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Sammanfattning
Denna rapport presenterar de kritiska parametrarna inom isproduktion, en utvärdering av dessa samt dess
inflytande på isens kvalitet. För isens kvalitet är syftet att finna objektiva kriterier för vad som är bra eller
dåligt, föreslåolika metoder för att utvärdera dem samt vilken typ av vattenbehandling som kan vara till
nytta.
När man talar om iskvalitet tänker de flesta människor på isens hårdhet som en del av det och det är den
som mest beskrivna och diskuterade egenskapen. Förutom detta är även isens och vattnets mineralinnehåll,
mängden av innesluten luft, temperatur, mängden producerad snö, samt transparens. Många parametrar
som alla är kopplade till isens hårdhet. Antingen påverkar de isens hårdhet eller påverkas av den.
Testerutfördes huruvida vattnets elektriska ledningsförmågan påverkar isens elektriska ledningsförmåga.
Syftet var att kontrollera om mineralinnehållet i isen kan mätas på ett snabbt och enkelt sätt utan att behöva
ta prover, smälta snön och sedan mäta vatten-konduktiviteten bara genom att använda en anordning för att
mäta isytans ledningsförmåga. En korrelation mellan de två värdena kunde visas även om variansen mellan
de olika testkörningarna var ganska hög.
Därefter togs prover från ishallar för att bestämma korrelationen mellan mineralinnehållet i det utspillda
kranvattnet och mineralinnehållet på isytan. Mot antagandet att färre mineraler i vattnet skulle leda till ett
lägre mängd på isytan, kan en direkt korrelation inte fastställas. Även på samma isbana var skillnaderna
mycket högt.
Vid provning av inverkan av mineralhalten i vattnet på isens hårdhet kunde endast en liten negativ
korrelation fastställas. Resultatet bör inte värderas för högt, eftersom provningsmetoden kunde ha varit
olämpligt.
Baserat på alla testresultat kan ingen förbättring av iskvaliteten förväntas vid avsaltning av vattnet som
förbehandling. På andra sidan, att sprida varmvatten vid nytillverkning av is verkar ha ett högre inflyttande
och leder till mycket bättre resultat
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Abstract
This report is about to find crucial parameters in the ice making process, evaluate them and determine their
influence on the ice quality. For the ice quality it is supposed to find objective criteria what is good or bad
and propose methods to evaluate them objectively and what kind of water treatment could be useful.
When speaking about ice quality most people have ice hardness at a part of it in mind and it is the most
described and discussed property as well. Then there is the mineral content in the ice and water, amount of
trapped air, temperature, amount of produced snow, transparency. A lot of parameters that are all linked to
the ice hardness. Either they influence the ice hardness or are influenced by it.
Test if the electric conductivity of the water influences the electric conductivity of the ice have been made.
The aim was to check if the mineral content of the ice can be measured in a fast and easy way without
having to take samples, melting the snow and then measure the water conductivity just by using a device to
measure the ice surface conductivity. A correlation between the two values could be shown even though
the variance between the different test runs was quite high.
Then samples from ice rinks have been taken to determine the correlation between mineral content in the
spilled tap water and the mineral content at the ice surface. Against the assumption that fewer minerals in
the water would lead to a lower amount at the ice surface, a direct correlation could not be ascertained.
Even in the same ice rink the differences were very high.
When testing the influence of the mineral content in the water on the ice hardness just a small negative
correlation could be determined. The results should not be valuated too high, because the test method could
have been unsuitable.
Concluding all the results an improvement of the ice quality is not expected when desalinating the water as
a pre-treatment. Spilling hot water when resurfacing the ice seems to have a higher influence and lead to
much better results.
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1 Introduction
Ice quality in an ice rink/ice hockey context is often argued in terms of how to achieve it and not the least
how to evaluate it. The present project aims at putting this whole discussion in a scientific context which
implies investigating driving factors behind ice rink type of ice. A broad picture of the factors affecting the
ice need to be established and analyzed. Among these the following may be indicated; water quality, rink
floor material, flood water temperature, climatic conditions above the ice, ice temperature, maintenance,
etc. The treatment and control of the ice related parameters has an energy impact as well and therefore it is
key to put the whole investigation in an energy usage context.
Everyone, players, ice masters, national and international federations, wants to have the best possible ice to
play hockey. And, of course, it should also fit for other sports like figure skating. The current “knowledge”
comprises a lot of theories of how to make the best ice and the evaluation is always very subjective. The
problem is that there are no objective key-values to judge the ice-quality and methods to measure them.

1.1 Objectives
As the ice quality is by a big part is dependent on the ice hardness, there should be at least a method to
validate the hardness. As the ice hardness is influenced by several parameters some more tests are needed
to determine which variable has to be changed to improve the quality in the particular case. The ice
temperature is easy to measure. Then there is the mineral content, amount of enclosed air and transparency.
The following is part of this report:


Make a literature study about the state of the art in ice making



Determine the most important variables for hard and good ice



Find test methods for the characteristics and ponder which are useful, reliable and are easy to
implement



Test these methods to make suggestions if they are useful for this propose



Draw conclusions what could be useful to implement from an energy perspective

1.2 Limitations
Regarding the surroundings and climate, I will focus on inside rinks as they have the possibility to be
regulated. Outside rinks are always influenced by climate changes out of our influence and have to be
ignored in this study.
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2 Background
In this chapter I will start introducing the main topic and the most important equipment and facilities needed
for an ice rink and used for this report. And then in the second part will the important parameters for the
ice quality be introduced and explained.

2.1 Why is ice slippery?
Humans are moving on ice since several thousands of years. In the winters it is of course much shorter and
faster to cross a frozen lake than to walk all the way around it. Historical investigations assume that the first
tools similar to ice skates were used 5000 years ago somewhere in the area of what today is Finland.
(Lovgren, 2008) The ice skates have developed since then, but the gliding physics are still the same. The ice
surface melts and the skates are gliding on a small water film over the ice.
A first scientific theory for ice melting at temperatures below its freezing temperature of 0°C was postulated
by the Thomson brothers back in 1850. The observed and verified that water can occur in liquid state below
zero if the pressure is high enough. This happens as the density of water is higher than the one of ice and
therefore occupies less volume. (Rosenberg, 2005)
Joly though was combining this theory with ice skating and calculated the pressure under the skates. He
came to the conclusion that someone with an average weight of about 65 kg afflicts just enough pressure to
the ice to melt it in the temperature range to -3.5°C. (J. Joly, 1886) Observations show that it is nevertheless
possible to melt and glide over ice with a temperature down to -35°C. Hence there has to be something else
than pressure melting to create a water film on the surface.

Figure 1: Phase diagram of water. 7 of at least 11 distinct phases are shown (Rosenberg, 2005)
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In 1939 Bowden and Hughes made an investigation what inflects the friction of solid materials on ice and
snow. It started that they calculated it would not be possible to melt snow under -0.00012°C with just
pressure melting for someone on skis. Their experiments showed the friction coefficient is dependent on
the material and the temperature. Temperature is an obvious factor as it determines the energy needed to
melt the snow. That the material matters, indicates that friction is an important factor for the possibility to
glide on snow as the friction coefficient varies from material to material. (F. P. Bowden & T. P. Hughes,
1939)
From skiing, back to skating: The increase in friction at lower temperature was also observed by Persson in
his survey about ice friction. The higher friction comes along with more generated heat at the front of the
blade. As soon as the ice melts a very thin water film forms between the surface and the skate so that the
friction becomes much lower. Less heat is generated and the water starts to freeze again. On the way to the
skate’s end there is a mixed layer of liquid and frozen water. Perssons formula concludes that ice becomes
more slippery the faster one is moving. (Gunther, 2016; Persson, 2015)
One question is still open. When someone is not moving and neither is the temperature high enough, hence
there is no chance for pressure melting or friction melting, the ice is still slippery. But why? The most
discussed answer for this is a few nanometres thin quasi-liquid intrinsic layer on the ice surface (Tyrode,
2013). This theory was established first, in context with two ice cubes freezing together when pushed to
each other even at temperature far below zero, by Michael Faraday in 1850. At the end of the last century
Dr. Gabor A. Somorjai observed the ice surface to appear to be kind of liquid while shooting electrons onto
it. He could make this observation even at a temperature of -148°C. A group of German scientists was able
to reproduce this outcome using helium atoms instead of electrons within the next ten years. (Chang, 2006;
Materer et al., 1997)

2.2 Ice making
Before the season starts, every year the ice must be build up from the beginning. The top visible layer of the
floor is usually made of concrete. Even though concrete is alkaline, what is not preferred for ice
undergrounds, it is the most used material. It provides a good structure for the ice to attach so that it not
breaks loose.
Depending on for what the rink was used under summer period or what has happened last season, cracks
in the concrete could have emerged and should be repaired first. Scrubbing the floor will help to have the
surface as clean as possible before starting the refrigerating and dehumidification machines. The floor should
be cooled slowly until it has throughout a temperature of -8°C. ("Refrigeration and ice making," 1993)
The first few layers of ice will be quite thin. Compared to 500-700 litres when resurfacing, these first floods
use just 190-270 litres of water. This procedure is conducted several times until the ice is circa 10 mm thick.
On this level the lines and applications should be painted or brought on if not done earlier (see chapter
2.11.1). As soon as the lines are sealed with several thin layers applied with a spray nozzle on a hose, the rest
of the ice can be made using the resurfacer to its final thickness of 25-30 mm. If possible it is recommended
to shut off or regulate the refrigerating machines down for a while to temper the ice and make it more
resistant.
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2.3 Refrigerating equipment
The first indoor ice rinks were opened in the early 1900s in Canada. The technique to create the cooling
effect is the same as in refrigerators or AC units. The main difference is that in common cooling machines
the refrigerating liquid cools the used medium directly. In a refrigerator the walls/air are cooled directly by
the refrigerant. (Russell-Ausley, 2000) In AC units the air is also directly cooled. Ice rinks are using brine
too cool the rink. It is just cheaper than a refrigerant and this is a big factor to consider. Ice rinks cover a
big area and therefore a lot of refrigerant or brine is necessary. A calcium-chloride solution is used as brine.
Figure 2 shows a schematic layout of what is hidden under the ice (D). The ice is built on a concrete slab
(C) with about 8 km of brine containing pipes (B) in it. It would cause problems if the ground under the
rink (G) freezes and the water in it expands. The slab could crack. To prevent this, a layer of insulation (E)
and some heated concrete (F) are in between.
Arenas have depending on their size and the cooling load one or more chillers to provide the cooling
capacity. The heat from the brine to the refrigerant is transferred with a heat exchanger.

