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Työn tarkoituksena oli tutkia jäätymiskiteytyksen ja eutektisen jäätymiskiteytyksen 

tehokkuutta jäteveden puhdistuksessa imitoimalla talviolosuhteissa tapahtuvaa jäätymistä. 

Lisäksi tutkittiin matemaattisen mallin soveltuvuutta jääkerroksen paksuuden ja sen 

kasvunopeuden määritykseen sekä otettiin huomioon eutektisessa pisteessä tapahtuvaa 

natriumsulfaatin kiteytymistä. Kirjallisuusosassa perehdytään jäätymiskiteytykseen, sen 

hyötyihin ja sovelluksiin sekä tarkastellaan pohjoisen ilmaston mahdollista soveltamista 

tekniikan käyttöön talviolosuhteissa. Myös pääasiallisia natriumsulfaatin lähteitä Suomen 

teollisuudesta ympäristöön tarkastellaan. Mittaukset suoritettiin modifioidussa 

arkkupakastimessa, jonka sisälle oli sijoitettu tuuletin, laminaarisen ilmavirran 

aikaansaamiseksi. Jääkerroksessa tapahtuvaa lämpötilanmuutosta tarkasteltiin Picolog PT-104 

korkeatarkkuuksisella dataloggerilla. Kiteyttimessä lämpötilakontrollia pidettiin yllä Lauda RP 

850 termostaatilla. Muodostuneen jääkerroksen puhtaus määritettiin punnitsemalla sen paino 

mittauksen sekä uudelleen vuorokauden uunissaolon jälkeen.  Myös jäljelle jäänyt 

suolaliuoksen tilavuus mitattiin ja siitä otetettiin niin ikään näyte liuoksen suolapitoisuuden 

määritykseen.  

 

Pienellä lämpötilaerolla ja pitkällä jäädytysajalla saatiin erotettua parhaiten muodostunut jää 

suolaliuoksesta. Toisaalta natriumsulfaatin kiteytys astiaan toimi parhaiten suurella 

lämpötilaerolla sekä jäätymisajalla. Jääkerroksen kasvunopeuden määrityksessä käytetty 

matemaattinen malli sekä mittausten perusteella laskettu varsinaisen jääkerroksen kasvunopeus 

olivat suurimmassa osassa mittauksia lähellä toisiaan. Ero arvojen välillä kuitenkin kasvoi 

merkittävästi, kun eutektinen piste saavutettiin. Eutektisen pisteen saavuttaminen johti suolan 

ja jääkerroksen samaan aikaiseen kiteytymiseen. Eutektinen piste saavutettiin yhtä poikkeusta 

lukuun ottamatta ainoastaan suurimmalla suolan konsentraatiolla. Toisin kuin muissa 

mittauspisteissä saadut tulokset, eutektisen pisteen saavuttaneiden mittapisteiden matemaattiset 

arvot olivat lähes kaikki kokeellisia arvoja suurempia. Talviolosuhteissa jäädytyskiteytyksen 

käyttö jätevedenpuhdistukseen on energiatarpeeltaan erittäin edullista. Lisäksi toiminnaltaan 

tekniikka on erittäin yksinkertainen. Toisaalta sen tehokkuus ja erotuskyky riippuvat täysin 

vallitsevasta lämpötilasta ja sen vaihteluista. 
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The aim of this thesis was to examine efficiency of freeze crystallization and eutectic freeze 

crystallization in purification of wastewater by imitating natural freezing. In addition, a 

mathematic model based on heat transfer to determine ice thickness and ice growth rate was 

examined. Also, the amount of sodium sulfate crystallized at the eutectic point was under 

investigation. In literature part, advantages and applications of the freeze crystallization are 

discussed, and possibility to apply it in Northern hemisphere winter weather conditions is under 

study. Furthermore, main sources of sodium sulfate from Finnish industries are described. The 

experiments were carried out in modified chest freezer, where a fan was placed in order to 

obtain laminar air flow inside. Picolog PT-104 data logger was used to monitor temperature 

changes in the salt-water solution, and constant temperature was maintained in the crystallizer 

with Lauda RP 850 thermostat. The impurity of formed ice layer was determined by weighing 

ice samples after experiment and again after 24 hours drying to full dryness in oven. Volume 

of salt-water solution was also measured after experiment.  

 

The highest purity of formed ice layer was obtained with small temperature difference and with 

long freezing time. On the other hand, the amount of crystallized sodium sulfate was its greatest 

with long freezing time and higher temperature difference. The results obtained by the 

mathematic model and empirical results did not differ significantly in most of the experiments. 

However, the difference increased when salt-water mixture reached its eutectic point, leading 

to simultaneous ice and salt crystallization. Eutectic point was reached only with the highest 

salt concentration with one exception. In these cases, calculated values were in many cases 

greater than the experimental ones.  In winter weather conditions freeze crystallization is cost-

effective wastewater treatment method and rather simple. Nonetheless, the efficiency and 

separation rate are strongly depended on ambient temperature and its changes. 



Symbols 

Cb  Concentration of bulk solution, g salt/ g solution 

Ci  Concentration in solid-liquid interface, g salt/ g solution 

Cp  Heat capacity, Jkg-1 K-1 

Cs  Concentration of ice layer, g salt/ g ice 

D  Diffusion coefficient, m2/s 

G  Growth rate, m/s 

Gr  Grashof number, - 

hair  Free convective heat transfer coefficient of  air, Wm-2 K-1 

hsol  Free convective heat transfer coefficient of the solution, Wm-2 K-1 

K  Effective solute distribution coefficient,- 

K*  Limiting distribution coefficients,- 

kice  Thermal conductivity of ice,Wm-1K-1 

kL  Mass transfer coefficient, m/s 

k  Thermal conductivity, Wm-1 K-1 

Lc  Characteristic length, m 

Nu  Nusselt number, - 

Pr  Prandtl number, - 

Sh  Sherwood number, - 

Sc  Schmidt number, - 

t  Freezing time, s 

U  Overall heat transfer coefficient, Wm-2 K-1 

ν  Kinematic viscosity, m2/s 

X  Thickness of formed ice layer, m 

ΔH  Latent heat fusion of impure ice, Jkg-1 

ΔHf  Latent heat of fusion of pure ice, Jkg-1 

ΔT  Temperature difference between ambient air and bulk solution, °C 

δ  Boundary layer thickness, m 

ρice  Density of ice layer, kg/m3 

ρ  Density of the solution, kg/m3
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INTRODUCTION 

 

Hypersaline brine, which produced from industrial and mining operations can have major 

consequences to groundwater, lakes and rivers, if salt concentration in these water reservoirs 

increases significantly. One method used in the industry to reduce brine volume is evaporation 

ponds, where waste brine stream is disposed, but leakage risk to groundwater remains [1]. 

Impurities such as sulfate in high concentrations lead to disturb natural water cycle in fresh 

waters, preventing transfer of high oxygen concentration to water mass [2]. Available methods 

for separating water from brines are Evaporative Crystallization (EC) and brine disposal to 

environment, but both of these techniques have some disadvantages, which constrains their use 

in water treatment. In the case of evaporative crystallization, energy used to crystallize salts 

consumes great amount of energy, but also the final salt products are always contaminated with 

other salts [1,3]. To separate these from each other further treatment is needed. Brine disposal 

on the other hand has potential to contaminate groundwater [1].  Also, reverse osmosis (RO) 

can be used for separation. Disadvantage of RO process is that membrane fouling by 

precipitation of different salts may take place which affects the water recovery. As a result, only 

if an alternative technique for treating the RO retentates is used, higher water recovery can be 

achieved [3,4]. In addition, some compounds may restrict the use of RO, for example the 

presence of ammonia prevents the use of the process, because it causes damage to membranes. 

Ammonia causes also problems in evaporative crystallization, preventing the salt treatment in 

a chlor-alkali plant, when treating formed salt mixtures [5]. 

 

Freeze concentration (FC) and eutectic freeze crystallization (EFC) have been proposed to treat 

these brines and to recycle process waters. Freeze concentration is already applied to the needs 

of different food industries, but it could be also applied to mining industry. The problems faced 

in hydrometallurgy are the water quality and the lack of needed process water. The FC and EFC 

could solve these problems, by recycling purified process water, but EFC could recover 

crystallized salts from brine as well [5]. The EFC could be very promising separation 

technology especially in mining industry, where some salts cannot be separated from effluent 

in conventional wastewater treatment process or post-treatment process. In addition, the 

technique could also solve problems faced today where sufficient amount of pure water is 

needed [6]. 
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In this study the efficiency to purify Na2SO4 laden wastewater using freeze crystallization and 

eutectic freeze crystallization been investigated, by imitating winter weather conditions. Using 

aid of natural freezing could be very cost-effective method for the separation.  In addition, 

calculated crystal growth rate values were compared to values obtained from experiments. 

Furthermore, amount of salt crystallized to the bottom of crystallizer in eutectic point was also 

under of investigation. 

 

2 FREEZE CRYSTALLIZATION (FC) AND EUTECTIC FREEZE 

CRYSTALLIZATION (EFC) 

 

2.1 State-of-the-art 

As a state-of-the-art, the latest development (2012) in Freeze Concentration process from GEA 

Messo PT is IceconTM .This low cost system is ideal to treat heat-sensitive substances and it can 

retain original properties of the food products with a great efficiency. It also has many 

advantages, for example it prevents oxidation because processing takes place inside closed 

system, and due to low sub-zero temperatures no the process is stable because of vapor phase 

is not present. In addition, the process is continuous and flexible concerning the feed 

composition. It also maintains product freshness, by minimizing biological degradation [7]. 

