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Abstract

In this study, computational methods are presented
that compute ice accretion on multiple-element
airfoils in specified icing conditions. The “Drople-
rian” numerical simulation method used is based
on an Eulerian method for predicting droplet tra-
jectories and the resulting droplet catching effi-
ciency on the surface of the configuration. Flow
field and droplet catching efficiency form input for
Messinger’s model for ice accretion. The droplet
trajectory method has been constructed such that
the solution of any flow-field simulation (e.g.
potential-flow, Euler equations) can be used as in-
put for the finite-volume solution method. On an
unstructured grid the spatial distribution of droplet
loading and droplet velocity are obtained. From
these quantities the droplet catching efficiency is
derived. Of special interest in this study are the Su-
percooled Large Droplets (SLD). The simulation
of SLD’s requires a specific splashing model.

For a single-element airfoil a good agreement
is found with the Lagrangian method 2DFOIL-
ICE and with experimental results. The com-
parison of the catching efficiency predicted by
both simulation methods is good for the smaller
droplets. For larger (SLD) droplets the splashing
model is a significant improvement to the catching
efficiency results when compared with the experi-
mental results.

1 Introduction

Aircraft icing has long been recognized as a seri-
ous flight safety problem. According to [11], in the
period 1992–2000, airframe icing was involved
in more than 50 accidents and incidents, claim-

ing more than 800 lives, in the US alone. Icing
occurs when super-cooled water droplets hit the
aircraft in-flight, at a level where the temperature
is at or below the freezing point. Ice accretion on
the wing leading edge or on the tail plane can re-
sult in non-aerodynamic shapes. This results in
serious degradation of the aerodynamic perfor-
mance, such as an increase in drag, altered han-
dling characteristics and a decrease in maximum
lift, therewith an increase in minimum flight speed.
Also, ice accretion on parts of the engine nacelles
or on propellers can cause dangerous situations.
Computer simulation of the ice accretion process
provides an attractive method for determining the
ice shapes on aircraft wings and evaluating ic-
ing for a wide range of icing conditions. An ice
accretion model that accurately predicts growth
shapes on an arbitrary airfoil is valuable for anal-
ysis of the sensitivity of airfoils to ice accretion
and for analysis of the influence of variables such
as airspeed and angle of attack, pressure, temper-
ature, humidity and droplet size on the accretion
process. The predicted ice shapes can be used in
wind tunnel and flight tests to assess degradation
of aircraft performance and handling qualities in
icing conditions.

The same model can also be used to assess
the energy requirements necessary to prevent ice
build-up on an airfoil. Once a model has been
validated, it will provide a cost effective means
of performing most of the icing research studies
which now rely upon experimental techniques.

Nowadays, it is common practice in the air-
craft manufacturing industry to apply compu-
tational methods for ice accretion prediction
in two-dimensional flows. Studies to extend
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the two-dimensional ice growth model to three-
dimensional flows are in progress at for example
NASA GRC as well as at CIRA and ONERA. The
2DFOIL-ICE method [12, 13, 2, 3, 5] predicts
the growth of ice on 2D surfaces. It is based on a
quasi-steady model that takes into account all im-
portant mass and heat transfer processes that occur
when super-cooled water droplets strike an airfoil.
The droplets either freeze immediately upon im-
pact or freeze partly while the rest of the water
runs back on the airfoil. The capabilities of the
method have recently been extended by the inclu-
sion of a model for thermal ice protection systems
[2]. The use of this method, therefore, not only
enables the assessment of potential icing hazards
due to ice growth on unprotected surfaces but also
the design and appropriate placement of thermal
ice protection systems.

Aircraft icing is a threat during take-off and
landing, when high-lift devices of the multi-
element airfoil are deployed. The geometric capa-
bility of the method has recently been extended to
the case of multi-element airfoil sections [5].

