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ABSTRACT

The aims of the work is to develop a numerical iced airfoil; quarter round forward ice was tested on
NACA 4410 and NACA 0012 airfoils at zero and non-zero angles of attack, and Reynolds numbers
equal to (2∙105, 2.4∙105) based on airfoil chord and Mach number 0.04. The two-dimensional steady-
state momentum equations with the continuity equation have been solved applying a finite volume
method to examine the turbulent flow over a clean and iced airfoil. The cambered airfoil NACA 4410
spends less power than the unsymmetrical airfoil at the same angle of attack. The reported numerical
results demonstrated that for airfoil NACA 4410, the drag was increased by 40%, and the lift was
reduced by 22%. However, for airfoil NACA 0012, the drag was increased by 43%, and the lift was
decreased by 21%.
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1. INTRODUCTION

There is a significant danger in-flight icing. It kills the smooth airflow, raises the drag,
degrades the control authority, and reduces an airfoil’s ability to lift. The real weight of
the aircraft’s ice is inferior to the damage it creates to airflow. On each exposed frontal
surface of the plane, ice can be produced not only on the wings, and windshield or
propeller, but also on the antennas, vents, intakes, control surfaces, and cowlings.
A light aircraft may become so iced up under moderate to extreme conditions that it is
impossible to continue the flight. The aircraft could stall at much slower speeds and
lower attack angles than usual. This action can uncontrollably roll, or pitch and recovery
may be unlikely. Extreme icing is defined by the Aeronautical Information Manual
(AIM) of the United States as ice levels that are so high that anti-icing and de-icing
equipment are unable to control the level of danger and require immediate diversion of
flights [1].

Many researchers investigated the airflow over iced airfoils applying different numerical
methods.

The researchers studied the influence of propeller slipstream on the aerodynamic char-
acteristics of a static-wing Micro Air Vehicle (MAV) by simplifying it into an actuator
volume and an actuator disk [2, 3], while in other analytically studied the distribution of
pressure and velocity on airfoils of arbitrary sizes, taking into account the strict limit con-
ditions. A precise second-order [4] and third-fifth order method is developed in inviscid
incompressible flows [5, 6].

Other transport category aircraft was used in this investigation for a number of natural
icing flying experiments and icing wind tunnel testing. Similar test settings were used to
examine the outcomes on shielded and unprotected surfaces of the swept wings and
empennage [7]. Laser surface structuring was either used in this study or as an alternative

Pollack Periodica •

An International Journal
for Engineering and
Information Sciences

18 (2023) 2, 29–34

DOI:
10.1556/606.2023.00770
© 2023 Akadémiai Kiadó, Budapest

ORIGINAL RESEARCH
PAPER

pCorresponding author.
E-mail: dr.ahmed.jameel@sadiq.edu.iq

Brought to you by MTA Titkárság - Secretariat of the Hungarian Academy of Sciences | Unauthenticated | Downloaded 08/07/23 01:44 PM UTC

https://doi.org/10.1556/606.2023.00770
mailto:dr.ahmed.jameel@sadiq.edu.iq


method to coatings for producing icephobic characteristics
and assisting deicing and anti-icing procedures on aero-
dynamic surfaces. Through direct laser interference
patterning, a titanium airfoil with a non-planar surface is
directly fabricated with hierarchical micro- and nano-
structures [8]. There are researchers focused on improving
a multi-element airfoil that can tolerate ice. With the help
of the crucial horn-shaped ice that has collected during
the holding phase, dual-objective optimization is conducted
[9, 10], while others investigated the aerodynamic charac-
teristics of a NACA 0012 wing geometry at reduced Rey-
nolds numbers and angles of attack ranging from 08 to
908 [11].

2. MATHEMATICAL MODEL

The mathematical model of the physical domain and
fluid flow is introduced in this chapter. This model
includes the two-dimensional differential governing
equations of flow analysis (continuity and momentum) in
Cartesian coordinates with two equations for (k-ε) tur-
bulent model.

2.1. The governing differential equations

Two different airfoils are used in this work, namely; NACA
0012 with a chord of (350 mm) and NACA 4410 with a
chord of (250 mm), as it is shown in Fig. 1. Mixed cases are
correctly investigated clean airfoil and iced airfoil with
quarter round forward iced airfoil at zero and non-zero
angles of attack.

