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The size of aircraft models that can be tested in icing wind tunnels is limited by the dimensions of the facilities in present; it is an
effective method to replace the large model with a hybrid airfoil to carry out the experiment. A design method of multiple control
points for hybrid airfoil based on the similarity of flow field in the leading edge of airfoil is proposed. Aiming at generating the full-
scale flow field and ice accretion on the leading edge, multiobjective genetic optimization algorithm is used to design the hybrid
airfoil under different conditions by combining the airfoil parameterization and solution of spatial constraint. Pressure tests of
hybrid airfoils are carried out and compared with the leading edge pressure of the corresponding full-scale airfoils. The design
and experimental results show that the pressure coefficient deviation between the hybrid airfoils designed and the corresponding
full-scale airfoil in the 15% chord length range of the leading edge is within 4%. Finally, the vortex distribution and ice accretion
process of the two airfoils were simulated by the unsteady Reynolds-averaged-Navier–Stokes (URANS) equations and multistep
ice numerical method; it is shown that the hybrid airfoil can provide the same vortex distribution and ice accretion with the
full-scale airfoil.

1. Introduction

Icing encounters in aviation are common; when the aircraft
operates in a cold and humid environment, supercooled
droplets collide with the aircraft surface, resulting in ice being
accreted on the surfaces of the aircraft [1]. The ice depletes
the overall performance of the aircraft and significantly
threatens flight safety if not properly mitigated [2]. To
improve flight safety, one of the main tasks is to evaluate
the performance of iced airfoils and aircraft, ensuring they
can operate safely even in the worst icing conditions as set
by the FAA [3]. There are several methods to assess iced
aerodynamic performance of airfoils: conducting simula-
tions, flying under natural conditions, and icing wind tunnel
test. Among these methods, icing wind tunnel test is cost-
effective, safe, and reliable. An icing wind tunnel can create
an environment similar to the icing conditions in nature,

and then, research experiments can be conducted and the
icing process studied.

Theoretically, we can obtain the most accurate experi-
mental results if a full-scale model is used for icing tests.
However, icing wind tunnels are too small to test full-scale
airfoils or wings; even for a moderate- or small-sized model,
it may cause tunnel blockage [4] or wind tunnel wall interfer-
ence when the model’s angle of attack (AoA) is adjusted. To
weaken the blockage and acquire ice characteristics of the
full-scale model under existing conditions, scaled model is
used to substitute the full-scale model. There are two
methods to scale models [5]: first, geometrically scaling, a
full-scale airfoil or wing is scaled to a certain scale and then
scaling the icing condition under the criterions of AEDC
[6] and ONERA [7] to get icing similitude in existing facili-
ties. But the usefulness of this method is limited and only
valid with moderately sized models and scale factors. The
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second scaling method called “hybrid airfoils” is useful in the
icing wind tunnel tests. By this method, an airfoil is designed
with full-scale leading edges and a redesigned aft section to
reduce the chord and provide full-scale icing condition in
the leading edge region. A hybrid airfoil has a shorter chord
length and can reduce the model size and tunnel blockage.

