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Abstract

A novel 3D mathematical model for water film runback and icing on a rotating surface is established in this work, where 

both inertial forces caused by the rotation and shear forces due to the air flow are taken into account. The mathematical 

model of the water film runback and energy conservation of phase transition process is established, with a cyclical average 

method applied to simulate the unsteady parameters variation at angles of attack. Ice accretion on a conical spinner surface 

is simulated and the results are compared with the experimental data to validate the presented model. Then Ice accretion on 

a cowling surface is numerically investigated. Results show that a higher temperature would correspond to a larger runback 

ice area and thinner ice layer for glaze ice. Rotation would enhance the icing process, while it would not significantly affect the 

droplet collection efficiency for an axi-symmetric surface. In the case at angle of attack, the effect of rotation on ice shape is 

appreciable, ice would present a symmetric shape, while in a stationary case the shape is asymmetric.
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1. Introduction

Ice accretion on the aircraft surfaces due to supercooled 

water droplet impingement may impose serious adverse 

effects on the aerodynamic performance and flight safety, 

which has long been recognized as an important issue to be 

resolved. The deterioration in the aerodynamic performance 

would occur due to the change of aerodynamic configuration 

caused by ice accretion [1]. Ice accretion on the engine 

nacelle and cowling would affect the quality of inlet flow field, 

and the shed ice may damage the downstream vanes or other 

components, even cause the flame-out [2, 3]. 

Ice accretion on the aircraft surfaces is a very complex 

phenomenon which is affected by a variety of factors such as 

the air temperature, air velocity, liquid water content in the 

air, the droplet impingement characteristics, and the angle 

of attack. Meanwhile, phase change phenomena including 

evaporation and solidification occur simultaneously, which 

brings additional complexity. When ice accretion happens 

on a rotating surface, the introduction of inertial forces and 

the change of air flow field make the water flow runback and 

icing processes even more complicated. Because acquiring 

the accurate ice accretion information on the aircraft surfaces 

is the premise for evaluating its influence on the aerodynamic 

performance and for the selection of appropriate icing 

protection methods, it is of great practical importance and 

has attracted the interests of many researchers and aircraft 

designers worldwide.

Due to the high cost, the investigation of ice accretion on 

the aircraft surfaces by the experimental method in an icing 

tunnel is quite limited and seldom reported to date, and most 

studies are on the mathematical modeling and numerical 

simulation, and some commercial software were also 

developed, as briefly reviewed below. LEWICE [4], a software 

to simulate the ice accretion, was developed by the University 

of Dayton and NASA Lewis Center, where the air flow field 

is calculated by means of potential flow theory, the water 

droplet impingement is simulated by a Lagrangian method, 

and the mass and energy balance is solved to simulate the 

ice accretion on a 2D surface. ONERA [5], TRAJICE [6], and 
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CANICE [7] are also widely used computer codes for ice 

accretion simulation. Most of those models are based on 

the Messinger’s conservation equations of mass and energy 

[8], in which the droplet impingement, convection, water 

film runback, evaporation and solidification determine 

the mass and energy balance during the icing process. 

Messinger’s model has been proven to be an effective and 

accurate method for the prediction of ice accretion. Besides 

Messinger’s model, Myers [9,10] also established an icing 

model for thin ice layer based on the lubrication theory, 

which considered the temperature gradient within the ice 

layer and liquid water film in the direction normal to the 

surface. The model was applied in the code ICECREMO. 

Li [11] developed a spongy icing model which accounted 

for entrapped liquid water within accreted ice, and in this 

model, the ice accretion was divided into four regimes 

according to the condition of entrapped water. However, in 

these classic models, the momentum equation for water film 

runback is not considered, therefore they are not capable of 

dealing with 3-D ice accretion.

Shen et al. [12] extended Messinger’s model and 

presented a new icing model in which the water runback 

was driven by the shear stress of air flow, and ice accretion 

on a nacelle surface was calculated. The ice shape obtained 

from the model showed good agreement with the results 

from FENSAP-ICE. Habashi et al. [13-15] developed a quasi-

steady approach in the code FENSAP-ICE, and applied a 

shallow water model to describe the water film runback. In 

this model, the shear stress is considered to be the driving 

force for the water film. A rotating boundary method and a 

rotating coordinate system method were applied to solve the 

airflow and water droplet flow, and a finite element solver 

was utilized to implement the calculation. Using this model, 

Reid et al. [16,17] predicted the ice accretion on the wind 

turbine blades with a rotational speed of 72 rpm as well as 

the performance degradation. Switchenko [18] selected 

several sections along the turbine blade, and applied the 

multi-step method to simulate the ice accretion on a 2-D 

section to acquire the unsteady icing process on rotating 

turbine blades. Cristhian [19] simulated the ice accretion of 

an unsteady rotating component using a transient method, 

which was capable of dealing with both steady and un-

steady cases but the computing resource consumption was 

quite large. 

