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a b s t r a c t 

Earlier research highlighted severe detrimental effects related to aircraft performance due to ice crystal 

icing. As part of current research impact of glaciated icing cloud on heated substrates is investigated. 

To that end, a series of experiments were carried out at the icing wind tunnel of Technische Universitt 

Braunschweig to investigate the physics of ice crystal accretion on heated substrates for various operating 

conditions. Dedicated transparent and metallic heatable substrates were designed for macro and micro- 

scopic investigation of ice accretion from a qualitative visualization and heat transfer physics perspec- 

tive. In addition to that numerical simulations were performed at ONERA. Qualitative observations from 

dedicated experiments on ice accretion initiation phase resulted in advancement of numerical model to 

accurately capture the different stages leading up to ice accretion as well as the necessary conditions for 

growth of slushy and glaciated ice layers. Furthermore, a dedicated test matrix was defined to explicitly 

study the influence of dominant parameters such as flow velocity, heat flux, wet bulb temperature and 

ice water content on ice accretion process. The experiments showcased a strong influence of increasing 

flow velocity and ice water content yielding shorter duration required to accrete an ice layer on a heat- 

able substrate. Further experimental investigation reflected that upon increasing the heating power of the 

test article the icing cloud had to overcome a larger temperature gradient resulting in longer duration re- 

quired for accretion. It was found that on one hand, the test run with negative wet bulb temperature 

required a heating source from the substrate as the necessary condition for ice accretion resulting in 

glaciated ice layers. On the other hand, for positive wet bulb temperature cases natural melting of ice 

layer was sufficient to induce ice accretion generating slushy ice layers and the heating source from the 

substrate had little to no influence on the overall ice accretion growth. Numerical simulations were also 

performed for same conditions and were able to correctly capture the trends and orders of magnitude 

in comparison with experimental results. The experimental findings presented in this paper lead to de- 

velopment of an accretion solver based on enthalpy approach which considers accretion process as a 

homogeneous mixture of crystals and liquid water and not by a mere superposition of ice layer and liq- 

uid water film. The findings helped calibrate, validate and advance the numerical model for ice crystal 

icing and found to be more representative of accretion process than unsteady triple layer approach. The 

findings ensure better predictive capability resulting in improved flight safety and performance criterion. 

© 2023 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Nomenclature 

TUBS Technische Universität Braunschweig 

AoA Angle of attack of the test article 

ICI Ice Crystal Icing 

IGLOO2D ONERA’s two-dimensional icing simulation tool 

αl Liquid volume fraction 

ρ Density [ kg.m 

−3 ] 

e Accretion mean energy per unit mass [ J.kg −1 ] 

h Accretion thickness [ m ] 

u Velocity [ m.s −1 ] 

˙ m drop Droplet deposition mass flow rate [ kg.m 

−2 .s −1 ] 

˙ m c,l Deposition mass flow rate of liquid water brought 

by crystals [ kg.m 

−2 .s −1 ] 

˙ m c,s Deposition mass flow rate of ice brought by crys- 

tals [ kg.m 

−2 .s −1 ] 

˙ m e v s Evaporation/sublimation mass flow rate 

[ kg.m 

−2 .s −1 ] 

˙ m ero Erosion mass flow rate [ kg.m 

−2 .s −1 ] 

T drop Temperature of the deposited droplets [ K] 

T c Temperature of the deposited crystals [ K] 

u drop Velocity of the deposited droplets [ m.s −1 ] 

u c Velocity of the deposited crystals [ m.s −1 ] 

�−
0 

Heat flux transferred by the domain �2 to the do- 

main �1 [ W.m 

−2 ] 

h tc Heat transfer coefficient [ W.m 

−2 .K 

−1 ] 

T r Recovery temperature [ K] 

ηs Enthalpy of the ice (per unit mass) [ J.kg −1 ] 

ηl Enthalpy of liquid water (per unit mass) [ J.kg −1 ] 

ηv Enthalpy of steam (per unit mass) [ J.kg −1 ] 

c p,s Specific heat of ice [ J.kg −1 .K 

−1 ] 

c p,l Specific heat liquid water [ J.kg −1 .K 

−1 ] 

c p, v Specific heat of steam [ J.kg −1 .K 

−1 ] 

T m 

Melting temperature [ K] 

T b Boiling temperature [ K] 

L f Latent heat of fusion [ J.kg −1 ] 

L v Latent heat of vaporization [ J.kg −1 ] 

T Temperature of the ice/liquid water mixture [ K] 

λ Thermal conductivity [ W.K 

−1 .m 

−1 ] 

� Temperature in the flat plate [ K] 

�+ 
0 

Heat flux transferred by the domain �1 to the do- 

main �2 [ W.m 

−2 ] 

T + Temperature of the ice/liquid water mixture at the 

interface 	 [ K] 

�− Temperature of the flat plate at the interface 	 [ K] 

	 Interface between the flat plate and the ice/liquid 

water mixture 


t Time step [ s ] 

˙ m ero Erosion mass rate [ kg.s −1 .m 

−2 ] 

u t c Tangential component of the ice crystal impact ve- 

locity [ m.s −1 ] 

εs Sticking efficiency 

. Introduction 

Icing has been a major hazard in aviation since the beginning. 

ne of the secondary icing hazards that was long overlooked is 

ce crystal icing. It mostly occurs in strongly convective weather, 

here high concentrations of moisture are lifted to high altitudes. 

his leads to formation of very small ice crystals as small as 10 μm .

n glaciated conditions, where there are only ice crystals and no 

upercooled droplets, they just bounce off the aircrafts cold sur- 

aces. Due to no ice accretion on the airframe and little turbulence, 
2 
he conditions associated with ICI often appear benign to pilots 

1] . Unlike supercooled droplet icing, ice crystal icing happens in- 

ide the aircrafts engine and on external heated surfaces, such as 

eated stagnation pressure probes. It is believed that in engines, 

he ice crystals partially melt due to the increasing air temperature 

n the engines compressor. This results in mixed phase icing condi- 

ions, where both ice crystals and supercooled droplets or partially 

elted ice crystals are present. In turn this allows ice crystals to 

tick to the surfaces, that have cooled down to the freezing point 

pon impact [2] . The phenomenon of jet engine icing is pictorially 

llustrated in Fig. 1 . 

Icing in the engine core flow path can lead to un-commanded 

oss of thrust (rollback), flameout and damage to the engine blades 

ue to ice shedding [1] . Icing on heated stagnation pressure probes 

an lead to biased pressure measurements and in turn, an erro- 

eous display of airspeed and the loss of the autopilot. In 2009, 

uch an event led to the loss of an Air France flight of an Airbus

330 over the Atlantic Ocean [4] . Engine power loss events were 

rst attributed to ice crystals, when a transport aircraft, equipped 

ith Ice Detectors, encountered power loss in glaciated conditions 

n 2002 [5] . Since then, there have been multiple projects to inves- 

igate the processes associated with icing in glaciated and mixed 

hase conditions. To counter these challenges, icing wind tunnels 

round the world have been upgraded with production capabilities 

hat include glaciated and mixed phase icing conditions. 

The HAIC project (High Altitude Ice Crystals) worked on numer- 

cal and test capabilities as well as ice particle detection technolo- 

ies in order to lay the groundwork for future aircraft and de-icing 

echnology certification procedures [6] . Its successor, MUSIC-haic, 

ims to build on the results, fill gaps in knowledge, provide re- 

iable experimental data and develop new and better predictive 

apabilities. The goal is to further the physical understanding of 

ce crystal icing and develop numerical capabilities to tackle icing 

hallenges. The goal is to provide missing data for ice crystal ac- 

retion on heatable substrates in order to improve, calibrate and 

alidate ice crystal accretion models. This work is a continuation 

f the work previously performed in the HAIC project as well as 

y CNRC and NASA independently in recent years which was es- 

entially focused on ice crystal accretion on unheated surfaces. 

