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Light aircraft are being used widely for passenger and freight transport nowadays. In this paper
aerodynamics of a trainer aircraft’s 3d wing with NACA 2412 aerofoil is presented. The lift and drag
coefficient of the 3d wing at different angle’s of attack using CFD software Fluent is analyzed and the
plots of flow parameters like velocity, pressure and path lines are given. In this work ko sst
Turbulence model is used to analyze the flow around the 3d wing of the trainer aircraft considering
nominal wind turbulence conditions. For this simulation only one wing of aircraft without fuselage is
considered taking symmetry in to account. Fuselage is not considered in this work since the objective
of this work is to predict the performance of wing alone. Trainer aircrafts operational max speed of
240km/hr is simulated to compute lift and drag coefficients of the wing at different angle of attacks.
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INTRODUCTION

Small and light aircraft manufacturers are working on several
development and research works for design and performance
improvements of these small aircrafts for fuel economy and for
reliable operations at varying weather conditions. A 3d wing of
a trainer aircraft with NACA 2412 acrofoil profile is modelled
to same scale and solved using CFD software to predict and
tabulate the lift and drag coefficients at different angle of
attacks. By this work the performance of a 3d wing of a trainer
aircraft with a cruise speed of 240 km/hr is predicted for
different angles of attack and it can be used for future research
work in these area. When compared to a 2d infinite aerofoil
analysis, 3d wing analysis will predict the drag and lift
coefficients exactly taking in to account wing tip vortices
downwash and varying wing thickness along the span. As fluid
flow analysis can be performed with different turbulence
models an appropriate turbulence model has to be selected to
predict the lift and drag coefficients. The computational fluid
domain is modelled with optimum number of cells based on
solution convergence. (Douvi, 2012) Douvi C. Eleni and others
in their paper discussed about NACA 0012 aerofoil lift and
drag prediction using three different turbulence models namely
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Spalart Allmaras, k € Realizable and k-o SST model. They
concluded stating k-o SST model as the most appropriate
turbulence model for lift and drag coefficient estimations of a
2d aerofoil. Like this various research work had been carried
out comparing the accuracy and applicability of each of the
turbulence model for different fluid flow analysis and it is
recommended that kw-sst Turbulence model predicts aerofoil
lift and drag coefficients accurately for nominal turbulence
Conditions. Hence for this analysis kw-sst turbulence model
is used to predict the lift drag and other flow parameters of the
3dwing.

Turbulence model governing equation

Turbulent flows are characterized by fluctuating velocity.
Since these fluctuations can be of small scale and high
frequency, they are too computationally expensive to simulate
directly with engineering calculations. Instead, the
instantaneous governing equations can be time-averaged,
ensemble-averaged, or otherwise manipulated to remove the
small scales, resulting in a modified set of equations that can
be solved very easily with less computational time. This
modified equation’s contain additional unknown variables, and
turbulence models are needed to determine these variables in
terms of known quantities.
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Based on classical approach (Reynolds Average Navier Stokes
Equation) we have below listed Turbulence models

a) Zero Equation model: Mixing length model

b) One Equation model: Spalart Allmaras model

¢) Two Equation model: k-epsilon and k-omega model
d) Seven Equation model: Reynolds Stress model

Based on Space-filtered equations we have LES (Large Eddy
Simulation) model. Out of above listed Turbulence model
Spalart Allmaras model, k-¢ , k-® and SST k- model are
explained below.

Spalart Allmaras turbulence model (One Equation Model):

The Spalart-Allmaras model is a simple one-equation model
that solves a transport equation for the kinematic turbulent
viscosity. The Spalart-Allmaras model was designed
specifically for aerospace applications involving wall-bounded
flows and has been shown to give good results for boundary
layers subjected to adverse pressure gradients. The Spalart-
Allmaras model is effectively a low-Reynolds-number model,
requiring the viscous affected region of the boundary layer to
be properly resolved. However in some CFD software, the
Spalart-Allmaras model has been implemented to use wall
functions when the mesh resolution is not fine enough.
However, the Spalart-Allmaras model is still relatively new,
and no claim is made regarding its suitability to all types of
complex engineering flows

In Spalart Allmaras model the transport equation for ¥ is given
below

P I
3t PV +5-(p7) =
52 _
) ) WHSy

1 0 ~ 0V
Gy + o G (u+ D) gvj} + Cpap

where G, is the production of turbulent viscosity and Y, is the
destruction of turbulent viscosity that occurs in the near-wall
region due to wall blocking and viscous damping. o3 and Cp,
are constants and v is the molecular kinematic viscosity. Sy is
a user-defined source term.