The assumptions used for external airflow over the air-
foils are:

1. Steady-state, two-dimensional, incompressible flow;
2. The fluid is Newtonian;
3. The working fluid obeys the law of ideal gases;
4. The physical properties of the air are constant;
5. It is assumed that the ice formation is stretched from the

wing root to the tip with no spanwise variations.

The governing equations that describe the two-dimen-
sional flow over an airfoil are (Verestage and Malalase-
kera [12]).

2.1.1. Conservation of mass. Conservation of mass denotes
that mass cannot be created nor destroyed. Applying mass
conservation law on a 2D control volume, the conservation
equation is:

vu
vx

þ vv
vy

¼ 0; (1)

where u and v are the x and y velocity components di-
rections, respectively.

2.1.2. Momentum equations: force balance. Momentum
equations are obtained from Newton’s second law of mo-
tion that confirms that a fluid particle’s rate of momentum
change is equivalent to the totality of the forces applied to
it. The derived equations of momentum can be drawn
up as:

� u-momentum (x-direction)

v
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� υ-momentum (y-direction)
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μeff
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�
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�
þ Sv; (3)

where μeff is the effective viscosity coefficient which is
commonly evaluated as:

μeff ¼ μl þ μt; (4)

where μl is the laminar viscosity; μt is the turbulent eddy
viscosity; Su is a source term of u in the x-direction; Sv is a
source term of υ in the y-direction.

2.2. Turbulence

Turbulence describes the random and chaotic motion of the
viscous fluid flow. Turbulent flow can be visualized by
rotational motion commonly referred to as turbulent eddies
or rotational movement of the stream, are defined over a
wide range of length scales. Length scales represent the size
of turbulent intensity, and it is dependent on the size of the
model and Reynolds number (Re) Launder and Spald-
ing [13],

Ti ¼ 0:16$Re−1=8: (5)

Launder and Spalding’s two-equation k -turbulence pro-
totype of kinetic energy (k) and its dissipation rate (ε) [13].
This model shows the turbulent viscosity of the local values
ε, k, and ρ by the expression:

μt ¼ ρcμk
2
�
ε; (6)

where cμ is an experimental constant.Fig. 1. Airfoil shapes clean and without ice
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The distribution of k and ε over the stream field is
estimated from the following semi-pragmatic transport
equations for k and ε, Ideriah, [14],

� Turbulence energy, k

v

vx
ρukð Þ þ v

vy
ρυkð Þ ¼ v

vx

μeff
σk

vk
vx

� �
þ v

vy

μeff
σk

vk
vy

� �
þ G – ρε; (7)

� Energy dissipation rate, ε

v
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k
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In the turbulence transport equations G represents the
production of the kinetic energy from mean velocity gradi-
ents, and σε, σk are the effective Prandtl number,

G ¼ μt 2
vu
vx

� �2

þ vv
vy

� �2
" #

þ vu
vx

þ vv
vy

� �2
( )

þ SG;

(9)

where SG is given by Ideriah, [12],

SG ¼ −
2
3
μt

vu
vx

þ vv
vy

� �2
� 2
3
ρk

vu
vx

þ vv
vy

� �
; (10)

where SG is the source term of production of G.
The values of the empirical constant used here are given

in Table 1.
These values have been specified from tests for water and

air for essential turbulent shear flows, together with
compatible shear flows Launder and Spalding, [11].

2.3. Boundary conditions

The border conditions at the airfoil are shown in Fig. 1:

� No-slip boundary condition is applied on a solid surface.
All solid surfaces have u 5 0, v 5 0.

� Uniform and constant free stream velocity at x 5 � c and
at any y, u 5 u∞, v 5 0 where c is the airfoil chord.

3. COMPUTATIONAL METHODOLOGY

The Computational Fluid Dynamics (CFD) is implemented
in this work by applying a finite volume method. Fluent
software, v6.26, 2009 is commonly solved the governing
differential equations for airflow over a clean and iced airfoil.
The methodology to use this software is presented in the
following sections.

3.1. GAMBIT software

GAMBIT v2.4.6 [15]: mesh generation software is a dis-
cretization software used to mesh the region over the airfoil.
The control volume in this analysis represents the flow
domain over an airfoil. Discretization is the process of
subdividing the volumes that represent the fluid and solid
regions into smaller quantities called cells. In CFD, flow
variables are solved from one of the cells to the next until the
solution for the entire control volume is completed.

3.2. FLUENT software

FLUENT v6.26 [16] is the commercial CFD software used to
conduct fluid analysis. FLUENT utilizes the discretized
domain constructed in GAMBIT to solve the governing
equations of the control volume in the present study.
GAMBIT or other mesh generation software usually adds to
FLUENT software for implementing an integrated meshing
capability.

