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Abstract

In this paper, a low-speed aerodynamic flow structure of the original F35 aircraft model
was investigated in a closed-circuit water tunnel experiment, and the investigation was also
conducted numerically by using a computational fluid dynamic (CFD) approach. Both studies
were performed for the model with a chord length of ¢ =168 mm and wing sweepback angle of A
=21.59°, thickness 5 mm and beveled leading edges with an angle of 45°, and for the Reynolds
numbers 10.000 at the angle of attack from 5° to 25° with the airflow speed of 0.6 cm/s. For the
experimental part, dye visualization and Particle Image Velocimetry (PIV) experiments were
performed, and for the numerical part, SST turbulence model was used to solve the flow field
around model aircraft and obtained data were compared with experiment. Detail about the flow
field including, the development of leading-edge vortex and formation of vortex breakdown and
interactions were discussed and presented. Leading-edge vortices were partially developed at the
angle of 5°, vortex breakdown pronounced at the angle of 10°, as the increasing angle of attack,
location of vortex breakdown moved further up to the front side. At 25°, there was no complete

stall condition, and the location of the vortex breakdown stayed on the wing surface.
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F35 Savas Ucagimin Deneysel ve Niimerik Yontemlerle incelenmesi
Oz

Bu makalede, orijinal F35 ugak modelinin diisiik hizda aerodinamik akis yapisi kapali
devre su tiineli deneyinde arastirilmig ve ayrica hesaplamali akigskanlar dinamigi (CFD) yaklagimi
kullanilarak sayisal olarak incelenmistir. Her iki ¢calisma i¢in, kiris uzunlugu ¢ = 168 mm, kanat
geri siiplirme agis1 4 = 21.59°, pah acgis1 45°, et kalinlig1 5 mm, Reynolds sayis1 10.000 ve akis
hiz1 0,6 cm/s olan parametreler kullanilarak 5°-25° araligindaki hiicum agilar igin arastirma
yapilmistir. Deneysel kisim i¢in boya gorsellestirme deneyi ve parcacik goriintii hiz 6l¢timii (PIV)
deneyleri yapilmis, niimerik yontem olarak SST tiirbiilans modeli kullanmilmistir, elde edilen
veriler deneysel ve niimerik sonuglarla kiyaslanmistir. On kenar girdabmin olugmasi ve girdap
dagilmasi/¢okmesi ve akig alani ile ilgili etkilesimler arastirilmig ve elde edilen veriler
tartistlmugtir. On kenar girdap olusumu 5°°de kismen baslamis, 10°°de girdap kirilmasi
belirginlesmis ve hiicum agisinin artmasina baglh olarak girdap ¢okme noktasi 6n tarafa dogru
ilerlemistir. 25°’1lik hiicum agisina gelindiginde girdap ¢okme/dagilma noktasi tepe noktasina
kadar ilerlememis, kanat {izerinde kalmis, ucagin biitiinliyle stol’a girme durumu

gbzlemlenmemistir.

Anahtar Kelimeler: F35 savas ugagi; LEV; Girdap ¢okmesi; Girdap; PIV; Boya

goriintiileme.
1. Introduction

The efficiency of aircraft is the main subject of scientific research in parallel with the rapid
development of the aviation sector. Great attention is given to increase aerodynamic efficiency to
travel long distances without refueling and reducing operating costs, besides, to increase payload
and decrease fuel consumption. Although accurate prediction of the maximum lift coefficient and
lift to drag ratio are the main issue but prediction of low-speed flow field behavior of aircraft
poses considerable challenges from the aerodynamics point of view [1]. Reynold's number
dependency of flow and reliability of many other factors is the most challenging task. Because
most of the experiments were performed with limited sub-scale models [2]. On the other hand, in
the last 4 decades, CFD has evolved with increasing quality of the powerful computer, and the
application of CFD has accelerated the process of aerodynamic design and joined the wind tunnel
and flight test as a critical tool of the trade [3]. Reynolds Averaged Navier-Stokes (RANS)

