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Abstract— Atmospheric icing of structures needs to be 

prevented in technical areas, where it causes safety risks and 

technical failures. Hybrid ice protection systems, consisting of 

active elements (heater / mechanical actuators) and passive 

icephobic coatings are in focus of recent development projects. 

An efficient test design for an ice wind tunnel is described, 

developed to quantitatively assess the effects of surfaces in hybrid 

ice protection systems. The presented ice shedding test serves as 

a tool to pre-select most relevant parameters and surfaces for 

further advanced tests with aerodynamic profiles in the ice wind 

tunnel test facility. Results are to be compared with lab-based ice 

test results to learn more about the relevance and significance of 

these results and provide a well-founded testing strategy for 

icephobic surface technologies. 
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I. INTRODUCTION 

The assessment of icephobic coatings is mainly focussing 

on ice formation and ice adhesion testing in lab-scale [1] – [4]. 

The aim is to guide the material developments and evaluate 

the performance in highly reproducible, efficient and easy 

accessible ice test designs. Progress is achieved in the 

understanding of parameter dependencies (e.g. [5] – [9]. 

However, the lab-based tests are only the first step in the 

assessment of icephobic surfaces and little is known about the 

actual correlations between these tests and the performance 

under realistic icing conditions [10], [11].  

For many technical applications, high wind speeds and 

supercooled water droplets are relevant icing conditions (e.g. 

in aviation, wind energy) and the use of ice wind tunnels is 

required for the assessment of icephobic surfaces [12] – [17]. 

The complexity of these tests is significantly higher compared 

to lab-based tests and costs significantly depend on the size of 

the test facilities. In this advanced testing phase also the 

complexity of the test mock-ups increases, limiting the 

number of potential icephobic candidates for testing. To close 

this gap, the project HEATS (Heatable, anti-ice functionalized 

and transparent safety laminated polymeric windshields for 

aircraft; Lufo VI-1; FKZ: 20Q1960B) aims at covering the 

complete testing evolution: from lab-based tests to ice wind 

tunnel tests using specimen of different complexity levels. 

This shall improve the understanding about the relevance of 

lab-based ice test designs and providing a well-founded, 

efficient testing strategy for icephobic surfaces in technical 

applications.  

This paper covers the development of a test that considers 

ice formations, accreted in an ice wind tunnel. Test coupons 

with coating candidates can be exchanged quickly. An 

integrated heating element enables the assessment of surfaces 

in a hybrid ice protection system (combination of heating 

element and passive coating technologies). This approach is 

of specific importance for technical applications, where ice 

formations cause high risks and need to be prevented in any 

case (e.g. windshields of aircraft and helicopter). Results on 

reproducibility of ice shedding events, test parameter 

dependencies, and first results on different reference surfaces 

are included. Methods to quantify the expected reduction in 

energy consumption of a heating element by combining it with 

icephobic coatings are discussed. Results serve as a first step 

for detailed correlation assessments on surface properties and 

test designs, addressed in the HEATS project.  

II. MATERIALS AND METHODS 

The test design was developed to efficiently evaluate the 

performance of icephobic coatings in combination with a 

heating element. It simulates the ice formation and de-icing 

performance of a hybrid ice protection system on coupon level. 

A custom-built device was constructed to insert coated test 

specimen with direct contact to a heating element into the test 

section of an ice wind tunnel (Fig. 1). Ice is accreted on the 

test surface and heating element is activated with a pre-defined 

heating energy. The time is assessed until the ice is shed off 

the surface (de-icing mode) [18].  

 

Fig. 1 Test device for ice shedding tests in an ice wind tunnel. 
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As part of the test development, reproducibility and 

sensitivity was assessed by using well defined test surfaces, 

serving also as benchmark materials. They include uncoated 

Aluminum (EN AW-5083), primer coating (Aerodur 37045 

Barrier Primer, Akzo Nobel) with expected poor icephobic 

performance, and IFAM C25 (non-commercial 2-component 

formulation based on silanized polyisocyanate-curing acrylic 

resin, as described in [19]) with expected good icephobic 

properties. 