Figure 2: Schematic build-up of ice rink (Russell-Ausley, 2000)

2.4 Maintenance
One the ice is build up properly daily care is necessary to provide continuously good properties. The most
obvious task and also the one which is made the most is the normal resurfacing: The top layer of snow and
ice is removed and behind the resurfacing machine a new layer of water is laid to compensate the removed
amount of ice. This should be done after every use of the rink. When kids were on the ice, for example with
school classes, this can be skipped once, because they are lighter and strain the ice less. ("Refrigeration and
ice making," 1993)
The resurfacers have problems to cut the ice along the rinks in the same way as on open areas. Therefore,
there is a risk that the ice builds up there more than it should and gets an oval shape after some time. Hence,

-4-

once a day ice edging is recommended to level out these areas. Usually this is made with the last flooding of
the day. Experiences show that maintenance is more effective after daily use anyways.
As mentioned earlier in this report the amount of water in one resurfacing round should not be too high,
because it takes too long to freeze.
Even the best maintenance cannot prevent the ice of getting fade due to a lot of small cuts in the ice body.
Then a major shaving can be necessary. In a major shaving the whole or parts of the surface will be shaved
down until one reaches almost the painting and lines, thus to a thickness of about 12 mm. Afterwards a new
bode will be built with clear ice.
This approach can also be used if the surface has big differences in level. The highest risk for this is thin ice
in the middle and in front of the player boxes where is a lot of traffic. Or the opposite, that the ice builds
up in the corners with less traffic as it can be seen in Figure 3.

Figure 3: Areas with risk for thicker or thinner ice ("Refrigeration and ice making," 1993)

2.5 Equipment
Ice resurfacers
Back in the days, before the ice resurfacing machines were invented, it took about an hour for three or four
workers to treat a whole hockey rink. (Zamboni, 2016) In 1949 Frank Zamboni built the first ice resurfacing
machine to make this work more efficient (Figure 4). His invention scratched away the top layer of ice and
collected the snow in the same step into a wooden tank on the vehicle. Behind the blade his machine spilled
a new film of water onto the ice to recreate the old thickness (Exploratorium, 2014).
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Figure 4: The original "Zamboni ice resurfacer" Model A (Zamboni, 2016)

In the decades since then the overall working technique has not changed a lot. Of course the machines
became more advanced and state of the art, but the principle is still the same: Cut of the rough first layer
and then use fresh water to even out the remained cuts and recreate a smooth surface. Modern resurfacers
are also washing the ice the surface between cutting and spilling new water on it. From a separate tank water
is distributed to wash out dirt and remained snow. This water will be filtered and pumped back into the
wash water tank. Not until then the heated ice making water is spread and evened out with a pad. The snow
is lead with a screw into a collecting tank to dump it later outside the arena. (Zamboni, 2016)
Ice machines are built in several different sizes depending on its supposed use. There are the common sized
ones for usual ice hockey rinks, smaller ones for areas where just ice skating is offered and then there are
bigger versions for big public ice skating arenas or bandy rinks. Those have the size of a football field and
need therefore wider machines with a bigger water tank to cover the enlarged area. Additionally, there exist
devices which do not have an own chassis, but can be attached to tractors and fulfil the same work as the
resurfacers. The snow and water tanks are used to be quite small so they are not meant to treat whole rinks.
Nowadays there are two major types of machines: Those with a LPG driven and electrical motors. As the
majority of ice rinks are inside LPG driven vehicles have a big disadvantage in the use of fossil fuels. There
are not only the poisonous exhaust gases, but also report about leaking fuel tanks which were releasing
unburned fuel to the environment. There are both a health risk and can lead to explosions. (Pyykölä, 2007)
Even with a tight gas tank studies have shown that carbon monoxide and nitrogen dioxide from the exhaust
gases in a closed ice arena are a serious risk for employees, players and spectators. Considering to use
electrical ice machines instead is highly recommended by experts. (Pelham, 2002) These are a bit more
expensive and heavier due to the batteries, but better for humans and the environment as well.
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Figure 5: A modern electric driven version of the Zamboni Ice Resurfacer (Model 650) (Zamboni, 2016)

Ice temperature measuring
The ice temperature can influence the hardness and transparency of the ice (chapter 2.10 and 2.11).
Therefore, a way to measure the temperature of the ice surface is needed. A physical measuring device on
the surface is impractical because it obstructs the activities on the surface. Hence most of them are at the
bottom, near the refrigeration pipes.
With the ice thickness and the lambda-value (heat conductivity) the temperature difference over the ice and
so the surface temperature can be calculated. A problem is, that it takes time for the heat to migrate through
the ice. This means that with measurements on the ground not the actual surface temperature is displayed,
but the surface temperature a couple of minutes ago. So the refrigerating system cannot react immediately
to changes in the heat load. When the lights go on, a bunch of people come in, the door of the rink are
opened and the cold air can flow out of the “box” or the resurfacer spills hot water onto the ice, the surface
temperature will increase, but it will take some time for the temperature sensor under the ice to register.
It takes longer to react to changes and the surface temperature is longer too warm than needed. The same
is valid with a drop of the heat load. The ice temperature is determined as warmer as it actually is, therefore
the refrigerating system is running on a higher level than needed and consumes too much energy. The low
reaction time leads to a wavy temperature profile over time.
An infrared sensor can remedy this. It measures directly the surface temperature and has no time delays. If
the infrared thermometer is coupled to the cooling system, the ice temperature can be kept better on a
constant temperature and quality level. Modern sensors are already able to ignore players of resurfacers on
the ice, who would distort the measurement towards a higher temperature. (Custom Ice Inc., 2012)
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2.5.2.1

Hanna Multiparameter Tester

For the measurements of the water properties Jörgen Rogstam ordered the HI98129
pH/Conductivity/TDS Tester from Hanna Instruments. (Hanna Instruments, 2016) This EC-meter
measures the two for me important properties electric conductivity and Total Dissolved Solids. Beside that
it does also measure the pH-value of the water and the temperature. The temperature is relevant, because
the EC is dependent of it and the meter compensates it automatically.
The EC-meter covers the whole range from 0 to 14 pH with a resolution of 0.01 pH. The range for the
conductivity is from 0 to 3999 µS/cm with a resolution of 1 µS/cm. The accuracy is ±2% of the full scale,
thus ±80 µS/cm. For TDS the meter has a range from 0 to 1999, also with an accuracy of ±2% of full scale,
hence ±40.
When measuring in the small jars it showed that it is good to stir the water if it stood for a while. After
stirring the values became always a bit higher. I assume some of the minerals deposit on the ground and the
walls while standing still. Stirring the water loosens them and they dissolve again.

Figure 6: Hanna HI-98129 (Hanna
Instruments, 2016)

Gann Hydromette HT 95 T
I got access to a “Hydromette HT 95 T” from GANN Mess- und Regeltechnik GmbH (in the following
named as “Hydromette”) for my studies. The Hydromette is a device to determine the moisture content in
timber or building materials. The moisture content cannot be measured directly, but the electric conductivity
can and latter is dependent on the moisture.
Every type of wood has a different conductivity, therefore the Hydromette has two switches X-Y (number
4 and 5 in Figure 7) to set the type of wood with help of a table. The conductivity is also dependent on the
temperature which has to be set with switch number 6 between -10°C and 90°C. For building materials the
X-Y switches should be set to position “5” each and the temperature switch to 20°C.
I’ve used the Drive-In Electrode M20 with the 23 mm long pins. The electrode pins are connected with a
cable to the BNC-Jack (number 1) in the Hydromette.
For wood the display shows the relative moisture from 4-100%, when measuring building materials the
range goes from 0-75 digits which have to be converted to moisture content with help of a table in the
manual.
The Hydromette can also measure temperature, but I did not have the sensor to do so.
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Figure 7: GANN Hydromette HT 95 T (GANN Mess- und Regeltechnik GmbH)

The Hydromette has certainly no setting for ice. But as I do not want to determine the moisture content or
something else where I have to compare the results with previous data, the 0-75 digits scale for building
materials should be decent to see a trend, if there is one. The manual recommends to set the temperature
to 20°C. In the Timber Moisture Measurement chapter is stated to set the temperature switch to the relevant
wood temperature. Sadly, it is not written in the manual why just 20°C for other materials than wood. I
assume this is because of the usual room temperature of about 20°C. The ice is colder, so I chose to set the
switch to 0°C.
The electrode is designed to be rammed into the timber to get a result not just from the surface, but more
like an overall moisture content. I will not ram the electrode into the ice for two reasons: first the ice is too
brittle and will break if I hit it with two 2 mm diameter pins. And I want to measure the conductivity on the
surface. With ice-skates you just come in contact with the surface, so the ice properties 10 mm under the
surface are irrelevant.

2.6 Surroundings
Air humidity and temperature
Air humidity is a sensitive and important parameter in a closed ice rink. In the beginning and end of the
season when it is usually warm outside, fresh air has a quite high absolute humidity. Air temperature of 15°C
and relative humidity of 70% are not uncommon. This is a high amount of water in the air when brought
into an ice hall with lower temperatures. Above the ice the air has a temperature of about 2-3°C. This is far
below the dew point temperature of the outside air. The water would condense on the ice surface and lead
to a high additional heat load. This heat load has to be compensated by the refrigeration system.
-9-

Energetically it is much better to dehumidify the outside air before supplying it into the arena. Regulating
the air humidity can happen in two ways. Many ice halls keep the relative humidity at a certain level, for
example 50%. This works well as long as the temperature is low enough. The absolute water content at dew
point temperature 2°C is the same as for air with 50% relative humidity at 10°C. Above this temperature
the water content is too high and condensation will occur. With humans in the arena the moisture content
in the air will increase anyways, therefore the crucial air temperature will be even lower.
A better approach of regulation is absolute humidity. A constant water content in gH2O/kgdr.air will secure a
constant water content below the dew point and condensation from air to the ice can be avoided at all air
temperatures. In Norrtälje the air has 3.5 g water per kilogram dry air. Enough water for a comfortable
climate, but under the dew point for 2°C. (K. Weber, personal communication, June 1, 2016)

Lighting
As needed and existent in every sport hall also ice rinks have lighting, and therefore should be considered
how it interacts with the ice. Light is blameable for a small part of the radiation heat mentioned earlier in
chapter Fehler! Verweisquelle konnte nicht gefunden werden.. Not even the light radiation itself, but
rather the heat emitted by the light bulbs. High energy consuming incandescent light bulbs are out-of-date
in a while and are replaced by Compact Fluorescents (CFLs). CFLs consume about 25% of the energy a
light bulb is consuming for the same intensity of emitted light. A light bulb emits about 90% of the energy
as heat. CFLs are not, hence most of the saved energy is heat. Even more efficient are LEDs and can save
up to 80-90% of electricity.
The Design Recycle Inc. compared the heat emission of LEDs, incandescent light bulbs and CFLs to each
other. (Design Recycle Inc., 2011) They did not state clearly how much energy the light emitters were
consuming, but I assume they were emitting an equivalent amount of light. The light bulb emitted 25 W of
heat, whereas CFLs emit just 9 W (36% of a light bulb) and LEDs a bit more than 1 W (4%).

