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Unsteady flow separation on the airfoils with local flexible membrane
(LFM) has been investigated in transient and laminar flows by the finite
volume element method. A unique feature of the present method compared
with the common computational fluid dynamic softwares, especially ANSYS
CFX, is the modification using the physical influence scheme in convection
fluxes at cell surfaces. In contrary to the common softwares which use
mathematical methods for discretization, this method considers the physical
effects on approximation and discretization and thus increases the accuracy
of solution and decreases the diffusion errors significantly. We have focused
on the effects of deformation of the membrane on aerodynamic
characteristics. For this purpose, first, we have solved the flow on
NACAO0012 airfoil in Reynolds number of 5000 and investigated the effects
of local flexible membrane on aerodynamic coefficients in laminar flow.
Then, we have solved the flow over LH37 airfoil in Reynolds number of
1.1x106 and studied the effects of flexible membrane on aerodynamic
characteristics in transient flow. To calculate the Reynolds stress in
turbulence equations, transient y — Reg model has been used. According to
the results, airfoil with local flexible membrane prevents flow separation,
eliminates laminar separation bubble (LSB) and delays the stall.

©2016 Iranian Society of Acoustics and Vibration, All rights reserved

1. Introduction

Common airfoils can perform excellent lift and lift-drag ratio characteristics in a certain range
for the angles of attack. However, the attached flow changes to separation at high angles of
attack beyond the critical value, which would reduce the lift coefficient dramatically and then
enters the stall state. In nature, flying creatures are able to adapt variable atmosphere conditions
by wing’s deformation which may catch and control the fluid around their wings. Researchers
hope to apply the flexible materials to the adaptive deformation airfoils to broaden the range of
operating angles of attack for the airfoils, inspired by the flying animals. However, the specific
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flow mechanisms are still unknown. Researchers have done a good deal of investigations in this
field which focused on the active and passive control mainly. In terms of active control, Gabor
[1] and Hasegawa [2] made a good aerodynamic performance of the flexible airfoil through
controlling the motion law actively. Chuijie et al. [3] manufactured a “Fluid Roller Bearing”
effect by giving a suitable traveling wave deformation on the upper surface of the airfoil actively,
which hinders the boundary layer separation effectively. Curet et al. [4] presented that using the
electrical excitation approach to control the vibration of the flexible wings can improve the lift
coefficient in a specific frequency range significantly. On the other hand, in passive control, Lian
et al. [5, 6] presented that the coupling interaction of the dynamic effects with the mean
curvature of the membrane wing can improve the lift effectively especially at high angles of
attack and delays the occurrence of stall [7]. Albertani et al. [8] and Radmanesh [9] showed that
the distribution of flexible structure and materials flexibility have an important effect on the
amplitude and frequency of the flexible wings. There is a coupling interaction between the
vibration characteristics of flexible wings and the fluctuations of flow field parameters which is
demonstrated by Rojratsirikul [10]. Shy [11] showed the airfoil still has a well aerodynamic
stability in the case of pulsating inflow.

Flexible structures, such as shell, plate, shallow arch and membrane etc., have been used widely
in the high-performance aircraft, especially in micro air vehicles [12, 13]. Many experiments and
numerical researches have presented that the flexible airfoil, compared with the rigid one, can
delay flow separation, increase lift and decrease drag efficiently [10, 14]. Flow separation can
easily occur for laminar flow, at low Reynolds numbers and results in complex unsteady
separated flow even the transition to turbulence. In such flow, small perturbation such as the
oscillation of flexible structure, can change the flow structure and airfoil performance
dramatically. Chimakurthi et al. [15] showed a computational aeroelasticity framework for the
flapping wing micro air vehicles and investigated both rigid and flexible wings. Lee et al. [12]
studied the two-dimension insect flapping wing, and showed that structural flexibility has a
significant effect on aerodynamic performance. In addition, some important physical
phenomena, such as vortex pairing and vortex staying, were observed. Kang et al. [16]
introduced the local flexible structure to control the flow and improved the aerodynamic
performance significantly. Compared with the fully flexible wing, it is easier to use local flexible
structure to fulfill the requirements of active control plus it can be used in normal or large size
airfoils. However, airfoil with flexible structure usually involves complex and complicated fluid-
structure interaction giving rise to a wide range of phenomena related to the high aerodynamic
performance. The unsteady flow separation, however, is generally the original source of many
complex flow structures such as vortex formation, wake flow etc. Therefore, a deep
understanding of the unsteady flow separation and related flow structure can lead to a way to
explain many complicated and different phenomena in unsteady flow.