The turbulent viscosity, ., is computed from
B = pVfyy
Where the viscous damping function, f,4, is given by
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The production term, G,, is modeled as
GV = CblpSV
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Where Cy,; and «k are constants, d is the distance from the wall,
and S is a scalar measure of the deformation tensor and is
based on the magnitude of the vorticity and it is given by

where Q;; is the mean rate of rotation tensor and is defined by
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The Turbulence destruction term is modelled as

Yv = Cwlpfw(g)z """ (7)
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Cyw1, Cwa, Cys and Kk are constants and S is given by on (6).

Standard k € turbulence model

The standard k-¢ model is based on modelling transport
equations for the turbulence kinetic energy (k) and its
dissipation rate (¢). In the derivation of the k-¢ model, it was
assumed that the flow is fully turbulent, and the effects of
molecular viscosity are negligible. The standard k-¢ model is
therefore valid only for fully turbulent flows. The two transport
equation for standard k-¢ model are

a a a ok
5 (PR + 5 (k) = 2 (4970 + Gt Gy o
Yy +Se 0 ----- (8)
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Where Gy represents the generation of turbulence kinetic
energy due to the mean velocity gradients, Gy, is the generation
of turbulence kinetic energy due to buoyancy. Yy represents
the contribution of the fluctuating dilatation in compressible
turbulence to the overall dissipation rate. Cy,, C,, and Cs, are
constants. oy and o, are the turbulent Prandtl numbers for k
and ¢, respectively. Sy and S, are defined source terms.

The turbulent viscosity, y;, is computed by combining k and &

as
2

k
Ut zpCu =
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where Cu 1S a constant.
Standard K ® turbulence model

The standard k ® model is an empirical model based on
transport equations for the turbulence kinetic energy (k) and
the specific dissipation rate (®). The transport Equations for
the Standard kK © model from which the turbulence kinetic
energy k and the specific dissipation rate ® are obtained is
given below

2 2 9 . 0K
a0 (P + 50 (pkup) = 5o (Mg ) + G Yie+ Sk
(1)

2 2 2 .. 00
50 (P0) + 55 (pouy) = 52T 500 + Go

In above equations, Gy represents the generation of turbulence
kinetic energy due to mean velocity gradients. G, represents
the generation of ®. I'y and I’y represent the effective
diffusivity of k and ®, respectively. Y and Y, represent the
dissipation of k and ® due to turbulence. Sy and S, are user
defined source terms. This turbulence model is not presented
here in detail as in this paper the flow over the aircraft wing is
analyzed using SST ko model.

SSTKk ® turbulence model

In this model when compared to standard k © model the
turbulent viscosity is modified to account for the transport of
the principal turbulent shear stress. This feature gives the SST
k ® model an advantage in terms of performance over both
the standard k  ® model and the standard k &€ model. In this
model cross diffusion term is included in the @ equation and a
blending function is considered to ensure that the model
equations behave appropriately in both the near wall and far
field zones. The transport equation for SST k ® model is
given by

a a 2 ok
52 (PR) + a_xl-(pkui) = a_xj(rk 6_x]) + G Y+ Sk

where I, and [, are the effective diffusivity of k and w
respectively. Yy and Y, represent the dissipation of k and o due
to turbulence and D, represents the cross diffusion term. Sy
and S, are user defined source terms. Gy represents the
generation of turbulence kinetic energy due to mean velocity
gradients and G, represents the generation of o,

du;
Ge= poGGD)

