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Summary

Due to the e�ects of climate change fewer days of frost are measured during the winter[1]. This has
limited the citizens of the Netherlands to perform one of their most iconic sports, ice skating. Based
on the results of this study, a new innovative ice skating track has been constructed in Winterswijk
which makes use of an insulating layer below the asphalt where the ice 
oor is built on. In addition,
water spray carts are used to create an ice 
oor, allowing for more precise control of the ice growth
process. This research has focused on the optimal design of an outdoor ice skating rink that can be
used more often and during less severe winters. This has been established with the creation of an
ice growth model, which allows for time-varying input conditions and incorporates a detailed heat
transfer model for the underlying ground.

In addition to the ice growth model, two experimental setups have been constructed. The �rst
experimental setup con�rmed the e�ectiveness of insulation. With the help of a small-scale model
of the ice rink 
oor, the asphalt temperature has been measured for the case with and without
insulation. The results showed a di�erence of 2.5 Celsius in surface temperature for the insulated
case at the end of the night compared to the non-insulated case. The reduced surface temperature
demonstrated that ground 
ux is a signi�cant factor for the energy surface balance, reducing the
ground heat 
ux helps for more ice to grow. Furthermore, the ice growth model allowed to simulate
the expected ice growth for a variety of ice rink 
oor con�gurations and ambient conditions. The
data from the experimental setup has been used to verify this model. By replacing the mixed
granulate subbase with foamed concrete, it is possible to achieve an ice layer of 12mm instead of
6.5mm at the end of a single night. Furthermore, the ice growth model showed that heat transfer
by radiation is a signi�cant factor in ice growth, with an e�ect of up to 0.7 mm per hour of ice
growth in case of clear skies and an ambient temperature of zero degrees Celsius.

The conventional method of creating an ice layer is by 
ooding the ice track and waiting until a few
centimetres of the top layer are frozen. After that, the water beneath the ice layer will be drained
and the ice 
oor descend onto the asphalt. By using water spray carts, the water now always freezes
at the top side of the ice, allowing for faster ice growth and more precise control of the ice thickness.
Results from the ice growth model showed that the timing of a new water layer is important. A
new layer should be applied before the last layer is completely frozen for a faster rate of ice growth.
To sustain an even distribution of water over the track the nozzles have been moved to compensate
for the longer distance of the outer edge.

The second experimental setup concerns the ice growth experiment. This experiment investigates
the e�ect of the water layer height on the freezing rate. The pulse echo method was used to measure
the ice thickness without interfering with the ice growth process. However, the sensor data from this
method proved to be unreliable. Therefore, no conclusions could be drawn from this experiment
about the e�ect of water layer height on the freezing rate.

The result of this study is that the ice skating rink in Winterswijk now uses spray carts to form an
ice layer and has placed foamed concrete as an insulating layer, which has proved to be successful
during the night of November 30 in 2020. Ice skating was already possible after a single night of
frost [2][3].
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Chapter 1

Introduction

It is no secret that the Dutch love to ice skate. The performance of the Dutch speed skaters at
the Winter Olympics is one aspect that shows this. One of the reasons is the topography of the
Netherlands, the 
at land with water canals throughout the country. During cold winters these
canals freeze over giving the opportunity for residence to go ice skating nearby. One of the main
ice skating events in the Netherlands is the Elfstedentocht (Eleven cities tour) long-distance tour
skating event reaching almost 200 kilometres long. The �rst o�cial ice skating race was organised
in 1909 and since then has only been organised 14 times with the last tour in 1997. For the eleven
cities tour, an ice thickness of 15 centimetres is necessary to sustain the great number of ice skaters.
Research data from the KNMI showed that for a continuous cold period of �fteen days with an
average temperature of below� 4:2 � C it is very likely for an eleven cities tour[1]. Due to global
warming, the chance of an eleven cities tour happening has been steadily decreasing from once in
four years during 1950 to once in sixteen years in 2020. In addition to the possibility of skating
on canals, the Netherlands also has many natural ice skating rinks throughout the country, varying
from a simple grass �eld 
ooded with water to a full 
edged 400m ice skating track. During each
winter, ice skating associations throughout the Netherlands compete to host the �rst ice skating
marathon on natural ice. Several unique ideas are used around the country to decrease the time it
takes to grow a layer of ice, varying from spraying the track with a slurry tank behind a tractor or
placing sun screens to reduce melting during sunny days. The competing ice skating associations for
the �rst marathon are located in Noordlaren, Veenoord, and Haaksbergen. A new addition to this
list might be Winterswijk as the ice skating association in Winterswijk constructs a new ice skating
rink. Coincidentally, Winterswijk holds the record for the coldest night, with an temperature of
� 27:4 � C in the year 1942. The construction of the new ice skating rink in Winterswijk is the
starting point for this research. This research will focus on getting a better understanding of the
ice growth process on natural ice skating facilities and apply this knowledge in Winterswijk in the
design of the ice skating rink. This will allow the ice skating association of Winterswijk (WIJV) to
make better use of the facility and increase the changes of having an ice 
oor. Research aspects
that will be investigated are the possible bene�ts of placing an insulating layer below the ice, to
prevent conduction from the warm ground. Additionally, the WIJV will construct an spray cart
which will apply layers of water instead of the conventional method of 
ooding the ice rink. This
in turn allows for more 
exibility during the creation of an ice layer.

1



1.1. RESEARCH OBJECTIVE University of Twente

1.1 Research objective

The main research question of this research, which is as follows: "In what way can the design
of an natural ice skating rink be improved to increase the potential use?". To be able to answer
this question, the main factors in
uencing ice growth and melt are investigated and a theoretical
model for ice growth is formed. The theoretical model itself allows for the analysis of the important
conditions for ice growth and the model itself is veri�ed by an experimental setup. Other research
sub questions focus more on the spraying of water and design of the spray cart built by the WIJV.
Finally, all this together leads to the design of an optimal natural ice skating rink, giving the upper
hand to the WIJV.

