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Abstract 

Simulations of two-phase flow cases consisting of air and water dispersed in atmosphere were conducted using 
ANSYS FLUENT solver. The computational model was built with the aim of determination of zones of water droplets 
impinging on the investigated surface, which is a first step towards simulations of ice accretion in flow conditions 
where super cooled water is present as dispersed phase. It follows Eulerian approach, currently most effective 
approach for determination of distribution of water collection on two- and three-dimensional surfaces. Dispersed 
water is treated as continuous phase and its transport equations are being solved along with air flow equations in the 
whole computational domain. There are two specific factors of this two-phase flow problem. One of them is ratio of 
air and water density, which is a cause of existence of two time scales in obtaining a numerical solution of this 
problem: one for convergence of air flow solution and another for solution of flow of dispersed water in the 
computational domain. This required development of a specific strategy in obtaining a numerical solution in some 
circumstances important in aerodynamics, especially at high angle of attack with flow recirculation zones on the wing. 
The other factor is relatively low concentration of water droplets in conditions important for atmospheric icing. The 
consequence of this is possibility of uncoupling of solution for both phases and narrowing the solution of the phase of 
dispersed water to a small region of non-uniformity of velocities of the dispersed phase. Results for two objects: an 
airfoil and helicopter tail rotor blade, exploiting the developed computational strategy will be presented. 

Keywords: flow simulations, aerodynamics, two-phase flow, simulations of ice accretion, Aircraft Engineering, 
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1. Introduction

Determination of flow field of dispersed water around aircraft surface is a first step towards
finding zones of impacting droplets, which, depending on air temperature, may freeze on unheated 
surface leading to deterioration of aerodynamic characteristics or of lifting and control surfaces, 
engine inlets or failure of sensors of flight parameters exposed to external flow. Currently the most 
effective approach for solution of the flow of dispersed water droplets is Eulerian approach where 
dispersed water is treated as continuous phase and equations describing droplet flow are being 
solved alongside equations of air flow in the same points of computational domain. This approach 
allows finding zones of local concentrations of the dispersed water around aircraft surface and in 
the impact zones on the surface. This approach is an alternative to Lagrangian approach involving 
integration of equations of motion of individual droplets, which would involve large 
computational efforts particularly in three-dimensional flow. Examples of solutions presented in 
this paper were obtained using a computational model created for treatment of problems involving 
contact of droplets with the aircraft surface. 

2. Flow model

The dispersed water is treated as continuous phase, and its motion is described by equations of
conservation of mass and momentum [1, 2]: 
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where: 
𝑓𝑓𝑑𝑑���⃗  –  aerodynamic force acting on unit volume of the water phase, 
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d – droplet diameter, 
𝑔⃗𝑔 – gravitational acceleration, 
p – static air pressure, 
𝑈𝑈𝑎𝑎����⃗  – local velocity of the air, 
𝑈𝑈𝑑𝑑����⃗  – local velocity of the dispersed water phase, 
t – time,  
𝜌𝜌𝑎𝑎 – air density, 
𝜌𝜌𝑑𝑑 – local density of the dispersed water phase, 
𝜌𝜌𝑤𝑤 – water density. 

Force 𝑓𝑓𝑑𝑑���⃗  is aerodynamic drag force acting on unit volume of the water phase, evaluated based 
on drag of single water droplet, which is a function of Reynolds number. Commonly the circular-
shape approximation is used in evaluation its value. In the presented work, the equation proposed 
by Morrison [3], adequate in the wide range of Reynolds numbers was applied:  
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where 𝑐𝑐𝐷𝐷 is non-dimensional coefficient of drag. 
The second term in equation (2) represents sum of buoyance and weight and the last term is 

pressure force due to pressure gradient in the vicinity of the surface of the object. 
Equations (1)-(4) were implemented in the ANSYS FLUENT solver using the system of User-

Defined Scalars, which allows for solution of transport equations for the variables represented as 
User-Defined Scalars (UDSs). In the described model for UDSs were used: one for density of the 
dispersed phase 𝜌𝜌𝑑𝑑 and three for components of droplet velocity 𝑈𝑈𝑑𝑑����⃗ . Equation of transport of 
a UDS (φk) s in general form is as follows [4]: 

 𝜕𝜕𝜕𝜕φ𝑘𝑘
𝜕𝜕𝜕𝜕

+ ∇ ∙ �ψ��⃗ φ𝑘𝑘 − Γ𝑘𝑘 ∙ φ𝑘𝑘� = 𝑆𝑆φ𝑘𝑘 . (4) 

In the implemented model, according to equations (1) and (2) the advection vector ψ��⃗  was equal 
to ρ𝑑𝑑𝑈𝑈𝑑𝑑����⃗  and the dissipation coefficient was set to zero. The right-hand term was defined for each 
scalar according to equations (1) and (2). In the solutions of these equation the assumption of one-
way coupling of the phase motion was assumed, i.e. that air flow influences flow of dispersed 
water phase and is not influenced by it. This assumption is commonly used in publications of 
similar works because of volume ratio of air and dispersed water phases approaching unity. In the 
presented here examples 𝜌𝜌𝑑𝑑 was set to 1.9 g/m3, typical for atmospheric strati form clouds, which 
makes volume ratio of the phases equal to 0.99981. 