The objective of the present work is to com-
pare numerical results and experimental data avail-
able from literature to the results obtained with
Droplerian, focussing on the catching efficiency
results, in order to assess its value as an analysis
tool for carrying out more studies to further elu-
cidate the pertinent physical phenomena involved
in the ice accretion and anti-icing process.

A brief review of the ice accretion process
is first presented. Followed by an introduction
of supercooled large droplets. Then, the Eule-
rian droplet tracking procedure is explained. Next,
comparisons with other numerical results and ex-
perimental data are made. Finally, some conclu-
sions are presented.

2 Ice Accretion

The ice accretion process is a process involving
several steps. When an aircraft flies through a
cloud, supercooled droplets impinge on the sur-
face of the aircraft due to the forward velocity of
the aircraft. The trajectory that a droplet follows,
and therefore the location at which it will impact

the surface, depends mostly on the droplet size,
as it is determined mostly by the drag force on
the droplet. Because the droplets are supercooled
a mass of ice will form almost instantly at the
moment the droplets contact the aircraft surface.

The size, shape and location of the ice accre-
tion that will form depends on:

• The environmental parameters, e.g. ambi-
ent air temperature, pressure, cloud liquid
water content (LWC), relative humidity and
median volumetric diameter (MV D).

• The aircraft surface conditions, e.g. surface
temperature, roughness and surface tension
at the air/water interface.

• The flow parameters, e.g. flight velocity, an-
gle of attack and icing time.

2.1 Types of ice accretion

Two distinct types of ice accretion have been ob-
served:

Rime-ice accretions A dry, opaque and milky-
white ice deposit with a density lower than
that of the water in the impinging droplets.
It usually occurs at low airspeeds, lower
temperatures and lower LWC’s. In rime ice
conditions the released latent heat of freez-
ing is insufficient to raise the local temper-
ature above the freezing point and all the
water in the impinging droplet freezes fully
upon impact. Generally, rime-ice accretions
have a streamlined shape.

Glaze-ice accretions A heavy coating of a trans-
parent ice which spreads over the wing and
has a density close to that of the water in the
impinging droplets. It usually develops at
higher airspeeds, temperatures closer to the
freezing point and higher LWC’s. In glaze-
ice conditions, due to the relatively high
amount of released latent heat of freezing,
the temperature increases to 0 ◦C. Only part
of the water in the droplets freezes upon im-
pact, the rest of the water runs back along

2

MAILTO:J.M.HOSPERS@UTWENTE.NL


Numerical Simulation of SLD Ice Accretions

the airfoil surface. This run-back water of-
ten freezes further downstream on the airfoil
surface. Generally, the ice formations have
an irregular, non-aerodynamic shape which
may jeopardize the aerodynamic character-
istics of the airfoil section.

3 Supercooled Large Droplets

Since the crash of an ATR-72 at Roselawn, Indiana
in 1994, scientific interest in the phenomenon of
Supercooled Large Droplets (SLD) has increased.
SLD are defined as droplets with a:

• Temperature below freezing (T < 0 ◦C)

• Diameter larger than normal droplets (d >
50 µm)

These SLD are thought to be the main cause of
this and several other aviation incidents. Because
of their size SLD present specific problems:

• Ice accretion occurs faster than for normal
droplets.

• Ice accretion occurs at different locations
than where normal droplet ice accretion oc-
curs.

• Ice accretion is harder to predict than for
normal droplets.

Sometimes, droplets with sizes up to 1 mm are
reported, which is much larger than the largest
diameter (50 µm) prescribed in the FAA CFR Ap-
pendix C flight envelope.

A new flight envelope is being devel-
oped, known as “Appendix X”, including SLD-
conditions. In preparation of these new regulations
the industry wants to improve their understand-
ing and predictive capabilities of SLD specific ice
accretions. The present research focusses on the
prediction of SLD trajectories and the correspond-
ing impingement distribution on airfoils.