What are the key factors in
uencing ice growth and melt?

What is the optimal design of an isolated ice skating 
oor?

What is the most optimal nozzle con�guration for spraying water on the ice skating rink?

What is the e�ect of the sprayed water layer height on the ice growth rate?

1.2 Organisation of the report

The report starts with a study about ice growth models used in the literature and the varying
energy 
uxes involved with either growing or melting of ice in open air. The relations found in
literature are combined to create a model in chapter 3. This ice growth model is able to calculate
the expected ice growth based on meteorological parameters. An experimental setup has been
designed and built at the University of Twente, which is discussed in detail in chapter 4 and the
results are used in chapter 5 as veri�cation for the ice growth model. Chapter 6 describes the
design of the spray cart used in Winterswijk and the placement and selection criteria for the used
water nozzles. Chapter 6 describes the experimental setup in the lab, which is used to obtain the
relationship between ice growth rate and water layer height. Chapter 7 discusses the results of the
entire research and proposes recommendations for future research. The �nal chapter concludes the
�ndings of the report.
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Chapter 2

Literature study

This chapter will discuss the �ndings from the literature about ice growth on natural ice. The
�rst section discusses a variety of ice models and relations used to estimate the ice growth on open
water. The limitations of these models are discussed and show the need for a new enhanced model
focused for ice growth on an ice skating rink. Each section afterwards focuses on a di�erent mode
of heat transfer during ice growth on an ice skating rink. These di�erent modes are: conduction,
convection and radiation. The �ndings of this chapter are used as the starting point for the ice
growth model in the next chapter and allow for answering the �rst sub question: What are the key
factors in
uencing ice growth and melt?

2.1 Ice models

There are many meteorological variables that play a role in the growth of an ice layer, which makes
it an interesting problem to model. In addition to this, water has its highest density at 4 � and this
causes water with a temperature below 4� to rise to the surface. Allowing ice to form on the top
surface while water further below the surface is still a few degrees above the freezing point. Further
cooling will result in ice formation at the surface growing downwards. Wind can be an important
factor to transfer cold or warm air by convection to the ice or generate turbulence in the water layer
which enhances the mixing of water resulting in an increase of the surface temperature. This is due
to the fact that warmer water on the bottom can mix with the colder water on top. One aspects
of ice growth is the radiation balance, which is often visible in practice. For example, ice under a
bridge is not able to discard heat via radiation to the night sky, preventing it from freezing over or
locally reducing the ice thickness.

In the Netherlands, Bruin and Wessels designed an ice growth model which is used by the Royal
Netherlands Meteorological Institute (KNMI) [4]. The model is used for forecasting the thickness
of a layer of ice one week in advance in the range of 0 to 20 cm of ice. The model includes the
situation of ice with a snow cover and pays special attention to the optimal estimation of the net
radiation and the role of the stability of the surface air. The work, of Keijman (1974) was used by
Bruin and Wessels which investigated the energy balance of a lake [5]. In this work a relation is
presented to estimate the net long wave radiation, which incorporates the cloud coverage. According
to the research of Ashton (1989) the most commonly used method for predicting ice thickness is
based on the "Stefan problem", which describes the temperature distribution in a homogeneous
medium undergoing a phase change [6]. The Stefan problem is greatly simpli�ed, the top surface
temperature is �xed and the heat 
ux through the ice is expressed in the form below:

Qi = � k(Tm � Ts)=h (2.1.1)

3



2.1. ICE MODELS University of Twente

whereQi is the heat 
ux through the ice, k is the thermal conductivity of the ice, h is the thickness,
Tm the temperature of the water-ice interface (0� C) and Ts the temperature of the top surface.
This heat 
ux is balanced at the bottom surface by the production of ice at a rate:

� � H fus dh=dt = Qi (2.1.2)

where � H fus is the enthalpy of fusion, � the density of ice, and t is time. Combining both equations
and integrating with the initial conditions that h = 0 and t = 0 results in:

h =
�

2k
� � H fus

� 1=2

[(Tm � Ts) t]1=2 (2.1.3)

In equation 2.1.3 the bracketed term is the "square root of freezing days", this relation is often used
as a crude method to estimate ice thickness. This relation only holds if the top surface temperature
is equal to the air temperature. However, data shows that an additional coe�cient, usually in
the range of 0.5-0.8, is needed to obtain accurate results. Generally, the measurements for the
coe�cient are taken with an ice thickness larger than 10 cm, which is outside the range of ice
thickness commonly seen in the Netherlands. In the model, the e�ect of speci�c heat is neglected
and the assumption is made that the top surface has the same temperature as the ambient air. In
the model of George D. Ashton, he expressed the 
ux of heat from the ice surface to the air with
the bulk heat transfer coe�cient hbulk and the temperature di�erence between the ice and air as
stated in equation 2.1.4 [6].

Qia � hbulk (Ts � Ta) (2.1.4)

This relation showed to be more accurate for thin ice growth. The bulk heat transfer coe�cient is
set as a constant value with consideration of the wind speed. Still air conditions showed thathbulk

is in the neighbourhood of 10 W m� 2 � C� 1, for conditions typical for mid-western United States
a value of 20-25 W m� 2 � C� 1 has been found to be reasonable. In exposed and windy conditions,
a value as high as 30 W m� 2 � C� 1 has been accurate if the ice growth holds on for several days.
Another study performed by Fang (1996), produced an algorithm for ice formation on a lake and
tested this for a lake in Minnesota [7], the research focused on the freeze-over moment of the lake. A
study performed by Launiainen and Cheng produced a model valid for sea ice and paid additional
attention to the short-wave radiation extinction in ice and snow [8],this showed to be important for
sunny days. In this study, the e�ects of saline water will not be taken into account because the ice
skating rink will only use fresh water.
While there are enough models available for estimating ice growth on lakes and rivers, limited
research is done on ice growth on a natural ice skating rink. Especially, heat conduction through
the ice rink 
oor is not studied in detail. The models used in the literature use large steps in time
and space, thereby reducing the accuracy for short-term estimations. This study aims to create a
model that is valid for natural ice skating rinks with high spatial resolution and with the inclusion
of a ground heat transfer model. This is to �ll the gap in the literature on ice growth models for
ice skating rinks. In the next section a closer look is taken into the required time to obtain an ice
layer and the individual modes of heat transfer.
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2.2. SURFACE ENERGY BUDGET University of Twente