The process consist crystallizer and wash column. In the crystallizer the inner cooling wall is 

scraped to give additional heat resistance. Cooling takes place with refrigerant in the cooling 

jacket. What comes to flexibility is that, the separation efficiency can be controlled and 

optimized by changing freezing time, which directly affects crystal size distribution.  After 

crystallizer, concentrated solution and ice crystals enters to wash column, where concentrated 

solution is separated from ice crystals with the aid of melted and recycled ice, removing 

fractions from concentrated mother solution. According to Niro PT, The IceconTM system is 

capable to a variety of products with 5 to 3000 kg/h capacity [7]. 

 

2.2  Freeze Crystallization 

Freeze Concentration or Freeze Crystallization is a separation technique, in which water is 

eliminated from the mother solution. A Freeze Concentration process is shown in Figure 1. 

Operating below freezing point, makes possible to freeze water from mother solution. 

According to Sánchez et al., [8] the final product quality is higher than quality obtained from 
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conventional concentration processed, such as membrane concentration and evaporation 

concentration, which are all used in the food industry. Freeze concentration separates mother 

solution to two phases, concentrated solution and ice crystals, which can be separated. Ice 

crystals can be then washed and melted to obtain pure water [9].  

 

 

Figure 1.  Typical block diagram of Freeze Concentration process [10]. 

 

Impurity of the formed ice crystals increases when crystal growth rate increases. As a result, 

lower growth rate gives better separation of two phases. Purity depends also on the 

controllability of the operation conditions for example, in sea water freezing, impurity of ice 

can be high. The reason for this is that, during ice crystallization brine pockets is formed, 

trapping saline water inside the ice layer [10]. In freeze crystallization, the salt solubility at low 

temperatures is limiting the yield of water [11]. 

 

 

 

2.3 Eutectic Freeze Crystallization (EFC) 

 

Eutectic freeze crystallization is ‘an extension’ of Freeze crystallization. In eutectic freeze 

crystallization simultaneous ice and salt crystallization takes place in the eutectic point. At this 

point, ice and salt equilibrium exists in specific concentration. For different aqueous electrolyte 

solutions the eutectic point is different [12]. Separation of crystalline products take places in 
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the crystallizer.  Due to density difference of phases ice, which has lower density, around 917 

kg/m3 rises to the top of crystallizer, while salt crystals crystallizes to the bottom. 

Higher ice purity can be obtained if purge stream or washing stages are used [4]. Various salts 

can be separated by EFC based on their eutectic points [1].Theoretically 100% yield of the 

solution to ice and salt in binary salt-water system can be achieved. This depends on the need 

of purge streams, to control possible accumulated impurities [5]. Amount of impurities in ice 

increases, if growth process is not carefully controlled. Possible formation of solid solution and 

inclusions might take place [13]. The reason behind this is the ice morphology, which makes 

the salt-ice separation problematic because of aggregation and agglomeration. [14]. In addition, 

at low temperatures some salts tends to form hydrated salts decreasing the yield of ice, which 

then needs a second crystallizer to obtain anhydrous form. Recrystallization removes impurities, 

which are trapped in the hydrated crystals, increasing the purity of formed salt [12]. 

 

The eutectic point depends on the used salt in the binary salt-water system. For example sodium 

sulfate has its eutectic point at temperature of -1.27 °C and in the concentration of 4.19 wt-% 

[15]. The eutectic point can be obtained with two different routes depending on the initial 

concentration of the solution and temperature related to the eutectic point. If the solution 

concentration is lower than the eutectic concentration, ice crystallizes first. When cooling is 

continued, freezing point reduces as a function of the salt concentration according freezing point 

depression curve (Ice line), as demonstrated in Figure 2. Cooling follows the ice line till the 

point where eutectic point is reached. If, salt concentration in the solution is higher than eutectic 

point, salt crystallizes first. When salt crystallizes in the container, it decreases the salt 

concentration in the solution, and increases the freezing point depression. The salt crystallizes 

until the eutectic point is reached [12]. 
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Figure 2.  Phase diagram to obtain eutectic point in water-salt solution [16]. 

 

 

 

2.4 Parameters affecting to crystal growth 

According to Mullin (2001), no generally accepted or simple method to express the crystal 

growth rate exist, because of complex dependence on crystal supersaturation, temperature, area, 

habit, agitation, and other factors such as impurities in a solution and crystal size [17].  

 

2.5 Freezing point depression (FPD) 

Freezing point of a liquid decreases when another compound, such as salt is added. The added 

compound lowers freezing point of the solution from a point in which it would freeze if the 

solution would consists only from the pure solution [18]. Freezing point depression presents a 

solution freezing point in specific salt concentration. For every salt there is specific unique 

freezing point for different concentrations. For example, for sodium sulfate, which was used in 

the experiments freezing point of solution decreased from -0.32 ºC to -1.13 ºC, when 

concentration of salt increases from 1 wt-% to 4 wt-% [19]. 
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Figure 3.  Freezing point depression of sodium sulfate solution in different concentrations 

in pure water. 

 

 

3 ADVANTAGES AND APPLICATIONS OF FREEZE CRYSTALLIZATION 

AND EUTECTIC FREEZE CRYSTALLIZATION 

 

 

3.1 Advantages 

Compared to conventional Evaporative Concentration, Freeze crystallization has some 

advantages on its side. Energy savings compared to triple-stage evaporation crystallization 

process energy cost can be reduced by 70% for certain systems [20]. Typically savings are 

around 50% [21]. The heat of fusion (6.01 kJ/mol) is six times less than the heat of evaporation 

(40.65kJ/mol) [5]. In addition, the low temperature conditions in the system makes possible to 

use inexpensive material for construction. This means also that, no poisonous fumes are 

generated at low temperatures and bacterial growth can be controlled easily [3]. Also, during 

the crystallization impurities are removed from the ice structure and ice itself can also be used 

as a cooling storage [1].  In addition, the process does not need pre-treatment method for 

separation. This means that no chemicals are added to the process and toxic chemicals are not 

discharged to the environment. Low temperature also decreases sensitivity biological fouling 

and eliminates issues of scaling and corrosion in the pipe systems [10]. Furthermore, freezing 

yields higher separation efficiency compared to conventional membrane and evaporative 

concentrations [8].   
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EFC has also other advantages than those listed above. Compared to conventional multi-stage 

evaporation crystallization process, the operational costs are significantly lower according to 

Randall et al. (2011) from 80% to 85% depending on the concentration. However, the 

economics depended strongly on the composition of the wastewater [1]. Unlike reverse osmosis 

processes, EFC can be used to treat both dilute and concentrated brine solutions, minimizing 

the amount of formed wastewaters, where precipitation limits of different salts restraining the 

use of RO technology.  In addition, because of density differences between mother liquor, 

formed ice and salt crystals, no separation unit is needed in the process [4]. One of the main 

advantages of EFC is its flexibility. Depending on the customer needs and composition of the 

feed stream, the EFC operational settings can be adjusted, and parameters can be tailored 

according to the desired product. The technique can be designed for both, small and large 

systems and can be applied for wide range of different sectors in industry. The main target of 

EFC is separation of inorganic salts from a solution, but it can be also used for treating organic 

brines or mixtures of these both with high salt purity. The technique can be also used for treating 

concentrated acidic waste streams. Pure salts or pure acids or both can be obtained by EFC. As 

a result, technology enables processes to be designed and it can replace existing technologies 

[3]. Although EFC has shown to be very effective in binary salt-water mixtures, it still have to 

be applied to treat complex hypersaline brines, like RO retentates [1,5].  

 

 

3.2 Applications 

Freeze concentration has been used in industry mainly to concentrate different fruit juices and 

dairy products [11]. But also concentrating dilute coffee and tea solutions by freeze 

concentration has been applied. Freeze concentration has been likewise applied to brewing, 

winery and distillation processes [8]. In addition, the technique could also be applied to treat 

wastewaters effluents from of mining and other industrial sectors [14], such as hypersaline 

brines of RO retentates [5]. EFC has already been studied in many sector of different industries, 

consisting e.g. from oil and gas industry, recycling industry, agriculture and various chemical 

industries [22].  

 

 

 

 



 

11 

 

4 SOURCE OF TARGET COMPOUND COMING FROM FINNISH INDUSTRIES

  

There are two main sources of sodium sulfate in Finland. These are pulp and paper industries 

and mining industries. In pulp and paper industry sulfate is used to remove woods extractive, 

lignin which can cause foaming and precipitation later in the process. Using sulfate as “a 

cooking chemical” minimizes also dissolution of cellulose in the same time. The cooking 

chemical is white liquor, which is a mixture of sodium sulphide and sodium hydroxide. In the 

process sodium hydroxide separates lignin and sodium sulphide accelerates chain reaction and 

decreases dissolution of cellulose causing by sodium hydroxide. Sodium sulfate is one of 

compounds present in white liquor. These other sodium do not have a big role in the chain 

reactions. As a result, these inert compounds may exist in waters if separation of white liquor 

is insufficient [23]. 

 

In mining industry water treatment and post-treatment methods used today are not able to 

separate sodium sulfate from the solution, which leads to increased salt concentration in local 

lakes and rivers. The source of the compound comes from used ore and from pH adjustment. 

Sulfate originates from bioleaching, where oxidation of sulfide ore takes place and also partly 

from used sulfuric acid, which is used as a leaching solution. The used sodium on the other 

hand, comes from precipitation of nickel sulfide where pH value is controlled by adding of lye, 

sodium hydroxide to pregnant leach solution (PLS). In this step following reactions takes place 

[6]. 

 

2H+(aq) + SO4
2-(aq) + 2 Na+ (aq) + 2 OH- (aq) → 2 H2O (aq) + SO4

2-(aq) + 2 Na+(aq)  (4.1) 

Ni2+(aq) + SO4
2-(aq) + H2S (g) →NiS(s) + 2H+(aq) + SO4

2-(aq)    (4.2) 

 

Sodium sulfate is highly soluble in aqueous solutions and does not crystallize either in 

neutralization process, waste water treatment or in post-treatment process. Also, conventional 

methods have been examined by increasing residence time and chemical precipitation, which 

both have been found to be insufficient for the salt separation [6]. 
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In 2010 and 2011 increase in lye consumption in the process led to increase of sodium and 

sodium sulfate concentrations in purified process water. Then the concentration of effluent 

sodium sulfate solution was its highest, 15000 mg/l to 25000 mg/l. In 2012, the value had been 

dropped between 5000 mg/l and 7000 mg/l [24].  