Ooo ag+Ret/Rgy

Coefficient ais o =—= (1+Ret/Rm) ---(17)

where 0, = F10,1 + (1 Fp)og,, and
Re, = 5—::

ooy %

Constants R, =6, R,=2.95, a, =% and
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where constant k¥ =0.41 anda,, =1 and B_=0.09

Also ;| = 0.075 and B, = 0.0828

The effective diffusivities in SSTk  ® model is given by
1“k=u+ﬁ and 1“0J=u+ﬁ
Ok O

where oy and o, are the turbulent Prandtl numbers for k and o
respectively.
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The turbulent viscosity p, = p—TFZ
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€Q;; is the mean rate-of-rotation tensor and a is defined in (18).

The blending functions, F; and F, in (22) are
F, = tanh (®}) and F, = tanh (®3) ---(23)
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where y is the distance to the next surface and D} is the
positive portion of the cross-diffusion term

The dissipation of kand @ in SST k  ® model is given by

Yk = pB ko
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Y, = mez

where B =p,(1 %C F(M;)) and

B =pA+CFM)) ----- (28)

and Bi = FlBi'l + (1 Fl)ﬁiz
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Compressibility function, F(M) in (28) is

0 M, < My,
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where Mtzzz—lz( , Mg =0.25 and a =,/yRT,

The constants oy, = 1.176, 6,1 = 2.0
1168, { =1.5, Rg=8, B_=10.09

' Ok2 = 10, Cp2 =

1
a; =031, B, = 0.075, B;, = 0.0828, 00 = ;

The cross diffusion term D, in (24) is given by

Do 1 0k 6o
o =2( 1)P%,zaa—xja—xj

Geometry and grid

For wing, NACA 2412 Aerofoil profile is used and the wing
2d geometry is shown in Figure 1.

Fig. 1. NACA 2412 Aerofoil section

The fluid domain used to simulate the acrodynamic flow along
with the 3d wing is shown in Figure 2.

Only one wing of the trainer aircraft is analyzed considering
half symmetry. Fuselage is not considered for this analysis as
only the performance of the wing is analyzed for different

angle of attacks and presented in this paper. Fluid domain is
modelled accordingly to represent a large wind tunnel.

Fig.2. Fluid Domain with 3d wing

Grid element size is kept fine near to wing surface to capture
Turbulent separated chaotic flow at high angle of attacks. In
any CFD simulation before extracting the results the effect of
mesh size on solution need to be investigated. In general
accuracy of numerical solution will increase with number of
grid cell or elements but it also will increase the computational
time and additional memory requirements. An appropriate
number of elements or cells can be determined by decreasing
the mesh size such that it becomes finer and finer for each
solution iteration and arriving at an appropriate size such that
any further refinement will not have any significant change in
solution values. For this 3d wing simulation solution
convergence of lift coefficient at stall angle of attack is tested
for different grid size and a optimum cell size is determined
which lead to a converged solution. From the figure 3 it is
clear that a grid size with 2959357 cells is found suitable for
converged results.
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Fig.3. Lift Coefficient at stall angle of attack vs Number of Grid
Cells
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Hence based on above convergence study, the computational

domain which is used to simulate 3d wing at different angle of

attacks is composed of 2955547 grid cells.

Fig. 4. Domain of 3d wing in CFD

Fig.5. Fine Grid size near to 3d wing (Loc ‘AA’)

In the domain the grid cells are clustered in such a way that
boundary layer volume with fine grid size is created near to
wing wall to capture turbulence separation and for accurate
prediction of lift and drag coefficient. A moderate to coarse
grid size is used in region away from wing surface in the fluid
domain. CFD software Ansys Fluent 13 and workbench is
used for flow simulation and grid generation of this 3d wing
domain. In figure 4 domain grid with wing is shown. In figure
5 fine mesh near to 3d wing boundary layer is shown.