As briefly reviewed above, currently the study on the 

ice accretion on a rotating surface is quite few; at the same 

time the limited available numerical studies of ice accretion 

on a rotating surface mainly concentrate on the turbine 

blade, where the effect of rotation on ice accretion is only 

considered in the air flow field and droplet impingement, 

while the dynamics mechanism of runback water film is 

not emphasized due to the relatively low rotational speed. 

The runback water film dynamics is very complex due to 

the introduction of inertial forces caused by the rotation, 

and the corresponding model has not been developed so 

far. According to the icing experiments in an icing tunnel 

conducted by Ningli Chen [20], ice accretion on a rotating 

conical spinner was different from that in a stationary case, 

and the ice layer became thicker in the rotating condition 

than that in the stationary condition. Similar phenomenon 

was also found in the experiments by Belz, et al. [21]. 

Therefore, it is quite necessary to establish an ice accretion 

model on a rotating surface considering the water film 

runback.

This paper focuses on the dynamics mechanism of the 

runback water film and the icing process on a rotating surface 

with high rotational speed such as an engine cowling, and a 

novel 3D film runback and icing model is presented. Based 

on the model established in this work, ice accretion under 

different conditions are numerically investigated, which 

contributes to a better understanding of ice accretion on a 

rotating surface and can guide the design of the aircraft anti-

icing or de-icing system.

2. Mathematical model

2.1 Water Film Runback and Icing

The ice accretion on a rotating surface is a very complex 

process, which involves the air-droplet flow and water film 

runback as well as the phase transition. The mass and energy 

balance, as briefly shown in Fig. 1, is determined by a variety 

of factors including droplet impingement, convection, 

evaporation, solidification, and liquid water film runback.

The thermodynamic model of water film runback and 

ice accretion on a rotating surface is established based on 
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Fig. 1. Mass and energy balance of icing process 

 
 
 

 
Fig. 2. Force analysis of water film runback on a rotating surface 
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the momentum and energy conservation. On the rotating 

surface, the film runback process is governed by the forces 

such as the inertial forces caused by rotation, shear stress 

caused by air flow, surface tension caused by curved film 

surface, and the pressure gradient. A force analysis of a 

water film finite element is shown in Fig. 2. The motion of 

water film can be described by incompressible Navier-Stokes 

equation, and the governing equation of film flow in the 

rotating coordinate system is expressed by equation (1):
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where MW is the molecular weight, cp,air is the specific heat of air, pv,sat is the saturated pressure of 

vapor, pT and TT are the total pressure and temperature, respectively, and rh is the relative humidity 

and here the value is set as 1. 

The energy balance incorporates the enthalpy of droplet impingement, the latent heat released 

during the solidification, the heat loss due to convection, and the latent heat of evaporation. Therefore 

the energy conservation equation can be expressed as: 
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For an individual control volume under the steady state, the equation can be described as the 

following form: 
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where Hin,n is the energy carried by runback water entering the current control volume through the 

face n, and it can be expressed as: 
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Himp is the energy carried by impinging water, and it consists of two parts: the internal energy and 

kinetic energy, as shown below: 

   2
0

1
2imp imp wH m c T T v 

     
  (20) 

Qc is the convective heat dissipation, and it’s obtained by the convective heat transfer coefficient hc 
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and the latent heat of evaporation Hevap, are related to the icing condition of the control volume, which 

are discussed as follows by considering the freezing fraction f, i.e., the ratio of icing mass to the total 

mass of entering water. Note that f is unknown and needs to be determined by iteratively solving the 
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If none of the water freezes, all the water remains at the liquid state in the control volume, f=0, the 

icing rate is zero, and the energy carried by runback water and evaporation can be expressed as: 
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If part of water freezes, 0<f<1, the control volume is at the phase transition temperature, and the 

energy terms can be expressed as: 
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If all the water freezes, f=1, the energy terms can be expressed as: 
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2.2 Parameter averaging at angle of attack 

Rotation would cause a cyclical variation of relevant physical parameters along the surface at a 

certain angle of attack. 

For a stationary surface impinged by steady air and droplet flow, the relevant physical parameters, 
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2.2 Parameter averaging at angle of attack

Rotation would cause a cyclical variation of relevant physical 

parameters along the surface at a certain angle of attack.
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For a stationary surface impinged by steady air and droplet 

flow, the relevant physical parameters, such as the convective 

heat transfer coefficient, shear stress and droplet collection 

efficiency, at a particular location are always constant. While 

for a rotating surface, the surface revolves around its axis, 

making the local parameters and the icing process under 

an unsteady condition, which would dramatically increase 

the computation cost by a direct simulation. Since the 

parameter variation is cyclical, and the rotational speed is 

very high, i.e., on the order of 103 rpm for a rotating cowling, 

for simplification purpose, a cyclical averaging method is 

applied to deal with the variation of the relevant physical 

parameters here.

