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Abstract 5 

During winter, the clear runway concept is crucial to airports for maintaining passenger and 6 

employee safety. Research can optimize de-icing product application rates, thereby reducing costs 7 

and environmental impact. Currently, three aerospace standards exist for evaluating the 8 

performance of runway de-icing products. These comparative tests—ice melting, ice undercutting, 9 

and ice penetration tests—are carried out jointly in a systematic way and indicate whether a runway 10 

de-icing product is effective in actively reducing the presence of ice. Here we present a numerical 11 

model for the ice penetration method, for fluid runway de-icing product, with the goal of deepening 12 

the knowledge in this field. We apply a series of laboratory-based tests to measure the performance 13 

of runway de-icing products, and develop a new model to analyze the behavior of each product. 14 

The principal observation is that the product is more effective at 1 minute and effectiveness 15 

decreases following an inverse logarithmic curve trend to 30 minutes. Through modeling, we 16 

observe that the dominant mode of heat transfer is natural laminar convection, and the model 17 

predicts a uniform melt length for the entire tube section. Thus, simplified ice penetration modeling 18 

using AS6211 can acceptably predict the rate of ice penetration as a function of time (mm/min), 19 

with the modelling confirmed by our experimental results. The future application of our simplified 20 

model to other existing de-icing fluid characterization test methods could identify the effects of 21 



2 
 

diluted or undiluted solid runway de-icing products on ice penetration rates and ultimately on 22 

spreading rates. 23 

Nomenclature 24 

A: interchange area 25 

C: concentration 26 

Cp: specific heat 27 

CV1: control volume of ice 28 

CV2: control volume of RDP (KAC) 29 

CV3: control volume of brine 30 

D: width 31 

Ecv: energy of Control Volume 32 

Ein: energy inside 33 

Eout: energy outside 34 

Ė: variation of energy as a function of time 35 

g: gravitational acceleration due to Earth 36 

Gr: Grashoff number 37 

h: heat coefficient 38 

Hsl: latent heat of ice fusion  39 

k: thermal conductivity 40 

L: lengh 41 

mi: mass of pure RDP 42 

m1: mass of ice 43 

m2: mass of RDP 50 w/w (KAC) 44 

m3: mass of brine 45 
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ṁ: mass flow 46 

Nu: Nusselt Number 47 

Pr: Prandtl number 48 

q: thermal flow 49 

Ra: Rayleigh number 50 

Rac: critical Rayleigh number 51 

RDP: runway de-icing product 52 

ro: outside radius of tube 53 

ri: inside radius of tube 54 

t: time 55 

T: temperature 56 

Tdi: melting temperature of fluid 57 

Tmin: minimal temperature 58 

T1: temperature of ice 59 

T2: temperature of RDP 50 w/w (KAC) 60 

T3: temperature of brine  61 

T4: temperature of sample tube 62 

T0: temperature of climatic chamber 63 

Ṫ: variation of temperature as a function of time 64 

x1: depth of ice  65 

x2: depth of RDP (KAC) 66 

x3: depth of brine 67 

ẋ: variation of the depth as a function of time 68 

α: thermal diffusivity 69 

β: thermal expansion 70 
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ΔEtot: difference of total energy 71 

ρ: density 72 

ν: kinematic viscosity 73 

 74 

1. Introduction 75 

During airport winter maintenance operation in northern countries such as Canada and United 76 

States, thousands of kilograms of de-icing products, in both fluid and solid form, are applied to 77 

airport runways to make the winter contaminant more easily removed using mechanical tools and 78 

thus promote safe aircraft take-offs and landings. Most of these adverse conditions involve what is 79 

commonly known as atmospheric icing, which includes freezing rain, wet or dry snow, ice pellets, 80 

freezing drizzle precipitation, and frost, resulting from the deposition of water vapor directly into 81 

ice crystals [1]. These weather events can result in hazardous runway conditions that increase the 82 

risk to users [2] [3]. Although these winter conditions are recurrent and, in some cases, worsen 83 

from year to year, to date very little attention has been paid to evaluating the performance and 84 

determining the optimal amounts of de-icing and anti-icing products to apply to runways. Each 85 

product supplier specifies application rates and the duration of effectiveness on the basis of their 86 

own experiences and knowledge. 87 

Many aircraft accidents are attributable to poor runway conditions [4]. The presence of water, ice, 88 

or snow [3] on runways has been identified as a key factor leading to aircraft accidents between 89 

2010 and 2019 [5]. Among them, on February 8, 2019, an aircraft ran off the runway at Saguenay–90 

Bagotville (Québec) airport after landing [6]. A total of 42 passengers and 3 crew members were 91 

on board, but fortunately there were no injuries. Runway excursion is classified as one of the two 92 

most important risk areas in the aviation industry [7-9], and the risk of an icy runway in Canada is 93 
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high [10, 11]. Most of these recorded accidents had significant property damage consequences [12]. 94 

