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ABSTRACT

Based on two-phase flow theory, an Eulerian method to simulate rime
ice accretions on an aerofoil has been developed. The SIMPLE (semi-
implicit method for pressure linked equations) algorithm on a collo-
cated grid is employed to solve the governing equations for the
airflow. In order to simulate droplets impinging on an aerofoil, a
permeable wall is proposed to solve the governing equations for super-
cooled droplets. The collection efficiency and impingement limits are
obtained from the droplets’ flowfield. The process of ice accretion is
simulated using the assumption that ice accumulates layer-by-layer
and the ice shape is predicted with the assumption that ice grows in the
direction normal to the aerofoil surface. The rime ice accretions on a
NACAO0012 aerofoil at 0° and 4° angles-of-attack have been investi-
gated and there is agreement between the simulated results and previ-
ously published experimental data. The change of the pressure
coefticient along the iced aerofoil is also analysed.
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A impingement area of control volume
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acceleration of gravity

Jacobi factor for co-ordinates transformation
turbulent kinetic energy

liquid water content

water flux on an aerofoil surface

median volumetric diameter

normal vector

static pressure

generalised variable

Reynolds number of droplets
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air velocity

droplet contravariant velocity along & direction
air velocity vector
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droplet contravariant velocity along 1 direction
ice volume

ice accretion time step
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P droplet apparent density

| co-ordinate components in body-fitted curvilinear
co-ordinates

r diffusion coefficient

Q control volume in body-fitted curvilinear co-ordinates

Subscipts

A air value

1 ice value

n along normal direction

w wall boundary value

/4 water value

y along x, y directions
free stream value

8

1.0 INTRODUCTION

In the flight of aeroplanes ice accretions can be found on the wing
surface because of the impingement of supercooled droplets. Thus,
the designed aerodynamic shape of the wing surface will be changed
by the ice accretions such that the aerodynamic performance
degrades and the flight safety can be deleteriously affected.

In general, ice accretion is investigated by three means: experi-
ments, engineering methods and numerical simulation.
Experiments"? can obtain ice shapes directly but can be very
expensive. Engineering methods employ empirical formulae and
representative experimental data to investigate the ice accretions,
meaning that the process of the ice accretion is difficult to analyse
69 As a result of these impediments, numerical simulation is widely
utilised to predict ice accretion.

The numerical simulation methods used to investigate the ice accretion
can involve the Lagrangian method®” or Eulerian method®”. The former
method has been used for a long time and tracks every droplet in the
flowfield by solving its motion equation, based on the velocity distribution
of the airflow. The ice accretions can be simulated based on the collection
efficiency, i.e. the normalised flux of the droplets on the aerofoil surface,
and the impingement limits on the aerofoil surface. The Eulerian method
regards the flow of air and droplets as a two-phase flow. The droplet
flowfield is obtained by solving the governing equations of the two-phase
flow so as to get the collection efficiency and impingement limits on the
aerofoil surface. The ice shapes can then be predicted based on these
quantities. Thus, the same results can be obtained with the two methods.
However, a number of advantages can be found in using the Eulerian
method. This method can use the same grid to solve the governing
equations for both the airflow and the supercooled droplets. More impor-
tantly, the collection efficiency and impingement limits on the aerofoil
surface can be obtained from the droplets' flowfield directly, which is a
significant advantage in the study of ice accretion on multi-element
aerofoils and in three-dimensional ice shape investigations.

There are a number of existing ice accretion codes in the world such
as: LEWICE"”, DRA (called TRAJICE 2)"", FENSAP-ICE"?,
ONERA™ and CIRAML". The code FENSAP-ICE employs the
Eulerian method while the other four codes employ the Lagrangian
method.

Based on two-phase flow theory, an Eulerian method to numerically
simulate rime ice accretions on an aerofoil is developed in this paper.
The SIMPLE algorithm™ on a collocated grid is employed to solve
the air flowfield. The governing equations for droplets are solved by
proposing a permeable wall to simulate droplet impingement on the
aerofoil surface. Then the collection efficiency and impingement
limits can be obtained directly from the droplet flowfield. The ice
accretion is simulated with the assumption that ice accumulates layer-
by-layer and the ice shape is predicted with the assumption that ice
grows in the direction normal to the aerofoil surface. This model has
then been used to study the change of the pressure coefficient along
the aerofoil resulting from the presence of the ice accretion.

2.0 GOVERNING EQUATIONS OF
TWO-PHASE FLOWS

The following assumptions are needed before the governing
equations of two-phase flows are established:

1. The volume fraction of droplets is so small that the effect of the
droplet movement on airflow can be neglected.

2. The external forces imposed on the droplets only involve the
drag, arising from the airflow, gravity and buoyancy. The
turbulent fluctuations of the airflow have no effect on the droplet
movement.