equations with varied turbulence models have been widely used for laminar or turbulent flow
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simulations [4] and consistent prediction is possible with experimental observations. Particle
image velocimetry (PIV) and dye visualization experiment are other methods to investigate low-
speed flow field behavior over or behind blunt objects. In this method, fluid is seeded with small
tracer particles or dye, and the motion of these particles is traced in the water channel then the
flow regime of fluid is revealed with the help of optical devices. These two methods have been
mainly used to investigate unmanned combat air vehicle (UCAV) with non-slender delta wing
configuration [5, 6]. The development of leading-edge vortex (LEV) and vortex breakdown are
two important phenomena and have a strong influence on wing aerodynamics. A well-
documented example of LEV is generated by aircraft with highly swept delta-shaped wings [7]
and under correct conditions, LEV can augment lift generation for the air vehicle [8]. Flow
structures at the trailing-edge side of diamond and lambda wings were investigated in a water
channel experiment and variation of flow field regime, development of LEV, and vortex
breakdown concerning the angle of attack were reported [9]. Boundary layer separation induces
these vortex phenomena and happens by rolling up of viscous flow sheet [10] and the separation
happens due to a sharp leading edge and angle of attack [11]. Unsteady wake flow of NASA
Common Research Model under low-speed stall conditions was investigated by using PIV and
Detached Eddy Simulation (DES) method and obtained data were compared with other methods
[1]. In other PIV experiments, the results indicate that the stereo PIV is suitable and effective to
investigate practical, complex velocity fields, at least qualitatively, in the large-scale low-speed
wind tunnels [12]. On the other hand, the majority of PIV application stays in low-speed
application but speed ranges are increasing gradually to high-speed applications such as transonic,
supersonic [13], and hypersonic speeds [14]. The F35 is a new and best-in-class fighter jet. F-35
Lightning II is a true 5th Generation trivariate, multiservice air system. It provides outstanding
fighter class aerodynamic performance, supersonic speed, all-aspect stealth with weapons, and
highly integrated and networked avionics [15]. This aircraft is a joint production project of
different countries and is now in the production process. Field tests continue with deliveries and
there are sometimes positive and sometimes negative news about the plane in the media almost
every day. As this plane is still new, scientists have just begun researching. For instance, PIV and
Dye visualization experiments are more common for delta wind in the literature. However, there
are no extensive researches related low-speed aerodynamic properties of this aircraft. Therefore,
in this study, low-speed aerodynamic characteristics of an F35 fighter jet model were investigated
by using dye visualization, Particle Image Velocimetry (stereo-PIV), and SST turbulence method.
This paper also wants to compare numerical and experimental investigations to understand
complex flow physics and to validate the simulation accuracy of the Computational Fluid

Dynamics (CFD) approach.
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2. Experimental Approach

The F35 aircraft configuration is given in Fig. 1. The full-scale configuration has a
thickness of 5 mm, mean aerodynamic chord length of 168 mm, bevel angle of 45°, and wing
sweepback angle of the main wing is 4 = 20.96° and lower surface area of 137 cm?®. The full-scale
model was tested in a closed-circuit water channel experiment at the Department of Mechanical
Engineering at Osmaniye Korkut Ata University. The closed-loop, open water channel
experiment setup is given in Fig. 2. The experimental system consists of a water channel with

dimensions of 750x1000x8000 mm (height x width x length) between two water tanks.

Figure 1: F35 aircraft configuration

Total water depth is 52 cm in the channel, water level under the wing is 20 cm and over the
wing is 16 cm. The wall of the channel made from 15 mm thick transparent Plexiglas. The test
was performed at a free stream velocity of 0.6 cm/s which corresponds to chord-based Reynolds
number of 10.000. To provide uniform flow, there is a current regulator before the contraction
section. Before the test section, water was directed into a settling chamber and passed through a
honeycomb section where there is a channel contraction with the ratio 2:1. These two
arrangements were used to preserve the turbulence intensity below 0.1%. Rhodamine 6G was
used in the dye experiment, which shines under 532 nm laser light and was recorded using a
SONY HD-SR1camera. The dye was injected at the apex from a certain height with a plastic pipe.
There is a needle at the end of this pipe, which is placed in a channel along the central axis in the
model aircraft. In the present dye experiment, the plan and side view flow pattern of the model

was captured and presented at the angle of attack from 5° to 25°.
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Figure 2: The closed-loop, open water channel experiment setup