 

In 2015, according to Elinkeino-,liikenne ja ympäristökeskus, the post-treated mining water 

was directed to Nuosjärvi, where concentrations of sulfate (bottom sample) was in March 81 

mg/l and sodium concentration respectively 17 mg/l. In addition, sample taken from the surface 

showed significantly smaller concentrations. For sulfate, concentration was 2.4 mg/l and for 

sodium 1.4 mg/l [25].  According to Pohjois-Savon luonnonsuojelupiiri, sodium and sulfate 

concentrations in Finnish lakes are often below 10 mg/l. In addition, according to the 

organization 3400 mg/l of sulfate represents 5000 mg/l of sodium sulfate concentration [2]. 

Meaning that treated mining water directed to water systems of Oulujoki consisted in spring 

2015 around 780 mg/L of sodium sulfate in spring 2013 the value was slightly over 1600 mg/l 

[25]. According to the environmental legislation, the annual sodium sulfate permissible limit 

coming from a chemical plant is 35000 tonnes [26]. 

 

 

4.1 Weather in winter and Freeze Crystallization  

In the experiments the main target was to examine recovery and ice purity by imitating natural 

freezing. The main reason for this is that freeze crystallization has many advantages compared 

to conventional crystallization techniques and by using natural freezing it would be extremely 

cost-effective method to recover pure water and also salt from waste water. The recovery of 

purified water and salt by using freeze crystallization is very promising method for minimizing 

effluent quantities. In addition, with the by aid of natural freezing in winter, energy 

consumption would dramatically decrease, which is needed for cost-effective crystallization 

and purification.  

The climate of Northern-part of the Europe, especially in Finland during winter have been 

usually under zero degrees. Finnish meteorological institute has published statistics from local 

weather conditions between 1981 and 2010. According to statistics, only in the Southern-west 

Finland and in Åland Islands the average temperatures has been slightly higher and only couple 

of degrees below zero [27]. Depending on the location, winter starts at the earliest in the middle 

in October and in southern parts of Finland at the middle of November. In addition, the average 
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length of winter has been from under 110 days to over 190 days depending on the location [28]. 

Also, average temperatures in winter are slightly or well under zero in the past years, except in 

the Åland Islands, where in 2014 average temperature was 0.8 ºC. Anywhere else average 

temperature was under 0ºC, in South West Finland -0.4 ºC anywhere else under -1ºC [29]. 

Following figures shows average temperatures from the past six years. 

 

 

Figure 4.  Average winter temperatures in Finland from 2009 to 2014 [29]. 

 

http://ilmatieteenlaitos.fi/talvitilastot
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5 MATERIALS AND METHODS 

 

5.1 Crystal structure of Na2SO4  

Salt used in experiments was sodium sulfate, which exists in three forms: anhydrous Na2SO4 

(thenardite), unstable Na2SO4 • 7H2O and sodium sulfate decahydrate, Na2SO4 • 10 H2O 

(mirabilite). In lower temperature range mirabilite is the dominant crystalline form. The 

transition point where Na2SO4 • 10H2O changes to stable anhydrous crystalline form takes 

place at temperature of 32.27 ºC and concentration of 33.13 wt-% [5].  

 

 

5.2 Solution preparation and sampling 

Experiments were carried out in a chest freezer, which was modified according to the needs of 

the experiments. The experiments were divided to four different freezing times 5, 10, 15 and 

24 hours, and to four different salt concentrations 1, 2, 3 and 4wt-% of Na2SO4 between two 

different crystallizers. The used salt in binary salt-water solution was sodium sulfate (anhydrous, 

purity 99%), which was dissolved in deionized water in room temperature, under influence of 

agitation (around 500 rpm). The mixing time was around 30 minutes. Four batches for one 

concentration point were always prepared simultaneously, keeping the total mass of the solution 

in 2100 grams. After agitation solution was transferred to two 1000 ml volumetric flasks, which 

were then transferred to the cool room (4.6ºC). The experiments were started with the solutions 

later that night or following morning.  

Experiments were started by taking 500 ml of binary salt-water mixture to a beaker and by 

putting the beaker to a cold room (-18ºC). The sample was cooled under its freezing point 

(supercooling) until first ice crystals were formed. This took between half an hour and in higher 

concentrated solutions around an hour. After crystal forming, the sodium sulfate solution was 

taken away from the freezer and small amount of ice crystals were added to solution to act as 

seeds for the ice crystallization and immediately after that it was placed to the crystallizer. 
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The cooling was controlled using a Lauda RP 850 thermostat, which had external temperature 

control and ability to keep constant temperature of cooling air inside the crystallizer. Because 

of low target temperatures monoethylene glygol (vol 93%, freezing point -30ºC) was used as a 

coolant. Temperature changes in sodium sulfate solution was monitored and recorded with 

Picolog PT-104 high accuracy temperature data logger (accuracy 0.015ºC) connected with two 

PT-100 temperature sensors. At first, in every second, but interval of data points was later 

increased to every five seconds. Crystallizers were made from plastic and coated with Teflon. 

Dimensions of the both crystallizers were 14 cm x 8.74 cm x 5.8 cm. Because of imitating 

natural freezing, crystallizers had to be insulated by use of polystyrene foam so that top surface 

area was only exposing to cooling and circulating laminar air flow (0.24 m/s, measured with 

Kimo anemometer), obtained using typical PC cooling fan. In addition, one empty crystallizer 

was inserted front of first crystallizer to keep conditions in both cases identical. 

 

Before taking out samples from the crystallizer, deionized water was put to the freezer for half 

an hour before and taken out just before sampling. The formed ice layer was carefully removed 

from the crystallizer and washed several times with water and dried out with drying paper. After 

drying, thickness of ice layer was measured from at least four different locations around the 

layer. The final volume of solution was measured and 50 ml sample was taken from it. The 

sample was then weighted and smaller sample, 15 ml was taken to measure solid content.  

 

 In addition, ice layer was weighted and put to the second crystallizer with solution sample 

(oven for 24 hours). After a day in oven, dry anhydrous samples were weighted to get solid 

content and impurity of ice layer. Also, if salt was formed in the bottom of the crystallizer it 

was separated from a solution, and weighted before and after the second crystallization. Where 

the formed ice layer was put to the oven (98ºC) for 24 hours. 
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Figure 5.  Experimental setup used for simulating winter 

 

 

 

 

 

Figure 6. Picture taken inside the experimental setup. Container 1(4) and 2 were used in 

the experiments.  
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6 THEORETICAL CONSIDERATIONS 

 

According to Weeks and Lofgren (1976), with appropriate solidification rate the impurities are 

rejected by solid phase and they are accumulating next to the interface. The accumulation of 

salt in the interface happens in the higher rate than diffusivity into bulk melt. As a result, 

concentration of the interface Ci is higher than concentration of the bulk melt Cl. The limiting 

distribution coefficient for the solution is K*=Cs/Ci, where Cs is the concentration salt in ice 

layer. By substituting Ci to Cl the effective solute distribution coefficient, K=Cs/Cl can be 

defined. The effective solute distribution coefficient describes the ability of solutes to diffuse 

away from solid-liquid interface. In water-salt systems K*<K<1 [30]. 

 

According to theory of Burton, Prim and Slichter (BPS), the magnitude of the concentration 

gradient during crystal growth at the advancing solid-liquid interface depends upon the 

solidification rate, G, the diffusion coefficient, D, the effective distribution coefficient, K and 

nature of the fluid flow. The concentration of solute at the interface increases until the steady-

state value is reached. The flow of solute away from the interface is equal to the flow of solute 

to the interface. In BPS theory x=0 at the solid-liquid interface and positive direction is towards 

the melt. As a result, for this crystal growth towards the interface is considered as negative 

direction. In all types of fluid flow, if crystal growth is taking place next to it, the approaches 

zero at the solid-liquid interface, except the normal fluid flow caused by crystal growth. As a 

result, an area at the interface is produced where the flow is laminar with sufficient small 

velocity. This causes diffusion to become primary means of transport between crystal and 

solution. When region thickness is passed (x=δ), dominant process changes to fluid motion. 

Because of the phenomenon is considered to be 1-dimensional for steady-state at x<δ, following 

equation to continuity can be written [30]. 

 

𝐷
𝑑

𝑑𝑥
(

𝑑𝐶(𝑥)

𝑑𝑥
) + 𝐺

𝑑𝐶(𝑥)

𝑑𝑥
= 0       (1) 

,where D (m2/s) is the diffusion coefficient of the solute, x (m) the distance from the interface, 

C(x) (wt-%) the concentration of the solution as a function of x within the boundary layer and 

G (m/s) the growth rate of the ice layer.  
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With steady-state boundary conditions and assuming no diffusion in the solid phase:  

(𝐶𝑏 − 𝐶𝑠)𝐺 + 𝐷
𝑑𝐶

𝑑𝑥
= 0 , 𝑎𝑡 𝑥 = 0       (2) 

𝐶 = 𝐶𝑏 𝑎𝑡 𝑥 ≥ 𝛿    

 

 

Figure 7.  Concentration gradient of salt near solid-liquid interface [31].  

 

Burton and Slichter (1958) and Oliver (1964) examined the main parameters affecting to the K 

and proposed following equation. Also, because  
𝐶𝑆

𝐶𝑙
= 𝐾∗ , the equation for the effective solute 

distribution coefficient, K can be written in the following form [30].  

 

𝐾 =
𝐾∗

𝐾∗+(1−𝐾∗) exp[−
𝐺 𝛿

𝐷
]
        (3) 

, where δ is the boundary layer thickness (m) for concentration gradient. 