3. There is no heat transfer or evaporation during the droplet
movement. Thus, the physical parameters of the droplets are
assumed not to change.

4. The droplets are simplified to be spheres with a median
volumetric diameter.

2.1 Governing equations for airflow

According to Assumption 1, there is no coupling relationship
between the governing equations for the airflow and droplets,
meaning that the governing equations for the airflow can be solved
independently. The 2D steady and incompressible Reynolds-
averaged Navier-Stokes equations with a k£ — ¢ turbulent model can
be written as:

div(p,Up) = div(T" ,gradg) + S, (D)

where, ¢ = 1, u,, u, k, € in the continuity equation, momentum
equations, turbulent kinetic energy equation and turbulent dissi-
pation rate equation respectively. u,, u,, k and & denote the air veloc-
ities along x, y direction, turbulent kinetic energy and turbulent
dissipation rate respectively. The symbols p,,, U, ', and S, denote the
air density, air velocity vector, diffusion coefticient and source terms
respectively.

2.2 Solution of the governing equations for the airflow

In order to solve the governing equations for the airflow, the
boundary conditions can be set as follows:

1. Velocity inlet boundary: if this boundary is far from the aerofoil
the infinite conditions can be employed and the static pressure p
can be obtained by a second-order extrapolation.

2. Wall boundary: the no-slip condition is employed so that u, and
u, are equal to zero in the wall while k and € can be set using the
wall function’®. The static pressure can be obtained with the
condition dp/on = 0.

3. Outflow boundary: all variables satisfy the condition 0Q/0n = 0,
where Q denotes variables u,, u,, p, k, €.

This paper makes the air velocities u,, u, and static pressure p as the
original variables, and uses the SIMPLE algorithm on a collocated
grid to solve the governing equations for the airflow. The
momentum interpolation is utilised to establish the pressure
correction equation, which overcomes the problem of the velocity-
pressure decoupling. The governing equations are discretised using
the finite-volume method. The convective term is discretised using
the QUICK (quadratic upwind interpolation of convective
kinematics) scheme"”, and the deferred correction method is used to
ensure the diagonal dominance in the discretised equations. The ADI
(alternating direction implicit) method"™ is used to solve the discre-
tised equations.
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2.3 Governing equations for droplets

Based on the multi-fluid model of droplets"”, the droplets distributed
in the flowfield can be regarded as a kind of pseudo fluid that
penetrates the ‘real’ fluid in Eulerian co-ordinates. According to
Assumptions 2, 3 and 4, the fluctuation term, phase-change term and
Magnus force in the governing equations for droplets can be
neglected. Furthermore, the energy equation needs not to be solved.

Therefore, the continuity and momentum equations for the
droplets can be simplified as:

gy

o) Q)
ot ij

v, , 9(pv;v,)

—+———=F +F_ ...(3
6l axj Di GBi ( )

(,j=1,2)

In above equations, p denotes droplet apparent density (i.e. the mass of

droplets per unit volume) and p = a, - p,, where a,, p, denote the

droplet volume fraction and density of water respectively. The symbols

v, Fp, Fgp denote the droplet velocities, drag caused by airflow, and

the resultant force of the gravity and buoyancy of droplets respectively.
The formula for calculating F),; can be written as:

0-75p- C,Re,, -
L e (R .4
py - MVD
where, u, is the air velocity. The symbols p, MVD, C,, Re,, denote
the molecular viscosity coefficient, median volumetric diameter,
drag coefficient and Reynolds number of the droplets respectively.
The expression of Re, can be written as:

Rewzi‘u—v‘ ... (5

Furthermore, the combined variable C,Re,, can be calculated with
the following formula®”;

C,Re, =24(1+0-197Re " +2-6x10'Re ' **) ... (6)

The formula calculating F;; can be written as:
— P
Fogi=p‘g,(l—“] .

where g; is the acceleration due to gravity.

2.4 Simulation of droplet impingement on an aerofoil
surface through a permeable wall

The velocity inlet boundary condition of the droplet flowfield can be
set as follows: the droplet velocity is the same as the air velocity of
the free stream, and the droplet apparent density is equal to the liquid
water content of the free stream.

At the outflow boundary, all variables satisfy the condition 6Q/0n
= 0, where Q denotes all variables in the governing equations for
droplets.

In the Eulerian method, the collection efficiency is determined by
the droplet apparent density and velocity near the wall. Therefore,
the setting of the wall condition is an important factor in the solution
of the droplet flowfield.