As shown in Fig. 3, at a certain angle of attack, the parameter 

changes at different locations along the circumference (red 

circle in Fig. 3). And for a certain point such as position a, the 

parameter loops over all the values along the circumference. 

The average value of a parameter for a certain point on the 

circumference can be expressed by the circumferential 

average value, as calculated below:
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3. Solution procedure 

A single-step method is applied to simulate the 3D ice accretion, which neglects the effect of ice 

shape on the air and water flow fields due to the high cost of re-meshing and re-computation. 

3.1 Flow field of air 

Reynolds-Averaged Navier-Stokes equations are solved by the finite volume method to attain the 

air flow field. Considering the relatively low air speed and the compressibility of air, a pressure-based 

segregated algorithm is employed. To simulate the turbulent flow, a Spalart-Allmaras model is utilized, 

since it is a relatively simple one-equation model and has shown to obtain good results for wall-

bounded flows such as in the aerospace applications. All the equations are discretized in a second-

order upwind scheme. To simulate the effect of rotation, a rotational speed is added to the wall 

boundary. A CFD solver FLUENT is used to solve the governing equations. 

3.2. Droplet impingement characteristics 

Since the volume fraction of the droplet is quite small, the air-water flow is weak-coupled, and the 

droplet impingement characteristic can be calculated based on the airflow results. An Eulerian method 

is applied here in which the water droplet are considered as a continuous phase. The non-slip 
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where ρ is the density of water, α is the volume fraction of droplet, u is the velocity of droplet, ua is 

the velocity of air, F is the inertia force, and K is the air-droplet exchange coefficient. 

For the rotating case, the non-slip boundary condition of air is expressed as follows: 
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where ω is the angular velocity and r is the radius. The droplet collection efficiency is calculated as 

follows: 
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where n is the unit normal vector, U∞ is the droplet velocity of free stream, and α∞ is the volume 

fraction of droplet in the free stream. 

The Eulerian governing equations are solved by the finite volume method to calculate the volume 

fraction and the velocity of droplet, then the droplet collection efficiency can be calculated. Codes are 

programmed using the User Defined Functions (UDF) of FLUENT solver, and four user-defined 

scalars (UDS), i.e., droplet volume fraction and velocity components in x, y, and z directions 

respectively, are defined and solved by the UDS transport equations. The transport equations are 

discretized in a second-order upwind scheme. 

3.3. Parameters averaging 

To simulate the ice accretion on a rotating surface, several parameters such as the convective heat 

transfer coefficient and droplet collection efficiency are needed to solve the thermodynamic model of 

each control volume. For a stationary case, or a rotating case when the attack angle is zero, the 

parameters can be obtained directly from the airflow and droplet calculation results. Otherwise, an 

average value will be needed as discussed before. 

The average value is calculated by the integration along the circumferential direction, therefore it is 
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For the rotating case, the non-slip boundary condition of air is expressed as follows: 

 a  u ω r   (28) 

where ω is the angular velocity and r is the radius. The droplet collection efficiency is calculated as 

follows: 
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where n is the unit normal vector, U∞ is the droplet velocity of free stream, and α∞ is the volume 

fraction of droplet in the free stream. 

The Eulerian governing equations are solved by the finite volume method to calculate the volume 

fraction and the velocity of droplet, then the droplet collection efficiency can be calculated. Codes are 

programmed using the User Defined Functions (UDF) of FLUENT solver, and four user-defined 

scalars (UDS), i.e., droplet volume fraction and velocity components in x, y, and z directions 

respectively, are defined and solved by the UDS transport equations. The transport equations are 

discretized in a second-order upwind scheme. 

3.3. Parameters averaging 

To simulate the ice accretion on a rotating surface, several parameters such as the convective heat 

transfer coefficient and droplet collection efficiency are needed to solve the thermodynamic model of 

each control volume. For a stationary case, or a rotating case when the attack angle is zero, the 

parameters can be obtained directly from the airflow and droplet calculation results. Otherwise, an 

average value will be needed as discussed before. 

The average value is calculated by the integration along the circumferential direction, therefore it is 

(29)

where n is the unit normal vector, U∞ is the droplet velocity 

of free stream, and α∞ is the volume fraction of droplet in the 

free stream.

The Eulerian governing equations are solved by the finite 

volume method to calculate the volume fraction and the 

velocity of droplet, then the droplet collection efficiency 

can be calculated. Codes are programmed using the User 

Defined Functions (UDF) of FLUENT solver, and four user-

defined scalars (UDS), i.e., droplet volume fraction and 

velocity components in x, y, and z directions respectively, 

are defined and solved by the UDS transport equations. 

The transport equations are discretized in a second-order 

upwind scheme.
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Fig. 3 Parameters variation at a certain location 
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3.3 Parameters averaging

To simulate the ice accretion on a rotating surface, 

several parameters such as the convective heat transfer 

coefficient and droplet collection efficiency are needed to 

solve the thermodynamic model of each control volume. 