Northern winter conditions favor a greater frequency of accidents and therefore impact negatively 95 

the airports [13]. 96 

To counter runway icing, airport operators apply significant quantities of de-icing products onto 97 

the runways.  Most of the runway de-icing products (RDPs)  contain potassium formate, potassium 98 

acetate, sodium acetate, sodium formate and sometimes also glycol that may have a negative effect 99 

on aquatic life surrounding the airports.  100 

The bare runway is therefore applied by airports to increase passenger and employee safety 101 

ensuring runway practicable by making winter contaminants easier to remove. Work needs to be 102 

carried out  to reduce costs and environmental impacts (ground and surface water contamination), 103 

by increasing knowledge regarding de-icing and anti-icing performance of RDPs as a means of 104 

optimizing operations [14]. Knowing product performance is essential for airports to select the 105 

appropriate amount of product in relation to the conditions experienced on the ground. Therefore, 106 

laboratory tests of such products are required under known and controlled conditions [15-17]. 107 

Currently, three aerospace standards are applied to evaluate the performance of an RDP [16, 18]; 108 

the tests, undertaken jointly and in a systematic manner, are the ice melting, ice undercutting, and 109 

ice penetration tests. 110 

The ice penetration test follows the AS6211 test method standard [16] and involves recording the 111 

vertical penetration depth of the product into the ice (mm/min). The test illustrates how a product, 112 

under ideal conditions, enters the ice by melting it down vertically. Trzaskos et al.  [19] evaluated 113 

ice penetration under prewet conditions; however, they did not follow the AS6211 protocol. They 114 

used a clear ice substrate and then modeled the ice penetration of the RDP. A relatively slow ice 115 
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penetration rate was easily observable by photo analysis. In this work [19] solid NaCl and liquid 116 

MgCl2 in a prewet mode were used, two products which should be avoided for use on runways due 117 

to their corrosiveness on aircraft components. 118 

The ice undercutting test is performed according to the AS6172 test method standard [17]. The test 119 

gives the area that the RDP can clear, hence a two-dimensional result (mm2), under the ice cover, 120 

per minute. The test informs on how a product eases debonding when the RDP reaches the 121 

underside of the ice. The available literature discussing this topic is nonetheless inexistent, 122 

highlighting the need for research in this area. This test was not run in this study. 123 

Finally, the ice melting test estimates the ice mass that an RDP will melt per minute. This test is 124 

described by the AS6170 test method standard [15]. A product that melts a greater amount of ice 125 

and a good ice penetration is deemed to be more effective. This test result is in three-dimensions 126 

(mass/volume per minute) and represents the speed at which a product melts ice. The ice melting 127 

capacity has also been evaluated using ice cubes [20] and insulated bottles [21] which are not 128 

included properly in the standard because of the variability of the parameters. In these tests, a 129 

marked lowering of the temperature occurs upon the fluid contacting the ice surface reflecting an 130 

endothermic reaction with a dilution of the brine. Another method grows the ice by very thin 131 

layers—0.5 mm layers accumulated to a final thickness of 25 mm—to limit the formation of 132 

bubbles and obtain an equal contact surface between the RDP and the ice [22] [23]. The studies 133 

that applied this method observed that the diffusion flux, dimension of which is the amount of 134 

material per unit area per unit time, correlated well with the ice melting rate. Nevertheless, in this 135 

study we follow the AS6170 test method protocol [15] as it fits closer to the reality of winter 136 

operations in Canada. Moreover, this method is preferred as it is well known, easy to conduct, and, 137 

most importantly, all involved parameters of this test are known. 138 
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The main objective of this article is to present a numerical model of the ice penetration method 139 

using laboratory-based tests of RDP ice penetration and ice melt, to validate the model output. The 140 

model will serve to develop new methods of analysis of fluid RDP behavior on ice and improve 141 

our understanding of RDP–ice interactions. 142 

2. Experimental protocols 143 

We performed ice penetration and ice melting tests in a controlled laboratory setting. The third test 144 

related to RDP–ice interactions, ice undercutting, was not applied. All tests were run in a controlled 145 

climatic chamber at −2 °C and −10°C. We selected potassium acetate diluted by 50% in 146 

demineralized water, in fluid form, as the RDP for both tests. 147 

2.1. Ice penetration protocol 148 

We followed the AS6211 test method standard [16] for the ice penetration test (Figure 1). We 149 

carried out the test in a cold room of the International Laboratory of Anti-icing Materials (AMIL). 150 

This cold room (9.1 m high, 5.5 m long, and 3.5 m wide) provides a controlled air temperature 151 

between 0 °C and −35 °C at a precision of 0.5 °C. 152 

We obtained ice by pouring 0.5 mL of ASTM D1193 type IV water into a Pyrex test tube. The 153 

fluid and the test tube holder were placed in the chamber at least eight hours before the test to 154 

ensure they attained the required test temperature. The 6 mm × 50 mm Pyrex test tubes were then 155 

placed on the holder for 15 min. Using a syringe, we added 0.45 ± 0.05 mL of demineralized water 156 

into each tube by pushing the needle into the bottom of the tube and raising it gradually to avoid 157 

air bubble formation. We left the water 2 h for it to freeze; we used a needle (having the same 158 

temperature as the chamber) to initiate ice formation by gently touching the water surface. After 159 
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30 min, the ice interface inside the glass tubes was flattened using an aluminum bar (3.75 mm 160 

diameter and preheated with hot water between 65 and 70 °C) to obtain a smooth ice surface 161 

without asperities. Finally, the support and the glass tubes were maintained at constant temperature 162 

in the cold room at −10 ± 0.5 °C for an additional 90 min before proceeding with the tests. The 163 

chamber temperature was either maintained at −10 °C or increased to −2 °C as per the AS6211 test 164 

method. 165 

 166 
Figure 1. Ice penetration test of a runway de-icing product (RDP) according to the AS6211 standard. (A) Initial ice samples in 167 

microcentrifuge tubes; (B) deposition of the dyed RDP (potassium acetate) onto the ice sample; and (C) the RDP penetration of 168 
the ice [16] 169 