3.1 Analysis of Droplet Forces

Because of the size of SLD it is unknown whether
or not the conventional assumptions made for tra-
jectory calculations are valid. For normal droplets,

it is common to assume that all forces besides drag,
gravity and buoyancy can be ignored. To assess
if this is a valid assumption for the larger SLD
an analysis of two different sets of trajectories
has been performed. One set of trajectories has
been calculated using the conventional assumption
(only drag, gravity and buoyancy) and the other
set was calculated using a number of additional
forces. The set of “all” forces consists of:

• Drag

• Gravity

• Buoyancy

• Basset history force

• Virtual mass force

The full force on a droplet contains even more
force-terms, some of which are unknown. There
are some lift terms, e.g. the Saffman lift force, but
these depend on rotation. Since for most calcula-
tions the potential-flow-equations are used, which
assume that rotation is not present, these terms
are ignored. The specifications for the forces were
taken from work of van Eijkeren [15]:

3.1.1 Drag Force

The drag force is accounted for using following
formulation:

~fD =
~D

ρwVd
=

ρa

∣∣∣~Ua−~Ud

∣∣∣(~Ua−~Ud

)
AdCD

2ρwVd
(1)

where CD is usually a function of the Reynolds
number based on the relative droplet velocity Red:

Red ≡
ρa

∣∣∣~Ua−~Ud

∣∣∣d
µa

(2)

The expression for the drag coefficient can range
from an expression for small diameter droplets
to special relations for deforming droplets (SLD
diameter droplets). In the current model CD is
derived from [8]:

CDRed

24
= 1+0.0197Re0.63

d +2.6 ·10−4Re1.38
d

(3)
which is valid for Red < 1000.
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3.1.2 Gravity Force

In most conventional models the gravity is com-
bined with at least part of the buoyancy. For this
study the two have been separated. The gravity
force consists only of the force acting on the
droplet by gravitational acceleration:

~fg = ρwVd~g (4)

3.1.3 Buoyancy Force

The buoyancy force is caused by a pressure gradi-
ent. In most common methods, only the constant
pressure gradient caused by the constant gravity
field is taken into account, resulting in:

~fb =−ρaVd~g (5)

However, for the present analysis the pressure gra-
dient also takes into account the local pressure
gradient induced by the flow field.

~fb =−Vd
~∇p (6)

3.1.4 Basset History Force

Perhaps the most important question is whether or
not the Basset history force has to be accounted
for. This term is based on the relative speed at
which the boundary layer adapts to changes in the
surrounding flow. Calculation of this term is par-
ticularly complicated because it involves a time-
integration over the path of the droplet.

~fB =−3dµaπ

t∫
−∞

K (t− τ,τ)
d
(
~U−~Ud

)
dt

dτ

(7)
where the kernel K has been chosen as the kernel
for non-creeping flow conditions as [9]:

K (t− τ,τ) =

(4π (t− τ)

τd

)0.2

+

(
π (t− τ)2

f 3
Hτ2

d
Re3

d

)0.4
−2.5

(8)

with τd = ρad2

µa
and fH = 0.75+0.2Red

3.1.5 Virtual Mass Force

The virtual mass force is based on the acceleration
of the air surrounding the droplets. Accelerating a
droplet means that the air surrounding it has to ac-
celerate as well. The virtual mass force therefore
depends on the relative acceleration:

~fvm =
1
2

ρaVd

(
d~U
dt
− d~Ud

dt

)
(9)

3.1.6 Results

Both calculation sets were performed for two
droplet sizes. These droplet sizes chosen are
the minimum and maximum droplet diameters
from the 10-bin droplet distribution determined
in an impingement experiment performed by Pa-
padakis [10]: 16 µm and 1046 µm, respectively.
The same experiment is used in section 5 to val-
idate the Eulerian droplet impingement model
discussed in section 4. The considered configu-
ration is a NACA-23012 airfoil at 2.5◦angle of
attack. For this configuration the impingement
limits were determined and around 100 droplet
trajectories were calculated within these limits.

