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Abstract—Under wet-icing conditions, a thin water film forms on 
the icing surface. In order to estimate the thickness of the water 
film, which is needed for further analysis, it is necessary to model 
the motion of water flow on this surface. In this paper, a 
description of such a model will be provided, which will be used 
in the subsequent thermodynamic analysis. Next, the calculation 
method will be utilized to investigate a number of cases 
representing typical atmospheric icing conditions, where 
parameters such as the water-film thickness, water temperature 
and corresponding icing fractions will be relevant. Finally, the 
impacts of the new procedure on ice-accretion modeling will be 
discussed. 

1. INTRODUCTION 
NDER icing conditions, the icing surface is exposed to 
air-borne supercooled droplet impingements. Of the 

surface water collected from these impingements, one portion 
will instantaneously freeze at impact while the unfrozen 
potion will move over the surface under the combined action 
of gravity and air drag. Water flow was not usually accounted 
for in earlier model studies [17,21] because the unfrozen 
portion was assumed to shift completely to the adjacent 
surface element at each simulation step and thus rendering 
water film analysis unnecessary. Moreover in these studies, 
the surface temperature of the wet regime was assumed to be 
the freezing point of the water, and as a result, the thermal 
balance equation proposed by Messenger [22] may easily be 
applied for wet-icing regime.  

Recently, a number of researchers [3,14,24,26] have studied 
the behavior of the icing surface water film. Bourgault et al. 
[3] modeled the surface water flow based on a shallow-water 
icing model, where the air shear stress τ is supposed to be the 
main driving force for the water film, which is particularly 
true in the case of the aircraft icing. A simplifying assumption 
in his model consists in supposing the velocity to be linear in 
the n direction, normal to the surface. In Karev’ study [14] on 
the thermodynamic behavior of  a wind-sheared supercooled 
liquid film flowing on a plate, the mean water-film velocity is 
estimated according to the Couette linear profile, and is thus a 
function of the water-film thickness. Also in this paper, the 
impact of the water film on icing thermodynamics is assessed. 
However, it is impossible to calculate the thickness of a water 
film unless the solution to momentum differential equations 
coupled with the equation of conservation of mass for the 
surface water flow is achieved.  

Myers [24] proposed a mathematical model to simulate the 
momentum behavior of the water film. His main contribution 
lies in the fact that the momentum water flow model is linked 
to a Stefan model which is specifically used to govern the 
phase change at the water-ice interface. His model consists of 
a number of Navier-Stokes and continuity equations which are 
eventually coupled with other relevant calculation components 
of the aircraft icing model [8]. Theoretically, his algorithm 
ensures continuity and physically sensible results for the water 
height as well as mass conservation. However, seeking a 
converging solution to these coupled differential equations is 
not an easy task.  

The present paper proposes a new method for modeling the 
water flow on an icing surface. In this method, the water film 
is considered to be a steady flow on a flat plate [5]. The water 
film tends to move over the icing surface under the action of 
external forces, one part of the water film moving upwards 
while the remainder running downwards. It is not necessary 
for the runback water to start its motion at the stagnation 
point, as has been assumed by a number of researchers. The 
starting point is defined as the location at which the effects of 
the external forces cancel each other out, and where the water-
flow undergoes a change in direction. Once the flow direction 
on any particular surface element is known, it is possible to 
establish the calculation sequence and determine the amount 
of water gained from the preceding element together with the 
amount discharged to the next one.  

2. MODEL DESCRIPTIONS 
This study was carried out using the icing model developed 

at CIGELE [6], which consists of a number of calculation 
components. Of these components in the model, the role of 
airflow computation is pivotal, since the output of this 
calculation provides the basic parameters for subsequent 
components. In particular, airflow field is solved by using the 
boundary layer theory, in which the fluid field under study is 
viewed as a potential flow combined  with boundary layer. 
The potential flow region is considered to be the superposition 
of a uniform flow and a disturbance flow which may be 
solved using the Boundary Element Method (BEM). The fluid 
boundary layer is evaluated in terms of the velocity 
distribution on the common boundary as obtained from the 
preceding potential flow calculation. The Runge-Kutta 
numerical algorithm is used to solve the differential equations 
of motion, so as to obtain droplet trajectories, thereby 
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evaluating the local impingement efficiency [26]. Figure 1 
shows the airflow velocity field and trajectories of water 
droplets in the vicinity of an icing object using the icing 
model. 
  