Hybrid airfoil research began in the 1950s by Glahn [8]
and then the first systematic hybrid airfoil design method
established and improved by Saeed et al. [9–11]. This was
based on the fact that leading edge ice accretion will be the
same between the hybrid and full-scale airfoil if cloud prop-
erties, droplet impingement, local leading-edge flow field,
and model surface geometry are kept the same. In addition,
ice usually only accretes on the leading edge of airfoils and
so hybrid airfoils are designed such that it has a similar geom-
etry to that of the leading edge of the full-scale airfoil. The aft
section is redesigned to provide a similar flow field on the
leading edge with the full-scale airfoil. With this approach,
icing is in good conformity between the full-scale airfoil
and hybrid airfoil; the greatest benefit of the hybrid airfoil
design method is that it can obtain a similar icing process
of the full-scale model with a hybrid airfoil without the
parameters of the experiment changing, and this is very con-
venient for experiments. Fujiwara et al. [12, 13] completed
research based on the work of Saeed, which employed an
icing accretion code to perform comparisons of the ice shape
between full-scale and hybrid airfoils; the sensitivity of differ-
ent design parameters on hybrid airfoil performance as well
as how circulation changes from the full-scale to the hybrid
airfoils was analyzed [14]. Viscous and tunnel wall effects
were checked with the use of 2D Reynolds-averaged-
Navier–Stokes (RANS). Some useful conclusions have been
drawn in his studies for hybrid design: a similar flow field,
aerodynamic, and heat transfer characteristics between
hybrid and full-scale airfoil are necessary; matching stagna-
tion point is the first-order parameter, while suction peak
magnitude is of second order; some geometric parameters
such as nose droop angle, leading-edge extent, and scale fac-
tor have been evaluated for hybrid airfoil design [15]; he also
pointed that compromises and trade-offs are required in the
design process. See Refs. [12–15] for details.

Through the previous studies, Saeed proved the feasibility
of the hybrid airfoil. Fujiwara confirmed that the similar flow
field of hybrid airfoils resulted in a similar ice accretion to

that of the full-scale airfoil. Also, hybrid airfoil design is
based on matching the aerodynamic flow field between
hybrid and full-scale airfoils; in this design method, take stag-
nation point location and suction peak magnitude as the
indicators that the ice accretions between full-scale and
hybrid airfoils will be similar.

However, in icing processes, the droplets are affected by
the flow field in the near-field region and impinged at the
leading edge of airfoil. Thus, in order to accurately design a
hybrid airfoil, a new hybrid airfoil design method is pre-
sented, which is based on the previous work by Fujiwara
and Bragg et al., and focuses on matching the full-scale aero-
dynamic flow field of hybrid and full-scale airfoil. In this
method, a reference area is built and used; also, a multicon-
trol point optimization method based on MOGA (multiob-
jective genetic algorithm) is established. A high-fidelity flow
solver based on 2D RANS methodology is used to calculate
the flow field in the whole optimization. Also, a parameteri-
zation hybrid airfoil expression method is presented for the
convenience of representing the different hybrid airfoils.
Finally, the effect of design method was proved through
numerical calculation and pressure tests.

2. Parametric Hybrid Airfoil Design Method

2.1. Definition of Hybrid Airfoil.An ideal hybrid airfoil design
for icing wind tunnel testing will produce the same effect as
full-scale icing; based on the results obtained from previous
papers, a different hybrid design method is proposed; for dif-
ferent full-scale airfoils, corresponding hybrid airfoil can be
designed under the specified leading edge range and scale fac-
tor. Scale factor (SF) of hybrid airfoil is defined as the full-
scale chord divided by the hybrid airfoil chord. As shown
in Figure 1, dashed line represents the full-scale airfoil of
NACA0012, with a dimensionless chord length 1, and the
solid line is the hybrid airfoil with a chord length of 0.5; thus,
the SF of hybrid airfoil is 2 in here.

In this paper, 25% chord length of full-scale airfoil is
taken for both upper and lower leading edge extents; as
shown in Figure 1, hybrid airfoils have the same leading
edge with full-scale airfoil, but a deformable aft section that
is controlled by several points with the parameters of these
control points varies in the optimization process, and the
shape of hybrid airfoil also changes. Also, this leading extent
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Figure 1: Full-scale geometry and control points of hybrid airfoil.
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can be changed by the designer according to different design
conditions.

2.2. Hybrid Airfoil Optimization. In this section, a Sum of
Sine parameterization method for hybrid airfoil is intro-
duced, and multiobjective genetic algorithm process for
hybrid airfoil design is established.

