ISBN 978-82-326-2856-8 (printed ver)
ISBN 978-82-326-2857-5 (electronic ver.)
ISSN 1503-8181

“ NTNU

Norwegian University of
Science and Technology

o
o
a
a3
o
-
o
=~
5
o
0
@
0
o
=
pz4
_‘
=z
<
N
=
=2
@
Ko
o

NNIN@

Philosophiae Doctor
Faculty of Engineering

Thesis for the Degree of
Department of Civil and Environmental

Norwegian University of Science and Technology

Doctoral theses at NTNU, 2018:29

Anne Nuijten

The thermal conductivity

of a melting snow layer and
its effect on temperature
prediction modelling of
heated pavements

Engineering

“ NTNU

Norwegian University of
Science and Technology



Anne Nuijten

The thermal conductivity

of a melting snow layer and
its effect on temperature
prediction modelling of
heated pavements

Thesis for the Degree of Philosophiae Doctor

Trondheim, January 2018

Norwegian University of Science and Technology
Faculty of Engineering
Department of Civil and Environmental Engineering

NTNU

Norwegian University of
Science and Technology



NTNU
Norwegian University of Science and Technology

Thesis for the Degree of Philosophiae Doctor

Faculty of Engineering
Department of Civil and Environmental Engineering

© Anne Nuijten

ISBN 978-82-326-2856-8 (printed ver.)
ISBN 978-82-326-2857-5 (electronic ver.)
ISSN 1503-8181

Doctoral theses at NTNU, 2018:29

Printed by NTNU Grafisk senter



The committee for the appraisal of this thesis is comprised of the following members:

Dr. Martin Schneebeli
WSL Institute for Snow and Avalanche Research SLF, Switzerland

Professor Thomas Kringlebotn Thiis
Norwegian University of Life Sciences, Norway

Dr. Kai Rune Lysbakken
Norwegian Public Roads Administration, Norway

Associate Professor Helge Mork (Administrator)
Norwegian University of Science and Technology, Norway

The supervisors of this study have been:

Professor Inge Hoff — Main Supervisor
Norwegian University of Science and Technology, Norway

Professor Knut Vilhelm Hgyland
Norwegian University of Science and Technology, Norway

Professor Tom Scarpas
Delft University of Technology, the Netherlands






Abstract

Abstract

During winter time snow and frost formation on roads can cause slippery conditions leading to
reduced safety and decreased mobility. To prevent slippery conditions winter maintenance
measures are taken such as snow ploughing, sanding or applying de-icing agents. Heating of
pavements can be an effective way of snow and ice removal but often have high operational
costs. Since heated pavements are nowadays used more often as part of the winter maintenance
in Scandinavian countries it becomes more important to be able to get a better understanding in
how these systems work and how external factors influence the heat balance in order to reduce
the energy needs. A challenging aspect about modelling the energy balance of a with snow
covered heated pavement is that the snow layer itself largely affects the energy balance at the
surface and that the snow properties are not constant. During the melting process these
properties vary greatly. The main objective is of this study is therefore to determine the thermal
conductivity of a melting snow layer and its effect on temperature and surface condition
modelling of heated pavements.

Laboratory experiments on the melting process of uncompressed and compressed snow
on heated pavements were performed to gain a better understanding of the snow melting
processes on heated pavements and the change of the properties of the snow layer during the
melting process. It was found that less energy is needed to melt uncompressed snow on a heated
pavement than compressed snow when the snow layers are not further physically compacted
during the melting process. Compression largely affects the snow melting process due to
changes in the snow structure and snow properties; it increases the density and thereby also the
thermal conductivity. This should give a more efficient heat transfer and a shorter melting time
but this was not found to be the case. The compression and increased density has two other vital
consequences; a) Higher density gives a lower permeability and higher capillary forces and b)
stronger snow. The higher capillary forces give the snow better capability to absorb melt-water
so that air gaps can form between the asphalt surface and the snow layer. Air gaps on the asphalt
plate would decrease the conductivity significantly in a thin bottom-layer of the snow and
reduce the heat transfer coefficient between the asphalt plate and the snow. The stronger snow
would contribute to maintaining such air pockets or layers as stronger snow can support a larger
span under gravity actions.

Freshly fallen snow has a fairly low thermal conductivity and acts as a good insulator.
The thermal properties can however vary greatly during the melting process. The effective
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thermal conductivity is often described as a function of the density. Most relationships are based
on data retrieved from thermal conductivity measurements of various types of seasonal snow
with densities up to 600 kg m™ where the snow density often increases due to settling and to a
lesser extent due to an increase in water content. With increasing density those formulas
approach the value for ice instead of water. The effective thermal conductivity can be modelled
based on the volume fractions and the thermal conductivities of ice, water and air. The bulk
thermal conductivity of the snow was modelled in three simple models. The first model had the
three materials in series, the second in parallel and the third was a combined parallel and series
system in which ice and air are modelled as a series system and water and ice/air are modelled
in parallel. The results were compared with existing models for dry and moist snow. Only the
combined series/parallel fitted both the earlier (dry snow) models and resulted in the value for
the conductivity of water when all snow was melted. Comparing the three bulk approaches the
effective thermal conductivity of a melting snow layer on a heated pavement can be best
described as a combination of a parallel and series system.

A temperature and surface condition prediction model was developed and validated for
a case study for Oslo Airport, Norway. In combination with weather forecasts it can be used by
airports to predict slippery conditions a few hours ahead of time. The presented model is stable
and can accurately predict the surface temperature during most of the winter season. When run
in “now-casting” mode (3 hours ahead of time) the average error of the model (predicted surface
temperature minus the measured surface temperature) is 0.25 °C and the RMSE is 1.65 °C. The
thermal resistance through the snow or ice layer is neglected for this case study, since at Oslo
Airport only a very thin snow layer is accepted before snow removal is initiated.

A new heated pavement system was installed in the municipality Berum in Norway and
equipped with temperature sensors and a weather station. Data was collected during the winter
season 2015-2016 and used as input for the temperature prediction model for heated pavements.
The model is based on the runway surface temperature prediction model and includes the
thermal conductivity through the snow when snow is present at the surface. The above
described effective thermal conductivity model was compared to a model in which the thermal
conductivity was related to the density. Results show that when the liquid water content of the
snow is very small the thermal conductivity through the snow layer can best be determined
based on the formula in which the thermal conductivity is a function of the density. For a liquid
water content above zero (when the snow starts to melt) the thermal conductivity can best be
determined based on the proposed thermal conductivity model.
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Chapter 1. Introduction

1. Introduction

This introductory chapter describes the background of the research project (section 1.1), the
research objectives and scope of the project (section 1.2), the research methodology (section
1.3) and the structure of the thesis (section 1.4).

1.1 Background

1.1.1 Context of the research project

Roads should be accessible and safe throughout the year, which can be quite a challenge in
northern countries. During winter time snow and frost formation on roads, bicycle paths and
pedestrian areas can cause slippery conditions leading to reduced safety and decreased mobility.
To prevent slippery conditions winter maintenance measures are taken such as snow ploughing,
sanding or applying de-icing agents.

Winter maintenance in Norway is based on two strategies to ensure good roads and safe
traffic conditions: “winter road strategy” and “bare road strategy”. The roads with a lower
traffic density, which are often maintained by the “winter road strategy”, can have a snow or
ice cover for the whole winter. The roads with a higher traffic density are usually maintained
by the “bare road strategy”. They are maintained in a way that they are bare soon after a
snowfall. The bare pavement regain time, the time till the pavement is bare after snowfall,
depends on the type of road. Some bicycle paths and pedestrian areas are also maintained by
the “bare road strategy”’.

On most roads maintained by the “bare road strategy” snow and ice are removed using
de-icing chemicals and snow ploughing. An alternative to removing snow and ice mechanically
and chemically is the use of heating. In Nordic countries heated pavements are used frequently
as a way to keep the pavement free of snow and ice. Heated pavements are used on pedestrian
areas and bicycle paths, bus stops, train platforms, airports, parking stands, steep slopes, bridges
prone to icing and at dangerous curves. In some cases the main reason to use heating is because
it is difficult to remove the snow mechanically of chemically, for example on pedestrian areas,
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Fig. 1. Road at Svalbard, Norway, during the winter

and all snow is removed by means of heating. Heated pavement can also be used in combination
with snow ploughing, whereby the heating is only used to break the bond between the snow or
ice and the pavement.

Heating of pavements can be an effective way of snow and ice removal but often leads
to high operational costs. Currently it is difficult to accurately predict the energy demands for
a heated pavement system at a certain location. It is also challenging to determine how the
surface condition (layer of snow, slush, ice on top of the pavement) changes, since not only the
heating is changing the surface condition, but the surface condition is also impacted by the
weather and traffic. In addition, it is not clear what the most efficient way is to control such a
system. This results in higher costs than necessary. Numerous efforts have been undertaken to
optimize such systems by either increasing the thermal conductivity of the asphalt layer,
optimizing the location and type of heating used or by optimizing the control system
(Bijsterveld and Bondt, 2002; Xu and Tan, 2015)

Usually a heated pavement system is automatically switched on when snowfall starts or
when there is a risk for ice forming. Many systems run on measured surface temperatures and
react when the pavement is covered with snow or ice. Ideally, these systems run based on
accurate predictions of the surface condition a couple of hours ahead of time for which both
weather forecasts and reliable surface temperature predictions are needed. A prediction of
meteorological data such as the snowfall is usually available. It is therefore of interest to also
predict the surface temperature, from 2-3 hours up to a day in advance of snowfall.
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Since heated pavements are nowadays used more often as part of the winter maintenance
in Scandinavian countries it becomes more important to be able to predict more accurately how
much energy is really needed to ensure safe and accessible roads and sidewalks. A better
understanding in how these systems work and how external factors influence the heat balance
needs to be developed.

1.1.2 Surface temperature and condition modelling

Pavement surface temperature and condition prediction models have been developed and
described in a number of studies (Chapman et al., 2001; Crevier and Delage, 2001; Denby et
al., 2013; Greenfield and Takle, 2006; Hermansson, 2004; Kangas et al., 2015; Shao and Lister,
1996).

Some of the prediction models which include winter conditions have been developed for
the modelling of snow melting systems (Chapman, 1952; Liu et al., 2007; Rees et al., 2002; Xu
and Tan, 2012). Most of the earlier developed models of snow melting systems are steady state
systems. One of the earliest models of this kind is the model developed by Chapman (1952).
Later models were developed based on transient conditions, such as the models developed by
Liu et al. (2007), Rees et al. (2002) and Xu and Tan (2012). Snow melting predictions are often
not accurate enough during the entire melting process. Also they are often only validated for a
specific heated pavement structure and a specific weather scenario during a short time span.

Several models have been developed to predict or include the amount of rime deposition
(or hoarfrost) (Denby et al., 2013; Fujimoto et al., 2014; Hewson and Gait, 1992; Knollhoff et
al., 2003). Most of the earlier models used only meteorological data while some of the later
models also take into account the effect of road traffic and of winter maintenance measures
such as salting (Denby et al., 2013; Fujimoto et al., 2014). Most of the surface condition and
temperature prediction models do not include the effect of the surface layer (the layer of snow,
slush, ice on top of the pavement) on the thermal balance of the system. This is especially of
importance when the pavement is covered with dry uncompressed snow, which behaves as a
good insulator.

1.1.3 Snow melting process on heated pavements

In dry snow metamorphisms mainly occurs through vapour diffusion. When the moisture
content in snow increases heat transport becomes the rate limiting mechanism of metamorphism
(Colbeck, 1980). This happens faster than vapour diffusion. When the moisture content
increases snow metamorphism is greatly increased and the grain growth (growth of larger grains
while smaller one are melting) happens faster (Brun, 1989). It depends on the temperature and
happens more rapidly when the temperature is close to the melting point (Kaempfer and
Schneebeli, 2007).
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The mechanical properties of snow strongly depends on the snow microstructure
(Techel et al., 2011). An increase in water content in the snow results in a decrease in snow
hardness. When water is absorbed into dry snow the total bond area and number of ice grains
are reduced resulting in a decrease in snow hardness (Izumi, 1989). When the liquid water
content in the pore volume of snow increases so much that the snow becomes saturated, it
becomes less cohesive and loses its strength (Colbeck, 1979).

Traffic, pedestrians included, can affect the condition in two ways, 1) by heating up the
surface and 2) by compressing the snow. The effect of cars in terms of heat contribution is
relatively low compared to weather parameters such as radiation and sensible heat fluxes
(Fujimoto, 2014). Compression, however, is expected to have a large effect on the thermal
balance of the snow layer. With compression both the density and the microstructure changes
(Theile et al., 2011).

1.1.4 The thermal conductivity of a melting snow layer

A challenging aspect about modelling the energy balance of a with snow covered heated
pavement is that the snow layer itself largely affects the energy balance at the surface and that
the snow properties are not constant. During the melting process of snow on a heated pavement
the thermal properties can vary greatly. The thermal conductivity varies mostly with the density,
but also depends on the snow microstructure. The thermal conductivity of a composite material
such as snow is a function of the conductivity of the different materials, their relative fractions
as well as the microstructure.

The effective thermal conductivity is often described as a function of the density
(Abel’s, 1893; Aggarwal et al., 2009; Sturm et al., 1997; Yen, 1981). Most relationships are
based on data retrieved from thermal conductivity measurements of various types of seasonal
snow with densities up to 600 kg m™ and for snow with a relatively low liquid water content.

Reported values of the effective thermal conductivity range from 0.025 W m'K™! to
0.56 W m™'K"! for densities from 10 to 550 kg m™ (C6té et al., 2012). However, a snow density
of 550 kg m™ can be achieved for both dry snow with a water content of zero and volume
fractions of ice and air of 60% and 40% respectively as well as for snow with a high water
content and volume fractions of water, ice, air and water of for example 15%, 50% and 35%
respectively. These two different types of snow should have different thermal conductivities.

The effective thermal conductivity can be modelled based on the volume fractions of
ice, water and air. Already in 1963 Schwerdtfeger described the thermal conductivity of snow
as a function of the thermal conductivity of ice and air and the densities of snow and pure ice
(Schwerdtfeger, 1963a), This model is based on the thermal conductivity model for bubbly ice
(Schwerdtfeger, 1963b). In this model dense snow is modelled as ice containing small air
bubbles (small spheres). For the thermal conductivity of light snow, air spaces are modelled as
parallelepipeds. These models only include the thermal conductivity of ice and air and can
therefore only be applied to dry snow. An example of a model used to calculate the thermal
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conductivity of snow in which the water content is included is the numerical snow cover model
SNOWPACK (Lehning et al., 2002) which is based on the work of Adams and Sato (1993) in
which snow is described as uniformly packed ice spheres. In SNOWPACK the thermal
conductivity of the snow is described based on the temperature, the volume fractions and
thermal conductivity of ice, water and air and various constants. SNOWPACK is used mostly
to describe the change of seasonal snow and has not been tested yet on heated pavements.

In later developed models, the effective thermal conductivity is modelled based on the
snow microstructure using 3D images of snow obtained by micro tomography (Kaempfer et al.,
2005, Calonne et al., 2011). The snow samples used by Kaempfer et al. (2005) were subjected
to a constant temperature gradient. The heat flow through the snow was measured and the
thermal conductivity was calculated. The study carried out by Calonne (2011) considered a
wider range of snow types, but the model was still limited to the conduction through ice and
air.

1.2 Research objective and scope

During the winters in Norway a large variety of weather scenarios occur and therefore also
many different heat fluxes are present. All of the developed prediction models together include
many possible heat fluxes that can occur during winter time in Norway. It seems however not
to be known how well the pavement surface condition and energy need can be predicted for a
heated pavement system throughout the entire winter season in cold weather climate regions.
One of the main challenges in modelling surface conditions on heated pavements is the effect
of the snow layer itself on the thermal balance at the pavement surface and how the thermal
properties of this layer change during the melting process on heated pavements.

The main objective is to determine the thermal conductivity of a melting snow layer and its
effect on temperature and surface condition modelling for heated pavements.

The main objective is divided into the following sub objectives.

- To determine how accurate the pavement surface temperature and condition can be
predicted during an entire winter season for a range of different weather scenarios which
occur in cold climates and which heat fluxes contribute most to the change in temperature
and surface condition.

- To gain a better understanding in the melting process of snow on heated pavements and
the effect of compression (due to traffic) on this melting process.

- To determine how the thermal conductivity of a snow layer changes in time during the
melting process on a heated pavement.

- To determine the effect of including the thermal conductivity on temperature and
condition prediction modelling for heated pavement
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The flow chart in Fig. 2 shows the relationship between the sub objectives and the papers this
thesis consists of.

1. 2.
Pavement temperature and condition Snow melting process on heated
prediction modelling pavements
(paper I) (paper II)

|

3.
Change of the thermal conductivity of a
melting snow layer on a heated pavement
(paper III)

.

4.
Pavement temperature prediction for
heated pavements
(paper IV)

Fig. 2. Flow chart

This research project focusses on the change of the surface condition on heated pavements due
to changes in the weather and heating from a heated pavement system. It limitedly includes the
effect of traffic on the surface condition; only the effect of pedestrians is included, simulated in
the laboratory by a low weight compression before the actual melting process starts. The effect
of cars, both compaction and heating, is excluded from this research. Most heated pavement
systems are used on pedestrian areas where other maintenance measures such as snow
ploughing and applying de-icing agents are difficult. Therefore, the effect of snow ploughing
and applying de-icing agents on the thermal balance of a heated pavement system is excluded
from this research. The effect of ploughing and applying de-icing agents is however included
in the runway temperature prediction (paper I), since at the airports in Norway de-icing agents
are applied and snow is removed by sweepers equipped with a snow plough, rotating brush and
blower.
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1.3 Research approach

This research project is based on a combination of experimental work, a field test and numerical
modelling. A temperature and condition prediction model was developed and validated for a
case study for Oslo Airport, Norway (paper I). Laboratory experiments on the melting process
of uncompressed and compressed snow on heated pavements were performed to gain a better
understanding of the snow melting processes of dry uncompressed and compressed snow on
heated pavements and the change of the properties of the snow layer during the melting process
(paper II). A thermal conductivity model for a melting snow layer is developed in which the
thermal conductivity of a snow layer is calculated based on the thermal conductivity and volume
fractions of ice, water and air (paper III). In the model ice and air are modelled in series and
ice/air and water in parallel. A new heated pavement system was installed in the municipality
Barum in Norway and equipped with temperature sensors and a weather station. Data was
collected during the winter season 2015-2016 and used as input for the temperature model for
heated pavements (paper IV). The model is based on the runway surface temperature prediction
model (paper I) and includes the above described thermal conductivity model for a melting
snow layer (paper III).

1.4 Structure of the thesis

This thesis encompasses a collection of papers. Following the introduction (Chapter 1), the
research methodology is described in Chapter 2, the results and discussion are presented in
Chapter 3 and the conclusions and recommendations for future work are described in Chapter
4. The full-length papers are provided in Appendices A-D.






Chapter 2. Research methodology

2. Research methodology

This chapter contains a general description and motivation of the performed laboratory
experiment (section 2.1), the thermal conductivity model (section 2.2), the temperature
prediction models (section 2.3) and the field test (section 2.4). More detailed descriptions of the
setups and models are described in paper I-IV (Appendix A-D).

2.1 Laboratory experiment

Laboratory experiments on the melting process of uncompressed and compressed snow on
heated pavements were performed in the cold laboratory of the Norwegian University of
Science and Technology. These were done to gain a better understanding of the snow melting
processes of dry uncompressed and compressed snow on heated pavements and the change of
the properties of the snow layer during the melting process. The full paper describing the
melting processes of uncompressed and compressed snow (paper II) is presented in Appendix
B. The data collected during this experiment is also used to model the thermal conductivity of
a melting snow layer (paper III).

The setup consisted of two asphalt plates with a depth and width of 30.5 cm and a height
of 4.0 cm (Fig. 3 and Fig. 4). Heating films were connected to the bottom side of the slabs.
Heated pavement systems consists of electric and hydronic systems of which the last is most
used in larger pedestrian areas and on roads. For the laboratory experiments an electric system
instead was preferred over a hydronic system because it is much easier to build when making a
heated pavement of 30.5 x 30.5 cm. Secondly, the ease of operating an electric system during
a laboratory experiment compared to a hydronic system and reduced risk of failure during the
experiment led to the choice of an electric system. The top was covered with a 4 mm thick layer
of binder to make the structure water tight. The sides and bottom were covered with insulation
to minimize heat loses. An overview of the measured data, the type of sensors and their
measuring frequency is given in Table 1. The numbers indicated in the table refer to the numbers
in Fig. 3.

For this experiment laboratory-grown snow was used. The snow was produced in a cold
laboratory set at -20°C. The snow was produced with a custom-built snow machine. In the snow
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Table 1. Overview of the measured data, sensors and loggers used and the measuring frequency.
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Fig. 3. Overview of the experimental setup

No. Measured data Type of sensor/logger Frequency

1 Slab temperature (°C) Thermocouple, type T 10s

2 Surface temperature (°C) SI-111, Precision Infrared Radiometer 10s

3 Air temperature and RH CS215, Temperature and RH Probe 10s

4 Incoming longwave radiation (W m?)  CGR3 Pyrgeometer 10s

5 Wind speed (m s™!) and logger FLUKE 975V 5 min

6 Photos Logitech camera 1 min

7 Data logger for the temperatures, CR1000 datalogger 10s
RH and LW radiation

8 Data logger for the heating films PT-104 datalogger 10s

9 Height surface layer (mm) Measured manually with a measuring stick 10 min

10 Surface condition Visual observation from the top 10 min

10
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Fig. 4. Overview of the experimental setup

machine cold air was blown over a bin with warm water. The water vapour was blown into a
condensation chamber inside which the water vapour condensed on nylon wires and dendritic
snow was formed (Wahlin et al., 2014). The decision was made to use laboratory-grown snow
for this experiment instead of natural snow, because the requested uniformity of the snow
needed for all the tests. Natural snow can have large variations in snow characteristics. Even
though the characteristics of laboratory-grown snow can vary per test and might differ slightly
from natural snow, the snow characteristics of the produced batches of snow are more uniform
than that of natural snow.