Stereoscopic Particle Image Velocimetry (stereo-PIV) technique provides information
about the instantaneous or time average values of flow structure by measuring the velocities of
small metal-coated solid particles at the micron size, which is moving at the same speed as the
fluid in the flow. In this experiment, 10-micrometer silver-coated plastic particles were added into
water. Although the densities of the particles (1100 kg/m?) are relatively higher than the density
of the water, they move almost at the same speed as the water due to their micron size. A double
pulsed 120 mJ power unit was used to produce a laser beam and converted into 1 to 2 mm
thickness laser beam using an optical instrument. The time interval between consecutive pulses
was set to 1.5 ms for all measurements. The pulsed laser unit can send up to 15 laser beam pairs
per second. The consecutive motion of particles was recorded with a CCD camera with a
resolution of 1600 x 1186 pixels. The camera-equipped lens with 60 mm focal length and 900
consecutive images were taken for each continuous run with an acquisition frequency of 15 Hz.
Detail information about parameters, experimental, and PIV systems are available at the Ref. [16-

20].
3. Numerical Approach

The flow field over the X45 wing was simulated by using commercial software COMSOL.
Reynolds-Averaged Navier-Stokes (RANS) equation was applied for the conservation of
momentum and the continuity. Turbulence effects were modeled by using the Menter Shear-
Stress transport (SST) model with realizability constraints. The SST model is also called the low-
Reynolds number model and this model resolves the flow field all the way down to the wall. SST

model is expressed in terms of k£ and @ with Eqn. (1) and Eqn. (2) [21-23].

6k *
po; tpu.Vk =P —pBy kw + V. ((u+ oppir) Vi) (1)

P02 vy, VK )

w

a

368



Sogukpinar et al. (2020) ADYU J SClI, 10(1), 364-377

where, P is the static pressure and can be represented with the Eqn. (3).
P = min (P, 10pB," kw) 3)

Here, P, production term and it is expressed with Eqn. (4).
Ty _ 2 2 2
P, = ur (Vu: (Vu+ (Aw)") — 3 (V.u) ) — Eka.u @

Turbulence viscosity is expressed with Eqn. (5),

paik

Ur = ®)

max (a,w,Sfy2)

where, S is the characteristic magnitude of the mean velocity gradients and is expressed with the

help of Eqn. (6).

The interpolation functions f,,; and f;,, are represented with the Eqn. (7) and Eqn. (8).

4
. vk 5004 4po 2k
= tanh | min max( —, ), = 7
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where, [, is the distance to the closest wall. For SST, default model constants are given by,
5
ﬂl = 0075, Y1 = 6,0'](1 = 0'8510-(1)1 = 0.5,32 = 00828,)/2 = 044‘, Okg2 — 10,

G,y = 0.856,5," = 0.09,0, = 0.31

For this calculation flow type was set to incompressible and gravity effect provided in the
z-direction. The delta wing had a chord length of C = 168 mm with a wing sweepback angle of A
=21.59. Wind speed was set to 0.058 m/s. Reynold's number was taken as 10,000 and flow over
the boundary conditions of the wing was assumed to be turbulent. In a low Reynolds number
model, the equations are integrated through the boundary layer to the wall, this allows a no-slip
condition to be applied to the wing surface, therefore X45 wing was modeled as a solid wall with
no-slip conditions and other boundaries was modeled as a free stream. The algebraic multigrid
(AMG) solver with the generalized minimal residual (GMRES) method (a commercial version

