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ABSTRACT8

Hoarfrost on roadways and bridges can cause slippery and dangerous conditions for motorists.9

To reduce the costs and environmental impacts of countermeasures the road authorities wish to10

optimize their winter maintenance operations. To support this, good knowledge of the hoarfrost11

formation process is needed. This paper presents a laboratory setup designed and built to study12

hoarfrost formation in detail under controlled conditions. The accumulation of hoarfrost (g/m2) and13

the stability of the main controlling parameters (air temperature, surface temperature and relative14

humidity) are quantified. By using an open loop wind tunnel with warm, humid air flowing over a15

cold stone surface, we produced conditions similar to those of frost formation on a road with good16

stability. The hoarfrost growth rates were found to be within the range of field measurements earlier17

published. The growth rates were constant during each test and were directly related to the driving18

force created by the difference in the water vapor pressure in the air and at the stone surface.19

INTRODUCTION20

Hoarfrost on roadways and bridge decks can cause slippery and dangerous conditions for21

motorists, especially at the beginning of the winter season (Norrman et al. 2000). In Sweden in the22
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winters of 2004-2005 and 2005-2006, 18.1% and 14.5% of accidents respectively occurred during23

hoarfrost formation (Andersson and Chapman 2011).24

Different actions can be taken to reduce the risk of accidents due to hoarfrost, for example use of25

friction overlays (Evans 2010; Dave et al. 2017), monitoring road surface conditions (Minsk 1998),26

heating the road surface (Minsk 1999) and the application of freezing-point depressant chemicals27

(Ketcham et al. 1996). Due to their negative economic and environmental impacts (Ramakrishna28

and Viraraghavan 2005; Fay and Shi 2012) it is desirable to optimize the use of heating and29

chemicals. A key to this is good prediction of hoarfrost formation, both its duration and severity.30

A number of models for predicting surface temperature and surface state (e.g. dry, wet, snowy,31

icy) on both roads and bridge decks already exist (e.g. Sass 1992; Crevier and Delage 2001;32

Knollhoff et al. 2003; Greenfield and Takle 2006; Denby et al. 2013 and Fujimoto et al. 2014).33

These models can predict when the conditions for hoarfrost formation is present. But, to the best of34

our knowledge, little is known about when deposited hoarfrost actually leads to slippery conditions.35

Since chemicals (for example sodium chloride) are frequently used during these events, it is also36

of interest how and how long these chemicals prevent the hoarfrost growth process. Being able to37

simulate hoarfrost growth in a laboratory setupwill make it possible to gain further understanding of38

these issues when systematically adjusting the main controlling parameters of hoarfrost formation.39

Several researchers have developed experimental setups for hoarfrost formation earlier. Stanton40

et al. (2012) used a cold ceiling to simulate long wave radiation loss due to clear sky conditions.41

Cheng (2003), Hermes et al. (2009) and Kandula (2011) simulated hoarfrost formation with warm42

humid air flowing over a cold surface. Common for these experiments is that they produced43

hoarfrost at much higher rates than realistic for road situations. The air temperatures were typically44

between 15 to 25 °C, and the frost surface temperatures were between −5 to −20 °C.45

In order to study the hoarfrost formation on road surfaces in detail, we developed an experimental46

setup that can simulate hoarfrost formation at deposition rates that are more realistic than previous47

experimental setups. Similar to Cheng (2003), Hermes et al. (2009) and Kandula (2011), we48

extracted heat from the bottom of the surface downwards, simulating the conditions of warm humid49
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air passing over a colder road surface. The experiment proved that this setup demonstrates sufficient50

stability of the key parameters and that it is possible to adjust these within a range of values relevant51

to winter roads.52

METHOD53

Theory54

Hoarfrost occurs when water vapor in the air changes from a gaseous state to a solid state on a55

cold surface. This can occur when the surface temperature is lower than both the dew point and the56

temperature at which water freezes. The mechanism behind this mass transport is the difference in57

the energy state for water molecules in the air and at the frost surface. Water molecules will prefer58

the state with the lowest energy. The rate of the resulting hoarfrost growth rate can be described59

using different driving potentials, for example partial pressure, molar density, and mass density60

(Webb 1990). Using the partial pressure of water vapor as the driving potential, the rate of the61

resulting frost growth can be described as:62

ṁ = Kp(pv,a − pv, f s) (1)63

where Kp is the mass transfer coefficient, pv,a is the water vapor pressure in the air flow and pv, f s64

is the water vapor pressure at the frost surface.65

Thewater vapor pressure in the air, pv,a, is calculated from the definition of the relative humidity:66