For a stationary case, or a rotating case when the attack 

angle is zero, the parameters can be obtained directly from 

the airflow and droplet calculation results. Otherwise, an 

average value will be needed as discussed before.

The average value is calculated by the integration along 

the circumferential direction, therefore it is a function of 

the coordinate along the axial direction. The value for each 

control volume can be attained by the conventional linear 

interpolation method.

3.4 Ice accretion

The mass and energy balance equations are very important 

in the solution of the thermodynamic model. A method of 

circularly checking the control volumes is applied, and a 

solution flowchart for the present model is presented in Fig. 

4. Below provides some brief introduction for the flowchart.

1.  Find the parameters corresponding to each control 

volume by interpolation, and store the parameters 

such as shear stress, heat flux, and collection efficiency. 

Calculate the cyclical average values if the case is 

rotating and at angle of attack.

2.  Loop all the control volumes, and find the stagnation 

and boundary faces. 

3.  Check a certain control volume. If the input mass of 

water is known, assume the ice fraction f0 as the initial 

value of iteration, and solve the thermodynamic model 

to update the value of f. Then use the updated value of 

f to continue the iterative calculation until converged. 

Set the outflow mass of current faces as the input value 

of adjacent control volumes. If the input mass of water 

is unknown, find the next control volume.

4.  Continue the calculation of thermodynamic model 

until calculations of all the control volumes are done. 

Export the ice shape.

4. Numerical results and discussion

Simulation of ice accretion on a spinner surface following 

an icing tunnel experiment is conducted to validate the 

model. Then ice accretion on a cowling surface under 

different conditions is numerically studied and analyzed.

4.1 Model validation

To perform the validation, an experiment of ice accretion 

on a spinner was selected in the very rare records available 
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in the open literature. Since no airflow or droplet collection 

efficiency data were recorded during those experiments of 

rotating surface, another icing tunnel experiment conducted 

by NASA was selected to validate the air-droplet flow model.

4.1.1 Air-droplet flow

Since the thermodynamic model is based on the air-

droplet flow solution, it’s necessary to conduct a validation 

of air-droplet flow models. Due to a lack of experimental 

data of air-droplet flow on a rotating surface, an experiment 

of stationary surface was selected in this section, which was 

conducted in the NASA Lewis Icing Research Tunnel (IRT) 

by Al-Khalil[26]. The convective heat transfer coefficient 

and local droplet collection efficiency were provided in the 

paper, and were compared with the results of present work. 

In the simulation, the angular velocity was set to zero. The 

model is a NACA 0012 airfoil with a chord of 0.914 m (36 in). 

The environment conditions are as follows: temperature is 

266.48 K, velocity is 44.7 m/s, LWC is 0.78 g/m3, and MVD 

is 20 μm. 

The convective heat transfer coefficient is shown in Fig. 

5, which shows good agreement with experimental data 

and LEWICE solution. The value reaches the peak at the 

stagnation point, and weakens rapidly as it moves backwards 

due to the development of boundary layer. The experimental 

value is slightly larger than the simulated results, and a 

possible explanation is that the water film or bead in the 

experiment enhanced the local convection. The collection 

efficiency of present model and NASA results is shown in Fig. 

6, and the results match well. The value reaches the maximum 

value at the stagnation point, as it moves backwards the 

value decreases. There is the droplet shadowed zone when 

the wrap distance exceeds 0.03m, where the local collection 

efficiency is zero. The comparisons of simulation results and 

experimental data validate the air-droplet flow models of 

present work.

4.1.2 Ice accretion on a spinner surface

An experiment of ice accretion on a rotating spinner was 

selected, and simulation was conducted to validate the 

thermodynamic model. The experiment was conducted 

in a closed icing wind tunnel by Zhang, et al.[27]. The test 

model is a spinner with a cone angle of 80° and a diameter of 

128mm (height of 88mm) as shown in Fig. 7. The test section 

is cylindrical and has a diameter of 600 mm. An evaporator 

was used to lower the temperature, and a spray device was 

located in front of the contraction section to generate water 
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Fig. 5 Comparison of convective heat transfer coefficient 

 

 
Fig. 6 Comparison of droplet collection efficiency 

 

Fig. 5.  Comparison of convective heat transfer coefficient
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Fig. 7 Model of spinner 

 
 
 

 
Fig. 8 Heat transfer coefficient on spinner surface 

 
 

Fig. 7.  Model of spinner
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Fig. 5 Comparison of convective heat transfer coefficient 

 

 
Fig. 6 Comparison of droplet collection efficiency 

 Fig. 6.  Comparison of droplet collection efficiency

Table 1. Experimental conditions of spinner
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Table 1 Experimental conditions of spinner 