Some previous literatures®'? set the initial values of the droplet
apparent density and velocity near the wall to be zero, and no special
techniques were employed to deal with the wall boundary. This can
cause oscillations in the solution of the droplet flowfield and some

Wall

4

Figure 1. Contravariant velocity distribution of the control volume.

extra stabilisation terms must be added.

The approach taken in this paper is to use a permeable wall to
simulate droplet impingement on the aerofoil surface. First,
Cartesian coordinates are transformed into body-fitted curvilinear
co-ordinates and, in order to illustrate the problem conveniently, a
control volume near the stagnation point of the aerofoil is selected as
the investigated object, as shown in Fig. 1.

From Fig. 1, the control volume has four interfaces with corre-
sponding droplet velocities. These velocities are contravariant veloc-
ities® in body-fitted curvilinear co-ordinates and they are
perpendicular to corresponding interfaces. The contravariant veloc-
ities U, and U; in interface 1 and interface 3 are parallel to the wall
boundary. Therefore, they do not contribute to the impingement. On
the other hand, the contravariant velocity ¥, in interface 2 points to
the interior of the control volume, which means that droplets will
flow into the control volume through interface 2.

If the droplet velocity on the wall boundary (which is a superpo-
sition to interface 4 of the control volume) is set to be zero, the
droplet contravariant velocity ¥, is equal to zero. Therefore, in the
discretisation process using the finite-volume method, this setting is
equivalent to a fact that droplets have no impingement with the wall
because the net flux of droplets into interface 4 (namely the wall
boundary) is null. As a result, most of the droplets which flow into
the control volume through interface 2 settle in the control volume
and can not reach the wall. In this way the method can not simulate
the physical phenomenon of the impingement between the droplets
and wall effectively.

In fact, because of the means of the impingement between the
droplets and wall, the supercooled droplets adhere to the wall after
they have inelastic impingements with the wall and then turn into
ice. However, before the droplets reach the wall, they have fairly
high normal velocity relative to the wall and this velocity turns into
zero instantaneously when the droplets impinge with the wall inelas-
tically.

Similarly, the droplet apparent density on the wall boundary can
not be set to be zero, otherwise it is equivalent to the fact that no
droplets will impinge on the wall.

Based on the above analysis and by also taking into account the
principle that droplets can not flow into the interior flowfield from
the wall it is possible to set the wall condition as follows:
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Figure 2. Setting of the wall boundary conditions.

If the contravariant velocity ¥, located in the centre of a control
volume near the wall, points to the wall, the droplets within this
control volume may impinge onto the wall (as shown in Fig. 2(a)).
Then the contravariant velocity on the wall boundary is calculated
through an interpolation from the interior flowfield, as is the
apparent density on the wall boundary. These contravariant velocity
and apparent density are applied as the wall condition for this control
volume in the next iteration.

If, however, the contravariant velocity ¥, in the center of the
control volume near the wall points to the interior flowfield, the
droplets have no possibility of impinging on the wall (as shown in
Fig. 2(b)). In this case the droplet velocity and apparent density on
the wall boundary are set to be zero, which is applied as the wall
condition for this control volume in the next iteration.

The droplet impingement on an aerofoil surface can be simulated
effectively by applying this wall condition and the accuracy and
convergence of the numerical computation can also be improved.

2.5 Solution of the governing equations for droplets

In 2D applications there are three unknown variables — the droplet
velocities and apparent density. The equations can be solved in
closed form because the number of unknowns is equal to the number
of equations. First, Cartesian co-ordinates are transformed into a set
of body-fitted curvilinear co-ordinates and the governing equations
are discretised using the finite-volume method. The convective term
is discretised using the QUICK scheme, with the deferred correction
method employed. The temporal term is discretised using the first-
order implicit scheme.

The droplet apparent density and velocities at time ¢ are solutions
of

P p 2 Uy + 2 pryidedn =
st +[] [ PV + 5 (V) Medn=0 )
@) -Gv)” 2 iy
JTJ"J.J.Q [%(vai) +

o _
~-BVv)"dzdn = [ [J(F, + B, ) ldadn O
n

(i=1,2)

where Q, J and U, V denote the control volume in body-fitted curvi-

linear co-ordinates, Jacobi factor and droplet contravariant velocity
components, respectively.

It is worth noting that the possible oscillations in the solution of
the governing equations for droplets mentioned in Ref. 8§ and Ref. 12
are not found using the computational method presented in this
paper. Therefore, the extra stabilisation terms are not needed.