2.2 Surface energy budget

The surface heat transfer controls the growth rate of ice. Therefore an accurate estimate of the
surface heat 
ux is needed. The surface exchanges heat with the atmosphere through �ve di�erent
modes of heat transfer. These are; shortwave solar radiationQSW , atmospheric downward long-
wave radiation QLW #, upward long-wave radiation from the ice surfaceQLW " , conduction Qcond,
sensibleQs,and latent heat Ql often combined into one term. While precipitation can be of in
uence
on the energy budget of an surface, for the sake of simplicity, this is left out.

2.2.1 Ice growth

The ice growth rate depends on the net heat 
ux and the starting temperature of water. However,
the sensible heat part of the water layer has only minimal impact on the total growth rate of ice.
The energy needed to extract out of a layer of water to completely freeze the ice, is given by equation
2.2.1 with m the mass of waterCp the speci�c heat of water, T i and Tf reezing the initial temperature
of the water and freezing temperature of ice respectively and last the heat of fusion �H fus .

E = mCp;water (T i � Tf reezing ) + m� H fus (2.2.1)

Knowing the heat 
ux leaving the layer of water and combining this with the density of water to
rewrite the mass to a speci�c layer height. The time till freezing can be calculated for di�erent
circumstances, as is illustrated in �gure 2.1. With time until frozen on the x-axis and the layer
height on y-axis. The initial temperature of the water is set to 10� C. To obtain a freezing rate of 1
mm/h, a heat 
ux of 104 W m � 2 is necessary. In the case of water with a starting temperature of
0 � C a energy 
ux of 92 W m� 2. The di�erence in heat 
ux shows that the majority of the extracted
energy is used for the phase transition. With this in mind, it is now possible to estimate the ice
growth rate from a basic standpoint.

Figure 2.1: Time until frozen against the layer height for large and small layer heights.

2.3 Conduction

In the ice growth model of lake, conduction is only through the ice layer. In the case of ice on an
asphalt ice skating rink the ground transfers heat to the ice by conduction. This section will discuss
conduction in the ice rink 
oor with a focus on heat transfer through soil. In soil without any
movement of either water or gas, the vertical 
ux of heat qcond (W m � 2) is described by Fourier's
law:
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qcond = � k
�T
�x

(2.3.1)

Equation 2.3.1 relates the energy 
ux in the soil layer to the thermal conductivity k (W m � 1 K) and
the gradient in temperature T (K) over a distance x. While the thermal conductivity is observed
as an independent factor, it should be considered as apparent soil thermal conductivity, since the
total heat 
ux in soil exists not only out of conduction but also from the movement of water in both
the vapour and liquid states. The movement of moisture in the soil by evaporation and subsequent
condensation due to a temperature gradient can alter the total heat 
ux. Therefore, moist soils have
coupled heat and mass transfer equations. In the case of a natural ice skating rink, the surface layer
is made from asphalt and not permeable by water. Extensive analysis of the e�ect of water vapour
di�usion is therefore left out in this research. The thermal conductivity of soil is made up by the
porosity of the soil, the water content, and the composition of minerals in the soil. Conductivity of
the di�erent components in soil also varies greatly, quartz has a conductivity of 1:46 W m� 1 K while
for example, air has a thermal conductivity of 0:0262 W m� 1 K [9]. In dry soil, the limited contact
points between mineral particles reduce the contact area thereby reducing the heat transfer. Water
can act as a bridge between the mineral particles and so in
uences the thermal conductivity to a
great extent. This e�ect is especially noticeable at lower water content. Thermophysical properties
of several common ground materials are shown in table B.1 in the Appendix. The heat capacity per
unit volume of soil is the amount of heat required to raise the temperature of the unit volume by
one degree Kelvin. With knowledge of the volume fractions� of the soil constituents, speci�c heat
per unit mass and densities, the speci�c heat per unit volume can be calculated by using equation
2.3.2.

cv =
X

i

� i � i ci (2.3.2)

The heat capacity of the soil is important since a layer of material with a high speci�c heat capacity
and low thermal conductivity is able store energy for a long time. Its common to describe this with
thermal di�usivity. The thermal di�usivity is the ratio of thermal conductivity to the volumetric
heat capacity � = k

Cv
. High thermal di�usivity means that the material can change rapidly in tem-

perature and low thermal di�usivity means that the material takes longer to change in temperature.
Again, water content is important when it comes to the thermal di�usivity, since the heat capacity
changes linearly with the water content while the thermal conductivity increases rapidly at lower
water contents.

2.3.1 Model of daily variations in soil temperature

The periodic changes of temperature in the soil are studied in soil thermal regime. The periodic
changes of atmospheric conditions control the in and out
ow of energy at the surface and can either
be diurnal (daily) or yearly. These cycles serve as a baseline, however due to the irregularities in
meteorological events such as cloudiness, warm and cold fronts, precipitation, the soil temperature
does not follow this cycle completely. As heat travels downwards through the soil, the energy 
ux
is used to raise the soil temperature. As a result of this a decrease in energy 
ux is seen with depth.
This observation can be modelled as amplitude damping, a reduction of the temperature amplitude
with depth. If the surface temperature (z=0) is considered purely harmonic over time, with a mean
value of T and amplitude of A0 the following equation holds for the surface temperature.