The ice penetration test method was performed according to AS6211 standard [16]. Prior to adding 170 

the fluid, we measured the height from the top of the tube to the ice surface (measurement M1). We 171 
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then poured 25 µL of the dyed RDP into the tube. We used rhodamine B as a dye as it does not 172 

alter RDP performance [16] and helps to accurately determine RDP penetration. Measurements 173 

(M2) were then taken after 1, 2, 3, 4, 5, 10, and 30 min, measuring from the top of the tube to the 174 

depth of fluid penetration. Ice penetration was calculated by subtracting M1 from M2. We used a 175 

camera to increase the precision of the measured depths and processed the photos using ImageJ 176 

software, which measures to the nearest of a pixel. The data was then converted into millimeters. 177 

We repeated the test four times [1]. There is no failure value or performance limit specified in this 178 

standard. 179 

The ice melting test method was performed according to the AS6170 test method standard [15] 180 

(Figure 2). In a first step, we placed a Petri dish in a −10 °C cold room and filled it with 60 mL of 181 

ASTM D1193 type IV water. After a minimum of 8 h, we weighed the Petri dish and the formed 182 

ice using a calibrated two-decimal scale. We then poured 5 g of RDP onto the ice sample. We used 183 

a thermal camera— (Optris Pi400) and the associated software (Optris PIX Connect)—to this 184 

procedure to improve data collection and to better understand product performance. The thermal 185 

camera recorded thermal imagery video to determine temperatures during ice melting.  186 

Experimental results 187 

2.2. Ice penetration test 188 

Photos captured during the ice penetration test highlight the general behavior of the product (Figure 189 

2). We observed that fluid penetration into the ice was initially quite rapid (Figure 3). Ice 190 

penetration by the RDP was also greater in the −2 °C ice than for ice at −10 °C.  191 
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 192 
Figure 2. Evolution of fluid penetration into the ice during the ice penetration test for the RDP (potassium acetate) at −2 °C (top) 193 

and −10 °C (bottom). The color change is more evident for the samples at −2 °C, testifying to the dilution of the brine that 194 
penetrates the ice. 195 

Moreover, fluid penetration was not uniform, showing a more pointed (inverted conical) shape, 196 

which then tends to flatten out. A similar form was observed by Trzaskos and Klein-Paste [19]. 197 

The color of the RDP is also lighter in the −2°C test, indicating that the dilution is then more 198 

important at −10°C. 199 

 200 
Figure 3. Ice penetration rate of the 50% w/w potassium acetate KAC at −10 °C and −2 °C 201 
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In regard to the penetration rates of the RDP at −2°C and −10°C, the product was most effective in 202 

the first minutes; for both ice temperatures, the penetration rates decreased over the next 30 min 203 

along an inverse logarithmic curve (Figure 3). However, the ice penetration rate at −2 °C was 204 

greater than that for the −10 °C ice; nonetheless, the standard deviation was greater for −2 °C than 205 

−10 °C after one minute (±0.3 at −2°C and ±0.05 at −10°C). As a second step, we analyzed the 206 

thermal video to gain insight into RDP behavior in the Petri dish (Figure 4). 207 

 208 

 209 
Figure 4. Minimum temperatures of the RDP (potassium acetate) at the ice surface for −10 °C and −2 °C and the thermal 210 

photographs at the ice surface at −10 °C during the ice melting test at 0, 1, minimal temperature, and 10 min.  211 

Temperature was not uniform across the surfaces, varying from −10 °C to minimum values around 212 

−20 °C (Figure 4). At T0, we observed an instantaneous temperature drop at the beginning of the 213 



12 
 

test. The reaction is endothermic because of the dissolution of salt in water/ ice [22]. A minimum 214 

temperature of −21.6 °C, corresponding to the product’s peak effectiveness, therefore where the 215 

product is the most reactive, was attained after three minutes, and the temperature then increased 216 

until the final observation at 30 min. The minimum temperature reached at −10 °C was −21.6 °C 217 

at 189 s and −12.8 °C at 148 s for the −2 °C tests. The temperature eventually attained the test 218 

temperature, −10 °C, when the product could no longer melt the ice. The pattern of minimum 219 

temperatures over the course of the melting capacity test [15] at −2 °C and −10 °C is important for 220 

modelling how the product penetrate the ice .  221 

The attained minimum temperature was lower at −10 °C than at −2 °C, which is understandable. 222 