Apart from implementation of transport equations for variables representing flow of dispersed 
water the solid-wall boundary condition on the object surface (e.g. aircraft wing) requires special 
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treatment [1]. In order to speed-up convergence and avoid unphysical solution the sign of the term 
𝑛𝑛�⃗  ∙  𝑈𝑈��⃗ 𝑑𝑑, where 𝑛𝑛�⃗  is surface normal vector, is computed along the object surface. If the sign of this 
dot product is negative, the local value of 𝜌𝜌𝑑𝑑 on the surface is set to zero. In the opposite case this 
value is set equal to value in the centre of computational cell and may be used for determination of 
local value of water mass hitting the surface in unit time. 

 
3. Strategy of solution of flow equations and obtained solutions 

 
Conditions of interest for aerodynamics and aircraft design in applications of the flow model 

include wide range of Mach numbers and angle of attack, from low values to high values, close to 
maximum lift, which represent conditions typical for landing approach, especially on extended 
flap surfaces. In such conditions, there appear regions of reversed flow, due to flow separation on 
the rear part of the wing section, shown in Fig. 1 with dark colour. In general case, due to different 
inertia of air and water, the boundaries of these zones for both phases do not coincide, and the 
solution for water-phase flow converges after the solution of air flow has converged. In the process 
of obtaining the solution in the area of flow recirculation, the solution is susceptible to divergence 
in cells, such as presented in the right-hand side of Fig. 1, where the dispersed water is entering 
computational cell from two sides: from front with the mainstream flow and from the rear side 
with recirculated flow. In such scenario, the density 𝜌𝜌𝑑𝑑 is likely to rise, due to mass conservation 
equation, and then the force 𝑓𝑓𝑑𝑑 rises too as a consequence of rising 𝜌𝜌𝑑𝑑. In order to avoid 
divergence, the solution has to be conducted using unsteady solver, which guarantees the same 
time step in the whole computational domain. In these flow conditions, low enough time step, 
below 0.001s, has to be applied with low under-relaxation coefficients. With such solution 
parameters flow of dispersed water assumes the general pattern of airflow and changes direction in 
the cell shown in Fig. 1 such that water is transported upwards and the solution converges to a 
steady-state flow parameters. 

 

 
Fig. 1. Left side: contour of negative X-velocity (recirculating flow- dark grey) at high-angle-of-attack flow, right 

side: flow pattern in computational cells where divergence of the solution has to be avoided 
 
An indication of the process of convergence of the unsteady solution of the two-phase flow in 

time is convergence of the nondimensional coefficient of water collection in a surface point 
defined in equation (5). Convergence of this coefficient in the stagnation point at airfoil leading-
edge, where water collection is maximum is shown in Fig. 2.  

 β = ρ𝑑𝑑𝑉𝑉��⃗ 𝑑𝑑∙𝑛𝑛�⃗
ρ𝑑𝑑 𝑖𝑖𝑖𝑖𝑖𝑖∙𝑉𝑉��⃗ 𝑖𝑖𝑖𝑖𝑖𝑖

. (5) 
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The converged solution for β in the stagnation point, obtained using the presented procedure, 
compared with experimental results presented in [1] for NACA 23012 airfoil is shown in Fig. 3. 
Flow conditions in this test solutions were Mach number Ma-0.22 and angle of attack α=2.5°. In 
the left part of Fig. 3 is presented comparison of the distribution along airfoil perimeter of the 
coefficient β computed using the described above procedure with results of experiment at α=2.5° 
and on the right part of this figure is presented comparison of computed distributions of β at 2.5° 
and 14°. The “s” coordinate is measured along the airfoil perimeter with zero in the stagnation 
point (maximum static pressure). It can be seen that maximum value of β is well predicted with the 
computational method and differences between computed and measured values occur mainly near 
the borders of the wetted area. According to the literature, the main reason for this is 
approximation of the spherical shape of the droplets, which in reality deform near the object and 
assume different trajectory due to changes of aerodynamic forces. As the angle of attack increases 
to 14° the width of the wetted area increases too with decrease of the peak value of β. It can also 
be seen that at α=14° in the area of reversed flow on upper surface, where “s” is close to unity 
water is not hitting the surface. 
 