Dependencies of test parameter, data quality and result 

reproducibility were assessed in the first phase of the study. 

Table 1 summarizes test parameters, defined for this study.   

TABLE I. TEST PARAMETER (FIXED AND VARIED), USED FOR THE 

ASSESSMENT OF ICE SHEDDING TIMES IN THIS STUDY. 

Test parameter Unit Test conditions Type 

Ice wind tunnel 

Temperature °C -8 fixed 

Velocity  m/s 95 / 80 / 60  varied 

Liquid water 

content (LWC) 
g/m3 0.6  fixed 

Median volume 

diameter (MVD) 
µm 15 fixed 

Icing time s 60  fixed 

Shedding test device 

Angle to flow ° 30 / 45 / 55 / 70 varied 

Max. heating time s 120 fixed 

Heating power W/cm2 2.10 to 1.52 varied 

Test surfaces / 

Aluminum 

Primer  

IFAM C25  

varied 

 

The test procedure was defined as following:  

 Insertion of the test specimen into the conditioned test 

section of the ice wind tunnel, 

 Starting the water injection system after 60 s, 

 Allowing the ice to accrete for 60 s, 

 Stop the water injection system, 

 Activate the heating element after 30 s, 

 Measure the time until ice shedding occurs (max. 

heating time 120 s). 

The defined process allowed a time efficient assessment of 

parameter dependencies. In the second phase of the study, 

assessments on energy consumption for de-icing of the test 

surfaces was conducted. Each test coupon was tested in 

subsequent test runs with stepwise reduced heat flux. 

Shedding times were documented and used for the estimations 

of energy savings by the use of icephobic surfaces.  

III. RESULTS 

Presented results show the definition process of the new 

developed ice shedding test, addressing test parameter and 

reproducibility assessments to achieve a stable, cost- and time-

efficient evaluation process for icephobic coatings in hybrid 

ice protection systems.  

A. Angle to flow 

The flat test samples are easy to coat and the handling 

during testing was comfortable because of the integrated 

heating system in the test device. Disadvantage of this 

assembly is the aerodynamic limitation compared to the often 

used profiles for ice wind tunnel testing. To partially account 

for this, the angle of flow is adjustable (Fig. 2) and allows 

assessments at different angles. However, for ice formations 

at aerodynamic profiles one specific behaviour is not 

addressed here: the clamping of ice on aerodynamic profiles 

due to its specific U-shape. This is often addressed by using a 

heatable parting strip in the stagnation area to allow the 

splitting and removal of the ice in all heated wing areas (e.g. 

[20]).  

 

Fig. 2 Test sample inserted in the ice wind tunnel test section with 

the help of a custom-built test device with integrated heating 

element. Angle of test surface to flow direction (α) 45°. 

Table 2 summarizes the measurement data for different 

angles for tests at 95 m/s, 2.10 W/cm2, and uncoated 

Aluminum.  

TABLE II. EFFECTS OF FLOW ANGLES ON SHEDDING TIMES FOR 

ICE, ACCRETED IN THE ICE WIND TUNNEL TEST SECTION AT -8°C, 95 

M/S WIND SPEED. RESULTS ARE SHOWN FOR UNCOATED ALUMINUM 

AND A HEATING POWER OF 2.1 W/CM2 FOR THE INTEGRATED HEATER. 

Angle to 

flow 

Mean time to 

ice shedding 

Number of 

test runs 

Standard 

deviation 

30° 48 s 4 22 % 

45° 25 s 4 10 % 

55° 28 s 4 15 % 

70° 19 s 4 23 % 

 

Shedding times decreased with increasing angles to flow: 

At an angle of 30° a mean of 48 seconds was measured, for 

45° and 55° mean of shedding times were almost halved and 

further reduced for tests at an angle of 70°.  

The finding is consistent to results for an aerodynamic 

electrothermal model [21]. The shedding is mainly driven by 

the establishment of a water film at the surface/ice-interface. 

In case of high angles of attack, the melting water film is kept 

in place and covered by the remaining ice. This results in a 

build-up of a water film that finally induces the ice shedding. 

