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1. Introduction

The phenomenon of in-flight icing may affect alpgs of aircraft. The formation of ice
on wings occurs when the aircraft flies at a lewlere temperature is at, or below
freezing point and hits super-cooled water dropletesence of ice accretion on wings
and other aircraft components can lead to a nunabeaerodynamic degradation
problems and consequently is a major problem @tgaFrom aerodynamics viewpoint,
when compared to wings without ice, wings with iicdicate decreased maximum lift,
increased drag, changes in pressure distributtah,ogcurring at much lower angles of
attack, increased stall speed, and reduced caattitity [1]. Thus, it is important to
understand the different ice shapes that can famnthe wings and how they affect
aerodynamics. It can be studied by flight testspdwvtunnel measurements, and
computational simulations. Flight tests are the tmealistic but are expensive. Tests in
icing wind tunnels offer a controlled environmehtit cannot reproduce actual flight
conditions since not all dimension-less parametens be matched. Computational
simulation is the most cost effective method. Hosrewts accuracy depends on the
ability to reproduce the key flow physics.

2. Ice Accretion Prediction Code

In conjunction with the project of the Czech Mimstof Industry and Trade, was
developed the tool for simulating flight into icimgnditions. R-ICE is an ice accretion
prediction code [2] that applies a time-steppingcpdure to calculate the shape of an
ice accretion. The potential flow field is calc@dtin R-ICE using 2-D panel code. This
potential flow field is then used to calculate th&jectories of water droplets and the
impingement points on the body. Droplets passinguiph the atmosphere are
considered as spherical shape elements on thatstmeunding fluid forces
(aerodynamic and aerostatic) and gravitation agpickl results of droplets trajectories
solution near an airfoil are shown in Fig. 1.

droplets trajectories. Airfoil
NACA 633 418,

water content 16>, velocity
50 ms*, angle of attack 5°. [ — -
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Mentioned R-ICE software was subsequently devel@metdmodified. Actually enables
to simulate both basic kinds of ice that can benft on the wing surface: thiene ice

if all the impinging super-cooled water dropletseze immediately upon impact and the
glaze iceif not all of the impinging water freezes on inapahe thin layer of remainder
water is flowing along the surface and freeze hetocations. The latest code version
[3] enables the icing simulation of multi-elemennfals (e.g. airfoil with slotted flap,
wing slot, etc.), when the mutual flow overlap otamfluent bodies can occur.

Although the R-ICE code was primarily developedidsol for study and prediction of
airfoil ice accretion, the code provides a numbkedata and graphical output files.
Among them is an output file of airfoil pressurstdbution coefficient. An example of
the graphical output file of the pressure coeffitig is shown in Fig. 2.

1.0
0.5
0.0
Fig. 2. Example of pressure -0.5
coefficientc, on dimensionless
airfoil surface lengtls/c
Clean airfoil NACA 0012, o
chordc = 0.1 m, velocity 20 rs™, 0 -05 o0 05 1.0
angle of attack 2°. s/c

The pressure distribution round the airfoil can hélized for aerodynamic
characteristics determination. It is simply possitd compute the basic aerodynamics
characteristic from the airfoil pressure distribati Results of the lift coefficient
solution in dependence on angle of attack, for NA@A?2 airfoil, chorcc = 0.1 m and
free stream velocity 20 " are plotted in Fig. 3. There are outlined restdtstwo
different ice shapes chosen from available expeariaiedata [4]. The first case is the
mixed rounded ice shape C5 and the second oneeigjlfize horn ice shape C17.
Drawings of the mentioned iced airfoils geometrg ahown in comparison with the
clean airfoil in Fig. 3, too.

The resulting characteristics are typical for a syatric airfoil. It is evident that the
aerodynamic behavior of iced and clean airfoil imilar. This is because the iced
airfoils keep as geometrically close to the origiclaan airfoil shape. Differences are
only round the leading edge.

Resulting courses of the lift coefficient solutioeglect a stall as the used panel method
is not able to involve the effect of stall, influenof which is critically important.
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Fig. 3. Results of lift coefficient in dependermeangle of attack
for NACA 0012 airfoil.

3. Iced Airfoil Wind Tunnel Testing

Results from icing wind tunnel and flight icing tesndicate [5] that the icing creates
mainly nearby the airfoil leading edge. Therefdre wooden NACA0012 airfoil model

was designed with the replaceable stereo-lithogcapmodel of leading edge (Fig. 4).
It enables the very simple ice shapes changingwidgs of iced airfoils geometry

mentioned above, photos of replaceable leading sedwed the photo of iced airfoil

model with the replaceable leading edges are @dtur Fig. 4.

=1

Fig. 4. Model of iced NACAO0012 airfoil in the wirtdnnel test section.
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Iced airfoil wind tunnel testing was realized irettaboratory of aerodynamics at the
Department of Aerospace and Rocket TechnologighetUniversity of Defense. For

the measurement of iced airfoils aerodynamic cheratics were used models with an
artificial ice shapes for the wind tunnel experingem dry air. The wind tunnel is the

circulation one with a diameter of measuring spg@@ mm. Measuring network covers
mainly National Instrument device and software LXE=W.