2.7 Ice hardness
In ice hockey the terms fast ice and slow ice, also known as good and bad ice, are quite usual. The main
factor for the speed of the ice is its hardness. The players do not sink so deep into the ice when skating if it
is harder, so they are gliding more over the ice and move faster. (Exploratorium, 2014) This means also that
harder ice maintains a plane surface for a longer time than soft ice and less snow is produced. The ice quality
is visible during matches: in the beginning and after remaking the ice in the period breaks the ice is clear so
that lines and applications in the ice are conspicuous. The longer a period goes, the more scratches are in
and snow is lying on the ice what makes it appear white.
Not alone the players, but also the puck is affected by the worse surface. Passes are easier to play of a flat
surface and also stick-handling becomes more difficult the rougher the ice is. If players in the beginning of
a period try to solve a situation with stick-handling, they tend to avoid it and just want to get the puck out
of the zone as the period-time is more advanced. (Exploratorium, 2014)
The influence of the three main characteristics for hard ice, the water purity, water temperature when
spreading and the final ice temperature, will be explained in the following chapters 2.8 to 2.10.
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2.8 Water purity
The often used term water quality is directed to its purity. Impurities can consist of organic matter, dissolved
minerals and air. Organic matter is no big deal in tap water, what is mostly used for ice making; therefore
this will not be part of this report. Air or gas content in water can be treated quite simply with the water
temperature and will therefore be approached in chapter 2.9 Water Temperature.
A value for the amount of minerals dissolved in water is the water hardness. To quantify the water hardness,
the number of impurities per volume of water is determined. The higher this value, the harder the water.
While rain water is always “soft water” with a very low mineral content, ground or lake water can have a
totally different amount of minerals in it. This resumes also in variances in the hardness of the tap water
used for the ice.
The measure of ions in solution is TDS (Total Dissolved Solids) with a unit of mg/l. The TDS can be
calculated by measuring the Electrical Conductivity (EC) at 25°C. The SI-unit for EC is S/m. More
common it is given in mS/cm or µS/cm. (Lenntech) The formula for calculating TDS is
𝑇𝐷𝑆 (𝑚𝑔⁄𝑙 ) = 0.5 ∗ 1000 ∗ 𝐸𝐶 (𝑚𝑆⁄𝑐𝑚).
Absolute pure water does not lead electrical current. In practice this is almost impossible to achieve, but the
term ultra-pure water for highly deionised water stands for water with a conductivity of about 5.5 µS/cm.
Drinking water has a conductivity of 5-50 mS/m and sea water 5000 mS/m.
In the ice the hydrogen bonding is already slightly weaker than in water and the more particles there are in
the water, the weaker the bonding gets and weakens the ice. (O.R.F.A., 2007) Indoor the ice will freeze from
bottom to the top, due to the refrigerating system lying under the surface. The water will discard the minerals
in the beginning. That is good in the first place, because this will lead to better ice. What comes along with
it, is that the mineral concentration becomes even higher the closer to the surface one gets. (Theiler, 2011)
More particles in the ice, lead to higher friction between the surface and the blade, a generally softer ice and
it requires a lower temperature to freeze the water fast enough.
The O.R.F.A. ice making training therefore recommends to use either a small amount of water at a time
when building the ice, or the top layer has to be scraped to remove low quality ice.

If there is no access to soft water or it should be treated anyways, there are several water purity technologies
of which some will be introduced shortly. (APEC Water)
Distillation
The probably best known technique to purify water is to distil it. The water is heated to 100°C to vaporize
it. The vapour gets cooled be colder water and condenses. In this method the most solid particles and
solvents with a boiling point above 100°C remain in the boiling water. Distilling consumes a huge amount
of energy to boil the water, but has the advantage, that it has been above the 70°C where all the gases are
removed (compare chapter 2.9 Water Temperature). If used fast enough so that no new gas can dissolve,
this water is not just free of minerals, but also gas-free.
Multiple distilled water has an EC of 0.5 µS/cm. (Heyda, 2008)
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Figure 8: Distillation setup (Helmenstine)

Ion Exchanger
Ion exchangers operate usually in two stages. In a first step all the positive charged ion are trapped to an
exchange material and replaced by hydrogen ions (H+). Normally charged cations like Na+ are replace with
one, multiple time charged cations like Fe+++ with the appropriate amount of hydrogen ions. Depending on
the amount of minerals in the water, it can be very acid after the first step. In the second stage the process
is proceeded to replace the negative charged anions with hydroxyl ions (OH -). The hydrogen and hydroxyl
ions will combine to normal water and the initial pH value is recreated.

Figure 9: Ion exchanger with Na+ and Cl - as examples (HM Digital, 2012)

The ion exchanger is cheap in investment cost and works effectively with inorganics and can regenerated as
well. Weaknesses are a high long time operation costs and the inability to filter organic material. Depending
on the performance of the ion exchanger conductivities between 0.1 µS/cm and 10 µS/cm can be reached.
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Carbon Filter
Other than the deionisation the carbon filter is rather a mechanical filter which performance depends on
the molecule size. Bigger molecules will be trapped in the mesh while the most dissolved inorganics are not
affected at all. The carbon filter is affective against microorganisms and can also filter organic material of a
smaller size than the mesh by absorbing them.
Carbon filters can be useful for drinking water, for purifying water to improve ice quality they are not
suitable. If at all to pre-treat very dirty water, but where ice rinks are in use proper water supply can be
assumed.

Figure 10: Carbon filters are not very effective against dissolved minerals (APEC Water)

Reverse Osmosis
Natural osmosis is driven by the urge to an equilibrium in concentration. If two solutions of different
concentration are separated by a semipermeable membrane, there is just one change to achieve equilibrium
when water goes through the membrane, because the holes are too small for the other molecules as metallic
ions.

Figure 11: Reverse osmosis principle explanation (APEC Water)

In reverse osmosis the water is forced to flow the other way – from the concentrated to the diluted phase
– with high pressure. The membrane filters effectively all types of contaminants. The flow rate is certainly
quite low. The water which is not going through the membrane, about 25%, has a very high mineral
concentration and will just be released to the drain. So reverse osmosis can run continuously without
regeneration. (Nyman) After treatment 95-99% of TDS are extracted, the EC is then 50-100 µS/cm. (Heyda,
2008)
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A single unit can produce up to 400 US gallons, equivalent to 1500 litres, per day (Pure-Pro Drinking Water
Systems, 2015). This is enough for about two or three resurfaces. To produce enough water for about 10
resurfaces a day, several RO systems should be installed (O.R.F.A., 2008). An industrial sized system with
300.000 litres/day is definitely too big (Advanced Watertek).
Natural osmosis is also one reason why the minerals should be extracted. Lime for example attracts water
to the ice surface and makes it rougher (Nyman).

2.9 Water Temperature
Before the water is filled into the ice machine, it is heated to about 60°C. Hot water has the big advantage
to force the gasses out of the water. The solubility of gases in water is dependent on both temperature and
pressure. To decrease the pressure in respectively around the water is more elaborate than to heat it up and
therefore not used in practice.
The gas content in cold water is quite high, but decreases with higher temperatures. From 70°C upwards
the gas content is so low, that O.R.F.A. is just talking about traces (compare Figure 12) and increasing the
temperature would not give further benefits. It consumes just more energy without advantages and should
not be done. (O.R.F.A., 2008)
The ice maker has to be aware not to use too much water while flooding. The benefit from heating the
water could fade away. As soon as the water gets in contact with the ice, it cools down immediately close to
zero degrees. Then it takes some time to freeze. When there is too much water at the same time, the freezing
process takes too long and the cold water absorbs gases from the air.
Another advantage of hot water is, that it takes less water to resurface. The hot water melts some of the ice
before freezing. So, the new ice has better contact to the existing ice and the effective water layer has the
same thickness as with more cold water.

Figure 12: Gas solubility in water depending on the temperature (O.R.F.A., 2008)
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Kenneth Weber told a story about an ice rink in Gränby. (K. Weber, personal communication, June 1, 2016)
They used water at 20°C until he told them hot water would be better. So they changed to hotter water
around Christmas in the middle of the season without mentioning it. After the season a team came to the
ice master and asked if they changed anything in the ice making process, ‘the ice has never been better’.

2.10

Ice temperature

The Nature of water demands a temperature of at most 0°C to maintain ice. In reality, of course, it has to
be lower. At least in ice halls the air temperature uses to be over the melting point of water for a comfortable
climate. Radiation from the building and people is as well transmitting heat to the ice as the lighting.
The aimed ice temperature varies between about -2°C and -6°C depending on who is using the ice and what
they are doing. Once the ice is build up, the water quality cannot be changed any more so the ice temperature
is the only way to control the ice hardness. For ice hockey the ice should keep an even surface for a long
time and has to withstand fast changes in direction of the players, therefore a lower temperate is required.
Figure skaters on the other side are jumping a lot and as they are not changing directions in the way hockey
players do, softer and so warmer ice is better for their landings. For public skating the ice hardness is nothing
great value is set on. Here the economical factor is dominant and it is just important that the ice is not
melting. (Lenko, 2001a)
Poirier and his team developed a formula for the hardness of ice dependent on the temperature. (Figure 13)
They were dropping steel balls of different weight onto an ice surface and found a dependence from
hardness on temperature. (Poirier, Lozowski, & Thompson, 2011) Colder ice would lead to a harder, better
surface, but needs also more energy as the temperature gradient from the surface to the surroundings is
bigger, what leads to higher losses. The temperature is hence a possibility to improve the ice, but leads to
an ongoing higher energy consumption.