Properties and boundary
Conditions

Air at 273K and density of 1.2919 kg/m3 is considered for
fluid domain assuming the aircraft will be operating at cold
weather conditions. Boundary conditions like velocity inlet,
walls without boundary layer and flow outlet with atmospheric
pressure conditions are considered in the fluid domain as
shown in figure 6 to represent conditions similar to wind
tunnel.

Velocity inlet

Wall

Fig. 6. Fluid Domain Boundary conditions

At 3d wing surface boundary condition of “No- Slip wall” is
given to include boundary layer as shown in Figure 7.

Wing, sorfmos with
Eomndary ixyer

Fig. 7. 3D Wing surface inside domain

Symmetric boundary condition is applied to wall which has the
wing attached to it considering half symmetric analysis of full
aircraft without fuselage. Velocity inlet condition of 63.9 m/s
is considered at entry of domain to simulate the wing
coefficients at 230 km/hr operating speed of aircraft. For this
inlet conditions the Reynolds number of flow around the wing
is approximately 4.9 million. Turbulence intensity of 0.5% is
considered at flow inlet to simulate the lift and drag
coefficients considering small amount of turbulence in the
atmosphere at designated max and cruise altitude. Analysis
was carried out for different angle of attack of 3d wing from -
20° to +20°. k ® sst turbulence model is used for simulation of
flow around the 3d wing, as several researches in similar kind
of flows recommends ko sst model for accurate prediction of
results. (Johansen, 1997) Johansen in his paper Prediction of
Laminar/Turbulent Transition in Airfoil Flows discussed
experimental results of fully turbulent and transitional
turbulent flows around NACA 0012 aerofoil. Then (Douvi
et al., 2012) Douvi C .Eleni and other’s in their paper
“Evaluation of the turbulence models for the simulation of the
flow over a NACA 0012 airfoil” compared experimental
results of Johansen with Spalart Allmaras, k-¢ and k-o
turbulence model and concluded k-o turbulence model
predicts lift and drag coefficients accurately than other two
models. Based on this previous research work, ko sst
turbulence model is used for flow simulation for this
symmetric trainer aircraft NACA 2412 aerofoil 3d wing.

RESULTS AND DISCUSSION

Half symmetric model of trainer aircraft wing is analyzed with
k- sst turbulence model using CFD software Ansys Fluent 13
for different angle of attack’s ranging from -20° to +20° and
the resulting lift and drag coefficients are shown in figure 8
and 9. These analysis results are for the cruise speed of 230
km/hr considering max operational altitude. From figure 8 it is
seen that lift coefficient varies approximately linearly from -
15 to 18° AOA and stall occurs at and after 18° angle of
attack, after which lift coefficient decreases and drag
coefficient increases. As NACA 2412 aerofoil profile is
unsymmetrical the lift coefficient of this 3d wing profile is not
same for both positive and negative AOA. Drag coefficient as
shown in figure 9 is least at 0° angle of attack and will
increase with change in AOA of wing on both positive and
negative directions.
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Fig. 8. Lift coefficient of trainer aircraft wing for different angle
of attack

=4=Drag Coefticent

Drag Coefficient
A
(o]

-30 -20 -10 0 10 20 30

Angle of Attack

Fig. 9. Drag coefficient of trainer aircraft wing for different angle
of attack

Lift and Drag coefficient values computed using k- SST
turbulence model for different angle of attack of the 3d trainer
aircraft wing is listed below.

2.42e+03
2.12e+03
1.81e+03
1.81e+03
1.20e+03
8.93e+02
5.94e+02
2.90e+02
-1.46e+01
-3.19e+02
-6.23e+02
-8.27e+02
-1.23e+03
-1.54e+03
-1.84e+03
-2.14e+03
-2.45e+03
-2.75e+03
-3.06e+03
-3.36e+03
-3.67e+03

]

Table 1. Lift and Drag coefficient values of trainer Aircraft wing
for different angle of attack (Fluent results using k- SST
Turbulence model)