2.2.1. Optimization Algorithm. A conceptual illustration of
the hybrid airfoil design approach is shown in Figure 2. There
are two optimization loops: the first loop (method of Saeed)
is based on XFOIL and GA, which is used to obtain an initial
hybrid airfoil. The second loop is based on the initial hybrid
airfoil get from the first loop, and Pointwise, 2D RANSmeth-
odology, and MOGA are employed to obtain the final hybrid
airfoil. The specific design method is as follows. (1) Consid-
ering that usually the icing area of the wing is 10% of the
chord length, take the 25% leading edge chord length of the
full-scale airfoil as the leading edge of the hybrid airfoil,
called nose section; this part of the full-scale airfoil is fixed
in the hybrid airfoil optimization. (2) The aft section is
designed to provide full-scale flow field on the nose section
of the hybrid airfoil; it is generated by defining the control
points arbitrarily. Then, a primitive airfoil is combined by
nose section and aft section with the SS (Sum of Sine) and
PCHIP (Piecewise Cubic Hermite Interpolating Polynomial)
methods. The designed aft section and primitive airfoil are
controlled by several constraints, such as the scale of the
hybrid airfoil and the continuity condition of second-order
derivative. (3) Start the first loop; Cps (pressure coefficient)
are calculated by XFOIL in view of its quick and easy features.
(4) Compare the Cp of full-scale and hybrid airfoils; genetic
algorithm optimization is used to update the aft section of
the hybrid airfoil until the Cp of the nose section matches
that of the full-scale airfoil. (5) Start the second optimization

loop. It is the same procedure as the first optimization loop,
but the difference is that it is more accurate because of the
use of automatic grid generation based on Pointwise Glyph
Script and CFD. (6) Compare and output the hybrid airfoil;
ensure that the flow field of the hybrid and full-scale airfoils
within the reference area meet the requirements; otherwise,
continue the optimization with GA. The ultimate hybrid air-
foil is obtained after completion of the second optimization.
By changing the parameters, the hybrid airfoil at different
AoA can be obtained.

2.2.2. Parameterization for Hybrid Airfoil. The hybrid airfoil
designed in this paper is different from common airfoils, as it
has a fixed leading edge, a flat upper surface, and a trailing
edge with large curvature. An inverse design method based
on potential theory is not applicable to hybrid airfoils [16].
Thus, genetic algorithm is employed. In order to implement
an automatic process of hybrid airfoil optimization, a para-
metric hybrid airfoil expression method is needed, selecting
the appropriate parameters and transforming the hybrid air-
foil into a function containing these parameters; the hybrid
airfoil will deform by adjusting these parameters.

There are many parametric expressions to describe air-
foils. (1) Analytic function methods, such as the Joukowsky
[17] airfoil, are expressed by mean camber and thickness
functions. This method is more suitable for static airfoils.
(2) Bézier curve approximation algorithm is a method using

Table 1: Fitting errors for different methods.

Function SSE R-square RMSE

Spline 2:3305e − 06 0.9999 1:6530e − 04
Bezier 3:6225e − 04 0.9944 1:9940e − 03
Sum of Sine 1:6210e − 09 1 8:2805e − 06
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Figure 2: Design workflow of hybrid airfoil design approach.
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many control parameters and requires more computing
resources. (3) The Hicks-Henne [18] shape function is widely
used in airfoil parameterization; this method is highly depen-
dent on the original airfoil and has little ability to change the
trailing edge angle.

According to the characteristics of hybrid airfoil, three
parametric functions, Spline, Bezier, and Sum of Sine, are
selected to fit the upper and lower surfaces of the hybrid;
the fitting error is shown in Table 1; it can be seen that the fit-

ting error is 10-4 by Spline function, 10-3 by Bezier method,
and 10-6 with Sum of Sine method. Fitting shapes for differ-
ent methods are presented in Figure 3. Obviously, the Sum
of Sine method has the highest fitting precision. So it is
selected in this paper to parameterize the hybrid airfoils.