Figure 13: Ice hardness depending on temperature (Poirier et al., 2011)

One must have in mind that the temperature in the cooling unit has to be lower depending on the ice
thickness and the resulting temperature gradient. If the ice surface is too cold, it can get too stiff and brittle.
Then there is an imminent danger for bigger chunks of ice to break loose and make holes into the surface.
(Theiler, 2011)
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An option to make the ice more resistant is to temper it. The most of us have heard that metals are warmed
up after forging or casting to release stress in the material. Otherwise they would be very brittle and break
very fast. The same works for ice: warming up the ice for more than 6 hours continuously to about -2.5°C
releases stress in the ice and lowers the risk of chipping out bits. (Lenko, 2001b)

2.11

Transparency

Transparency of the ice is a property which is nothing that the game itself inflicts directly, but still something
tried to achieve. Everyone has seen all these small bubbles in the ice when making ice cubes at home. The
dissolved air in the water cannot be hold in solution anymore and builds these bubbles. The amount is small
in the beginning and the ice is clear, but the more water is frozen from the sides towards the middle, the
less liquid water there is to hold the gasses and they are extracted. The amount of bubbles increases and the
ice is more opaque.
Carte made experiments with among others different freezing rates and water temperatures. (Carte, 1960)
in closed cases. His experiments showed in first place that lower rates of freezing gave fewer, but bigger
bubbles. The amount of air in the ice did not change. At an ice growth rate of 0.4 mm/min, there were just
two bubbles per 1 mm³, while he counted several hundred at a growth speed of 5 mm/min. The total
volume of bubbles summed up, was just enough for 1/2 to 2/3 of the total in water dissolved gas at all
growth speeds. Maybe the gas has a higher pressure in there – this could not be estimated – or there are a
lot of very small bubbles, which cannot be observed. At an ice growth rate of 0.4 mm/min, there were just
two bubbles per 1 mm³, while he counted several hundred at a growth speed of 5 mm/min. The total
volume of bubbles summed up, was just enough for 1/2 to 2/3 of the total in water dissolved gas at all
growth speeds. Maybe the gas has a higher pressure in there – this could not be estimated – or there are a
lot of very small bubbles, which cannot be observed.
One interesting observation Carte made, was that the bubbles appear in waves. (Figure 14) Orthogonal to
the growth direction there were lines of many bubbles, then came a part with almost no bubbles at all and
a new line with them again. His hypothesis was that the bubbles occur when the gas is oversaturated, then
the saturation is lower and no bubbles emerge until the concentration is too high again.

Figure 14: Rows of air bubbles horizontal to the freezing direction (Carte, 1960)
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Experiments with a reduced air contend showed smaller and fewer bubbles turn up. He used water saturated
with air at 40°C – half the amount compared to 0°C – and the bubble contend was also halved. When
cooking water long enough to expel all gas, absolute clear ice formed. The huge disadvantage is the
enormous energy consumption, what makes it not feasible to use.
Carte compared in further tests the difference between ice growth from top or bottom. The goal was to
determine if air can escape the water before it is enclosed when growing upwards. Obviously there is no
change to escape when freezing from the top. It showed that there is no difference in threads with growth
rates higher than 2 mm/min. At smaller rates more bubbles came up in the ice when growing downwards,
but the total volume was nearly the same in both cases. Some very small bubbles can escape from getting
trapped, but the time is just too little to let a relevant amount of gas get through.
What happens when the ice becomes warm and starts melting? Will the ice become clearer due to escaping
gas, if it has enough time? According to Carte’s researches the opposite result happens. Ice melts first at
boundaries, that means where it abuts to impurities or gas. Hence also where the bubbles are. Bigger bubbles
reshaped to a more spherical form, whereas smaller ones close to each other merged together and formed
even more irregular shapes. Some threads moved and formed lines of small bubbles. The changes are
permanent when refreezing the ice. All this increases the opacity of the ice.

Figure 15: Bubble growth when freezing from both sides (Carte, 1960)

The same happened also at temperatures between -5°C and -10°C, but much slower. Temperature gradients
at the bubbles amplify this effect even more. As the refrigeration system in ice rinks is always under the
surface and the temperature at the top is higher, a gradient cannot be avoided. For ice rinks, this means the
transparency of the ice tends to become worse over time, if there is not a possibility to avoid bubbles right
from the beginning.
Dadic made the same observation when observing the migration of air bubbles in ice under a temperature
gradient. (Dadic, Light, & Warren, 2010) The highest temperature he tested was -4°C and the migration
speed was 5.45 µm/h per K/cm temperature difference. This is lower than the “movement” the bubbles
undergo relative to the surface due to sublimation.
Summarized the air can move in the ice when it is warm enough, but cannot escape into the surroundings.
What can be done is to raise the surface ice temperature close to 0°C so that the air bubbles migrate to the
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top. The high temperature should be kept for at least 8 hours to give the bubbles enough time to reach the
surface. The higher temperature makes it easier to scrape the ice and 5 mm can be taken away quite easily.
In these 5 mm should by then most of the air be. The air cannot escape the ice, but can be taken away with
the ice. The temperature will then be lowered again and the ice can be rebuilt to its old thickness.
Agitating the water gives the gas no change to build up at one point, so there are, as with cooked water, no
bubbles at all with a lower energy investment, but on ice rinks this is not practicable.
On YouTube there are some videos that give tips how to make absolute clear ice for home use, ice cubes
for example. The most are using normal tap water and freeze it from the top while isolating the walls and
bottom of the jar. (Cutler, 2012) The ice block must not freeze all the way to the bottom, otherwise there
would appear bubbles and then it is too difficult to remove this part from the clear ice. This technique is
obviously not useful in an ice rink.
But there is another way to get clear ice. ClearIceDOTnet boils distilled water until all the air is removed
and then he can freeze it. He is using water at the sides to isolate the cubes a bit and force a top to bottom
freezing direction. (ClearIceDOTnet, 2013) As mentioned boiling water consumes a tremendous amount
of energy, hence this is not optimal from an energy point of view.

Figure 16: Ice cubes from normal (left) and pre-treaded water (right) (ClearIceDOTnet, 2013)

Another way to achieve bubble free, clear ice is to grow the ice under a water film. The principle is the same
as in the videos of the first kind when freezing the water from one side and keep a liquid face in the bucket.
The goal is to never reach the situation, that the water is oversaturated with air. Then would the bubbles
start to appear. It is just important, that the water film is not too thick, because from a critical thickness on
the effect would be the opposite: bubbles in the ice. (Zhekamukhov, 1977) The critical layer thickness is
dependent on the ice growth rate, hence the temperature at the bottom, and the amount of dissolved gas
per litre water. The water film should stay constant for the whole progress. More water must be spilled
continuously in the same rate the ice is growing.
Zhekamukhov describes this effect happening in hail clouds or when the ice growths under a flow of
supercooled aerosol. Is this also possible with water close to zero degrees on a cold surface. Would the
water freeze on the bottom if the heat is extracted there and the air has a temperature above zero degrees?
I can imagine this could work, if the temperature gradient between ground and surface is high enough, and
the water will freeze from the bottom even though ice is lighter than water. HowStuffWorks.com states that
restaurant ice makers work with running water to form clear ice (HowStuffWorks.com, 2000). In ice rinks,
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maybe the first layer of ice has to be made in a conventional way to ensure a connection to the ground so
that it will not detach and float, but then freezing under a water film could make clear ice.
I assume this will work the same way it does in melting puddles. If water in a small enclosed basin freezes
all the way to the ground, which has an abrasive surface or maybe even grass on it. When the ambient air
temperature rises and the ice melts, this will obviously start at the surface as the soil needs longer to warm
up. Even though the ice is lighter than water, it is not floating, but still clutched to the soil.
If so, this could work at ice rinks. It just has to be possible to remove the excess water when the ice has the
wanted thickness. If the water is not removed the top layer would have bubbles again and the progress
would be useless.
Lines and paintings
It is obvious that the rink needs markings to play competitive ice hockey. Without the lines, it would not be
possible to play in a proper way according to the rules. On a higher level the lines are painted onto the ice
for the best result – especially in northern America, where painting the lines became kind of an own art. In
Europe in communal ice halls sometimes the lines are painted onto the floor and the ice will just be made
directly on it. In this chapter I will describe the ice painting solution. (Russell-Ausley, 2000)
The concrete floor under the ice is usually grey. To have the best possible contrast to the lines and the black
puck, the ice makers strive towards an underground as white as possible. The ice rink is painted twice. After
two layers of ice, each not thicker than 1 mm, the whole field is painted white. The third layer is about 2 mm
thick, and will be the carrier of the lines. The colour of the lines is, as well as for the ground, water based
and is used in blue, red, black and yellow. Just then, when all the lines and eventually team logos are painted
the rest of the in total 20-25 mm thick ice is laid. This is done in about 8-10 layers. The more and thinner
layers are laid, the better the final result.