RH =
pv,a
psat
v,a
· 100 (2)67

where RH is the measured relative humidity and psat
v,a is saturation vapor pressure at the given air68

temperature, Ta.69

Air is assumed to be saturated at the frost surface (Kandula 2011). The water vapor pressure at70

the frost surface, pv, f s, is therefore given as the saturation vapor pressure at the surface temperature,71

Ts.72
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Hoarfrost growth73

A setup as shown in Fig. 1 was build inside a walk-in cold temperature laboratory. The setup74

was designed to simulate typical conditions for frost formation on road surfaces, with air velocities75

ranging from0.6m/s to 1.2m/s, relative humidity from60% to 100%, air temperatures from−20 °C76

to 5 °C, and surface temperatures ranging from air temperature to 8 °C below air temperature.77

The setup was designed as an open loop wind tunnel in which humid air flowed over a cold78

stone surface, see sketch in Fig. 2. The air flow was driven by tangential fan 1 placed at the end79

of the loop. The wind speed, v, was measured at a location 1.5 cm above the stone surface using80

a Fluke 975V AirMeter (sensor 3) and controlled by adjusting the fan voltage. Water vapor was81

added to the air by placing a water bath in front of the stone surface. The amount of vapor added82

could be controlled by adjusting the water temperature and the open area of the water bath, using83

an adjustable lid. During tests it was found to be easier to adjust the lid than the bath temperature.84

A bath temperature of 25 °C was used for the tests presented here. The build-up of hoarfrost took85

place on an 80mm x 80mm stone with a height of 9mm. Typical asphalt concrete consists of 95%86

stone and 5% mastic, which is bitumen and filler. Therefore, it was decided to use a stone in order87

to achieve an even heat transfer through the test sample and to avoid potential artifacts due to the88

presence of mastic. The stone was cooled by 4 Peltier elements connected in series. The cooling of89

the Peltier elements took place in a separate wind loop below the humidity transport loop. The two90

loops were separated by a 5 cm thick layer of XPS insulation placed around the stone. The Peltier91

elements were placed on a pin fin heat sink, and an additional fan (fan 2 in Fig. 2) was added below92

the insulation to improve the heat convection from the warm side of the Peltier elements. The stone93

surface temperature was controlled by adjusting the voltage on the Peltier elements.94

The different parameters measured during the experiments are listed in Table 1. The real-time95

amount of hoarfrost deposited on the stone surface, mr , was logged using an electronic scale during96

frost formation. To control this real time measurement of the mass, the stone was also removed97

from the setup and weighed on another electronic scale before and after each frost growth test.98

This manually measured mass difference between the start and end of each test was denoted mm.99
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The relative humidity, RH, was measured using a Vaisala HMT337 sensor with a warmed probe100

allowing measurements up to 100% RH. The humidity sensor was calibrated at 2 °C by an HMK15101

calibration kit, using NaCl as reference.102

The air temperature inside the setup, Ta, was measured with a temperature probe integrated in103

the Vaisala HMT337 sensor. Humidity and air temperature were measured 9 cm in front of the104

stone at a height of 2.5 cm above the stone surface (sensor 1 in Fig. 2). The surface temperature of105

the stone, Ts, was measured using a Pt100 glued at a corner of the stone (sensor 2). The temperature106

sensors were calibrated in a slush of finely crushed ice and water.107

RESULTS108

In total 15 frost growth tests were performed. Ten were performed with an air temperature109

of 2 °C, and five with an air temperature set to −15 °C. These two test series are referred to as110

performed at Ta = 2 °C and Ta = −15 °C, even though the measured Ta varied between the different111

tests. Wind speed was held constant at 0.6m/s for all tests. The difference in the water vapor112

pressure in the air and at the stone surface was varied by adjusting the temperature of the stone113

surface and the relative humidity in the air. The average relative humidity ranged between 58.9%114

and 91.4% across the different tests, and the maximum obtained difference between air temperature115

and stone surface temperature was 8.5 °C.116

An overview of the measured and calculated parameters and their standard deviations, is found117

in Table 2. Data were sampled at a frequency of 2.4 Hz and filtered over 1000 measurements, i.e.118