The snow melting experiment was performed in a cold laboratory. The air temperature
near the setup was around -4°C. Wind speeds up to 0.5 m s™! were measured. The relative
humidity fluctuated between 65 and 75%. At the start of the experiment 300 g dry snow was
placed on each asphalt plate. The snow on one of the plates was compressed with a weight of
40 kg. Due to this weight the density was increased by a factor of around 2.5. Then the heating
was switched on. The heating films were temperature regulated. The power was adjusted
automatically to increase the temperature to 20°C. The power that went into the system was
around 325 W m™. At the end of each experiment, when the snow was completely melted, the
remaining water was weighed and mass losses were determined.

2.2 Thermal conductivity model
A thermal conductivity model for a melting snow layer is developed in which the thermal

conductivity of a snow layer is calculated based on the thermal conductivity and volume
fractions of ice, water and air (paper III). The volume fractions are calculated based on the

11
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heat balance and mass fluxes of the snow melting system. Model validation is done based on
the data retrieved from the snow melting experiments with uncompressed and compressed snow
(paper II).

2.2.1 Heat and mass balance

The vertical heat balance of the snow melting system is described as:

Adm = qn —4s —q1 — 42 — Q3 (D

where g is the energy used to melt the snow (W m™), gsis the heat flux from the electric
heating film underneath the asphalt (W m), g, is the surface heat flux and ¢, g2 and ¢s; is the
heat which is absorbed by the snow layer, binder layer and asphalt layer. The heat flux at the
top of the snow layer g; is given as the sum of the net longwave radiation, the convective heat
flux, the heat flux due to evaporation and the heat flux due to sublimation. g;, g> and g3 are
given as:

aT
An = PnCpn (E)n Zn for materials n = 1,2,3 2)

where p is the density (kg m™), ¢, is the specific heat capacity (J kg™! °C™"), 0T /0t is the rate
of temperature change (°C s') and z is the height of the layer (m). The density of the asphalt
and binder layer is taken as 2100 kg m> (Andersland and Ladanyi, 2004) and the specific heat
capacity is taken as 0.92 kJ kg'! °C’!. The calculation of the snow properties is described below.

The mass fluxes included in the model are the mass flux of evaporation, condensation,
sublimation, deposition and melting. The mass flux of melting is calculated as the energy used
to melt the snow, g, divided by the latent heat of fusion. The full paper (paper III), containing
a more detailed description of the heat and mass fluxes, is given in Appendix C.

2.2.2 Volume fractions

Based on the densities and mass fluxes of snow, water and air and the height of the snow layer
the volume fractions of ice, water and air are calculated as follows:

1=0,+6,+06, 3)

where 6, 6, and 6, are the volume fractions of ice, water and air. §; and 0,, are given as:

12
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where M;, M,, and Mj, are the masses of ice, water and the snow layer (kg m?), ps is the density
of the snow layer (kg m®) and p;and p,, are the densities of ice and water. M is calculated as the
sum of the mass of ice M, and water M,,.

2.2.3 Snow properties

The specific heat capacity of the snow layer c,; can be calculated as follows (Bartelt and
Lehning, 2002):

9i+9a
As: 9; 0q4 +lw'9w (6)
Gt

where c¢;, ¢, and c, are the specific heat capacities of ice, water and air. The thermal conductivity
of the snow layer is calculated based on the volume fractions and the thermal conductivities of
ice, water and air. Three different models are being used (Fig. 5) where these are modelled as a
parallel (Eq. 7), a series (Eq. 8), and a combination of these where the air and ice are modelled
as a series system and the water and air/ice in parallel (Eq. 9).

As=A;0; + Ay, -6, +1,-0, (7)

1
2w Aa

Ag =
0i+06,
9i 9a

G+

As = + Ay Oy C))

where 4;, 4w and A, are the thermal conductivities of ice, water and air. An explicit finite
difference method is used to solve the equations and to calculate the heat and mass fluxes and
snow properties. For more details about the model and input data is referred to Appendix C
(paper III).

13
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(@ (b) (c)

Fig. 5. Schematic overview of the parallel system (a), the series system (b) and a combination of a parallel and
series system in which ice (i) and air (a) are modelled as a series system and water (w) and ice/air in parallel (c).

2.3 Temperature prediction modelling

An explicit finite difference method was used for the temperature and condition prediction
model (paper I). In the model the thermal resistance through the snow layer was neglected,
since at Oslo Airport only a very thin snow layer is accepted before snow removal is initiated
(8 mm dry snow, 6 mm wet snow or 3 mm slush). A thermal conductivity model for a melting
snow layer is developed in which the thermal conductivity of a snow layer is calculated based
on the thermal conductivity and volume fractions of ice, water and air in which ice and air are
modelled in series and ice/air and water in parallel (paper III). This thermal conductivity model
is included in the temperature and condition prediction model for heated pavements (paper
IV).

Fig. 6 gives a schematic overview of the surface temperature and condition prediction
model. At each time step in the model the following steps are taken: (1) the masses and mass
fluxes of ice, water and chemicals are calculated, (2) the snow properties are calculated, (3) the
surface condition is determined, (4) the heat fluxes are calculated and (5) the pavement surface
temperatures are predicted. The snow properties are only calculated when the thermal
conductivity through the snow layer is included in the model (paper 1V).

Input parameters include: meteorological data, pavement properties, dimensions of the
pavement, traffic data (if available) and winter maintenance measures. The winter maintenance
measures can include the amount of chemicals and frequency of ploughing as is described in
paper I, but can also include the dimensions of the heated pavement system and temperature
of the heating pipes as described in paper I'V. The model can include measured runway surface
and subsurface temperatures to increase the accuracy of the model. In paper I these were
included in the model when the model was run in now-casting mode.

The steps taken in the model are described below. For a more detailed description of the
separate surface temperature and condition models and the thermal conductivity model is
referred to Appendix A (paper I), Appendix C (paper III) and Appendix D (paper IV).

14
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Fig. 6. Overview of the surface temperature and condition prediction model

2.3.1 Masses and mass fluxes

The mass fluxes included in the surface temperature and condition prediction model are the
mass fluxes of ice, water and chemicals. The mass flux of water is determined by adding up the
mass flux of rain 711,,,, (kg m~ s™), the mass flux of condensation and evaporation m,,,. (kg m’

25, the mass flux of melting and freezing m,,, (kg m™ s!') and the mass flux due to runoff
My, (kg m? s

m,, = mwp + My, + My, — My, (10)
where m,,. is determined based on (Denby et al., 2013):
Mye = Pa " (qq — qs)/rq (11)

where p; is the density of the air (kg m™), r, is the aerodynamic resistance for water vapour (s
m™") and ¢, and ¢, are the atmospheric and surface specific humidity respectively. 7i1,, is given
by:
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iy = 22 (12)
f

where g1r is the total heat flux at the pavement surface (W m) and Lyis the latent heat of fusion
(334:10% J kg™!). If the total heat flux towards the pavement surface is positive, ice or snow is
present at the pavement surface and the pavement surface temperature is at the melting
temperature then melting occurs. The melting temperature is 0 °C when no chemicals are
present, but will be lower when de-icing chemicals are present. The de-icing chemical used at
Olso Airport is a potassium formate solution. The effect of this de-icing chemical on the melting
temperature is included in the model for the case study for Oslo Airport. The mass flux due to
runoff m,,, is calculated based on the height of the water level and the height of the water level
below which drainage does not occur, which is taken as 0.5 mm.

The mass flux of ice is determined by adding up the mass flux of snowfall m;, (kg m
2571, the deposition and sublimation flux ;4 (kg m™ s™), the mass flux of melting and freezing

M, (kg m?s!) and the mass of snow removal m;, (kg m?2s):
rhi = Ti'll'p + mid + mm - mir (13)

where m;, is calculated according to Eq. (11).
The mass flux of chemicals consists of the application of chemicals 1., (kg m? s) and the

mass flux due to runoff of chemicals 711,, (kg m?2 s™!):
My = Myy + My (14)

M, is calculated as the mass flux due to runoff of the water times the weight fraction of the
chemicals.

2.3.2 Snow properties

The properties of the snow layer are assumed to be uniform throughout the layer. Two different
models to describe the thermal conductivity through the snow layer were compared in paper
IV. The first is the formula by Sturm et al. (1997) in which the thermal conductivity is described
as a function of the density:

This formula is based on data retrieved from thermal conductivity measurements of
various types of seasonal snow with densities up to 600 kg m= and for snow with a low liquid
water content. The second is the formula by Nuijten and Hgyland (2017) (paper IIT) which is
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developed specifically to determine the thermal conductivity of a melting snow layer, and
validated with measurements of a melting uncompressed and compressed snow layer. The
thermal conductivity of the snow layer Asis calculated based on the thermal conductivity and
volume fractions of ice, water and air as follows:

_ 9i+9a
AS - 0; 0a
(A—i"'a)

+ A, -0, (16)

where 4;, A, and A, are the thermal conductivities of ice, water and air and 6;, 6,, and 0, are the
volume fractions of ice, water and air.

In the case study for a heated pavement in Barum (paper IV) the density of the snow layer
ps is calculated as the mass of snow divided by the height of the snow layer. The height of the
snow layer is calculated as follows:

hE*t = Rt + hyy — Ay, (17)

where hf and hi*! are the heights of the snow layer during the current and next time step, Ay,
is the height of the freshly fallen snow during the current time step and flm is the height of the
layer of snow which is melted. The heights flip and flm are calculated based on the mass flux
of snowfall and melting respectively and the density of the snow. The density of freshly fallen
snow is assumed to be 100 kg m™. Due to traffic the snow will be compressed. Since no traffic

data is available it is assumed that the density of the freshly fallen snow is increased to 500 kg
m™ after it reaches the ground.

2.3.3 Surface condition

The surface condition prediction is based on the following surface condition categories: dry,
wet, dry snow, wet snow, slush, hoarfrost and ice. For the surface conditions “dry snow”, “wet
snow”” and “slush” the ICSI classification system is used to determine the condition based on
the water content (Colbeck et al., 1990). Snow with a liquid water content of 0% is identified
as dry snow, snow with a liquid water content up to 15% is identified as wet snow and snow

with a liquid water content above 15% is identified as slush.

2.3.4 Heat fluxes

The following heat fluxes are included in the model (Fig. 7):
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Fig. 7 Overview of the heat fluxes

- qrw: the longwave radiative heat flux

- gsw: the shortwave radiation absorbed by the pavement

- {conv: the convective heat flux

- Qrain: the heat flux of rainfall

- {snow: the heat flux of snowfall

- Gevapreona: the heat flux for evaporation and condensation
- Qsubl/depo: the heat flux due to sublimations and deposition,
- gpav: the conductive heat flux through the pavement

- Gsnow: the conductive heat flux through the snow layer

- gm: the melting flux

For the case study of Oslo Airport, Norway (paper I) the effect of air traffic is estimated and
incorporated into the convective and latent heat fluxes. For a detailed description of how the
effect of air traffic is incorporated in the heat fluxes is referred to Appendix A. The effect of
chemicals on the melting temperature is included in the latent heat fluxes. At Oslo Airport only
a very thin snow layer is accepted before snow removal is initiated (8 mm dry snow, 6 mm wet
snow or 3 mm slush). The thermal resistance through the snow or ice layer is therefore neglected
for this case study.
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The thermal conductivity through the snow layer is included in the case study for a
heated pavement system in Berum, Norway (paper IV). In this case study the heat flux of
evaporation, condensation, sublimation, deposition, rain and snow are excluded, since they
were found to be relatively small compared to other heat fluxes such as the shortwave radiative
heat flux, the longwave radiative heat flux, the convective heat flux and the conductive heat
fluxes (paper I). When there is a snow layer on the pavement, the shortwave radiative heat
flux, longwave radiative heat flux and the convective heat flux are expected to effect the
temperature at the top of the snow layer. When the pavement surface is covered with a snow or
ice layer and the pavement surface temperature is above the freezing point the melting flux is
calculated as the sum of the heat fluxes affecting the pavement surface. In all other cases the
melting flux is O.

Longwave and shortwave radiation

The incoming and outgoing longwave radiation are measured for the case study of a heated
pavement in Barum. For the case study of Oslo Airport the longwave radiative heat flux grw
(W m?) is calculated as:

Quw = & €epp 0Ty — 50 Thy (18)

where the first term is the amount of incoming radiation and the second term the amount of
energy that the pavement surface radiates. In this formula 7, is the air temperature, T is the
pavement surface temperature, e. and & are the effective and surface emissivity respectively
and ¢ is the Stephan-Boltzmann constant (5.68- 10 W-m2 K*). &z and . are calculated based
on Konzelmann et al. (1994). The surface emissivity of asphalt is 0.85-0.98 (Solaimanian and
Kennedy, 1993; Hermansson, 2004; Incropera et al., 2013). The emissivity coefficient of snow
ranges between 0.82 and 0.99 with values close to 1.00 for fresh snow. The emissivity of ice
ranges between 0.92 and 0.97 (Oke, 1987).

The absorbed shortwave radiation depends on the surface condition. The shortwave or
solar radiation absorbed by the pavement gsw (W m™) is given by:

dsw = qsw,in * (1—) (19)
where gsw,n is the incoming shortwave radiation (W m) and « is the albedo. For the case study
of a heated pavement in Baerum the incoming shortwave radiation is measured. For the runway

model the incoming shortwave radiation is calculated as (Ashton, 1986; Lgset, 1992):

Qsw,in = qsw,o - a™(1 —0.0065 - c?) (20)
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where gsw,o is the clear sky radiation which is depended on the solar constant and solar altitude,
a™ is a factor for insulation by the atmosphere and C is the cloud cover (in tenths). The albedo
depends on the surface condition. The albedo values used in the model are 0.10-0.15 for dry
asphalt, 0.10-0.20 for a wet surface, 0.30 for hoarfrost or ice, 0.60 for dry snow and 0.30-0.60
for wet snow and slush. These values are based on Andersland and Ladanyi (2004), Hermansson
(2000), Oke (1987) and Solaimanian and Kennedy (1993), and take into account that the
pavement is only covered with a thin layer of snow.

Convective heat flux

The convective heat flux geonr (W m™) is given by Incropera et al. (2013):

Geonv = —h¢ - (TpO - Ta) (21
where /. is the convective heat transfer coefficient (in W m2 K!), which is calculated according

to Denby et al. (2013) for the case study at Oslo Airport and according to Fujimoto et al. (2014)
for the case study of a heated pavement in Beerum.

Rainfall and snowfall

The heat fluxes of rainfall gain (W m™2) and snowfall g, (W m2) are given by Liu et al. (2007):
Qrain = mwp "Cpw * (Ta - Tpo) (22)
Gsnow = mip "Cps” (Ta - Tpo) (23)

where m,,,, and M;;, are the mass fluxes of snow and rain respectively (kg m? s and ¢,y and
cps are the specific heat of water and snow respectively (J kg 'K™).

Evaporation and condensation

When the pavement surface temperature is above the melting temperature and below the dew
point temperature condensation occurs. When it is above the dew point temperature evaporation
occurs. The heat flux for evaporation and condensation gevap/cons (W m2) is described as:

Qevap/cond = Ly - My (24)

where L, is the latent heat of vaporization (J kg!). The melting temperature is calculated based
on Melinder (2007). Due to the presence of chemicals condensation can also occur above the
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dew point temperature. However, the change of vapour pressure of the surface water when
chemicals are present is not included in the model.

Sublimations and deposition,

For pavement surfaces temperatures below the melting point, deposition and sublimation can
occur. The heat flux of deposition and sublimation gsusaepo (W m?) can be calculated by:

qsubl/depo = Lg- myg (25)

where L.is the latent heat of sublimation (J kg'l).

Conductive heat flux through the pavement

The conductive heat flux at the pavement surface geona (W m™) is given by Incropera et al.
(2013):

AT,
Qeond_p = /1p ’ A_Zp (26)

where Apis the thermal conductivity of the pavement (W m-1K-1) and 47, is the temperature
difference between the pavement surface and the pavement temperature at a distance 4z from
the surface (°C).

Conductive heat flux through the snow layer

The conduction through the snow layer is calculated as:

AT

Qcond_s = As - h_s (27)

where s is the thermal conductivity through the snow layer, AT is the temperature difference
between the top and bottom of the snow layer and A;1is the height of the snow layer.

2.3.5 Pavement surface temperature

The pavement and snow temperatures are predicted based on the temperature diffusion
equation:
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2
ZTZ = pcp Z—: (28)
where 4 is the thermal conductivity (W m'K™"), 9T is the change in pavement temperature (°C),
0z is the node distance (m), Jt is the time step (s), p is the density of the pavement or snow (kg
m~) and ¢, is the specific heat capacity (J kg'K™!). An explicit finite difference method is used
to determine the pavement and snow temperature at various depths. The temperatures on top of
the surface (pavement surface or snow surface) are calculated as follows:

ds
C,— =
p P At 054z

(29)

where p is the density of the top layer (pavement or snow), ¢, is the specific heat capacity of
the top layer, AT is the change in temperature of the top layer, A¢ is the time step, ¢; is the heat
flux at the surface (pavement or snow) and 4z is the node distance.

For the case study for Oslo Airport (paper I) the pavement and ground layers are
divided into nodes with a distance of 30 mm for which at each time step, 1 minute, the
temperature is determined. The ground temperature at a depth of 5 m is assumed to be the same
as the annual average air temperature.

For the case study for Berum (paper IV) the pavement and snow layers are divided into
layers with a vertical distance of 5 mm. The height of the snow layer is rounded up to a multiple
of 5 mm, whereby snow layers smaller than 1 mm are taken as 0. A time step of 1 minute was
used when the model was run for the entire winter season. When the model was run for a shorter
period and the thermal conductivity through the snow layer was included, a time step of 0.1
second was used to meet the stability conditions. The heating pipes are at a depth of 120 mm.
The temperature at that depth is measured and used as input value for the model.

2.3.6 Input parameters

The setup of the field test a heated pavement system in Beerum and the input parameters for the
case study are described in section 2.4. The input parameters for the case study for a runway at
Oslo Airport are described in this section.

Model validation is done based on measured meteorological data of the winter season
of 2010-2011 and pavement properties of runway 01L, the western runway, at Oslo Airport. It
is located at 62° 12' 10" N, 011° 05' 02" E at 207 m above sea level. The average daily air traffic
was 630 aircraft movements (take-offs and landings) in 2011. The data collected for this study
were collected on the western runway (3600 m long, 45 m wide). A weather station is located
approximately 200 m from the southern runway threshold and about 100 m from the main
taxiway, see Fig. 8. The runway surface and subsurface temperature sensor used for the
validation, Vaisala DRS511, is located in the vicinity of the weather station and located about

22



Chapter 2. Research methodology

' £

X
o -
sy N
1 5
Weather station ~—y, ’ i, - ,
L[]

) o
01L

!

N

500m 1000m

Fig. 8. Overview of Oslo Airport and the location of the weather station

15 m from the center line. It measures the temperature at the surface and at a depth of 6 cm.
The following meteorological data were measured and stored every minute by the weather
station at the airport:

- the date and time

- the precipitation type and intensity

- the air temperature

- the dew point temperature

- the relative humidity

- the wind speed and wind direction

Shortwave radiation and longwave radiation were not measured, since there were no

such sensors placed at the airport. The weather station where the incoming shortwave radiation
is measured is station Kise, Hedmark, located at 60° 46' 23" N, 10° 48' 19" E, 66 km from the
airport. The data for cloud cover, used for the calculation of the longwave radiative heat flux,
is taken from a weather station from the Norwegian Meteorological Institute which is also
located at Oslo Airport.
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Runway O1L consists of the following layers: 16 cm of asphalt on top of 190 cm crusted
rock. The runway is founded on moraine. The asphalt layer used on the runway is dense asphalt
and drains water well to the side of the runway. In the presented model the thermal properties
of the pavement are therefore assumed to be dry-state properties. Only the properties of the
foundation layer which is below ground water level are assumed to be in a wet-state during the
entire season. Table 2 gives an overview of the pavement properties of each layer used as input
data for the model.

The temperature in the deeper layers remains almost unchanged during the year.
According to Kusuda and Achenbach (1965) the temperature in the deeper layers is close to the
average annual air temperature. The average annual air temperature at Oslo Airport during the
period 2009-2013 was 4.7°C, according to the Norwegian Meteorological Institute (MET)
Norway.

Date and times for take-off were estimated based on take-off during week 38/39 in 2015
and the annual growth of air traffic during the period 2010-2015 as reported in the year reports
for 2011 and 2014 (Oslo Lufthavn, 2012; Oslo Lufthavn, 2015). It was assumed that the flight
frequencies of week 38/39 were the same during the rest of the year and that the amount of
flights per hour were equally distributed over the hour. Information about the landing direction
and runway used of two major airlines was available for the period 2010-2011. Hourly landings
and precipitation data are used to determine the direction of take-offs.

Airports in Norway have a procedure to regularly check the runway and report the
runway condition and coverage in a SNOWTAM report. In these reports the surface conditions
are reported as one or a combination of the following conditions: dry, moist, wet, rime, dry
snow, wet snow, slush, ice or compacted snow. The condition observed during inspections on
the runway is used as input for the model. In the model the surface condition is reported as dry
for coverages below 50%. The mean reporting frequency during the entire winter season at Oslo
Airport was 4.5 hours. This frequency is much higher during periods where the condition
changes rapidly and slippery situations are expected to occur.