At TUBS, ice crystal icing experiments were carried out with 

ow velocities up to 40 m/s for which influence of erosion is 

imited. Ice crystals were produced using cloud chamber technol- 

gy.The experimental results obtained from the different setups 

elped further the understanding of icing physics and ice accre- 

ion phenomenon. The analysis of the results reveals intriguing 

nsights not only qualitatively (such as different stages of ice ac- 

retion inception and growth) but also quantitatively (temperature 

volution). The large database of accretion experiments has been 

xploited to calibrate, validate and advance numerical models. 

At ONERA, modelling and numerical simulations were con- 

ucted. A classic approach to simulate ice accretion is given by 

essinger’s model. This method has been used to predict ice 

hapes in various droplet icing conditions [7–10] and has been 

xtended to ice crystal icing conditions [11–13] . In addition, it 

as served as a basis for more complex numerical modelling ap- 

roaches [14–18] . Nevertheless, Messinger’s approach is restricted 

o steady icing conditions. One possible way to model unsteady 

ases is to use multi-layer approaches [19–22] . This kind of 

ethodology has been applied to simulate electrothermal ice pro- 

ection systems in de-icing mode and in supercooled droplet icing 

onditions [23,24] . A multi-layer approach was also developed by 

ucknell et al. to study ice crystal accretion on warm substrates 

25] . However, the experimental observations presented in this pa- 

er show that a multilayered approach does not always accurately 

escribe the ice growth process, especially during the initiation 

hase of accretion (which is one the main topics of the present 
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Fig. 1. Illustration of jet engine accretion in ice crystal icing conditions (reproduced with permission from [3] ). 
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ork). Indeed, it does not take into account that accretion is ac- 

ually constituted by a homogeneous mixture of crystals and liq- 

id water and not by a superposition of ice layer and liquid water 

lm. Therefore, in this work an unsteady extension to Messinger’s 

odel, based on the enthalpy method [26] , and assuming that ac- 

retion is a mixture of ice and liquid water is used. 

.1. Motivation 

Foremost a high speed imaging technique is utilized for mi- 

roscopic investigation of ice accretion inception phase. This lays 

own the foundation of better understanding of initiation phase 

f ice crystal accretion. The experimental findings were meant to 

evelop an accretion solver based on enthalpy approach which is 

xpected to be more representative of an accretion process than 

nsteady triple layer approach. Next the origins of ice accretion are 

riefly presented for different types of ice layers generated in the 

UBS IWT. This should help further the understanding of the nec- 

ssary conditions required for ice accretion to initiate on heated 

nd non-heated substrates for positive and negative wet bulb con- 

itions. Furthermore, heat transfer physics is investigated for ice 

rystal icing on heated substrate under a wide range of parametric 

onditions. The results are to be used for calibration, advancement 

nd validation of the presented numerical model. Trends and order 

f magnitudes are to be compared between experimental runs and 

umerical simulations. 

. TU Braunschweig icing wind tunnel 

To further the understanding of heat transfer physics of ice 

rystal accretion, two different experimental setups were designed 

nd developed at the Technische Universität Braunschweig in order 

o support the improvement, calibration and validation of numeri- 

al models at ONERA. 

First some details are shared with regards to Technische Uni- 

ersität Braunschweig icing wind tunnel with particular focus on 

ce crystal generation and conveyance mechanism. In the next sec- 
3 
ions special focus is laid on the different experimental setups fol- 

owed up with analysis and key highlights originating from the ex- 

erimental investigation towards advancement of numerical tools 

or ice crystal icing on heatable substrates. 

.1. Experimental facility 

Pictorial description of the Technische Universität Braunschweig 

cing wind tunnel is provided in Fig. 2 . Wind tunnel is marked with

osition (1) and is coloured in blue. Position (8) highlights the ice 

rystal generation and conveyance system (IGS). The ice crystals 

re injected in the wind tunnel through a pipe at position (3). At 

he same position there is a spray bar system with multiple su- 

ercooled droplet injector nozzles. Depending on the settings, dif- 

erent sizes of droplets can be produced, allowing for supercooled 

arge droplets (SLD) and small droplets (with LWC ranging from 0.1 

/m 

3 to 2 g/m 

3 ) enabling mixed phase icing conditions. Control 

oom which allows for controlling the tunnel systems is marked 

ith position (2). Position (4) through (7) marks the tunnel refrig- 

ration system allowing for accretion experiments with sustained 

unnel cooling. 

The Technische Universität Braunschweig Icing Wind Tunnel 

osts 0.5 0.5 m 

2 test section cross-sectional area. It can reach flow 

elocities up to 40 m/s and allows for static air temperature in the 

ange of -25 to +30 [27] . However, it needs to be pointed out here

hat the upper limit of the achievable static air temperature dur- 

ng ice crystal experiments is limited to +3 as beyond that the ice 

rystal conveyance system gets clogged up due to warm ambient 

onditions. 

.2. Ice crystal generation system 

One of the unique aspects of the Technische Universität Braun- 

chweig Icing Wind Tunnel is its ice crystal generation system. 

loud chamber technology is employed to simulate the natural oc- 

urring ice crystal generation process as observed in atmospheric 

louds. This approach involves feeding atomized water droplets 



Y.A. Malik, L. Bennani, S. Bansmer et al. International Journal of Heat and Mass Transfer 214 (2023) 124364 

Fig. 2. Schematics of Icing Wind Tunnel at Technische Universität Braunschweig [27] . 

Fig. 3. Ice Crystal Generation System (Left). Sketch of Technische Universität Braunschweig Ice Crystal Generation Mechanism (Right) [27] . 
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hrough an air stream into a chamber, in which the conveying 

ir stream is mixed with another cooled airstream. This leads to 

roplets being frozen and then growing to naturally shaped ice 

articles, using the ambient vapour and liquid droplets [2,28] . Once 

he ice crystals reach a critical size they settle down in the chest 

reezer. The cloud chamber-based employing freeze-out technique 

or ice crystal production system is depicted in Fig. 3 . In terms of

roduction capabilities, the ice crystal generation system produces 

pproximately 25 kg of snow per day [29] . 

For long experimental runs, ice particles need to be stored in- 

ide ultra-high cooling refrigerants operating up to -60 In case of 

ce crystal storage for long duration, particles undergo sintering, 

eading to formation of larger clumps of ice particles, that need 

o be broken down manually before feeding the particle mass to 

he conveyance system. Therefore, freshly produced snow is mixed 

ith stored snow to ensure good quality of snow being fed to the 

est section throughout experimental runs. 

The conveyance system consists of a volumetric screw conveyor, 

 sieving machine and an airstream that transports the sieved par- 

icles, through an after-cooler into the icing wind tunnel to avoid 

re-melting of ice crystals through the pipes as they approach the 

est section. More details on ice crystal shapes, sizes and cloud uni- 

ormity has already been presented by Bansmer et al. [27] and Ma- 

ik et al. [30] . 
4 
. Ice accretion inception and origins on a heated wall 

To investigate the initiation of ice accretion on a heated wall, 

 dedicated transparent flat plate setup was designed to study in- 

eption of ice accretion from interface and frontal perspective. 