built-in COMSOL) was chosen because it is an iterative method for solving very large systems of
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linear equations and provides robust solutions for large CFD simulations [24]. In the fluid flow
problem, there are millions of equations or unknowns, proportional to the number of nodes in the
finite element mesh therefore it is so expensive to solve with the direct solver. On the other hand,
the iterative solver uses much less memory. Reynolds-Averaged Navier-Stokes (RANS) equation
is solved in terms of averaged velocity and pressure fields in time. The turbulence effect is
computed with two equations SST turbulence model. On the surface of the model aircraft, free
triangular mesh type was applied and the minimum element size was limited as 0.0001 and
maximum was set to 0.0005 then a total 177.766 triangular mesh element was generated. For the
3D computational domain, the tetrahedral mesh type was chosen and the minimum element size
was limited to 0.0001 and maximum growth rate set to 1.25 and finally, 6 million tetrahedral mesh
elements were generated. Low numbers of mesh lead to a calculation error, while too much mesh
increases the calculation time considerably. If only the mesh number is in a certain range, the
results are more agreement with the experimental data. For the numerical calculation in the
literature, only criteria are generally compliant with the experiment. Therefore, the effect of the
mesh number on the numerical results was carefully tested in preliminary calculations and the
mesh configuration more agreement with the experiment was set. COMSOL has an integrated
mesh generation and quality control module and mesh quality are generally checked in terms of
skewness of the mesh element. In this study, mesh quality was checked and the average element
quality was calculated 0.65, and minimum was 0.19. Mesh quality 1 is the best possible and it
indicates an optimal element in the chosen quality measure and 0 is the worst. In general, elements
with a quality below 0.1 are considered as poor quality for many applications [25]. Mesh
distribution is given in Fig. 3. The simulation was carried out for the full model aircraft. To
eliminate domain size effect on the calculation results, the computational domain size was
extended at least over 10 times the chord length of the model. The upstream boundary was placed
20 mean aerodynamic chords in front of the apex, 20 mean aecrodynamic chords behind the tail,
and 10 mean aerodynamic chords above and below the pressure and suction side. This
configuration is consistent with other numerical studies [26]. The inlet port was set to velocity
inlet and outlet port was set to pressure outlet with zero atmospheric pressure and no-slip
boundary condition was applied for the surface of the model. The computation was carried out
with a server with 32 processors and 64 GB RAM. Detailed information about numerical method

and equations are available at the Ref. [27, 28]
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Figure 3: Mesh distribution around model aircraft
4. Results and Discussion

Dye visualization of the flow field structure of the model aircraft for the thickness of 5 mm
in the plan view is presented in Fig. 4 at the angle of attack from 5° to 25°. At the lower angle of
attack at o = 5°, flow is almost conventional and moves very orderly until at the end of the trailing
edge side of the wing. However, at a = 10° small scale leading-edge vortex (LEV) develops and
rotation of flow is evident at the lower side of the front body. Turbulence intensity increases
compare to the previous image and there is cross current on the wing surface with lateral mixing.
When the angle of attack increased to o = 15°, LEV and vortex breakdown are quite prominent
on the main wing. By the time a = 20° is reached, flow is swirling from beginning to end and
spiral vortex breakdown happens under the main wing surface. When the angle of attack increased
to o = 25°, the size of rotation and turbulence increases and the location of the vortex breakdown

moves forward. Although LEV keeps up its flow regime on the front side, it became quite

unstable, and ruptures in flow become more common.

Figure 4: Dye visualization of the plan view with the formation and development of LEV and vortex
breakdown

Fig. 5 shows the lower surface computational flow field with the formation and
development of LEV and vortex breakdown. At the lower angle of attack such as o = 5°,
streamline flowing under the surface of the model aircraft without lateral mixing and fluid flows
in parallel layers until at the end of trailing edge side of wing or tail but behind the aircraft, small
scale cross-currents or lateral mixing happens. When the increasing angle of attack up to o = 10°,
a part of the flow field keeps flow regime the same but small-scale vortex develops along the
leading-edge side of the body. The size of rotation is small and the cycle frequency is low. By the

time o = 15° is reached, LEV is quite prominent, cycle frequency decreases, the radius of core
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increases and vortex breakdown is happening on the wing surface. At this angle, the LEV gets
under the influence of a larger and stronger vortex, which is the precursor of the vortex
breakdown. At a = 20°, the vortex with a lower loop frequency appears to increase the
effectiveness and disrupt normal LEV formation where circulating frequency decreases, size of
LEV increases, and location of vortex breakdown moves to further up to the front side of the
model. When the angle of attack increased to o = 25°, irregularities in the flow structure and size
of vorticity increases at the rear side of the model, and the location of the vortex breakdown moves
a little bit further to the front side. When the experimental and theoretical results are compared,
there is a good correlation between the experiment and the numerical approach at the angle of

attack from 5° to 25°.