6.9 minutes, using a rolling mean filter. Analysis was performed from the point when the surface119

temperature dropped below the dew point. The stability of the different parameters and the mass120

accumulation during a typical frost growth test are shown in Fig. 3. In the test shown i Fig. 3121

the average relative humidity was 59.9%, with a maximum value of 61.3% and a minimum value122

of 58.9%. The average air temperature was 0.7 °C, fluctuating between 0.6 °C and 0.8 °C. The123

temperature of the stone decreased in the first minutes of the test before it stabilized at −7.8 °C.124

The real time measured mass, mr , showed small deviations over time compared to the manually125

measured mass, mm, found by weighing the stone before and after frost growth. This is likely to be126
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due to the scale drifting. All hoarfrost growth rates are therefore calculated based on the manually127

measured mass, mm.128

Fig. 4 shows (a) the stone without hoarfrost, (b) typical frost growth after tests performed at129

Ta = 2 °C and (c) at Ta = −15 °C. The frost pattern is homogenous in both images, indicating that130

the surface temperature of the stone is homogeneous. At 2 °C the frost structure is dense, while at131

−15 °C there is a coarser frost structure with more air between each crystal.132

Fig. 5 shows the frost growth rate, ṁ, as a function of the difference in the vapor pressure in the133

air and at the frost surface for all tests. The frost growth rate was found as the measured mass, mm,134

divided by the stone area and the time used for each test. pv,a was calculated from the measured135

mean values of RH and Ta and pv, f s was calculated from the measured mean value of Ts. Tests136

with air temperature Ta = 2 °C are marked with crosses and those with Ta = −15 °C are marked137

with dots. A linear trend is shown and there are no distinct differences between the results from the138

two different air temperatures. Linear regression was used to find the mass transfer coefficient, Kp,139

in Eq. (1). Kp = 1.35 × 10−7 kgm−2 s−1 Pa−1 is valid for the setup with a wind speed of 0.6m/s.140

Data from both temperatures were used, and the coefficient of determination, R2, was found to be141

0.99. The linear regression was forced through the origin to ensure zero hoarfrost growth when the142

partial vapor pressure difference was zero.143

DISCUSSION144

The total amount of hoarfrost formed in the tests ranged from 125 to 750 g/m2 with rates145

ranging from 16 to 84 g/m2h. Karlsson (2001) reports amounts of hoarfrost deposited during one146

night in the range of 55 to 495 g/m2. The rates are not given, but by assuming 12 h of frost growth147

during each test it can be estimated that they are in the range of 5 to 41 g/m2h. If any sublimation148

occurred during this period, the real rates are higher. Both the total amount of hoarfrost and the149

rates from the laboratory setup are thus realistic.150

The stability of the key parameters such as air temperature, surface temperature and humidity151

is seen as sufficient for the purpose during the tests. As shown in Fig. 3 (d) a constant frost growth152

rate was seen during the entire frost growth period in our test. The same linear growth was seen in153
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all tests. The water vapor pressure in the air (pv,a) was held constant during the tests. The constant154

frost growth rate (ṁ) implies that the vapor pressure at the frost surface also remained constant.155

This can only be the case if the frost surface temperature remained reasonably constant, while156

the frost layer grows. This was confirmed by temperature measurements with an IR thermometer157

revealing a temperature stability on the top surface of the frost within ±0.5 °C during a typical158

frost growth period. It can therefore be argued that the cooling of the frost surface is not limited159

by the transport of heat through the frost layer for the amounts of hoarfrost (125 − 750g/m2) and160

the temperature conditions (Ta − Ts < 9 °C) studied here. Despite the constant growth rate in all161

the test runs, the deviation between mr and mm varied between the different tests. This variation162

did not correlate with the difference in the temperature or the duration of the tests. We believe the163

key problem is related sensor drift, as the sensor can only be reset to zero at the beginning of the164

test. This problem could be solved by building an automated system for lifting the stone from the165

scale during the tests, making it possible to perform a consecutive series of weight measurements166

with the scale tared before each measurement. It would also be possible to determine the mass167

development of the hoarfrost throughout the tests by performing manual weight measurements at168

specific time intervals.169

The ability to produce and measure realistic amounts of hoarfrost under realistic road surface170

conditions is valuable for further understanding the following issues:171

• how different amounts or types of hoarfrost affects the road surface friction172

• how the hoarfrost formation process is influenced by the presence of salt173

• the dilution rate of applied anti-icing agents174

All these phenomena are important when optimizing the use of measures to avoid slippery roads175

due to hoarfrost formation, for both deciding when to use them and for estimating their duration.176