Nevertheless, the difference between the initial temperature of the test and the minimum 223 

temperature reached was 10.8 °C for −2 °C and 11.6 °C for −10 °C. This pattern of delta 224 

temperatures is explained by ice melting with aqueous solutions below 0 °C being limited by 225 

diffusion [23]. The temperature of the product drops following the same trend. The higher the melt 226 

rate, the lower the temperature. We can therefore conclude that the greater the penetration rate, the 227 

lower the temperature from the correlation between both methods. 228 

3. Ice penetration modeling 229 

3.1. Simplified mathematical modeling of ice penetration 230 

We used our observations to develop a simplified thermodynamic model presenting the evolution 231 

of ice penetration in the presence of a RDP following the AS6211 protocol [16]. As a first step, we 232 

evaluated the thermodynamic evolution of the ice penetration test to determine whether it acts as 233 

the natural convection of a liquid in a cavity in the presence of a phase change. It is crucial to 234 

determine the type of convection since it will drive the selection of the accurate equations. Forced 235 
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convection will rather complexify the model equations. The immediate melting of a solid, such as 236 

ice crystals, occurs upon contact with the RDP because of the lower melting point for the water 237 

molecules (and RDP) at the contact with the ice.  238 

To determine whether this assumption of natural convection of the RDP is applicable to our tests, 239 

we relied on a series of visual recordings, using a digital lens at 12× magnification, to observe 240 

whether RDP circulated when deposited onto the ice sheet in an initially isothermal condition. 241 

Heitz et al. [24] identified three possibilities or modes of heat transfer in water contained within a 242 

closed cavity: conduction, laminar or turbulent convection; their respective occurrence mainly 243 

depends on the temperature profile, the velocity profile, and the dimensions of the cavity (L/D; 244 

height/width). The authors identify the critical Rayleigh number (Rac) and the geometrical 245 

parameters of the cavity as predictors of heat transfer mode in the cavity.  246 

Our recordings portray a bottom–top circulation of the fluid and a well-defined circulation cell, as 247 

described in the literature [24]. The RDP flow profile shows flow channels from bottom to top and 248 

then top to bottom (Figure 5). Measurements of the fluid surface temperature using a thermal 249 

camera recorded a considerable drop in the fluid surface temperature after the start of the test (up 250 

to 10 °C cooler), which suggests the mode of heat transfer by natural convection is similar to that 251 

for a cavity having the bottom (ice) at a higher temperature than the top (fluid).  252 
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 253 

 254 

Figure 5. Visual evidence of natural convection by a bottom–top circulation followed by top–bottom circulation of the RDP when 255 
applied to the ice layer. Image on the right has red arrows added to show this convection 256 

Our measurements of the surface temperature of the RDP and our recorded observation confirm 257 

that it circulated following a natural convection model (Figure 5). We can validate this observation 258 

by comparing the measured penetration rates with the model output and by estimating the critical 259 

Rayleigh number for predicting the mode of heat transfer. The important parameters to consider in 260 

the case of this cavity are as below: 261 

• the dimension of the cavity and in particular the ratio height/width (L/D), 262 

• the properties of the RDP at the test temperature T, such as concentration, viscosity. 263 

• the properties of the ice at the test temperature T, 264 

•  the Rayleigh (Ra), Nusselt (Nu), Prandtl (Pr), and Grashoff (Gr) numbers 265 

• the modes of heat transfer (bottom–top or top–bottom), 266 

• the presence of a phase change of the ice (melting/fusion). 267 

3.1.1. Energy balance around the cavity 268 
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Rigorous modeling of phenomena involving a phase change frequently uses the enthalpic method 269 

[25], which makes it easier to consider the constant temperature plateau at the melting temperature. 270 

Fluid enthalpy evolves constantly during the melting temperature plateau via the storage of internal 271 

energy until the melting point; this results in a continuous energy function. However, we wish to 272 

apply a simplified approach to observe in a general way the ice melting phenomenon and to draw 273 

some useful conclusions. We can refer to Figure 6 to illustrate the main assumptions of this 274 

modeling approach. The main assumptions of the simplified model are that: 275 

• at t = 0, the RDP, the ice, the tube, and the outside air all have the same temperature T as 276 

the climatic chamber T0 (isothermal). 277 

• the temperatures of the fluid T2, melted ice T3, and ice T1 are lumped parameters; heat 278 

transfer is considered dominant in the axial direction of the tube (1D lumped parameter 279 

model), 280 

• the temperature of the sample tube T4 is the same temperature as that of the climate chamber 281 

T0, 282 

• the concentrations of potassium acetate in the C2 and C3 fluid are grouped parameters, 283 

• the phase change of the ice and melting rate is a function of the temperature difference 284 

between the temperature of the fluid T2 and the melting temperature of the fluid at 285 

concentration C2, i.e., T2 − Tdi. 286 

• In this first version of this model, the thermodynamic properties (ρ, Cp, k, ν) of brine and 287 

RDP are assumed to be the same as the water. However, in a future version, different 288 

properties between brine and water could be added [26]. 289 

 290 
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  291 

Figure 6. Representation of the elements of the 1D thermodynamic model of the ice penetration test following the AS6211 test 292 
method protocol [16] 293 

The resulting model has a natural convection cell of the RDP in the lower part, near the ice 294 

interface, when the RDP is deposited onto the ice, the temperature of the lower part decreases to a 295 

temperature cooler than that of the ice because of heat transfer to the melting ice (latent heat of 296 

fusion of the ice 𝐻𝐻𝑠𝑠𝑠𝑠). This convection cell occurs when a positive thermal gradient ∇𝑇𝑇 = 𝑇𝑇1 − 𝑇𝑇3 297 

becomes established. Heitz presents the critical Rayleigh number Rac for the heat transfer modes 298 

in water contained within a cavity of dimension L/D. For the test tube filled with RDP, we obtain 299 

a ratio of 3.6 mm/4 mm = 0.9. The Ra around the RDP above the ice layer is expressed as a function 300 

of the RDP thickness, which increases as the ice is penetrated, and thus melts. 301 