 
Fig. 2. Convergence of the coefficient of water collection β in the stagnation point at airfoil leading edge 

 
Fig. 3. Comparison of the of the distribution of β coefficient along airfoil chord obtained from unsteady numerical 

solution at Ma=0.22, α=2.5° with results of experiment (left) and comparison of the distributions of β 
coefficient obtained from unsteady computations at α=2.5° and α=14° 

 
From the point of view of effectiveness of the computational method, any possibility of 

reduction of the computational zone for the solution of the dispersed-water phase is highly 
valuable. The computational zone for air flow must be much larger than the investigated object; 
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boundary conditions have to be imposed at least 10 characteristic dimensions in each direction 
from the object so that pressure and velocity non-uniformities created by the object do not reach 
the boundaries where uniform flow is assumed. On the other hand, if the problem modelled is 
flight through stationary atmosphere, then some distance upstream from the object both air and 
dispersed water are stationary. The incoherencies of the velocities of both phases can be captured 
by evaluating their dot product and dividing by product of their modules, which is shown in Fig. 4. 
It can be seen that for converged solution the incoherencies between local phase velocities 
disappear and their dot product approaches unity approximately one chord upstream and in both 
vertical directions from the airfoil surface. For this reason a hypothesis of the possibility of 
limitation of computational zone for the dispersed water was tested, which was limited by 
a distance from its surface of approximately twice the characteristic dimension of the object. The 
limited zone is shown in Fig. 5 as circular sub-region of the computational mesh. 

 

 
Fig. 4. Contour of dot product of air- and dispersed water velocities in the vicinity of NACA 23012 airfoil 

 

 
Fig. 5. Schematic view of the computational domain with internal sub-domain visible as limited by white circle to 

which solution of the transport equations of the dispersed water phase was narrowed 
 

The computations of the flow of dispersed-water phase in the internal sub-domain were started 
after the solution for air flow has converged. This, consistent with the assumption of one-way 
coupling between phases, made it possible to “freeze” the air flow and solve only the equations for 
variables of the second phase. On the boundary of the sub-zone the “outlet” boundary condition 
was applied which had no impact on the “frozen” air flow but allowed for setting of constant mass-
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flow rate of the secondary phase. The results of the computations in terms of the contour of 𝜌𝜌𝑑𝑑 
with enlarged region of its non-uniformity, and comparison of the β coefficient computed in large 
and small domain are shown in Fig. 6. 

 

 
Fig. 6. Left side: Contour of density of the dispersed water phase 𝜌𝜌𝑑𝑑 in the vicinity of NACA 23012 airfoil obtained in 

the internal sub-domain of mesh presented in Fig. 5 with enlarged fragment of non-uniformities near airfoil 
surface . Right side: comparison of surface distribution of β coefficient computed with equations of transport 
of the dispersed-water phase solved in large and narrowed domain 

 
The presented two-phase flow computational model is not restricted to two-dimensional flow 

cases. A three-dimensional case was created based on computational mesh used for determination 
of aerodynamic loads acting on modified tail-rotor blade of Mi-2 helicopter, shown in Fig. 7, being 
a part of a bigger mesh for the solution of airflow. The solution for dispersed water phase, in terms 
surface distribution of mass of water hitting blade surface is shown as surface contour in Fig. 8, 
where a distinctive zone of water hitting the surface is visible as a light band at the blade leading 
edge, getting wider towards blade tip.  
 

 
Fig. 7. Computational zone for solution of dispersed-water flow around helicopter tail-rotor blade 

 
Although a direct comparison with experimental data was not possible in this case, 

a qualitative verification was possible. In the paper [5] results of icing wind-tunnel experiment 
were presented, as cross-sectional shapes of ice deposits at the leading edge in several equidistant 
sections of the blade span. Areas of these cross-sections of ice deposits, proportional to mass rate 
of water hitting the blade surface, were evaluated and are presented in Fig. 9, showing similar 
tendency of rise of mass of water hitting blade surface along its span. 
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Fig. 8. Contour of surface distribution of mass of water hitting blade surface 
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Fig. 9. Results of experiment in icing wind tunnel showing span wise distribution of accreted ice [5] 

4. Conclusions and future work

Assumption of one-way coupling between motion of phases in a dilute two-phase flow, applied
in conditions of dispersed water in atmospheric clouds allows for separation of the computational 
processes of obtaining a solution for problems of water depositing on aerodynamic surfaces, 
including limitations of the size of the domain for the solution of motion of the dispersed-water 
phase to the length of several characteristic dimensions of the object under analysis in upstream 
and downstream direction. Boundary conditions for the secondary phase applied on the boundaries 
of the internal computational zone should ensure uniformity of the density of dispersed water and 
coherence of air and water-droplet velocities in the boundary surface upstream of the object. The 
computational model presented in this paper is under development and its intended functionality 
assumes possibility of conducting simulations of the accretion of ice and its effect on aerodynamic 
characteristics of the elements of aircraft critical to flight safety: lifting and control surfaces, 
engine inlets, sensors of flight parameters. 
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