F7-class filter, a charcoal 
filter followed by a second F7-class filter and finally, a HEPA filter.  

In the presented study, the ice thickness was measured with a monochrome CCD camera (The Imaging Source, Germany) 
with the ability to capture up to 60 images/s at a resolution of 1280x 960 pixels. This was used for monitoring the ice 
formation. The camera was equipped with a video lens (Edmund Optics, UK) with 68mm WD, 3.61mm horizontal field of 
view and a magnification of 1.33X. 

The porous structure of the ice, which creates a rather rough surface on the ice layer due to the random ice nucleation on the 
surface, renders measuring its thickness measurement both challenging and problematic.  Since it is a crucial parameter 
which affects the accuracy of all other measurements, the ability to measure ice thickness is crucial; therefore, several 
measuring techniques have been developed and investigated. Some of these methods are mechanical methods using a 
micrometric screw by Lee et al., 2003 [87] and Na and Webb, 2004 [40], which require an interruption of the experiment to 
perform the measurement or laser method and optical measurements methods. In most cases, the laser method is not 
applicable due to the roughness of the ice surfaces caused by the random accumulation of water vapor on the porous 
structure of the ice [40,88]. The optical method is considered the most accurate method for ice thickness measurement since 
it involves image analysis and is independent of its morphology and have been applied by  researches, such as Moallem et 
al. ,2012 [89] and in this study. 
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The optical measurement method applied in this study involved recording the side images of samples and measuring the 
thickness of at least 10 points on each sample and analyzing and interpreting them after each test and calculating the 
average thickness of the ice. For ensuring the accurate observation and control of the measurements temperature, the test 
chamber was equipped with a K-type thermocouple attached to the surface of the sample holder. Readings were recorded 
with a temperature logger at a rate of 51 samples/min (Agilent GUI data logger). During each experiment, the image video 
capture and the surface temperature logger simultaneously recorded the images and the temperature. 

The relative humidity of the circulating air was adjusted with a cool mist ultrasonic humidifier (AIR-O-SWISS, 
Switzerland). The humidifier was operated with Milli-Q water to ensure the absence of mineral residues in the produced 
water mist. The temperature and humidity inside the chamber were measured using a humidity/temperature probe (Testo 
400 Reference Meter&Logger, Testo Inc.) with an accuracy of ±1 %RH and ±0.05°C. 

The mean air velocity was measured with a hotwire anemometer (DANTEC FLOWMASTER Precision Anemometer Type 
54 N 60) positioned in a hole on the chamber roof, see figure 2-6 (Schematic of the test setup).  

Prior to inserting a sample, the humidity and temperature in the chamber were allowed to settle to the desired parameters. 
The mean air velocity was kept constant at 0.57 m/s in all measurements. Table 2-1 shows a typical set of experimental 
conditions.  

 

 

 

 

 

 

 

 

 

 

Table 2-2 Typical experimental conditions 

Typical experimental conditions   

Inlet air temperature 17 ± 0.1°C 

Average inlet air velocity with confidence interval 95% 0.57 m/s 

Ambient air temperature of the clean room  24°C 

 

Figure 2-6 Schematic top view image of the test setup for ice formation thickness and density measurement [17] 
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Table 2-3 Typical experimental conditions for freezing delay and contact angle measurements at subzero temperatures 

Typical experimental conditions   

Ambient air humidity 30% ± 2% 
Ambient air temperature 23°C ± 1°C  
Inside the chamber humidity 26% ± 1% 
Inside the chamber temperature 21°C ± 1°C  

 

The discrepancy in icing behavior as reported by various authors may be caused by the lack of robustness and stability of 
samples surfaces, due to humidity, insufficient pressure stability during icing procedure [6]. In reducing discrepancy in the 
measurements performed in this study all measurements are performed on fresh synthesize samples in order to prevent any 
probable effects of freezing on the surface characteristics. Moreover, in order to increase the accuracy of the reported data 
and results of freezing delay, a minimum of seven measurements are performed for each group of samples in a specific 
temperature. The detailed numbers of all freezing delay and contact angle measurements are shown in Table 2-4.  

For the contact angle measurement in subzero temperatures the angle is the average of a static contact angle of a droplet in 
the initial seconds after the droplet has been placed on the pre-cooled substrate. The schematic figure of the experimental 
apparatus is shown in Figure 2-7. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-7 Schematic view of the test apparatus for measuring contact angle and freezing delay 
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Group of Sample Temperature 
(°C)

 Contact Angle  
(degree)

freezing Delay 
(sec)

23 21
20 8
15 7
10 7
5 7
0 14
-5 24 12
-7 9 11

-10 18 9
-12 9 9
-15 15 13
-18 12 12
-20 19 15
23 20
20 8
15 9
10 7
5 7
0 13
-5 28 7
-7 18 10

-10 11 10
-12 8 12
-15 17 10
-18 11 11
-20 24 15
23 18
20 11
15 8
10 9
5 8
0 8
-5 25 14
-7 12 7