CONCLUSION177

A setup specifically made to study hoarfrost under conditions relevant to winter road mainte-178

nance was designed and built. By using an open loop wind tunnel with warm, humid air flowing179
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over a cold stone surface we were able to produce conditions similar to those of frost formation180

on a road with good stability. The hoarfrost growth rates were found to be within the range of181

field measurements earlier published. This makes the setup suitable for studying issues related to182

hoarfrost formation on roads such as friction and salting dosage.183

The hoarfrost growth rate was found to be constant during the frost growth tests, irrespective184

of the thickness of the hoarfrost layer. This indicates that the frost surface temperature was stable185

throughout each test for the amounts of frost (125 − 750g/m2) and temperatures (Ta − Ts < 9 °C)186

studied here.187
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TABLE 1. Overview of measured parameters

Parameter Symbol Unit Instrument
Humidity RH % Vaisala HMT337
Air temperature Ta °C Vaisala HMT337
Surface temperature Ts °C Pt100
Air velocity v m/s FLUKE 975V
Mass of hoarfrost
from real time measurements mr g OHAUS Pioneer PA2202
Mass of hoarfrost
from manual measurement mm g AND EK-400H
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TABLE 2. Overview of measured and calculated parameters from all tests

Test
#

Test
duration

(h)

Accumulated
hoar
frost
(g/m2)

Frost
growth
rate

(g/m2h)

Average
relative
humidity
RH (%)

Average
air

temperature
Ta (°C)

Average
stone
surface

temperature
Ts (°C)

Average
dew
point

temperature
Td (°C)

1 1.7 141 84 77.9 ± 3.2 1.2 ± 0.3 −6.0 ± 0.3 −2.3 ± 0.8
2 2.7 219 81 86.8 ± 1.3 2.1 ± 0.1 −3.6 ± 0.1 0.1 ± 0.2
3 3.1 125 40 88.2 ± 3.5 2.0 ± 0.3 −1.4 ± 0.2 0.3 ± 0.8
4 2.8 187 68 78.3 ± 1.9 2.0 ± 0.1 −4.5 ± 0.1 −1.4 ± 0.3
5 3.8 188 50 71.1 ± 1.6 1.2 ± 0.2 −5.9 ± 0.2 −3.4 ± 0.4
6 3.2 234 74 75.8 ± 1.5 1.9 ± 0.1 −6.2 ± 0.1 −1.9 ± 0.3
7 4.6 141 31 59.9 ± 0.5 0.7 ± 0.0 −7.8 ± 0.0 −6.2 ± 0.1
8 18.8 297 16 58.9 ± 0.6 0.6 ± 0.1 −6.6 ± 0.1 −6.5 ± 0.1
9 23.6 750 32 62.9 ± 1.4 0.6 ± 0.1 −7.5 ± 0.1 −5.6 ± 0.3
10 22.3 453 20 64.5 ± 1.3 0.7 ± 0.0 −5.9 ± 0.0 −5.3 ± 0.3
11 18.7 438 23 74.2 ± 3.7 −16.4 ± 0.3 −24.2 ± 0.3 −20.0 ± 0.9
12 42.9 672 16 74.1 ± 3.2 −16.5 ± 0.3 −22.0 ± 0.3 −20.0 ± 0.8
13 21.5 375 17 73.7 ± 3.4 −16.6 ± 0.3 −22.3 ± 0.3 −20.1 ± 0.8
14 5.8 234 41 82.0 ± 1.0 −13.9 ± 0.3 −21.5 ± 0.2 −16.3 ± 0.2
15 4.0 204 51 91.4 ± 2.7 −13.5 ± 0.4 −21.3 ± 0.2 −14.7 ± 0.5
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Fig. 1. Picture of experimental setup
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Fig. 2. Sketch of experimental setup showing how humid air flows over the cold stone surface
resulting in hoarfrost formation. Sensor 1 measures RH and Ta and is located 9 cm in front of the
stone at a height of 2.5 cm above the stone surface. Sensor 2 measures Ts and is located at the
corner of the stone. Sensor 3 measures wind speed and is located in front of the stone at a height
of 1.5 cm.
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Fig. 3. Stability of measured parameters during test 7: (a) relative humidity, (b) air temperature,
(c) surface temperature, (d) real time measured mass of hoarfrost, mr .
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(a) (b) (c)

Fig. 4. Image of (a) stone without hoarfrost, (b) frost growth at the end of test number 4, (c) frost
growth at the end of test number 12.
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Fig. 5. Frost growth rate as a function of the difference in the vapor pressure in the air and at the
frost surface.
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