Table 2. Pavement properties (based on Andersland and Ladanyi (2004), Islam and Tarefder (2014) and Nordal
(2009))

Layers Dry density (p) Specific heat capacity ~ Thermal conductivity
(cp) )
[kg m™] [kJ kg K] [Wm'K"]
Asphalt 2100 0.92 0.74 - 2.89
Crushed rock 1650 0.85 0.60 - 1.50
Moraine 2200 0.89 1.30
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2.4 Field test

A new heated pavement system was installed in the municipality B&rum in Norway. The newly
installed heated pavement was located at the Willy Greiers Vei, next to the Sandvika train
station. Sandvika is a town located in the municipality Barum, close to Oslo in Norway. It is
located at 59°53'34"N, 10°31'32"E at 12 m above sea level. The heated pavement system was
built during the winter of 2014-2015 and consists of a pedestrian area and a road with a
roundabout. Data was collected during the winter season 2015-2016 and used as input for the
temperature and surface condition model for heated pavements (paper IV).

It is equipped with temperature sensors and a weather station. The heating pipes were
places at a depth of 120 mm and with a horizontal distance between the pipes of 50 mm. An
overview and cross section of the heated pavement system is shown in Fig. 9. The temperature
was measured at two locations within one the loops through which the warm water flows (see
Fig. 9), at the beginning and at the end of one of the loops. The temperature was measured at a
depth of 40, 80, 120 and 160 mm with Pt-100 sensors. At a depth of 120 mm the temperature
was measured both on top of the heating pipe and in between two pipes. The two locations and
the locations of the temperature sensors are indicated in Fig. 9. On the sidewalk, north of the
heated pavement system a weather station is placed, which stores both the data from the weather
station itself and the data from the temperature sensors in the pavement. Table 3 gives an
overview of the measured data, the sensors and their measuring frequency.

The surface temperature is measured with an Apogee SI-411 close to the weather station.
This sensor gives an average value of the temperature over a larger area than that of the
pavement temperature sensors. The weather station itself is located about 10 meters from the
location of the pavement temperature sensors, which means that the surface temperature is
measured a couple meters from where the pavement temperatures are measured and that this
temperature is an average temperature of a larger area. An alternative to measuring the surface
temperature this way was to install a temperature sensor at the pavement surface. Most sensors,
among which the Pt100 could be damaged by traffic loads when placed at surface level.

Table 3. Overview of the measured data, type of sensors and measuring frequency

Measured data Type of sensor/logger Frequency
Air temperature (°C) CS215 1 min
Precipitation (mm) CS125 1 min
Surface temperatures (°C) Apogee SI-411 1 min
Pavement temperatures (°C) Pt100 1/10 DIN 1 min
Incoming and outgoing SW radiation (W m?)  CNR4 NET radiometer 1 min
Incoming and outgoing LW radiation (W m?) ~ CNR4 NET radiometer 1 min
Wind speed (m s) and direction V200A Ultrasonic Wind Sensor 10 min
Relative humidity CS215 60 min
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L1
L2

L3

Newly installed heated pavement

% Existing heated pavement

e ©&-9 o0 o

120 mm

o Temperature sensor

@ Heating pipe
* Temperature sensor

L1 Wearing course, 40 mm
L2 Binder course, 40 mm
L3 Base course, 180 m

Fig. 9. Overview and cross section of the heated pavement system and location of the weather station and
temperature sensors. Middle right: Weather station located next to the heated pavement system
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3. Results and discussion

This chapter describes and discusses the results of the runway temperature prediction model
(section 3.1), the laboratory experiment on the melting process of snow on a heated pavement
(section 3.2), the model for calculating the thermal conductivity of a melting snow layer (section
3.3) and the temperature prediction model for heated pavements (section 3.4).

3.1 Runway temperature prediction modelling

3.1.1 Sensitivity analysis

The pavement surface temperature prediction model was used to predict the pavement
temperatures for runway O1L at Oslo Airport during the period from the 1% of November, 2010
till the 1** of April, 2011. The model was run in long-term mode. Measured weather data was
used instead of forecasts in order to only reflect the error of the model and not the errors in the
forecasted input data.

The effect of the following variables on the average error (Tpredicted — Tmeasured) and the
root mean square error (RMSE) were investigated: 1) the conductivity of the asphalt, 2) the
conductivity of the subgrade, 3) measured versus calculated incoming shortwave radiation, 4)
the albedo, 5) the emissivity, 6) measured versus observed surface condition, 7) the effect of
air traffic turbulence and 8) the effect of the air traffic heat. The best case results in an average
error of -0.13 °C and a RMSE is 1.97 °C.

The variable affecting the RMSE most is the air traffic turbulence. Including the air
traffic turbulence reduces the RMSE with 25%. Oslo Airport has frequent and accurate surface
condition data. By using these data the RMSE is decreased 13% compared to using predicted
conditions. The accuracy of shortwave radiation is also of importance for the performance of
the model. Predicted shortwave radiation results in a 19% lower RMSE than shortwave
radiation measured 66 km from the airport. Note that for this study, no measured shortwave and
longwave radiation at the airport was available. Including measured incoming and outgoing
shortwave and longwave radiation at Oslo Airport is expected to increase the accuracy of the
model.
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3.1.2 Now-casting performance

The most favourable combination of parameters from the sensitivity analysis (case 1 in Table
5) was used to run the model in now-casting mode to predict the pavement surface temperature
three hours ahead of time. In the now-casting mode surface and subsurface temperatures are
included in the model. The predicted and measured surface temperatures are shown in Fig. 10.
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Fig. 10. Predicted and measured pavement surface temperatures on runway 01L at Oslo Airport, Norway,
during the winter season 2010-2011
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The figure shows that the model is stable and that errors only occur within short time periods
and do not have a long term effect on the results.

Fig. 11a shows the hourly difference between the predicted and measured pavement
surface temperature during the entire winter season of 2010-2011. In now-casting mode the
average error is 0.25 °C and the RMSE is 1.65 °C. By taking into account SNOWTAM data,
measured surface temperature, subsurface temperatures measured at 6 cm below the surface
and an estimation for the air traffic turbulence the RMSE is reduced with 25%. The performance
of the model is best for temperatures below 0 °C. At the end of the season, especially for
temperatures above +5 °C, the RMSE is largest. These errors might be explained by the lack of
accurate shortwave radiation. For this study no measured incoming and outgoing shortwave
radiation was available at Oslo Airport. The model was run with calculated shortwave radiation
and compared with measured shortwave radiation 66 km from the airport. Predicted shortwave
radiation gave a 19% lower RMSE compared to the measured shortwave radiation. Fig. 11b
shows the hourly difference between the measured pavement surface temperature and air
temperature during the entire winter season 2010-2011. The average error is 0.89 °C and the
RMSE is 2.94 °C. The surface temperature prediction model provides much better results. The
air temperature, however, is a good indicator for how the surface temperature will change when
prediction models are lacking.

The RMSE is lowest for dry snow and wet snow/slush conditions for all temperature
ranges while mean errors for dry snow conditions are relatively high. Snow conditions usually
occur during the beginning and middle of the season when surface temperatures do not fluctuate
that much. This might explain the low RMSE values. A snow layer however insulates the
pavement surface reducing the effect of surface heat fluxes on the pavement surface
temperature. This might explain why the surface temperatures are overestimated most for dry
snow conditions.
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Fig. 11. Scatter plots showing the difference between (a) the hourly measured and predicted pavement surface
temperatures and (b) the measured pavement temperatures and air temperature
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Fig. 12. The shortwave radiative heat flux, longwave radiative heat flux, convective heat flux and
conductive heat flux during the winter season 2010-2011.

The heat fluxes which have by far the largest effect on the change in temperature during
the winter season are conduction, convection (including air traffic turbulence), longwave
radiation and shortwave radiation, contributing to 31%, 25%, 27% and 17% of the total heat
flux during the winter season respectively. The heat fluxes due to evaporation, condensation,
sublimation, deposition, rain and snow are much smaller (they contribute to less than 1% of the
total heat flux) and have less effect on the surface temperature. Fig. 12 shows the shortwave
radiative, longwave radiative, convective and conductive heat fluxes throughout the winter
season 2010-2011.
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3.2 Laboratory experiment on the melting process of snow

In total eight experiments were performed of which seven were successful. During one of the
experiments there was a failure in the heating system during the experiment. The melting time
for uncompressed and compressed snow was on average 179 and 191 min respectively.

3.2.1 Surface condition

Fig. 13 shows the change in surface condition during the experiment for uncompressed and
compressed snow. It shows that the melting processes of uncompressed and compressed snow
were different. These differences were observed during all the experiments. Uncompressed
snow melted with larger differences horizontally than compressed snow, see Fig. 13b. During
the melting process of compressed snow the differences in surface condition were much
smaller, see Fig. 13e.

UNCOMPRESSED SNOW

COMPRESSED SNOW

(d) (e) ®

Fig. 13. The change of the surface condition during the melting experiments of uncompressed and compressed
snow after (a), (d) 1 h and 30 min, (b), (¢) 1 h and 45 min and (c), (f) 2 h
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For the first hour barely any changes were visible from the top. The melting process
became visible on both plates. The first sign that uncompressed snow was melting was the drop
in height of the snow layer. The uncompressed snow seemed to collapse as the snow on the
pavement surface was melting and small cracks appeared on the snow surface. This decrease in
height was also visible for compressed snow, but to a much smaller extent since the snow height
was reduced due to compression.

At the end of the melting process of compressed snow, when the snow had changed into
slush, big air gaps became visible under the layer of slush. These air gaps were not visible for
uncompressed snow. Until the slush was transformed into water no water was observed on the
surface. The meltwater seemed to be absorbed by the snow until the snow was saturated, see
Fig. 13c.

3.2.2 Height and density of the snow layer

Fig. 14a and b show the average change in height of the snow layer of each experiment for
uncompressed and compressed snow respectively. During the first 40-60 minutes the height of
the uncompressed snow layer changed slightly, while the height of the compressed snow layer
stayed more or less constant. After an hour the height started to decrease linearly until it reached
a height of 4-5 mm after which the height stayed almost constant. This decrease in height
happened when the surface condition, as observed from the top, changed from dry snow into
slush. The same trends were visible for uncompressed and compressed snow, only the gradient
of the line was different. On average the gradients were -0.5 and -0.2 mm min' for
uncompressed and compressed snow respectively.

Fig. 14c and d show the change in density for uncompressed and compressed snow
respectively. The density is calculated as the mass of the snow divided by the volume. The
densities of uncompressed and compressed snow at the start of the experiment were on average
60 and 150 kg m™ respectively. During the first hour there were barely any changes in density
visible. After one hour, when the snow started to melt and the surface condition changed into
wet snow, the density started to increase more rapidly for both uncompressed and compressed
snow. The calculated average density at the end of the test was 800 kg m= and 920 kg m™ for
uncompressed and compressed snow respectively (see Fig. 14f). Since at the end of the test all
snow was melted and only melt water was left the actual density is 999.8 kg m™ (density of
water). Especially towards the end of the experiment the formula for calculating the density
becomes very sensitive to small changes in the height. The height of the water layer at the end
of the melting process was around 3-4 mm, while the accuracy of the measuring method was
around 1 mm.
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3.2.3 Temperature profile

Fig. 15 shows the temperatures in the asphalt slab and snow layer of one of the tests for both
uncompressed and compressed snow. The temperatures are average values of multiple
measuring points except for the temperature on top of the plate where only one thermocouple
was placed. Similar results were found during other tests. The measured surface temperatures
showed 10 minutes oscillations in temperature, because the infrared sensor was blocked during
the manual height measurements. Oscillations in temperature more than 0.1 °C s were
excluded from the results, to keep the figures readable.

The surface temperature of the asphalt plate increased with almost the same rate till it
reached the melting point (0 °C) after which it stayed constant for uncompressed snow and
increased for compressed snow. After 130-140 minutes the surface temperature of the asphalt
slab covered with compressed snow dropped to 0 °C (Fig. 15b). This was when the surface
condition changed from wet snow into slush and the snow height dropped (Fig. 14f). The snow
probably came in contact with the pavement surface again and started to melt again.
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Fig. 15. Temperatures in the asphalt plate and snow layer for (a) uncompressed and (b) compressed snow

3.2.4 Melting processes of uncompressed and compressed snow

The collapse of snow which was visible during the melting process of uncompressed snow was
probably not only a result of snow melting at the pavement surface, but a result of melt water
being retained by capillary action which caused density rise, weakening of the structure and
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collapse. The water in the snow was probably for a long time not visible from the top because
the equilibrium height was below the total height of the snow layer. Such a collapse was not
visible for compressed snow. This might be due to differences in snow structure. When the
density increased there were more connections formed between the snow crystals resulting in
snow hardening (Theile et al., 2011). Compressed snow has a lower permeability and a stronger
structure than uncompressed snow. In snow with a low permeability the capillary rise is higher
(Jordan et al., 1999). Due to its stronger structure and lower permeability the melt water is
absorbed further into the snow without collapsing of the snow. If enough water is absorbed by
the snow without deforming it this can result in air gaps between the snow and pavement
surface. The drop in height when the moisture content in the compressed snow increased, and
the pavement surface temperature drop (Fig. 15), indicate a loss of strength when the snow is
transformed into slush. Asphalt surface temperatures of 0 °C are a clear indicator that snow is
melting on the surface. In the period before the temperature dropped till 0 °C the temperatures
were higher indicating that air or water was present.

3.2.5 Thermal conductivity of the snow layer

The values for the thermal properties of snow vary greatly in time and depend largely on the
density. The density changed during the tests from 60 kg m™ (uncompressed snow) and 150 kg
m~ (compressed snow) to 999.8 kg m™ (water). In the beginning of the tests the thermal
conductivity of snow was very low. The snow layer and especially the uncompressed snow
layer was a very good insulator. Compressed snow has a higher density and thermal
conductivity than uncompressed snow. Since the permeability of uncompressed snow was
much higher than that of compressed snow the capillary forces are lower and water will not be
absorbed as high as is the case for compressed snow. When the water content increases the
thermal conductivity does too. Therefore the thermal conductivity of compressed snow is
expected to increase much faster resulting in a faster increase of the snow temperature, which
is visible in Fig. 15, and consequently also in higher heat losses at the surface.

While an increase in density and water content would normally increase the thermal
conductivity, the results show that it takes more time to melt compressed snow than
uncompressed snow. Due to the stronger structure of compressed snow and lower permeability
the melt water is absorbed further into the snow without collapsing which can eventually result
in air gaps. These air gaps would significantly decrease the thermal conductivity.

3.2.6 Measuring uncertainties

Although the density in the beginning of the process can be determined quite accurately, it
seems increasingly difficult to calculate this value towards the end of the process. Another
aspect which might explain the large variations in calculated density is the amount and location
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of the measuring locations on each plate. The height of the snow layer was measured at 9 fixed
places, with equal distances between the measuring points and the edges of the plates. After
two hours there were some places where there were dry conditions, especially in the case of
uncompressed snow and others where there was slush or wet snow. On average the height of
the snow layer might have been very low because of these dry spots which resulted in
unrealistically high densities.

3.3 Modelling the thermal conductivity of a melting snow layer

The results described in this section are the average results of six experiments performed on
uncompressed and compressed snow. The results of two out of the eight performed experiments
could not be used. During one of the experiments there was a failure in the heating system
during the experiment. During another experiment the surface temperature sensor broke down
during the experiment. Since this data is needed to run the model, this experiment was excluded
from the results.

3.3.1 Volume fractions

The volume fractions are the main input parameters for the effective thermal conductivity. The
accuracy of the results depends on the accuracy of the input parameters, e.g. the accuracy of the
calculated heat fluxes, temperatures, pavement properties, the height and density of the snow
layer and possible heat fluxes near the heating film.

The heat fluxes given in Eq. (1) are integrated in time to calculate the heat losses during
the experiment. It is assumed that the mean temperature is equal to the temperature at the bottom
of each layer. The average predicted total amount of energy which is absorbed by the snow and
pavement layers and released at the surface is 276 kJ and 268 kJ for uncompressed and
compressed snow respectively. It took however on average 413 kJ and 418 kJ to melt all the
uncompressed and compressed snow respectively. Based on Eq. (1) and Eq. (12) the average
amount of energy to melt all the snow is calculated as 100 kJ. This corresponds very well with
the expected value of 100.2 kJ, which is calculated based on an average snow mass of 300 g
and the latent heat of fusion (334 kJ kg™!).

The calculated sum of the total amount of energy which is absorbed by the various layers
and released at the snow surface is for both uncompressed and compressed snow much lower
than the energy generated by the heating film. There are possibly some inaccuracies in the
predicted energy that went into each layer and in the predicted energy which is released at the
snow surface. There might also be additional heat losses, such as for example a heat loss near
the heating film, which are not included in the model.
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Fig. 16. Average density of the snow layer during one of the experiments (continuous thin line), average +
measuring error (dotted line) and an adjusted curve which ends at the density of water (continuous thick line) for
(a) uncompressed and (b) compressed snow. The surface condition as observed from the top is given below the
figure. The melting time as predicted by the model is shown in the figure as tmelt predicted

As shown in Fig. 14, towards the end of the experiment the formula for calculating the
density becomes very sensitive to small changes in the height. To increase the accuracy of the
input data the value at the end of the density curve is replaced with the value for the density of
water (999.8 kg m™) and the curved are fitted for the last part of the experiment. Fig. 16 shows
the average change in density (continuous thin line), average density including the measuring
error of 1 mm (dotted line) and adjusted curve (continuous thick line) for both uncompressed
and compressed snow.

A sensitivity study was done to look into the effect of the following input parameters on
the volume fractions and melting time: the height of the snow layer (governing the density), the
surface heat flux (qs), the pavement heat flux (q3), the heat from the heating film (qn) and the
accuracy of the calculated average temperatures in the various layers (which also affects the
pavement flux).

Table 4 shows the results of the sensitivity analysis. The model originally predicts that
on average the melting time is 103 and 111 min for uncompressed and compressed snow,
respectively. The predicted difference in melting time between compressed and uncompressed
snow corresponds well with the results of the experiment; it takes longer to melt compressed
snow when the snow layers are not further physically compacted during the melting process.
However, the predicted melting time of both uncompressed and compressed snow is shorter
than the observed melting time (Fig. 16). The surface condition, as observed from the top
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Table 4 Effect of the accuracy of various input parameters on the predicted average melting time of compressed
and uncompressed snow

Height snow layer Surface Pavement Heating film Assumed average Melting time
flux flux layer temperature (min)
-lmm mean Imm | 2.0qs Qs qs 1.1q3 | 0.9qn qh Tiop  Tmean  Thot. U= C
X X X X X 103 111
X X X X X 103 111
X X X X X 103 111
X X X X X 102 112
X X X X X 106 115
X X X X X 112 121
X X X X X 98 105
X X X X X 109 117

* Uncompressed snow (U), Compressed snow (C)

consists of wet snow at the time of predicted melt, i.e. at 103 and 111 min for uncompressed
and compressed snow, respectively.

The parameters affecting the volume fractions and melting time most are heat losses
near the heating film, the pavement flux and the accuracy of the calculated average temperatures
in the various layers. By including a heat loss near the heating films of 10% and assuming a
mean layer temperature close to the bottom temperature of each layer, the melting time is
increased to 120 and 128 min for uncompressed and compressed snow respectively, which is
close to the measured transition phase from wet snow into slush.

Fig. 17 shows the calculated volume fractions of ice, air and water for uncompressed
and compressed snow. The grey and blue areas in the figure show the effect of the accuracy
given in Table 4. Below the figure the predicted average surface conditions (Pmean) and the
surface conditions as observed from the top (Owp) are given. The predicted average surface
conditions are based on the volume fractions of water in snow as described in “The International
Classification for Seasonal Snow on the Ground’ (Fierz et al., 2009). When the volume fraction
is between 0 and 3% the snow is considered moist, for a volume fraction of 3-8% the snow is
wet, between 8% and 15% the snow is very wet and above 15% it is soaked. As can be seen in
both figures the original model (model with the original input parameters) predicts moist and
wet snow conditions long before these are observed from the top.
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Fig. 17. The typical change of the volume fractions of ice, water and air during the melting process with
uncompressed (a) and compressed (b) snow, based on the values used in the sensitivity analysis. The inaccuracy
of the results based on the sensitivity analysis done is marked in grey (ice) and blue (water). The predicted
average surface conditions (Pnean) given by volume fractions predicted with the original model and as described
in ‘The International Classification for Seasonal Snow on the Ground’ (Fierz et al., 2009) and the surface
conditions as observed from the top (Oyp) are given below the figure.

3.3.2 Thermal conductivity

Fig. 18 shows the change in effective thermal conductivity during the melting process of dry
uncompressed and compressed snow on a heated pavement. A heat loss of 10% near the heating
films is included in the figure. It is also assumed that the mean layer temperature is close to the
bottom temperature of each layer. The effective thermal conductivity formulas which are based
on the volume fractions are compared to the formulas by Abel’s (1893) - Ab, Calonne et al.
(2011) - Ca, Sturm et al. (1997) - Stand Yen (1981) - Ye, which were developed for snow with
density values up to 600 kg m™, and with the formula by Schwerdtfeger (1963a) - Sc.

During the first 40 minutes the snow had not started to melt and the surface condition
consisted of dry snow and the predicted thermal conductivity of uncompressed snow based on
the volume fractions should give comparable results compared to the curves by Ab, Ca, St and
Ye. The series and the combined parallel/series system correspond well with these curves.