Figure 17: The center of the ice rink as it is painted by hand (Tampa Bay Lightning, 2014)
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Advertisements
Advertisements can be painted in the same step as the lines or laid as plastic foils into the ice. Then there is
the option to use a beamer to project the ads onto the ice, what makes moving figures possible. (IAKS,
2014) This does not affect the ice so I will not mention it further. The other two options have their
advantages and disadvantages.
Probably the easiest way is to paint the advertisements together with the lines onto the ground, but this is
also the worst way to do it. It is not possible to whiten the ice, because this would cover the paintings under
it. Without the whitening, the contrast is worse what affects the visibility. The latter is also inflected by the
thick ice over it. If under the ice, one has to look through the whole thickness of the ice. It can be used over
several years, but not changed under the season.
Better is to place the advert in the ice. The ice thickness to look through is sometimes reduced down to half.
As in the previous chapter mentioned the ads can be painted in the same way as the lines can. This needs
stencils and several layers of paint, hence it is quite elaborate and with 3’000 € for a figure the size of a faceoff circle pretty expensive and can only be used one time. On the other hand, it enables bright colours with
good contrast on the whitened ice.
A cheaper alternative is to print the logos on fabric and use the in the ice. A mesh costs just 1’100 € per
face-off circle and made with a high quality fleece-fabric 2’500 €. The fleece absorbs the water very good
what provides good contact with the rest of the ice around it and good heat transfer as well. Both can be
reused for several seasons when washed, dried and stored for the summer (ZÜKO AG, 2016)

Figure 18: An application on fabric from ZÜKO AG (ZÜKO AG, 2016)
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The solutions that are placed in the ice have the advantage, that they can be exchanged without taking away
all the ice. It is enough to take away the ice over the fabrics or respective with the colour. This can be
necessary if sponsors change under the season or there just have to be others for example for international
matches.
When the fabric is hydrophobic it is likely to happen, that air is trapped under it. When this occurs the air
bubbles under the fabric make it even more difficult to see what is written on the fabric. Good visibility of
the ice is required for all of the solutions, therefore the first 8 mm of the ice are taken away and rebuilt to
have fresh clear ice where it is stressed the most every now and then.
LED screens beside the rink are common in a while now. Visions or ideas for the future are to have LEDs
also in the ice. One diode every 2x2 cm gives a total of 4.5 million pixels for the whole rink. (IAKS, 2014)
Problems are what to do when they break. How to replace them? The whole ice would have to melt to avoid
further damage to the other LEDs. And no one knows yet how high the additional heat load is.

2.12

Ice Conductivity

To conduct electricity, the material needs mobile charges. In metals the negative charged electrons can move
through the molecular lattice. In liquid water dissolved ions have can move quite free. While distilled water
is almost free of ions, it has only very few mobile charges and is therefore a poor conductor.
When water freezes it loses the ability to solve most other substances. “Most of the impurities dissolved in
water either get repelled from ice back into the water or precipitate as second phase inside the ice bulk, in
the form of segregations and clusters during the process of ice growth.” (Petrenko, 1993) There are just a
few exceptions: HF, HCl, NH3, some alkalis (KOH, NaOH) and combinations of their components. As
water they are dipolar and fit therefore in the ice lattice.
These few molecules, who would be ions (H+, Cl- ) in liquid phase, are no longer mobile and cannot
contribute in the conductivity. But they have a different amount of free electrons in their shell than water,
what leads to defects in the bonds. These so called Bjerrum-defects cause also hydrogen ions to move in
the lattice so that they are able to connect to different water molecules and act as moving charges. Hence,
ice is a much worse conductor than water, but also worse in isolating than plastic or glass. As in the liquid
phase the impurities are responsible for conductive properties, in this case proton transfer.

Figure 19: A Bjerrum-defect (D-defect) caused by an ammonia molecule (Petrenko, 1993)
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Cui, Quin and Deng developed a device to measure the ice thickness of sea water at any time using the
different electrical conductivities of water, ice and air. (Cui, Qin, & Deng, 2015) The instrument is 2 metres
long and has two electrodes every 0.01 m. These electrodes measure the electrical resistance between each
other and a processing unit determines if there is air, water or ice between them, and with a good calibration
also the temperature. The measurements were quite accurate to display the ice thickness with an accuracy
of 0.02 m.

Figure 20: The ice thickness measuring instrument developed by Cui et al. (Cui et al., 2015)

For ice rinks I see two major problems why it is inexpedient. First the resolution is too small as the ice
thickness in ice rinks should be somewhere between 2 cm and 3 cm, hence will probably not exceed 4 cm.
This could be improved by bringing the electrodes closer to each other and increase the resolution. When
they get too close to each other it though can happen that the electrodes interact with each other and inflect
the accuracy negatively.
The second problem is that the device has to be installed permanently and a part of it has to be in the air to
measure the actual thickness. This part would interact with the players and/or resurfacer in an unwanted
way. So it cannot be installed on open ice. An option would be to install it in the boards. It could not just
measure the ice thickness, but also the ice temperature in several heights and the air temperature at the ice
surface. I have doubts if the ice layer near the boards is representative to get proper results as the ice
thickness varies towards the boards more than in the middle of the rink. The board will probably also
influence the ice temperature.
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3 Electric Conductivity of Ice
This part is to find out if and how the EC of the water affects the electric conductivity of ice. If I can find
a correlation, it could be possible to just measure the electric conductivity of the ice surface to draw
conclusions about the mineral content of the ice and water.

3.1 Approach
I thought maybe it is possible to figure out how the salty water acts when freezing if there is coherence
between electric conductivity (EC) of the water and the ice. My assumption is that the ice has a measurable
higher EC if the water has more dissolved minerals and conducts electricity better than just tap water and
for sure the other way around when using distilled water or treated with a RO unit. If I can find a correlation,
it could be possible to just measure the electric conductivity of the ice surface to draw conclusions about
the mineral content of the ice and water.
To test this, I took a big jar with tap water and several plastic cans with a lid. The first can was filled with
tap water. I dissolved some salt in the jar, filled some of it into the next can and so on with higher and higher
mineral concentrations. I’ve used the conductivity meter described in chapter 2.5.2.1 Hanna Multiparameter
Tester. The amount of salt was quite small to have most of the cans in the range of the samples taken in the
ice halls. But I used also water with a much higher EC up to about 3000 µS/cm to see how the behaviour
is in these levels.
After taking the EC, TDS and pH values of the water I put the cans into a refrigerator for 24 hours at -19°C
so that the water is totally frozen. Taken out of the freezer, I took the Hydromette conductivity meter for
solids (chapter 2.5.3) and determined the EC at the outside first. I measured both the water conductivity
and the ice conductivity to compare these with each other and try to relate the ice conductivity to the mineral
content of the water. I made measurements as well on the outside as on the inside of the ice block to check
if the conductivity and so the mineral content change through the ice. The earlier cited sources in chapter
2.8 assumed the water would discard the minerals in the beginning what leads to a higher concentration in
the ice that freezes last.
So I took a broach and a hammer to split the ice block and make the same measurement on the split surface.
I made a surface conductivity measurement here too to compare them with the outside of the block. The
ice was put back into the cans to let it melt. The last step of the experiment was to make the water
measurements again to see if there happened anything when freezing and melting the water.

Figure 21: Hammer and the broach with a split ice block
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3.2 Results
In my first test run I had six cans with an electric conductivity of the water between 390 µS/cm and
2880 µS/cm. All the measurement results are in Table 1.
Table 1: Measurement data from conductivity measurements of cans A-F

Water Before
EC
[µS/cm] TDS [ppm]

Ice conductivity
pH

Top [-]

Water After

Split [-]

EC [µS/cm]

TDS [ppm]

pH

A

390

191

8.69

24.2

18.8

340

170

8.79

B

580

288

8.74

27.3

21.9

470

226

8.75

C

835

421

8.79

27.6

24.0

760

381

8.76

D

1371

687

8.77

27.1

30.0

1240

622

8.76

E

2230

1113

8.73

46.1

39.7

1933

969

8.81

F

2880

1436

8.82

64.0

43.2

2465

1234

8.80

When comparing the electric conductivity of the water to the ice, there is a tendency to higher conductivity
of the ice made with water with a higher EC. The values for A-D with water EC between 390 µS/cm and
1371 µS/cm are on the outside quite similar (24.2-27.1). The values for the centre are increasing steady from
18.8 to 43.2.
The number of Total Dissolved Solids (TDS) and so the electric conductivity of the water dropped from
9% (C) to 19% (B) between the two measurements. There is no chemical or physical explanation for this.
The minerals cannot just disappear. I had the idea maybe this is caused by the new plastic cans. Maybe there
are some holes in the structure and they absorb some of the minerals. I made a control test to check if this
was a systematic error or if I can reproduce this observation.
I took two used cans and filled them with the same water with an electric conductivity of 2000 µS/cm. One
of them was put into the freezer and the other one stayed liquid on the cupboard. After melting the frozen
water, I measured both cans again and the discrepancy was with 2 µS/cm and 19 µS/cm within the accuracy
error of the meter of 80 µS/cm. Hence, the difference in the first series has probably a reason that is not
correlated with the experiment itself.
I put some high concentrated saltwater (~3000 µS/cm) into all the cans for 24 hours so that the plastic
would be “saturated” if that was the problem and repeated the first experiment.
The data from the second run can be seen in Table 2. While measuring I noticed that there were sometime
pretty big differences in electric conductivity at the top of the same ice block. Especially at higher salt
concentrations, there were areas with low and some with very high values from the Hydromette. In can “L”
for example the values varied from 27 to 60. This variation made it difficult to construe the results, so I
decided to re-do the experiment a third time.
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Table 2: Measurement data from conductivity measurements of cans G-M

Water Before
EC
[µS/cm] TDS [ppm]

Ice conductivity
pH

Top [-]

Water After

Split [-]

EC [µS/cm]

TDS [ppm]

pH

G

281

242

8.71

19.8

15.8

292

148

8.80

H

467

234

8.68

22.6

19

473

236

8.72

I

647

324

8.65

24.2

18.6

657

329

8.69

J

935

470

8.64

25.7

18.4

942

472

8.72

K

1354

677

8.61

27.0

24.0

1316

659

8.85

L

2170

1086

8.53 34.5 (27-60)

19.0

2012

1005

9.01

M

3105

1555

8.55

28

2990

1493

9.08

49 (38-60)

This time I also had distilled water to test the behaviour of low conductive water. The water had EC
between 5 µS/cm and 1326 µS/cm. I did not use higher concentrations because the samples from the ice
rinks have not had higher conductivities at that time and it seemed to be irrelevant to expand the range
(From the study visit in Norrtälje I got later a sample with an EC of 1696 µS/cm).
Table 3: Measurement data from conductivity measurements of cans L-T

Water Before
EC
[µS/cm] TDS [ppm]

Ice conductivity
pH

Bottom [-]

Water After

Split [-]

EC [µS/cm]

TDS [ppm]

pH

N

5

2

8.82

9.4

11

14

8

8.56

O

56

28

7.90

17.1

18.9

88

45

7.98

P

120

60

7.70

19.2

19.4

124

63

8.00

Q

255

130

7.86

20.0

19.9

256

129

7.98

R

564

280

8.36

22.4

25.5

533

267

8.26

S

934

469

8.29

32.0

22.0

909

455

8.21

T

1326

632

8.31

54.3

28.7

1195

598

8.41

First of all, the water EC is almost the same before and after freezing. For the cans with very low
conductivity (N and O) the value slightly increases, for P and Q it stays the same and then for R-T it
goes down a bit. Except for the last one that has a difference of 131 µS/cm, the difference does not
exceed an absolute value of 32 µS/cm and so not the accuracy error of the multimeter what is 80 µS/cm.
If the difference should not be blamed on the measurement error, a reason could be the plastic again.
Maybe the water and the plastic strive for an equilibrium that is somewhere around 300 µS/cm in the
water. The conductivity was lower, so salt dissolved from the plastic into the water.
In this series I made the ice conductivity measurements at the bottom of the ice block. There were the
values almost constant over the whole area.
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Looking at all the data from the three test runs a trend can be seen that the conductivity of the ice does
not change much in each run when the water has an EC between about 200 µS/cm and 1300 µS/cm.