Figure 5: Computational visualization of the plan view with the streamline velocity field with the formation
and development of LEV and vortex breakdown

Fig. 6 shows PIV time-averaged vorticity field at the angle of attack from 5° to 25°. In the
vorticity image, solid dark lines represent clockwise rotation, while dotted lines express a
counterclockwise loop. At a = 5°, streamlines move in parallel layers and no disruption between
the streamlines but vorticity image indicates two small scale formation of vortex area under the
wing surface where one of them is on the body and the other is on the wing. The figures show the
symmetric vortex area on both sides of the body and the wing surface. Both vorticity images
represent LEV formation, but since the body does not consist of a single geometry like a simple
delta wing, one represents LEV formation on the front while the other represents LEV formation
on the wing. The same situation is seen also in Fig. 5 where fluids from different regions create
both LEV separately and join at the back. As is seen in Fig. 6 (o = 5°) LEV develops along from
front to the back across the entire wing surface and there is no situation to imply vortex breakdown
but by the time a = 10° is reached, it appears that LEV flow regime ends at the backside of the
wing where an irregular vortex area is formed and this proves the location and formation of vortex
breakdown on the wing. When the angle of attack increased to a = 15°, LEV intensity decreases
and the area it covers narrows, and LEV regime appears to be structurally impaired along the LEV
axis. As the increasing angle of attack up to a = 20° flow regimes of the LEV shortens further and

the point where the LEV ends is the beginning of the vortex breakdown. Finally, by the time a =
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25° is reached, LEV regime disrupts, location of the vortex breakdown moves forward and

expands, and undesirable other vortex areas form in different places.

A0 WA

Figure 6: Patterns of the time-averaged vorticity, <> field of the model aircraft with the angle of attack

The plan view vorticity contour on the surface as a function of the angle of attack is given
in Fig. 7. At a = 5°, The LEV regime extends from front to toe appears symmetrically on both
sides of the body. Two LEV regimes are seen also in other previous figures. The first one is on
the front, thinner and shorter, while the other is longer and wider, it covers the majority of the
body from front to back. The LEV at the front extends along the outer line, while the LEV at the
rear extends along the starting line of the wing on the body. Besides, there is a weaker third LEV
regime on the wing closer to the tip. It was also observed in PIV experiments where three LEV
regimes were formed and are seen in Fig. 6 (a = 15°). The main reason for the formation of
different LEV flow regime is caused by the fact that the plane is not composed of a uniform
geometry. By the time, « = 10° is reached, LEV regime in the front and on the body narrows,
however third LEV, consist of two parts, in the middle outer part of the wing has expanded and
strengthened. Apart from these three LEV flow regimes, it is seen that the fourth but irregular
eddy currents begin to form on the backside of the wing. These irregular currents are the
precursors of the vortex breakdown. When the angle of attack increased to o = 15°, the LEV
regime on the middle body almost disappears, and the vortex area on the wings bends towards the
edge and the second part of the third vortex becomes stronger. Irregular flows at the backside
become stronger and merge to form vortex breakdown, and now covers at the middle backside of
the wing. As the increasing angle of attack up to o = 20°, LEV transforms into a different vortex
area on the wingtip, LEV regime retains its dominance in the front, and almost disappears in the
middle part. The size of the vortex breakdown increases and location moves further up to the front
side. Finally, by the time a = 25° is reached, LEV regime almost disperses, and the location of
the vortex breakdown moves further but there is still LEV regime in the front side, and the size

of the core increases close to wingtip.
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Figure 7: Comparison of pattern of vorticity contour on the surface as a function of angle of attack