3.0 PREDICTION OF ICE ACCRETIONS

3.1 Ice volume calculation on an aerofoil

Based on the velocity distribution of airflow over an aerofoil, the
governing equations for the droplets are solved and the normal
velocity v,,, and apparent density p,, of droplets on the wall boundary
can be obtained after the numerical computation converges.
Therefore, the local collection efficiency 8, which is non-dimen-
sional, can be obtained conveniently with the Eulerian method:

_ Ew.vnw
B_iLWC-Vw )

where, LWC, v,, denote the liquid water content and the droplets'
velocity in the free stream.

The water flux my, on the aerofoil surface can be calculated
with the following expression:

My g = LWC-v,,-B- 4 ..

where, 4 denotes the impingement area of a control volume near the
wall.

The rime ice simulated in this paper forms in an environment with
a low temperature and where supercooled droplets freeze instanta-
neously when they impinge onto the aerofoil surface. Therefore, the
ice volume V., can be calculated as:

m -AT
Vig = 45— ...(12)

Pr

where, AT and p, denote the ice accretion time step and the density
of the ice.

3.2 Ice shape prediction

According to the ice volume, the ice shape after a time step can be
predicted with the assumption that ice grows in the direction normal to
the aerofoil surface. When the aerofoil shape is changed by the ice
accretion, the air flowfield is changed as a result. Therefore, the air
flowfield needs to be re-solved, as do the governing equations for the
droplets. The new ice shape can then be predicted based on the
solution of the governing equations for the droplets. The final shape of
the ice accretion can be obtained by repeating this iterative process
over a number of time steps until the end of ice accretion time.

4.0 RESULTS AND ANALYSIS

The technique outline above has been applied to rime ice accretions
on a NACAO0012 aerofoil at 0° and 4° angles-of-attack.
Figure 3 shows the computational mesh of the clear aerofoil.

4.1 Ice shape prediction at 0° angle-of-attack

The computational conditions are: the velocity of the free stream u,,
= 129ms’', the static pressure p, = 101,300Pa, the liquid water
content LWC = 0-5g/m’, the median volumetric diameter MVD =



CAOETAL

INUMERICAL SIMULATION OF RIME ICE ACCRETIONS ON AN AEROFOIL USING AN EULERIAN METHOD 247

I|\l
)
1

I|
1 )

e 5 '.||||

% )
1!

-

i ""t‘“ll I
L

Figure 4. Computational mesh of the iced aerofoil at 0°
angle-of-attack.
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Figure 5. Comparison of the predicted results at 0° angle-of-attack.
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Figure 6. Computational mesh of the iced aerofoil at 4°
angle-of-attack.
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Figure 7. Comparison of the ice shapes at 4° angle-of-attack.

20um and the ice accretion time is selected to be 300 seconds.
Figure 4 shows the computational mesh of the iced aerofoil at 0°
angle-of-attack. Figure 5 shows the comparison between the
predicted results in this paper and in Ref. 20 under similar icing
conditions.

As shown in Fig. 5, there appears to be good agreement in the
predictions of the icing area between this paper and Ref. 20, while
the maximum ice thickness in this paper is larger than in Ref. 20.

4.2 Ice shape prediction at 4° angle-of-attack

The computational conditions are: the velocity of the free stream u,,
=67 ms', the static pressure p,= 101,300Pa, the liquid water content
LWC = 1-0g/m’, the median volumetric diameter MVD = 20um and
the ice accretion time is selected to be 360 seconds.

Figure 6 shows the computational mesh of the iced aerofoil at 4°
angle-of-attack. Figure 7 shows the comparison between the
predicted results from this work, those presented in Ref. 22 and the
experimental data presented in Ref. 2 under similar icing conditions.

As shown in Fig. 7, both the predicted results from this work and
from Ref. 22 show some slight variation with the experimental data.



248 THE AERONAUTICAL JOURNAL

May 2008

------ Clear airfoil
Tce layers of every time step

0.06

0.04 4

0.02

yle

0.00+

-0.02 4

-0.04

-0.06 +——
004 -002

T T T T
000 002 004 006 008 010 012 014

x/c

Figure 8. Ice layers of 60 seconds, 120 seconds and 180 seconds
when MVD = 50um.

20+

------ Clear airfoil
Tced airfoil

-1.5 1

-1.04

Cp

0.5 1

0.0 1

054

Figure 9. Comparison of pressure coefficient distributions between the

However, the results from this paper are somewhat closer to the
experimental data than those from Ref. 22. While the icing area on
the lower surface of the aerofoil is smaller than that found in the
experimental data, the icing area on the upper surface and the ice
thickness predicted in this work agree well with the experimental
data. Both the ice thickness and icing area predicted in Ref. 22 are
somewhat larger than the experimental data.