2.2.3. Reference Area Selection. Aerodynamic characteristics
determine the motion of droplets, and impingement charac-
teristics are responsible for the interaction of the droplets
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Figure 3: Fitting shapes and errors of SoS method for (a) fitting shape of upper surface, (b) fitting error of upper surface, (c) fitting shape of
lower surface, and (d) fitting error of lower surface.
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with the airfoil and ultimately affect the ice shape and range.
The same aerodynamic and impingement characteristics of
full-scale and hybrid airfoils are important principles for
hybrid airfoil design. The same Cp at the leading edge of
hybrid and full-scale airfoil was used as figures of merit for
optimization in previous studies. However, in our opinion,
icing is the result of water droplets moving along with flow
field, impinged on the airfoil, heat transfer, and condensation
in this region. Therefore, in order to design the hybrid airfoil
accurately, the leading edge area should be included as the
reference area in optimization process; the hybrid airfoil
should be designed so that the aerodynamic characteristics
of this region are the same as those of the full-scale airfoil.
The reference area adapted is shown in Figure 4; it is C-H
shape, and it consists of a semicircle with a radius of 0.1 c
and a rectangle with a chord direction of 0.15 c and a normal
direction of 0.2 c. The black points are the reference points,
they are used to discretize the reference area, and the infor-
mation value of these points represents the values of the
whole reference area, which will be introduced into the
genetic optimization to establish the fitness function and find
the airfoil with the maximum fitness in the optimization.

2.2.4. Definition of the Optimization Problem. Genetic algo-
rithm (GA) is a global search algorithm according to Dar-
win’s theory of survival of the fitness and natural selection;
it is widely used in computer science, engineering optimiza-
tion, airfoil design, and other fields. At first, the optimization
problem was simple and single objective; GA can get good
results; however, with the increasing complexity of optimiza-
tion problems and multiobjective, the simple GA cannot
reach a satisfactory result. In this case, MOGA is more suit-
able; in this paper, the hybrid airfoil is optimized with the
use of MOGA [19].

Seven control points and fourteen design variables are
used to form a hybrid airfoil profile. Thus, the profile of
hybrid airfoil has more degrees of freedom [20]. At first,
the leading edge of the full-scale airfoil is taken as the hybrid
airfoil’s leading edge and connected with an arbitrary aft sec-
tion. Then, the flow field of hybrid and full-scale airfoil is
obtained by using a RANS solver; compare the Cps of the
two airfoils; the difference is shown in Figure 5. The design
objectives are to minimize the Cp difference and SP (stagna-
tion point) difference between full-scale and hybrid airfoil in
the reference area. The shape of hybrid airfoil is changed in
the MOGA process to get the individual with the maximum
fitness. The genetic algorithm source code is built by authors,
which is based on MATLAB and runs on PC.
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The definition of optimization can be summarized as
follows:

Objective 1:

min f ϖð Þ =
ð
ϖ

Cpp − Cpk
� �2

dϖ: ð1Þ

Objective 2:

min   f ξð Þ = SPf − SPhð Þ2 ð2Þ

subject to 0:25 ≤ xu ≤ 0:5
0:25 ≤ xd ≤ 0:5,

ð3Þ

yu > yd: ð4Þ
Meanwhile, fitness function is defined as

q ωð Þ = 1
f ωð Þ + f ξð Þ½ � , ð5Þ

where ω is reference area, subscript of f and h represent
full-scale and hybrid airfoil, respectively, xu, xd represent x
position of upper and lower surface, and yu, yd represent y
position of upper and lower surface, respectively.

The purpose of genetic optimization is to find the
individual who has the maximum fitness in evolution pro-
cess by genetic optimization; in this genetic algorithm
optimization, set the population size 30, the evolution gen-
eration number 30, the crossover rate 0.85, and the muta-
tion rate 0.05.

3. Results and Discussion

3.1. Calculation Validation. An appropriately sized grid can
increase the efficiency of CFD as well as the optimization.
Grid topology of airfoils used is shown in Figure 6; the com-
putational domain is 10 c above and below the airfoil and 10 c
wide upstream, the far field extends 20 c downstream of the
airfoil, and the initial grid spacing satisfies Y+ < 1 [21].