After 90-120 minutes wet snow was observed for both uncompressed and compressed
snow. Since in the curve of Ca melt forms are included with densities up to 600 kg m™ it is
expected that the formulas based on the volume fractions should approach this curve for wet
snow values. The parallel and a combined parallel/series correspond better to this data than the
series system.

39



Chapter 3. Results and discussion

0.8 T T T T T T T T
/
........... para”e| System /// ’ll
07F —— series system I -
/
parallel/series system i ;’
P Schwerdtfeger light snow / / |
£ T - Abels Y
x | = Yen
£ 05F Calonne et al. /I—
E Sturm et al.
=
S 04 b
=
5]
>
2
§ 03fF .
©
E
2 02, -
=
01 =
(1) Emem———— ket 1 1 1 I I 1
0 20 40 60 80 100 120 140 160 180
Time (min)
dry snow moist wet snow soaked snow/wet
Pmean
dry snow wet snow slush slush/wet
Otop
(a)
0.8 T T T T T T
----------- parallel system
0.7 ===== series system =
parallel/series system
—————— Schwerdtfeger dense snow
0.6
o -==---Abels
x| Yen
g 05 Calonne et al.
2 Sturm et al.
Z
S 04p
=]
5
2
g 03 oS
®
E
2 02
=
0.1
0 | 1 1 1 L 1 1 I
0 20 40 60 80 100 120 140 160 180
Time (min)
dry snow moist wet snow soaked snow/wet
Pmean
dry snow wet snow slush slush/wet
Otop

(b)
Fig. 18. Effective thermal conductivity during the melting process of dry unco
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snow calculated based on the volume fractions of ice, water and air with a parallel system, a series system and a
combined parallel/series system and compared to the curves by Schwerdtfeger (1963a), Abel's (1893), Yen
(1981), Calonne et al. (2011) and Sturm et al. (1997). The surface conditions described in the figures are the

surface conditions as observed from the top.
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At the end of the test, the effective thermal conductivity of the snow layer goes towards
the thermal conductivity of water for the parallel, series and combined system. The formulas
by Ab, Ca, St and Ye give much higher values towards the end of the test. With increasing
density the formulas by Ab, Ca, Ye and Sc approach the value for the thermal conductivity of
ice (2.1 W m' K. Those formulas are based on measurements on seasonal snow from a
snowpack with densities up to 600 kg m™ where the snow density often increases due to settling
and to a lesser extent due to an increase in water content.

The combined system probably reflects the snow microstructure better than the parallel
or series system. When snow is melted on a heated pavement the melt water is absorbed into
the snow by capillary action, which can be modelled as a combination of a parallel and series
system in which ice and air are modelled as a series system and water and ice/air in parallel.

3.3.3 Predicted surface conditions

The original model predicts moist and wet snow conditions long before these were observed
from the top (Fig. 17). This difference can partly be explained by the differences in water
content within the snow layer. After 40 minutes the snow already started to melt at the bottom
of the layer, but this was not visible from the top. The difference is also caused by the short
predicted melting time by the model.

Wet and soaked snow is predicted earlier during the melting process for compressed
snow than uncompressed snow, while the total snow melting takes longer for compressed snow.
This difference might be explained by a difference in the snow microstructure and capillary rise
between the two types of snow. The capillary rise of compressed snow is higher (Jordan et al.,
1999) and water is absorbed further into the snow without collapsing of the snow.

3.4 Temperature prediction modelling for heated pavements

3.4.1 Predicted surface temperatures

The pavement surface temperature was predicted for two locations of the heated pavement
system located next to the Sandvika train station in Norway, during the period between
November 1, 2015 and of April 1, 2016. The model was run in long-term prediction mode using
1 min data. In this mode the thermal conductivity through the snow layer was neglected. Fig.
19 shows the predicted surface temperatures for the two locations and the measured surface
temperatures close to the weather station. The average errors (Tpredicted - Tmeasured) for location 1
and 2 are 0.85 °C and 0.35 °C and the root mean square errors (RMSE) are 1.73 °C and 1.59 °C.
The predicted surface temperatures were higher at location 1 than at location 2 due to the higher
temperature of the heating pipes which is used as input for the model. The model tends to
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Fig. 19. Predicted and measured pavement surface temperatures of the heated pavement system in Sandvika
during the winter season 2015-2016.

overestimate the surface temperature for surface temperature above -5 °C and underestimate
the surface temperature for temperatures below -5 °C.

3.4.2 Thermal conductivity through the snow layer

For the period from the 7 till the 14™ of January 2016 a multiple day temperature and condition
prediction was completed. During this period the thermal conductivity through the snow layer
was included in the model. Traffic compresses the snow. Since no traffic data is available, it is
assumed that the density of the freshly fallen snow is increased to 500 kg m™ after it reaches
the ground.

Fig. 20 shows the predicted height of the snow layer and the measured and predicted
temperature on top of the snow layer. The prediction is made for three cases, one where the
thermal conductivity through the snow layer was not included in the model, one where the
thermal conductivity through the snow layer was calculated based on the density according to
Sturm et al. (1997) and one where it was calculated based on the volume fractions and thermal
conductivity of ice, water and air according to Nuijten and Hgyland (2017) (paper III).

The prediction performance of the formula by Sturm et al. (1997) gave the best results
during the first period (7" till the 9™ of January), but still slightly worse results than the model
in which the thermal conductivity through the snow layer was excluded. The formula by Nuijten
and Hgyland (2017) gave the best results during the second period, starting on the 9" of January.
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Fig. 20. (a) The incoming and outgoing temperature measured on top of the heating pipes, (b) the measured
surface temperature and dew point temperature and (c) the amount of precipitation during the winter
season of 2015-2016.

During the first period the liquid water content was zero. Starting on 7.37 PM on the 8" of
January the asphalt surface temperatures reached 0 °C and the snow started to melt.

The formula by Sturm et al. (1997) and other formulas in which the thermal conductivity
is described as a function of the density (Abel’s, 1893; Aggarwal et al., 2009; Yen, 1981) are
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based on data retrieved from thermal conductivity measurements of various types of seasonal
snow with densities up to 600 kg m=and for snow with a low liquid water content. The thermal
conductivity can be increased by either an increase in liquid water content, which finally results
in a thermal conductivity of water (0.58 W m™'K™"), or by an decrease of the volume fraction of
air, which results in the thermal conductivity of ice (2.1 W m™'K™"). Since the formulas by Sturm
et al. (1997), Abel's (1893), Aggarwal et al. (2009) and Yen (1981) are based on snow with a
low liquid water content, they will give too large values for snow with increased densities due
to an increase in liquid water content.

The formula by Nuijten and Hgyland (2017) is developed specifically to determine the
thermal conductivity of a melting snow layer, and validated with measurements of a melting
snow layer. In this formula, air and ice are modelled as a series system and water and the
combination of air/ice in parallel. This thermal conductivity model improves the results for a
melting snow layer, but worsen the results for dry snow conditions. When the liquid water
content of the snow is very small, the model only consists of an ice and water part which are
modelled in series. The series system gives values comparable to the formulas by Sturm et al.
(1997), Abel's (1893), Aggarwal et al. (2009) and Yen (1981) for uncompressed snow, but too
low values for the thermal conductivity of compressed snow, such as caused by traffic, (see Fig.
18). The air temperature is much lower than the measured temperature on top of the snow layer.
The thermal conductivity for uncompressed snow is smaller using the formula by Nuijten and
Hgyland (2017) than the formula by Sturm et al. (1997) which explains why the predicted
temperatures according to Nuijten and Hgyland (2017) are also lower.

When the liquid water content of the snow is very small the thermal conductivity
through the snow layer can best be determined based on the formula by Sturm et al. (1997), in
which the thermal conductivity is related to the density. For a liquid water content above zero
(when the snow starts to melt) the thermal conductivity can best be determined based on the
formula by Nuijten and Hgyland (2017), in which the thermal conductivity is calculated as a
function of the mass fractions and the thermal conductivities of ice, air and water.
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4. Conclusions and future work

4.1 Conclusions

The focus of this research was to determine the thermal conductivity of a melting snow layer

and its effect on temperature and surface condition modelling of heated pavements. The main

original findings and features presented in this thesis are as follows:

1.

A physical model for runway temperature prediction is developed which can, in
combination with weather forecasts, be used by airports to predict slippery conditions a
few hours ahead of time. The presented model is stable and can accurately predict the
surface temperature during most of the winter season. When run in “now-casting” mode
(3 hours ahead of time) the average error of the model is 0.25 °C and the RMSE is 1.65
°C. The heat fluxes which have by far the largest effect on the change in temperature
during the winter season are conduction, convection (including air traffic turbulence),
longwave radiation and shortwave radiation, contributing to 31%, 25%, 27% and 17%
of the total heat flux during the winter season respectively.

Compression largely affects the snow melting process due to changes in the snow
structure and snow properties; it increases the density and thereby also the thermal
conductivity. This should give a more efficient heat transfer and a shorter melting time
but this was not found to be the case. The compression and increased density has two
other vital consequences; a) Higher density gives a lower permeability and higher
capillary forces and b) stronger snow. The higher capillary forces give the snow better
capability to absorb melt-water so that air gaps can form between the asphalt surface
and the snow layer. Air gaps on the asphalt plate would decrease the conductivity
significantly in a thin bottom-layer of the snow and reduce the heat transfer coefficient
between the asphalt plate and the snow. The stronger snow would contribute to
maintaining such air pockets or layers as stronger snow can support a larger span under
gravity actions. (paper II)

Less energy is needed to melt uncompressed snow on a heated pavement than

compressed snow when the snow layers are not further physically compacted during the
melting process. (paper II)
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4. The effective thermal conductivity of a melting snow layer on a heated pavement can
be best described a combination of a parallel and series system, based on the volume
fractions and the thermal conductivity of ice, water and air. In the proposed combined
parallel and series system ice and air are modelled as a series system and water and
ice/air are modelled in parallel:

9i+9a
%a
Aa

A = + Ay 6y

9i
(A_i+

where A, A and A, are the thermal conductivities of ice, water and air and 6;, 6,, and 6,
are the volume fractions of ice, water and air. (paper III)

5. Two different models to describe the thermal conductivity through the snow layer were
compared as part of a temperature prediction model for heated pavements. Results show
that when the liquid water content of the snow is very small the thermal conductivity
through the snow layer can best be determined based on the formula by Sturm et al.
(1997), in which the thermal conductivity is related to the density. For a liquid water
content above zero (when the snow starts to melt) the thermal conductivity can best be
determined based on the above described formula by Nuijten and Hgyland (2017).
(paper 1IV)

4.2 Recommendations for future work

- The developed thermal conductivity model needs to be tested also for other locations
with heated pavements and for other weather parameters during snowfall. The model is
developed for melting snow layers on heated pavement, but might also be used for snow
melting due to other sources, e.g. due to solar radiation or due to traffic heat. To validate
the model, field or laboratory tests need to be done for such situations.

- When the snow layers are not further physically compacted during the melting process
less energy is needed to melt uncompressed snow on a heated pavement than
compressed snow. In case the snow is continuously compressed by road traffic during
the melting process the results may be different. Road traffic may affect the results by
removing the air gaps and increasing the thermal conductivity. Results may also be
different for a laboratory setup with larger dimensions of the asphalt plates since smaller
surface areas surrounded with a rim are more susceptible for snow-bridging.

- In the laboratory a fixed set of meteorological input parameters was used during the

experiments. These input parameters varied vary little during the experiments. It would
be interesting to perform similar snow melting experiments under other and varying
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conditions, e.g. for varying air temperatures and relative humidity or in combination
with shortwave radiation.

The snow melting experiments were performed with no runoff, meaning the meltwater
was absorbed in the snow until the snow was saturated. The thermal conductivity is
affected by the liquid water content of snow and other results are expected when there
is runoff and only a limited amount of water is absorbed by the snow.

To increase the knowledge about the snow melting process on a heated pavement, it
would be of interest to use tomography and direct numerical simulation on melting snow
samples. Imaging the microstructure of a melting snow sample can help to increase the
understanding about the change in microstructure during the melting process of snow
on heated pavements. Numerical simulations can be used to determine the change in
thermal conductivity of the snow sample. There are some technical challenges due to
the three phases of water, which makes it harder to distinguish the phases compared to
relatively dry snow samples.
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This appendix includes the following paper published in the Journal of Cold Regions Science
and Technology:

Nuijten, A.D.W., 2016. Runway temperature prediction, a case study for Oslo Airport,
Norway. Cold Regions Science and Technology. 125, 72-84,
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Reproduced with the permission from Elsevier.
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In cold regions, slippery conditions can occur on runways causing safety risks for air traffic. Knowledge about the
development of surface conditions is of great importance to prevent slippery conditions for traffic. Airports
operating in winter conditions have a procedure to regularly check and describe the surface condition in a report
called SNOWTAM. An integrated runway information system (IRIS) was developed to provide information about
the surface condition on runways to winter maintenance personnel at the airports in Norway. IRIS currently runs
based on SNOWTAM data, measured weather and pavement surface temperatures and gives a description of the
current surface condition. Ideally, decision making for winter maintenance is based on accurate predictions of the
surface condition a couple of hours ahead of time for which both weather forecasts and reliable surface temper-
ature predictions are needed. In this study, a physical model to predict the runway surface temperature is built
based on existing models developed for roads. A method is proposed to include the effect of aircraft on the surface
temperature. The prediction performance of this model has been evaluated for an entire winter season on a run-
way at Oslo Airport in Norway. The presented model is stable and can accurately predict the surface temperature
during most of the winter season. In “now-casting mode” where the surface temperature was predicted three
hours ahead of time, the average error is 0.25 °C and the RMSE is 1.65 °C. During the beginning of the winter sea-
son, the prediction is best with a RMSE of 1.40 °C. The proposed method to calculate the sensible heat flux due to
aircraft has a positive effect on the performance of the model. Frequent observations of the surface conditions
(SNOWTAM data), measured surface and subsurface temperatures, accurate weather data and air traffic data
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help to improve the accuracy of the runway temperature prediction model.
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1. Introduction

In cold regions, slippery conditions can occur on runways
causing safety risks for air traffic. There are various weather scenarios
known to cause these conditions, e.g. rime deposition, fog with air
temperatures below 0 °C, freezing rain, snowfall in combination with
low air temperature and snowfall in combination with air temperatures
around the freezing point and a high relative humidity (Huseby and
Rabbe, 2012).

Airports operating in winter conditions have a procedure to regular-
ly check and describe the surface conditions in a report called
SNOWTAM. To prevent air traffic delays, these inspections cannot be
carried out too frequently. An integrated runway information system
(IRIS) was developed to provide information about the surface condi-
tion on runways to winter maintenance personnel at the airports in
Norway (Sederholm et al., 2009). It consists of a weather, runway and
development model. The weather model identifies slippery conditions
combining the findings of the measured meteorological data from
weather stations at the airport with measured surface temperatures

* Tel.: +47 96 72 44 57.
E-mail address: anne.nuijten@ntnu.no.

http://dx.doi.org/10.1016/j.coldregions.2016.02.004
0165-232X © 2016 Elsevier B.V. All rights reserved.

on the runways. The runway model assesses runway conditions based
on runway reports and the development model indicates if conditions
appear to be deteriorating (Huseby and Rabbe, 2012). IRIS currently
runs based on measured weather and pavement surface temperatures
and gives a description of the current or last observed surface condition.
Ideally, decision making for winter maintenance is based on accurate
predictions of the surface condition a couple hours ahead of time for
which both weather forecasts and reliable surface temperature predic-
tions are needed.

Pavement surface temperature prediction models have been devel-
oped and described in a number of studies (Crevier and Delage, 2001;
Greenfield and Takle, 2006, Denby et al., 2013; Hermansson, 2004;
Kangas et al., 2015; Shao and Lister, 1996, Chapman et al., 2001).
Some of the prediction models which include winter conditions
have been developed for the modelling of snow melting systems
(Chapman, 1952; Liu et al,, 2007; Rees et al., 2002; Xu and Tan, 2012).
Several models have been developed to predict or include the amount
of rime deposition (or hoarfrost), e.g. Denby et al. (2013) and
Fujimoto et al. (2014); Hewson and Gait (1992); Knollhoff et al.
(2003). Most of the earlier models used only meteorological data
while some of the later models also take into account the effect of
road traffic and of winter maintenance measures such as salting
(Denby et al., 2013; Fujimoto et al., 2014).
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The majority of surface temperature and condition prediction
models have been developed for roads. Although the meteorological
processes on roads and runways are similar, there are differences in
the type of traffic and the winter maintenance measures that can affect
the accuracy of the prediction if these models are used on runways. The
maximum capacity of a single runway is in the order of 20-60 aircraft/h
(Bazargan et al., 2002). On roads, it ranges between 1000 and 2000
vehicles/h/lane (National Research and Transportation Research,
2010). Cars induce wind, add radiative heat to the pavement and shield
the surface from incoming solar radiation (Fujimoto et al., 2014).
Aircraft (jet) engines create turbulences and add a considerable amount
of heat to the air above the runway. The wake of turbulent warm air
behind the aircraft depends on the engine size and thrust usage, but
can extend to over 100 m behind the aircraft (Boeing, 2013). Runways
are more frequently and more intensively cleaned mechanically using
runway sweepers. The amount of loose snow or slush on runway is
therefore less, compared to roads. Like on roads, anti- and de-icing
chemicals are used on runways but, for airports situated in cold climates
like Norway, their usage is often limited.

For winter maintenance at airports, it is relevant to know how
accurate roadway surface temperature prediction models applied on
runways are and which data should and can be put into the model.
For example, measured surface and subsurface temperatures and short-
wave radiation are not available at all airports. On the other hand, at
some airports, accurate and frequent observations of the surface
condition (SNOWTAM data) are available which can be used as input
data to improve the accuracy of the prediction model.

In this study, a physical model to predict the runway surface temper-
ature is built based on existing models developed for roads. A method is
proposed to include the effect of aircraft on the surface temperature.
The prediction performance of this model has been evaluated for an en-
tire winter season on a runway at Oslo Airport in Norway. A sensitivity
analysis is performed where different input options are used and the
prediction performance is evaluated. The model is run in “long-term
prediction mode.” The results provide insight into the importance of
the different input data. Having established the most favourable set-
tings, the model was run in “now-casting mode” where the surface tem-
perature was predicted three hours ahead of time.

2. Surface temperature prediction model
2.1. Outline of the model

Fig. 1 gives a schematic overview of the surface temperature predic-
tion model. The pavement surface temperatures are predicted based on

the heat fluxes at the pavement surface of which some are affected by
the mass fluxes and surface conditions. The surface condition can either

be calculated based on the mass fluxes or described as the surface
condition as reported in the SNOWTAM reports. Input parameters
used in the long-term prediction mode are:

meteorological data: air temperature, relative humidity, wind speed,
the amount and type of precipitation, shortwave radiation and
cloud cover

- pavement dimensions

- thermophysical pavement properties: density, specific heat capacity
and thermal conductivity

air traffic data: flight data, air traffic heat and air traffic-induced
turbulence

SNOWTAM data

the amount of chemicals used on the runway

For the now-casting mode, measured runway surface and subsur-
face temperatures were also included in the model.

2.2. Mass fluxes

In this section, the component of the prediction model in which the
mass fluxes are calculated is described. The mass fluxes included in the
model are the mass flux of water, ice and chemicals.

2.2.1. Mass balance of water

The mass flux of water i, (kg m~2 s~ ) is determined by adding up
the mass flux of rain ri,, (kg m~2 s~ 1), the mass flux of condensation
and evaporationrit,,(kg m~2s~ 1), the mass flux of melting and freezing
1, (kg m~2 s~ 1) and the mass flux due to runoff rin,, (kg m=2s~1):
mw:mwp+mwc+mm 7mwr (1)
where 1, is determined based on Denby et al. (2013):
Ty = Pa - (qa - qs)/rq (2)

where p, is the density of the air (kg m~3), rq is the aerodynamic
resistance for water vapour (s m~') and g, and g; are the atmospheric
and surface specific humidity respectively. 1, is given by

Ty, = ot 3
=1 3)
where g, is the total heat flux at the pavement surface (W m~2) and L¢
is the latent heat of fusion (334-10% J kg ). If the total heat flux
towards the pavement surface is positive, ice or snow is present at the
pavement surface and the pavement surface temperature is at the
melting temperature then melting occurs. Normally, this temperature

Meteorological data —_—
Pavement properties —_—
Traffic data —
Surface
condition

Observed surface condition —>

Chemicals N
[l 1
I Surface and subsurface 1
| 1 —>
I temperatures 1
b e )

Masses and
mass fluxes

oo

Heat fluxes

J

Pavement
surface
temperature

Pavement
surface

—

temperature

Fig. 1. Schematic overview of the temperature prediction model.
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Fig. 2. Overview of the heat fluxes.

is 0 °C, but this will be lower in situations where de-icing chemicals are
present. 11, is given by

mwr = (hw - hw. min) 'pw/At (4)

where h,, is the height of the water level (m) calculated based on the
mass of water on the surface and the density, hy min is the moisture
level below which drainage does not occur (taken as 0.5 mm), p,, is
the density of the water (kg m~3) and At is the time step (s). For
water levels below hy, min 1wy is 0.

2.2.2. Mass balance of ice

The mass flux of ice rh;(kg m~2 s~ ') is determined by adding up the
mass flux of snowfall iy, (kg m~2s™ "), the deposition and sublimation
flux 1y (kg m™2 s~1'), the mass flux of melting and freezing 1y,
(kg m~2 s~ ') and the mass of snow removal iy, (kg m~2s~1):

1y = My + Mg — My — 1y (5)
where 1i4 is calculated according to Eq. (2).
2.2.3. Mass balance of chemicals

The mass flux of chemicals rins(kg m~2 s~ ) consists of the following
mass fluxes: the application of chemicals i, (kg m~2 s~ ') and the
mass flux due to runoff of chemicals i (kg m=2s™1),

mc = mca - mcr (6)

e is calculated as the weight fraction of the chemicals times the mass
flux due to runoff of the water.