 
Fig 1  Airflow velocity field and trajectories of water droplets 

in the vicinity of an icing object 
Simulation conditions:  droplet diameter 26 µm, cable diameter 

34.925 mm, wind speed 8m/s. 
 
2.2 Momentum Analysis of  the Water Film 
In this study, the water film on an icing surface is assumed to 
be a steady and laminar flow which is subjected to gravity and 
to distributed air shear stress. Tentatively, the water film may 
be regarded as a flow between a fixed plate and distributed 
shear stress, as shown in Fig. 2. These plates are inclined at an 
angle θ with regard to the horizontal plane. It is possible to 
apply the momentum equation to an element of fluid, the top 
of which is the liquid surface. The element has a unit width 
normal to the page. The pressure is hydrostatic across any 
section normal to the plane, as a uniform distribution is 
assumed. Moreover, the depth is constant, so that the pressure 
forces of the end sections of the element will cancel each other 
out. Therefore, the momentum equation becomes: 

 
Fig. 2  Inclined flow between a fixed plate and moving plate 

 
airs s W sin 0τ∆ τ ∆ θ+ − =      ( 1 ) 

Here, it is possible to substitute  du
dy

µ  for τ  since the thin 

water film under discussion may be treated as a laminar flow. 
The resulting differential equation may then be solved by 
direct integration for the velocity distribution. In order to 
evaluate the constant of integration, we make use of the fact 

that u=0 when y=0, which yields the following velocity 
distribution: 

airu ( y 2d )y sin /( 2 ) y /γ θ µ τ µ= − − −    ( 2 ) 
The discharge per unit width is now obtained by integrating 
the velocity, u, over the depth of the flow. 

2d 3 air

0

1 dq udy d sin
3 2

τγ θ
µ µ

= = −∫    ( 3 ) 

The average velocity is given by dividing the above equation 
by the cross-sectional area d. 

2 airq 1v d sin
d 3 2

dτγ
θ

µ
= = −

µ
     ( 4 ) 

where the term, 21 d sin
3
γ

θ
µ

 represents the average flow 

velocity induced by gravity, while air d
2

τ
µ

 represents the 

velocity induced by air drag. 
   
2.2.1 Starting Point of the Water Flow 

Separation point  
of water film 

 
Fig. 3  Diagram for water-flow direction 

 
 On the upper half of the cylinder facing to the airflow, air 
shear may be dominant over gravity, which means that the 
water film may move upwards against the effect of gravity. As 
a result, two water streams may be simultaneously present on 
the icing surface, as indicated in Fig. 3. Accordingly, two 
calculation loops, corresponding to these two streams, must be 
performed for mass conservation and thermal balance 
equations in the icing code, both starting from the separation 
point but proceeding in opposite directions, sector by sector. 
Water film thickness on any given element is determined by 
solving the momentum equation for that particular water film. 
The water flow direction may eventually be determined by 
comparing the average flow velocities induced by gravity Vg 
and air drag force Vt. If  Vt - Vg>0, then the water film moves 
upwards; otherwise, it flows downwards.  

 
2.2.3 Conservation of mass 
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Fig. 4  Mass conservation of a water film 

 
    For any specific element, water is collected from water 
impingement, Rw, and unfrozen water, Rws, from the preceding 
element, as shown in Fig. 4 where the water film is observed 
to move from i to i+1. Of the collected water, a portion, fM& , 

will freeze  while the remainder, q
g
γ , will shift to the 

adjacent element. Formulating these terms in the equation of 
conservation of mass gives: 

w wsq R R M
g
γ
= + − &

f        ( 5 ) 

where fM&  represents the part of water solidified due to 
freezing, and it may be determined by the thermodynamics 
analysis provided in the next section; Rw ,which represents the 
part of water collected due to the airborne water flux, may be 
obtained from the computation of droplet trajectories; is 
the water coming from its adjacent element, derived from the 

calculation of its adjacent element; finally,

wsR

q
g
γ  represents the 

water discharge flowing to its adjacent element. 
 

2.3 Heat Transfer in the water film  
The model computes the thermodynamic conditions and the 

icing rate as a function of the angle around the icing cylinder. 