The results are shown in Fig. 1. For each of the
impinging trajectories the maximum of the force-
components were determined, and only the tra-
jectories corresponding to these maximum force-
components were plotted. This corresponds to two
or three different trajectories for each set of calcu-
lations. For both droplet sizes it can be concluded
that the drag force is the dominant force, although
the order of magnitude is almost 4 times larger
for the larger droplets than it is for the smaller
droplets. For the smaller droplets (Fig. 1a) the
second most dominant force is the history force.
However, it is already more than one order of mag-
nitude smaller than the drag force. For the larger
droplets (Fig. 1b) the buoyancy force becomes
more important than the history force, the his-
tory force is again around one order of magnitude
smaller than the dominant drag force.

The history force term is very time-consuming
to calculate, since it involves integration over the
entire time-domain up to the considered time. Fur-
thermore, the history force acts as an increase in
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(a) Droplet diameter, d = 16 µm
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(b) Droplet diameter, d = 1046 µm

Fig. 1 Magnitude of force components along droplet trajectories, only trajectories for which one of the
components has a maximum value are shown

the drag. When ignoring the history force, part of
the effects can be compensated by an increase in
the drag force.

This gives reason to continue with the gen-
erally accepted method of including only drag,
buoyancy and gravity. Including the history force
would be very time consuming while the change
in the droplet trajectories is minimal.

3.2 SLD Specific Model

A number of phenomena that are disregarded for
normal (< 50 µm) droplets are not readily disre-
garded for SLD because of their size. These phe-
nomena may include:

• Splashing

• Rebound

• Breakup

• Deformation

According to [16] the only first-order effect is
the effect of splashing. For now, the other effects
(rebound, breakup and deformation) are ignored.

~n
~Ud

~Ud,s

N = 3

d
ds

Fig. 2 Variables related to a splashing event

A sketch showing the relevant variables before
and after the splashing event is shown in Fig. 2.

3.2.1 Splashing Parameters

The main parameters determining splashing be-
haviour are the droplet Weber-number (We) and
the droplet Ohnesorge-number (Oh). The Weber-
number is defined as:

Wen =
ρa

(
~Ud ·~n

)2
d

σd
(10)

where ~Ud ·~n is the component of the droplet ve-
locity normal to the airfoil surface and σd is the
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surface tension at the air/water interface. The
Ohnesorge-number is defined as:

Oh =
µa√

ρaσdd
=

√
Wen

Red,n
(11)

where Red,n is the droplet Reynolds number based
on the velocity component normal to the airfoil
surface.

Various combinations of these two
dimensionless-numbers are encountered in
literature. Two main splashing parameters can be
identified, the Cossali splashing parameter [1]
defined as:

K = Oh−2/5Wen (12)

and the Yarin and Weiss splashing parameter [17]
defined as:

Ky = Λ
−3/8

(
Oh−2/5Wen

)5/16

=

[
3
2

(
LWC
ρw

)1/3
]−3/8(

Oh−2/5Wen

)5/16

(13)

The differences between K and Ky are the pre-
factor Λ, denoting the droplet frequency and the
power 5/16, which appear in the definition of Ky
(Eq. 13).

Both splashing parameters increase with in-
creasing diameter, making splashing more likely
for SLD than for normal droplets. When the
splashing parameter exceeds a critical value
splashing will occur. For the Yarin and Weiss pa-
rameter this value was found to be

Ky,crit = 17 (14)

3.2.2 Mass-Loss Coefficient

To account for the mass of the droplets that splash
away from the airfoil surface the mass-loss co-
efficient (φ ) is introduced. This approach was
taken from an empirical splashing model of Tru-
jillo et al.[14]. Honsek, Habashi and Aubé [4]
calibrated the mass-loss equation specifically for
SLD-conditions. The resulting mass-loss coeffi-
cient is defined as:

φ (Ky) =
3.8√

Ky
(1− exp [−0.85(Ky−Ky,crit)])

(15)

Splashing parameter, Ky
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Fig. 3 Mass-loss coefficient according to Eq. 15

for Ky ≥ Ky,crit = 17.
Equation 15 is illustrated in Fig. 3. Note that,

within 1% accuracy, φ = 3.8√
Ky

for Ky > 23.