Fig. 4 (a) shows the pictorial illustration of interface layer per- 

pective to study ice accretion inception. Fig. 4 (b) shows the frontal 

iew of the transparent visualization test article, which is com- 

osed of an Indium tin oxide coated (600 nm etched to the sur- 

ace) sapphire glass (3 mm thick) which is electrically heatable. 

he transparent coating is then further coated only along the edges 

ith silver to enable electrical cabling and ensure the flow of elec- 

rical current through the glass. The ITO coated sapphire glass is 

esigned in such a way that it has a resistance of 25 Ohms and 

aximum operational voltage of 100 Volts, thereby enabling a 

aximum heating power of 400 Watts and maximum heat flux of 

pproximately 220 0 0 W/ m 

2 . To avoid any heat transfer loss to the

ide of the flat plate, a 2 mm thin Teflon body is designed to en-

ure heat flux dominant direction towards the impinging ice crys- 

als. 

Fig. 5 illustrates the setup for visualization of ice accretion in- 

eption. The figure displays a mirror that was attached to the alu- 

inium body through a rail setup that enabled the mirror to be 

oved along the span of the flat plate. The impingement of ice 
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Fig. 4. (a) Pictorial illustration of interface layer perspective to study inception phase, (b) Frontal view of transparent ITO coated sapphire model with a mirror rail setup in 

the back. 

Fig. 5. On the left - Top view of the visualization setup, On the right - Side view of the visualization setup. 
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rystals and the corresponding melted residue on the heated sur- 

ace is first projected on to the first surface mirror and then re- 

ected into the Ultra-High-Speed Cam (Photron SAZ Cam 2100K) 

laced outside right next to the test section. 

To ensure the right contrast and uniform background for ob- 

aining sharp boundaries of the impinging ice crystals on the 

eatable ITO coated glass multiple considerations were accounted 

or. High powered flicker free light sources were used to illumi- 

ate the target i.e., beamers (160 0 0 lm) and focused light source 

approximately 20 0 0 lm). For uniform spreading of light, sand 

lasted glasses were produced that were positioned such that it al- 

owed for optimum uniform brightness. Additionally, a scheimpflug 

dapter was affixed to the lens and sensor of the high-speed cam- 

ra in such a way that it enabled capturing the desired contrast, 

rightness and sharp boundaries of the impinging ice crystals. In 

ddition to the high-speed camera focused on the mirror from the 

ack of the model, an additional High-Speed Cam (Photron SA 1.1) 

as situated such that it captured the ice crystal inception from 

he front which provided additional interesting insights explained 

n Section 3.1 . Detailed overview of the experimental setup is pre- 

ented in Fig. 6 . 

To capture the qualitative description of the ice accretion incep- 

ion on the transparent target two additional DSLR cameras (Canon 

0D) were placed from the side (at an oblique angle) and from the 

op view. Special care was taken in terms of selection of the trans- 
b

5 
arent glass and Sapphire was chosen as it not only provides excel- 

ent mechanical and thermally conductive properties but also high 

ptical transmission properties making it ideal for IR applications. 

his allowed to capture the surface temperature of the transparent 

lass by placing an IR camera focused on the flat plate setup from 

he bottom window. 

.1. Inception of ice layer - Optical observations 

To study the ice initiation process a series of experiments were 

erformed to investigate the different stages that led to the build- 

p of ice layer on a heated substrate. This not only provided de- 

ailed qualitative visual description and physical understanding of 

ce accretion inception phase but also aided in advancement of nu- 

erical tools. 

Fig. 7 demonstrates how the ice accretion initiates (from in- 

erface layer perspective) on a heated substrate as recorded from 

he ultra-high-speed camera. The impingement of glaciated icing 

loud onto a dry and warm substrate lead to heat transfer taking 

lace between the ice crystals and the heated wall. The impact of 

ce crystals lead to formation of secondary fragments and residue 

hat stick to the surface and start melting to form sessile bub- 

les or sessile droplets that exist pre-dominantly in liquid phase. 

he incoming ice crystals impinging on the existing sessile bub- 

les lead to splashing and intake/absorption of incoming impacting 
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Fig. 6. Pictorial representation of the actualized setup for visualization of ice accretion inception. 

Fig. 7. Ice Accretion Inception from the interface layer perspective (Flow Velocity = 30 m/s, Heat Flux = 1700 W/ m 

2 , IWC = 5 g/ m 

3 , T wb = -5 ◦C). 
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ce crystals which in turn lead to the volumetric enhancement of 

he sessile drops. Over time with impact of incoming ice crystals 

ead to formation of semi-frozen state (mixed-phase in composi- 

ion) which upon percolation with neighbouring semi-frozen par- 

icles lead to the formation of ice layer. 

The inception of ice accretion with spatial resolution of 512 512 

nd temporal resolution of 20,0 0 0 frames per second revealed that 

s the number of sessile drops started to increase on the surface 

t leads to more splashing and erosion of the liquid drops as a re-

ult of impact of incoming glaciated ice crystals. It appears that 

he particle sticking is a dynamic process and that the sticking ef- 

ciency varies greatly depending on whether the ice crystals im- 

act on dry heated spot compared to wet spot covered by sessile 

rops where in the case of latter the sticking efficiency seem to be 

igher. Therefore, during the inception phase as soon as the heated 
6 
urface is covered by sessile drops the sticking efficiency starts to 

ise leading to rapid formation of an ice layer. 

Fig. 8 shows visual description of ice accretion initiation as per- 

eived from the high-speed camera from the frontal view. It is vi- 

ually observed that the ice crystals upon impact lead to formation 

f secondary fragments and these secondary fragments radially fly- 

ng away from the surface under the influence of air flow and in- 

oming ice crystals impact the heated substrate again and get en- 

rapped in the sessile drops to aid the process of ice accretion. 

he accretion inception stages as perceived from the interface layer 

erspective were supported from the frontal view as well, leading 

ll the way up to formation of ice layer. The surface temperature 

volution captured through the IR camera also reveals that when 

he surface is heated i.e., the initial surface temperature is above 

reezing point, the impinging ice crystals leads to decrease of sub- 
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Fig. 8. Ice Accretion Inception from the front view perspective (Flow Velocity = 30 m/s, Heat Flux = 1700 W/ m 

2 , IWC = 5 g/ m 

3 , T wb = -5 ◦C). 
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trate temperature which upon approaching the freezing tempera- 

ure results in accretion on the substrate surface. 

The key observations retrieved from the visualization setup 

erve as a major input for further advancement of numerical and 

heoretical icing models. The experimental results show that the 

hermal behaviour of the heated flat plate in ice crystal icing con- 

itions is unsteady. Therefore the unsteady triple layer approach 

22,25] is a possible candidate for the description of this config- 

ration. In this approach, the ice formation and melting physics 

s described by the superposition of at most three single phase 

ayers of either liquid water or ice. However, the stage preceding 

o formation of ice layer is not a complete liquid layer but rather 

ercolation of semi-frozen particles (mixed-phase in its composi- 

ion) bridging together to form an ice layer. Hence a triple deck 

pproach, such as the one proposed in [22] , would not provide 

 good description of the experimentally observed ice accretion 

hysics. In order to make a first step towards the description of 

his ice formation phenomena, an extension to Messinger’s classic 

teady state model is considered and is described in the following 

ection. It is an enthalpy based approach that introduces the liquid 

olume fraction and hence is able to represent locally the presence 

f both the liquid and solid phase. 