With this grid, the N-S equations are solved by numerical
method, here is ANSYS FLUENT. The governing equations

of continuity, momentum, are solved by the fluid solver,
expressed as

∂ρ
∂t

+ ∂
∂xj

ρuj

� �
= 0, ð6Þ

∂
∂t

ρuið Þ + ∂
∂xj

ρuiuj

� �
= −

∂p
∂xi

+ ∂
∂xj

μeff
∂ui
∂xj

+
∂uj

∂xi

 !" #
:

ð7Þ
The Spalart-Allmaras turbulence model is also used. The

S-A model [22] is a one-equation model:

D ρ~νð Þ
Dt

=Gν +
1
σ~ν

⋅
∂
∂xj

(
μ + ρ~νð Þ ∂~ν∂xj

" #
+ Cb2

∂~ν
∂xj

 !)
− Yν,

ð8Þ

where ~ν is turbulent eddy viscosity, ν is molecular viscosity,
Yν is destruction term, Gν is production term, and

Gν = Cb1ρ~ν S + ~ν

κ2d2
f ν2

� �
, ð9Þ

where S = ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi2ΩijΩij
p

.
The NACA0012 airfoil of chord length 1 is used to vali-

date the numerical method, where airfoils of NACA0012 at
different AoA are compared to those of the published exper-
imental data [23]. The parameters for verification calcula-
tion are the same as the experiment. Figures 7(a) and 7(b)
show the pressure coefficient at 0° and 4° AoA, respectively.
Figure 8 demonstrates the Cl and polar curve obtained from
numerical method and experiment. As we can see, the Cp
distributions have good conformity as well as the Cl and
polar curve.

3.2. Hybrid Airfoils on Design Conditions. With the method
described above, different hybrid airfoils from 0° to 10°

AoA were designed. As genetic algorithm is used in hybrid
airfoil design, the population size is 30 and evolutionary gen-
eration is 30. The PC’s configuration is as follows: CPU is
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Table 2: Test parameters for Cp.

Case Airfoil AoA (°) Flow speed (m/s) Temperature (°C) Atmosphere (kPa)

Case 1
Hy00 0 30 8.0 98.60

NACA0012 0 30 11.6 97.68

Case 2
Hy02 2 30 4.5 98.94

NACA0012 2 30 11.6 97.68

Case 3
Hy04 4 30 3.0 98.57

NACA0012 4 30 11.6 97.68

Case 4
Hy06 6 30 3.5 98.67

NACA0012 6 30 11.6 97.68

Case 5
Hy08 8 30 8.5 98.87

NACA0012 8 30 11.6 97.68

Case 6
Hy010 10 30 8.0 98.91

NACA0012 10 30 11.6 97.68

Case 7
Hy20 0 30 15.8 96.97

NACA2412 0 30 28.7 95.40

Case 8
Hy22 2 30 13.0 98.19

NACA2412 2 30 28.7 95.40

Case 9
Hy24 4 30 11.4 98.67

NACA2412 4 30 28.7 95.40

Case 10
Hy26 6 30 11.8 97.95

NACA2412 6 30 28.7 95.40
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Figure 12: Hybrid airfoil installation in LTWT.
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Figure 13: Continued.
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Intel® Core™ i5-8004, 16GB of memory. It takes about 7 to 9
hours to get a hybrid airfoil with this optimization process;
the time will be reduced if you do it with a high-
performance computer or improve the algorithm.