 

According to Weeks and Lofgren (1967), if K* <1 in salt-water systems, equation can be 

rearranged to the form 

ln (
1

𝐾
− 1) = ln (

1

𝐾∗ − 1) −
𝐺𝛿 

𝐷
       (4) 

, where ln (
1

𝐾∗ − 1) is the intercept of the line and −
𝛿

𝐷
 the slope of the line.  
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According to Gu et al. (2005), the mass transfer coefficient, kl (=D/δ) at the ice-solution 

interface can be used, which results in the following modification [32]. 

ln (
1

𝐾
− 1) = ln (

1

𝐾∗ − 1) −
𝐺

𝑘𝑙
      (5) 

 

The equation can be then rearrange to the form [30] 

ln [
(

1

𝐾∗−1)

(
1

𝐾
−1)

] =
𝐺

𝑘𝑙
        (6) 

 

In the experiments, the impurity of formed ice layer was also under investigation and the 

following equation was used for determination of impurity in ice layer after drying in the oven. 

𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑦 =
𝑚𝑠𝑎𝑙𝑡 

𝑚𝑖𝑐𝑒
∗ 100%        (7) 

 

6.1 Modelling of crystal growth rate 

When ice crystallization from the solution is in the progress, the formed heat from crystal 

growth to the solution is balancing the heat removal from solution to the surroundings under 

quasi steady-state condition. Negligible changes in temperature of the solution can be assumed 

when freezing proceeds.  

 

𝑑𝑋

𝑑𝑡
𝜌𝑖𝑐𝑒𝛥𝐻 = 𝑈(𝑇𝑏 − 𝑇𝑎)       (8) 

where  
𝑑𝑋

𝑑𝑡
 =G is the growth rate, 

ρice is the density of ice, 

ΔH latent heat of freezing, 

U overall heat transfer coefficient and 

Tb-Ta the temperature difference between ambient air and bulk solution 
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The overall heat transfer coefficient 

1

𝑈
= (

1

ℎ𝑠𝑜𝑙
+

𝑋

𝑘𝑖𝑐𝑒
+

1

ℎ𝑎𝑖𝑟
)       (9) 

where hair is the free convective heat transfer coefficient of air 

hsol the free convective heat transfer coefficient of the solution 

kice the thermal conductivity of ice and 

X the ice layer thickness 

 

After integration, Eq. (8) becomes  

∫ 𝜌𝑖𝑐𝑒𝛥𝐻𝑑𝑋 = ∫ 𝑈(𝑇𝑏 − 𝑇𝑎)𝑑𝑡
𝑡

0

𝑋

0
      (10) 

 

For pure water ice layer thickness can be obtained from following equation 

𝑋2

2𝑘𝑖𝑐𝑒
+ (

1

ℎ𝑠𝑜𝑙
+

1

ℎ𝑎𝑖𝑟
) 𝑋 −

∆𝑇𝑡

𝜌𝑖𝑐𝑒𝛥𝐻𝑓
= 0      (11) 

Ice layer thickness can be calculated from following equation for different brine solutions and 

growth conditions based on the experimental results: 

𝑋2

2𝑘𝑖𝑐𝑒
+

𝑋

ℎ𝑎𝑖𝑟
−

∆𝑇𝑡

𝜌𝑖𝑐𝑒𝛥𝐻𝑓(1−
𝐶𝑠
𝐶𝑏

)
= 0       (12) 

where ΔHf  is the latent heat of fusion for pure ice. 

 

Following correlations were used to determine hsol and kl 

𝑁𝑢 = 0.27 (𝐺𝑟𝑃𝑟)0.25                                         108 < 𝐺𝑟 Pr < 1011 

𝑆ℎ = 0.27 (𝐺𝑟 𝑆𝑐)0.25                                         105 < 𝐺𝑟 𝑆𝑐 < 1011 

 

𝑁𝑢 = ℎ𝑠𝑜𝑙
𝐿𝑐

𝑘
,   𝐺𝑟 =

𝑔(𝐶𝑖−𝐶𝑏)𝐿𝑐
3

𝐶ν2 ,   𝑃𝑟 =
𝐶𝑝𝑣𝜌

𝑘
  

𝑆𝑐 =
𝑣

𝐷
,   𝑆ℎ =

𝑘𝑙𝐿𝑐

𝐷
,   ∆𝐻 = ∆𝐻𝑓 (1 −

𝐶𝑠

𝐶𝑏
)  
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Diffusion coefficients for the brine solutions were determined article of Rand and Miller (1979). 

The obtained equation for measurements was D= -4.23276×10-11 × y + 1.04524×10-9, where y 

stands for concentration (wt-%) of sodium sulfate [33].   

 

Following parameters were used for modelling the growth rate, and these values were obtained 

from Hasan and Louhi-Kultanen (2015), which was based on the measurements.  

𝐻𝑒𝑎𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ( 𝐽𝑘𝑔−1𝐾−1 )                               𝐶𝑝 = −42.172 × 𝑦 − 4174.8  

𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑊𝑚−1𝐾−1)                𝑘 = −0.0094 × 𝑦 + 0.5554  

𝐾𝑖𝑛𝑒𝑚𝑎𝑡𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 (𝑚2𝑠−1)                            ν = 2.412 × 10−11 × 𝑦 + 1.03 × 10−7   

 

kice=2.16 Wm-1K-1, ΔHf =3.34 × 105 J kg-1, hair= 23.5 W m-2 K-1  [31]. 

 

 

7 RESULTS AND DISCUSSION 

 

 

Figure 8. Temperature profile of 2 wt-% sodium sulfate solution obtained from Picolog 

data logger. Freezing time of the crystallizer was 10 h and temperature inside 

was -2.61˚C (ΔT=2˚C). 
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As we can see from the temperature profile, temperature of the solution drops evenly to -0.7˚C 

before its starts to stabilize and obtaining the value of -0.8˚C after 2.5 hours. After this 

temperature rises slightly because of heat formed from ice crystallization. 

 

 

 

Table I.  Calculated growth rate of ice layer front was used to determine the effective solute distribution 

coefficients (K) and limiting distribution coefficients (K*) for 1 wt-% Na2SO4 solution in different 

temperatures and time intervals. Also impurity of ice layer was calculated to get more accurate 

results because of loss of thickness while washing.  

ΔT (˚C) t, h G, m/s K  K* Impurity, % 

1 5 1.2375E-07 0.11949 0.11616 0.125 

1 10 9.9001E-08 0.06855 0.06704 0.074 

1 15 8.5080E-08 0.04223 0.04150 0.047 

1 24 7.7346E-08 0.03852 0.03782 0.045 

2 5 1.8809E-07 0.16839 0.16071 0.180 

2 10 1.6829E-07 0.14430 0.13797 0.163 

2 15 1.6004E-07 0.13310 0.12735 0.160 

2 24 1.3096E-07 0.13208 0.12717 0.169 

3 5 2.8211E-07 0.27448 0.25784 0.299 

3 10 2.5984E-07 0.23144 0.21758 0.276 

3 15 2.3922E-07 0.20111 0.18945 0.261 

3 24 2.2169E-07 0.17956 0.16946 0.276 

4 5 4.0088E-07 0.29568   0.333 

4 10 3.7613E-07 0.26887  0.345 

4 15 3.4809E-07 0.24077  0.353 

4 24 2.8973E-07 0.20670   0.371 
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Figure 9.  The effective solute distribution coefficient values for 1wt-% Na2SO4 solution 

with various temperature differences.  

 

In 1wt-% Na2SO4 solution, crystal growth rate decreased when freezing time was increased. Ice 

impurity decreased almost in all measurements when freezing time was increased and the 

lowest impurities were obtained with small temperature difference. With one degree 

temperature difference ice impurity decreased from 0.125% to 0.045% when freezing time was 

increased from 5 hours to 24 hours. In the case of ΔT=2˚C and ΔT=3˚C, impurities decreased 

between 5 hour and 15 hour samples but increased in both 24 hour samples. In the case of 

ΔT=4˚C impurity increased from 0.333% to 0.371% when freezing time was increased from 5 

hours to 24 hours. 

In addition, decreasing growth rate led to decrease in obtained values of the effective diffusion 

coefficients, K and the limiting solute distribution coefficients, K*, as demonstrated in figures 

9 and 10. Also, value of crystal growth rate was higher when temperature difference between 

bulk solution and ambient air was higher, which affects directly the values of K and K*.  

 

The slope obtained from 1wt-% Na2SO4 solution, in the case of effective solute distribution 

coefficient with various temperature differences was 740043.8575 and the intercept of it was 

0.0119. For limiting distribution coefficient with various temperature differences the slope was 

947284.031 and intercept -0.0231. 
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Figure 10.  The limiting distribution coefficient (K*) values for 1wt-% Na2SO4 solution 

with various temperature differences. 

 

 

 

 

Table II. Calculated growth rate of ice layer front was used to determine the effective solute distribution 

coefficients (K) and limiting distribution coefficients (K*) for 2 wt-% Na2SO4 solution in different 

temperatures and time intervals. Also impurity of ice layer was calculated to get more accurate 

results because of loss of thickness while washing.   