3.2.3 Secondary Droplets

The relation for the number of secondary droplets
(N) is taken from Trujillo et al.’s original empirical
model:

N =
1

22

0.0437

K


∣∣∣~Ud

∣∣∣
~Ud ·~n

2

−Kc

−44.92


(16)

where Kc is the critical value for the Cos-
sali splashing parameter, calculated from Ky,crit
(Eq. 14).

From the number of secondary droplets the
average diameter (ds) of the secondary droplets
can be determined using mass-conservation:

ds =

(
φ

N

)1/3

d (17)

The average velocity of the secondary droplets
(~Ud,s) follows again from Trujillo et al.:

~Ud,s ·~t
~Ud ·~t

= 0.85+0.0025arctan

(
~Ud ·~t
~Ud ·~n

)
(18a)

~Ud,s ·~n
~Ud ·~n

= 0.12+0.002arctan

(
~Ud ·~t
~Ud ·~n

)
(18b)
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The secondary droplet velocity depends on the
angle of impact of the droplets, in Eq. 18 the angle
has been rewritten in terms of the normal and
tangential velocity components for convenience.

4 Eulerian Droplet Tracking

Previously, droplet tracking was mostly performed
in a Lagrangian frame. A single droplet was fol-
lowed from a release point as it progressed in time.
This means that, especially for multi-element air-
foils, a large number of droplets had to be released.
For every airfoil element the impingement limits
(lower and upper) have to be found. When the lim-
its are found the impingement distribution, i.e. the
catching efficiency distribution, has to be deter-
mined within the upper and lower limit. This can
mean that hundreds of droplet trajectories have
to be computed. Furthermore, if the SLD effects
discussed in the preceding section need to be im-
plemented the entire structure and method of the
existing computational method would have to be
changed.

For these complicated geometries and SLD
situations a droplet tracking method in an Eule-
rian frame has been developed. This means that
a droplet velocity and droplet density distribution
will be calculated on a computational grid, instead
of following single droplets. One of the major
advantages is that splashing effects can be im-
plemented as a boundary condition on the airfoil
surface.

The resulting droplet-flow equations are
solved using a finite volume method based on
work from Kelleners [6] and Koop [7]. The
method employs unstructured grids and is cur-
rently applied to two-dimensional flows.

The method employs, similar to the La-
grangian method, only one-way-coupling. A flow
field from any source can be used as input, as long
as density, pressure and velocity components are
provided.

The method is able to simulate both mono-
disperse (i.e. only one diameter, the MV D) and
multi-disperse droplet distributions. In case of
multi-disperse distributions, the distribution is
modeled as a series of bins, each representing an

avarage diameter (di) and a fraction of the total
LWC ( fi). For each bin the droplet model is solved
seperately and a catching efficiency contribution
βi is computed for each of the bins. At the end of
the droplet trajectory calculation the results for the
droplet bins are combined. For a multi-disperse
simulation with η bins the catching efficiency (β )
would be:

β =
η

∑
i=1

fiβi (19)

4.1 Governing Equations

Calculating the droplet density and droplet veloci-
ties in the entire domain leads to two conservation
equations instead of the droplet equation of mo-
tion:

∂ρd

∂ t
+~∇ ·ρd~Ud = 0 (20)

∂ρd~Ud

∂ t
+~∇ ·

(
ρd~Ud

)
~Ud = ρd~fD+ρd

(
1− ρa

ρw

)
~g

(21)
where the local droplet density (ρd) is the volume
fraction of water contained in the droplets (α)
multiplied with the local water density (ρw):

ρd = αρw (22)

the drag force per unit mass (~fD) is the same drag
force as in the Lagrangian method and in Eq. 1.

4.2 Boundary Conditions

To close the set of equations a number of boundary
conditions is needed.