Parameters values 
u(m/s) 40 
ω(rpm) 1980 

T(K) 253 
d(μm) 13.04 

LWC(g/m3) 1.4 
t(s) 212 

Angle of attack 0 
  

 
Table 2 Parameters of simulation 4.2.1 
Parameters values 
ω(rpm) 1000 

T(K) 260.5, 263, 265.5 
MVD(μm) 20 

Angle of attack 0 
 

 
Table 3 Parameters of simulation 4.2.2 

Parameters values 
ω(rpm) 1000 

T(K) 263 
MVD(μm) 10, 20 and 30 

Angle of attack 0 
 

Table 4 Parameters of simulation 4.2.3 
Parameters values 
ω(rpm) 0, 1000, and 2000 

T(K) 263 
MVD(μm) 20 

Angle of attack 0 
 

Table 5 Parameters of simulation 4.2.4 
Parameters values 
ω(rpm) 0 and 1000 

T(K) 263 
MVD(μm) 20 

Angle of attack 5° 
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droplet. The total pressure is 101325 Pa in the tunnel, and the 

experimental conditions are listed in Table 1.

The simulation began with steady-state airflow and 

droplet solutions, the results of which remained constant 

during the icing simulation. The heat transfer coefficient 

at the middle section is shown in Fig. 8. The convective 

heat transfer intensity reaches the peak at the stagnation 

point, and decays rapidly as dimensionless surface distance 

increases. After dimensionless surface distance reaches 0.3, 

the convective heat transfer coefficient pick up slightly. The 

contour of droplet collection efficiency is shown in Fig. 9. 

Droplet impinges on the fore part of the spinner, while the 

rear part of the surface is the droplet shadowed zone. The 

local droplet collection efficiency reaches the maximum 

value at the apex, and decreases monotonously with the 

position moving backwards.

Reference [26] provides the 2D ice shape recorded in the 

experiment, and the simulated ice shape is drawn in the 

same frame with those experimental data as shown in Fig. 

10. The 3D simulated ice shape is shown in Fig. 11. 

It’s observed in Fig. 10 and Fig. 11 that the spinner 

surface is fully covered by ice, at the top of the spinner the 

ice thickness is the greatest, and the ice layer gets thinner 

as it goes to the rear part of the spinner. The reason for the 

formation of this shape is that the convective heat transfer 

intensity is much greater at the stagnation area than that at 

downstream part under a relatively low air speed, and so is 

the local droplet collection efficiency, which lead to a higher 

icing rate at the top of spinner.

From Fig. 10 it’s observed that the simulated ice shape 

matches well with the experimental results especially at 

the top of spinner, which validates the thermodynamic 

model of present work. At the rear part of spinner, the 

ice layer in experiment is slightly thicker than that of 

simulation. The possible reason is that the air and droplet 

flow is affected by accreted ice, and the convection 

intensity at this area increases in experiment, while the 

results of air and droplet flow remain constant during the 

icing simulation.
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Fig. 9 Contour of droplet collection efficiency on spinner surface 

 

 
Fig. 10 Simulated and experimental (ref.26) ice shape 

 

Fig. 9.  Contour of droplet collection efficiency on spinner surface
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Fig. 11 3D simulated ice shape on spinner surface 

 
 

 
Fig. 12 Model of cowling surface 

 

Fig. 11.  3D simulated ice shape on spinner surface
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Fig. 7 Model of spinner 

 
 
 

 
Fig. 8 Heat transfer coefficient on spinner surface 

 
 

Fig. 8.  Heat transfer coefficient on spinner surface
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Fig. 9 Contour of droplet collection efficiency on spinner surface 

 

 
Fig. 10 Simulated and experimental (ref.26) ice shape 

 Fig. 10.  Simulated and experimental (ref.26) ice shape
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4.2. Ice accretion on a rotating cowling surface 

Ice accretion on an axi-symmetric rotating cowling, as 

well as droplet impingement characteristics, was simulated 

using the models presented in this paper. The geometry of 

the cowling is shown in Fig. 12, with a maximum diameter of 

270 mm. The ambient pressure is 101325 Pa, Mach number is 

0.3, liquid water content (LWC) is 1g/m3, and the time of ice 

accretion is 420s.

4.2.1 Ice accretion under different temperatures

Temperature is a key factor for ice accretion which 

determines the energy balance of water film and the ice 

shape. Ice accretion under three different temperatures was 

simulated by the present model, and the environmental 

parameters are listed in Table 2. 

Ice shapes, as well as the impinged area of the cowling, are 

shown in Fig. 13, and detailed ice shapes at section z=0 are 

shown in Fig. 14. It’s observed that the icing area is larger than 

the droplet impinged area, indicating that part of the droplet 

solidifies on the impinged location and other remains liquid 

and flow downstream, and ice layers of the three cases are 

all glaze ice. From the ice shapes it’s observed that a higher 

temperature would correspond to a larger ice area and 

thinner ice layer. The reason is that under a relatively lower 

temperature, the heat loss is more intense mainly due to the 

convection, which leads to a larger icing rate, therefore the 

area covered by film runback is less. Assuming an extreme 

condition when temperature is low enough and all the 

impinged droplet solidifies immediately when impinging 

on surface, there would be no liquid film runback along the 

surface and the ice layer would be under a rime ice form.