By reducing the angle, parts of the melting layer are removed 

by the occurring wind forces, leading to an air-filled gap 

between ice and substrate. This hinders the further creation of 
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a water film and prolongs the shedding due to the limited heat 

conduction.  

Standard deviation was lowest for tests at 45° and the good 

reproducibility resulted in the selection of this angle for the 

following test series. 

B. Ice mass and shape 

Ice mass and shape were assessed for the different surfaces 

in test. This was mandatory to assure a good comparability of 

the accreted ice with no effects on the shedding times. Tests 

were conducted at a velocity of 95 m/s, angle to flow of 45° 

and icing conditions as indicated in Table 1. Heating was not 

started to collect the accreted ice mass. It was weighted after 

melting outside the ice wind tunnel. Regardless the test 

surface, a mass of 2.16 g (± 0.02 g) was measured. Fig. 3 

exemplarily shows the ice shapes for the different surfaces, 

indicating again no significant deviations that might affect ice 

shedding times. 

 

 

Fig. 3 Comparable ice shapes on three different test surfaces, after 

60 seconds in the ice wind tunnel test section at 95 m/s wind 

speed, -8°C, LWC 0.6 g/m3, and MVD 15 µm.  

C. Velocity 

The impact of velocity on ice shedding times was assessed 

in a further test series at a constant angle to flow of 45°. Fig. 

4 summarizes the shedding times, measured at different 

velocities, heating intensities, and surfaces. 

 

 

Fig. 4 Ice shedding times (mean and standard deviation) for Primer 

and IFAM C25 surfaces at three different velocities and 

heating intensities of 1.7 W/cm3 and 2.1 W/cm3, respectively. 

“No shedding” indicates no ice removal after 120 s heating 

under test conditions, displayed in Table 1. 

For primer surfaces with expected low icephobic 

performance, no shedding was observed at a heating power of 

1.7 W/cm2, regardless the velocity of the air flow. At 

maximum heat flux (2.1 W/cm2) shedding times were in a 

range of 30 s to 40 s. This was further reduced for IFAM C25 

surfaces with shedding times around 20 s. The only significant 

deviation between tested velocities was observed for IFAM 

C25 at a heating power of 1.7 W/cm2. The significant increase 

in ice shedding times for a velocity of 80 m/s is accompanied 

with a high standard deviation. This finding requires further 

investigations. 

The observed differences between the coatings could also 

be a function of the coating thickness that affects the heat 

conduction from the heating element through the test coupon 

and coating to the substrate/ice-interface. IFAM C25 samples 

had a coating thickness of 60 µm (± 5 µm), Primer coupons 

were produced with a thickness of 30 µm (± 5 µm) and 65 µm 

(± 5 µm), respectively. In this given range, no effects on 

shedding times could be observed. 

D. Heating power and surfaces 

To evaluate the effect of surfaces on the required heating 

power for ice shedding, the tests as described before were 

conducted at 95 m/s at an angle of 45°. Heating intensity was 

stepwise reduced per test run until no shedding occurred (max. 

heating time 120 s). Five test days were performed and results 

are summarized in Fig. 5. Each data point represents one test 

run at the given heating power.  

 

 

Fig. 5 Ice shedding times (single data points) for three different test 

surfaces and various heating intensities at a velocity of 95 

m/s, angle to flow of 45° and fixed icing conditions as 

indicated in Table 1.  

For the max. heating intensity in this test design (2.1 

W/cm2), shedding times for uncoated Aluminum and IFAM 

C25 were comparable (around 20 seconds) and increased for 

the primer surface (around 40 seconds). The differences 

between the surfaces got more significant by reducing the 

heating power. No shedding after 120 s was observed for 

primer surfaces below 1.85 W/cm2, for Aluminum below 1.63 

W/cm2. The heating power could be further decreased for 

IFAM C25 and no shedding occurred at a heating power lower 

than 1.52 W/cm2. 

The differences between the surfaces were expected: for the 

primer coating, hydrophilic, rough properties were determined 

(roughness Ra = 1.5 µm, water contact angle = 83°), resulting 

in low icephobic performance also in lab-based tests related to 

ice formation and ice adhesion [9].  