3.3. Simulation of iced airfoil in fluent

The computational method contains three parts; these are
solver stage (processing), a pre-processing, and finally, a
post-processing phase. The pre-processing phase includes
building the computational environment, including the
model’s geometric assembly, meshing, and finally applying
boundary conditions. Table 2 shows the ice dimensions on
the airfoils. The solver stage is to submit the model to a CFD
system and to solve the governing equations to achieve re-
sults. Then, in a post-processing phase, the effects of the
solver are analyzed.

3.4. Meshing and building

Model construction, meshing, and assembly require an
experimental and error method that several times involves
several repetitions before the creation of proper geometry
and mesh. Figure 2 represents the unstructured grid gener-
ated for an airfoil with and without ice in GAMBIT.

3.5. Governing equations and solution methods

The governing equations are resolved dynamically using an
implicit linearization method in which the value of interest
in each cell is figured out for each variable by using equa-
tions with both known and unknown values from neigh-
boring cells. Increasing the undefined occurs in a sequence
of equations eventually, which must be resolved

Table 2. Ice dimensions on the airfoils NACA 0012 and NACA
4410

Quarter ice dimension for NACA 4410
Quarter ice geometry

for NACA 0012

No. of point x/c y/c x/c y/c

1st point 0.34410 0.09542 0.30941 0.07911
2nd point 0.34911 0.08890 0.32412 0.06000
Center point 0.34412 0.08891 0.30945 0.06000

Table 1. Values of constants in the k-ε model

Cμ C1 C2 σk σε

0.09 1.44 1.92 1.0 1.3
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instantaneously. The Semi-Implicit Pressure ReLated Equa-
tions (SIPRLE) algorithm, coupled with the velocity and the
pressure the relationship between pressure and velocity
adjustment in order to achieve mass preservation, as well as
a pressure scope. Computations require initialization of the
flow based on some condition within the model before fluent
is started. This initialization method serves as the initial
guess of the solution’s flow area. The inlet conditions
initialize the flow field to the model for all computational
simulations. A converged solution requires several repeti-
tions, and the subsequent general processes are included:

1. Updated fluid properties to the current solution;
2. The u, v, momentum equations are each solved with

current pressure and mass flux values to update the ve-
locity field;

3. The velocities from phase one cannot recoup the per-
manency equation locally so that changes are made by
amending Eqs (11), (12) to meet continuity [17],

uw ¼ ~uw þ �uw; (11)

υs ¼ ~vs þ �vs; (12)

where uw and vs are the components of velocity that content
the continuity equation; ~uw and ~vs are the components of
velocity obtained by sustaining the momentum equations;
�uw and �vs are the corrections to the velocity components
needed to satisfy the continuity equation.

Eqs (11) and (12) define �uw and �vs values for each cell in
the domain. The ~uw and ~vs fields are obtained by solving the
momentum equation;

4. Scalar equations are solved for turbulence and with the
previously updated values from other variables;

5. A conjunction check is completed to the equations.
The defaulting convergence criterion in ANSYS FLUENT
is sufficient. This criterion requires that the scaled
residuals (Rø) defined by Eq. (13) decrease to 10�3 for
all equations except the energy equation, for which the
criterion is 10�6 [18],

R∅ ¼
P

cells p
��P

nbanb∅nb þ b� ap∅p
��P

cells pjap∅pj ; (13)

where ap is the center coefficient; anb is the influence co-
efficients for the neighboring cells; f is the global variable for
the conservation equation at a cell [15].

In general, looked to empower residual plotting and
adjust the convergence criteria by means of this dialog box.

3.6. Convergence criteria and tests

The basic approach used in this research to judge a solu-
tion’s convergence involves monitoring the normalized
continuity residuals, x, y, and momentum, k and ε after each
iteration. The standardized residuals are determined when
the unscaled residuals are first found. Un-scaled residuals
are the product of numerical error computations, and as
these solutions run over several iterations, mathematical
errors become smaller and smaller, usually falling many
magnitude orders. It is most useful to track the scaled
(normalized) residuals to determine convergence. A scaled
residual will be given by taking the most significant
remaining values from the initial iterations and separating
each subsequent remaining value by this amount. Figure 3
displays the scaled residuals of continuity, momentum, k,
and ε as the solution progresses to the convergence of about
700 iterations. All cases will usually require 500–2000 iter-
ations to attain the defined grade of convergence.