To calculate the Reynolds stress in turbulence equations we need to use a turbulence model.
SST k — w turbulence model, coupled with a two-equation y — Rey transient model has been
published in 2009 by Mentre [17, 18]. The basic idea of this model was based on the idea of
Blumer and Driest [19]. According to their study, the vortex Reynolds number can be used as an
interface between Reynolds number at the beginning of transition which is obtained from
experimental values and local boundary layer values. Therefore, we do not need to integrate the
velocity profile over the boundary layer to determine the beginning of the transition. Two
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equations of y and Rey do not model the flow physics and only enter a wide range of
experimental coefficients into the formulation [17, 18].

This study has been divided to two parts. First, we have investigated laminar flow over
NACAO0012 airfoil with local flexible membrane (LFM) in Reynolds number of 5000. The
material of the membrane is thermoset polyurethane. A unique feature of the present method as
compared with the common computational fluid dynamic softwares, especially ANSYS CFX, is
the modification by using the physical influence scheme in convection fluxes at cell surfaces.
This method considers the physical effects on approximation and discretization in contrary to the
common softwares which use mathematical methods for discretization and thus it increases the
accuracy of solution and decreases diffusion errors significantly. To analyze the aeroelastic
system, the equations have been solved by pressure-based algorithm in each time step. Then, the
calculated force in each step will be applied to the membrane’s surface and the displacement of
the membrane will be obtained by the Galerkin method. We considered four different cases in
laminar flow. Rigid airfoil, airfoil with LFM at 0-0.1, 0.1-0.5 and 0.5-0.8 chord lengths. By
solving the flow over the mentioned airfoils, the effect of LFM will be obtained.

Second, we have investigated the effect of LFM over LH37 airfoil in transient flow. The
location of flexible membrane and Reynolds number are set to 0.2-0.7 chord length and 1.1x106
respectively. We considered aluminum as the membrane. To calculate the Reynolds stress we
have considered y — Regy transient model.

2. Numerical method

The governing equation in fluid phase includes the conservation of mass and momentum that in
the Lagrangian space will be written as follows:

d 7 7

dtgj(tj)pdmgj)p(v V') dS =0

q B o 1
— [[ w9+ [[[ o/ (V' V") ds = [[ orids
dt 9(t) S(t) S(t)

where V = ui + vj is the fluid velocity vector, V = 1ii + ¥} is the velocity vector of finite

volume surfaces, dS = (dS,)i+ (dS,)j is the normal vector with magnitude of dS =

[(dS,)? + (dSy)z]l/ 2 [1 is the volume of each finite volume, p is density of fluid and ¢ is total
strain tensor.

In this study, we have used the Lagrangian-Eulerian approach to solve the fluid flow field by the
finite volume element method [20, 21]. The approximation of time is second order. To
approximate diffusion terms we have used shape functions of finite element method. The
pressure terms will be approximated by shape functions. The convection terms will be
approximated by the upwinding method and using physical influences. Complex domains have
been solved by this method and the results showed that the current method is able to calculate
fluxes in triangular and quadrilateral elements exactly [20, 21].

Moving boundaries are excited by the fluid flow for coupling of the fluid and the structure. To
extract the structure governing equations, moving boundaries were considered as a beam. The
thickness of the beam is h and the length is L. For a fixed beam with length L, thickness of h and
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unit width (b = 1), the moment of inertia is I = Eh:“. We have used two-dimensional finite
volume element methods to solve find the displacement of the beam.

ow o’w
Ely'i‘é,Aatz = f(X,t) (2)

where W is the displacement of the beam, E is the modulus of elasticity, ¢ is the density of the

membrane, A is the cross section of the membrane and F(x0) is the time-dependent load
distribution. Finally, after simplification, the displacement of the membrane will be obtained as
follows:

dw dw
W(X)=N1W1+de—xl+N3W3+N4d—X2 3)

where N,, N,, N, and N, are the shape functions in the finite element method. After
assembling, the matrix equation is achieved:

{M]-4 [K]HQ}=F @)

where F is the force vector, Q is the nodes’ displacement vectors, [M] is the total mass of the

elements, [K] is the stiffness matrix and A, is the eigenvalues vectors. Equation 4 formulates the
displacement of the membrane. The grid is unstructured. Figures l.a and 1.b show the
computational grid. We have used quadrilateral elements on the surrounding of the airfoil and a
little farther up to free boundaries, we have used unstructured triangular elements. The distance
of the center of the airfoil up to free boundaries is 14. Inlet velocity at inlet boundary and the
value of pressure at outlet boundary is unit. In order to evaluate the sensitivity of computational
domain to grids, we have considered three different grids with node numbers of 9000, 14000 and
28000 respectively in Reynolds number of 5000 and angle of attack of 6 degrees. Figure 2 shows
grid sensitivity and the results show little differences in different grids. According to Fig. 2 the
fine and medium grids are coincided. In all cases, we have used computational domain with node
number of 14000 and time step of 0.01 s.

Fig. 1. (a) Computational domain
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Fig. 1. (b) Computational domain in details

3. Laminar flow

In this section by using the LFM in different locations, we have investigated the effect of LFM
on aerodynamic characteristics in laminar flow. The material of membrane is chosen thermoset
polyurethane. First, the location of the membrane is set to 0-0.1 chord length, and then by
changing the location of the membrane to 0.1-0.5 and 0.5-0.8 cord lengths, the effect of these
variations has been studied. The physical properties of membrane have been shown in Table 1.

Table 1. Physical properties of thermoset polyurethane

Property Unit Value
Density kg/m3 5850
Module of elasticity Pa 8x10*
Thickness of membrane m 10°

3.1. Results validation

To verify the results, we have compared our results with Lei et al. [22] which has been done in
2014. In accordance with their study, NACAO0012 airfoil with LFM is chosen as an example. In
particular, the Reynolds number is set to 5000. The LFM is located at 0—0.1 chord length of
airfoil as shown in Fig. 3.

The time-averaged drag coefficients of the airfoil with LFM at various angles of attack are
compared with Lei et al. [22] as shown in Fig. 4. According to Fig. 4, the drag coefficients at
different angles of attack agree well with the results of Lei et al. [22].

Corase
—me—— Medium
= = = = Fine

Fig. 2. Grid study
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Local Flexible Membrane
C)
Fig. 3. Location of local flexible structure on NACA0012 airfoil

3.2. LFM at 0-0.1 chord length

Effects of LFM at 0-0.1 chord length on aerodynamic characteristics at Reynolds number of
5000 have been illustrated in Fig. 5. According to Fig. 5, at low angles of attack, the LFM has a
little effect on the lift and drag coefficients compared with rigid airfoil. By changing the AOA
from 5 degrees to higher angles, lift coefficient in airfoil with LFM has increased sharply. While
the drag coefficient is almost the same as the rigid one. It is clear that the rapid changing of lift is
consistent with the sudden jump of the oscillation amplitude. Figure 6 shows the time-averaged
pressure on rigid airfoil and airfoil with LFM. As it is obvious, the time-averaged pressure on the
upper surface of airfoil with LFM is much lower than rigid airfoil at angle of attack of 8 degrees.
Figure 7 shows streamlines on airfoil with LFM and rigid airfoil at AOA=80. According to Fig.
7, using LFM makes large separation bubble, prevents sudden separation, and improves
aerodynamic characteristics.

012 i

01l

—— C, for flexible airfoil
N - -0 - C, for rigid airfoil
G009  —-—A--—- Current study

007
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CZ 4 5 6 7
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Fig. 4. Results validation for airfoil with flexible membrane at Re=5000

- £
07|

[ ——— C,for flexible airfoil
06F  —A—— C forrigid airfoil

I — =& = Cfor rigid airfoil
——0-—- Cfor flexible airfoil

o5

ST, WP ; SOt ST, ¥ ritraitii ARNARANEN SERNE
3 4 5 6 7
o

Fig. 5. Lift coefficient in airfoil with local flexible membrane at 0-0.1 chord length and Re=5000
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Fig. 6. Pressure comparison between rigid airfoil and airfoil with LFM