As the difference in salt concentration is not uniform, I’ve plotted the data. The data from the cans A to
F can be seen in Figure 22. The ice EC in the middle (Split) is almost linear with a raise in conductivity
of the water. On the Top the values were almost constant until 1371 µS/cm and then there was a nearly
linear surge for the last two cans.
In test run number two (Figure 23) the measurements on the top had a linear behaviour. The split values
on the other side were more up and down, with an overall slightly rising trend.
The last run (Figure 24) had the focus as mentioned on lower salt concentrations with an electric
conductivity from 5 µS/cm to 1400 µS/cm. Besides the first step with a water EC of 5 µS/cm, where the
value for the ice was around 10 for both the split ant at the bottom. The other values from 56 µS/cm and
higher were again in the common range between 17 and 60. The split values proceed again in some kind
of zig-zag. The curve for the measurements at the bottom resembles an exponential function. Compared
with the other data is assume this is just a coincidence as none of the other curves shows this behaviour.

Figure 22: Plot of the EC data for Test Run 1
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Figure 23: Plot of the EC data for Test Run 2

Figure 24: Plot of EC data for Test Run 3

Overall it can be said, that the split values tend to be lower than the values on the sides. The higher the
electrical conductivity in the water, the higher is the difference. I interpret this as a confirmation of the
idea, that the water separates most of the salt in the early freezing stages until the concentration in the
remaining water becomes too high and the salt has to freeze within the water. This additional salt
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increases the electric conductivity of the ice, probably because there are more ions in the ice that can
move in the latter to conduct the electricity.
Split values are rather linear than the values on the top or bottom.
Each test run separately seems to have a quite clear tendency in the ice conductivity. In Figure 25 are all the
measured values of the split data for all three test runs in one graph. This figure elucidates how big the
discrepancy between the particular runs is. The cans E (2170 µS/cm, test run 1) and L (2230 µS/cm, test
run 2) for example had a very similar water salinity, but der EC of the ice was 20 measuring units higher
than for can L. This is more than doubled.

Figure 25: Plot of Split data for all three test runs

In Figure 26 I have connected all the data points in one graph. I see still a trend to higher values for the ice,
if the water has a higher EC, but in contrast to the separate graphs for each test run, it looks much less linear
than each of the graphs on its own.
With MATLAB I’ve calculated the correlation coefficient between the EC of the ice and water
(Appendix A). Perfect correlation would have a correlation coefficient r of -1 or 1. A positive value gives a
positive correlation, on the other hand a negative one, is caused by a negative slope in the data. No
correlation would have a coefficient of 0. The definition for how high the coefficient has to be to be valued
as big is depending on the kind of data one is evaluating. A proposed guideline is: absolute values from 0.1
to 0.3 mean a small, 0.3-0.5 a medium and from 0.5 to 1 a large association (Laerd Statistics).
The correlation coefficient of the split ice EC and the water EC is 0.75. Following the guideline, this is a
large correlation. The graph for the side ice EC values looks more linear even though it has two or three
outliers. This reflects in an even higher correlation coefficient of 0.89.
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Figure 26: All data points combined in one graph

The line between the data points might lead to a wrong impression. In Figure 27 the data is visualized as
scatter plots. In my point of view in this graphic, without distraction of the line, it is easier to see the
correlation.
For lower water conductivities the values of the ice conductivity are pretty close to each other. The higher
the values are, the higher becomes the variance. The scattering at the split is higher than on the sides.

Figure 27 a) Scatter plot of EC Ice Side over EC Water

b) Scatter plot of EC ice split over EC Water
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3.3 Influence of the pH value
I’ve compared the ice split conductivity with the pH value of the water to check if the latter has an influence
on the conductivity. A higher pH value implies a higher concentration of hydroxide (OH--) in the water and
therefore probably also in the ice. More ions in the ice latter could lead to a higher electric conductivity.
I’ve used a scatter plot to visualize the EC of the ice over the pH value of the water (Figure 28). The data
does not seem to correlate. I calculated the correlation coefficient with 0.21. According to the guideline in
the previous chapter, the pH value and electric conductivity of the ice have a small positive correlation.
The Pearson Product indicates just linear correlations. A correlation could be for example quadratic, but the
correlation coefficient is 0 (Math Is Fun, 2016). I do not see any other pattern in the scatter plot, which
would let me assume there is a correlation towards any other function.

Figure 28: Scatter plot of ice split conductivity over pH of the water
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4 Ice measurements in ice halls
In this section I will describe my field studies in ice rinks.

4.1 Taking samples
I’ve been in the ice rinks in Älta (17.03.16.), Nacka (20.04.16.), Stora Mossen (13.05.16) and Norrtälje
(01.06.16). I would have liked to visit more arenas to take samples, but I started just in late March what was
too late and so most of the arenas were already closing. Therefore, I sadly could not get more samples.
When I’ve been in an ice hall, I took at least four samples. First I filled one of the cans with tap water or
the water they use to flood the surface with the ice machine. This is to have a reference how many minerals
have been laid onto the surface in average. If tap water is used, the quality will change slightly all the time,
but this will not be crucial. I have taken at least two samples from the ice surface at two different places on
the field to see if the salt concentration is constant or if it can vary even though all the variables like the
water, its temperature and ice temperature are the same. And at last I filled one box with scraped snow from
the ice machine after it has resurfaced the rink. I’ve never been there when the machine did its job, so I
took the sample outside where the snow got dumped.

Figure 29: Example how I took the samples in the ice halls

For the ice samples I’ve taken a normal knife and scraped over the surface to get a bit from the top layer of
the ice. I tried not to scrape twice at the same place. We assume that the most of the minerals are right at
the surface, so if I scratch a second time at one location, the minerals would be already in the snow and I
get another layer of ice. To fill the 200 cm³ can with snow I had to scrape ice from about 2 m², so this
should give a good average which compensates spots with higher or lower mineral concentrations.
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When the snow melted, I’ve measured the electric conductivity and mineral content of the water with the
Hanna Multimeter.
In two of the ice halls – Stora Mossen and Norrtälje – I also made measurement with the Hydromette on
fresh and used ice to check if there is a difference in electrical conductivity if the top layer is still on the ice
or already scratched away.

4.2 Results
The Total Dissolved Solids and Electric Conductivity are dependent on each other. The EC value is always
about twice as high as the TDS value. And in the previous Chapter 3.3 Influence of the pH value I stated
that the pH value has no influence on the conductivity. Hence I will just mention the EC values of the tap
water and molten samples.
The ice halls in Nacka and Älta are in the same municipality and have the same water supply, hence, the tap
water had the same quality. (Table 4) The conductivity of the molten ice is in these two halls significant
higher than the EC of the spilling water. This was expected as we assumed, that the minerals will be
withdrawn in the freezing process and concentrate at the surface. As the samples contain ice from as high
as possible, the concentration of minerals should be higher than in the tap water according to our theory.

Table 4: Electric Conductivity of the ice hall samples

Älta,

Nacka,

17.03.16

20.04.16

Stora
Mossen1,

Norrtälje,
01.06.16

13.05.16
Electric Conductivity [µS/cm]

Tap Water

220

220

297

130

Ice Rink 1

391

776

290

1023

Ice Rink 2

703

1076

407

1696

Ice machine
(outside)

25

39

38

8

1 Different kind of sampling due to a lot of snow on the ice from a practice

But the samples show also high differences in the conductivity. Even though the spilled water is the same,
the mineral concentration at the surface leads to conductivities from 391 µS/cm to 1076 µS/cm. The
concentration is not the same over the whole surface.
In Stora Mossen the tap water had with 297 µS/cm a slightly higher conductivity than in the first two halls.
I took the samples directly after a practice so there was already a lot of snow and not much unused ice left
to take the normal samples. So I decided to collect some snow from different places. The difference between
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the two samples in EC is quite small and much closer to the value of the tap water. One sample has even a
lower value than the spilling water. It is likely that the players scraped a thicker layer of ice from the surface
than I usually did with a knife. The EC values of the samples are therefore lower or closer to the tap water
conductivity than in the other samples.
In Norrtälje the water EC is controlled with a tap water/RO threated water mixture. With that the spilling
water conductivity is held constant at 130 µS/cm. But also with a lower mineral content of the resurfacing
water the surface mineral concentration reached high values with water conductivity up with 1023 µS/cm
and 1696 µS/cm. Not just that the values are much higher than 130 µS/cm, but the difference is also the
highest of all the two samples I took per ice hall.
Conspicuous is the low mineral content in the dumped snow from the ice machines. We discussed a lot
about how and why the mineral content in the snow is so low every time. In Norrtälje the snow had almost
the quality of pure water. The Ice machines are taking also just a thin layer of ice from the top together with
the snow that was produced from the players or skaters. In the machine the snow is not processed any
further but just collected in the snow tank. So there is no reason for such low values.

Figure 30: Schematic view of an ice machine. The blade (1) scrapes the ice, which is then with screws (2,3) moved into the snow tank (4). (Zamboni,
2016)

Kenneth Weber observed this behaviour also before and could not explain it yet. (K. Weber, personal
communication, June 1, 2016) He assumes that all the minerals dissolve in the water that is already molten
and flowed towards the ground. The remaining snow/ice would then be left without almost any minerals.
This process would take some time of course. I just know that the dumped snow in Norrtälje was lying
there already the whole night and a sunny morning. I have never been in an ice hall when the resurfacing
was done to compare the results I have with snow that is newly collected. Or one could take samples of
dumped snow in the winter when the ice is not melting that fast or at all so that the minerals cannot dissolve
in any water
The measurements in Stora Mossen and Norrtälje with the Hydromette indicated also that the concentration
at the surface is higher than a bit below. Even though there was practice the ice was not used at some places.
The ice conductivity of the fresh ice was about 18-19 and from the used ice it was with 16-17 a bit lower. I
made a similar observation in Norrtälje. The unused ice had a conductivity value of 20 and where I scraped
the ice, it was just 16.
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5 Ice Hardness
This chapter is about how the minerals in the water or ice affect the ice hardness.