Table 1
Emissivity coefficient for different surface conditions.

Condition Surface emissivity, &
Dry asphalt 0.85-0.90

Wet 0.90-0.96
Hoarfrost/ice 0.97

Wet snow/slush 0.90

Dry snow 0.97

2.3. Surface condition

The surface condition prediction is based on the seven surface condi-
tion categories described in Rees et al. (2002): hoarfrost, dry, wet, dry
snow, wet snow, slush and ice. For the surface conditions “dry snow,”
“wet snow” and “slush,” the ICSI classification system is used to deter-
mine the condition based on the water content (Colbeck et al., 1990).
Snow with a liquid water content of 0% is identified as dry snow,
snow with a liquid water content up to 15% is identified as wet snow
and snow with a liquid water content above 15% is identified as slush.

2.4. Heat fluxes at the pavement surface
The following heat fluxes are included in the model:

- Qeong: the conductive heat flux through the pavement

- quw: the longwave radiative heat flux

- gsw: the shortwave radiation absorbed by the pavement

- Qeonv: the convective heat flux

- Qrain: the heat flux of rainfall

- Qsnow: the heat flux of snowfall

- (evap/cond: the heat flux for evaporation and condensation
- Qsubl/depo: the heat flux due to sublimations and deposition,

The effect of air traffic is estimated and incorporated into the convec-
tive and latent heat fluxes. The effect of chemicals on the melting tem-
perature is included in the latent heat fluxes. At Oslo Airport, only a
very thin snow layer is accepted before snow removal is initiated
(8 mm dry snow, 6 mm wet snow or 3 mm slush). The thermal resis-
tance through the snow or ice layer is therefore neglected. An overview

Table 2

Albedo for different conditions.
Condition Albedo, «
Dry asphalt 0.10-0.15
Wet 0.10-0.20
Hoarfrost/ice 0.30
Dry snow 0.60
Wet snow/slush 0.30-0.60
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Table 3

Calculations performed with the Boeing Climb Out Program v2.4.
Input parameter  Unit Value Output parameter Unit Value
Aircraft type B737-800  Takeoff time, t N 34
Gross weight kg 6000 Takeoff roll length,! m 1431
OAT °C 0 Mass used fuel mpe; kg 56
Thrust Lbs 22,000 Initial speed vq ms~!' 0
QNH hPa 999 Speed at rotationv, ms~!' 77
Wind speed ms~ ' 0

of the heat fluxes taken into account in the model is shown in Fig. 2. The
total heat flux directed towards the surface g, (W m™~2) is determined
by the sum of these heat fluxes:

ot = Geond + quw + dsw + Geonv + Grain + Asnow + Jevap/cond + subl/depo (7)

Note that although all heat fluxes in Fig. 2 are directed towards the
pavement surface, this does not mean that they are always positive.
A (+) sign is used to indicate that energy is directed towards the
pavement surface and a (—) sign is used to indicate that energy is
being removed from the pavement.

2.4.1. Conduction
The conductive heat flux at the surface gconq (W m™2) is given by
Incropera et al. (2013):

oT
Geond = )\E (8)

where A is the thermal conductivity (W m~' K~ 1!), 3z is the node
distance (m) and OT is the temperature difference between the
pavement surface and the pavement temperature at a distance dz
from the surface (°C).

2.4.2. Convection
The convective heat flux qeony (W m™2) is given by Incropera et al.
(2013):

Qeonv = — he - (TPO - Tﬂ) 9)

where h, is the convective heat transfer coefficient (in W m~2 K~ 1)
and T, is the air temperature (°C). Formulas for the convective heat
transfer coefficient have been described by a number of authors,
e.g. Bentz (2000); Chiasson et al. (2000) and Denby et al. (2013);
Hermansson (2004); Solaimanian and Kennedy (1993). Dehdezi
(2012) has compared the accuracy of the first four of these formulas
for h. and concluded that the formulas by Bentz (2000) and Chiasson
et al. (2000) gave the best results and that the differences between

Table 4
Pavement properties (based on Andersland and Ladanyi, 2004, Nordal, 2009 and Islam and
Tarefder, 2014).

Layers Dry density (p)  Specific heat capacity =~ Thermal conductivity
[kgm ] (cp) (K kg™ ' K1) (N [Wm™'K™']

Asphalt 2100 0.92 0.74-2.89

Crushed rock 1650 0.85 0.60-1.50

Moraine 2200 0.89 1.30

the formulas used by Bentz (2000) and Chiasson et al. (2000) are
negligible. Preliminary testing of the formulas of Bentz (2000) and
Denby et al. (2013) showed that the formula of Denby et al. (2013)
gave better results in combination with the other heat transfer
formulas. Denby et al. (2013) has described h. as

he = pg - Cp/rr (10)

where p, is the atmospheric density (kg m™3), C, is the heat capacity
of dry air (] kg~!' K=') and ry is the aerodynamic resistance for
temperature (s m~ ). The aerodynamic resistance factor consists of
the atmospheric turbulence and traffic-induced turbulence. For the
roughness lengths for momentum, one of the input parameters for
rr, a value of 0.01 m is used.

2.4.3. Longwave radiation
The longwave radiative heat flux g, (W m~2) is calculated as

Quw = & - € - 0 - (Tair + 273.15)% — &5 - 0 (Typ + 273.15)* 11

where the first term is the amount of incoming radiation and the second
term the amount of energy that the pavement surface radiates. In this
formula, &, and & are the effective and surface emissivity, respectively,
and ois the Stephan-Boltzmann constant (5.68-10 8 W-m ™2 K™ *). &
and & are calculated based on Konzelmann et al. (1994).

The surface emissivity of asphalt is 0.85-0.98 (Hermansson,
2004; Incropera et al., 2013; Solaimanian and Kennedy, 1993). The
emissivity coefficient of snow ranges between 0.82 and 0.99 with
values close to 1.00 for fresh snow. The emissivity of ice ranges
between 0.92 and 0.97 (Oke, 1987). The values used in the model
for the emissivity coefficient of the different surface conditions are
given in Table 1.

2.4.4. Shortwave radiation
The shortwave or solar radiation absorbed by the pavement qsy
(W m™2) is given by

Gsw = Qsw,in - (1 — Q) (12)
runway  taxiways
Western ISP, O
mnway Weather Station
~Sa ’

Runway threshold .

Fig. 3. Illustration of the location of (a) Norway, (b) Oslo Airport and (c) the weather station at the southern runway threshold.
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Table 5
Input variables for the temperature prediction model.
Nasphalt Acrushed rock SW rad. Albedo Emissivity Surface Traffic Traffic heat plec] RMSE
Wm K] Wm TK™'] Wm?] condition turbulence [°c]
1.5 2.0 1.2 1.5 p* M* 1 2% 1% 20 p* o* excl incl excl incl
X X X X X x X X —0.13 1.97
X X X X X X X X —0.18 2.02
X X X X x X X —0.20 2.01
X X X X X X X X —0.28 2.35
X X X X X X X X —0.24 1.99
X X X X x x X x —0.26 2.03
X X x X X X X X —0.47 223
X X X X X X X X —043 247
X X X X X x X X 091 2.12

* P = predicted, M = measured, O = observed.

** 0ption 1: &try = 0.10, Gtmoistwet = 0.10, Qice/noarfrost = 0.30, Qry snow = 0.60, Chwet snow/stush = 0.30.
Option 2: gry = 0.15, Gmoistiwet = 0.20, Qice/moarfiost = 0.30, Qlry snow = 0.60, Cwet snowsiush = 0.50.
“*Option 1: & ary = 0.85, & moistiwer = 0.90, &s ice/moarfrost = 0.97, & dry snow = 0.97, & wet snowysiush = 0.90.
Option 2: & ary = 0.90, & moistiwet = 0.96, & ice/noartrost = 0.97, & dry snow = 0.97, & wet snowsstush = 0.90.

where gsy i, is the incoming shortwave radiation (W m~2) and v is the
albedo. The incoming shortwave is a parameter that is not always
measured at weather stations. When data are lacking, the incoming
shortwave radiation can be estimated by using meteorological models.
For this model, the incoming shortwave radiation is calculated as
(Ashton, 1986; Laset, 1992)

Gswin = dsw o - a" (1 — 0.0065C%) (13)

where gsw,o is the clear sky radiation which is depended on the solar
constant and solar altitude, a™ is a factor for insulation by the atmo-
sphere and C is the cloud cover (in tenths). The albedo depends on the
surface condition. For asphalt, albedo values between 0.07 and 0.18
are suggested (Andersland and Ladanyi, 2004; Hermansson, 2000;
Solaimanian and Kennedy, 1993). For the albedo of freshly fallen
snow, a value of 0.8 is suggested by Andersland and Ladanyi (2004).
For the albedo of old snow, a value of 0.40-0.60 is suggested
(Andersland and Ladanyi, 2004; Oke, 1987). Oke (1987) suggested a
value of 0.30-0.45 for ice. The albedo values used in the model are
given in Table 2. These are based on these references, and take into ac-
count that the pavement is only covered with a thin layer of snow or ice.

2.4.5. Rain and snowfall
The heat fluxes of rainfall g4, (W m~?2) and snowfall gsno,, (W m™2)
are given by (Liu et al., 2007):

Grain = Twp + Cow - (Ta — Tpo) (14)
Gsnow = mip “Cps (Ta - TPU) (15)

where 1, and 1i1;, are the mass fluxes of snow and rain, respectively
(kgm~2s~1),and Cpw and cps are the specific heat of water and snow,
respectively (J kg7 ! K™).

2.4.6. Evaporation and condensation

When the pavement surface temperature is above the melting
temperature and below the dew point, temperature condensation
occurs. If it is above the dew point, temperature evaporation occurs.
If chemicals are present, condensation can also occur above the dew
point temperature. However, the change of vapour pressure of the
surface water when chemicals are present is not included in the
model. The heat flux for evaporation and condensation qevap/cond
(W m~2) is described as

Gevap/cond = Ly - ite (16)

where L, is the latent heat of vaporization (J kg~ ). During evapora-
tion, energy is subtracted from the surface and during condensation
energy is added to the surface. The melting temperature depends
on the concentration and type of chemicals on the surface. At Oslo
Airport, a potassium formate solution is used. The melting tempera-
ture is calculated based on Melinder (2007).

2.4.7. Sublimation and deposition

For pavement surfaces, temperatures below the melting point,
deposition and sublimation can occur. The heat flux of deposition and
sublimation Gsupi/gepo (W m~2) can be calculated by

Qsubl/depo = Ls - g (17)
where Ls is the latent heat of sublimation (] kg™ 1).

2.4.8. The effect of air traffic

The main effect of air traffic is expected to be an increase in air
temperature and turbulences in the wake of air behind the engines.
These wakes occur both during takeoff and landing and they are
dependent on the aircraft model and thrust usage. During takeoff at
full thrust, a Boeing 737-600, 700, or 800 series' wake can be more
than 100 m long and 10 m wide covering a large part of the runway
surface (Boeing, 2013). Other heat fluxes are the radiative heat flux
from the aircraft and engines and the heat added by the tires due
to rolling resistance and wheel braking. For this study, the effect of
air traffic is limited to the estimation of the effect of the wakes
because the pavement surface temperature sensor was located too
far from the centre line to be affected by radiative heat or heat
from tires.

The effect of the increased air temperature was estimated by calcu-
lating the fuel usage during takeoff at optimized thrust for a Boeing
737-800. The Boeing 737-800, 600, 700 and 900 are the most used air-
craft operating at Oslo Airport. The Boeing 737-800 is a twin-engined
mid-sized aircraft and can be considered as an “average” size aircraft
that operates at this airport. The fuel usage and takeoff distance were
obtained from the Boeing Climb Out Program v2.4. The input parame-
ters used for this program and the output parameters are shown in
Table 3.

The average temperature increase AT, was calculated by dividing
the amount of energy Qg that was released during combustion
into the total volume of air V, above the pavement in which the takeoff
occurred.

Qe
ATy = —F— 18
Ve e Cra (18)
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Fig. 4. Predicted and measured pavement surface temperatures during the winter season 2010-2011.

where p, is the density of air (1.205 kg m ™) and ¢,,_, is the specific heat
capacity of air (1.005 k] kg~ " K~ ). Qs and V,, are given by

Qfuel = Mypyel - €5 - 7 (19)

Vo=l-w-h (20)

where ey is the energy density of the fuel (43-10° ] kg™ 1), 7 is the
combustion efficiency (assumed 0.95), I is the takeoff roll length, w is
the width and h the height of the affected air (taken 25 m and 10 m,
respectively). Using the takeoff roll length and the mass of the used
fuel from Table 3 results in an average temperature increase during
takeoff of 5 °C.

The magnitude of the air traffic-induced heat fluxes are dependent
on the exposure time t., and the number of aircraft n using the runway
per time unit. The exposure time ., is given by

le

texp = v (2])

where [. is the characteristic length (m) of the heat source and v is the
velocity (m s~ ') of the aircraft. The velocity of the aircraft depends on
the location at the runway. Near the sensor, the velocity of the aircraft
is estimated to be about 32 m s~ . Air traffic-induced turbulence is
taken into account by replacing the wind velocity by the velocity of
the wake in the convective heat transfer formula. The velocity of the

wake is estimated to be about 31 m s~ .
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Fig. 5. Scatter plots showing the difference between (a) the hourly measured and predicted pavement surface temperatures and (b) the measured pavement surface temperatures and air

temperature.

2.5. Calculating the pavement temperatures

The pavement temperatures are predicted based on the temperature
diffusion equation:

9/, 0T oT
5 (\5) ooy 22)

where A is the thermal conductivity (W m~"' K~1!),0T is the change in
pavement temperature (°C), dzis the node distance (m), dtis the time
step (s), p is the density of the pavement (kg m—>) and ¢, is the specific
heat capacity (] kg=! K~ ). The surface temperatures are calculated
as follows:

AT Gy
PO At =054z

23)

An explicit finite difference method is used to determine the pave-
ment and ground temperature at various depths. The pavement and
ground layers are divided into nodes with a distance of 30 mm for
which at each time step, 1 min, the temperature is determined based
on the temperature during the previous time step, the surface heat
flux and the thermal properties of the material. The top layer is largely
affected by changes in the weather, while the temperature distribution
in deeper layers remains almost unchanged throughout the year. The
ground temperature at a depth of 5 m is assumed to be the same as
the annual average air temperature.

3. Model input data

Model validation is done based on measured meteorological data of
the winter season of 2010-2011 and pavement properties of runway

Table 6
Mean surface temperature prediction error and RMSE per month for the season
2010-2011.

Month N RMSE [°C]
November 041 147
December 0.30 133
January 0.40 1.47
February 0.22 1.58
March —0.09 224

01 L, the western runway, at Oslo Airport. This is the main airport in
Norway serving both domestic and international routes. It is located
62°12’10"N, 011°05’02”E at 207 m above sea level. It has 2 parallel
runways that run 10°N and average daily air traffic was 630 aircraft
movements (takeoffs and landings) in 2011. The data collected for this
study were collected on the western runway (3600 m long., 45 m
wide). A weather station is located approximately 200 m from the
southern runway threshold and about 100 m from the main taxiway.
The runway surface and subsurface temperature sensor used for the
validation, Vaisala DRS511, is located in the vicinity of the weather
station and located about 15 m from the centre line. It measures the
temperature at the surface and at a depth of 6 cm. The location of the
airport is illustrated in Fig. 3.

3.1. Meteorological data

The following meteorological data were measured and stored every
minute by the weather station at the airport:

- the date and time

- the precipitation type and intensity
- the air temperature

- the dew point temperature

- the relative humidity

- the wind speed and wind direction

Shortwave radiation and longwave radiation were not measured,
since there were no such sensors placed at the airport. The weather
station where the incoming shortwave radiation is measured is station
Kise, Hedmark, located 60°46'23"N, 10°48'19"E, 66 km from the airport.
The data for cloud cover, used for the calculation of the longwave
radiative heat flux, is taken from a weather station from the Norwegian
Meteorological Institute, which is also located at Oslo Airport.

3.2. Pavement properties

Runway 01L was built in 1989 and consists of the following layers:
16 cm of asphalt on top of 190 cm crusted rock. The runway is founded
on moraine. The ground water level varies, but is on average at around
1.20 m below the surface. The asphalt layer used on the runway is dense
asphalt and drains water well to the side of the runway. In the presented
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Fig. 6. Distribution of the prediction error per temperature range. Per condition and temperature range the mean error and RMSE are given.

model, the thermal properties of the pavement are therefore assumed
to be dry state properties. Only the properties of the foundation layer,
which is below ground water level, are assumed to be in a wet state
during the entire season.

Table 4 gives an overview of the pavement properties of each layer
used as input data for the model. In the sensitivity study, different
values for the thermal conductivity are used within the range given in
Table 4 to study the effect of parameter uncertainty. The values of the
pavement properties are based on values found in the literature
where the properties of moraine are assumed to be similar to those of
sand and gravel aggregates.

The temperature in the deeper layers remains almost unchanged
during the year. According to Kusuda and Achenbach (1965) the
temperature in the deeper layers is close to the average annual air
temperature. The average annual air temperature at Oslo Airport
during the period 2009-2013 was 4.7 °C, according to the Norwegian
Meteorological Institute (MET) Norway.

3.3. Air traffic data
Date and times for takeoff were estimated based on takeoff during

week 38/39 in 2015 and the annual growth of air traffic during the
period 2010-2015 as reported in the year reports for 2011 and 2014

(Oslo Lufthavn, 2012; Oslo Lufthavn, 2015). It was assumed that the
flight frequencies of week 38/39 were the same during the rest of the
year and that the amount of flights per hour were equally distributed
over the hour.

There are two runways at Oslo Airport. Normally, both runways are
used for takeoffs and landings. In this case, an equal distribution of air
traffic over both runways is assumed. During snowfall, however, one
runway is used for takeoffs and the other for landings. Furthermore, it
is important to include information about the direction of takeoffs.
The surface temperature sensor is located close to the southern runway
threshold. Therefore, takeoffs from the northern side won't influence
the surface temperature close to the sensor. Information about the
landing direction and runway used of two major airlines was available
for the period 2010-2011. Hourly landings and precipitation data are
used to determine the direction of takeoffs.

3.4. Surface condition

Airports in Norway have a procedure to regularly check the runway
and describe the runway conditions and coverage in a SNOWTAM
report. In these reports, the surface conditions are described as one or
a combination of the following conditions: dry, moist, wet, rime, dry
snow, wet snow, slush, ice or compacted snow. The condition
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Fig. 7. The prediction error (Tpredicted — Tmeasured) P€T Surface condition during the winter season 2010-2011.

observed during inspections on the runway is used as input for the
model. In the model, the surface condition is reported as dry for cover-
ages below 50%. Winter maintenance measures are based on these
reports. Therefore, these reports are made at least once a day and
when significant changes in conditions are expected. The mean
reporting frequency during the entire winter season at Oslo Airport
was 4.5 h. This frequency is much higher during periods where the con-
dition changes rapidly and slippery situations are expected to occur.
When SNOWTAM data are used in the model, it is assumed that the
condition will stay the same until the next inspection.

4. Results
4.1. Sensitivity analysis
The pavement surface temperatures were predicted for runway 01L

at Oslo Airport during the period between the 1st of November, 2010
and the 1st of April, 2011. The model was run in the long-term

prediction mode with 1 min data. Measured weather data are used in-
stead of weather forecasts. In this way, the performance only reflects
the errors of the model, not the errors in the forecasted input data.

The effect of the following variables were investigated: (1) the
conductivity of the asphalt, (2) the conductivity of the subgrade,
(3) measured versus calculated incoming shortwave radiation, (4) the
albedo, (5) the emissivity, (6) measured versus observed surface condi-
tion, (7) the effect of air traffic turbulence and (8) the effect of air traffic
heat. Table 5 shows the average error (Tpredicted — Tmeasurea) and the
root mean square error (RMSE) for each case. The best case results in
terms of lowest RMSE are given in row 1 of Table 5. The average error
is —0.13 °Cand the RMSE is 1.97 °C. In all subsequent rows, the results
are shown for cases where one of the variables has changed compared
to the best scenario.

The variable affecting the RMSE most is the air traffic turbulence.
Including the air traffic turbulence reduces the RMSE by 25%. Including
air traffic heat as proposed in this paper, however, increases the RMSE
by 8% and the average error by 1.04 °C. Oslo Airport has frequent and
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Fig. 8. The shortwave radiative heat flux, longwave radiative heat flux, convective heat flux and conductive heat flux during the winter season 2010-2011.

accurate surface condition data. By using these data, the RMSE is de-
creased by 13% compared to using predicted conditions. Table 5 shows
that a change in the value for the thermal conductivity of the asphalt
layer by 30% can affect the RMSE by 2.5%. This effect decreases for
lower layers.

Table 5 also shows that the accuracy of shortwave radiation is of
importance for the performance of the model. Predicted shortwave ra-
diation results in a 19% lower RMSE. Different albedo and emissivity
values affect the RMSE by only 1% and 3%, respectively. Note that for
this study, no measured shortwave and longwave radiation at the
airport was available and shortwave radiation data from a station
66 km from the airport was used. Including measured incoming and
outgoing shortwave and longwave radiation at Oslo Airport is expected
to increase the accuracy of the model.