.2. Origins of ice accretion - Qualitative experimental observations 

Origins of ice accretion for positive and negative tunnel wet 

ulb temperatures was investigated experimentally resulting in for- 

ation of glaciated and slushy ice layers which is briefly discussed 

ere. The test article and setup used to study the influence of wet 

ulb temperature and substrate heating on the origins and extent 

f ice accretion growth is described in Section 4.1 . The wet bulb 

emperature is described in the literature as the lowest tempera- 

ure to which air can be cooled by the evaporation of water into 

he air at a constant pressure [31] . For icing conditions this trans- 

ates into ice particle melting at T wb > 0 , whereas T wb < 0 affects

lm freezing [2] . The wet bulb temperature can be calculated from 

he air temperature and the relative humidity using the Stull for- 

ula [32] . 
7

To study the origins of ice accretion, three different heating 

odes were actualized and analyzed wherein substrate heaters 

ere turned off at different instances of time resulting in an in- 

uence on ice accretion growth. Mode 1 and 2 were necessary to 

llow for continuous heating and turning off heaters as soon as 

he icing cloud impacts the test article respectively. Mode 3 on 

he other hand was to consolidate the findings by allowing the 

eaters to remain switched on for 20 seconds after the icing cloud 

mpacted the test article. The corresponding visual description of 

ce accretion growth for the set of experiments carried out in the 

UBS IWT is presented in Fig. 9 . The summary of analysis and 

ey discoveries originating from the set of experiments performed 

n three different heating modes are presented in tabular form in 

ig. 10 . 

It is observed that for accretion to initiate liquid water needed 

o be present in the particle impingement area. This source of 

ater is either produced in the case of negative wet bulb tem- 

erature conditions through heat exchange between impinging ice 

rystals and heating from the substrate and in case of positive 

et bulb temperature conditions through dominant natural melt- 

ng of ice crystals. In case of heated wall, the ice accretion growth 

s attributed to melt water produced through melting of ice crys- 

als owing to substrate heating and liquid water capillary rise 

hrough the ice layer. In case of non-heated wall, the accretion 

rowth is aided by natural melting of the outermost surface of ice 

ayer as well as partial melting of incoming impinging ice crys- 

als. 

It is also very interesting to observe that for positive wet 

ulb temperature cases the maximum ice accretion thickness did 

ot vary greatly for cases with and without continuous heat- 

ng mode as ice accretion growth is primarily driven by natu- 

al melting of ice layers. The nature of ice layers and extent of 

aximum accretion thickness was significantly different for the 

ifferent type of ice layers, wherein positive wet bulb tempera- 

ures lead to significantly larger ice layers with slushy consistence 

ore vulnerable to shedding unlike strongly adhered glaciated ice 

ayers generated in test cases with negative wet bulb tempera- 

ure. 
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Fig. 9. Influence of Heater turn off on Ice Accretion growth for different tunnel wet bulb temperatures. 

Fig. 10. Necessary conditions for ice accretion for negative and positive wet bulb temperature conditions. 
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. Heat transfer physics on a metallic heatable substrate 

In this section, first the experimental setup is described which 

rovides a detailed overview of investigation of heat transfer 

hysics for ice crystal icing on a heatable substrate applica- 

le for wide range of parametric conditions. Next the numer- 

cal setup is presented which provides a holistic overview of 

he modeling strategy adopted to capture the desired trends 

nd order of magnitude for a considerably large parametric 

pace. 
8 
.1. Experimental setup 

To study heat transfer physics and ice accretion phenomenon 

n a heatable metallic substrate a dedicated test article was de- 

igned for testing in the icing wind tunnel of Technische Univer- 

ität Braunschweig as shown in Fig. 11 . 

The flat plate model is composed of multiple layers with base 

upport structure (a) responsible for providing structural strength 

nd transportation of cables to outside of the test section. To avoid 

ny heat leakage to the sides Teflon strips are used and for insu- 
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Fig. 11. Construction of test article with heaters, temperature and heat flux sensors. 
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Fig. 12. Heat Transfer Physics - Temperature evolution pre and post-impact icing 

cloud. 
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ation in the bottom direction, Multitherm Insulation 550M (b) is 

laced which has very high insulation properties (thermal conduc- 

ivity coefficient = 0.023 W/m.K). This ensures heat flux only in 

ne direction i.e., towards the impinging ice crystals. Grooves (c) 

re installed for the heat flux sensors as well as temperature sen- 

ors to have them completely flushed with the surface and ensure 

 smooth flat finish. 

To provide the heating capability, a total of six heat foils are 

lued to the aluminium plate (d). The heat foils are placed such 

hat they are able to provide uniform heating to the flat plate 

odel, each heat foil has a resistance of 14.4 Ohms, a max- 

mum operational voltage of 28 Volts, able to provide a total 

eating power of 326 Watts and maximum heat flux of around 

50 0 0 W/ m 

2 . To account for the evolution of temperature and heat

ux as a result of impinging ice crystals leading to ice accretion, 

 total of 34 temperature sensors (PT10 0 0 sensors) and 5 heat 

ux sensors (Differential-Tem perature Thermopile) were installed 

.3 mm to the ice crystal target surface (e). Cameras from oblique 

ngle were installed to obtain qualitative description of ice accre- 

ion growth under varying parametric conditions. For generation of 

ce layers under different regimes (Slushy and Glaciated ice layers) 

ocus was set on influential parameters such as heat flux, tunnel 

emperature, ice water content and flow velocity. The experiments 

ere performed in such a way that the surface is first allowed to 

each thermal equilibrium and employment of a shield that covers 

he model allowing for stabilization of icing cloud (for 30 seconds) 

nside the test section. 

For experiments 08 to 10 presented in Fig. 12 , repeatability of 

cing experiments in TUBS IWT was analyzed with regards to tem- 

erature evolution upon impact of icing cloud on heated flat plate 

est article. The experimental conditions for these runs are heating 

ower of 50 Watts, tunnel temperature of -10 ice water content 

f 5 g/ m 

3 and flow velocity of 40 m/s with test article oriented 

rthogonal to the impinging icing cloud. The excellent repeatabil- 

ty of icing experiments for same experimental conditions ensures 

igh confidence interval and allows for robust investigation of ac- 

retion phenomenon resulting from impact of glaciated ice crystals 

n heated substrates. 

As can be seen in Fig. 12 , the test article reaches thermal equi-

ibrium and at time t = 70 seconds, the icing shield is removed 

hich allows impact of ice crystal on heated flat plate. The ice ac- 

retion initiates over the model within the first 20 seconds of im- 

act of ice crystals and this is shown in the form of sharp tempera-

ure gradient, as surface temperature reaches close to the freezing 
t

9

oint. It is important to point out here that as soon as the icing 

loud impacts the heated substrate it leads to the transient phase 

hich encompasses the different stages of ice inception that lead 

o the formation of a coherent ice layer as described in Section 3.1 .

To monitor temperature evolution for a wide array of tem- 

erature sensors on the flat plate model, we can clearly see in 

ig. 12 that the ice accretion initiates as soon as the surface tem- 

erature reaches close to the freezing point which is in line with 

he findings of the previous studies [33] . 

An overview of the experimental setup is illustrated in Fig. 13 , 

ameras (1) and (3) are used to obtain qualitative description of ice 

ccretion growth from top and side oblique perspective. IR Camera 

s illustrated as (2) used to capture the surface temperature evolu- 

ion. Light sources (4) are placed from the top and bottom window 

o illuminate the test article and allow for better observation of ice 

ccretion initiation and growth during the runs. The setup allows 

or accurately measuring the surface temperature evolution as well 

ualitative description of ice accretion growth process. 

.2. Numerical setup 

.2.1. Simulation framework 

In this work, modelling and simulation are performed in a 

wo-dimensional framework. Fig. 14 shows the simulation frame- 
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Fig. 13. Illustration of equipment used to observe ice accretion on heated flat plate. 

Fig. 14. IGLOO2D workflow. ρe , u e , p e and T e are respectively the density, velocity, pressure and temperature outside the boundary layer that develops around the airfoil. 