Results of outlined iced airfoils wind tunnel teate plotted in Figures 5 and 6. Fig. 5
shows the effect of ice shape on the airfoil Iifefficient c. in compare to the clean
airfoil. It can be seen that ice shapes also choiec, naxandaswy. Fig. 6 shows the
effect of ice shape on the airfoil drag coefficiegt Drag increases substantially for
double horn glaze ice shape C17, especially atlawgles of attack.
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Fig. 5. Effect of ice shape on lift coefficientfor NACAO0012 airfoil.
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Fig. 6. Effect of ice shape on drag coefficiempfor NACA0012 airfoil.
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4. Two-Dimensional CFD Simulation

Regarding the fact that the panel method for thetism of a velocity distribution round
a wing airfoil used in R-ICE code is not able twalve the effects of stall at higher
angles of attack; it will have to be used two-disienal CFD simulation to get more
precise results. The CFD software ANSYS CFX 11.Gvailable at University of
Defence. The advanced fluid flow modeling is usedstudy aerodynamics of iced
airfoils the geometry of whose is enormously coogikd (Fig. 4).

A hybrid mesh was generated using the auto mesérggem ICEM CFD. The mesh was
made of triangular elements of different sizes,leviiapezoidal mesh is used in the
boundary layer. The grid near the clean airfoil NMA@012 airfoil surface is shown in

Fig. 7.

Fig. 7. Grid details near the airfoil surface.

The input parameters of simulation are the follayvin

* The ambient air temperature is 25 °C; fluid is ohstant density and flows
without heat transfer.

* Regarding the suitable mesh generation, the 1 foilathord was chosen. Then
the velocity is 2 ns™* and the corresponding Reynolds number is 138 @i,
respect to the similarity of the above flow regime.

* Low free stream turbulence intensity flow (1%) asidered.
* The wall shear stress transition onset follows garntimeta model.

* The change of angle of attack is obtained througbtaion of the coordinate
frame.

* The calculation is stopped when the difference betw two consecutive
matrices (the residual target) reaches.10
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The program generates various output file formakere are shown two examples of
outputs in Figures 8 and 9. Fig. 8 shows the velalistribution over the clean airfoil at
an angle of attack of 8°.

Fig. 8. Velocity distribution around the airfoil.

The transition effects are characterized by a lamiarbulent intermittency. A sample
plot of the turbulence intermittency near the aiioshown in Fig. 9.

Fig. 9. Turbulence intermittency near the airfoil.
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The pressure distribution around the airfoil is iemportant parameter in terms of
integral aerodynamic characteristics, since it meit@es the lift coefficients of the
airfoil. The example of pressure distribution arduhe airfoil NACA 0012 at = 8° is
given in Fig. 10.

Pressure
(Contour 1)

E 2. 18864000

F 1.633e+000
F1.077e+000
F5.223e-001
F-3.296e-002
-5.882e-001
F -1.143e+000
~1.699e+000 C)
2.254e+000
2.809e+000
-3.364e+000
F -3.920e+000
-4.475e+000
5
5
6
b

-5.030e+000
-5.585e+000
-6.140e+000
-b.b6%96e+000

[Pa]

Fig. 10. Pressure distribution around the airfoil.

The lift coefficientc_ is given by the integration over the wall pressdigribution
along the airfoil surface depicted in Fig. 11. Tnessure scale is the same as in Fig. 10.

\
§

Fig. 11. Wall pressure distribution along thealr§urface.
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A CFD solution was performed for the airfoil icecestion cases used in the experiment
(Fig. 4). The lift coefficientg, were computed with CFX 11.0 for angles of attackf
-20° to 20° with 1 degree step for each case. Tmepuated dependence of the lift
coefficient at different angles of attack is shoimnFig. 12. There are compared lift
curves for clean airfoil NACA 0012 and two casescefl airfoils shapes C5 and C17.

clean profile

L C5 accretion

| =——C17 accretion

= 1 1

3 i i i
25 ____ 20 ___-15____-10
N = 06

AOA [deq]

Fig. 12. Comparison of lift curves for clean airfand iced airfoils cases C5 and C17.

5. Conclusions

From the comparison in Fig. 12, the expected olag®mns can be made: airfoils with
ice indicate decreased maximum lift and the staduos at much lower angles of attack.
This degradation influence is greater for the glaaen ice shape C17.

The comparison of the above results of CFD solutioth those obtained in the
experiment is shown in Figures 13, 14, and 15 feart airfoil NACA 0012 and iced
airfoils cases C5 and C17. There are shown restiRsICE panel method solution too.

oL
[11
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Fig. 13. Comparison of lift curves for clean airffdACA 0012.
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Fig. 15. Comparison of lift curves for iced aitfoase C17.

Comparing the lift curves for the above cases gufés 13, 14, and 15, we can state a
fairly good agreement between the results of th® Gknulation and experimentally
obtained values.

On the contrary, the results of R-ICE panel methoel useable for clean airfoils or
rounded ice shapes (C5) and only for small andgiesgtack, up to £ 5°.

The CFD investigation provides a reasonable predicof the lift curves of iced
airfoils. But the computation of the aerodynamiagircoefficients by the CFD
simulation generally does not give satisfactoryultss Therefore, the wind tunnel
testing has an irreplaceable role in the studyrédihaerodynamics.
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