T(0; t) = T + A0 sin !t (2.3.3)
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Incorporating the decay of temperature, which is a function of depth, into equation 2.3.3 gives
equation 2.3.4. The depth(z) below the surface is expressed as a positive number. Thetof fset is
the o�set as to obtain the maximum surface temperature at 15:00, which is consistent with many
�eld measurements [10]. This o�set value can be modi�ed to be consistent with the measured
temperatures and obtain the optimal agreement. Temperature pro�le of the ground is plotted
in �gure 2.2 with a mean temperature of 0 � C and amplitude of 10� C, the soil is simulated as
mixed granulate. The �gure clearly shows the dampening e�ect and the lag between maximum and
minimum temperature at di�erent depth levels. The signi�cance of this dampening and lagging is
the fact that the surface temperature could reach 0� C while the ground below is still warm thereby
melting a layer of ice later.

T(z; t) = T + A0 exp� d=z sin
h
! (t � tof fset ) �

z
d

i
(2.3.4)

Figure 2.2: Temperature pro�le at various depths in standard crushed gravel with a thermal di�u-
sivity of 4:6 � 10� 7 m2 s� 1

The last parameter is the characteristic damping depth described in equation 2.3.5, which is the
depth at which the amplitude is decreased to the fraction 1=e of the surface amplitude.

d =
p

2DH =! (2.3.5)

Local soil measurements with time and depth coupled with the above solution can be used to obtain
soil thermal properties. Two commonly used methods are the phase lag method and amplitude
ratio method. The �rst method uses the di�erence in time (phase lag) between the peaks in
maximum temperature at two di�erent depths. The other method makes use of the ratio of two
amplitudes measured at di�erent depths. Research showed that the phase lag method was more
reliable compared to the amplitude ratio method especially further below the surface where the
amplitude change is small [10]. The amplitude method relation is shown in equation 2.3.6, and
allows for estimating the soil measurements without destroying the soil layers.

D =
�
�

�
z2 � z1

ln (A1=A2)

� 2

(2.3.6)
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2.3.2 Insulating materials used in road construction

The aim of this section is to make a selection of insulating materials used in road construction which
could be used in Winterswijk. At the end of the section, the material and con�guration used in
Winterswijk is presented. A road is a structure consisting of several layers on top of the natural soil.
The natural material on which the entire road structure rests is called subgrade and is the compacted
material on-site. On top of the subgrade, four distinct layers are commonly placed: subbase layer,
base layer, binder layer, and surface layer. The subbase layer has the primary function to provide
structural support and improve drainage. A subbase layer is not always needed or used in practice
if the subgrade is su�ciently sti�. In Winterswijk, a subbase layer is not necessary. The base layer
provides additional load distribution and is often composed of a mixture of granulate materials of
crushed stones and slag. An insulating material would be used as replacement for the base layer.
On top of the base layer rests the binder layer which exists of an open graded mixture of asphalt
with reduced quality compared to the surface layer. The surface layer is in direct contact with
tra�c loads and is generally constructed with dense graded asphalt. The surface layer must provide
a smooth surface and adequate water drainage and be water proof. Water proo�ng is especially
important for the current use case as a basement for an ice rink. Insulating roads to achieve a
colder surface temperature is not a common practice, therefore limited research is available about
the e�ect of replacing a layer with an material that insulating properties. Research in Norway[11]
tested three di�erent insulating materials for road construction as a method to avoid freezing of the
subbase layer. The three di�erent materials tested are: lightweight clay aggregate(LWCA), foam
glass aggregate, and extruded polystyrene boards (XPS). An additional material also discussed in
this section is foamed concrete. The four di�erent materials are each discussed below. The selected
material would replace the base layer, which exists of mixed granulate with an thermal conductivity
of 1:1 W m� 1 K and a density of 2190 kg m� 1.

Lightweight clay aggregate (LWCA) is used as lightweight �ll or frost protection in road construction.
The fabrication of lightweight clay aggregate happens in special furnaces by sintering clay. Density
of the material varies from 250 kg

m3 to 500 kg
m3 [12]. Characteristics of the material are the low

thermal conductivity coe�cient 0 :097W K
m [12]. Water has the ability to pass through the layer of

lightweight clay aggregate, thereby increasing the thermal conductivity and reducing the net e�ect
of insulation.

Foam glass aggregate is produced by recycling waste glass. It can be produced in various densities,
the typical bulk density is in the range of 180 kg

m3 to 250 kg
m3 . Moisture content of the foam glass was

found to be around 20 % by weight (6% by volume) corresponding to a thermal conductivity of
0:155W K

m at a temperature of 10� C. The thermal conductivity of foam glass can vary signi�cantly
with temperature and water content [11].

Extruded polystyrene or XPS insulation is manufactured through an extrusion process. During
this process, the ingredients of XPS melt together and are continuously extruded through a die to
form closed cell insulation. This has the added bene�t that water is unable to penetrate the XPS,
which is not the case with normal expanded polystyrene (EPS). Additional bene�t is that water is
unable to penetrate into the layer, thereby changing the thermo physical properties of the material
negatively. Density of XPS is about 50 kg

m3 and the thermal conductivity is only 0 :04 W K
m . The

major downside of using XPS is the fact that it is not possible to lay asphalt directly on XPS as
the asphalt would melt the material during construction. If XPS is used in road construction it
is therefore placed below the base layer, this greatly reduces the e�ectiveness of preventing heat
transfer to the surface.

Foamed concrete is the last material discussed and typically consists of a slurry of cement, sand, and
water with a foaming agent. A slurry of cement and water is used for lightweight mixes. The slurry
is created by mixing the slurry intensively with water and air on site, this reduces the necessary
trucks to deliver the materials to the building site. Allowing for a more environmental production of

Page 8



2.3. CONDUCTION University of Twente

roads. The density of foamed concrete varies between 200 kg m� 3 to 1600 kg m� 3. The end product
consists of large cavities of air which improves the thermal performance as an insulator, lightweight
foamed concrete can have a thermal conductivity of only 0:03 W

m K . Foamed concrete is available
both as permeable and non-permeable to water. The non-permeable type would be preferred, as
this eliminates the increase in thermal conductivity when water content increases and eliminates
the ability of water vapour to transfer heat through the material.