˙ m imp is the mass flow rate of impacting particles and T tot 
imp 

is their total temperature. τ, h tc and T rec are respectively the aerodynamic shear stress at the wall, the heat transfer 

coefficient and the recovery temperature. 
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ork provided by IGLOO2D, ONERA’s two-dimensional icing simu- 

ation tool. A detailed description of the ONERA icing tool IGLOO2D 

s given in [34] . In this work, the Euler2D inviscid flow solver 

as used in combination with the CLICET Prandlt boundary layer 

olver to perform the computation of the aerodynamic field. The 

agrangian solver TrajL2D is used to compute the ice crystals’ tra- 

ectories. Data concerning the heat transfer coefficient, the collec- 

ion efficiency and the heating power calibration can be found in 

ppendix A . 

To perform unsteady computations, as is the case in this study, 

GLOO2D typically uses an unsteady triple layer ice accretion solver 

hat is coupled with an unsteady heat conduction solver. The cou- 

ling is performed with an optimized Schwarz algorithm [23] . 

owever, as stated in the introduction and the previous section, 

ased on the observations from the experiments ( Section 3.1 ), it 

eems that the triple deck approach proposed in [22] does not ac- 

urately describe what is observed at early times with the forma- 

ion of a semi frozen layer containing both liquid and solid wa- 

er on the wall. The superposition of the three layers is replaced 

ere by a single mixed phase layer characterized by its liquid wa- 

er volume fraction αl . Therefore, a new solver based on an en- 

halpy method was developed and will be presented in a following 

ection. 
10 
.2.2. Geometry and test matrix 

Fig. 15 shows the flat plate geometry with its dimensions and 

he thermal conductivity of each layer. A temperature probe lo- 

ated mid-span and in the middle of the thermally conductive ad- 

esive layer is used to compare the numerical results with the ex- 

erimental data. The physical properties of the materials compos- 

ng the flat plate are given in Table 1 . 

.2.3. Accretion model and heat conduction in the flat plate 

As illustrated in Fig. 16 , the problem of ice accretion on a 

eated plate can be represented using two separate domains. The 

rst one, noted �1 represents the ice/liquid water mixture. The 

econd one, noted �2 , represents the heated plate. Each domain 

s modelled with a specific set of equations which are coupled at 

he interface 	. 

The outer boundary of �1 , noted 	ext , is in contact with the 

erodynamic flow. Hence, that is where the convective heat trans- 

er and evaporation/sublimation occurs. Moreover, ice crystals and 

roplets may impinge that boundary. The equations solved for the 

iquid/solid mixture describe ice accretion, that is to say heat and 

ass transfer, in domain �1 . They are given by: 

∂ 

∂t 
( ρh ) + ∇ · ( ρh u ) = 

˙ m drop + 

˙ m c,l + 

˙ m c,s − ˙ m e v s − ˙ m ero (1a) 
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Fig. 15. Flat plate setup with dimensions and thermal conductivities. 

Table 1 

Properties of the materials composing the flat plate. 

Material ρ [ kg.m 

−3 ] c p [ J.kg −1 .K −1 ] λ [ W.m 

−1 .K −1 ] 

Aluminum 2700 900 237 

Teflon 2200 1000 0.25 

Thermally conductive adhesive 2500 900 5.8 

Kapton heaters 2700 900 0.8 

Multitherm insulation 2800 787 0.023 

Fig. 16. Illustration of the physical problem and definition of the ice/liquid water and airfoil domains and their coupling interface 	. 

t

t

t

e

s

e

w

w

r

r

fl

d

s

�

�

m

1

t  

t

t

n

a

f

η

∂ 

∂t 
( ρhe ) + ∇ · ( ρhe u ) = 

˙ m drop 

[
ηl 

(
T drop 

)
+ 

u 

2 
drop 

2 

]

+ 

˙ m c,l 

[
ηl ( T c ) + 

u 

2 
c 

2 

]

+ 

˙ m c,s 

[
ηs ( T c ) + 

u 

2 
c 

2 

]
(1b) 

− ˙ m e v s ηv (T ) − ˙ m ero e 

+ h tc ( T r − T ) 

+ �−
0 

The system of Eqs. (1) can be derived from the 3D equa- 

ions modeling the total mass conservation (equation for ρh ) and 

otal energy conservation (equation for ρe ) and by integrating 

hese equations with respect to the z variable. The divergence op- 

rator ∇ . is defined with respect to the wall surface coordinate 

ystem. h is the mixture thickness, u its travel velocity and e its en- 

rgy per unit mass (or enthalpy since they are very close for both 

ater and ice). ˙ m drop is the deposition mass flow rate of droplets 
11 
hereas ˙ m c,l and ˙ m c,s are respectively the deposition mass flow 

ates of liquid water and ice brought by crystals. The mass flow 

ate for evaporation and sublimation is given by ˙ m e v s and the mass 

ow rate of erosion is given by ˙ m ero . Temperatures of the deposited 

roplets and ice crystals are respectively given by T drop and T c . The 

ame convention is used for the velocity magnitudes u drop and u c . 
−
0 

is the heat flux transferred by the domain �2 to the domain 

1 . Finally, T is the mean temperature of the accretion layer. 

The travel velocity u is computed using a thin film lubrication 

odel in the case where the liquid volume fraction αl is equal to 

 (purely liquid state). If the liquid volume fraction is strictly less 

han 1, this velocity is set to 0 m.s −1 . This model assumes that in

he presence of ice crystals in the accretion the liquid water is en- 

irely trapped in the pores and cannot be transported by aerody- 

amic or capillary forces. 

Choosing the solid ice at the melting temperature ( T m 

= 273 K) 

s the reference state for the energies, the enthalpies ηs , ηl and ηv 
or the solid ice, liquid water and steam can be written: 

s (T ) = c p,s ( T − T m 

) (2a) 
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Table 2 

Physical properties of water. 

ρ [ kg.m 

−3 ] c p,s [ J.kg −1 .K −1 ] c p,l [ J.kg −1 .K −1 ] c p, v [ J.kg −1 .K −1 ] L f (T m ) [ J.kg −1 ] L v (T b ) [ J.kg −1 ] 

997 2060 4185 1850 333000 2257000 
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l (T ) = c p,l ( T − T m 

) + L f (T m 

) (2b) 

v (T ) = c p, v ( T − T b ) + c p,l ( T b − T m 

) + L f (T m 

) + L v (T b ) (2c) 

here c p,l and c p,s are respectively the heat capacities for liquid 

ater and solid ice. The latent heats for melting and vaporization 

re given by L f and L v . Their values are summarized in Table 2 .

n Eq. (1b) and neglecting the difference between energy and en- 

halpy for both ice and liquid water, the temperature T and the 

nergy e are related by the following relationship: 

 = T m 

+ 

e 
c p,s 

and αl = 0 if e ≤ 0 

 = T m 

and αl = 

e 
L f (T m ) 

if 0 ≤ e 
L f (T m ) 

≤ 1 

 = T m 

+ 

L f (T m ) 

c p,l 

(
e 

L f (T m ) 
− 1 

)
and αl = 1 if 1 ≤ e 

L f (T m ) 

(3) 

The thermal conduction inside the flat plate (domain �1 in 

ig. 16 ) is described using the heat equation and is given by: 

∂ 

∂t 
( ρc p �) − ∇ · ( λ∇�) = S (4) 

here ρ, c p and λ are respectively the density, the heat capacity 

nd the thermal conductivity of the material composing the wall. 

he source term S allows taking into account heater mats that can 

e embedded into the plate. In domain �2 , � is used to denote 

he temperature field. 