4.2.2 Ice accretion under different MVDs

Median volumetric diameter (MVD) is a parameter 

that represents the size of supercooled droplet, and has a 

significant impact on droplet impingement characteristic 

and ice accretion. Simulations under three different MVD 

values were conducted, and the parameters are listed in 

Table 3.

The local droplet collection efficiency of three cases are 

shown in Fig. 15. From the contours it’s observed that both 

the impinged area and the droplet collection efficiency 

value are strongly affected by MVD. The impinged region 

locates around the vertex of the cowling surface, and the 
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Fig. 11 3D simulated ice shape on spinner surface 

 
 

 
Fig. 12 Model of cowling surface 

 Fig. 12.  Model of cowling surface

Table 2. Parameters of simulation 4.2.1
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Table 1 Experimental conditions of spinner 

Parameters values 
u(m/s) 40 
ω(rpm) 1980 

T(K) 253 
d(μm) 13.04 

LWC(g/m3) 1.4 
t(s) 212 

Angle of attack 0 
  

 
Table 2 Parameters of simulation 4.2.1 
Parameters values 
ω(rpm) 1000 

T(K) 260.5, 263, 265.5 
MVD(μm) 20 

Angle of attack 0 
 

 
Table 3 Parameters of simulation 4.2.2 

Parameters values 
ω(rpm) 1000 

T(K) 263 
MVD(μm) 10, 20 and 30 

Angle of attack 0 
 

Table 4 Parameters of simulation 4.2.3 
Parameters values 
ω(rpm) 0, 1000, and 2000 

T(K) 263 
MVD(μm) 20 

Angle of attack 0 
 

Table 5 Parameters of simulation 4.2.4 
Parameters values 
ω(rpm) 0 and 1000 

T(K) 263 
MVD(μm) 20 

Angle of attack 5° 
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Fig. 13 Ice shapes under different temperatures, 1000rpm 

 
 

 
Fig. 14 Ice shapes at z=0 under different temperatures, 1000rpm 

 

Fig. 13.  Ice shapes under different temperatures, 1000rpm
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Fig. 13 Ice shapes under different temperatures, 1000rpm 

 
 

 
Fig. 14 Ice shapes at z=0 under different temperatures, 1000rpm 

 Fig. 14.  Ice shapes at z=0 under different temperatures, 1000rpm

Table 3. Parameters of simulation 4.2.2
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Table 1 Experimental conditions of spinner 

Parameters values 
u(m/s) 40 
ω(rpm) 1980 

T(K) 253 
d(μm) 13.04 

LWC(g/m3) 1.4 
t(s) 212 

Angle of attack 0 
  

 
Table 2 Parameters of simulation 4.2.1 
Parameters values 
ω(rpm) 1000 

T(K) 260.5, 263, 265.5 
MVD(μm) 20 

Angle of attack 0 
 

 
Table 3 Parameters of simulation 4.2.2 

Parameters values 
ω(rpm) 1000 

T(K) 263 
MVD(μm) 10, 20 and 30 

Angle of attack 0 
 

Table 4 Parameters of simulation 4.2.3 
Parameters values 
ω(rpm) 0, 1000, and 2000 

T(K) 263 
MVD(μm) 20 

Angle of attack 0 
 

Table 5 Parameters of simulation 4.2.4 
Parameters values 
ω(rpm) 0 and 1000 

T(K) 263 
MVD(μm) 20 

Angle of attack 5° 
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impinged area is larger when the value of MVD is greater. A 

larger MVD also correspond to a greater collection efficiency 

value. The peak values of local droplet collection efficiency 

is about 0.19, 0.46 and 0.62 when MVD is 10, 20 and 30μm. 

The reason is that with a larger median volumetric diameter, 

the droplet momentum is greater under the same velocity, 

and the droplet is more likely to impinge on surface, instead 

of altering the track with air flow to avoid the surface and 

therefore the impinged area is larger and the value of local 

droplet collection efficiency is greater.

The ice shapes of three cases are shown in Fig. 16 and 

Fig. 17. From the figures it’s observed that the icing regions 

exceed the impinged area, which means the three cases 

are all glaze ice. The ice range and height with MVD of 10 

are small, since the impinged area and droplet collection 

efficiency are small. With the MVD increasing, both the ice 

range and height are greater, since more droplet is collected 

and solidifies. The ice range increases when MVD is 30, while 

the ice layer height is limited due to the limited icing rate of 

glaze ice.

4.2.3 Ice accretion under different rotational speeds

To better understand ice accretion under different 

rotational speeds, a stationary case and a rotating case 

at 2000rpm were also simulated with the present model, 

and results were compared with the case at 1000rpm. The 

parameters are listed in Table 4.