2.3.3 Conclusion

Transfer of heat by conduction to the underlying ground varies with the used road construction
material. The thermal conductivity of insulating materials is up to 30 times lower compared to
the thermal conductivity of mixed granulate. In addition to a decrease in thermal conductivity
the materials also have a reduced density, limiting the ability to store energy for a longer period
of time. The reduced ability to store thermal energy in the ground could provide the ability to
create an ice 
oor earlier in the winter. The e�ect of a reduced ability to store energy is further
investigated based on the results of the ice growth model in chapter 5. An increase in water content
resulted in both an increase in thermal conductivity and heat capacity, a sharp increase in thermal
conductivity is seen due to the formation of water bridges between the material particles. This in
turn could negatively in
uence the ability to create an ice 
oor. The e�ect of heat transfer from
the ground to the ice layer is not to be underestimated and a more in detail approach is necessary
to come to a conclusion to the e�ects it has on ice growth. A more detailed approach to showing
the e�ects of ground heat transfer is made using the ice growth model.

2.3.4 Application Winterswijk

The ice skating rink in Winterswijk has chosen to construct the road with an insulating layer of
foamed concrete. The layer of foamed concrete replaces the base layer of mixed granulate, thereby
lowering the thermal conductivity and density of the layer. The type of foamed concrete used has
an density of 600 kg m� 1 and thermal conductivity of 0 :1 W m� 1 K � 1 compared to 2190 kg m� 1 and
1:1 W m� 1 K � 1 for mixed granulate. The foamed concrete layer has a thickness of 0.2 m, the binder
layer has a thickness of 0.04m built with open grade asphalt and the surface layer has an thickness
of 0.05m with dense graded asphalt.
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2.4 Convection

Convection is the mechanism of heat transfer through a 
uid in the presence of bulk motion. In
the case of a ice growth on a asphalt layer this is the heat transfer from surrounding air to the
ice when melting, and vice versa when freezing. The rate of convection is expressed by Newton's
law of cooling in equation 2.4.1. The heat transfer coe�cient h is strongly dependent on the 
uid
properties, shape of the surface and type of 
uid 
ow.

Qconv = hA (Ts � T1 ) (2.4.1)

2.4.1 Flat plate

Forced convection over a 
at plate assumes that the velocity of the 
uid at the surface is zero,
the so called no-slip condition. As a result the heat transfer from the surface to the 
uid layer
is by conduction only since the 
uid itself is motionless. As a result the convection heat transfer
coe�cient for a surface is varies along the 
ow direction and should be properly averaged to estimate
the global heat transfer loss. It's common practice to non-dimensional the equation and combine
the variable to into dimensionless numbers. Using the empirical relationship for the Nusselt number
over a 
at plat seen in equation 2.4.2 allows to calculate the heat transfer rate with 2.4.3 where
k is thermal conductivity and L the characteristic length. The characteristic length for a plate is
de�ned with the area divided by the perimeter L = A=P.

Nu = 0 :037Re0:8Pr 1=3 (2.4.2)

h =
Nuk

L
(2.4.3)

For an example with typical freezing conditions(Ta = -6, Ts = -2 and u10 = 3 m s� 1 the heat transfer
coe�cient is 20 :3 W m� 2 K and the total heat transfer 81:3 W m� 2. The Reynolds number depends
on the velocity of the wind, characteristic length and dynamic viscosity shown in equation 2.4.4.
Combining equations 2.4.2, 2.4.3 and 2.4.4 result in a relation for the heat transfer coe�cient. While
in normal circumstances in a lab it is possible to choose the correct characteristic length. This is
not so easy for a heat transfer model of an ice rink. Taken the characteristic length of a square
meter results in L = 0 :25 while taking the width of the track results in L = 2 :5 and thus a decrease
in heat transfer coe�cient of 10 0:2 = 1 :58. Therefore, an empirical relation from literature focussed
on surface heat transfer might be more suitable to use.

Re =
uL
�

(2.4.4)

h =
0:037(u

� )0:8Pr 1=3

L 0:2 (2.4.5)

2.4.2 Atmospheric stability

Thus far the stability of the atmosphere has not been taken into account. This is the e�ect of
warmer air rising and colder air descending creating turbulence in the air. Under stable conditions,
the surface temperatureTs is below the ambient temperatureTa and with unstable circumstances
Ts > T a. At the moment of ice growth the surface temperature is near freezing and thus unstable
Ta > T s which in turn results in higher heat transfer rate. On the other hand during melting stage
the conditions will be stable sinceTa > T s. The ambient temperature changes are considerable
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and thus the stability e�ects should be taken into account. The Monin-Obukhov similarity theory
describes the 
ow in the surface layer under non-neutral conditions as function of the Obukhov
length, which is in turn related to the friction velocity and the sensible and latent heat 
ux. For
practical calculations, solving the stability functions is too complicated, the functions are also very
sensitive to relative small disturbances at the surface. The model of Bruin and Wessels searched
for an empirical relationship and found the equations 4.2.1 and 4.2.2 in which the stability e�ects
are incorporated. Using the same typical conditions as used in 2.4.5 results inh = 7 :5 W m� 2 K
for the stable conditions and 17:5 W m� 2 K for the unstable conditions. This shows that a stability
corrections is important for the ice-growth computation. Also the heat transfer from air to ice is
larger when freezing compared to the same temperature di�erence when thawing. In the case of ice
growing on a lake the the surface temperature needs to be below the freezing point and this could
result in the atmospheric layer being stable instead of unstable. Resulting in a lower exchange of
energy compared to the case where water is sprayed on top of the ice layer resulting in a surface
temperature of zero Celsius and possibly a unstable atmospheric layer. Both relations are shown in
�gure 2.3 and �gure 2.4.

h = 2 :5U10 Ts � Ta (2.4.6)

h = 2 :5U10

�
1 + 10(Ts � Ta)

U2
10

� 1=2

Ts > T a (2.4.7)

2.4.3 Latent heat transfer

The latent heat due to evaporation and sublimation at the surface is proportional to the water vapour
gradient. As for sensible heat the e�ect of latent heat is negligible without wind, as the boundary
layer will soon be saturated and no further net evaporation from the ice surface can occur. A typical
parameterization used is shown in equation 2.4.8 withklat the latent heat exchange coe�cient and
L lat is the latent heat of sublimation. While this allows to calculate the latent heat transfer the
heat exchange coe�cient is complex and su�ers from unstable and stable atmospheric conditions.
In addition to this the energy related to evaporation or condensation of water vapour is the lowest
contributor to the total energy balance. Therefore the relations from Bruin and Wessels are used
described in the previous section which incorporates the latent heat transfer.