Angle of Attack k-0 SST Turbulence Model
S.No
(In Degrees) Cl Cd
1 -20 -0.624 0.275
2 -18 -0.676 0.237
3 -15 -0.727 0.188
4 -12 -0.651 0.131
5 -4 -0.185 0.013
6 0 0.109 0.010
7 4 0.392 0.022
8 12 0.948 0.110
9 15 1.17 0.174
10 18 1.33 0.271
11 20 0915 0.345

Figure 10, 11 and 12 shows the fluent cfd solution pressure
contour around the wing at symmetric plane for 4°, 15° and -
4° Angle of attack using k-o sst turbulence model. It is seen
from Figure 10 and 11 that static pressure at lower surface of
wing for 4° and 15° AOA is higher than the pressure at upper
surface of wing due to which it creates lift force in upward
direction. At negative AOA static pressure will be higher at
top surface of the wing when compared to lower surface of
wing as seen in Figure 12 which will push aircraft wing
downwards.

Also Velocity contour is shown for 4°, 15° and -4° AOA in
figure 13, 14 and 15. It is seen from plot that from 4° to 15°
AOA stagnation point will move forward from trailing edge
towards leading edge. A stagnation point in a flow field is a
point where local velocity is zero. It is noticed from figure 13
and figure 14 at positive AOA velocity at upper surface of
wing is higher than at the lower surface which creates pressure
difference between top and bottom surface and hence positive
lift. It is also seen from figure 13 and figure 14, velocity at
upper surface at 15° AOA is higher than that of velocity at 4°
AOA.

Fig. 10. Static Pressure plot at symmetric plane for 4° AOA with k-o sst Turbulence model
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Fig. 11. Static Pressure plot at symmetric plane for 15° AOA with k-o sst Turbulence model

2.54e+03
2.07e+03
1.89e+03
1.11e+03
6.39e+02
1.63e+02
-3.13e+02
-7.89e+02
-1.27e+03

-1.74e+03
-2.22e+03
-2.69e+03
-3.17e+03
-3.658+03
-4.12e+03

-4.60e+03
-6.07e+03
-6.55e+03
-6.03e+03
-6.50e+03
-6.98e+03

1.05e+02
9.95e+01
9.42e+01
8.90e+01
8.38e+01
7.85e+01
7.33e+M1
6.81e+01
6.28e+01

4. 76e+01
5.24e+01
4.71e+01
4.1%e+01
3.66e+01
J14e+01

2.62e+
2.09e+01
1.587e+01
1.05e+01
5.24e+00
0.00e+00

]

Fig. 12. Static Pressure plot at symmetric plane for 4’ AOA with k-o sst Turbulence model

i

Fig. 13. Velocity plot at symmetric plane for 4° AOA with k-o sst Turbulence model
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Fig. 14. Velocity plot at symmetric plane for 15° AOA with k-0 sst Turbulence model

Fig. 15. Velocity plot at symmetric plane for -4 AOA with k-o sst Turbulence model

Conclusion

In this paper lift and drag coefficient’s of a trainer aircraft
wing obtained by CFD analysis is shown and listed out for
different angle of attacks. K- SST Turbulence model which
is widely used for external flows is used for CFD simulation of
the 3D trainer aircraft wing. Properties of air at high altitude
operating conditions and the cruise speed of trainer aircraft is
considered for simulating the lift and drag coefficient at
different angle of attack. In order to get accurate lift and drag
coefficient of the said 3D aircraft wing, solution convergence
study is done and a suitable grid size is selected before
simulating the wing model for different angle of attack. It is
observed from the results that lift coefficient increases with
increase of AOA until 18° AOA after that it decreases. Static
pressure plot and velocity plot at symmetric plan of wing is
shown for different AOA. The experimental results of 2D
NACA 2412 aerofoil wing is not compared with the trainer

aircraft wing lift and drag coefficient discussed in this paper as
the effects of 3D wing swept back angle and the cord
thickness variation along the span is not taken in to account in
2D infinite aerofoil results already available in literature.
Experimental wind tunnel analysis can be carried out to find
out the performance of wing at even higher AOA or higher
levels of turbulence where software simulations cannot predict
exact flow characteristics without known experimentally
determined variable values.
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