 
Fig. 5  Thermal balance analysis of the water film 

 
Since temperature variations in the tangent direction and the 

liquid velocity component normal to the icing interface may 
both be neglected for a thin water film as shown in Fig. 5, the 
energy differential equation of the boundary layer could be 
written as:  

2

2

T 0( n )
n
∂

=
∂

        ( 6 ) 

A solution to the above equation yields a linear temperature 
distribution in the water film in the direction normal to icing 
interface.   

At the air-water interface, n=0, 
T=Tf, where Tf  is the freezing point of the water. 

At the ice-water interface, n=d, 
T=Ts, where Ts is the surface temperature of the water 
film, initially an unknown parameter. 

At the air-water interface, the heat transfer may be 
governed by the following equation:  

a w k v c eE Q Q Q Q Q− w= + − − −       ( 7 )  
where: 
Qc is the convective heat flux between the water film and 
the airflow streams s ah(T T )= − − , 
Qe is the evaporative heat flux 

0.63

v
a s

c p

lPrh ( e(T )
S pc

ε⎛ ⎞
= −⎜ ⎟

⎝ ⎠
e(T ))

p

, 

Qv is the heat flux due to aerodynamic heating 
, where V is local air speed, and r2

vhr V /( 2c )= v is the 
local recovery coefficient,    
Qk is the heat flux due to the conversion of droplet kinetic 
energy into heat , where V is the droplet impact 
speed, and R

2
wR V / 2=

w the water collected locally = WβV, 
Qw is the sensible heat flux serving for the warming of the 
directly impinging water w w a sc R (T T )= − . 
It should be noted that the above equation is a function of 

surface temperature.  
 

At the ice-water interface, when the heat conduction 
through ice mass is ignored, the heat generated due to phase 
change may be expressed as: 

w i f fE M− = l         ( 8 ) 
For a linear temperature distribution, the heat flux passing 

through the water film should satisfy the following equation: 
s f

a w w i l
T T

E E E k
d− −

−
= = =       ( 9 ) 

where d is the thickness of the water film. 
 
2.4 Solution 

Combining Eq. 3 and Eq. 5, we have:   
2

3 air
in cl

E 1 dM M ( d sin
l 3 2β

τ
)

g
γ γ

θ
µ µ

+ − = −& &    ( 10 ) 

If, in Eq. 10, E and d are substituted by Eq. 7 and Eq. 9 
respectively, the former yields the surface temperature, Ts.  

Subsequently, the water-film thickness, d, may be 
determined by solving Eq. 9, where  E is evaluated according 
to Eq. 7. 

Lastly, the water-film velocity is obtained by solving Eq. 4. 
3. MODEL SIMULATIONS AND VALIDATION 
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Fig. 6  Definition of angular position on cylinder surface. 

 
In order to estimate the effects of the surface water film on 

the icing process,  simulations were carried out for three cases, 
as shown in Tab. 1. Case 1 has a wind speed of 15 m/s while 
Case 2 and Case 3 share wind speeds of 30 m/s. LWCs in 
Case 2 and Case 3 are 0.375 g/m3, only a quarter of the Case 1 
value. The difference between Case 2 and Case 3 is air 
temperature, i.e.  –5ºC for Case 2 and  -7ºC for Case 3. The 
cylinder under consideration in all three cases is of 34.9 mm 
in diameter. The definition of the angular position on the 
cylinder is shown in Fig. 6. The simulation results for water-
film thickness, surface temperature and icing fraction on the 
upstream side were obtained and illustrated in Fig. 7, Fig. 8, 
and Fig. 9, respectively.  

 
Model Input Parameters Case 

No. Air Speed 
(m/s) 

Temperature 
(°C) 

MVD 
(µm) 

Diameter 
(mm) 

LWC 
(g/m3) 

1 15 -5 22 34.9 1.5 
2 30 -5 22 34.9 0.375 
3 30 -7 22 34.9 0.375 

Tab. 1  Parameters used for model calculations 
 
The curves for water-film thickness in Fig. 7 display the 

same trend, i.e. the water-film thickness decreases from an 
upper to a lower position on the upstream side of the cylinder, 
reaching to its minimum at the lower half of the cylinder. 
Such a variation is due to the fact that the water flow at a 
higher position moves at a lower speed, and as a result, more 
water accumulates at such positions. At the lower half , 
though, Case 1 speed shows a heavier water film because of 
the lower wind speed.  