4.2.1 Inflow

The inflow boundary is chosen far upstream of the
airfoil. At this point the droplet density is chosen
to be equal to the cloud liquid water content, the
droplet velocity is chosen equal to the free-stream
air velocity.

ρd = LWC (23a)

~Ud = ~U∞ (23b)
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4.2.2 Outflow

The outflow boundary condition is implemented
by linearly extrapolating the value of ρd and ~Ud at
the control point in a boundary cell to the ghost-
cell outside the boundary.

4.2.3 Airfoil Surface

On the airfoil surface two boundary conditions
can be imposed, depending on whether or not a
flow of droplets into the airfoil is detected.

no inflow ~Ud ·~n≥ 0:
No droplets can originate on the airfoil sur-
face: ρd = 0. However, velocity is unaf-
fected. ~Ud is linearly extrapolated from the
value at the control point in a boundary cell.

inflow ~Ud ·~n < 0:
Outflow boundary condition. Droplets are
not influenced by the airfoil surface (other
than through the aerodynamic drag). Both
ρd and ~Ud are linearly extrapolated from
their values at the control point in a bound-
ary cell.

4.2.4 Re-Injection

Secondary droplets from a splashing event need
to be re-injected into the droplet flow. This is done
be appending to the boundary condition on the
airfoil surface.

The splashed mass is equal to that of the
mass-loss coefficient multiplied with the incoming
mass:

M =

{
φ

(
ρd~Ud ·~n

)
> 0 : Splashing

0 : No splashing
(24)

The added momentum is equal to that of the
mass-loss coefficient multiplied with the incoming
momentum:

I =

{
φ

(
ρd~Ud ·~n

)
~Ud,s = M~Ud,s : Splashing

0 : No splashing
(25)

If a multi-disperse simulation is performed,
the droplet-bin which is used for re-injection is

dy
ds

Fig. 4 Local catching efficiency for Lagrangian
methods

chosen as the bin with the diameter closest to that
of the secondary droplet diameter. This means that
the average diameter of the simulated secondary
droplets differs from the calculated average sec-
ondary droplet diameter from Eq. 17.

4.3 Catching Efficiency

The output from the droplet tracking method that
is most important is the catching efficiency (some-
times also called collection efficiency). This vari-
able, representing the dimensionless rate of mass
of water depositing on the airfoil surface, deter-
mines for the most part the calculated ice accretion
shape.

For a Lagrangian frame, the catching effi-
ciency is defined as:

β =
dy
ds

(26)

with dy and ds clarified in Fig. 4. This represents
the mass-flux through a surface area ds on the
airfoil, made dimensionless with the mass-flux
far upstream. The mass of water between the two
trajectories is assumed to remain constant.

For an Eulerian method, since individual
droplet trajectories are not calculated, another
method of calculating β will have to be found.
Transfering Eq. 26 to an Eulerian frame the local
mass-flux through the surface can be made dimen-
sionless with the mass-flux far upstream, finding
a local relation for β :

β =
ρd~Ud ·~n

LWC
∣∣∣~U∞

∣∣∣ (27)
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20 µm MVD 236 µm MVD
AoA 2.5◦

c 0.9144 m
LWC 0.19 g/m3 1.89 g/m3∣∣∣~Ua,∞

∣∣∣ 78.23 m/s
T∞ 299 K
p∞ 101330 Pa

Table 1 Conditions for selected cases

5 Catching Efficiency Validation

In order to validate the Eulerian droplet tracking
method a suitable test case was selected. Because
of the availability of 2DFOIL-ICE, which calcu-
lates a potential-flow field using a panel-method,
the results from the Eulerian droplet tracking
method are compared to the results from 2DFOIL-
ICE. This implies that the underlying flow field
used for the Eulerian droplet tracking is also ob-
tained from the potential-flow field as calculated
by 2DFOIL-ICE. Besides this comparison be-
tween two computational results, a comparison
with experimental impingement data of Papadakis
et al. [10] has been performed.