ΔT (˚C) t, h G,m/s K  K* Ice impurity, wt-% 

1 5 1.15558E-07 0.14081 0.13591 0.296 

1 10 1.07296E-07 0.12199 0.11791 0.262 

1 15 9.90369E-08 0.10367 0.10036 0.232 

1 24 8.7085E-08 0.07850 0.07617 0.186 

2 5 2.22783E-07 0.24102 0.22822 0.517 

2 10 2.06265E-07 0.22414 0.21271 0.506 

2 15 1.89763E-07 0.19791 0.18817 0.484 

2 24 1.65025E-07 0.14922 0.14227 0.408 

3 5 2.96996E-07 0.28590 0.26771 0.625 

3 10 2.47504E-07 0.22862 0.21519 0.539 

3 15 2.26055E-07 0.20649 0.19488 0.526 

3 24 1.90802E-07 0.15996 0.15165 0.461 

4 5 4.30523E-07 0.38533   0.862 

4 10 3.7362E-07 0.32766   0.820 

4 15 3.56299E-07 0.29149   0.836 

4 24 2.94836E-07 0.27318   0.929 
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In 2wt-% Na2SO4 solution ice impurity decreased in all measurement points, except when 

temperature difference was four degrees. In these measurements impurity decreases from 0.86% 

to 0.82% between 5 and 10 hour samples, but in 15 hour sample, the value starts to increase 

and obtains value of 0.836. In 24 hour sample, the impurity is 0.929%.  As in 1wt-% solution, 

also with this solution crystal growth rate decreases when freezing time in the crystallizer is 

increased. This leads to almost linear decrease of K and K*.  

 

The slope obtained from 2wt-% Na2SO4 solution, effective solute distribution coefficient with 

various temperature differences was 811397.321 and the intercept of it was 0.0306. For limiting 

distribution coefficient with various temperature differences the slope was 833538.6496 and 

intercept 0.019. 

 

 

 

Figure 11. The effective solute distribution coefficient values for 2wt-% Na2SO4 solution 

with various temperature differences. 
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Figure 12.  The limiting distribution coefficient (K*) values for 2wt-% Na2SO4 solution 

with various temperature differences. 

 

 

Table III. Calculated growth rate of ice layer front was used to determine the effective solute distribution 

coefficients (K) and limiting distribution coefficients (K*) for 3 wt-% Na2SO4 solution in different 

temperatures and time intervals. Also impurity of ice layer was calculated to get more accurate 

results because of loss of thickness while washing. 

ΔT (˚C) t, h G,m/s K  K* Ice Impurity, wt-% 

1 5 1.38861E-07 0.18797 0.17969 0.588 

1 10 1.11523E-07 0.16089 0.15486 0.520 

1 15 8.26327E-08 0.05855 0.04892 0.192 

1 24 7.53856E-08 0.04455 0.04401 0.154 

2 5 2.57638E-07 0.23188 0.21709 0.753 

2 10 2.22872E-07 0.22361 0.21082 0.777 

2 15 1.76646E-07 0.20176 0.19189 0.726 

2 24 1.47536E-07 0.19214 0.18386 0.745 

3 5 2.72443E-07 0.27569 0.25823 0.896 

3 10 2.55018E-07 0.25023 0.23479 0.884 

3 15 2.39314E-07 0.23331 0.21929 0.895 

3 24 1.95987E-07 0.21203 0.20077 0.901 

4 5 4.15787E-07 0.38649   1.290 

4 10 3.78642E-07 0.30953   1.172 

4 15 3.29897E-07 0.32653   1.333 

4 24 2.48459E-07 0.29432   1.328 
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In 3wt-% Na2SO4 solution ice impurity decreases linearly only when ΔT is one degree, from 5 

hour sample 0.590% to 0.155%. When ΔT=2˚C, 5 hour sample obtains value of 0.755% but is 

higher in 10 hour sample 0.777%, and smaller in 15 hour sample 0.727%. In 24 hour sample, 

obtains value of 0.745%. Compared to the experiments done when ΔT=2˚C, also in this case 

no massive changes in ice impurity takes place, when ΔT was increased to three degrees. 

Impurity decreases between 5 hour and 10 samples but increases in 15 and 24 hours samples. 

This also happens when ΔT=4˚C.  

 

Compared to 1 and 2 wt-% Na2SO4 solutions, also in these measurements, the values of 

effective solute distribution coefficients, K and limiting distribution coefficients, K* decreases 

when growth rate decreases, except in the case where ΔT=4˚C and freezing time is 15 hours. 

Obtained value is slightly larger 0.32653 than in 10 hour sample, 0.30953. The value in 24 hour 

sample is 0.29432. 

 

For the 3wt-% Na2SO4 solution the obtained slope from the effective solute distribution 

coefficient with various temperature differences was 843080.7668 and the intercept was 0.0372. 

The slope for limiting distribution coefficient with same temperature differences was 

871595.3443 and value of the intercept was 0.0205. 

 

 

Figure 13.  The effective solute distribution coefficient values for 3wt-% Na2SO4 solution 

with various temperature differences. 
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Figure 14.  The limiting distribution coefficient (K*) values for 3wt-% Na2SO4 solution 

with various temperature differences. 

 

 

Table IV. Calculated growth rate of ice layer front was used to determine the effective solute distribution 

coefficients (K) and limiting distribution coefficients (K*) for 4 wt-% Na2SO4 solution in different 

temperatures and time intervals. Also impurity of ice layer was calculated to get more accurate 

results because of loss of thickness while washing.   

ΔT (˚C) t, h G,m/s K  K*  Ice impurity, wt-% 

1 5 1.09699E-07 0.13715 0.13226 0.565 

1 10 8.70852E-08 0.05706 0.05523 0.240 

1 15 6.63184E-08 0.05250 0.05114 0.224 

1 24 5.69427E-08 0.03669 0.03583 0.161 

2 5 2.13546E-07 0.28447 0.26955 1.209 

2 10 1.61218E-07 0.25097 0.24000 1.104 

2 15 1.32118E-07 0.19793 0.19014 0.870 

2 24 1.23736E-07 0.13942 0.13389 0.636 

3 5 2.77775E-07 0.34685 0.32785 1.492 

3 10 2.10614E-07 0.28788 0.27289 1.289 

3 15 2.06401E-07 0.21262 0.20073 1.020 

3 24 1.54442E-07 0.14006 0.13348 0.616 

4 5 4.45252E-07 0.56822   2.425 

4 10 3.43662E-07 0.48815   2.189 

4 15 2.97866E-07 0.51607   2.158 

4 24 2.59065E-07 0.51951   2.145 
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In 4wt-% Na2SO4 solution ice impurity decreases in all experiment points when freezing time 

is increased. One reason for this is that eutectic point is reached and salt is formed in the bottom 

of the crystallizer, which most likely also affects the K value in 15 hour and 24 hour samples, 

when ΔT=4˚C. These values are higher than in 10 hour sample, 0.51607 and 0.51951 compared 

to 0.48815. Like in all measurements, also in 4wt-% experiments, growth rate decreases when 

freezing time is increased. In all other experiment points with 4wt-% Na2SO4 solution, the 

effective solute distribution coefficient and the limiting solute distribution coefficient values 

are smaller when increasing freezing time.  

 

For the 4wt-% Na2SO4 solution the obtained slope from the effective solute distribution 

coefficient with various temperature differences was 1554491.82 and the intercept -0.0423. For 

limiting distribution coefficient the slope was 1347681.51 and the intercept -0.0317. 

 

The slope obtained from the effective solute distribution coefficient with various temperature 

differences with temperature differences increased due to increase in sodium sulfate 

concentration. The difference between values, especially between 2wt-% and 3wt-% is quite 

small, even between 1wt-% and 3wt-%, compared to slope obtained from 4wt-% Na2SO4 

solution, which is more than two times larger than value obtained from 1wt-% Na2SO4 solution. 

 

In the case of limiting distribution coefficient the slope is higher in 1 wt-% Na2SO4 solution 

than in 2 wt-% and 3wt-% Na2SO4 solutions but smaller than in 4wt-% solution. Like in the 

case of the effective solute distribution coefficient the slope value obtained from 4wt-% solution 

is significantly larger than slope values obtained from 1wt-%, 2wt-% or 3wt-% solutions. 
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Figure 15.  The effective solute distribution coefficient values for 4wt-% Na2SO4 solution 

with various temperature differences. 

 

 

Figure 16.  The limiting distribution coefficient values for 4wt-% Na2SO4 solution with 

various temperature differences. 
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Figure 17.  Impurity of formed ice layer in different concentrations and temperatures. 

 

 

 

 

 

 

Figure 18. Effective solute distribution coefficient values in different concentrations and 

temperatures. 
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Table V.  Salt recovery from the crystallizer, when the eutectic point was reached. With of 4wt-% sodium 

sulfate solution. 

ΔT (˚C) t, h Salt crystallization, g Salt recovery, % 

1 5 0.000 0.000 

1 10 0.000 0.000 

1 15 0.000 0.000 

1 24 0.000 0.000 

2 5 0.000 0.000 

2 10 0.081 0.390 

2 15 0.798 3.845 

2 24 1.873 9.024 

3 5 0.020 0.096 

3 10 0.261 1.257 

3 15 0.647 3.117 

3 24 3.780 18.212 

4 5 0.314 1.513 

4 10 0.773 3.724 

4 15 2.913 14.035 

4 24 4.609 22.206 

 

 

 

 

Figure 19. Sodium sulfate decahydrate, Na2SO4 • 10 H2O crystals formed to the bottom 

of the crystallizer, when eutectic point was reached. 
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Salt formation on the bottom of the containers took place only when concentration of solution 

was 3 wt-% or 4 wt-%, and only when temperature was low enough to reach the eutectic point, 

(-1.27˚C, 4.19 wt-%). The point was reached only with 3 wt-% Na2SO4 solution when freezing 

time was 24 hours and ΔT=4˚C. The formed crystalline salt (anhydrous), weighted 0.072 grams 

and salt recovery was 0.4668%. In the case of 4wt-% solution, no salts were formed when 

ΔT=1˚C.  When temperature difference was increased to ΔT=2˚C, no salt formation was noted 

in 5 hour experiment. When freezing time was increased to 10 hours almost same amount of 

formed salt, 0.081 grams was obtained as in the experiment carried out with the 3 wt-% solution 

in 24 hours. When freezing time was increased to 15 hours, formed salt in the crystallizer was 

almost tenfold compared to the previous experimental point, 0.798 grams being around 3.8% 

from total salt in the solution. The salt formed on the bottom of container when the freezing 

time was 24 hours was 1.873 grams, which was 9% of total salt content in the solution. 