-10 11 21
-12 14 9
-15 19 12
-18 9 9
-20 31 12
20 17
15 7
10 8
5 8
0 7
-5 16 11
-7 7 9

-10 15 17
-12 15 15
-15 17 12
-18 13 13
-20 12 11

Number of Test for  measurement of

Bare Samples

Samples with Water Plasma 
treatment

Samples with a layer of 
APTES 

Samples with a layer of 
PFOS

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2-4 The detailed numbers of all measurements for measuring freezing delay and contact angle at
different temperatures 
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3.1.1.1 Actual paper I 
 

Effects of Aluminum Surface Morphology and Chemical Modification on Wettability 
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a  b  s  t  r  a  c  t

Aluminium  alloys  are some  of the  predominant  metals  in  industrial  applications  such  as  production  of
heat exchangers,  heat  pumps.  They  have  high  heat  conductivity  coupled  with  a low  speci�c  weight.  In
cold  working  conditions,  there  is a risk  of  frost  formation  on  the  surface  of  aluminium  in  the  presence  of
water  vapour,  which  can  lead to the  deterioration  of  equipment  performance.  This  work  addresses  the
methods  of surface  modi�cation  of  aluminium  and their  effect  of the  underlying  surface  morphology  and
wettability,  which  are  the important  parameters  for frost  formation.  Three  groups  of  real-life  aluminium
surfaces  of different  morphology:  unpolished  aluminium,  polished  aluminium,  and  aluminium  foil,  were
subjected  to surface  modi�cation  procedures  which  involved  the  formation  of  a  layer  of  hydrophilic
luminium surface
oughness

n situ polymerization
olecular vapour deposition

hyperbranched  polyethyleneglycol  via  in  situ  polymerization,  molecular  vapour  deposition  of  a  mono-
layer  of  �uorinated  silane,  and a combination  of  those.  The  effect  of these  surface  modi�cation  techniques
on  roughness  and wettability  of  the  aluminium  surfaces  was elucidated  by ellipsometry,  contact  angle
measurements  and  atomic  force  microscopy.  We demonstrated  that  by  employing  different  types  of  sur-
face modi�cations  the contact  angle  of  water  droplets  on aluminium  samples  can  be  varied  from  12� to
more  than  120�.  A crossover  from  Cassie�Baxter  to  Wenzel  regime  upon  changing  the  surface  roughness

was  also  observed.

. Introduction

Aluminium alloys play an important role in modern industry,
or instance in the production of aircrafts, vehicles, different types
f heat exchangers and heat pumps [1,2]. This is due to their partic-
lar characteristics such as its high heat conductivity, low speci�c
eight, and high speci�c strength. Moreover aluminium has self-
assivation properties due to the formation of a stable native oxide

ayer, hence protecting the bulk material from further oxidation
nd corrosion [3�5]. In cold working conditions in the presence of
ater vapour, condensation of water vapour or frost formation can

ccur when the temperature of aluminium surface drops below
he dew point. The condensation of water vapour or accretion of
rost is mostly undesirable, for example frost accretion on aircraft
ings can pose a serious problem. In addition, this can lead to the
eterioration of equipment performance. For example, frost forma-

ion can clog or narrow the air passages of heat exchangers hence
ncreasing the pressure difference. Moreover, it increases thermal
nd �ow resistance and consequently lowers heat performance of
eat exchangers and overall reduces the system performance [6,7].

� Corresponding author. Tel.: +45 50123969.
E-mail addresses: mar@sbi.aau.dk, maral.rahimi1@gmail.com (M.  Rahimi).

169-4332/$ � see front matter ' 2014 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2014.01.059
' 2014  Elsevier  B.V.  All  rights  reserved.

Alongside with the importance of psychrometric parameters such
as air temperature, velocity, humidity and surface temperature on
the frost formation process, surface conditions such as surface tem-
perature, roughness, drop adhesion to the surface and consequently
contact angle are also important parameters for frost formation
[8�10]. Therefore surface characteristics and surface modi�cations
of aluminium strongly affect the performance characteristics of a
whole range of different machinery involving aluminium and its
alloys.

Different strategies and methods need to be applied in order
to delay or prevent the frost formation on the surface of alu-
minium. One of the key factors of frost formation on solid surfaces
is adhesion of a droplet to the surface and its wettability. The
drop adhesion can be measured by dedicated experimental tech-
niques such as centrifugal adhesion balance (CAB). This technique
allows the study of the relation between lateral adhesion forces
at a solid�liquid interface and the resting time of a droplet prior
to sliding off the surface [10]. The wettability can be controlled
by varying the surface chemistry, e.g., by chemical modi�cation of

the surface, or by changing the surface morphology, e.g., by form-
ing micro/nanostructures on the surface [11]. The relation between
the surface morphology and contact angle is generally described
by two  models, which address the wettability of rough surfaces:
the Wenzel and the Cassie�Baxter model [12�14]. Both models
































































































































































	Blank Page
	Blank Page
	Blank Page