Droplet collection efficiency determines the mass of 

impinging droplet on surface under a certain environmental 

condition, therefore affects ice processing. The collection 

efficiency contours of 3 cases are shown in Fig. 18, and the 

difference is slight. The reason is that the normal component 

of droplet velocity determines the local collection efficiency; 

for an axi-symmetric surface, rotation increases the 

tangential velocity component, while it would not cause a 

significant change of the normal velocity component. From 

the ice shapes shown in Fig. 19 it’s observed that the ice layer 

Table 4. Parameters of simulation 4.2.3
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Table 1 Experimental conditions of spinner 

Parameters values 
u(m/s) 40 
ω(rpm) 1980 

T(K) 253 
d(μm) 13.04 

LWC(g/m3) 1.4 
t(s) 212 

Angle of attack 0 
  

 
Table 2 Parameters of simulation 4.2.1 
Parameters values 
ω(rpm) 1000 

T(K) 260.5, 263, 265.5 
MVD(μm) 20 

Angle of attack 0 
 

 
Table 3 Parameters of simulation 4.2.2 

Parameters values 
ω(rpm) 1000 

T(K) 263 
MVD(μm) 10, 20 and 30 

Angle of attack 0 
 

Table 4 Parameters of simulation 4.2.3 
Parameters values 
ω(rpm) 0, 1000, and 2000 

T(K) 263 
MVD(μm) 20 

Angle of attack 0 
 

Table 5 Parameters of simulation 4.2.4 
Parameters values 
ω(rpm) 0 and 1000 

T(K) 263 
MVD(μm) 20 

Angle of attack 5° 
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a) MVD 10                   b) MVD 20                     c) MVD 30 

Fig. 15 Droplet collection efficiency of different MVDs 
 

 
Fig. 16 Ice shapes of different MVDs 

 

 
Fig. 17 Ice shapes at z=0 under different MVDs 

 

Fig. 16.  16 Ice shapes of different MVDs
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a) MVD 10                   b) MVD 20                     c) MVD 30 

Fig. 15 Droplet collection efficiency of different MVDs 
 

 
Fig. 16 Ice shapes of different MVDs 

 

 
Fig. 17 Ice shapes at z=0 under different MVDs 

 Fig. 17.  Ice shapes at z=0 under different MVDs
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a) MVD 10                   b) MVD 20                     c) MVD 30 

Fig. 15 Droplet collection efficiency of different MVDs 
 

 
Fig. 16 Ice shapes of different MVDs 

 

 
Fig. 17 Ice shapes at z=0 under different MVDs 
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a) MVD 10                   b) MVD 20                     c) MVD 30 

Fig. 15 Droplet collection efficiency of different MVDs 
 

 
Fig. 16 Ice shapes of different MVDs 

 

 
Fig. 17 Ice shapes at z=0 under different MVDs 

 

Fig. 15.  Droplet collection efficiency of different MVDs
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              (a) Stationary                 (b) 1000 rpm                 (c) 2000 rpm 

Fig. 18 Contours of droplet collection efficiency under different rotational speeds 
 
 

 
Fig. 19 Ice shapes at z=0 under different rotational speeds 
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Fig. 18 Contours of droplet collection efficiency under different rotational speeds 
 
 

 
Fig. 19 Ice shapes at z=0 under different rotational speeds 
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Fig. 18 Contours of droplet collection efficiency under different rotational speeds 
 
 

 
Fig. 19 Ice shapes at z=0 under different rotational speeds 
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Fig. 18 Contours of droplet collection efficiency under different rotational speeds 
 
 

 
Fig. 19 Ice shapes at z=0 under different rotational speeds 

 
 

                         (a) Stationary               (b) 1000 rpm              (c) 2000 rpm

Fig. 18  Contours of droplet collection efficiency under different rota-
tional speeds
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gets thicker when rotational speed increases, indicating that 

rotation would enhance the ice accretion to some extent 

due to the enhancement of convective heat transfer and the 

water flow runback.

4.2.4 Ice accretion at angle of attack

To analyze the effect of rotation on ice accretion at angle 

of attack, another case was considered with an attack angle 

of 5°. The parameters are listed in Table 5. As a comparison, a 

stationary case was also simulated. The ice shapes are shown 

in Fig. 20 and Fig. 21.

In the stationary case, asymmetric ice layer on the surface 

is observed as shown in Fig. 20(b) and Fig. 21, which is 

caused by asymmetric distribution of droplet collection 

efficiency and convective heat transfer due to attack angle. 

More ice accretes on the lower part of the cowling, where 

more droplet is collected and the convective heat loss is 

more intense. While in the rotating case, the asymmetric 

distribution’s effect is erased by cyclical rotation, and the ice 

shape is symmetric.

5. Conclusions

Based on the mass and energy conservation of water film 

flow, an icing model on a rotating surface was established 

where the film runback dynamics and phase transition were 

considered. Based on the mathematical model, the icing 

process on a rotating surface was investigated. Ice accretion 

of different cases was numerically studied, and the results 

were compared with experimental data and analyzed. 