 

Compared to ΔT=2˚C, when temperature difference was increased with one degree, also some 

salt was formed when freezing time was 5 hours (0.020 g). When freezing time was 10 hours, 

the obtained amount of recovered salt from the container was 0.261g, around 1.6% of total salt 

content. Surprisingly, in 15 hour sample formed salt product was smaller than in the ΔT=2 

measurement, 0.647g compared to 0.798g. The error might have become from scraping the salt 

from the crystallizer or during the weighing. The formed salt crystals obtained from 24 hour 

sample was 3.780 grams which was around 18.2 per cent of total salt in the feed.  

 

The highest amounts of solids were obtained when ΔT=4˚C. When the freezing time was 5 

hours, the obtained salt recovered from the container was 0.314 grams, around 1.5% of total 

salt in the feed. In 10 hour sample obtained salt weighted 0.773 grams, which was 3.72% of 

total salt in the container. In 15 hour sample, recovered salt from the container was 14% and 

weighted 2.9 grams. Finally, in the 24 hour sample salt crystallized in the bottom of the 

container weighted around 4.61 grams, which was 22.2% of total salt in the feed. 
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Table VI. Modelled crystal growth rates, G (calculated) and experimental growth rates G (experimental) 

in different growth conditions. 

wt-% ΔT t,s G (calculated), m/s G (experimental), m/s 

1 

1 

18000 8.3870E-08 1.2375E-07 

36000 7.6916E-08 9.9001E-08 

54000 7.2796E-08 8.5080E-08 

86400 6.9237E-08 7.7346E-08 

        

2 

18000 1.7104E-07 1.8809E-07 

36000 1.5676E-07 1.6829E-07 

54000 1.4720E-07 1.6004E-07 

86400 1.3608E-07 1.3096E-07 

        

3 

18000 2.8099E-07 2.8211E-07 

36000 2.4463E-07 2.5984E-07 

54000 2.2100E-07 2.3922E-07 

86400 1.9607E-07 2.2169E-07 

        

4 

18000 3.7218E-07 4.0088E-07 

36000 3.2374E-07 3.7613E-07 

54000 2.8928E-07 3.4809E-07 

86400 2.4980E-07 2.8973E-07 

        

2 

1 

18000 8.5960E-08 1.1568E-07 

36000 8.1348E-08 1.0738E-07 

54000 7.7379E-08 9.9086E-08 

87000 7.1899E-08 8.7116E-08 

        

2 

18000 1.8632E-07 2.2293E-07 

36000 1.7101E-07 2.0635E-07 

54000 1.5732E-07 1.8981E-07 

86400 1.5924E-07 1.6506E-07 

        

3 

18000 2.8513E-07 2.9714E-07 

36000 2.4392E-07 2.4758E-07 

54000 2.2224E-07 2.2610E-07 

86400 1.9256E-07 1.9083E-07 

        

 
4 

18000 4.1894E-07 4.3067E-07 

36000 3.4653E-07 3.7369E-07 

54000 3.0524E-07 3.5635E-07 

86400 2.6639E-07 2.9487E-07 
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Table VII. Cont’d. Modelled crystal growth rates G (calculated) in different growth conditions and 

experimental G (experimental).  

wt-% ΔT t,s G (calculated),m/s G (experimental),m/s 

3 

1 

18000 9.0671E-08 1.3901E-07 

36000 8.4808E-08 1.1160E-07 

54000 7.3951E-08 8.2682E-08 

86400 6.9623E-08 7.5416E-08 

       

2 

18000 1.8416E-07 2.5778E-07 

36000 1.7085E-07 2.2295E-07 

54000 1.5793E-07 1.7669E-07 

86400 1.4422E-07 1.4757E-07 

       

3 

18000 2.8141E-07 2.7259E-07 

36000 2.4979E-07 2.5509E-07 

54000 2.2849E-07 2.3936E-07 

86400 2.0224E-07 1.9602E-07 

       

4 

18000 4.1952E-07 4.1593E-07 

36000 3.7289E-07 3.7872E-07 

54000 3.1737E-07 3.2995E-07 

86400 2.7218E-07 2.4849E-07 

         

4 

1 

18000 8.5406E-08 1.0954E-07 

36000 7.5972E-08 8.7006E-08 

54000 7.3467E-08 6.6265E-08 

86400 6.9088E-08 5.6910E-08 

       

2 

18000 1.9653E-07 2.1339E-07 

36000 1.7626E-07 1.6114E-07 

54000 1.5724E-07 1.3206E-07 

86400 1.3700E-07 1.2370E-07 

       

3 

18000 3.0852E-07 2.7762E-07 

36000 2.6078E-07 2.1053E-07 

54000 2.2358E-07 2.0635E-07 

86400 1.8906E-07 1.5441E-07 

       

                             
4 

18000 5.6453E-07 4.4509E-07 

36000 4.3009E-07 3.4358E-07 

54000 4.0684E-07 2.9781E-07 

86400 3.5769E-07 2.5903E-07 
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In the case of measuring ice layer thickness and impurity of the formed ice layer, calculated 

values were used. Possible errors in the experiments were most likely caused by the washing 

step. These might be the melting of ice, decreasing the thickness of layer if the pure water was 

not cold enough, but also insufficient washing, which could affect impurity of ice layer to 

greater extent. Especially, if salt crystals were formed to the solid-liquid interface. Also, it is 

possible that some insulation material from the chest freezer could end up to containers when 

salt solution was poured to the containers increasing crystal growth rate and ice impurity. In 

some cases, when freezing time was short with small temperature difference, the problem was 

to measure accurately ice layer thickness. Because of these points, calculated values based on 

the mass transfer were used for obtaining more reliable results. 

 

 

Figure 20. Salt crystals formed to the solid-liquid interface. 

 

 

Modelled crystal growth rate values are quite close to the values obtained from mass balance 

and no significant difference between many experimental points exists. Differences between 

two values can be seen when eutectic point was reached.  
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8 CONCLUSIONS 

 

The aim of this study was to determine, whether the freeze crystallization would be efficient 

method for wastewater purification in ponds during winter. In addition, suitability of modelling 

equation for ice growth rate compared to experimental results was also investigated. In the cases 

when eutectic point was reached, salt recovery from the solution was also investigated. 

 

The obtained ice layer purity depends on the crystal growth rate, which decreases over time 

regardless of temperature difference. The lower the growth rate is, the purer the formed ice 

layer is. As a result, the highest ice layer purity can be achieved with small temperature 

differences and by increasing freezing time. 

 

The eutectic point was only achieved with two of the highest temperature differences and with 

3wt-% and 4wt-% Na2SO4 solution. In 3wt-% Na2SO4 solution, this point was reached when 

ΔT= 4˚C and amount of salt crystallized to the bottom was very small. With 4wt-% Na2SO4 

solution no salt crystallization was seen when ΔT=1 ˚C, and when freezing time was 5 hours in 

ΔT=2˚C. The amount of crystallized salt increased when freezing time was increased. As a 

result, salt concentration in the solution decreased, but also salt crystallization to the solid-liquid 

interface could take place. Working in the eutectic point makes recycling of the salt possible. 

The amount of crystallized salt depends on the freezing time and temperature difference, by 

increasing these parameters increases also the formed hydrous salt content in the crystallizer 

but in the same time increases impurity of the formed ice layer. 

 

The effective solute distribution coefficient, K and the limiting distribution coefficient, K* 

values decreased when freezing time was increased due to changes in ice growth rates and mass 

transfer coefficients, which like growth rate decreased in higher time interval. 

 

The formed ice layer was more rigid when concentration of the Na2SO4 solution was lower. In 

higher concentrations handling of ice was much harder, because of formed ice layer was 

slushier and degradable. Softer construction results from Na2SO4 entrapment in the ice, which 

happens in higher degree in higher solution concentrations in the solid-liquid interface.    
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With the aid of natural weather in winter freeze crystallization has its advantages and 

disadvantages. It does not need energy to work, and it is quite simple. Unfortunately, efficiency 

of the technique is strongly on dependent on the ambient weather conditions. The purity of the 

formed ice layer depends strongly on ambient temperature and changes with it. If temperature 

difference between day and night is vast, especially if temperature rises over zero degrees and 

decreases under it at nigh could lead to situation where melting and freezing take place by turns. 

In addition, even one sufficient warm day could lead to at least decrease of ice layer and purify 

of it, but also changes in salt-water system. 

 

The modelling equation to determine ice growth rate gave good results, which were close to the 

values determined from the experimental points. These results were close to each other when 

concentration in the solution was increasing. When eutectic point was reached and 

concentration started to decrease, difference between values increased. As a result, modelling 

equation used was sufficiently accurate to determine ice growth rate, except in 4wt-% Na2SO4 

solution, where the eutectic point is reached and sodium sulfate concentration starts to decrease. 

The difference between these values was greater in 5 hours and 15 hours experiments, and 

almost in every experiment the modelled value was greater than the experimental value whereas, 

almost in all other concentrations with a few exceptions the experimental value was greater than 

the modelled one.



REFERENCES 

[1] Randall, D.G., Nathoo, J., Lewis, A.E., A case study for treating a reverse osmosis brine 

using Eutectic Freeze Crystallization—Approaching a zero waste process, Desalination. 266 

(2011) 256-262. 

[2] Muistutus Talvivaaran uraanintalteenottolaitoksesta Pohjois-Suomen 

aluehallintovirastolle, http://www.sll.fi/pohjois-savo/kannanotot/muistutus-talvivaaran- 

uraanintalteenottolaitoksesta (Referred 5.11.2015). 

[3] Genceli, F.E., Scaling-Up Eutectic Freeze Crystallization. PhD. Delft. Delft University 

of Technology (2008). 