𝑅𝑅𝑅𝑅 = 𝑔𝑔𝛽𝛽2
𝑣𝑣𝑣𝑣

(𝑇𝑇1 − 𝑇𝑇3)(𝑥𝑥2 + 𝑥𝑥3)3 .   (1) 302 

We observe that in the case of a typical simulation of the test tube (L/D = 0.9), conduction is the 303 
dominant mode over the first minutes (Figure 7). This mode then evolves toward a natural 304 
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convection until the end of the test (30 min). Thus, we observe that the dominant mode of heat 305 
transfer is laminar natural convection. 306 

 307 

 308 

Figure 7 : Rayleigh number in the test tube cavity (L/D = 0.9) and heat transfer mode  309 

The heat and mass balance equations of the different control volumes are 310 

CV1 (ice): 311 

𝐸̇𝐸𝐶𝐶𝐶𝐶1~𝑚𝑚1𝐶𝐶𝑝𝑝1𝑇̇𝑇1 = 𝜌𝜌1𝐴𝐴1𝑥𝑥1𝐶𝐶𝑝𝑝1𝑇̇𝑇1 = 𝑞𝑞31 + 𝑞𝑞41 ,  (2) 312 

𝑚̇𝑚1 = 𝜌𝜌1𝐴𝐴1𝑥̇𝑥1=−𝑚̇𝑚𝑖𝑖 ;   (3) 313 

CV2 (RDP): 314 

𝐸̇𝐸𝐶𝐶𝐶𝐶2~𝑚𝑚2𝐶𝐶𝑝𝑝2𝑇̇𝑇2 = 𝜌𝜌2𝐴𝐴2𝑥𝑥2𝐶𝐶𝑝𝑝2𝑇̇𝑇2 = −𝑞𝑞23 + 𝑞𝑞42 + 𝑞𝑞02 , (4) 315 

𝑚̇𝑚2 = 0    (5) ; 316 

CV3 (brine): 317 

𝐸̇𝐸𝐶𝐶𝐶𝐶3~𝑚𝑚3𝐶𝐶𝑝𝑝3𝑇̇𝑇3 = 𝜌𝜌3𝐴𝐴3𝑥𝑥3𝐶𝐶𝑝𝑝3𝑇̇𝑇3 = 𝑞𝑞23 − 𝑞𝑞31 + 𝑞𝑞43 − 𝑚̇𝑚𝑖𝑖𝐻𝐻𝑠𝑠𝑠𝑠  , (6) 318 

𝑚̇𝑚3 = 𝜌𝜌3𝐴𝐴3𝑥̇𝑥3 = 𝑚̇𝑚𝑖𝑖 ,  (7) 319 

𝐶𝐶2 = 𝐶𝐶3 = 𝑚𝑚𝑖𝑖
𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡

= 𝐶𝐶2(0)𝑚𝑚2(0)
𝑚𝑚2(0)+𝑚𝑚3

   (CV2 and CV3) ;  (8) 320 
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and the thermal flows: 321 

q31 = h31A31(T3 − T1) ,       (9) (brine to ice) 322 

𝑞𝑞41 = 2𝜋𝜋𝑘𝑘4𝑥𝑥1
𝑙𝑙𝑙𝑙 (𝑟𝑟0 𝑟𝑟𝑖𝑖� )

(𝑇𝑇4 − 𝑇𝑇1) ,      (10) (tube to ice) 323 

𝑞𝑞23 = ℎ23𝐴𝐴23(𝑇𝑇2 − 𝑇𝑇3) ,  (11) (RDP to brine) 324 

𝑞𝑞42 = ℎ42𝐴𝐴42(𝑇𝑇4 − 𝑇𝑇2) ,  (12) (tube to RDP) 325 

𝑞𝑞02 = ℎ02𝐴𝐴02(𝑇𝑇0 − 𝑇𝑇2) ,  (13) (air to RDP) 326 

𝑞𝑞43 = ℎ43𝐴𝐴43(𝑇𝑇4 − 𝑇𝑇3) ;  (14) (tube to brine) 327 

the interchange areas: 328 

𝐴𝐴31 = 𝐴𝐴23 = 𝐴𝐴02 = 𝜋𝜋𝑟𝑟2 ,  (15) 329 

𝐴𝐴41 = 2𝜋𝜋𝜋𝜋𝑥𝑥1 ,   (16) 330 

𝐴𝐴42 = 2𝜋𝜋𝜋𝜋𝑥𝑥2 ,  (17) 331 

𝐴𝐴43 = 2𝜋𝜋𝜋𝜋𝑥𝑥3 ;   (18) 332 

the exchange coefficients: 333 

ℎ02 = 0.64(∆𝑇𝑇/𝐿𝐿)1 4⁄ = 0.64�(𝑇𝑇0 − 𝑇𝑇2)/𝑥𝑥2�
1 4⁄   ,   (19) (air to liquid) [27] 334 

ℎ42 = ℎ43 = 1.42(∆𝑇𝑇/𝐿𝐿)1 4⁄ = 1,42�𝑇𝑇4 − 𝑇𝑇2/3�
1 4⁄  , (20) (tube to liquid, laminar) [28] 335 