4.2. Now-casting performance

The most favourable combination of parameters from the sensitivity
analysis (case 1 in Table 5) was used to run the model in now-casting

mode to predict the pavement surface temperature three hours ahead
of time. In the now-casting mode, surface and subsurface temperatures
are included in the model. The hourly predicted surface temperatures
are compared with the measured surface temperatures in Fig. 4. The fig-
ure shows that the model is stable and that errors only occur within
short time periods and do not have a long-term effect on the results.
Fig. 5a shows the hourly difference between the predicted and mea-
sured pavement surface temperature during the entire winter season of
2010-2011. The average error is 0.25 °C and the RMSE is 1.65 °C. The
performance of the model is best for temperatures below 0 °C. Fig. 5b
shows the hourly difference between the measured pavement surface
temperature and air temperature during the entire winter season of
2010-2011. The average error is 0.89 °C and the RMSE is 2.94 °C. The
surface temperature prediction model provides much better results.
The air temperature, however, is a good indicator for how the surface
temperature will change when prediction models are lacking. Air tem-
perature is a parameter which highly impacts the surface temperature
since many of the heat fluxes are a function of the difference between
the pavement surface and air temperature. The average errors and
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RMSE for each month are given in Table 6. The distribution of the error is
lower during the beginning of the season compared to the end of the
season.

Fig. 6 shows the distribution of the error per observed surface condi-
tion. The scatter is lowest for the temperature range below —5 °C and
highest for the temperature range above + 5 °C. The model overesti-
mates the temperature for the condition dry snow for all temperatures
and for the conditions wet/snow slush and moist/wet for the tempera-
ture range — 5 °Ctill 4 5 °C. The model underestimates the temperature
for temperatures above + 5 °Cby about 1.6 °C.

Fig. 7 shows the prediction error per surface condition during the
winter season of 2010-2011. It shows that snow and ice/hoarfrost
conditions appear mostly during the beginning of the winter season,
while dry and moist/wet conditions occur more often from the middle
towards the end of the season. Note that for coverages below 50%, dry
conditions are assumed in this model. The scatter is largest during the
end of the season.

The contribution of each heat flux to the total heat flux during the
entire winter season is calculated as the sum of the absolute values.
The heat fluxes which have by far the largest effect on the change in
temperature during the winter season are conduction, convection,
longwave radiation and shortwave radiation. Those heat fluxes contrib-
ute to 31%, 25%, 27% and 17% of the total heat flux during the winter sea-
son, respectively. Fig. 8 shows the shortwave radiative, longwave
radiative, convective and conductive heat fluxes throughout the winter
season. Towards the end of winter, the shortwave radiative, convective
and conductive heat fluxes become larger and their effect on the surface
temperature increases. The heat fluxes due to evaporation, condensa-
tion, sublimation, deposition, rain and snow are much smaller and
have less effect on the surface temperature.

5. Discussion

The presented model is stable and can accurately predict the surface
temperature throughout most of the winter season. The prediction in
the beginning of the winter season is better compared to the end of
the season. At the end of the season, especially for temperatures above
+5 °C, the RMSE is largest. Some of the errors which occur later in the
season might be explained by the lack of accurate shortwave radiation.
Especially towards the end of the winter season the shortwave radiation
becomes larger (see Fig. 8) and its effect on the surface temperature be-
comes larger too. For this study no measured incoming and outgoing

shortwave radiation at Oslo Airport was available. Alternatively the
model was run with measured shortwave radiation 66 km from the
airport and with calculated shortwave radiation, see Fig. 9. Predicted
shortwave radiation gave a 19% lower RMSE compared to measured
shortwave radiation 66 km from the airport. Fig. 9 clearly shows that
even though the maximum shortwave radiation follows the same line
there are large differences during some months, especially November.
Measured shortwave radiation at the airport can increase the accuracy
of the prediction. Even though albedo values can vary a lot for different
conditions, the effect of increasing the accuracy of the albedo values
seems to be limited. Within the range of values found in literature the
RMSE of the prediction can be increased by only 1%.

The RMSE is lowest for dry snow and wet snow/slush conditions
for all temperature ranges while mean errors for dry snow condi-
tions are relatively high. The lower RMSE values for snow conditions
can be explained by the period of the winter the conditions occur.
Compared to dry and wet conditions snow conditions usually occur
during the beginning and middle of the season when surface temper-
atures do not fluctuate that much (Fig. 8). Since the heat transfer
through the snow layer is not included in this model it is assumed
that the surface heat flux heats up the pavement directly. A snow
layer however insulates the pavement surface reducing the effect
of surface heat fluxes on the pavement surface temperature. This
might explain why the surface temperatures are overestimated
most for dry snow conditions.

Besides shortwave radiation, there are three other heat fluxes con-
tributing most to a change in surface temperature: longwave radiation,
convection and conduction. A change in thermal conductivity of 30% can
affect the RMSE by 2.5% (see Table 5). Uncertainties in the top layer have
more effect on the accuracy of the model than accuracies in the lower
layers. The lack of accurate thermophysical data about the asphalt
layer might explain some bias in the error. It might also explain why
the model overestimates the surface temperatures for the temperature
range up till +5 °C for all conditions and underestimates the tempera-
ture for temperatures above + 5 °C. The average ground temperature
at a depth where the temperature stays constant is around 4.7 °C. This
means that during most of the winter, when temperatures are below
4.7 °C, heat is transferred to the surface. During the end of the season,
when temperatures are often above 5 °C, a high thermal conductivity
causes the surface temperature to cool down faster.

Aircraft and the inspection cars driving over the runway will com-
press the snow, heat up the surface or pavement layer and, especially
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in the case of airplanes, blow some snow off the runway. Fujimoto et al.
(2014) showed that cars generates a positive heat flux towards the sur-
face that is much smaller than the heat fluxes due to conduction, con-
vection (due to wind) and radiation. Even though aircraft and cars
induce similar processes, their magnitude and frequency differs. The
effect of aircraft on the surface temperature has not been studied
much. In this paper, a method is proposed in which the effect of aircraft
on the surface temperature is included in the formulas for the sensible
and latent heat flux. The RMSE of the error is reduced by 20% when in-
cluding air traffic turbulence as proposed in this paper. Including air
traffic heat in the proposed way increases the average predicted tem-
perature by 1.04 °C and the RMSE of the error by 8%. Further research
is needed to determine the exact effect of aircraft on the surface temper-
ature and condition.

At Oslo Airport, accurate and frequent observations of the conditions
(SNOWTAM data) and measured surface and subsurface temperatures
are available. These data are not available at all airports. Including
these data increases the accuracy of the prediction. The subsurface tem-
perature was measured at a depth of 6 cm. Surface temperatures can
vary up to 7.5 °Cand 16 °C within 0.5 and 3 h, respectively. The highest
changes are measured during the end of the winter season. Subsurface
temperatures measured at a depth of 6 cm still can vary up 3 °C and
8 °C within 0.5 and 3 h, respectively. This means that inaccuracies in
the calculated ground temperatures in layers below the measured sub-
surface temperature can still affect the predicted heat transfer through
the ground and consequently the predicted surface temperature. At a
depth of 1 m, the temperature usually does not change more than
0.1 °C within 3 h. The accuracy of the model can be increased by
including the subsurface temperature at the depth where the
temperatures are constant during the prediction period.

6. Conclusion

A physical model for runway temperature prediction is built
which can, in combination with weather forecasts, be used by
airports in the existing IRIS system to predict slippery conditions a
few hours ahead of time. Accurate surface condition predictions a
few hours ahead can be a helpful tool in winter maintenance to
prevent slippery conditions and air traffic delays. The presented
model is stable and can accurately predict the surface temperature
during most of the winter season. When run in “now-casting
mode” the average error of the model is 0.25 °C and the RMSE is
1.65 °C. During the beginning of the winter season, the prediction
is best with a RMSE of 1.40 °C.

Frequent observations of the surface conditions (SNOWTAM data),
measured surface and subsurface temperatures, accurate weather data
and air traffic data help to improve the accuracy of the runway temper-
ature prediction model. This case study showed that when SNOWTAM
data and surface and subsurface temperatures measured 6 cm below
the surface are available and an estimation for the air traffic turbulence
is taken into account, the scatter of the difference between predicted
and measured surface temperatures can be reduced by 25%. The
proposed method to calculate the sensible heat flux due to aircraft has
a positive effect on the performance of the model. The proposed
calculation for the air traffic heat flux decreased the performance of
the model. Shortwave radiation, longwave radiation, convection
(including air traffic turbulence) and conduction are the heat fluxes
which have by far the largest effect on the change in temperature during
the winter season.

The performance of the model can be improved further by includ-
ing measured incoming and outgoing shortwave and longwave
radiation at Oslo Airport and temperatures at lower depths, where
temperatures stay constant during the time span of the prediction
period (a depth of 1 m for a 3 h ahead prediction). Not only accurate
weather data and pavement properties are of importance but also

the effect of aircraft on the surface temperature and condition is of
interest to study further.
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Heated pavements are used as an alternative to salting and snow ploughing to keep roads and pedestrian areas
free of ice and snow. The snow layer changes during the melting process due to heating, weather and traffic
loading, but the snow layer itself also largely affects the energy balance at the pavement surface. This paper
describes a snow melting experiment done in the cold laboratories of the NTNU to gain a better understanding
of the snow melting processes of dry uncompressed and compressed snow on heated pavements and the change
of the properties of the snow layer during the melting process. Compression largely affects the snow melting
process due to changes in the snow structure and snow properties; it increases the density and thereby also
the thermal conductivity. This should give a more efficient heat transfer and a shorter melting time but this
was not found to be the case. The compression and increased density has two other vital consequences;
a) Higher density gives a lower permeability and higher capillary forces and b) Stronger snow. The higher
capillary forces give the snow better capability to absorb melt-water so that air gaps can form between the
asphalt surface and the snow layer. Air gaps on the asphalt plate would decrease the conductivity significantly
in a thin bottom-layer of the snow and reduce the heat transfer coefficient between the asphalt plate and the
snow. The stronger snow would contribute to maintaining such air pockets or layers as stronger snow can sup-

port a larger span under gravity actions.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

In winter time snow and frost formation on roads and runways can
cause slippery conditions leading to decreased mobility and reduced
safety. To prevent slippery conditions winter maintenance measures
are taken such as snow ploughing, sanding and application of de-icing
agents. Heated pavements are used as an alternative to salting and
snow ploughing to keep the roads and sidewalks free of ice and snow,
mostly at places where it is difficult to use other winter maintenance
measures, such as pedestrian areas, but also on roads.

Various surface temperature and condition prediction models have
been developed (Shao and Lister, 1996; Crevier and Delage, 2001;
Greenfield and Takle, 2006; Denby et al., 2013; Kangas et al., 2015;
Nuijten, 2016) of which some focus on the modelling of heated
pavements (Chapman, 1952; Rees et al.,, 2002; Liu et al., 2007; Xu and
Tan, 2012, 2015). Many of the developed heated pavement models
take into account the effect of heating and weather on the surface
condition. However, less is known about the effect of the snow layer
itself on the thermal balance during the melting process on heated

* Corresponding author.
E-mail address: anne.nuijten@ntnu.no (A.D.W. Nuijten).

http://dx.doi.org/10.1016/j.coldregions.2016.06.010
0165-232X/© 2016 Elsevier B.V. All rights reserved.

pavements and about the effect of compression by road traffic on this
melting process.

The snow layer itself largely affects the energy balance at the
pavement surface. Its physical properties vary greatly during the
melting process. The thermal conductivity is one of the most fundamen-
tal properties determining the rate of snow metamorphism (Riche
and Schneebeli, 2013). It is mostly affected by the density and by
the snow microstructure and can vary from 0.025 W m~' K~ ! to
056 W m~! K~! for densities varying from 10 to 550 kg m—3
respectively (Coté et al., 2012). Most research into the relationship
between density and the effective thermal conductivity focusses on
seasonal snow with densities up to 600 kg m~2 (Yen, 1981; Sturm
et al., 1997; Calonne et al., 2011). The change in density and thermal
conductivity of snow on heated pavements differs from the change in
snow packs. On heated pavements the snow density changes up to a
value of 999.8 kg m~>, mostly due to changes in the moisture content,
while snow in a snow pack increases in density over a longer time
without necessarily the same increase in moisture content.

In dry snow metamorphism mainly occurs through vapour diffusion.
When the moisture content in snow increases heat transport becomes
the rate limiting mechanism of metamorphism (Colbeck, 1980). This
happens faster than vapour diffusion. When the moisture content
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increases snow metamorphism is greatly increased and the grain
growth (growth of larger grains while smaller ones are melting)
happens faster (Brun, 1989). It depends on the temperature and
happens more rapidly when the temperature is close to the melting
point (Kaempfer and Schneebeli, 2007).

The mechanical properties of snow strongly depends on the snow
microstructure (Techel et al., 2011). An increase in water content in
the snow results in a decrease in snow hardness. When water is
absorbed into the dry snow the total bond area and number of ice grains
are reduced resulting in a decrease in snow hardness (Izumi, 1989).
When the liquid water content in the pore volume of snow increases
so much that the snow becomes saturated, it becomes less cohesive
and loses its strength (Colbeck, 1979).

Traffic, pedestrians included, can affect the condition in two ways,
1) by heating up the surface and 2) by compressing the snow. The effect
of cars in terms of heat contribution is relatively low compared to
weather parameters such as radiation and sensible heat fluxes
(Fujimoto et al., 2014). Compression, however, is expected to have a
large effect on the thermal balance of the snow layer. With compression
both the density and the microstructure changes (Theile et al., 2011).
Since the thermal conductivity is mostly affected by the density and
snow microstructure, and increases with decreasing porosity (Coté
et al., 2012), it is expected that compression leads to an increase of
thermal conductivity and therefore a decrease in melting time.

This paper describes a snow melting experiment which was done
to gain a better understanding of the snow melting processes of
uncompressed and compressed snow on heated pavements and the
change of the properties of the snow layer during the melting process.
Findings of the snow melting tests in terms of the change in surface
condition, density and temperature during the melting process as well
as a comparison between uncompressed and compressed snow are
given in this paper.

The results show that the melting processes for compressed and
uncompressed snow were different. Compression largely affects the
snow melting process due to changes in the snow structure and
snow properties; it increases the density which should give a more effi-
cient heat transfer and shorter melting time. However, slightly more
time and energy was needed to melt compressed snow compared to un-
compressed snow. Compression also has another effect; the increased
density gives lower permeability, higher capillary forces and stronger
snow. The higher capillary forces give the snow better capability to

absorb melt-water so that air gaps can form between the asphalt surface
and snow layer. Air gaps would decrease the conductivity significantly
in a thin bottom-layer of the snow, reducing the heat transfer coefficient
between the asphalt plate and the snow and increasing the melt time.

2. Experimental setup

A setup of a heated pavement system was made, representative of a
heated pavement system in an asphalt road. The setup consisted of two
asphalt slabs of 30.5 x 30.5 x 5.0 cm. On the bottom side heating films
were connected to the slabs (Fig. 1). On the top side the slabs were
covered with a thin layer (4 mm) of binder to make the structure
watertight. To minimize heat losses insulation was placed to the sides
as well as under the slabs.

At the bottom and top of the asphalt slab, as well as on top of the
binder layer thermocouples were placed; 4 at the bottom of the asphalt
plate, 5 at the top of the asphalt plate and 1 on top of the binder layer
(No. 1 in Fig. 1). The temperature on top of the surface layer (snow
layer) was measured with an infrared sensor (No. 2). The air tempera-
ture and the relative humidity were measured with a temperature
and RH probe which was placed about 5 cm above the plate (No. 3).
Additionally a pyrgeometer was placed to measure the incoming
longwave radiation (No. 4) and a wind speed sensor (No. 5) was
utilized. Above and to the side of each plate a camera was placed
(No. 6). Photos were made from the top and side of each plate to register
changes in height and in condition. A Campbell Scientific CR1000
(No. 7) was used to log and store the data from the thermocouples,
the infrared radiometer, the air temperature, the relative humidity
and the pyrgeometer. The wind meter was connected to a separate
logger. A Pico PT-104 was used to log and store the temperature and
power of the heating films. Table 1 gives an overview of the measured
data, the sensors and loggers used during this experiment and their
measuring frequency.

3. Method

The snow melting experiment was executed in the cold laboratories
at the NTNU in Norway. During the tests the measured air temperature
near the setup was around —4.1 °C with changes up to 0.6 °C. The
relative humidity fluctuated between 65% and 75% and very low wind

/7 thermocouple

/ 6

binder, 4 mm

asphalt, 40 mm
heating film

insulation
timber frame

Fig. 1. Overview of the experimental setup.
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Table 1
Overview of the measured data, sensors and loggers used during the experiment and
measuring frequency.

No. Measured data Type of sensor/logger Frequency

1 Slab temperature Thermocouple, type T 10s

2 Surface temperature SI-111, precision infrared  10's
radiometer

3 Air temperature and RH CS215, temperature 10s
and RH probe

4 Incoming longwave radiation CGR3 pyrgeometer 10s

5 Wind speed and logger FLUKE 975 V 5 min

6 Photos Logitech camera 1 min

7 Data logger for the temperatures, CR1000 datalogger 10s

RH and LW radiation

8 Data logger for the heating films PT-104 datalogger 10s

9 Height surface layer Measured manually 10 min
with a measuring stick

10  Surface condition Visual observation 10 min

speeds up to 0.5 m s~ ! were measured. The incoming LW radiation was
around 298 W m~2 during the experiment.

The snow for this experiment was produced in a cold laboratory set
at — 20 °C. For the experiment laboratory-grown snow was used. Natu-
ral snow can have large variations in snow characteristics. Even though
the characteristics of laboratory-grown snow can vary per test and
might differ slightly from natural snow, the snow characteristics of the
produced batches of snow are more uniform than that of natural
snow. The laboratory-grown snow had an average density of 65 kg m>
and was produced with a custom-built snow machine (Wahlin et al.,
2014).

On both asphalt plates 300 g dry snow was placed. The snow was
weighed before it was placed on the plates. The snow at one of the
plates was compressed with a weight of 40 kg which increased the den-
sity on average by a factor of 2.5. Then the heating films (temperature
regulated) were switched on and set at 20°C. The power was automati-
cally adjusted to increase the temperature of the plates to the set tem-
perature. At the start of the experiment the temperature of the
heating films was —5 °C. As soon as the heating was switched on the
temperature started to rise. The power that went into the system was
around 40 W per plate, which is 325 W m~2. At the end of each exper-
iment, when the snow was completely melted, the remaining water
was weighed and mass losses were determined. To exclude the effect
of differences in efficiency of the heating films and the dimensions
and thermal properties between the two plates, for half of the conduct-
ed tests the snow on the right plate was compressed, for the other half
the snow on the left plate was compressed.

During the experiment the height of the snow layer on both plates
was measured every minute. At the same time the surface condition
as observed visually from above was documented. Per plate the height
was measured with a 1T mm marked measuring stick at 9 fixed points,
in a grid of 3 x 3, with distances of % of the width and depth of the
plate between the measurement points and between the measurement
points and the edges.

4. Results

In total 8 experiments were performed of which 7 were successful
and are presented in this section. One test failed due to a failure in the
heating system during the experiment.

4.1. Melting time and energy use

Table 2 gives an overview of the melting time and energy generated
by the heating film per experiment. A distinction is made between dry
uncompressed and dry compressed snow. As can be seen in Table 2
the melting time for the uncompressed snow was on average 10 to
20 min shorter than that of compressed snow, and on average the

Table 2
Melting time and total amount of energy used during the test to melt all snow.

No. Setupsnow”  Uncompressed snow Compressed snow

left-right Melting time ~ Energy [k]] ~ Melting time  Energy [K]]
1 U-C 3 h 0 min 396 3 h 20 min 477
2 u-c 3 h0min 396 3h 20 min 472
3 c-U 2 h 50 min 399 3 h 10 min 432
4 Cc-u 3 h 10 min 418 3 h 20 min 428
5 c-u 3 h0min 421 3 h0min 405
6 U-C 3 h 0 min 406 3 h 10 min 447
7 Cc-U 2 h 50 min 394 3 h 0 min 406

* Uncompressed snow (U), Compressed snow (C).

energy needed to melt the snow was 9% lower for the uncompressed
snow. The results also show that on average 5% more power went into
the right plate. The temperature measured at the bottom of the slabs,
however, was slightly higher on the left side, indicating that there
were some heat losses between the heating film and the slab. Because
of these temperature differences the melt time and energy differences
between compressed and uncompressed snow are larger when the
uncompressed snow was placed at the left plate.

4.2. Surface condition

Fig. 2 shows the change in surface condition during the experiment
for uncompressed and compressed snow. It shows that the melting
processes were different. These differences were systematically
observed in all of the experiments. Uncompressed snow melted with
larger differences horizontally than compressed snow. The snow on
one side of the plate was already melted while on the other side there
was still dry and wet snow left see Fig. 2b. During the process of com-
pressed snow the differences in surface condition were much smaller,
see Fig. 2e.

For the first hour barely any changes were visible from the top.
After one hour the melting of the snow became visible on both plates.
In the case of uncompressed snow the first sign that snow was
melting was the decrease in height of the snow layer. The uncom-
pressed snow seemed to collapse as the snow at the pavement
surface was melted and some small cracks appeared at the surface.
This decrease in height was also visible for compressed snow, but
to a much smaller extent since the height was already decreased
because of the compression.

At the end of the melting process of compressed snow, when the
snow had changed into slush, big air gaps became visible under the
slush layer, see Fig. 3. When the air gaps became visible they covered
around 30-50% of the surface area. Within 5-10 min this area decreased
to around 10%. The air gaps were not visible during the melt process
of uncompressed snow. Until the moment when the transition from
slush to water was observed no water was observed on the surface.
Meltwater seemed to be absorbed by the snow until the snow was
saturated. This is clearly visible in Fig. 2c.