The boundary conditions are given by: 

∇�.n = �+ 
0 on 	 (5) 

Equation (5) stands for the boundary conditions at the bottom 

f the inner boundary and at the interface with the liquid/solid 

ixture. �+ 
0 

is the heat flux transferred by the domain �1 to the 

omain �2 . 

ONERA’s icing simulation tool IGLOO2D is used to compute the 

erodynamics, droplet and crystal trajectories (which are used to 

ompute the impacting mass flow rates) as well as the heat trans- 

er coefficient [34] . Moreover, the evaporation mass rate is com- 

uted using the classic Chilton-Colburn analogy. To complete the 

odel, one needs to specify an erosion model and a sticking effi- 

iency model. 

.2.4. Discretization and coupling procedure 

In order to numerically solve the governing equations in the 

ce/liquid water mixture and in the flat plate, a discretization 

ethod as well as a coupling algorithm are required. 

Equations (4) , (5) and (1) are coupled to ensure the continu- 

ty of both the temperature and the heat flux at the interface 	

etween the liquid/solid mixture and the heated wall: 

 

+ = �− (6a) 

+ 
0 = −�−

0 (6b) 

To do this, a coupling procedure derived from [23] is used. The 

dea is to perform sub-iterations within a time step, here noted 

ith the superscript k, until equations (6) are satisfied to a given 
12 
olerance. To this end, the heat fluxes at the interface are expressed 

n the following way: 

−, (k ) 
0 

= ω(�−, (k −1) − T + , (k ) ) + �+ , (k −1) 
0 

(7a) 

+ , (k ) 
0 

= ω(T + , (k ) − �−, (k ) ) − �−, (k ) 
0 

(7b) 

here ω is a numerical coupling coefficient. In this work its value 

s fixed to 10 0 0 0. The sub-stepping iterations are initialised by us- 

ng the values of the temperatures and fluxes at time step n . 

At each sub-iteration k, a discrete form of Eqs. (1a) and (1b) is 

olved. They are discretized using a finite volume approach. The 

onsidered surface is discretized into control volumes (with only 

ne cell in the direction normal to the surface) and on any given 

ontrol volume one obtains the following discrete equations: 

h (k ) − h n 


t 
= ˙ m drop + ˙ m c,l + ˙ m c,s − ˙ m 

n 
e v s − ˙ m 

n 
ero + 

F n 
m,L 

− F n 
m,R 


x 
(8a) 

h 

(k ) e (k ) − h 

n e n 


t 
= 

˙ m drop 

[
ηl 

(
T drop 

)
+ 

u 

2 
drop 

2 

]

+ 

˙ m c,l 

[
ηl ( T c ) + 

u 

2 
c 

2 

]

+ 

˙ m c,s 

[
ηs ( T c ) + 

u 

2 
c 

2 

]
(8b) 

− ˙ m 

n 
e v s ηv (T n ) − ˙ m 

n 
ero e 

n 

+ h tc 

(
T r − T (k ) 

)
+ 

F n e,L − F n e,R 


x 

+ �−, (k ) 
0 

Where h n is the average thickness of the accretion layer in a 

iven cell at time step n, e n the average energy in the cell and T n 

he average temperature in the cell. 
x is the length of the cell 

nd 
t is the time step. F m 

L 
, F m 

R 
, F e 

L 
, F e 

R 
are the numerical mass and

nergy fluxes at the left and right boundaries of the cell. They are 

omputed using a first order upwind scheme. 

On the other hand the heat equation in the plate is discretized 

sing a P 1 finite element method. This yields the following global 

inear system: 

 

�(k ) − �n 


t 
+ A �(k ) = R (9) 

here M is the “mass” matrix, A the “stiffness” matrix and R the 

ight hand side which typically includes the heat provided by the 

eater mats. 

To close the coupling methodology, a relationship is needed be- 

ween T + and the corresponding average temperature of the ice 

ayer T which is the only available information on the temperature 

rofile in the accretion shape, since Eqs. (1) has been obtained by 

liminating the variable z. To do so, a uniform temperature (in the 

ormal direction) is assumed in the whole accretion thickness. This 

eads to T + , (k ) = T (k ) . 

On the other hand, domain �2 is meshed with triangles us- 

ng gmsh [35] . This domain was meshed using 230 0 0 elements. 

q. (4) is then solved numerically using Lagrange P 1 finite ele- 

ents. The meshes of domains �1 and �2 are constructed so as 

o be coincident. 
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Fig. 17. Calibration results for the cases relative to the influence of velocity and sticking efficiency function F 2 . 
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.2.5. Erosion model 

The erosion model used in this work is based on previous stud- 

es [12,36] . The model links the erosion mass rate to the impacting 

ce crystal mass rate through a factor εero . In the present work, the 

rystals are assumed fully glaciated, yielding: 

˙ 
 ero = εero ˙ m 

imp 
c,s (10) 

The factor εero is given by: 

ero = E 

(
u 

t 
c 

V 0 

)2 
αl0 

αl0 − min (αl , αl0 ) 
(11) 

here E = 0 . 314466 , V 0 = 84 . 5 m.s −1 and αl0 = 0 . 6 . u t c is the tan-

ential component of the ice crystal impact velocity. It is recom- 

uted at every time step to take into account the change in geom- 

try of the growing ice shape. 

.2.6. Sticking efficiency model 

The sticking efficiency model relates the deposition mass rate 

f ice crystals to the impacting mass rate of ice crystals by using a 

actor εs , which yields: 

˙ 
 c,s = εs ˙ m 

imp 
c,s (12) 
13
˙ 
 c,l = εs ˙ m 

imp 

c,l 
(13) 

In order to compute εs several functions are combined. First, 

he modelling of the sticking of partially melted ice crystals is 

ased on previous work by Trontin et al. [12] and relies on the 

ntroduction of a function F 1 . 

 1 (ζm 

) = (K 1 − 2) ζ 3 
m 

+ (3 − 2 K 1 ) ζ
2 
m 

+ K 1 ζm 

(14) 

here ζm 

is the melt ratio of the ice crystals and K 1 = 2 . 5 . 

On the other hand, the sticking of glaciated particles is mod- 

lled using a function noted F 2 that is given by: 

 2 (αl ) = 0 . 02 + 0 . 75 αl + 

1 

2 

(
K 2 

(
u 0 

u c 

)0 . 5 

− 3 

)
α2 

l 

+ 

1 

3 

(
2 . 25 − K 2 

(
u 0 

u c 

)0 . 5 
)
α3 

l (15) 

here K 2 is an empirical parameter equal to 1.89, u 0 = 40 m.s −1 ,

l is the liquid volume fraction, u c is the magnitude of the crys- 

al impact velocity. This empirical relation was obtained in the fol- 

owing way. First, for liquid volume fractions ranging from 0 to 0.3 
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Fig. 18. Comparison between simulation and experimental data for the cases relative to the influence of IWC. 
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5

he data of Baumert et al. [36] provides values for the sticking ef- 

ciency. On the other hand, for liquid volume fractions close to 

, the experimental database presented in this paper can be used 

o estimate the value of the sticking efficiency. Indeed, as shown 

n Fig., when the ice crystals start impacting the heated plate, 

he temperature decreases from its thermal equilibrium value in 

ry conditions to its icing steady state value. During this transient 

hase, ice accretion has not yet begun and αl = 1 . The sticking ef-

ciency will drive the slope of this temperature decrease as it con- 

rols the cooling power brought by the ice crystals. Therefore one 

ay estimate the value of the sticking efficiency by calibrating its 

alue so as to obtain a good match for the slope of the temperature

urve at the moment when the ice crystals start to impinge the flat 

late. In addition, tests 07, 08 and 04 investigate the influence of 

elocity on the thermal and ice build up behaviour of the flat plate 

onfiguration. This parameter has an important influence on the 

hermal dynamics and hence the sticking efficiency at αl = 1 is as- 

umed to depend on it. To sum up, tests 07, 08 and 04 are used to

stimate a value for the sticking efficiency at αl = 1 and for three 

ifferent im pact velocities. Once values have been obtained for the 

ticking efficiency at αl = 1 , a polynomial fit is performed so as 

o also take into account the data of Baumert et al. [36] for lower

alues of the liquid volume fraction. Note that the model also in- 

o

14 
ludes a residual value of the sticking efficiency equal to 0.02. This 

alue was estimated thanks to experiments dedicated to studying 

he impact of ice particles on a dry solid substrate [37] . 