5.1 Experimental Data

Experimental data is available through an exper-
iment of Papadakis et al. [10]. They performed
experiments with different MVD’s for a NACA-
23012 airfoil at 2.5◦ angle of attack (AoA). The
impingement data is presented as a catching
efficiency and the LWC distribution has been
recorded so that it can be used in a multi-disperse
simulation. Two cases were selected from the
range of MVD’s, the smallest and the largest
MVD, to investigate the ability to predict both
normal and SLD impingement regimes. The se-
lected cases and the corresponding conditions are
shown in Table 1.

For the experiment of Papadakis et al. the
droplet distributions are given. These distributions
can be used as input for the numerical simulations,
which makes this experiment very suitable for val-
idation purposes. Both 10-bin and 27-bin droplet
distributions are provided. Since the difference

in the resulting catching efficiency is small, the
10-bin droplet distributions have been chosen for
computational speed. The distributions for both
MVD’s are shown in Fig. 5.

5.2 Numerical Setup

The results from the Eulerian method, Drople-
rian, are compared to results from the Lagrangian
method 2DFOIL-ICE. The Lagrangian method
uses 400 panels in both the potential-flow simula-
tion and the droplet tracking method. The mesh
used for the Eulerian computation is shown in
Fig. 6. A median dual mesh was generated, in
which a control volume element was created for
each vertex in the original triangular mesh. The
mesh contains 27660 triangular elements.

5.3 Catching Efficiencies

Results from three calculations are shown for the
smaller MVD of 20 µm:

1. Eulerian (Droplerian), 1 droplet bin (MVD)

2. Eulerian (Droplerian), 10 droplet bins

3. Lagrangian (2FOIL-ICE), 10 droplet bins

The catching efficiencies resulting from these cal-
culations are shown in Fig. 7.

Considering Fig. 7a, it is observed that com-
pared to a mono-disperse droplet disribution the
use of a multi-disperse droplet distribution im-
proves the prediction of the catching efficiency.
The “tails” of the catching efficiency distribution
become more smooth. However, the use of a multi-
disperse distribution gives an under prediction
around the leading edge.

Figure 7b shows the comparison between the
multi-disperse Lagrangian and Eulerian calcula-
tion. The results are similar, although again the
Eulerian results show an under-prediction com-
pared to the experimental and Lagrangian results.

For the larger 236 µm MVD, representing an
SLD case, results of the Lagrangian method are
not shown, since the splashing model described in
section 3.2 was only implemented in the Eulerian
method. The shown results are:
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Fig. 5 10-Bin droplet distributions used in simulations

Dimensionless x-coordinate, x
c

D
im

en
si

on
le

ss
y-

co
or

di
na

te
,y c

-5 -4 -3 -2 -1 0 1 2 3 4
-3

-2

-1

0

1

2

3

Fig. 6 NACA-23012 mesh used for Eulerian computations
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(a) Droplet distribution effects
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(b) Eulerian (Droplerian) and Lagrangian (2DFOIL) results

Fig. 7 Calculated catching efficiencies, 20 µm MVD, NACA-23012, AoA = 2.5◦

1. Eulerian, 1 droplet bin (MVD)

2. Eulerian, 10 droplet bins, no splashing

3. Eulerian, 10 droplet bins, splashing

The resulting distributions of the catching efficien-
cies are shown in Fig. 8.

Again, considering the comparison between
the use of mono-disperse and multi-disperse
droplet distributions in Fig. 8a an improvement
can be seen when the mono-disperse distribution
is compared to the multi-disperse droplet distribu-
tion. However, the improvement is less significant
than for the 20 µm MVD case. Compared to the
experimental results, a substantial over-prediction
of the catching efficiencies is still present down-
stream of the leading edge, while around the lead-
ing edge an under-prediction is present as it was
for the smaller MVD case.