[4] Reddy, S.T., Lewis, A.E., Witkamp, G. J., Kramer, H.J.M., Spronsen van, J., Recovery 

of Na2SO4·10H2O from a reverse osmosis retentate by eutectic freeze crystallization technology, 

Chemical Engineering Research and Design. 88 (2010) 1153-1157. 

[5] Lewis, A.E., Nathoo, J., Thomsen, K., Kramer, H.J., Witkamp, G.J., Reddy, S.T., 

Randall, D.G., Design of a Eutectic Freeze Crystallization process for multicomponent waste 

water stream,  Chemical Engineering Research and Design. 88 (2010) 1290-1296. 

[6] Hietala, J., Härmä, T., Hamari, S., Kemppainen, L., Lindfors, J., Savolainen, M., 

Talvivaara Oy, Talvivaaran kaivoksen vesienhallinta sekä vesistöpäästöt ja niiden 

ympäristövaikutukset, Lapin vesistötutkimus Oy (2012) ,pp.19,35-36. 

https://www.avi.fi/documents/10191/144324/Saate_t%C3%A4ydennys_1_6_2012.pdf 

(Referred 5.11.2015). 

[7] Freeze Concentration IceconTM the next generation, 

www.gea.com/global/en/binaries/2012-05_Freeze%20Concentration_tcm11-21874.pdf  

(Referred 6.10.2015). 

[8] Sánchez, J., Ruiz, Y., Raventós, M., Auleda, J.M., Hernández, E., Progressive freeze 

concentration of orange juice in a pilot plant falling film,  Innovative Food science and 

Emerging Technologies 11 (2010) 644-651. 

[9] Khan, A.E., Desalination Processes and Multistage Flash Distillation Practice, 1986, 

Amsterdam, Elsevier Science Publishers B.V 

 [10] Williams, P.M., Ahmad, M., Conolly, B.S., Oatley-Radcliffe, D.L., Technology for 

freeze concentration in the desalination industry. Desalination 356 (2015) 314-327. 

https://www.avi.fi/documents/10191/144324/Saate_t%C3%A4ydennys_1_6_2012.pdf
http://www.gea.com/global/en/binaries/2012-05_Freeze%20Concentration_tcm11-21874.pdf


 

 

 

[11] Ham van der, F., Witkamp, G.J., Graauw de, J., Rosmalen van, G.M., Eutectic freeze 

crystallization: Application to process streams and waste water purification, Chemical 

Engineering and Processing. 37 (1998) 207-213. 

[12] Graaff de, B., Eutectic Freeze Crystallization: An experimental study into the 

application of the EFC progress on two different aqueous waste streams. MSc. Delft University 

of Technology (2012). 

[13] Ham van der, F., Witkamp, G.J., Graauw.J., Rosmalen van, G.M, Eutectic freeze 

crystallization simultaneous formation and separation of two solid phases,  Journal of Crystal 

Growth 198/199 (1999) 744-748. 

[14] Fernández-Torres, M.J., Ruiz-Beviá, F., Rodríguez-Pascual, M., von Blottnitz, H., 

Teaching a new technology, eutectic freeze crystallization by means of a solved problem, 

Education for Chemical Engineers 7 (2012) e163-e168. 

[15] Randall, D.G., Nathoo, J., Lewis, A.E., Seeding for selective salt recovery during 

Eutectic Freeze Crystallization, Abstracts of The international Mine Water Conference (2009) 

639-646. 

[16] Pronk, P., Infante Ferreira, C.A., Witkamp, G.J., Preventation of crystallization fouling 

during eutectic freeze crystallization in fluidized bed heat exchangers,  Chemical Engineering 

and Processing 47 (2008) 2140-2149.  

[17] Mullin, J.W., 2001. Crystallization 4th ed., 236-260, Oxford: Butterworth-Heinemann 

[18] Helmenstine, A.E., Freezing Point Depression: What Freezing Point Depression Is and 

How It Works, http://chemistry.about.com/od/solutionsmixtures/a/freezingpointde.-Nxc.htm 

(Referred 7.10.2015). 

[19] CONCENTRATIVE PROPERTIES OF AQUEOUS SOLUTIONS: 

DENSITY, REFRACTIVE INDEX, FREEZING POINT DEPRESSION, AND 

VISCOSITY 
http://chemistry.mdma.ch/hiveboard/rhodium/pdf/chemical-data/prop_aq.pdf (Referred 

6.10.2015). 

[20] Vaessen, R., Seckler, M., Witkamp, G.J., Eutectic Freeze Crystallization with an 

Aqueous KNO3—HNO3 Solution in a 100-L Cooled-Disk Column Crystallizer, Ind. Eng. Chem. 

Res. 42 (2003) 4874-488  

[21] EFC separations, The EFC-separation process, EFCseparations BV, 

http://www.efc.nl/the-efc-process/  (Referred 7.10.2015) 

http://chemistry.about.com/od/solutionsmixtures/a/freezingpointde.-Nxc.htm
http://chemistry.mdma.ch/hiveboard/rhodium/pdf/chemical-data/prop_aq.pdf
http://www.efc.nl/the-efc-process/


 

 

 

[22] Fields of Applications, EFCseparations BV, http://www.efc.nl/the-efc-process/     

(Referred 5.11.2015). 

[23] Sulfaattikeittoprosessit,http://www.knowpulp.com/suomi/demo/suomi/pulping/ 

cooking/1_process/1_principle/fr_text.htm (Referred 5.11.2015). 

[24] Talvivaara, Vesipäästöt ja vesistöjen tilanne, Paikan Päällä –blogi, 

http://paikanpaalla.fi/vesipaastot-ja-vesistojen-tilanne/ (Referred 5.11.2015). 

[25] Elinkeino-, liikenne-ja ympäristökeskus, Talvivaaran alapuolisten vesistöjen tila 

keväällä 2015,  https://www.ely-keskus.fi/web/ely/-/talvivaaran-alapuolisten-vesistojen-tila-

kevaalla-2015-kainuun-ely-keskus- (Referred 5.11.2015) 

[26] Länsi-Suomen Ympäristölupavirasto, lupapäätös 1) 28/2008/1, 2) 29/2008/1,  

http://www.ymparisto.fi/download/noname/%7BA84C5896-CFC5-435A-B50E-

D1343817C32D%7D/83726 (Referred 15.02.2016) 

[27] Normal period 1981-2010, Finnish Meteorological Institute, 

http://en.ilmatieteenlaitos.fi/normal-period (Referred 5.11.2015) 

[28] Winter statistics, Finnish Meteorological Institute, http://ilmatieteenlaitos.fi/talvitilastot 

(Referred 5.11.2015) 

[29] Temperature and rain statistics from the year 1961, Finnish Meteorological Institute 

http://ilmatieteenlaitos.fi/karttoja-vuodesta-1961 (Referred 5.11.2015). 

[30] Weeks, W.F., Lofgren, G., The Effective Solute Distribution Coefficient During the 

Freezing of NaCl Solutions, (International Conference on Low Temperature Science 

Proceedings) Phys. Snow Ice, 1 (1) (1967), pp. 579–597. 

[31] Hasan, M., Louhi-Kultanen, M., Ice growth kinetics modeling of air-cooled layer 

crystallization from sodium sulfate solutions,  Chemical Engineering Science 8 (2015) 44-53. 

[32] Gu, X., Suzuki, T., Miyawaki, Limiting Partition Coefficient in Progressive Freeze-

concentration, Journal of Food Science 70, (2005). 

[33] Rard, J.A., Miller, D.G., The Mutual Diffusion Coefficients of Na2SO4-H2O and 

MgSO4-H2O at 25˚C from Rayleigh Interferometry, Journal of Solution Chemistry 8 (10) 756-

766.

http://www.efc.nl/the-efc-process/


APPENDICES 

APPENDIX I 1(4) 

Results from the experiments made with 1wt-% Na2SO4 solution 
ΔT

Reactor 
τ,h

τ,s
M_b.+ice+salt, g

Mice+salt,g
M_b.+salt,g

Msalt,g
average_thickness,mm

salt content wt%
Vinitial,ml

Vfinal,ml
ρ_final_sol.,kg/m3

salt content wt-%

1
1

5
18000

0
0

0
0

2.227
0.125

500
475

1007.46
1.046

1
1

10
36000

199.427
30.946

168.552
0.071

3.473
0.229

500
460

1002.74
1.080

1
1

16
57600

242.316
78.548

163.934
0.166

7.394
0.211

500
445

1010.1
1.117

1
2

24
86400

224.299
60.813

163.517
0.031

4.525
0.051

500
425

1008.7
1.167

2
1

5
18000

197.352
197.352

159.499
159.499

4.192
0.180

500
462

1004.58
1.067

2
1

10
36000

242.371
78.885

163.532
0.046

7.755
0.058

500
432

1007.12
1.131

2
1

15
54000

263.697
99.929

163.859
0.091

7.728
0.091

500
403

1006.62
1.200

2
2

24
86400

300.354
131.873

168.622
0.141

10.203
0.107

500
373

1008.7
1.280

3
1

5
18000

218.613
59.116

159.537
0.04

4.035
0.068

500
443

1004.82
1.090

3
1

10
36000

265.241
101.473

163.878
0.11

8.705
0.108

495
395

1003.82
1.191

3
1

15
54000

333.008
169.522

163.762
0.276

13.150
0.163

500
355

1007.82
1.299

3
2

24
86400

380.988
212.507

168.923
0.442

17.588
0.208

500
285

1012.02
1.539

4
1

5
18000

231.471
67.703

163.839
0.071

5.898
0.105

500
419

1006.42
1.128

4
1

10
36000

295.973
132.205

163.977
0.209

12.218
0.158

500
348

1005.02
1.284

4
1

15
54000

351.015
187.529

163.791
0.305

14.855
0.163

500
289

1006.28
1.467

4
2

24
86400

415.65
247.169

168.912
0.431

20.032
0.174

500
219

1013.18
1.796

ICE
SOLUTION



 

APPENDIX I 2(4) 