1)  The present model is capable of predicting ice accretion 

on a rotating surface. Simulations following an icing 

wind tunnel experiment was conducted, and the 

simulated results match well with experimental results.

2)  The median volumetric diameter would significantly 

affect the droplet collection efficiency, therefore 

influence the ice accretion on surface. A larger MVD 

corresponds to a greater impinged and icing area. For 

axi-symmetric surface, the effect of rotation on local 

droplet collection efficiency is slight, because rotation 

would not significantly change the droplet velocity 

component normal to the surface. Ice accretion is 

enhanced by rotation. The cases considered in the 

present paper are all glaze ice, and a higher temperature 

would correspond to a larger runback ice area and 

thinner ice layer. 

3)  The effects of rotation on ice accretion are remarkable 

at angle of attack: for the stationary case, the stagnation 

point locates at one side of the cowling, therefore the ice 

Table 5. Parameters of simulation 4.2.4
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Table 1 Experimental conditions of spinner 

Parameters values 
u(m/s) 40 
ω(rpm) 1980 

T(K) 253 
d(μm) 13.04 

LWC(g/m3) 1.4 
t(s) 212 

Angle of attack 0 
  

 
Table 2 Parameters of simulation 4.2.1 
Parameters values 
ω(rpm) 1000 

T(K) 260.5, 263, 265.5 
MVD(μm) 20 

Angle of attack 0 
 

 
Table 3 Parameters of simulation 4.2.2 

Parameters values 
ω(rpm) 1000 

T(K) 263 
MVD(μm) 10, 20 and 30 

Angle of attack 0 
 

Table 4 Parameters of simulation 4.2.3 
Parameters values 
ω(rpm) 0, 1000, and 2000 

T(K) 263 
MVD(μm) 20 

Angle of attack 0 
 

Table 5 Parameters of simulation 4.2.4 
Parameters values 
ω(rpm) 0 and 1000 

T(K) 263 
MVD(μm) 20 

Angle of attack 5° 
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              (a) Stationary                 (b) 1000 rpm                 (c) 2000 rpm 

Fig. 18 Contours of droplet collection efficiency under different rotational speeds 
 
 

 
Fig. 19 Ice shapes at z=0 under different rotational speeds 

 
 

Fig. 19.  Ice shapes at z=0 under different rotational speeds

35 

 
 (a) Rotating case                (b) Stationary case 

Fig. 20 Ice shapes at attack angle of 5°, 263K 
 

 
Fig. 21 Ice shapes at z=0 at attack angle of 5°, 263K 

 
 
 
 

Fig. 20.  Ice shapes at attack angle of 5°, 263K
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 (a) Rotating case                (b) Stationary case 

Fig. 20 Ice shapes at attack angle of 5°, 263K 
 

 
Fig. 21 Ice shapes at z=0 at attack angle of 5°, 263K 

 
 
 
 

Fig. 21.  Ice shapes at z=0 at attack angle of 5°, 263K
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shape is asymmetric; for the rotating case, the cyclical 

variation eliminates the asymmetric distribution and 

makes the ice shape symmetric.

4)  There’re still several factors not yet considered in the 

present work, including the ice breakage and shedding 

phenomenon due to centrifugal force which would 

affect the icing range. Water film wavelets would make 

the ice layer an uneven shape and therefore affects the 

airflow and droplet impingement, hence it’s needed 

to be taken into account in future work. If allowed to, 

a multi-step method would better describe the airflow 

and droplet impingement during the icing process.

Nomenclature

v velocity (m/s)

P pressure (Pa)

I unite tensor

g gravitational acceleration (m/s2)

r radius (m)

h height of water film (m)

ac Coriolis acceleration

ar convected acceleration
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r radius (m) 
h height of water film (m) 
ac Coriolis acceleration 
ar convected acceleration 

 mass (kg/s) 
n unit normal vector 
l edge length (m) 
hc convective heat transfer coefficient (W/m2k) 
Pr Prandtl number 
kc convective mass transfer coefficient (kg/m2s) 
T temperature (K) 
Ma Mach number 
A area (m2) 
q heat flux (W/m2) 
MW molecular weight (kg/mol) 
MVD median volumetric diameter (μm) 
H enthalpy (W) 
E internal energy (W) 
f freezing fraction 
L latent heat (W/kg) 

Greek symbols 

ρ density (kg/m3) 
μ dynamic viscosity (Pa s) 
ω angular velocity (rad/s) 
τ shear stress (N/m2) 
σ surface tension (N/m) 
κ surface curvature (m-1) 
γ specific heat ratio 
α volume fraction 
β droplet collection efficiency 

Subscript 

w water 
r relative  
imp impingement 
evap evaporation 
s solidification 
sub sublimation 
in input 
out output 
n face n 
∞ far field region 
rec recovery 
c convection 
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c convection
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