The profile and pressure distribution comparison of
hybrid airfoils at different AoA is illustrated in Figure 9; the
magnified box of the same figure shows the reference area

of interest (suction peak and stagnation point) in more detail;
as we can see, the hybrid airfoil shows a good consistency of
pressure coefficient with that of the full-scale airfoil. It is clear
that the hybrid airfoil designed here has a perfect match in
stagnation points as well as pressure coefficient with the
full-scale airfoil. And this match proves that the aerodynamic
characteristics of the hybrid airfoil are the same to the full-
scale airfoil, which is the important criterion in the optimiza-
tion process.
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Figure 13: Comparison of Cp test for (a) Case 1—Hy00, (b) Case 2—Hy02, (c) Case 3—Hy04, (d) Case 4—Hy06, (e) Case 5—Hy08, (f) Case
6—Hy010, (g) Case 1—Hy20, (h) Case 2—Hy22, (i) Case 3—Hy24, and (j) Case 4—Hy26.

Table 3: Upper and lower surface’s error for different cases.

Case
ΔU (error of upper

surface)
ΔD (error of lower

surface)
Averaged
error

Case 1 0.4% 1.4% 0.9%

Case 2 2.8% 1.2% 2.0%

Case 3 2.5% 2.8% 2.7%

Case 4 2.9% 3.6% 3.3%

Case 5 2.2% 1.0% 1.6%

Case 6 3.2% 1.0% 2.1%

Case 7 1.3% 2.7% 2.0%

Case 8 0.19% 1.7% 0.9%

Case 9 1.4% 1.9% 1.7%

Case
10

1.8% 1.1% 1.5%

Table 4: Simulation parameters.

Parameter Value

Angle of attack (°) 4°

SF 2

V∞ (m/s) 85

Ti (
°C) -25

P∞ (Pa) 101,325

MVD (μm) 20

LWC (g/m3) 0.55

Icing time (s) 420

Step 14
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4. Test on Aerodynamic
Characteristics of Airfoils

An experiment was conducted to test the aerodynamic char-
acteristics of the hybrid airfoils obtained by the design
method presented in this paper and also to check the effec-
tiveness of the method.

4.1. Quantitative Comparison of Hybrid and Full-Scale
Airfoil. In this optimization, the reference area is shown in
Section 2.2.3; the flow field characteristics in the reference
region of hybrid and full-scale airfoil are compared quantita-
tively to show the design performance of this method. The
flow field was calculated by CFD, and the reference points
are list in Figure 4; the mean velocity errors of x direction
and y direction of hybrid and full-scale airfoil of different ref-
erence points are 4.12% and 2.93%, respectively. So, we can
know that, the hybrid airfoil designed by this method could
provide the same aerodynamic characteristics with the corre-
sponding full-scale airfoils.

4.2. Pressure Coefficient Measurement. As described in Sec-
tion 4.1, the performance of hybrid airfoil was compared by
CFD; in order to check the aerodynamic characteristic of
hybrid and full-scale airfoils, pressure measurement test
was also employed. In this test, 10 different hybrid airfoils
are selected and divided into two groups according to their
corresponding full-scale airfoils:

(1) Hybrid airfoils based on the full-scale airfoil
NACA0012 at 0°, 2°, 4°, 6°, 8°, and 10° AoA, named
Hy00, Hy02, Hy04, Hy06, Hy08, and Hy010

(2) Hybrid airfoils based on the full-scale airfoil
NACA2412 at 0°, 2°, 4°, and 6° AoA, named Hy20,
Hy22, Hy24, and Hy26

In this test, the NACA0012 and NACA2412 airfoils both
have a chord length of 300mm and the different hybrid air-
foils with a chord length of 150mm. Each airfoil has 31 pres-
sure taps, which are arranged in three rows and located on
the upper and lower surfaces. The pressure taps are concen-
trated at the leading edge and gradually dispersed to the trail-
ing edge with a broken line distribution. Figure 10 shows the
location of pressure taps on the upper surface of the hybrid
airfoil model. The pressure measurement test was carried
out in the LTWT (Low Turbulence Wind Tunnel) of North-
west Polytechnic University. This wind tunnel is a low-speed
and extremely low turbulence direct current research wind
tunnel with the international advanced level and a minimum
turbulence of 0.03%. It can provide an experimental environ-
ment with excellent flow field quality for the research of air-
craft and other industrial aerodynamics. The layout of the
wind tunnel is shown in Figure 11.