Both functions are combined by taking the maximum value be- 

ween both: 

s = max (F 1 , F 2 ) (16) 

Note that in this work the crystals are assumed to be fully 

laciated. Hence, the part of the sticking efficiency model relative 

o the partial melt ratio of the crystals, F 1 , will be always equal to

. 

Figs. 17 a, 17 b and 17 c show the results obtained by simulation

or tests 07, 08 and 04 where the farfield air velocity was var- 

ed from 20 m/s to 40 m/s . As stated previously, the experimental 

ata from these runs was used to calibrate the sticking efficiency 

odel. This is shown in particular with respect to the slope of the 

urves at t = 0 s . The resulting sticking efficiency function is shown

n Fig. 17 d. 

. Results and discussion 

A comparison of experimental and numerical results focusing 

n qualitative observation of ice accretion thickness and temper- 



Y.A. Malik, L. Bennani, S. Bansmer et al. International Journal of Heat and Mass Transfer 214 (2023) 124364 

Fig. 19. Comparison between simulation and experimental data for the cases relative to the influence of heating power. 
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ture evolution concerning heat transfer physics is presented and 

nalyzed next. 

.1. Influence of ice water content 

Fig. 18 shows the results obtained for tests 04, 05, 03 and 06. 

his group of tests investigates the influence of IWC. The simu- 

ations are in quite good agreement with the experimental data. 

owever, the numerical simulations show a much higher effect 

han what is observed experimentally. Indeed, the numerical sim- 

lations predict that the temperature drop occurs faster when the 

WC is increased. This can be explained in the following way: as 

l = 1 during the temperature drop phase, the sticking efficiency 

s maximal. Increasing the IW C hence means increasing the cool- 

ng power induced by the impacting crystals and therefore higher 

lopes. The fact that this is not observed experimentally may be 

ue to a shading effect linked to a part of the crystals bouncing 

ack from the flat plate’s surface and not taken into account in the 

odel. 

It is important to highlight here that in Fig. 18 for the experi- 

ental runs the temperature continues to drop before the impact 

f icing cloud whereas in numerical simulations it has reached 

hermal equilibrium for the same duration of the run. This is be- 

ause in the case of experiments for some cases to allow for a sta-

ilized icing cloud in the test section a shield is placed in front of 
15 
he test article for the first 40 seconds after the turn on of the icing

loud. This ensures a fully developed and stabilized icing cloud in 

he test section as previously presented by Bansmer et al. [27] . The 

onsequence of the use of the shield is that it results in formation 

f flow structures in the wake of shield that results in slight re- 

uction (i.e. cooling effect) of surface temperature upon impact on 

he test article in experiments unlike numerical simulations which 

o not employ such a shield since the icing cloud is considered 

tabilized from the beginning. 

.2. Influence of heating power 

Fig. 19 shows the results obtained for tests 28, 29, 30 and 31. 

or this group of tests the tunnel temperature is fixed to 263 . 15 K

nd the power is varied from 50 W to 200 W . The numerical simu-

ations predict that when the heating power is increased, the dry 

ir equilibrium temperature is increased as well as the time re- 

uired to reach the ice crystal icing equilibrium temperature. This 

rend is consistent with the experimental measurements. On a 

ore quantitative side, for low heating powers such as 50 W and 

00 W, the results are in quite good agreement with the experi- 

ental data. The temperature drop rate is overestimated by the 

xperiments but the maximum difference between simulation and 

xperiment is of about 5 K. On the other hand for heating powers 

f 150 W and 200 W the discrepancy starts to increase. 
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Fig. 20. Comparison between simulation and experimental data for the cases relative to the influence of tunnel temperature. 
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.3. Influence of tunnel temperature 

Fig. 20 shows the results obtained for tests 25, 26, 27 and 32. 

or this group of tests the tunnel temperature was varied from 

73 . 15 K to 253 . 15 K. In order to always start with the same surface

emperature, the heating power was varied from 100 W to 158 W . A

easonably good agreement is observed for tests 25, 26 and 27. For 

est 32, the experimental measurement shows that the tempera- 

ure first decreases to reach approximately 280 K at t = 40 s, after 

hich the temperature then starts to increase. 

.4. Qualitative comparison 

Figs. 21 a and 22 b show a side view of the flat plate with ice

ccreted on top. The direction of airflow is from top to bottom. As 

tated in Section 4.2 , the simulations presented in this work are 

wo-dimensional. Hence, interpreting the numerical results shown 

n Fig. 21 b and 22 b as cuts of the corresponding experimental 

iews in the spanwise direction (or, equivalently, in the direction 

arallel to the airflow) enables a qualitative comparison with ex- 

erimental observations. 
16 
Fig. 21 shows a comparison between experiment and numerical 

imulation of the ice shape for Test 04. After 100 s of ice crystal

mpact the numerically predicted ice shape is approximately 3 mm 

hick. The temperature in the ice is equal to T m 

= 273 . 15 K and the

iquid volume fraction is of 0.35. The predicted ice shape covers 

he whole heated area of the plate and is slightly thicker at the 

tagnation point which is consistent with the experiment. 

Fig. 22 shows a comparison between experiment and numerical 

imulation of the ice shape for Test 28. After 100 s of ice crystal im-

act the numerically predicted ice shape is approximately 2 . 5 mm 

hick at the middle of the plate. The thickness quickly reduces to 

 mm towards the sides of the plate. At the middle of the plate, the

emperature in the ice is equal to T m 

= 273 . 15 K and the liquid vol-

me fraction is of 0.15. Towards the side of the plate the tempera- 

ure goes slightly below 273 . 15 K and at these locations the liquid 

olume fraction is of 0. In this case, the predicted ice shape only 

artly covers the heated area of the plate and is thicker at the stag- 

ation point. This is consistent with the experimental visualisation 

f the ice shape. 

For these two cases, the numerical simulations are able to cap- 

ure the correct trend. That is to say there is less ice for Test 28

han for Test 04. In both cases, the temperature field in the flat 
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Fig. 21. Qualitative comparison between experiment and numerical simulation of the ice shape for Test 04. 

Fig. 22. Qualitative comparison between experiment and numerical simulation of the ice shape for Test 28. 
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late almost does not diffuse beyond the rectangular region lo- 

ated just on top of the heaters, reflecting the specific design of 

he heated flat plate. 