4.3. Mass losses

The mass losses during the experiments were on average 12 and
15 g for uncompressed and compressed snow respectively, which is
4-5% of the total mass. Part of the mass losses were due to sublimation
and evaporation. Other mass losses were due to handling of the snow.
Evaporation is dependent on the wind speed, air temperature, surface
area and the relative humidity. During most of the experiment
the wind speed was close to 0 m s~ ' and the air temperature and
relative humidity were almost constant. The surface area however was
different for compressed and uncompressed snow and also changed in
a different way.
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Fig. 2. The change of the surface condition during the experiment for uncompressed snow and compressed snow, after (a), (d) 1 h and 30 min, (b), (e) 1 h and 45 min and (c), (f) 2 h.

4.4. Height and density of the snow layer

Fig. 4a and c show the change of the height of the snow layer during
the experiment for uncompressed snow and compressed snow respec-
tively. The values are average values of the nine measuring locations.
Fig. 4e shows the average change of height of all tests for uncompressed
and compressed snow. Fig. 4g gives the height change and scatter
for one test. As can be seen in Fig. 4e the height of the compressed
snow at the start of the test was on average 40% of the height of the
uncompressed snow. Fig. 4b, d and f show the same pictures for the
change in density. The density is calculated by dividing the mass of
the snow on the plate by the volume (w - d - hspow)-

The melting process consisted of three main parts. During the first
40-60 min the height of the uncompressed snow layer changed
slightly, while the height of the compressed snow layer stayed
more or less constant. During this period the surface condition
consisted of dry snow. After an hour the height started to decrease
linearly until it reached a height of 4-5 mm after which the height
stayed almost constant. This decrease in height happened when the
observed surface condition changed from dry snow into slush. The
same trends were visible for uncompressed and compressed snow,
only the gradient of the line was different. On average the gradients

were —0.5 and —0.2 mm min~' for uncompressed and compressed
snow respectively.

The densities of uncompressed and compressed snow at the start of
the experiment were on average 60 and 150 kg m™> respectively.
During the first hour there were barely any changes in density visible.
After one hour, when the snow started to melt and the surface condition
changed into wet snow, the density started to increase more rapidly for
both uncompressed and compressed snow. The calculated average
density at the end of the test was 800 kg m~> and 920 kg m~? for
uncompressed and compressed snow respectively (see Fig. 4f). Since
at the end of the test all snow was melted and only melt water was
left the actual density is 999.8 kg m~> (density of water). Fig. 4 shows
that there are large differences between the tests in the calculated
density towards the end of the test.

The density is calculated as the mass of the snow divided by the
volume. At the end of the experiment the height of the water layer
was around 3-4 mm and the accuracy of the measuring method was
around 1 mm. Especially towards the end of the experiment the formula
for calculating the density becomes very sensitive to small changes in
height. When the height of the layer approached 4 mm, a difference of
1 mm made a difference of 25% in density, see Fig. 5. Fig. 5 also shows
that if an inaccuracy of 1 mm is taken into account, the density of

Fig. 3. The air gaps, the white spots in the photo, which became visible during the end of the melting process of compressed snow. The figure shows the appearance of the air gaps after

around 2 h and the change of the surface area of the air gaps within a time frame of 10 min.
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water is within the upper and lower boundaries of the calculated
density including inaccuracies.

4.5. Temperature profile

Fig. 6 shows the temperatures in the asphalt slab and snow layer of
one of the tests for both uncompressed and compressed snow. Similar
results were found during other tests. The temperatures at the bottom
of the plate and 4 mm below the surface were average values at that
height. At the top of the plate only one thermocouple was placed.
During the manual height measurements the infrared sensor was
blocked. The measured surface temperatures showed these 10 min
oscillations in temperature. Oscillations in temperature more than
0.1 °C s~ " were excluded from the results, to keep the figures readable.

As can be seen in Fig. 6 the temperature at the bottom of the asphalt
plate increased with an almost constant rate during the first 40 min, as
did the temperature measured 4 mm below the surface. The surface
temperature of the asphalt plate increased with almost the same rate
till it reached the melting point (0 °C) after which it stayed constant
for uncompressed snow and increased slightly for compressed snow.
After 130-140 min the surface temperature of the asphalt slab covered
with compressed snow dropped to 0 °C. This was when the surface
condition changed from wet snow into slush. The surface temperature
started to rise again when the surface condition changed into
slush/wet surface.

The temperature at the top of the surface layer increased slowly,
especially for uncompressed snow. The surface temperature of the
plate covered with uncompressed snow started to increase more
rapidly after 90 min. During this period the surface condition trans-
formed from dry snow into wet snow. The surface temperature of the
plate covered with compressed snow increased with an almost constant
rate for 2.5 h after which the temperature increased faster. This change
happened when there was slush observed on the surface. The
maximum temperature difference between the top and bottom of the
snow layer during the tests was approximately 5-6 °C, for both uncom-
pressed and compressed snow. For uncompressed snow this occurred
after 40 min when the snow started to melt. This maximum tempera-
ture difference happened later for compressed snow. When the surface
condition changed into slush the temperature difference was usually
not more than 1-2 °C.

5. Discussion
5.1. Melting processes of uncompressed and compressed snow

Dry uncompressed snow was observed for 90 min before changes in
the condition became visible, while as can be seen in Fig. 6 the snow
started to melt after 35 min. The height started to decrease more rapidly
when the asphalt surface temperature reached 0°C and the snow
melting process started, but there was no sign of changing conditions
except for the collapse of the snow. The collapse was probably not
only a result of snow melting at the pavement surface, but a result of
melt water being retained by capillary action which caused density
rise, weakening of the structure and collapse. The depth of this layer
increased till a maximum height was reached, the ‘equilibrium height’,
which is the height at which capillary and gravity forces are in balance
(Liu et al., 2007; Jordan et al., 1999). The water in the snow was
probably for a long time not visible because the equilibrium height
was below the total height of the snow layer.

Such a collapse was not visible for compressed snow. This might
be due to differences in snow structure between uncompressed and
compressed snow. When the density increased there were more
connections formed between the snow crystals resulting in snow hard-
ening (Theile et al., 2011). Compressed snow has a lower permeability
and a stronger structure than uncompressed snow. In snow with a
low permeability the capillary rise is higher (Jordan et al., 1999). Due

to its stronger structure and lower permeability the melt water is
absorbed further into the snow without collapsing of the snow. If
enough water is absorbed by the snow without deforming it this can re-
sult in air gaps between the snow and pavement surface. This larger
capillary rise also explains the more homogeneous change in height
and surface condition for compressed snow. Another important aspect
concerning these changes is that snow becomes more homogeneous
when compressed. The drop in height when the moisture content in
the compressed snow increased (Fig. 4e) and the pavement surface
temperature drop (Fig.6c and d) indicate a loss of strength when the
snow is transformed into slush. Asphalt surface temperatures of 0°C
are a clear indicator that snow is melting on the surface. In the period
before the temperature dropped till 0°C the temperatures were higher
indicating that air or water was present.

5.2. Energy use

The difference between the energy used to melt compressed and
uncompressed snow was on average 33.9 kJ. The energy needed to
melt the snow itself is the same for compressed and uncompressed
snow since the same mass is melted, so the differences were due to
various heat losses. The temperature of the water at the end of the
experiment was almost the same for compressed and uncompressed
snow with a maximum difference of 1 °C. This difference of 1 °C
would mean a difference of only 1.26 kJ for snow melting only
(cp =42k kg~ ' K™ 1). In order to increase the temperature of the
water also the temperature of the asphalt plate needed to increase.
The temperature of the asphalt and binder layer was increasing
more when covered with compressed snow. The difference was up
to 3 °C which means that an additional 29 k] went into the plate
covered with compressed snow. Also the surface heat fluxes might
differ between compressed and uncompressed snow, since they are
dependent on the surface temperature and condition and these
were different for compressed and uncompressed snow.

5.3. Thermal conductivity of the snow layer

The increase in temperature of the surface layer in the beginning of
the test is slightly higher for compressed snow than uncompressed
snow. This can be due to differences in the heat fluxes at the surface,
most likely longwave radiation since the change in surface emissivity
varies slightly for the two snow types. This temperature rise can also
be the effect of a higher thermal conductivity of the compressed snow
which allows for more heat to be transferred through the snow layer
and results in a higher surface temperature.

The values for the thermal properties of snow vary greatly in
time and depend largely on the density. The density changed during
the tests from 60 kg m~> (uncompressed snow) and 150 kg m~>
(compressed snow) to 999.8 kg m~> (water). In the beginning of the
tests the thermal conductivity of snow was very low. The snow layer
and especially the uncompressed snow layer was a very good insulator.
Compressed snow has a higher density and thermal conductivity than
uncompressed snow. Since the permeability of uncompressed snow
was much higher than that of compressed snow the capillary forces
are lower and water will not be absorbed as high as is the case for
compressed snow. When the water content increases the thermal con-
ductivity does too. Therefore the thermal conductivity of compressed
snow is expected to increase much faster resulting in a faster increase
of the snow temperature, which is visible in Fig. 6, and consequently
also in higher heat losses at the surface. The convective and longwave
radiative heat fluxes both depend on the surface temperature. The
higher surface temperatures for compressed snow result in a higher
outgoing longwave radiative and convective heat flux for compressed
than uncompressed snow.

While an increase in density and water content would normally
increase the thermal conductivity, the results show that it takes more
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time to melt compressed snow than uncompressed snow. As explained
compression also has another effect: hardening of the snow. Due to
its stronger structure and lower permeability the melt water is absorbed
further into the snow without collapsing which can eventually result
in air gaps. These air gaps would significantly decrease the thermal
conductivity.

When the snow layers are not further physically compacted during
the melting process less energy is needed to melt uncompessed snow
on a heated pavement than compressed snow. In case the snow is con-
tinuously compressed by road traffic during the melting process the
results may be different. Road traffic may affect the results by removing
the air gaps and increasing the thermal conductivity. Results may also
be different when the pavement and snow surface area increase since
smaller surface areas surrounded with a rim are more subseptible for
snow-bridging.

5.4. Measuring uncertainties

Although the density in the beginning of the process can be
determined quite accurately, it seems increasingly difficult to calculate
this value towards the end of the process. Another aspect which might
explain the large variations in calculated density is the amount and
location of the measuring locations on each plate. The height of the
snow layer was measured at 9 fixed places, with equal distances
between the measuring points and the edges of the plates. As can be
seen in Fig. 4g there were large differences in the height of the snow
layer and these 9 places are not always representative for the average
height of the snow layer. After two hours there were some places
where there were dry conditions, especially in the case of uncom-
pressed snow, see Fig. 2¢, and others where there was slush or wet
snow. Meltwater was absorbed by the surrounding snow until the
snow was saturated. On average the height of the snow layer might
have been very low because of these dry spots which resulted in
unrealistically high densities.

6. Conclusion

A snow melting experiment was done in the cold laboratories at the
NTNU in Norway to gain a better understanding of the snow melting
processes of uncompressed and compressed snow on heated pave-
ments and the change of the properties of the snow layer during the
melting process. The results show that compression largely affects the
snow melting process due to changes in the snow structure and snow
properties; it increases the density which should give a more efficient
heat transfer and shorter melting time. However, slightly more time
and energy was needed to melt compressed snow compared to uncom-
pressed snow. The compression and increased average density has two
other vital consequences; a) Higher density gives lower permeability
and higher capillary forces and b) Stronger snow. The higher capillary
forces give the snow better capability to suck melt-water away from
the top of the asphalt plate so that air gaps can form between the asphalt
plate and the snow layer. The presence of air gaps explains the above-
zero temperatures measured on the top of the asphalt plate for the
compressed snow (Fig. 6). Air gaps would reduce the heat transfer
coefficient between the asphalt plate and the snow so that the heat
would more easily flow elsewhere, delaying the heating of the snow.
The stronger snow would contribute to maintaining such air pockets
or layers as stronger snow can support a larger span under gravity ac-
tions. The higher capillary forces and the ability to absorb melt-water
further into the snow layer also have another effect. This increases the
heat transfer through the snow layer, resulting in a higher heat loss at
the snow surface. In uncompressed snow on the other hand the
capillary forces are low, resulting in a thin slush layer at the bottom
with a dry well insulating snow layer on top.

The results show that less energy is needed to melt uncompessed
snow on a heated pavement than compressed snow when the snow

layers are not further physically compacted during the melting process.
The results will likely be different when snow is continuously com-
pressed by road traffic during the melting process. On roads heated
pavement are sometimes also combined with snow ploughing whereby
the heating is only used to melt the bond between the snow and the
pavement. Further studies needs to be done into the effect of road traffic
on the melting process of snow on heated pavements and on the
combination of heating and snow plouging.
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A snow layer on a heated pavement strongly affects the energy balance at the pavement surface. Freshly fallen
snow has a fairly low thermal conductivity and acts as a good insulator. The thermal properties can vary greatly
during the melting process. This study looks into the change of the thermal conductivity during the melting
process of dry uncompressed and compressed snow on heated pavements. The energy balance of the heated
pavement system is described and the effective thermal conductivity of the melting snow layer during the
melting process of snow on a heated pavement system is calculated based on the volume fractions and thermal

conductivity of ice, water and air. The results show that the thermal conductivity of an uncompressed and
compressed melting snow layer on a heated pavement can be best described as a combination of a parallel and
series system. Ice and air are modelled as a series system and water and ice/air are modelled in parallel.

1. Introduction

A snow layer on a heated pavement strongly affects the energy
balance at the pavement surface. Freshly fallen snow has a fairly low
thermal conductivity and acts as a good insulator. The thermal proper-
ties can however vary greatly during the melting process. The thermal
conductivity varies mostly with the density, but also depends on the
snow microstructure. The thermal conductivity of a composite material
such as snow is a function of the conductivity of the different materials,
their relative fractions as well as the microstructure.

The effective thermal conductivity is often described as a function of
the density (Abel's, 1893; Aggarwal et al., 2009; Sturm et al., 1997; Yen,
1981). Most relationships are based on data retrieved from thermal
conductivity measurements of various types of seasonal snow with
densities up to 600 kg m™ * and for snow with a relatively low liquid
water content.

Reported values of the effective thermal conductivity range from
0.025Wm~'K™! to 0.56 Wm~ 'K~ ! for densities from 10 to
550 kgm™ 3 (Coté et al, 2012). However, a snow density of
550 kg m ™ * can be achieved for both dry snow with a water content
of zero and volume fractions of ice and air of 60% and 40% respectively
as well as for snow with a high water content and volume fractions of
water, ice, air and water of for example 15%, 50% and 35%
respectively. These two different types of snow should have different

* Corresponding author.
E-mail address: anne.nuijten@ntnu.no (A.D.W. Nuijten).

http://dx.doi.org/10.1016/j.coldregions.2017.04.008

thermal conductivities.

The effective thermal conductivity can be modelled based on the
volume fractions of ice, water and air. The ice, water and air layers can
either be modelled in parallel, in series or in another configuration.
Already in 1963 Schwerdtfeger described the thermal conductivity of
snow as a function of the thermal conductivity of ice and air and the
densities of snow and pure ice (Schwerdtfeger, 1963a). This model is
based on the thermal conductivity model for bubbly ice (Schwerdtfeger,
1963b). In this model dense snow is modelled as ice containing small
air bubbles (small spheres). For the thermal conductivity of light snow,
air spaces are modelled as parallelepipeds. These models only include
the thermal conductivity of ice and air and can therefore only be
applied to dry snow. An example of a model used to calculate the
thermal conductivity of snow in which the water content is included is
the numerical snow cover model SNOWPACK (Lehning et al., 2002)
which is based on the work of Adams and Sato (1993) in which snow is
described as uniformly packed ice spheres. In SNOWPACK the thermal
conductivity of the snow is described based on the temperature, the
volume fractions and thermal conductivity of ice, water and air and
various constants. SNOWPACK is used mostly to describe the change of
seasonal snow and has not been tested yet on heated pavements.

In later developed models, the effective thermal conductivity is
modelled based on the snow microstructure using 3D images of snow
obtained by microtomography (Calonne et al., 2011; Kaempfer et al.,
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2005). The snow samples used by Kaempfer et al. (2005) were
subjected to a constant temperature gradient. The heat flow through
the snow was measured and the thermal conductivity was calculated.
The study carried out by Calonne et al. (2011) considered a wider range
of snow types, but the model was still limited to the conduction through
ice and air.

The relative mass fractions of ice and water as well as a proper
characterization of the microstructure give a good basis for determina-
tion of the thermal conductivity. So far most studies were done on dry
snow. This study looks into the change in thermal conductivity during
the melting process of dry uncompressed and compressed snow on
heated pavements. The snow melting process on a heated pavement
(Nuijten and Hgyland, 2016) was analysed to gain a better under-
standing of this process. The energy balance is described and the
effective thermal conductivity of the melting snow layer on a heated
pavement system is calculated based on the volume fractions and
thermal conductivity of ice, air and water. A bulk approach is used to
calculate the effective thermal conductivity of the snow layer based on
measurements of a melting snow layer on a heated pavement. The
thermal conductivity is calculated with a parallel and a series system
and compared to the results from previous studies. Additionally a
combination of a parallel and series system is proposed in which ice and
air are modelled as a series system and water and ice/air in parallel.
The results show that the thermal conductivity of an uncompressed and
compressed melting snow layer on a heated pavement can be best
described with the proposed combination of a parallel and series
system.

2. Experimental setup and method

The snow melting experiment was executed in the cold laboratories
at the Norwegian University of Science and Technology in Norway. An
experimental setup of a heated pavement system was built, representa-
tive for an asphalt road with a heated pavement system. On the bottom
side of the 4 cm thick asphalt plate heating films were connected. On
the top side, the asphalt plates were covered with a 4 mm thick binder
layer to make the structure water tight (Fig. 1). To minimize heat losses
insulation was placed to the side as well as under the slabs.

The temperature at the bottom and top of the asphalt plate and on
top of the binder layer was measured with thermocouples, type T (No. 1
in Fig. 1). The average temperature on top of the snow layer was
measured with a SI-111, an precision infrared sensor (No. 2). The air
temperature and the relative humidity were measured about 5cm
above the plate with a CS215, a temperature and RH probe (No. 3). The

_ad

thermocouple

S

| e
| R

binder, 4 mm
asphalt, 40 mm
heating film
insulation
timber frame

Fig. 1. Overview of the experimental setup. The setup was equipped with sensors
measuring the pavement and binder temperature (No. 1), the temperature on top of
the snow surface (No. 2), the air temperature and relative humidity (No. 3), the incoming
longwave radiation (No. 4) and the wind speed (No. 5). On both sides as well as above the
setup cameras were placed to register the change in height and surface condition (No. 6).
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incoming longwave radiation was measured with a CGR3 pyrgeometer
(No. 4). The wind speed was measured with a FLUKE 975 V (No. 5).
Cameras were places on the side and above the setup to register changes
in the height and the surface condition (No. 6). Additionally the height
was measured manually and the surface condition as observed from
above was registered. The frequency of the temperature, relative
humidity and longwave radiation measurements was 10s. The fre-
quency of the wind speed measurements was 5 min. Photos were taken
every minute. The height of the snow layer was measured every 10 min
with a 1 mm marked measuring stick at 9 fixed points, in a grid of
3 x 3, with distances of 1/4 of the width and depth of the plate
between the measurement points and between the measurement points
and the edges. Also every 10 min the surface condition as observed
from the top was registered.

A cloudy winter night with temperatures around — 4 °C and low
wind speed was simulated. The pavement was covered with approxi-
mately 4 cm of dry snow at the start of the experiment. The snow used
for this experiment was laboratory-grown snow with an average density
of 62kgm™ > The snow was produced with a custom-built snow
machine in a cold laboratory set at — 20 °C. For half of the tests the
snow was compressed to an average density of 150 kgm™ 3. After
putting the snow on the plates, the heating was switched on. The power
that went into each plate was around 40 W. The power was auto-
matically adjusted to increase the temperature of the plates to a set
temperature of 20 °C. There was a gradual increase in power during the
experiment. At the start of the experiment the power was around
350-400 W m ™ 2 and it increased by 50-100 W m ~ 2 during the experi-
ment. For a detailed description of the experimental setup and method
is referred to (Nuijten and Hgyland, 2016).

3. Thermal conductivity model

Based on the heat balance of the snow melting system the mass
fluxes of ice and water and consequently the volume fractions of ice,
water and air in the snow layer are calculated. The change of the snow
properties is calculated based on the volume fractions.

3.1. Heat balance

The vertical heat balance of the snow melting system is described as:
(€8]

where g, is the energy used to melt the snow (W m ™ 2), g, is the heat
flux from the electric heating film underneath the asphalt (Wm™ 2, qs
is the surface heat flux and ¢, ¢» and g3 is the heat which is absorbed
by the snow layer, binder layer and asphalt layer. q;, g» and g3 are
given as:

Qn =qy =495~ — D~ 4

or .
G, = PyCpn () in for materialsn =1,2,3

P ( ot )n (2)
where p is the density (kgm™ %), ¢, is the specific heat capacity
(kg™ '°C™ 1), aT/0t is the rate of temperature change ("‘Cs™ ') and z
is the height of the layer (m). The heat flux at the top of the snow layer
gs is given as:

4 = Gow + Qeony t Devap T+ Dunt 3)

where qr is the net longwave radiation, q..n, is the convective heat
fluxX, Gevqp is the heat flux due to evaporation and g is the heat flux
due to sublimation. An overview of the heat balance system is given in
Fig. 2.