Results from the experiments made with 2wt-% Na2SO4 solution 
ΔT

Reactor
τ,h

τ,s
M_b.+ice+salt, g

M_ice+salt,g
M_b.+salt,g

M_salt,g
average_thickness,mm

salt content wt-%
Vinitial,ml

Vfinal,ml
ρ_final_sol.,kg/m3

salt content wt-%

1
1

6
21600

189.03
25.262

163.877
0.109

0.431478109
500

472
1005.44

2.099

1
1

9
32400

201.529
42.032

159.662
0.165

4.118
0.392558051

500
461

1010.94
2.145

1
1

15
54000

224.671
56.19

168.671
0.19

6.9325
0.338138459

500
440

1011.26
2.237

1
2

24.16666667
87000

240.806
77.32

163.673
0.187

8.7125
0.241852043

500
415

1016.58
2.364

2
1

5
18000

212.265
43.784

168.564
0.083

3.3825
0.189566965

500
455

1016.16
2.145

2
1

9
32400

239.744
76.258

163.686
0.2

6.485
0.262267565

500
425

1020.56
2.259

2
1

15
54000

287.513
123.745

164.08
0.312

9.1525
0.252131399

500
385

1017.7
2.445

2
2

24
86400

316.192
156.695

159.968
0.471

12.64
0.294433887

500
340

1021.48
2.734

3
1

5
18000

211.472
42.991

168.536
0.055

3.7975
0.127933754

500
440

1015.56
2.185

3
1

10
36000

248.09
84.604

163.659
0.173

7.965
0.204482058

500
400

1016.08
2.359

3
1

15
54000

314.311
145.83

168.859
0.378

11.5625
0.259205925

500
363

1021.22
2.546

3
2

24
86400

339.813
180.316

160.209
0.712

15.725
0.394862353

500
315

1019.68
2.884

4
1

5
18000

235.16
66.679

168.657
0.176

6.435
0.263951169

500
413

1012.54
2.237

4
1

10
36000

291.282
127.796

163.85
0.364

11.5275
0.284828946

500
349

1012.84
2.503

4
1

15
54000

350.936
191.439

160.269
0.772

16.4425
0.403261613

500
284

1014.22
2.869

4
2

24
86400

419.261
255.493

164.956
1.188

20.91
0.464983385

500
214

1022.68
3.400

ICE
SOLUTION
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Results from the experiments made with 3wt-% Na2SO4 solution 
ΔT

Reactor
τ,h

τ,s
M_b.+ice+salt, g

M_ice+salt,g
M_b.+salt,g

M_salt,g
average_thickness,mm

salt content wt-%
Vinitial,ml

Vfinal,ml
ρ_final_sol.,kg/m3

salt content wt-%

1
1

5
18000

179.735
20.238

159.541
0.044

0
0.217

500
472

1022.66
3.140

1
1

10
36000

226.252
57.771

169.112
0.631

6.18
1.092

500
455

1023.22
3.240

1
1

15
54000

218.603
54.835

163.96
0.192

6.484
0.350

500
450

1027.64
3.304

1
2

24
86400

221.94
58.454

163.66
0.174

6.26
0.298

500
427

1023.76
3.473

2
1

5
18000

224.968
61.2

163.998
0.23

0.376
500

448
1025.32

3.255

2
1

10
36000

233.746
69.978

163.938
0.17

6.93
0.243

500
410

1026.64
3.477

2
1

15
54000

280.734
121.237

159.986
0.489

9.42
0.403

500
393

1029.72
3.603

2
2

24
86400

312.422
143.941

169.32
0.839

12.2725
0.583

500
357

1030.24
3.879

3
1

5
18000

218.952
55.466

163.612
0.126

4.36
0.227

500
445

1027
3.255

3
1

10
36000

266.147
97.666

168.787
0.306

8.62
0.313

500
397

1028.84
3.536

3
1

15
54000

308.71
144.942

164.724
0.956

11.7075
0.660

500
355

1031.6
3.838

3
2

24
86400

348.214
188.717

160.63
1.133

16.07
0.600

500
310

1034.48
4.249

4
1

5
18000

231.053
67.567

163.739
0.253

6.985
0.374

500
416

1023.68
3.339

4
1

10
36000

300.829
141.332

160.149
0.652

11.4075
0.461

500
347

1030.1
3.787

4
1

15
54000

344.547
176.066

169.681
1.2

13.685
0.682

500
300

1031.18
4.084

4
2

24
86400

380.174
216.406

165.816
2.048

18.1475
0.946

500
259

1037.26
4.512

ICE
SOLUTION
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Results from the experiments made with 4wt-% Na2SO4 solution 
ΔT

Reactor
τ,h

τ,s
M_b.+ice+salt, g

M_ice+salt, g
M_b.+salt

msalt,g
average_thickness,mm

salt content wt-%
Vinitial,ml

Vfinal,ml
ρ_final_sol.,kg/m3

salt content wt-%

1
1

5
18000

177.417
13.931

163.497
0.011

0.079
500

478
1032.000

4.154

1
1

10
36000

203.278
34.797

168.579
0.098

5.108
0.282

500
465

1034.740
4.274

1
1

15
54000

226.572
62.804

164.418
0.65

6.136
1.035

500
460

1034.000
4.318

1
2

24
86400

217.778
54.292

163.595
0.109

6.730
0.201

500
445

1033.740
4.458

2
1

5
18000

196.48
32.712

163.917
0.149

3.493
0.455

500
457

1031.860
4.256

2
1

10
36000

244.444
84.947

160.507
1.01

7.595
1.189

500
435

1035.040
4.404

2
1

15
54000

241.911
78.425

164.14
0.654

6.960
0.834

500
420

1034.260
4.403

2
2

24
86400

286.979
118.498

169.818
1.337

11.180
1.128

500
380

1035.500
4.571

3
1

5
18000

220.522
57.036

163.819
0.333

7.110
0.584

500
444

1035.360
4.305

3
1

10
36000

240.476
80.979

160.277
0.78

7.338
0.963

500
415

1035.520
4.482

3
1

15
54000

289.899
126.131

165.513
1.745

9.885
1.383

500
375

1038.460
4.802

3
2

24
86400

322.903
154.422

170.849
2.368

12.558
1.533

500
350

1029.360
4.403

4
1

5
18000

228.883
65.397

164.105
0.619

6.525
0.947

500
410

1029.640
4.270

4
1

10
36000

277.212
113.444

165.107
1.339

9.945
1.180

500
361

1031.700
4.486

4
1

15
54000

301.999
142.502

161.557
2.06

12.560
1.446

500
319

1030.760
4.182

4
2

24
86400

365.344
196.863

171.781
3.3

16.986
1.676

500
248

1029.760
4.130

ICE
SOLUTION



APPENDIX II 1(2) 

Values for ice layer thickness obtained from experiments, calculations and modeling 

equation.  

wt-% ΔT t,s XModeled,mm Xcalculated,mm Xexperimental,mm 

1 

1 

18000 1.519 2.227 0.000 

36000 2.784 3.564 3.473 

54000 3.950 4.901 7.394 

86400 6.018 6.683 4.525 

          

2 

18000 3.118 3.386 4.192 

36000 5.756 6.058 7.755 

54000 8.164 8.642 7.728 

86400 12.180 11.315 10.203 

          

3 

18000 5.217 5.078 4.035 

36000 9.257 9.354 8.705 

54000 12.712 12.918 13.150 

86400 18.645 19.154 17.588 

          

4 

18000 5.532 7.216 5.898 

36000 12.740 13.541 12.218 

54000 17.678 18.797 14.855 

86400 25.563 25.033 20.032 

          

 

1 

18000 1.560 2.499 0.000 

36000 2.956 3.479 4.118 

54000 4.232 5.351 6.933 

87000 6.298 7.579 8.713 

          

2 

18000 3.427 4.013 3.383 

36000 6.367 6.686 6.485 

54000 8.911 10.250 9.153 

86400 12.611 14.261 12.640 

          

3 

18000 5.309 5.349 3.798 

36000 9.196 8.913 7.965 

54000 12.738 12.210 11.563 

86400 17.798 16.488 15.725 

          

4 

18000 8.057 7.752 6.435 

36000 13.850 13.453 11.528 

54000 19.155 19.243 16.443 

86400 28.649 25.476 20.910 

          



APPENDIX II 2(2) 

Values for ice layer thickness obtained from experiments, calculations and modeling 

equation.  

wt-% ΔT t,s XModeled,mm Xcalculated,mm Xexperimental,mm 

3 

1 

18000 1.649 2.502 0.000 

36000 3.097 4.017 6.180 

54000 4.016 4.465 6.484 

86400 6.055 6.516 6.260 

         

2 

18000 3.396 4.640 0.000 

36000 6.409 8.026 6.930 

54000 8.914 9.542 9.420 

86400 13.204 12.750 12.273 

         

3 

18000 5.217 4.907 4.360 

36000 9.470 9.183 8.620 

54000 13.250 12.926 11.708 

86400 19.123 16.936 16.070 

         

4 

18000 8.046 7.487 6.985 

36000 13.499 13.634 11.408 

54000 19.833 17.817 13.685 

86400 27.856 21.470 18.148 

           

4 

1 

18000 1.546 1.972 0.000 

36000 2.746 3.132 5.108 

54000 3.983 3.578 6.136 

86400 5.992 4.917 6.730 

         

2 

18000 3.623 3.841 3.493 

36000 6.539 5.801 7.595 

54000 8.674 7.131 6.960 

86400 12.063 10.688 11.180 

         

3 

18000 5.761 4.997 7.110 

36000 9.788 7.579 7.338 

54000 12.628 11.143 9.885 

86400 16.545 13.341 12.558 

         

4 

18000 10.971 8.012 6.525 

36000 17.031 12.369 9.945 

54000 22.784 16.082 12.560 

86400 31.681 22.380 16.986 

 

 