PIV streamline data of the F35 aircraft model is given in Fig. 8. At the angle of attack 5°,
the flow regime is quite linear, and there is almost no turbulence happens on the surface. When
the angle of attack increased to 10°, streamlines converge along the outer front lines of the model
and indicates the formation of LEV. As the angle of attack increases, the flow lines get closer and
tighter and show a circular behavior along the outer line of the wing. By the time o = 20° is
reached, the figure indicates a vortex area on the outer side of the wing, which was also reported
in Fig. 6 (o = 20°). Finally, by the time o = 25° is reached, the severity of the vorticity on the wing

surface increases, and a circular core forms in the upper part.

Figure 8: Comparison of near-surface patterns of streamline topology of PIV experiment
5. Conclusions

A computational and experimental study was conducted for the F35 fighter jet
configuration. In the experiment dye visualization and particle image velocimetry (PIV)
techniques were used and plan view velocity field and vorticity pattern were presented. For the
numerical part, Reynolds Average Navier Stokes (RANS) theorem equations with SST turbulence
model were solved for incompressible flow around the wing surface and, were compared with
experimental data to validate simulation accuracy of computational fluid dynamic approaches. In
the dye visualization experiment, LEV development started at @ = 10° vortex breakdown
pronounced at 15°. When the increasing angle of attack, the location of the vortex breakdown
moved further to the front side with increasing size and severity but never reached the apex. In
the numerical study, vortex breakdown was observed firstly at the angle of 15°. As the increasing
angle of attack, the size of the core increased with decreasing frequency. At 25°, there was still

LEV regime in the front even it was small and there was no complete stall. In PIV experiment,
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LEV development started at o = 5°, three different LEV regimes were observed on the model.
With the increasing angle of attack to 10°, a vortex area, transverse to the back of the plane was
observed, which indicated the formation of a vortex breakdown. As the increasing angle of attack,
LEV distance shortened and dispersed structurally, location of vortex breakdown moved to the
front side but there was no complete stall condition observed. In the pattern of vorticity contour
of numerical data, LEV pattern developed at the angle of attack at 5°, vortex breakdown showed
signs of formation at 10° and became evident at 15° on the backside. With the increasing angle
of attack, the area of irregular vortex formation (vortex breakdown) expanded and moved forward.
In PIV experiment, streamline topology of the model was plotted and a steady flow was observed
at 5°. As the increasing angle of attack, flow lines were gathered along the contours of the model

and showed LEV formation. At 25°, the rotation core appeared to occur near the tip of the wings.
pp p g

When the numerical results are compared with the experimental observations, there is a
good agreement between them. The installation and operating costs of the experimental systems
are quite high therefore, in the modern design process, the computational fluid dynamics method
becomes an important analysis method together with the experiment. Experimental systems have
the advantage of dealing with "real" fluid and can produce a much wider range of global data than
CFD, but the experiment does not produce data in a wide range of Reynolds numbers. For
example, it is subject to an important wall and boundary system fixes and is not very suitable for
providing flow details. In modern aircraft design, it is necessary to focus on CFD with

experimental systems.

Nomenclature

Cp Pressure coefficient

L Lift coefficient

fu1 Damping fuction

P Static pressure

P, Free stream pressure

U, Relative velocity

Us Free stream velocity (wind velocity)

Kinematic viscosity
Airfoil chord

Percentage of the maximum thickness
Turbulence kinetic energy
Von Kdrman constant,
Reference length scale
Length scale of flow
Turbulence dissipation rate
Specific dissipation rate

¢ wall vorticity at the trip
Density
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Poo Freestream density

u Dynamic viscosity

S magnitude of the vorticity,
S Modified vorticity

Sij Mean strain rate

Q;j Mean rotation rate

Uerr  Effective dynamic viscosity
a Angle of attack

1) Scalar quantity of the flow

CFD Computational Fluid Dynamics
NACA National Advisory Committee for Aeronautics
NASA National Aeronautics and Space Administration
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