As shown in Figure 12, the airfoil was horizontally
installed in the wind tunnel, and a pitot tube was installed
above the trailing edge to facilitate subsequent data process-
ing and pressure correction. End plates were used to make
the flow field as two-dimensional as possible. The piezome-
ters were led out from the pressure taps and connected to
DSY104 electronic scanning micropressure measuring sys-
tem. There are 192 pressure measuring channels in the sys-
tem, the measuring ranges are 160 channels ± 2:5 kPa and
32 channels ± 7:5 kPa, the measuring precision is less than
±0.1% full scale, and the scanning rate is 20,000 points/sec.
Measuring range of ±7.5kPa was selected in this experiment.

4.3. Pressure Measurement Results. In order to validate the
design performance of the aforementioned hybrid airfoils,
the leading edge pressure measurement experiment was
designed. For different airfoils, experimental conditions are
shown in Table 2.
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Figure 14: Comparison of ice accretion between hybrid and full-scale airfoils.
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After data processing, the comparison of pressure coeffi-
cient between hybrid and full-scale airfoils is shown in
Figure 13; ΔU and ΔD represent the error between the pres-
sure coefficient distribution on the upper and lower surfaces
of the hybrid airfoil and the corresponding full-scale airfoil,
respectively.

The errors of these 10 cases are listed in Table 3; obvi-
ously, the upper and lower Cp of the hybrid airfoils and
full-scale airfoils at the leading edge are essentially the same;
the average error is less than 4%.

5. Ice Accretion and Ice-Induced Vortices of
Hybrid and Full-Scale Airfoils

5.1. Ice Accretion. To obtain a hybrid airfoil which generates
the same ice accretion as a full-scale airfoil for icing wind tun-
nel testing is the purpose of this hybrid airfoil design method.

Pressure tests have confirmed that the Cp of the two airfoils at
the leading edge is the same. On this basis, it is necessary to
analyze the icing process of hybrid and full-scale airfoil to
check whether the icing accretion and aerodynamic character-
istic changes are the same under the same icing condition. An
improved icing calculation method [24] based on the finite
volume method (FVM) is used to carry out multistep ice
numerical calculation of hybrid and full-scale airfoils.

Generally, ice can be divided into glaze ice and rime ice
according to ice temperature and liquid water content. For
rime ice, as the temperature is low, water droplets will freeze
immediately when they hit the airfoil [25] and ice accretion
gradually increases along the flow direction at the leading
edge; the ice does not radically alter the shape of the airfoil;
however, it does increase the chord length of the airfoil. So
rime ice is a good test case to compare if the droplet trajectory
impact locations and icing limits of hybrid and full-scale
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Figure 15: Comparison of Cp in icing process at (a) step 1 (30 s), (b) step 5 (150 s), (c) step 8 (240 s), and (d) step 14 (420 s).
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airfoil were the same [26]. Here, we choose a rime ice condi-
tion to check the ice accretion for hybrid and full-scale airfoil.
The ice simulation parameters are shown in Table 4.

Figure 14 shows the icing on the surface of the hybrid air-
foil and the full-scale airfoil at the end of several time steps. It
can be seen that the ice shapes coincide at s1 and s5 during
the beginning of ice accretion, with no obvious differences
between them. In later time steps, at the end of s8 and s14
iterations, the ice shapes of the lower part still have excellent
agreement, but the ice shape of the upper part has a small dif-
ference. However, the upper and lower limit positions, the ice
thickness limit, and the ice angle thickness [27] are close and
thus still have a familiar resemblance. Comparing the ice
shape in different iteration steps in Figure 14, the chord
length of the airfoil after icing gradually increases in the neg-
ative direction compared with the clean airfoil.