ℎ31 = 0.13 𝑘𝑘3
𝑥𝑥3

�𝑅𝑅𝑎𝑎𝑥𝑥3�
0.2

 , (21) (brine to ice, laminar) [29] 336 

ℎ23 = 0.13 𝑘𝑘2
𝑥𝑥2

�𝑅𝑅𝑎𝑎𝑥𝑥2�
0.2

  , (22) (RDP to Brine, laminar) [29] 337 

𝑚̇𝑚𝑖𝑖 = 𝑚̇𝑚0 �
𝑇𝑇3(𝑡𝑡)−𝑇𝑇𝑑𝑑𝑑𝑑(𝑡𝑡,𝐶𝐶2(𝑡𝑡))
𝑇𝑇3(0)−𝑇𝑇𝑑𝑑𝑑𝑑(0,𝐶𝐶2(0))

�
2

  ; (23) 338 

and the following values of the parameters: The values of 𝜌𝜌1, 𝑘𝑘1, 𝐶𝐶𝑝𝑝1 are the usual properties of 339 

water and ice. 340 
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𝑅𝑅𝑎𝑎𝑥𝑥3 = 𝑔𝑔𝛽𝛽3
𝜈𝜈3𝛼𝛼3

(𝑇𝑇1 − 𝑇𝑇3)𝑥𝑥33  ,  (24) 341 

𝑅𝑅𝑎𝑎𝑥𝑥2 = 𝑔𝑔𝛽𝛽2
𝜈𝜈2𝛼𝛼2

(𝑇𝑇2 − 𝑇𝑇3)𝑥𝑥23 ,  (25) 342 

𝑟𝑟 = 2 𝑥𝑥 10−3[𝑚𝑚]  (𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) ,  (26) 343 

𝑘𝑘1~2.1 � 𝑊𝑊
𝑚𝑚𝑚𝑚
�   (0 𝑡𝑡𝑡𝑡 − 20[°𝐶𝐶]) ,  (27) 344 

𝐶𝐶𝑝𝑝1~2040 � 𝐽𝐽
𝑘𝑘𝑘𝑘𝑘𝑘

�   (0 𝑡𝑡𝑡𝑡 − 20[°𝐶𝐶]) ,  (28) 345 

𝜌𝜌1~920 �𝑘𝑘𝑘𝑘
𝑚𝑚3�   (0 𝑡𝑡𝑡𝑡 − 20[°𝐶𝐶])  ,  (29) 346 

𝐶𝐶𝑝𝑝2 = 𝐶𝐶𝑝𝑝3~2400 � 𝐽𝐽
𝑘𝑘𝑘𝑘𝑘𝑘

�   (0 𝑡𝑡𝑡𝑡 − 20[°𝐶𝐶]) ,  (30) 347 

𝜌𝜌2 = 𝜌𝜌3~1000 �𝑘𝑘𝑘𝑘
𝑚𝑚3�   (0 𝑡𝑡𝑡𝑡 − 20[°𝐶𝐶]) ,  (31) 348 

𝑘𝑘2 = 𝑘𝑘3~0.555 � 𝑊𝑊
𝑚𝑚𝑚𝑚
�   (0 [°𝐶𝐶])  ,  (32) 349 

𝐻𝐻𝑠𝑠𝑠𝑠 = 3.33 𝑥𝑥 105  � 𝐽𝐽
𝑘𝑘𝑘𝑘
� (𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑖𝑖𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) ,  (33) 350 

𝐶𝐶2(0) = 0.5 �𝑘𝑘𝑘𝑘 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑘𝑘𝑘𝑘 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

� ,  (34) 351 

𝑇𝑇𝑑𝑑𝑑𝑑(𝑡𝑡,𝐶𝐶2) = −134.2𝐶𝐶2(𝑡𝑡)2 − 42.1𝐶𝐶2(𝑡𝑡) , (35)    (KAC, see Figure 8) 352 

This equation is based on the polynomial second order fitting of the phase diagram of KAC and 353 
water (Figure 8).  354 

 355 
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 356 

 357 

 358 

Figure 8 : Theorical freezing temperature of KAC in water. Polynomial second order fitting is obtained from those data.   359 

The following values are the calibration values at t=0 (Figure 3). 360 

𝑚̇𝑚0 = 1 𝑡𝑡𝑡𝑡 3 𝑥𝑥 10−7 �𝑘𝑘𝑘𝑘
𝑠𝑠
�   (𝑖𝑖𝑖𝑖𝑖𝑖 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎 𝑡𝑡 = 0) ,  (36) 361 

𝛽𝛽2 = 𝛽𝛽3~2.1 𝑥𝑥 10−4[𝐶𝐶−1]  (𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑎𝑎𝑎𝑎 𝑇𝑇 = 0°𝐶𝐶) ,  (37) 362 

𝜐𝜐2 = 𝜐𝜐3~1.8 𝑥𝑥 10−6 �𝑚𝑚
2

𝑠𝑠
�   (𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑎𝑎𝑎𝑎 𝑇𝑇 = 0°𝐶𝐶) ,  (38) 363 

𝛼𝛼2 = 𝛼𝛼3~1.4 𝑥𝑥 10−7 �𝑚𝑚
2

𝑠𝑠
�   (𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑎𝑎𝑎𝑎 𝑇𝑇 = 0°𝐶𝐶) .  (39) 364 