5.1 Method
As written before in chapter 2.7 Ice hardness, the hardness of the ice is dependent on many properties and
settings of both ice and water.
The aim of this part is to find out if and how the salinity of the water the ice hardness influences. The best
way to determine the hardness of the ice is in my opinion to test the impact hardness. Poirier tested the
hardness by dropping a metal ball onto the ice and measuring the damage caused by the impact (Poirier et
al., 2011). I’ve contacted the Department of Solid Mechanics to get help with hardness measurements. To
do the steel ball experiment seemed to be difficult to implement, because I cannot create a surface that is
big and flat enough in higher amount for the different salinities. In the cans the ice bulged in the middle
what makes it unsuitable to drop a steel ball onto a flat surface.
Irene Linares Arregui recommended me Rockwell A as a test for plastic deformation instead. (I. Linares
Arregui, personal communication, Mai 2016; Wikipedia, 2016) She advised against the method of Brinell as
its long pressure durations take a lot of time and the metal ball would probably melt the ice quite a lot what
leads to useless results.
I put the same amount of water so that all the vessels weighed without the lock 170 g to ensure that the
height of the ice block is the same. I assume a thicker ice block could result in higher hardness results, but
this variable should be eliminated if all the blocks have the same thickness.
The melting ice – why we decided not to use Brinell – was also the problem when trying to determine the
ice hardness with Rockwell A. The ice melted right away when we wanted to exert the initial load F0 in the
first step (Figure 31). I’m not sure if it was just because of the high temperature (about 22°C room
temperature) of the metal ball or if the ice melted due to pressure melting. However, under these
circumstances Rockwell was not suitable as a test for ice.

Figure 31: Schematic description of the three steps in a Rockwell hardness measurement (UL Prospector)

We had to find something else, and in the lab was a Shore A durometer which we tried to use. I am not
really satisfied with shore hardness as it is a method for elastic materials like rubber. A Shore Durometer
has two crucial parts: first there is the needle-like tip as seen in Figure 32 with a maximum penetration length
of 2.54 mm and a spring with a maximum load when of 8.06 N compressed by the 2.54 mm. The Shore
hardness is then dependent on deep the tip penetrates the material and can have values between 0 and 100.
For harder or softer materials there are other durometers with stronger or softer springs and a different
scale. (Smooth-On, Inc., 2016)
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Figure 32: Shore Durometer tips (Kopeliovich, 2013)

5.2 Results
The Shore durometer had also problems with melting the ice when kept at room temperature. The heat
conductivity from steel to ice and the water was very good. Hence, the values were strongly dependent on
how fast or slow I made the measurement. Pressing the tip of the durometer slowly onto the ice surface
gave the ice too much time to melt and the value was very low, even zero was possible if done slow enough.
So the measurement should be done as fast as possible.
Beneficial is also to have the tip respectively the whole durometer as cold as possible. I could not put the
durometer itself into the freezer because it does not stand condense water. So I cooled it as much as possible
by holding the side with the tip (in Figure 33 at the bottom end) on the ice before I made measurements on
the other side of the ice block. The tip was then cold enough to melt the ice just barely. I also tried to hold
the durometer as far as possible on the other side to not heat it up again.

Figure 33: Louis Schopper Shore A durometer from Solid Mechanics Lab
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The Scale of the durometer goes from 0 to 100 with an increment of 5 (Figure 33). If the needle is not
exactly on a line, I would say the reading uncertainty is 𝑢1 = ±1 = ±1%. For the uncertainty of the
durometer itself I made an experiment with a shoe sole. Ten measurements lead to a result of 𝑌 = 66.7 ±
1.16 𝑜𝑟 66.7 ± 1.7%. The uncertainty of the durometer is 𝑢2 = 1.7%. As the uncertainties are random
and independent I may calculate the total uncertainty of the durometer with the Root Sum Square: (Erik
Björk, 2015)

𝑢𝑡𝑜𝑡 = √𝑢12 + 𝑢22 = √(1%)2 + (1.7%) = 2%

(1)

I made on the bottom side of the ice blocks ten measurements (Figure 34) and calculated both the mean
value and standard derivation (
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Table 5).

Figure 34: Example of how and where I made the Shore A measurements
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Table 5: Shore A measurements, mean values and standard derivation

Can Water EC

Shore A Values [-]

Mean Std. Derivation

N

3

91

89

90

94

92

91

90

91

94

90

91.2

1.69

O

64

93

95

99

92

95

94

91

95

92

90

93.6

2.59

P

130

90

93

94

90

90

91

92

92

92

95

91.9

1.73

Q

260

94

95

95

95

90

94

94

91

90

90

92.8

2.25

R

528

86

89

87

85

89

85

89

90

85

88

87.3

1.95

S

837

92

95

93

89

91

90

93

93

92

90

91.8

1.81

T

1106

93

91

91

89

87

90

90

91

92

86

90

2.16

U

1854

92

92

95

93

91

95

89

93

91

91

92.2

1.87

The mean values are between 87.3 and 93.6 and so pretty close to each other. The ice in can R is with
87.3 ±1.95 an outlier; all the other values have a mean that is at least 90. (Figure 35) All the other values
cover almost the same area of Shore hardness. Neither an ascending or descending nor a parabolic trend
can be seen. The correlation coefficient is -0.12 what means a very low correlation.

Box plots for Shore A hardness
100
98

Shore A Hardness [-]

96
94
92
90
88
86
84

N
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Q

R

S

T

U

Can
Figure 35: Boxplot for Shore A hardness (Addinsoft SARL, 2016)

Based on my test I can say there is almost none or just a very small negative correlation between water
conductivity and Shore hardness. This would mean the shore hardness tends to decrease slightly if there are
more minerals in the water.
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6 Not implemented Experiments
This chapter describes possible experiments that could not be implemented due to hard to achieve needs in
general setup.

6.1 Transparency
I have two ideas how to quantify the transparency of the ice. First option is to use an albedo meter (Figure
36). It compares the incoming light from the top to the reflected light incoming from below and gives a
result between 0 and 1. A black surface would have the value 0 as it does not reflect any light; a perfect
reflecting surface on the other side has 1 as result.

Figure 36: An example of an albedo meter (Kipp & Zonen)

The albedo meter could be used by holding it over a blue line on the rink. Blue because it has probably the
lowest albedo value of the field. White areas are not useful as the albedo of ice becomes higher as the ice
becomes worse with more bubbles or cuts. The change would not be that high. Compared to a dark surface
with a low albedo, the difference in ice transparency will be better visible. Table 6 shows some values for
material that could occur in the ice rinks with soil as a reference for a darker surface. The variance in albedo
is quite high. Always dependent on the conditions, fresh snow for example has higher albedo than after
several days and for water the albedo is highly dependent on the angle. From low angles most of the light
is reflected (high albedo) whilst angles towards 90° give lower values.
Table 6: Albedo values for some materials. Adapted from (Budikova, 2010)

Surface

Albedo

Soil

0.05 – 0.40

Water

0.03 – 1

Snow

0.40 – 0.95

Ice

0.20 – 0.45
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I think an albedo meter is not optimal as it will also detect reflected light from the sides. A box would be
needed to screen the white surfaces besides the blue lines and an own light source would probably also be
needed to have always constant settings.

Figure 37: A sketch of the box setting. blue: ice surface, red: own light source, green: Albedo meter

The second option is to use an optical transmission meter (Figure 38), also called opacimeter. Opacimeters
are used to measure the pollution of gases or sheet material as plastic and paper. Light is directed on the
material and a detector on the other side is measuring how much of the light is let trough. The principal is
actually quite similar to the albedo meter, but it is not measuring the reflected radiation.
A problem of the opacimeter could be that we need a measuring unit on both sides of the ice. So either we
need a stationary part under the ice surface so that we can lay the other part on the top and make the
measurements or we can use a mirror on the ground and measure the doubled length through the ice. I
assume the latter method will have interferences with reflected light from errors in the ice and bad conditions
lead to better results.

Figure 38: An example for an Optical Transmission Meter (Shenzhen Linshang Technology Co. Ltd, 2015)
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For both alternatives initially reference measurements are needed to determine the influence of the thickness
of clear ice.
As mentioned an opacimeter needs part of it on both sides of the surface and this is not or just very hard
to implement on ice rinks. It could be possible to make experiments with ice made just for this propose as
I did for the conductivity measurements, but it is neither possible to simulate the damages inflected to the
ice surface by the skaters nor can it be compared to real ice surfaces.

6.2 Condensed moisture
To test if the mineral content in the ice influences the amount of condensed water I suggest a simple test
with some containers placed onto the ice surface at an ice rink. The vessels need to have the same size and
should content the same amount of water. The absolute amount is probably not that important, as long as
the surface area is the same, but to exclude errors the difference should be as small as possible.
The water in the containers should have different amount of dissolved particles. So a measurement of TDS
or respectively EC has to be made before freezing and if there is a suitable method, also of the ice. The
vessels will be placed onto the ice surface for a longer period of time at constant air conditions. The longer
the vessels are on the ice, the higher I expect the difference in results.
I hope some of the humidity in the air will condense and there is a significant difference in weight to observe.
Both in each of the vessels and when comparing them with each other. The tests should be repeated in at
least one other facility with different air humidity. In a dry environment the condensed water will be quite
low anyways, while the relative difference can be very low in humid air.
The tests aim to figure out if and how much cooling energy can be saved when demineralise the water and
avoid thereby gaining condensation heat.
To conduct this experiment an environment with constant conditions over a long period is needed. I cannot
accomplish such an environment and on the other hand I assume that the difference in condensed water is
rather small and high sensitive equipment is needed to detect the differences.
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7 Discussion
In Chapter 3 Electric Conductivity of Ice I was not consistent where I measured the “side” conductivity. I
started at the top, went then to the bottom to the ice block, because I got the impression the values on the
same surface are more constant than on the top. When repeating the test of can N to T, I take data from
both sides and it showed that both sides show sometimes big variations. In one test run as well as if two
runs are compared.
I am wondering which one would be the better place to measure, if there is one. How does the freezing
process influence the reliability of the mineral concentration on the surfaces? If two cans are stacked in the
freezer, does it already make a difference which is on top of the other?
The ice froze first on the top and then probably on the sides down until also the bottom was frozen. It
seemed as if the core of the ice block was still liquid and when freezing it expanded what lead the top of the
block arch in the middle. In some of the blocks it seemed like some water found a way through the ice and
leaked to the surface. This could explain a sometimes much higher conductivity in the middle of the top.