Figure 15 shows the Cp comparison between the hybrid
airfoil and the full-scale airfoil at the end of each time step.
The ice shapes at the end of s1, s5, and s8 are in good agree-
ment, especially in the area near the front edge, and there is
no obvious difference in Cp. At the end of s14, the ice shape
difference is caused by the icing accumulation error. At this
time, the Cp oscillates and the suction peak of the hybrid air-
foil weakens to a greater extent than that of the full-scale air-
foil. It can also be seen that although ice accretion leads to the
separation of air flow, which affects the upper and lower pres-
sure distribution of the leading edge, the influenced region is
small. Most of the oscillations occur in the 10% chord length
of the leading edge, and thereafter, the Cp gradually recovers
to the same as that of the clean airfoil. Only at the end of s14,
because of the complex shape of ice accretion, does the sepa-
ration of air flow seriously affects the Cp of the whole airfoil
which makes the Cp of the iced airfoil smaller than that of the
clean airfoil.

5.2. Ice-Induced Vortices. The shape of the hybrid airfoil is
such that the chord length is short and the aft section has a

large curvature. Therefore, with the ice accretion on the lead-
ing edge of airfoils, flow separation and ice-induced vortices
occur and grow gradually. Then, droplets will be affected
and change their trajectories rapidly in this area. In order to
check the vortices in the ice accretion process of hybrid and
full-scale airfoils, vortex distribution of two airfoils (S5 and
S14 of hybrid and full-scale airfoils) was simulated by the
2D URANS equations. When calculation is complete, the
instantaneous vortex structures of these airfoils were com-
pared by the Q-criterion [28] of the vorticity equipotential
surface, which is defined as follows:

Q = 1
2 Ωij
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 !
,
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whereΩ and S are the symmetric and antisymmetric compo-
nents of the velocity gradient tensor.

Instantaneous vortex diagrams of full-scale and hybrid
airfoils are shown in Figure 16. The left picture shows the
vortices of airfoils as the ice accretion begins, S5, and the
right shows the end of accretion. As we can see, the vortex
distribution is complex and concentrated in the leading edge;
for the full-scale and hybrid airfoil, the vortices share the
same distribution location and strength. As for S14, with
more ice on the leading edge, the irregular ice induced more
complex vortices and separation. Compared to S5, the vorti-
ces have larger and stronger distribution, especially in the
lower surface area. As shown in the circles, vortices are sim-
ilar for full-scale and hybrid airfoils at the same stations.
These results illustrate the same flow and vortices for full-
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S14

Hybrid airfoil

Full-scale airfoil
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Figure 16: Variation of airfoil vortices.
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scale and hybrid airfoils in the ice accretion process and then
the same droplet trajectories and ice accretion.

6. Conclusions

Hybrid airfoils based on different full-scale airfoils and differ-
ent AoA are obtained; leading edge pressure measurement
experiment was conducted. The design and experimental
results demonstrate that, by the same aerodynamic charac-
teristics and Cp in the reference area, hybrid airfoil with good
performance can be designed using the optimization method
in this paper.

Compared with the parameterized expression method for
general airfoils, the SS function is simple and clear because of
its special function and use, which can better describe the
shape characteristics of the hybrid airfoil, accurately express
the shape of the hybrid airfoil, and easily change the airfoil
profile through parameter adjustment.

The multiobjective genetic algorithm and two optimiza-
tion loops improved the optimization accuracy of multicon-
trol point hybrid airfoils. Taking the same aerodynamic
characteristics of the reference area as the optimization crite-
rion, more accurate simulation of pressure distribution of
full-scale airfoil can be realized and the same stagnation point
and pressure peak value can be obtained.

The pressure measurement experiment proved the excel-
lent performance of hybrid airfoils designed by this method;
the instantaneous vortex structure comparison indicated that
the hybrid airfoil shares the same vorticity distribution and
variation with the full-scale airfoil, so ice accretion on the
hybrid airfoil is the same as that on the full-scale airfoil.
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