Qlatent = U�k lat L lat (wa � ws) (2.4.8)

Figure 2.3: Heat transfer coe�cient based on equation 4.2.1 and 4.2.2.
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Figure 2.4: Heat transfer rate via convection with a surface temperature of 0� C.

Heat transfer by sensible heat and latent heat are lumped together in the relation seen in equations
4.2.1 and 4.2.2. The resulting heat transfer varies widely with the ambient temperature but is in
the range of 0 W m� 2 K to 50 W m � 2 K. The total portion of energy subtracted by convection will
be determined by the wind speed, as this has an enormous e�ect on the net heat transfer. Further
research into the wind speed at night might be necessary for correct estimation. Research at Cabauw
in the Netherlands[13] showed an decrease in air velocity during night time. The combination of an
heat transfer model for the ground will provide accurate surface temperature allowing to see the full
e�ect convection has on the heat transfer. It is expected that heat transfer by convection will on play
a signi�cant role when the temperature di�erence is signi�cant. To achieve a signi�cant di�erence
in temperature, the ambient air temperature needs to be several degrees below the freezing point of
water. The total heat transfer is also in
uenced by the atmospheric stability, therefore a stability
correction is used in the relation. Due to this correction, the heat transfer coe�cient is larger during
ice growth and smaller during melting of the ice.
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2.5 Radiation

This section will discuss the di�erent forms of radiation heat transfer that play a role in the growth
and melt of an ice 
oor. Heat transfer by radiation can be divided into two main types of radiation,
namely short and longwave radiation. The �rst part of this section will focus on the di�erent regions
of radiation and shortwave radiation, the later part will focus on longwave radiation.
The total heat transfer via radiation of a surface is described by the incoming solar radiation and
outgoing thermal radiation in literature net radiation is calculated by determining the incoming
and outgoing shortwave radiation, respectivelyK + and K � . The incoming and outgoing long wave
radiation are described byL + and L � . Calculating the net radiation e�ect takes the form of:

Qrad = K + � K � + L + � L � (2.5.1)

The behaviour of electromagnetic radiation and its interaction with matter is dependent on the
frequency of the EM radiation. Lower frequencies have longer wavelength and higher frequencies
have short wavelength, with the shorter wavelengths having a higher energy per photon. The
spectrum of sun is close to that of a black body with a temperature of 5800K[14]. While the sun
emits EM radiation across almost the entire electromagnetic spectrum. The bands of signi�cant
radiation power are between 100 nm to about 1 mm. These bands are ultraviolet, visible light and
infrared. The focus in this report is on the infrared also called long-wave radiation and visible light,
also called short-wave radiation. The atmosphere scatters and absorbs the incident energy from the
sun. This scattering by gaseous molecules that are smaller than the wavelength is called Rayleigh
scattering. The molecules responsible for the scattering in the atmosphere are:O2; O3; H2O; CO2.
Especially O2; H2O change the solar spectrum at the earth's surface. The amount of radiation
scattered by this process will vary a lot depending on the location, weather and time of year. This
makes it di�cult to �nd a relationship that accurately describes radiation heat transfer for every
possible point in time.

Infrared

Infrared radiation is most commonly divided in sub-regions near-infrared (0.75-1:4µm), short-
wavelength infrared(1.4-3µm), mid-wavelength infrared(3-8µm), long-wavelength infrared(8-15µm
and far infrared (15-1000µm)[15]. Infrared radiation interacts with the dipoles present in single
molecules which cause the atoms to vibrate. Consequence of this that infrared radiation is ab-
sorbed by a wide range of substances causing them to increase in temperature. This process runs
in reverse and causes bulk substances to radiation in the infrared spontaneously known as thermal
radiation. Due to the relative longer wavelength this is more commonly described as longwave
radiation.

Visible light

EM radiation with a wavelength between 400 nm and 700 nm are visible to the human eye [15]. It
is also the strongest output range of the sun's total irradiance spectrum and the term shortwave
radiation is used to describe this spectrum.

Ultraviolet

The spectrum of ultraviolet (UV) is from 10 nm to 400 nm and divided in 3 sections ultraviolet
A (400-315) , ultraviolet B(315-280) and ultraviolet C (280-100) following the ISO standard ISO-
21348[15] While ultraviolet is present in sunlight it only constitutes for about 10% of the total
electromagnetic radiation output produced by the sun.
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2.5.1 Solar heat exchange

The sun is considered to produce a constant amount of energy. The rays of the sun are considered
parallel as they reach the edge of the Earth's atmosphere. This imaginary surface, perpendicular to
the sun's rays receives an average radiation intensity equal to the solar constant(I solar ). The word
constant is a bit misleading because the earth's orbit changes 7% during the year. Therefore the
average value is taken and the solar constant equals to 1367 W m� 2. The value of I solar is constant
everywhere on the earth's surface however not all point are perpendicular to the sun's rays. A more
use full quantity is the solar irradiance incident on a surface perpendicular to surface horizontal
plate. The absolute maximum on such a surface is calculated with equation 2.5.2 with the solar
zenith angle � z in the case of no scattering or absorption in the atmosphere.