Figure 8 shows the distributions of the surface temperature 
calculated using the traditional and the new method 
separately, the curve in solid line representing results obtained 
from the new method while the curve in broken line 
demonstrating results from the classical method. It may be 
observed that the predicted temperature in the new method 
varies gradually over the surface, attaining to its minimum 
value, –1.5ºC, somewhere at the upper half of the cylinder. 
These results, however, undermine the traditional method 
which postulates that the water film maintains at a constant 
freezing-point temperature, as shown by the curve in broken 
line.  It should be noted that the principal cooling heat fluxes 
are almost proportional to the temperature difference between 
air and the water surface. For fixed air temperature, the 

temperature difference depends solely on the surface 
temperature, i.e. the higher the surface temperature, the 
greater the temperature difference will be. The traditional 
method yields a higher surface temperature and thus a greater 
temperature difference which may further contribute to an 
overestimation of the icing fraction. θ
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Fig. 7  Distribution of water-film thickness on the upstream side 
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Fig. 8  Distribution of water surface temperature on the upstream side 
Conditions: Air Speed 15 m/s,  Temperature -5°C, LWC 1.5 g/m3 µm. 

 
 Figure 9 ( a ) , ( b ) and ( c ) show icing fraction 
distributions yet again for the three cases described earlier.  
Each of them shows two curves, of which the curve in solid 
line represents the simulation using the new method while the 
curve in broken line represents the one using the old method. 
The icing-fraction curves from both methods do show a 
perceivable discrepancy, especially at positions where surface 
temperatures differ to a great degree from the freezing point. 
It may also be observed in Fig. 9 that, for the case of a higher 
wind speed, the water-film starting point (i.e. the point of 
singularity) becomes even closer to the stagnation line. 
Moreover, the icing fraction predicted by the traditional 
method deviates more from the one obtained from the new 
method, especially at the upper half of the upstream side, 
where abundant water is found. Despite of these difference, 
the two methods produces no noticeable effects on the 
estimation of the icing fraction at the lower half of the 
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cylinder, since the water film thickness at such positions is at 
a negligible level.    
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( a ) Air Speed 15 m/s,  Temperature -5°C, LWC 1.5 g/m3 
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( b ) Air Speed 30 m/s,  Temperature -5°C, LWC 0.375 g/m3
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( c ) Air Speed 30 m/s,  Temperature -7°C, LWC 0.375 g/m3  

                                        Effect of  water film considered  
                                        Effect of water film not considered       

Fig. 9  Distribution of icing fraction on the upstream side 
 

 Fig. 10 shows the shapes predicted by the ice model with 
the new method under the specified conditions. The shape on 
the right side is obtained at a higher wind speed, whereas ice 
mass may even be found on the leeward side of the cylinder. 
Under high wind conditions, part of the unfrozen water will 
flow in a clockwise direction, pushing its own pathway even 
further back.  Then, under adverse cooling conditions, this 

water will freeze somewhere on its way downwards on the 
cylinder rear side. 
 

        
( a )        ( b ) 

Fig. 10  Ice shapes obtained under different icing conditions. 
( a ) Air Speed 10 m/s,  Temp. -5°C, LWC 2.5 g/m3 µm, MVD 26 µm. 
( b ) Air Speed 20 m/s,  Temp. -5°C, LWC 2.5 g/m3 µm, MVD 26 µm. 
 

4.  CONCLUSIONS 
    In this paper, a description of the method used to determine 
the local heat transfer coefficient was provided. The new 
method was used to investigate a number of cases, thus 
making possible an analysis of the momentum and 
thermodynamic behaviors of the water film on an icing 
surface. Based on this study, a number of conclusions may be 
drawn:  

1. The water film has a major influence on the 
thermodynamic behavior of an icing surface. The 
decrease in the icing fraction resulting from the 
inclusion of the water film may be as high as 40% at 
certain positions on the upper half of the cylinder, 
though no perceivable change may be found at the 
lower half where water-film thickness is comparably 
insignificant.  

2. The new method predicts that the surface temperature 
on an icing surface, in wet regime, is below the 
freezing point, and that the lowest temperature is 
found somewhere on the upper half of the cylinder, 
as was demonstrated experimentally [13].   

3. Water film thickness on the upper half of the cylinder 
increases considerable so much so that the film 
should no longer be viewed as laminar flow there.  
Therefore, further study is needed in order to take 
this effect  into account.  

4. Performance of an icing model may further be 
enhanced by taking into account heat conduction in 
the ice mass.  
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