.5. Discussion 

As shown in the previous sections, the numerical simulations 

re able to capture the correct trends and orders of magnitude 

ith respect to the experimental results. A common aspect to all 

ases is that the numerical simulations predict a steady state tem- 

erature equal to the melting temperature. This is due to the fact 

hat the accretion layer is assumed to be a uniform mixture. There- 

ore the temperature field in a given cell is uniform and no a pos- 

eriori reconstruction of a temperature profile is performed. In the 

teady state, the numerical simulation predicts that the accretion 

ayer is in mixed phase ( 0 < αl < 1 ) and therefore that the tem-

erature has to be equal to the melting temperature. However, the 

easured temperature is slightly higher than the melting tempera- 

ure and in some case starts to increase after the temperature drop 

hase. 
17 
For example, in Fig. 20 (d) the results from the experiments 

how a slight rise in the temperature once the ice layer is formed 

n the surface and steady state phase is reached. For the same ice 

ater content, the heating power from the substrate is so high in 

his case that it results in formation of large amount of melt wa- 

er at the interface (i.e. between the substrate and ice layer). This 

dditional heat generates a temperature gradient in the water-ice 

ayer. When ice starts accreting, the ice layer insulates the surface 

rom incoming ice particles and cold airstream. Due to the con- 

tant heat flux from the surface all ice in contact with the surface 

elts and ultimately the surface temperature rises due to heat up 

f the liquid water present in the interface since the ice layer is 

o longer in direct contact with the substrate. Once this interfa- 

ial liquid water reaches a critical threshold it can also result in 

ce shedding as previously modeled by Kintea et al. [38] based on 

edge icing tests performed by Currie et al. [39] . 

Hence, the model could be improved by going beyond the uni- 

orm temperature distribution in the simulation control volumes. 

ndeed, the resolution of the temperature field in the direction nor- 

al to the wall could help better predict the experimentally ob- 

erved thermal dynamics. 
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In a similar way, a non-uniform liquid volume fraction distribu- 

ion could help account for phenomena such as imbibition and also 

elp improve the sticking efficiency model. The model could also 

e improved regarding the treatment of mass transport under the 

ffect of aerodynamic and capillary forces. Indeed, the model used 

n this work assumes that in the presence of ice crystals in the ac- 

retion the liquid water is entirely trapped in the pores and cannot 

e transported by aerodynamic or capillary forces. This assumption 

s not correct for high liquid fractions and the model may be im- 

roved in the future to account for this phenomenon. 

Finally, when the liquid fraction is very high, the water/ice mix- 

ure behaves as a very viscous non-Newtonian fluid that can be 

arried downstream by the airflow. The model can also be adapted 

n the future to take into account this physical mechanism. 

. Conclusion 

This research work is an effort towards better understanding of 

rigins, necessary conditions for ice accretion, accretion inception 

nd icing physics. To that end, dedicated transparent and metallic 

est articles were designed and tested in the icing wind tunnel of 

U Braunschweig. Foremost, a dedicated test campaign was con- 

ucted utilizing a transparent ITO coated sapphire glass flat plate 

odel with heating capability for microscopic investigation of ice 

ccretion inception phase. High speed cameras and high powered 

icker-free light sources were used to capture the different stages 

f ice accretion inception from interface and frontal perspective. 

t was observed that ice crystals upon impact fragment and un- 

ergo sticking and melting to form sessile droplets which with in- 

ake of incoming crystals from the icing cloud result in formation 

f semi-frozen particles. Finally percolation and bridging of semi- 

rozen particles leads to formation of ice layer. The semi-frozen 

article in its constitution is comprised of both liquid and solid 

hase and served as a key assumption for the development of nu- 

erical model presented in detail as part of this research work. 

Furthermore, a dedicated test matrix was designed to study 

he necessary conditions for origins of ice accretion. To have an 

n depth overview of origins of ice accretion, a heatable flat plate 

odel was utilized whereby the heating power was varied as well 

s the instance at which heaters were turned off. It was found that 

or T wb < 0 with unheated substrate ice accretion did not initiate 

ecause no liquid water was formed on the substrate for sticking 

f ice particles on the surface. Substrate heating was found to be 

ecessary for ice accretion on the substrate leading to formation 

f glaciated ice layer. On the other hand, for T wb > 0 heated and

nheated substrate both lead to ice accretion due to natural melt- 

ng of ice crystals. Substrate heating was not necessary whereas 

atural melting of ice crystals was the driving force for ice accre- 

ion initiation leading to formation of slushy ice layer. In addition 

o that parametric study was performed both experimentally and 

umerically to study the influence of dominant parameters on ice 

ccretion phenomenon. It was interesting to observe that increas- 

ng the flow velocity lead to a drop in ice accretion growth due 

o influence of erosion. The time it took for the ice to accrete on 

he surface drastically reduced upon increasing the flow velocity, 

ce water content and wet bulb temperature. Increasing the heat- 

ng power lead to longer duration required for the ice to accrete 

n the surface as the icing cloud had to overcome a larger tem- 

erature gradient. It was observed that the icing severity increased 

ith warmer wet bulb conditions. Increasing ice water content also 

esulted in less time required for the ice to accrete on the substrate 

s the larger mass flux of ice was able to overcome the large tem- 

erature gradient in shorter amount of time. 

In terms of numerical simulation and modelling, an extended 

essinger approach based on the enthalpy method was proposed. 

his framework enables to capture the unsteady feature of the ex- 
18 
eriments. It is also more representative of the observed accretion 

rocess than an unsteady triple-layer approach because it allows 

o take naturally into account the fact that the accretion is consti- 

uted by a homogeneous mixture of crystals and liquid water and 

ot by a superposition of ice layer and liquid water film. Within 

his framework, the experimental database enabled to extend the 

xisting sticking efficiency model to the case of heated substrates. 

he model was calibrated using three cases so as to take into ac- 

ount the influence of ice crystal velocity. The other cases of the 

atabase were used to assess the predictive performance of the 

odel. The numerical simulations showed that the model was able 

o capture the correct trends and orders of magnitude. Therefore 

he proposed model provides an interesting way forward for ice 

rystal icing simulations. On the other hand, some improvements 

o account for additional physical mechanisms were discussed and 

re part of ongoing research. To summarize in a nutshell, the pre- 

ented work helps further the understanding of ice crystal icing 

hysics for heated and non-heated scenarios and contributes to 

dvancement of numerical tools towards improved predictive ca- 

ability. 
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ppendix A. Heat transfer coefficient, collection efficiency and 

eating power calibration 

In order to simulate ice accretion on the heated flat plate, one 

ust first compute the heat transfer coefficient and the ice crys- 

al collection efficiency. In this work the heat transfer coefficient 



Y.A. Malik, L. Bennani, S. Bansmer et al. International Journal of Heat and Mass Transfer 214 (2023) 124364 

Fig. A.1. Heat transfer coefficients computed with the boundary layer solver CLICET and collection efficiency computed with the lagrangian trajectory solver TrajL2D (for 

tests 07, 08 and 04). s is the curvilinear abscissa who’s reference point is the middle of the interface 	. 
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as computed using the Prandtl boundary layer solver CLICET. 

ig. A.23 a shows the heat transfer coefficient for tests 07, 08 and 

4. The ice crystal trajectories were computed using a lagrangian 

olver (TrajL2D). The computed collection efficiency is shown in 

ig. A.23 b for tests 07, 08 and 04. 

In addition, for every simulation, the heating power was re- 

uced by 10% to account for possible heat losses due to three di- 

ensional effects which are not captured by the present two di- 

ensional framework. 
Fig. B.1. Comparison of temperature drop obtained

19 
ppendix B. Mesh convergence analysis 

In all simulations presented in Section 5 , the mesh used to 

olve the heat equation inside the flat plate was composed of 

50 0 0 triangular elements. This mesh is sufficiently refined to pro- 

ide converged results. Indeed, Figs. B.24 and B.25 show a com- 

arison between results obtained with the base mesh (250 0 0 ele- 

ents) and a finer mesh (90 0 0 0 elements). With the exception of 

ery slight differences at the stagnation point for the ice shapes, 

he results are identical. 
 with the base mesh and the refined mesh. 
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Fig. B.2. Comparison of ice shapes predicted at t = 100 s with the base mesh and the refined mesh. 
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