I solar = cos � z (2.5.2)

At many meteorological stations the incoming solar radiation is measured. With such measurements
available the net radiation can be directly estimated. In the case where such measurements are not
available, observations of the cloud coverageNCloud and the solar elevation angle� elevation are used
to estimate the incoming solar radiation.

2.5.2 Short wave radiation

The incoming solar radiation at the ground level under clear skies conditions depends to a certain
extent on the solar elevation angle. A simple equation used to estimate the incoming solar radiation
is shown in equation 2.5.3 with the coe�cients a1 and a2. These coe�cients are called the turbidity
coe�cients and describe average atmospheric attenuation by water vapour and dust particle for a
speci�c location.

K +
0 = a1 sin � + a2 (2.5.3)

Research form Holtslag and Ulden (1982) found turbidity coe�cients for De Bilt in the Netherlands.
With values for the coe�cient a1 and a2 respectively 1041 W m� 2 and � 69 W m� 2. The correlation
showed an rms error of 40 W m� 2 which is 9.5% of the observed average. It should be noted that
these values are highly dependent on the location. The formation of clouds can have a signi�cant
in
uence on the received short wave radiation. This is most often taken into account with the total
cloud fraction Nclouds . In meteorology an Okta is the unit of measurement to describe the cloud
coverage. From clear skies at and Okta of zero and completely cloudy at an Okta of 8. An Okta of
four means that sky is covered with clouds for half the visible area. An estimation of the incoming
shortwave radiation used by Bruin and Wessels is shown in equation 2.5.4.

K + = 1353(0:60 + 0:22 sin� ) sin �
�
1 � 0:7N 2

clouds

�
(2.5.4)

The outgoing short wave radiation is dependent on the re
ection of the surface also known as albedo
� . To obtain the net short wave radiation on a surface equation 2.5.5 is used.

K � = K + (1 � � ) (2.5.5)

The albedo of water is fairly constant for elevation angles of 40� , but as the angle decreases the
albedo increases dramatically. Resulting in an albedo of approximately 0.5 at an elevation angle of
10� . Ice has a much higher albedo compared to water and is thus better at re
ecting the incoming
solar radiation. However calculating the albedo of ice is a highly complex subject. A study from
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Perovich shows that the optical properties as the albedo, transmittance and extinction coe�cient
are related to the physical state of the ice. Therefore the albedo of both material is often taken to
be constant at 6% for open ocean water and 50 % for ice. While the albedo of a material gives an
easy to use estimate of the re
ected solar radiation. In reality the solar radiation penetrates the
layer of ice and water and is re
ected throughout the material. The extinction of solar radiation
is highly dependent on the wavelength, structure of the ice and on the sky conditions. This makes
modelling complex and straightforward relations are poorly de�ned. A study from Perovich (1996)
on the optical properties of sea-ice showed that formation of air bubbles resulted in larger albedo
and larger extinction coe�cients. The radiative transfer models for ice range in complexity, from
a relatively simple exponential decay law to a numerical solution of the radiance �eld in the ice.
The simplest ice radiative transfer model is exponential decay relationship 2.5.6. This formulation
is computationally simple however it assumes that the medium is in�nitely thick and therefore
represents thin ice poorly.

F (z; � ) = (1 � � � ) F0(� )e� � � z (2.5.6)

2.5.3 Long wave radiation

The general case of long wave radiation heat transfer between grey surfaces is well described in a
number of textbooks. The various methods all make the same assumptions, which are summarised
as follows:

� Radiation properties are independent of wavelength.

� The surface is di�use or specular di�use.

� The surface temperature is uniform.

� The incident energy over the surface is uniform.

� The surfaces of the enclosure do not specularly re
ect radiation.

Utilising these basic assumptions the net heat transfer between a typical surfacei is de�ned by
equation 2.5.7. Where bFij is the view factor between the bodies. The emissivity" is de�ned as
the ratio of the radiant emissivity of heat of a speci�c object or surface to that of a black body.
Emissivity is a dimensionless quantity given in the range of 0 to 1.

Qi =
NX

j =1

" i " j A i bFij �
�
T4

j � T4
i

�
(2.5.7)

The special case where a small object(surface) is surrounded by a large enclosure (surface 2). With
these condition the ratio of A1=A2 approaches zero and the view factor reaches unity. Reducing
equation 2.5.7 to equation 2.5.8. The result is not dependent on the surface properties of the large
enclosure because almost none of the radiation emitted is re
ected back on the small surface. The
large enclosure can thus be seen as a blackbody absorber. This equation applies for a 
at plat
radiating to the open sky without interference.

Q1 = "1A1�
�
T4

2 � T4
1

�
(2.5.8)

The earth's surface losses heat by emitting long-wave radiation as a grey body shown in equation
2.5.9 where" is the emissivity of the surface andTs the surface temperature and� the Stefan
Boltzmann's constant.
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L � = "�T 4
s (2.5.9)

The emissivity of water is approximately 0.97 and taken to be 1 in the calculations for now. The max-
imum heat 
ux loss at the ice melting point is 313 W m � 2. The most di�cult heat 
ux to estimate
is the downward long-wave radiations as it depends on the temperature distribution throughout the
entire atmosphere. It depends on the cloudiness and humidity and varies greatly, in winter it is typ-
ically in the range of 200 W m� 2 - 300 W m� 2. Due to its magnitude, a small error can lead to large
discrepancies in predicting the ice-growth. Many di�erent parameterizations have been suggested
that combine the clear sky conditions with one for cloudy conditions linked to the atmospheric
conditions at the surface [16] [17]. These atmospheric conditions are the temperature, fractional
cloud coverage and relative humidity. This allows it to be used based on forecast data from coming
weather sites. The relation is shown in equation 2.5.10 whereTa is the ambient temperature in
Celsius,P the water vapour pressure in hPa and the cloud coverage from 0 to 1 asNclouds .