3.1.1. Longwave radiation
The longwave radiative heat flux g, (W m™~ ) is calculated as:

(C)}

where grwou is the amount of energy that the pavement surface

Aiw = dewour ~ 9Lwin
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Fig. 2. Overview of the heat balance system.

radiates and g;w » the amount of incoming radiation. The incoming
longwave radiation is measured. The outgoing longwave radiation is
calculated as:

Gowou = &0-(T, + 273.15)* )

where ¢ is the surface emissivity (—), o is the Stephan-Boltzmann
constant (5.6810" 8 W-m~ 2K~ ) and T; is the temperature on top of
the snow layer (°C). For ¢ a value of 0.97 is used.

3.1.2. Convection
The convective heat flux geon, (Wm™ ?) is given by Newton's law of
cooling:

= he(T; = To) (6)

where h, is the convective heat transfer coefficient (in Wm™2°C™ 1)
and T, is the air temperature (°C). Formulas for the convective heat
transfer have been described by a number of authors (Bentz, 2000;
Chiasson et al., 2000; Hermansson, 2004; Solaimanian and Kennedy,
1993). Dehdezi (2012) has compared the accuracy of these formulas for
h. and concluded that the formulas by Bentz (2000) and Chiasson et al.
(2000) gave the best results and that the differences between those two
formulas are neglectable. h, is given as (Bentz, 2000):

9eonv

he =56+ 4.0, forv, <5ms!

he =172v,9%  forv, <5ms!

7)

where v, is the wind speed (ms™ ).

3.1.3. Evaporation and sublimation
The heat flux for evaporation qeyap/cona (W m™ 2) and sublimation
subly/depo (WM™ 2) are described as:

a = Lyt

(8
©)

where L, is the latent heat of vaporization (J kg~ '), Li is the latent heat
of sublimation (Jkg~ 1), 1. is the mass flux of condensation and
evaporation (kgm~2s~ ') and s, is the deposition and sublimation
flux (kgm ™25~ 1),

Yevapicon

Gsubitdepo = LiMia

3.2. Mass fluxes

The mass flux of water ri1,, (kg m™~?s~ ') is determined by subtract-
ing the flux of evaporation and condensation s, from the mass flux of

22

melting i, (kgm™2s™):

Tty = Ty — Ty (10)
The mass flux of ice riz; (kg m™ 2571 is calculated as follows:
i = —lity — Iy an

where 7, is the mass flux of melting (kg m™ 25~ 1 and sy is the mass
flux of sublimation and deposition. A positive sign for . and sy,
indicates a positive flux from the surface to the air. 7, and i, are
given by Denby et al. (2013):

tiye = (05 = @)1y 12)
where p, is the density of the air (kgm™ 3), rq is the aerodynamic
resistance for water vapour (s m~ ') and w, and w; are the atmospheric
and surface specific humidities, calculated based on Denby et al.
(2013). m,, is given by:

My = —

Ly @13)

where Ly is the latent heat of fusion and g, is calculated according to Eq.

.

3.3. Volume fractions

Based on the densities and mass fluxes of snow, water and air and
the height of the snow layer the volume fractions of ice, water and air

are calculated as follows:
1=6,+6,+86, (14)

where 6, 0,, and 6, are the volume fractions of ice, water and air. 6; and
0,, are given as:

6= M;p,

) = —1
My-p; (15)
M,

0, = P
Mip, (16)

where M;, M,, and M;, are the masses of ice, water and the snow layer,
p; is the density of the snow layer and p; and p,, are the densities of ice
and water.
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Fig. 3. Schematic overview of the parallel system (a), the series system (b) and a combination of a parallel and series system in which ice (i) and air (a) are modelled as a series system and

water (w) and ice/air in parallel (c).
3.4. Snow properties

The specific heat capacity of the snow layer c,; can be calculated as
follows (Bartelt and Lehning, 2002):

1

1 ” Pi-ci'Oi + p -y Oy + pca) a”n
where ¢; ¢, and c, are the specific heat capacities of ice, water and air.
The thermal conductivity of the snow layer is calculated based on the
volume fractions and the thermal conductivities of ice, water and air.
Three different models are being used (Fig. 3) where these are modelled
as a parallel (Eq. (18)), a series (Eq. (19)), and a combination of these
where the air and ice are modelled as a series system and the water and
air/ice in parallel (Eq. (20)).

A= 20 + A0y + AaOy (18)
il = 0; 91 b,
(Gefrt) 19)
n= 2y,
u L
(1, Aa) (20)

An explicit finite difference method is used to solve the equations
and to calculate the heat and mass fluxes and snow properties. At each
time step, 10 s, the heat fluxes (g, t) are used to calculate the mass
fluxes of ice (r;, t) and water (i, t). Based on these mass fluxes, the
masses of ice (M;, t) and water (M,,, t) are calculated. The masses of ice
and water are used to calculate the volume fractions of ice (6;, t), water
(0y, t) and air (0,, t) and consequently the thermal conductivity of the
snow layer (A, t). The rate of temperature change during each time step
in the different layers is calculated based on the difference between the
average measured temperatures of each layer ((T, t + 1) — (T, ©).

4. Input parameters

During the experiments the relative humidity fluctuated between
65% and 75% and wind speeds up to 0.5 m s~ ! were measured (Nuijten
and Hoyland, 2016). Fig. 4 shows the air temperature and the
temperatures in the asphalt slab and snow layer during one of the
tests. As described in Nuijten and Hgyland (2016) the temperatures at
the bottom of the asphalt plate and 4 mm below the surface were
average values at that height. At the top of the plate only one
thermocouple was placed.

The temperature on top of the binder layer increased with a
constant rate till it reached the melting point (0 °C) after which it
stayed constant for uncompressed snow and increased slightly for
compressed snow. After around 130 min the surface temperature of
the plate covered with compressed snow dropped to 0°C. At this
moment the surface condition changed from wet snow into slush. Due
to the stronger structure and lower permeability of the compressed
snow the melt water is absorbed further into the snow without
collapsing of the snow (Nuijten and Hgyland, 2016). This can even-
tually result in air gaps between the snow and the pavement surface.
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Before the temperature dropped till 0 °C the temperatures were higher
indicating that air or water was present at the pavement surface. The
temperature measured on top of the snow layer reached values above
0°C after 120 min. While at this moment some parts of the asphalt
surface were still covered with snow, at other parts all snow was melted
and the meltwater was absorbed by the surrounding snow. At these
open spots the temperature on top of the binder layer was measured
which could rise above 0 °C.

The density of the asphalt and binder layer is taken as 2100 kg m ™~
(Andersland and Ladanyi, 2004) and the specific heat capacity is taken
as 0.92kJ/kg °C™ L.

The change in height of the uncompressed and compressed snow
during the snow melting tests showed similar trends. During the first
40 min, the height of both the uncompressed and compressed snow did
not change much. After an hour the height started to decrease linearly
till it reached a height of 4-5 mm after which it stayed more of less
constant (Nuijten and Hgyland, 2016). This decrease happened when
the snow changed from dry snow into slush.

At the start of the experiment the average density of the uncom-
pressed and compressed snow was around 60 and 150 kgm™ 2,
respectively (Nuijten and Hgyland, 2016). Fig. 5 shows the average
change in density of one of the tests (continuous thin line) and the
average density including the measuring error of 1 mm (dotted line).
The density is calculated by dividing the weight of the snow on the
plate by the volume. Towards the end of the experiment, the formula
for calculating the density becomes very sensitive for small changes in
the height. The height of the snow layer at the end of the experiment is
3-4 mm and the accuracy of the measuring method was around 1 mm.
Since at the end of the test all snow was melted and only melt water was
left the actual density was 999.8 kg m™ >, but this does not always
correspond with the density calculated by dividing the weight of the
snow by the volume. To increase the accuracy of the input data, the
value at the end of the density curve is replaced with the value for the
density of water (999.8 kg m ™~ ) and the curve is fitted for the last part
of the test. The adjusted curve for one of the tests is shown as a
continuous thick line in Fig. 5.

3

5. Results and sensitivity analysis

This chapter describes the change in volume fractions and the
change in effective thermal conductivity during the melting process of
dry uncompressed and compressed snow on a heated pavement. The
results described in this chapter are the average results of six experi-
ments performed on both uncompressed and compressed snow.

5.1. Volume fractions

The volume fractions are the main input parameters for the effective
thermal conductivity. The accuracy of the results depends on the
accuracy of the input parameters, e.g. the accuracy of the meteorolo-
gical data, temperatures, the pavement properties, the height and
density of the snow layer and possible heat losses near the heating film.

The heat fluxes given in Eq. (1) are integrated in time to calculate
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Fig. 4. Measured air temperature and temperature at the bottom and top of the asphalt plate and on top of the snow layer for (a) uncompressed and (b) compressed snow.

the heat losses during the entire experiment. Table 1 gives an overview
of the average predicted total amount of energy which goes into
melting, which is absorbed by the various layers and the energy which
is released at the snow surface. It is assumed that the mean layer
temperature is close to the bottom temperature of each layer.

It took on average 413 kJ and 418 kJ to melt all the uncompressed
and compressed snow, respectively. Only 23% of the energy was used to
actually melt the snow. Based on Egs. (1) and (13) the average amount
of energy to melt all snow is calculated as 100 kJ. This corresponds very
well with the expected value of 100.2 kJ, which is calculated based on
an average snow mass of 300 g and the latent heat of fusion (334 kJ/
kg). The sum of the total amount of energy which is absorbed by the
various layers and released at the snow surface is for both uncom-
pressed and compressed snow much lower than the energy generated
by the heating film. There are possibly some inaccuracies in the
predicted energy that went into each layer and in the predicted energy
which is released at the snow surface. There might also be additional
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Fig. 5. Average change in density of the snow layer during one of the tests (continuous thin line), average +

Table 1
Energy balance of the heated pavement system.

Uncompressed snow Compressed snow

Energy [kJ] Energy [kJ]
% 6 4
q 10 9
@ 11 11
as 149 145
[ 100 100
Gotal 276 268
Qn 413 418

heat losses, such as for example a heat loss near the heating film, which
are not included in the model.

A sensitivity study was done to look into the effect of the following
parameters on the volume fractions and melting time: the height of the
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measuring error (dotted line) and an adjusted curve which ends at the

density of water (continuous thick line) for uncompressed (a) and compressed snow (b). The surface conditions as observed from the top are given below the figure. The melting time as

predicted by the model is shown in the figure as tmeit predicted-
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Effect of the accuracy of various input parameters on the predicted average melting time of compressed and uncompressed snow.

Height snow layer Surface flux Pavement flux

Heating film

Assumed average layer temperature Melting time (min)

—1mm Mean 1 mm 2.0 g5 qs qQ3 1.1 qs 0.9 qn aQn Teop Tmean Thottom u* c
X X X X X 103 111
X X X X X 103 111
X X X X X 103 111
X X X X X 102 112
X X X X X 106 115
X X X X X 112 121
X X X X X 98 105
X X X X 109 117

2 Uncompressed snow (U), Compressed snow (C).

snow layer (governing the density), the surface heat flux (g), the
pavement heat flux (qs3), the heat from the heating film (q) and the
accuracy of the calculated average temperatures in the various layers
(which also affects the pavement flux). One of the input parameters of
Eq. (1) is rate of temperature increase per layer. During the experiment
only the top and bottom temperature of each layer (asphalt, binder,
snow) were measured. In the model, a linear temperature profile per
layer is assumed, while the mean temperature per layer can be closer to
the top or bottom temperature of the layer.

Table 2 shows the results of the sensitivity analysis. The model
originally predicts that on average the melting time is 103 and 111 min
for uncompressed and compressed snow, respectively. The predicted
difference in melting time between compressed and uncompressed
snow corresponds well with the results of the experiment; it takes
longer to melt compressed snow when the snow layers are not further
physically compacted during the melting process. However, the pre-
dicted melting time of both uncompressed and compressed snow is
shorter than the observed melting time (Fig. 5). The surface condition,
as observed from the top consists of wet snow at the time of predicted
melt, i.e. at 103 and 111 min for compressed and uncompressed snow,
respectively.

The parameters affecting the volume fractions and melting time
most are heat losses near the heating film, the pavement flux and the
accuracy of the calculated average temperatures in the various layers.
An increase in the pavement flux by 10% increases the melting time
with 3 and 4 min for uncompressed and compressed snow respectively.
A heat loss near the heating film of 10% increases the melting time with
9 and 10 min for uncompressed and compressed snow respectively.
Assuming that the average temperature is equal to the bottom or top
temperature of the layer creates a difference of 6 min compared to a
linear distribution. Changing the height of the snow layer with 1 mm
(the measuring error) and changing the density accordingly does not
seem to have an effect on the melting time. Increasing the surface heat
flux with a factor two only creates a difference in melting time of 1 min.

By including a heat loss near the heating films of 10% and assuming
a mean layer temperature close to the bottom temperature of each
layer, the melting time is increased to 120 and 128 min for uncom-
pressed and compressed snow respectively, which is close to the
measured transition phase from wet snow into slush (see Fig. 5).

Fig. 6 shows the change in volume fractions of ice, water and air
during the melting process of uncompressed (Fig. 6a) and compressed
snow (Fig. 6b). The grey and blue areas in the figure show the effect of
the accuracy given in Table 2. Below the figure the predicted average
surface conditions (Pean) and the surface conditions as observed from
the top (Op) are given. The predicted average surface conditions are
based on the volume fractions of water in snow as described in ‘The
International Classification for Seasonal Snow on the Ground’ (Fierz
et al., 2009). When the volume fraction is between 0 and 3% the snow
is considered moist, for a volume fraction of 3-8% the snow is wet,
between 8% and 15% the snow is very wet and above 15% it is soaked.
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As can be seen in both figures the original model (model with the
original input parameters) predicts moist and wet snow conditions long
before these are observed from the top.

5.2. Thermal conductivity

Fig. 7 shows the change in effective thermal conductivity during the
melting process of dry uncompressed and compressed snow on a heated
pavement. A heat loss of 10% near the heating films is included in the
figure. It is also assumed that the mean layer temperature is close to the
bottom temperature of each layer. The effective thermal conductivity is
calculated with a parallel system, a series system and a combined
parallel/series system. The effective thermal conductivity formulas
which are based on the volume fractions are compared to the formulas
by Abel's (1893) - Ab, Calonne et al. (2011) - Ca, Sturm et al. (1997) - St
and Yen (1981) - Ye, which were developed for snow with density
values up to 600 kgm™ >, and with the formula by Schwerdtfeger
(1963a) - Sc.

For uncompressed snow, the series and the combined parallel/series
system start around the same values as the curves by Ab, Ca, St and Ye.
The curves for compressed snow start at a lower value than the curves
by Ab, Ca, St and Ye. For both types of snow, only the parallel system
starts at a higher value. In the beginning of the test the formula by Sc
gives values close to a parallel system. These values are much higher
than all the other models predict.

At the end of the test, the effective thermal conductivity of the snow
layer goes towards the thermal conductivity of water for the parallel,
series and combined system. The formulas by Ab, Ca, St and Ye give
much higher values towards the end of the test. With increasing density
the formulas by Ab, Ca, Ye and Sc approach the value for the thermal
conductivity of ice (2.1 Wm~ 'K~ ). Those formulas are based on
measurements on seasonal snow from a snowpack with densities up to
600 kg m ™ ° where the snow density often increases due to settling and
to a lesser extent due to an increase in water content.

When dry uncompressed snow is transformed from dry into wet
snow the effective thermal conductivity calculated based on the
combination of the parallel and series system gives similar values
compared to the formulas by Ab, Ca, St and Ye, but differs from those
lines when the water content is increasing. For compressed snow a
similar trend is visible, but the difference between the curves is larger.

Fig. 8 shows the effect of the accuracy of various input parameters
on the accuracy of the modelled effective thermal conductivity. Height
measurements have an effect on the accuracy of the modelled effective
thermal conductivity, especially towards the end of the test when the
snow has changed into slush. The accuracy of the calculated mean
temperature per layer and the accuracy of the heat from the heating
film affect the accuracy of the result for the parallel system during the
first 120 min, during the change from dry snow to slush. It slightly
affects the accuracy of the modelled effective thermal conductivity with
the combined parallel/series system.
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Fig. 6. The typical change of the volume fractions of ice, water and air during the melting process with uncompressed (a) and compressed (b) snow, based on the values used in the
sensitivity analysis. The inaccuracy of the results based on the sensitivity analysis done is marked in grey (ice) and blue (water). The predicted average surface conditions (Pmean) given
by volume fractions predicted with the original model and as described in ‘The International Classification for Seasonal Snow on the Ground’ (Fierz et al., 2009) and the surface conditions
as observed from the top (Otop) are given below the figure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

6. Discussion
6.1. Thermal conductivity

During the first 40 min the snow had not started to melt and the
surface condition consisted of dry snow and the predicted thermal
conductivity of uncompressed snow based on the volume fractions
should give comparable results compared to the curves by Ab, Ca, St
and Ye. The series and the combined parallel/series system correspond
well with these curves.

After 90-120 min wet snow was observed for both uncompressed
and compressed snow. Since in the curve of Ca melt forms are included
with densities up to 600 kg m ™~ ? it is expected that the formulas based
on the volume fractions should approach this curve for wet snow
values. The parallel and a combined parallel/series correspond better to
this data than the series system. The series system gives a very low
thermal conductivity at the end of the test while during that period the
snow has transformed into slush and thermal conductivity values
around that of water are expected.

The combined system probably reflects the snow microstructure
better than the parallel or series system. When snow is melted on a
heated pavement the melt water is absorbed into the snow by capillary
action, which can be modelled as a combination of a parallel and series
system in which ice and air are modelled as a series system and water
and ice/air in parallel.

6.2. Sensitivity analysis

The original model predicts that the uncompressed and compressed
snow is melted after 120 and 128 min respectively. The model predicts
a faster snow melt for both uncompressed and compressed snow than
was observed during the experiment. After 120 min slush was observed
from the top. The two main parameters affecting this prediction are the
heating film heat flux and the pavement heat flux, which includes the
temperature profile per layer. In the model no heat losses near the
heating film are included, while these are expected to occur. Including
these fluxes has a positive effect on the results. The pavement flux
depends largely on the thermal properties of the pavement, which are
estimated based on literature. Using measured properties would
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improve the accuracy of the results. In addition, more accurate
measurements of the temperature profile in the layer would help to
improve the results.

The accuracy of the height measurements and the accuracy of the
surface flux barely affect the calculated melting time. The height
measurements do however affect the results of the prediction of the
volume fractions and effective thermal conductivity (Fig. 8a). Towards
the end of the test, when the snow layer becomes very thin, the density
is more difficult to estimate based on the height measurements, as can
be seen in (Fig. 5). During this last part of the test, the effect of the
height measurements on the accuracy of the effective thermal con-
ductivity prediction becomes larger.

In the model it is assumed that snow is melted once and stays
melted, while in reality the water probably will refreeze after being
absorbed into the snow. This process might lead to higher heat losses at
the surface due to sublimation than is accounted for in the model and
possibly also a longer melting time.

6.3. Predicted surface conditions

The original model predicts moist and wet snow conditions long
before these were observed from the top (Fig. 6). This difference can
partly be explained by the differences in water content within the snow
layer. After 40 min the snow already started to melt at the bottom of the
layer, but this was not visible from the top. The difference is also caused
by the short predicted melting time by the model.

Wet and soaked snow is predicted earlier during the melting process
for compressed snow than uncompressed snow, while the total snow
melting takes longer for compressed snow. This difference might be
explained by a difference in the snow microstructure and capillary rise
between the two types of snow. The capillary rise of compressed snow is
higher (Jordan et al., 1999) and water is absorbed further into the snow
without collapsing of the snow.

7. Conclusion
A series of experiments and numerical heat balance simulations

were used to estimate the effective bulk thermal conductivity of a
melting snow layer. In the experiments the bottom heat flux, the
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Fig. 7. Effective thermal conductivity during the melting process of dry uncompressed (a) and compressed (b) snow calculated based on the volume fractions of ice, water and air with a
parallel system, a series system and a combined parallel/series system and compared to the curves by Schwerdtfeger (1963a), Abel's (1893), Yen (1981), Calonne et al. (2011) and Sturm
et al. (1997). The surface conditions described in the figures are the surface conditions as observed from the top.

temperature profile, the snow thickness and the surface conditions were
measured, and these were used as input into the numerical heat balance
scheme. The mass fractions of ice, air and water and the thermal
conductivity of the snow layer were calculated in time.

The bulk thermal conductivity of the snow was modelled in three
simple models as a function of the mass fractions and the thermal
conductivities of ice, air and water. The first model had the three
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materials in series, the second in parallel and the third a series coupling
of air/ice in parallel with water. In the proposed combined parallel and
series system ice and air are modelled as a series system and water and
ice/air are modelled in parallel. The results were compared with
existing models for dry/moist snow and fitted to a final value (when
all snow was melted) equal to that of water. Only the combined series/
parallel fitted both the earlier (dry snow) models and resulted in the
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the input parameters with dotted lines. The same plots are given for compressed snow (d-f).

value for the conductivity of water when all snow was melted.
Comparing the three bulk approaches the effective thermal conductiv-
ity of a melting snow layer on a heated pavement can be best described
as a combination of a parallel and series system.

The relative mass fractions of ice and water as well as a proper
characterization of the microstructure give a good basis for determina-
tion of the thermal conductivity. Compared to more sophisticated
models that consider the microstructure in detail this approach gives
limited information about the properties of and variation within the
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snow layer, but it is a more simple approach which does not need as
much snow characterization.

This model is validated with measurements of a melting uncom-
pressed and compressed snow layer. Since the proposed combined
series/parallel system fitted the results from earlier models and gave a
value equal to that of water when all snow was melted, it is expected
that this model can be used for determining the thermal conductivity of
a melting snow layer under other conditions as well, but this needs to
be verified with further experiments. The results of the combined
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series/parallel system fits earlier models best for uncompressed snow.
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