The plastic cans had the advantage that they are cheap, do not break and are flexible what made it easier to
detach the ice block, but on the other hand there seemed to be some interaction between the material and
the water. As the latter could distort the results glass vessels could be a better option. It makes just makes
it a bit less comfortable, but the results should be more important.
The same is valid for the ice hall samples as I used the same cans.

The water conductivity values of the samples from the ice halls had pretty high variances. The high
difference of the measured values can for sure occur due to the freezing process, but it can also be caused
by the sampling process. The way of taking the samples should be more standardized. Kenneth Weber said
he used to do it with a (smoothing) plane to ensure that the scraped layer has always the same thickness.
And the area could also be determined to have every time the average of the same amount if ice.

The hardness measurements with Shore are probably not suitable for ice. I got the result that there is rather
no correlation between mineral content and ice hardness, but would not overstate this. Other test methods
could lead to other results.
We could not find a suitable test setup in the existing methods, so probably they have to be modified a bit
to suit for ice. Guided by the experiment Poirier et.al. made with a steel ball or take based on something
else. Rockwell had the problem with the big metal part pressed onto the ice. Here could a smaller thermal
mass prevent the ice to melt. Maybe glass with a lower heat conductivity and transfer rate or a composite
pin. With composite hard but still thin and light constructions can be created. A lighter pin has also a smaller
thermal mass. These are just some ideas, there are fore sure several more.
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8 Conclusion and future work
The amount of ice hall samples is quite low and the results were quite scattered. To decide if there is a direct
coherency between mineral content in the flood water and the mineral content in the top layer of the ice
more samples are needed. If possible the samples should be taken together with measurements of the ice
conductivity.
So far there seems to be no big influence of the tap water EC in the mineral content in the highest ice layer.
There have to be other variables or processes that have a higher influence that I was not able to determine.
With the Shore A meter, I could neither show, that there is a significant difference in ice hardness that is
dependent on the mineral content of the water. The shore hardness in my tests was in the same range for
almost all samples with a water EC in the range from 3 µS/cm to 1854 µS/cm. The one sample with a lower
hardness was not consistent with the other test results. I assume it was just an outlier and do not give it any
more attention.
All these results let me conclude that a special treatment to desalinate the water before spilling it onto the
ice is not necessary or useful. Based on the results in my point of view the energy to treat the water should
be saved.
For future tests I recommend to come up with another test for the ice hardness. The Share hardness has
the disadvantage that it need a relatively long contact time between the meter and the ice surface. The
conducted heat melts the ice and distorts the result. If possible I recommend any other test method with a
shorter contact time like an impact and analyse the damage on the surface.
It was not part of my own test procedure, but from the cited sources it seems to be useful to heat up the
flood-water. I cannot validate it but several people gave their subjective feedback that hot spilling water
improves the ice performance.
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Appendix
A

MatLab Code

%Graph for electric conductivity (EC) ice over EC water cans A-F
figure (22)

ec_water_AF=[390,580,835,1371,2230,2880];
ec_ice_top_AF = [24.2,27.3,27.6,27.1,46.1,64.0];
ec_ice_split_AF =[18.8,21.9,24.0,30.0,39.7,43.2];
pH_water_1_AF = [8.69,8.74,8.79,8.77,8.73,8.82];

plot(ec_water_AF, ec_ice_top_AF, ec_water_AF, ec_ice_split_AF)
legend('EC Ice Top A-F','EC Ice Split A-F','location','northwest')
xlabel('EC Water [µS/cm]')
ylabel('EC Ice [-]')
ylim([0 65])

%Graph for EC ice over EC water cans G-M

figure (23);
ec_water_GM=[281,467,647,935,1354,2170,3105];
ec_ice_top_GM = [19.8,22.6,24.2,25.7,27.0,43.5,49];
ec_ice_split_GM =[15.8,19,18.6,18.4,24.0,19.0,28];
pH_water_1_GM = [8.71,8.68,8.65,8.64,8.61,8.53,8.55];

plot(ec_water_GM, ec_ice_top_GM, ec_water_GM, ec_ice_split_GM);
legend('EC Ice Top G-M','EC Ice Split G-M','location','northwest')
xlabel('EC Water [µS/cm]')
ylabel('EC Ice [-]')
ylim([0 55])
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%Graph for EC ice over EC water cans N-T

figure (24);
ec_water_NT=[5, 56, 120, 255, 564, 934, 1326];
ec_ice_bot_NT = [9.4, 17.1, 19.2, 20, 22.4, 32, 54.3];
ec_ice_split_NT =[11, 18.9, 19.4 , 19.9, 25.5, 22, 28.7];
pH_water_1_NT = [8.82,7.9,7.7,7.86,8.36,8.29,8.31];
x=linspace(0,1500,300);
e=(exp(x/350))+18;

plot(ec_water_NT, ec_ice_bot_NT, ec_water_NT, ec_ice_split_NT,x,e,'--');
legend('EC Ice Bot N-T','EC Ice Split N-T','e^x^/^3^5^0+18','location','northwest')
xlabel('EC Water [µS/cm]')
ylabel('EC Ice [-]')
ylim([0 65])
xlim([0 2500])

figure(26);
%Take all data into one matrix, sort them from smallest water EC to highest

ec_water_ice_split_AT =[ec_water_AF, ec_water_GM, ec_water_NT;
ec_ice_split_AF, ec_ice_split_GM, ec_ice_split_NT];

A=sortrows(ec_water_ice_split_AT')';

%calculate correlation coeffcient between EC ice and EC water

corr_split_m=corrcoef(ec_water_ice_split_AT');
corr_split=corr_split_m(2,1)

-48-

%sort all the side values from low to high

ec_water_ice_side_AT =[ec_water_AF, ec_water_GM, ec_water_NT;
ec_ice_top_AF, ec_ice_top_GM, ec_ice_bot_NT];
corr_side_m=corrcoef(ec_water_ice_side_AT');
corr_side=corr_side_m(2,1)
B=sortrows(ec_water_ice_side_AT')';

%plot the sorted ECs from A-T in one graph

plot(B(1,:),B(2,:),A(1,:),A(2,:))
legend('EC Ice Side all data','EC Ice Split all data','location','northwest')
xlabel('EC Water [µS/cm]')
ylabel('EC Ice [-]')
ylim([0 65])

%not used

figure(11)
D=sortrows(ec_water_ice_side_AT',2)';
plot(D(2,:),D(1,:))
hold on
C=sortrows(ec_water_ice_split_AT',2)';
plot(C(2,:),C(1,:))
hold off

%Scatter plot of the split and side ECs from A-T

figure(27)
subplot(1,2,2)
scatter(ec_water_ice_split_AT(1,:),ec_water_ice_split_AT(2,:),'r','markerfacecolor','r')
legend('EC Ice Split all data, r=0.75','location','northwest')
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ylim([0 55])
xlabel('EC Water [µS/cm]')
ylabel('EC Ice [-]')
xlim([0 3500])

subplot(1,2,1)
scatter(ec_water_ice_side_AT(1,:),ec_water_ice_side_AT(2,:),'markerfacecolor','b')
legend('EC Ice Side all data, r=0.89','location','northwest')
ylim([0 70])
xlim([0 3500])
xlabel('EC Water [µS/cm]')
ylabel('EC Ice [-]')

%Split EC values, each run in the same graph

figure(25);
plot(ec_water_AF, ec_ice_split_AF, ec_water_GM, ec_ice_split_GM, ec_water_NT, ec_ice_split_NT);
legend('EC Ice Split A-F','EC Ice Split G-M','EC Ice Split N-T','location','northwest')
xlabel('EC Water [µS/cm]')
ylabel('EC Ice [-]')

ylim([0 50])

%Side EC values, each run in the same graph

figure(41);
plot(ec_water_AF, ec_ice_top_AF, ec_water_GM, ec_ice_top_GM, ec_water_NT, ec_ice_bot_NT);
legend('EC Ice Top A-F','EC Ice Top G-M','EC Ice Bot N-T','location','northwest')
xlabel('EC Water [µS/cm]')
ylabel('EC Ice [-]')

%ylim([0 50])
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%scatter plos of EC split over pH

figure(28);
pH=[pH_water_1_AF,
ec_ice_split_NT];

pH_water_1_GM,

pH_water_1_NT;ec_ice_split_AF,

ec_ice_split_GM,

%plot(pH(1,:),pH(2,:),'d','markerfacecolor','b')
scatter(pH(1,:),pH(2,:),'markerfacecolor','b')
legend('EC Ice Split, all data','location','northwest')
xlabel('pH of Water')
ylabel('EC Ice [-]')

%Corr coeff pH vs EC

corr_m=corrcoef(pH');
corr_pH=corr_m(1,2)
cova=cov(pH');

%EC values of re-frozen cans N-T

ec_ice_bot_NT_2 = [11.5 17.9 19.9 22.6 19.4 19.6 44.2];
ec_ice_bot_NT_3 = [9.9 17.3 18.2 18.7 25.9 32.1 45.2];

%plot of the three N-T runs in the same graph

figure(20)
plot(ec_water_NT,ec_ice_bot_NT, ec_water_NT,ec_ice_bot_NT_2, ec_water_NT,ec_ice_bot_NT_3);
legend('EC Ice Bot N-T 1', 'EC Ice Bot N-T 2', 'EC Ice Bot N-T 3','location','northwest')
xlabel('EC Water [µS/cm]')
ylabel('EC Ice [-]')

%Correlation Coefficient of the three runs of N-T

C=[ec_ice_bot_NT;ec_ice_bot_NT_2;ec_ice_bot_NT_3];
corr_C= corrcoef(C')
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