4.3 Analysis of the predicted results

From Fig. 5 it can be seen that at 0° angle-of-attack the predicted ice
shape is almost symmetrical about the aerofoil chord, as would be
expected due to the symmetry of the flow. This is also the expla-
nation for why the maximum thickness of ice is found at the leading
edge of the aerofoil. When the angle-of-attack is equal to 4 degrees,
Fig. 7 shows that the stagnation point of the airflow and the
impingement area of the droplets move to the lower surface of the
aerofoil. Accordingly, the ice is mostly found on the lower surface
while there is little ice on the upper surface. Furthermore, the
maximum ice thickness is also found on the lower surface.

4.4 Effect of the median volumetric diameter of droplets
on ice accretions

To investigate the effect of the median volumetric diameter of
droplets on the ice accretion, this paper shows predictions of the ice
shape when the MVD is equal to 50um at 0° angle-of-attack. The
other icing conditions are: u, = 129ms™', p, = 101,300Pa, LWC =
1-0g/m® and the ice accretion time is selected to be 180 seconds.

Figure 8 shows the ice layers in three time steps of one minute.
From the figure, it can be seen that the icing area increases with
increasing median volumetric diameter of the droplets. The icing
limits on the upper and lower surfaces of the aerofoil now extend to
about 8:6% of the chord. Furthermore, the ice grows quickly; the
maximum ice thickness has grown to 2-6% of the chord at 180
seconds. The reason for this is explained by the fact that the droplets
with a larger diameter have larger inertia than the ones with a
smaller diameter. Therefore, the movements of the larger droplets
are less affected by the airflow and so their trajectories do not depart
from the aerofoil surface easily, which causes the larger icing area
and thicker ice.

4.5 Effect of ice accretions on pressure distribution along
the aerofoil

Based on the predicted result at 4° angle-of-attack, the change of the
pressure coefficient C, along the iced aerofoil has been analysed. As
shown in Fig. 7, the ice accretion alters and corrupts the designed
aerodynamic shape of the aerofoil and the ice is mostly found on its
lower surface because of the effect of the angle-of-attack. However,
the ice accretion has a greater effect in corrupting the designed
aerodynamic shape of the leading edge on the upper surface and
does so to the extent that a separation bubble can emerge.

Figure 9 shows the comparison of the pressure coefficient distrib-
utions between the clear aerofoil and iced aerofoil at 4° angle-of-
attack. From the figure, we can see that oscillations can be found in
the pressure coefficient curves on both the upper surface and lower
surface of the iced aerofoil. Near the leading edge on the upper
surface, the curve oscillates acutely because of the great corruption
of the designed aerodynamic shape caused by the ice accretion. On
the lower surface, the oscillation region is wider because of the
wider icing area. However, the pressure coefficient curve of the
lower surface oscillates more weakly than the one of the upper
surface because the ice accretion on the lower surface is smoother.

From Fig. 9, it can be seen that the pressure distribution is
changed by the variation of the aerofoil shape caused by the ice
accretion. This will result in a degradation of the aerofoil's aerody-
namic performance.

5.0 CONCLUSIONS

This paper simulates rime ice accretions on an aerofoil using an
Eulerian method based on two-phase flow theory. A permeable wall
is used to simulate the droplets’ impingement on the aerofoil surface.
Based on the approach outlined, the governing equations for droplets
are solved to obtain the collection efficiency and impingement limits
on the aerofoil surface. This is then used to predict the ice accretion.
Some conclusions can be drawn from an investigation of the ice
accretion on a NACAO0012 aerofoil:

1. In the two-dimensional icing problem, it is feasible and effective
to numerically simulate rime ice accretions on an aerofoil using
an Eulerian method. Furthermore, the collection efficiency and
impingement limits on the aerofoil surface can be obtained more
conveniently than by the traditional Lagrange method.

2. The ice shapes vary depending on the angle-of-attack. The ice
accretion time, liquid water content and median volumetric
diameter of the droplets all have effects on the ice accretion.
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3. Ice accretions can degrade the aerofoil’s aerodynamic perfor-

mance. Furthermore, the shape of real ice will be more irregular
than the simulated one and the surface of the real ice will be
rougher, as can be seen in Fig. 7. Therefore, the degradation of
the aerodynamic performance in reality will be greater than that
shown here. Furthermore, the degradation caused by rime ice, as
studied in this paper, is relatively weak compared with that
caused by the glaze ice.
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