3.2. Solving the nonlinear differential equations 365 

The analytical solution for the five differential equations (𝑇𝑇1,𝑇𝑇2,𝑇𝑇3, 𝑥𝑥1, 𝑥𝑥3) is complex; thus, we 366 

applied a first-order finite difference numerical method. From experimental measurement, we 367 

obtain: 368 
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(𝑇𝑇1(0) = 𝑇𝑇2(0) = 𝑇𝑇3(0) = −2 ,−10,𝑥𝑥3(0) = 0, 𝑥𝑥1(0) = 0.04,𝑥𝑥2(0) = 0.0036,𝐶𝐶2(0) = 0.5) 369 
 370 

For the simulated ice melt rate profiles, we observed a good match with the experimental results 371 

obtained at −2 °C and −10 °C. The model’s initial penetration rates were lower than the observed 372 

rates; this discrepancy can be explained mainly by variability between measurements of ice 373 

penetration depth recorded in the center of the tube. Measurements in the center of the tube partly 374 

overestimate ice penetration along the sides (concave meniscus) because the model predicts a 375 

uniform penetration depth for the entire section. 376 

In the model, the fluid cooled considerably when melting began; however, the temperature 377 

remained above the melting temperature of the RDP (Figure 9). The observed temperature 378 

difference between the RDP and the melting point (Figure 10) indicates well the performance of 379 

the RDP because ice melting continues as long as the temperature of the RDP remains above the 380 

melting temperature at concentration C (Figure 11). We also noted the constant dilution of the de-381 

icing fluid over time (Figure 12). 382 



22 
 

 383 

 384 

Figure 9. Simulated ice penetration rate profiles for −2 °C and −10 °C for KAC as an RDP  385 

 386 
 387 

 388 

Figure 10. Simulated temperature profiles for the −10 °C test 389 
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 390 

Figure 11. Temperature difference between the de-icing fluid T2 and the melting value Tdi for the test at -10°C 391 

 392 

  393 

Figure 12. C2 concentration of de-icing fluid over time for the −10 °C test 394 

3.3. Verification of the numerical solution (energy balance and steady-state solution) 395 

To verify the obtained numerical solution, we used the energy balance equation of the simulation 396 

to determine the convergence of the solution and the isotherm at which the de-icing fluid becomes 397 

diluted and the melting ends. 398 

We can write the energy balance equation for the entire tube (CV1, CV2, and CV3) as 399 
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      𝐸𝐸𝑖𝑖𝑖𝑖 − 𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜 = ∆𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡 ,  (40) 400 

∫ ∑ 𝑞𝑞𝑖𝑖 𝑑𝑑𝑑𝑑4
1

30 𝑚𝑚𝑚𝑚𝑚𝑚
0 − 0 =  ∑ 𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶3

𝑖𝑖=1 +  ∆𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 , (41) 401 

∫ [𝑞𝑞02 + 𝑞𝑞41 + 𝑞𝑞42 + 𝑞𝑞43]30 𝑚𝑚𝑚𝑚𝑚𝑚
0 𝑑𝑑𝑑𝑑 =  𝑚𝑚3𝐻𝐻𝑠𝑠𝑠𝑠 + ∆𝐸𝐸𝐶𝐶𝐶𝐶1 + ∆𝐸𝐸𝐶𝐶𝐶𝐶2 + ∆𝐸𝐸𝐶𝐶𝐶𝐶3 . (42) 402 

 403 

Expressed in terms of a percentage error, we find 404 

 405 

% 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 100 �𝐸𝐸𝑖𝑖𝑖𝑖−∆𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡
𝐸𝐸𝑖𝑖𝑖𝑖

� ,  (43) 406 

% 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 100�∫
[𝑞𝑞02+𝑞𝑞41+𝑞𝑞42+𝑞𝑞43]30 𝑚𝑚𝑚𝑚𝑚𝑚

0 𝑑𝑑𝑑𝑑− 𝑚𝑚3𝐻𝐻𝑠𝑠𝑠𝑠−∆𝐸𝐸𝐶𝐶𝐶𝐶1−∆𝐸𝐸𝐶𝐶𝐶𝐶2−∆𝐸𝐸𝐶𝐶𝐶𝐶3

∫ [𝑞𝑞02+𝑞𝑞41+𝑞𝑞42+𝑞𝑞43]30 𝑚𝑚𝑚𝑚𝑚𝑚
0 𝑑𝑑𝑑𝑑

� . (44) 407 

 408 
 409 

We calculate the values for the energy balance of the simulation at −10 °C, 410 

% 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 100 �16.55𝐽𝐽−15.93𝐽𝐽
16.55𝐽𝐽

� = 3.7% . (45) 411 

As the solution temperature approaches the isotherm, ice penetration continues until the maximum 412 

de-icing power of the RDP is reached. When we assess the obtained temperatures during the 780 413 

min of melting, we note that all temperatures converge to the temperature of the climate chamber 414 

at −10 °C. At −10°C, the obtained RDP concentration reaches 0.16, which is the minimum 415 

concentration reached when the ice melt ends at −10 °C. The model appears valid for calculating 416 

energy balance. The time to reach thermal equilibrium is long because the heat exchange 417 

coefficients h is a function of the temperature difference, which proportionally lengthens the time 418 

to reach thermal equilibrium. 419 

 420 

 421 
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3.4. Maximum de-icing power of a fluid 422 