Uncoated Aluminum generally also shows poor icephobic 

properties. The observed significant lower heating power for 

de-icing is certainly linked to the undisturbed heat conduction. 

Coating materials act as thermal barriers. It has to be proven 
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that the benefits from icephobic coatings can overcompensate 

this effect compared to uncoated metallic surfaces. This is the 

case for IFAM C25 at lower heating intensities (below 1.7 

W/cm2), for which the following surface properties were 

determined; Ra = 0.05 µm, water contact angle = 100° [9]. 

However, higher heating intensities led very quickly to 

comparable shedding times for both surfaces. Test results of 

this study describe the starting point for a development project, 

aiming at the development of icephobic surfaces for cockpit 

wind screens in aviation applications (HEATS). It is expected 

that further reductions in heating power will be achieved 

during the project. 

IV. DISCUSSION AND OUTLOOK 

This paper presents a method to assess ice shedding times 

in dependence of test surfaces and various test parameter, incl. 

velocity, angle to flow, and heating intensity. Aim is to 

identify parameter for a high data quality, necessary to further 

assess the effects of surface properties in electro-thermal, 

hybrid ice protection systems. The results in Fig. 5 clearly 

show differences between the test surfaces. To further 

quantify these results with regard to direct energy savings and 

reductions in shedding times (indirect energy savings) test 

results were further processed. For each test series (min. three 

times shedding test with stepwise reduction of heating 

intensity per sample and test day), data points were used to 

interpolate the shedding times at 20 s, 40 s, 60 s, and 80 s, 

respectively. Means and standard deviations were calculated 

for each test surface, summarized in Fig. 6.  

 

 
Fig. 6 Interpolated ice shedding times for three different test 

surfaces and various heating intensities. Energy and time savings / 

increase are schematically included with Aluminum surface as 

benchmark.  

 

Uncoated Aluminum is defined as the reference surface for 

the quantification. Direct energy savings can be expressed for 

different shedding times. For shedding times of 60 s and 80 s, 

respectively, 6 % less energy is required for surfaces, coated 

with IFAM C25 compared to bare Aluminum. These direct 

energy savings were not observed for shedding times below 

40 s. The effects of heat flux and the expected different heat 

conductions of the test surfaces seem to outcompete the 

beneficial properties of the IFAM C25. However, for the 

primer coating, this equalization was not observed, indicating 

a remaining effect of surface properties also for high heating 

intensities.  

The reduction of shedding times can be defined as a further, 

indirect energy saving. For a fixed heating intensity (1.78 

W/cm2), the shedding time is reduced by more than 30% for 

IFAM C25 compared to uncoated Aluminum. Again, 

increasing heating intensities lead to the loss of this benefit. 

The remaining project time will be used to further define this 

evaluation process and collect data for new developed coating 

materials. 

Comparison with literature data remains difficult due to 

complex test set-ups and various surface technologies. Studies 

on superhydrophobic surfaces indicate a time reduction of up 

to 75 % for de-icing and a power reduction of 50% for anti-

icing mode [15]. A further study on superhydrophobic 

coatings showed reduction of 70 % and more in power 

consumption in anti-icing mode, depending on the icing 

conditions [14].    

The developed test will be further used for the material 

assessments in the frame of the HEATS project. Additionally, 

modifications on the heating element are planned for an 

improved heat conduction that allows anti-icing mode tests. 

Correlation assessments with regard to changing surface 

properties (incl. aged surfaces) will be performed as well as 

comparisons with lab-based ice test results and results on 

aerodynamic profiles in the ice wind tunnel at Fraunhofer 

IFAM. 

V. CONCLUSIONS 

This study presents an ice shedding test method for 

icephobic coatings in a hybrid ice protection system, 

consisting of an active, electro-thermal element and 

exchangeable test surfaces. It is aiming at the quantitative 

assessment of energy savings that can be achieved by using 

icephobic materials. Greatest impact on the shedding times 

were identified for the heating power, the angle to flow, and 

the test surfaces. The study is part of the HEATS project, 

addressing the definition of a testing strategy, based on an 

improved understanding about the significance of lab-based 

ice tests.  
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