3.7. Calculation of drag and lift forces

The aerodynamic forces on the body are due to only two
basic sources [19]:

1. Pressure distribution over the body surface P which acts
normal to the surface;

2. Distribute shear stress on the surface of the body Γ,
which acts tangential to the surface;

3. It is necessary to find the surface pressure coefficient to
determine previously mentioned forces, which defined as:

Fig. 3. A big tip gap of residual convergence

Fig. 2. Mesh for airflows over airfoil NACA 4410, a) clean airfoil;
b) quarter round forward iced airfoil
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Cp ¼ P � P∞
q∞

; (14)

where P and P∞ are the local static pressure and free-stream
static pressure, respectively; q∞ is the free-stream dynamic
pressure which found from ρ

∞
V2
∞
=2.

The total drag (Dtotal) due to the pressure acting over the
entire surface area is calculated [19]:

Dupper ¼
Z T:E

L:E
Pusin α dsu; (15)

Dlower ¼
Z T:E

L:E
Plsin α dsl; (16)

Dtotal ¼ Dupper þ Dlower: (17)

The total lift (Ltotal) computes from the integration of the
following equations:

Lupper ¼
Z T:E

L:E
Pucos α dsu; (18)

Llower ¼
Z T:E

L:E
Plcos α dsl; (19)

Ltotal ¼ Lupper þ Llower; (20)

where α is the angle of attack, ds is the element surface area.

4. RESULTS AND DISCUSSION

It is eminent that any nongeometrical change in the airfoil
shape would cause a decrease in the airfoil performance, and
this can figure out in lift and drag coefficients. Figure 4a
shows the decline in lift coefficient when the ice exists on the
airfoil NACA 4410 at Mach number M 5 0.2 when
compared with the clear case. The figure shows the lift co-
efficient has increased to reach its maximum value at 1.4
when α 5 128. However, this value decreased from 1.4 to 1.2
for M 5 0.2 at the same angle of attack due to the existence
of ice. Figure 4b shows the increase in drag coefficient due to
the ice compared with that of the clean case, where the ice
has caused more disturbances for the air over the airfoil and
thereby increases the drag force. The distinction of drag and
lift coefficients for numerous Mach numbers over an iced
airfoil is shown in the figure below.

The predicted drag performance of clean and iced airfoil
NACA 4410 is presented in Fig. 4a. The iced airfoil shows
higher values of the drag coefficient than that for the clean
airfoil. At 128 angle of attack, the drag coefficient reaches 0.2
for horn iced airfoil. In general, the drag coefficient
increased by more than 40% for a positive angle of attack,
while the drag coefficient at AOA is increased considerably
by about 60%.

Figure 4b displays the lift coefficient was taken as a
function of angle of attack for the clean and iced airfoil.
Figure 5 shows a comparison of lift to drag coefficient ratio
for clean and iced airfoil NACA 4410 at different AOA and

Re number equal to 2∙105. A degradation in the lift coeffi-
cient is shown with the presence of ice on the airfoil.

5. CONCLUSIONS

An iced airfoil NACA 0012 and NACA 4410 at zero and
non-zero angles of attack have been studied at this paper
through a precise computational investigation of their
aerodynamic characteristics. As stated by the preceding
discussion, the following conclusions can be assumed:

Fig. 5. Numerical CL/CD results for clean (circled curve) and iced
(squared curve) NACA 4410 airfoil at different AOA

Fig. 4. A numerical comparison between clean (vircled curve) and
iced (squered curve) NACA 4410 airfoil at different negative Angle
Of Attack (AOA) and Mach number (0.2), a) lift coefficient (CLl);

b) drag coefficient (CD)
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1. The drag is increased by 25%, and the lift is decreased by
33.8% when the quarter forward ice shape presence on
the airfoil NACA 4410 at an angle of attack equal to 48;

2. The results are compatible with previous literature, which
demonstrates that cambered airfoils produce lift more than
symmetrical straight airfoils and less drag at the same AOA;

3. A steep pressure decrease is reported for an iced airfoil
with a quarter round forward iced cases at the location of
ice (which was at the maximum thickness of the upper
surface of the airfoil);

4. The drag and lift coefficients results for the ice cases show
a deviation from that of the clear example, which in-
dicates that the presence of ice on the airfoil is dangerous
and could cause significant problems for the pilots;

5. For a negative angle of attack (08, �48), the pressure
coefficient Cp at iced airfoil lower surface was less than
that of the upper surface.
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