The addition of the splashing model is a pos-
sible improvement due to the amount of mass lost
through the mass-loss coefficient (reappearing as
secondary droplets). Considering the results pre-
sented in Fig. 8b, indeed a decrease of the catch-
ing efficiency distribution is observed, especially
downstream of the leading edge. However, the

splashing model also leads to a decrease in the al-
ready under-predicted catching efficiency around
the leading edge. Despite this problem, the ad-
dition of a splashing model gives a significant
improvement in the prediction of the catching ef-
ficiency distribution when comparing the results
with the experimental results.

5.4 Flow Field

One of the advantages of the Eulerian method is
that the droplet velocities and local liquid water
content are known everywhere in the computa-
tional domain. The entire field can be examined,
making it possible to locate the major differences
between the results. This is especially useful for
the 236 µm MVD case, for which the splashing is
more significant.

The most striking result from this comparison
is that for the larger droplet diameters (bin 3–10)
no visible difference is observed between the re-
sults with and without splashing. To illustrate this,
the distributions of the local liquid water contents
for the largest droplet bin (bin 10, 1046 µm) are
shown in Fig. 9.

With or without splashing, all droplets of the
larger diameters impinging on the airfoil sur-
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(b) Splashing model effects

Fig. 8 Calculated catching efficiencies, 236 µm MVD, NACA-23012, AoA = 2.5◦

(a) Splashing model not active

(b) Splashing model active

Fig. 9 Calculated droplet density, ρd [kg/m3], 236 µm MVD, bin 10 (1046 µm), NACA-23012, AoA = 2.5◦
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face are extracted from the domain. When the
splashing model is active (Fig. 9b) the secondary
droplets created by a splashing event are re-
injected, but in a droplet bin with a smaller di-
ameter.

The droplet velocities are also the same for
the results with and without the splashing model,
so only one velocity field is shown in Fig. 10.
The white lines are droplet trajectories that can be
calculated using the droplet velocity field.

Due to the splashing, the major differences
can be found for the smallest bins (bin 1 and 2),
in which the secondary droplets are apparently
re-injected. Figure 11 shows the local liquid water
contents for bin 1 (16 µm). With the splashing
model active (Fig. 11b), an increase in liquid water
content can be seen, especially in the areas just
downstream of the leading edge.

The small secondary droplets are transported
away from the airfoil surface. This is responsi-
ble for the lower catching efficiency distribution
when the splashing model is active as observed in
Fig. 8b.

6 Conclusions

A detailed analysis of the droplet forces has been
performed. The assumption that the drag and, to a
lesser extend, the buoyancy forces are the domi-
nant forces appears to be valid, although for larger
droplets the Basset history force becomes more
important. The effect of the inclusion of additional
force terms in the calculation of the droplet trajec-
tories is minimal, while the impact on calculation
time is large.

An Eulerian method to calculate ice-
accretions on two dimensional airfoils has
been developed. The method was based on and
compared with a similar Lagrangian method,
which produced satisfactory results for small
droplet diameters. For larger (SLD) droplets
the catching efficiency is over predicted. To
improve the matching with experimental catching
efficiency data, a splashing model has been added
to the Eulerian method. Splashing is accounted
for by introducing a mass-loss-coefficient and by
re-injecting secondary droplets into the droplet

bin corresponding to the diameter closest to the
secondary droplet diameter obtained from the
splashing model. The inclusion of a splashing
model accounts for a decrease in the catching
efficiency on the airfoil, bringing the catching
efficiency prediction closer to experimental
results. This is a clear improvement compared to
the case for which splashing was not accounted
for. Due to the decreased catching efficiency a
smaller ice-accretion is formed around the leading
edge of the considered airfoil.

The experimentally and numerically calcu-
lated catching efficiencies still differ, which is
possibly caused by effects due to rebound and
breakup. Models for these effects are considered
for future improvements to the method. Improved
prediction of the flow around the airfoil, by using
more advanced flow-models instead of the cur-
rently applied potential-flow-model, might also
improve the results.
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