From the model and the experimental results [16], we can determine that the maximum de-icing 423 

power of a surface 𝐴𝐴 covered with ice, of a fluid at a temperature 𝑇𝑇, starting concentration 𝐶𝐶2, and 424 

starting thickness 𝑥𝑥2 corresponds to the complete melting of this layer of ice of thickness 𝑥𝑥1 until 425 

reaching the minimum concentration 𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 of the melting curve of the fluid at this temperature . 426 

The equation that governs this maximum de-icing power is: 427 

𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐶𝐶2𝜌𝜌2𝐴𝐴𝑥𝑥2
𝜌𝜌2𝐴𝐴𝑥𝑥2+𝜌𝜌1𝐴𝐴𝑥𝑥1

= 𝐶𝐶2𝜌𝜌2𝑥𝑥2
𝜌𝜌2𝑥𝑥2+𝜌𝜌1𝑥𝑥1

 . (46) 428 

Expressed in terms of the layer of RDP required to achieve complete melting of the ice, we can 429 

write 430 

𝑥𝑥2 = 𝜌𝜌1
𝜌𝜌2

𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚
(𝐶𝐶2−𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚) 𝑥𝑥1~ 0,92 𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚

(𝐶𝐶2−𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚)𝑥𝑥1 .  (47) 431 

We can express Equation 47 for a temperature T and the expression of the melting curve of the 432 

RDP (square root of Equation Tdi(t, C2) = -134.2C2(t)2-42.1C2(t) ,  (35)).  433 

For potassium acetate, we obtain 434 

𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 = 3.72 𝑥𝑥 10−3√−537 𝑇𝑇 + 1772 − 0.156 .  (48) 435 

Substituting 𝑥𝑥2 into the equation, we obtain Equation 49 to determine the amount of RDP (in this 436 

case, potassium acetate) required to ensure the complete penetration of the ice layer. 437 

𝑥𝑥2(𝑇𝑇, 𝑥𝑥1.𝐶𝐶2) = � 3.42 𝑥𝑥 10−3√−537 𝑇𝑇+1772−0.143
𝐶𝐶2−3.72 𝑥𝑥 10−3√−537 𝑇𝑇+1772+0.156

 � 𝑥𝑥1 .  (49) 438 
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For example, the required thickness (𝑥𝑥2) of the RDP (at 0.4 by weight, 𝐶𝐶2) to fully melt a 10 mm 439 

layer of ice (𝑥𝑥1) covering a surface A at a temperature of −10 °C (𝑇𝑇) can be calculated as 440 

𝑥𝑥2(𝑇𝑇, 𝑥𝑥1.𝐶𝐶2) = � 3.42 𝑥𝑥 10−3√5370+1772−0.143
0,4−3.72 𝑥𝑥 10−3√5370+1772+0.156

 �0.01 ∼ 6 𝑚𝑚𝑚𝑚 .   (50) 441 

Figure 13 illustrates the equation in the form of a chart for potassium acetate. The red star represents 442 

the above case. On this graph, we illustrate four different temperature that could be encountered.  443 

The form of this graph could be interesting, after experimental validation, for a practical use of 444 

RDP application rates on a frozen surface according to this standard. As an example, using this 445 

chart, if the temperature is -5°C, with an RDP of concentration of 0.5 (w/w), if the thickness of the 446 

ice is 5 mm, we should at least put 1.5 mm of de-icing fluid to ensure a complete penetration of the 447 

ice.  448 

Such a figure could be obtained for each commercial RDP and assist the airport maintenance 449 

operation teams to accurately select the quantity of RDP to ensure a complete and efficient de-450 

icing. Further study is necessary to adapt this model to solid RDP and prewetted RDP. Finally, it 451 

could be applied to increase the knowledge in the anti-icing properties of RDP. 452 

 453 
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 454 

 455 

Figure 13. Thickness of the RDP as a function of ice cover thickness, temperature, and fluid concentration (C). For each 456 
temperature, the top line corresponds to a concentration (w/w) of 0.4 while the bottom corresponds to a 0.5 (w/w). 457 

4. Conclusion 458 

We have demonstrated that simplified ice penetration modeling, based on the AS6211 protocol 459 

[16], can reliably predict ice melt rate. Our experimental results for the ice penetration and ice 460 

melting tests confirm the model output estimates. However, one of the difficulties encountered was 461 

air bubbles, as this can affect results. In Figure 2, we can observe some air bubbles. These come 462 

from dissolved gasses in the water which are difficult to prevent. 463 

We then obtained an equation to predict the amount of RDP required to melt a given ice thickness. 464 

The predicted penetration rates at the beginning of the test appear to be lower than the observations; 465 

however, the depth of melt at the beginning of the test is not necessarily representative of the ice 466 

melt rate of melt within the entire tube section. Fluid properties, such as the melting curve as a 467 

function of concentration, are the main factor affecting the efficiency of the products excluding, of 468 
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course, the application methods in real cases. For the model, the heat transfer of the fluid when it 469 

contacts the ice is assumed to be uniform; however, in reality this is not necessarily the case. Other 470 

methods for characterizing RDP are available, and the application of our simplified model to these 471 

alternate methods could isolate the effects of diluted or undiluted solid runway de-icing products 472 

on ice melting rates. 473 
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