L + = �T 4
a (0:746 + 0:0066P)(1 + 0 :26Nclouds) (2.5.10)

The water vapour pressure is thus unknown but only depends on the the temperature of the ambient
air and can thus be calculated by using one of the many approximations available in literature. To
better show the e�ect of each of the parameters in the net long wave radiation equation 2.5.10 is
plotted with the ambient air temperature on the x-axis and the net long wave radiation on the
y-axis. Three pairs of lines show the situation for overcast(n=1), partly cloudy (n=0.5) and clear
skies (n=0). The case of relative humidity of 100% is shown in the top of the pair and the bottom
line is with a relative humidity of 80%. The �gure clearly shows that the net output is highly
dependent on the cloud fraction, to a lesser extent on the ambient temperature and probably in
the margin of error from a relative humidity of 60% to 100%. The upward long wave radiation in
the �gure is calculated based on a surface temperature of 0� C. Using the relation of 104 W m� 2 for
1mm of ice growth per hour as shown earlier in this chapter. Radiation can cause ice growth at an
rate of up to 0.7 mm per hour for an outside temperature of 0� C and clear sky conditions. It is
therefore expected that radiation plays a signi�cant role in low temperature ice growth.

Figure 2.5: Net longwave radiation from a zero degree ice surface.
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2.6. CONCLUSION University of Twente

2.6 Conclusion

The di�erent modes of heat transfer on an ice rink are conduction, convection, shortwave, and
longwave radiation. Long wave radiation is the largest contributor to ice growth at low temperature
conditions. This factor is largely dependent on the cloud coverage and ambient air temperature and
can results in an ice growth rate of 0.7mm/h with a clear sky at an ambient temperature of 0� C.
In the case of complete overcast skies, the net long wave radiation reduces to a minimum. It
is thus unlikely to see any severe ice growth during overcast conditions and most probably only
if the ambient temperature is su�ciently below freezing. While the upward long wave radiation
can be well estimated, the contrary holds true for downward radiation. Errors in the net long wave
radiation will therefore �nd there source in the parametrization of downward long wave radiation. In
the case of a large temperature di�erence between the ground surface and ambient air, convection
plays a crucial role in cooling down the surface with the heat transfer coe�cient ranging up to
30 W m� 2 for windy conditions. Heat loss by means of turbulent heat 
ow is shown to vary greatly
on the atmospheric stability as well as the wind velocity, while it can temporarily increase the
growth or melting of ice. Moreover, the wind velocity drops down during night time, which further
decreases its ability to bene�t ice growth. Driver of ice melt is the shortwave radiation from the
sun, however this is only during the daytime cloud coverage and also shorter days can limit the
suns ability to melt ice. The energy transfer by means of evaporation is severely limited at air
temperature below 0� C and are expected to not play a signi�cant role in the growth or melt of ice.
In addition to this, the ambient air already has a relative high humidity during night time because
of a drop in air temperature limiting its ability to transfer water. The heat transfer via conduction
to the ground has a lower magnitude compared to the long-wave radiation balance and shortwave
radiation, however the ground has the ability to store thermal energy for a long time and discharge
this continuously throughout the day. Especially in the case of a sudden change in atmospheric
conditions, this constant release of internal stored heat could prevent ice from growing. The �rst
step in answering the question if insulation helps ice growth on ice skating rinks is done by creating
small-scale ice 
oor setup. This experimental setup is discussed in the next chapter and allows to
see the di�erences between insulating the asphalt layer and using a standard ice 
oor con�guration.
In the following chapter, an ice growth model is created which incorporates di�erent modes of heat
transfer and allows to see the e�ect of changing the ambient conditions as well as change the design
of the ice rink 
oor. This ice growth model will be a necessary addition to the literature which
primarily focuses on ice growth on open water instead of ice growth on ice skating rinks.

Page 17



Chapter 3

Ground isolation experiment

3.1 Intro

An outdoor ice skating rink exists out of several di�erent layers. The granular subbase forms
the lowest layer of the structure and acts as foundation for the road pro�le. Size of the granular
material is between 0 and 32 mm. On top of this, an intermediate layer of asphalt is placed which
has an additional layer of asphalt on top with a smoother �nish and is more resistant to wear.
This method of building up the road is widely used because of the cheap materials used and has
been tested throughout the years. Downside of this con�guration of materials is that the granular
subbase has a high density, thermal conductivity, and speci�c heat compared to, for example foamed
concrete. In most use cases, insulation is not needed for the road surface, therefore limited options
are available and researched. While the top and intermediate layer of asphalt also have unfavourable
speci�cations. These layers need to be of su�ciently strong materials and have the correct properties
as, for example: smooth surface, resistant riding surface and o�er durability against the tra�c and
climate. To be able to study the e�ect of insulating an asphalt layer and validate the expected result,
a test setup has been designed and created. This test setup has been placed at the University of
Twente during the months January, February, and March of 2020. In the following sections, the
setup and results of the experiment are presented.

3.2 Estimation of insulation bene�t

In this section a basic estimate has been made of the heat transfer from the ground to the surface
of the ice skating rink. The energy 
ow through the layers can be calculated with equation 3.2.1
whereki in (W/mK) stands for the thermal conductivity of material i en L i in (m) for the thickness
of the material. The temperature gradient is denoted by � T in (K) resulting in the energy 
ow
given by w=m2. This calculation assumes that the temperature di�erence is constant over time, in
reality, the ground temperature would slowly decrease as the energy transfers to the surface.

_q =
� T

L 1=k1 + L 2=k2
(3.2.1)

As estimation, the commonly used values for an ice skating rink are used, corresponding to a
granulated layer of 0.250m and and a asphalt layer of 0.1m. Hereby, the assumption has been made
that the ground temperature at a depth of 0.35m is 5.5oC. The average soil temperature in the
winter months from research in Wageningen [18]. In comparison, the layer of granulate is replaced
by foamed concrete with the same thickness. By integrating the heat 
ux from the ground over
time the total energy absorbed per unit surface area can be calculated. Using the heat of fusion
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