Fig. 7. (b) Streamlines on flexible airfoil at AOA of 8°, Re=5000

3.3. LFM at 0.1-0.5 chord length

In this section, we have investigated the effects of LFM at 0.1-0.5 chord length and at Reynolds
number of 5000. Figure 8 shows lift coefficients on this airfoil. According to Fig. 8, at low
angles of attack, the lift coefficients have increased gradually than airfoil with LFM at 0-0.1
chord length. However, by increasing the AOA this benefit has been reduced and finally at
AOA=8’, the lift coefficient than airfoil with LFM at 0-0.1 chord length has decreased. We
should note that according to Fig 9, drag coefficient in this case than rigid airfoil and LFM at
0.1-0.5 chord length is lower relatively. Pressure coefficients at different angles of attack have
been shown in Fig. 10.
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0.13F Q
B /
I —2&— Rigid airfoil /
012 — —O- — Flexible structure at 0~0.1 chord /
r ——-0-—- Flexible structure at 0.1~0.5 chord /
B /
011 /
F Q
r 7
01 / ‘/[:|
r ’ o/
S / 7
0.00 Jo! i
r z 7
0.08 |- 7 e
I 4 2
I /O /
0.07 Z20. o
g S
o= = o
0.06 |-
a | I I | |
Z 3 4 5 6 7 8

Fig. 9. Drag coefficients comparison in different LFM

3.4. LFM at 0.5-0.8 chord length

In this part, we have placed the LFM at 0.5-0.8 chord length. Figures 11 and 12 show lift and
drag coefficients on rigid airfoil and LFM airfoils respectively. In accordance with Fig. 11, by
changing the LFM location from 0.1-0.5 chord length to 0.5-0.8 chord length, we do not meet
significant changes. At angle of attack of 2 degrees, due to attachment of boundary layer the lift
coefficient is almost constant in all LFM locations. However, by increasing of angle of attack
and separation phenomena, the LFM makes LSB, prevents separation and increases lift
coefficient. Although the maximum amount of lift coefficient appears at angle of attack of 8
degrees and LFM location of 0-0.1 chord length.

According to Fig. 12, drag coefficient in airfoil with LFM does not meet significant changes than
rigid airfoil. This parameter shows the desirable effect of airfoil with LFM. However, the
minimum amount of drag coefficient appears at LFM locations of 0-0.5 and 0.5-0.8 chord length.
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Fig. 10. Pressure coefficients over flexible airfoils in different angles of attack
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Fig. 11. Lift coefficients comparison in different angles of attack
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Fig. 12. Drag coefficients comparison in different angles of attack
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Figure 13 shows pressure coefficients at angle of attack of 8 degrees, Re=5000 and different
LFM locations. As we expect, the maximum area under the curve belongs to airfoil with LFM at
location of 0-0.1 chord length which has the maximum of lift coefficient as well.

i

Rigid airfoil at o=8"

Al — — — — Flexible airfoil at a=8°(0~0.1 chord)
sk ———— Flexible airfoil at 0=8°(0.1~0.5 chord)
N e Flexible airfoil at 0=8°(0.5~0.8 chord)

Fig. 13. Pressure coefficients at different membrane location, AOA=8 degrees, Re=5000

4. Transent flow

In this section, we have solved the fluid flow over LH37 airfoil in Reynolds number of 1.1x106.
The material of membrane is chosen aluminum alloy. LH37 airfoil has been designed for range
of Reynolds number of 106 and the airfoil presents high lift coefficients relatively. Flow
separation occurs in this range and the flow reattaches to the airfoil surface because of high
momentum of turbulence and makes LSB [23]. Maximum thickness of LH37 is 17.5 percent and
located at x/c=0.354. Maximum chamber line is 0.04 and located at x/c=0.385. LH37 presents
low drag coefficients for lift coefficient range of 0.3 up to 1.5 [24]. Therefore, we have located
the membrane at 0.2-0.7 chord length and investigated the effect of LFM on aerodynamic
parameters in transient flow. Physical properties of aluminum alloy membrane have been shown
in Table 2.

Table 2. Physical properties of aluminum alloy

Property Unit Value
Density kg/m3 2550
Module of elasticity Pa 5x107
Thickness of membrane m 107

4.1. Results validation

To validate our results in transient flow, we have compared our results with the experiments
done by Schaw et al. [24]. Figure 14 shows lift coefficient comparison between our results and
Schawe’s results on rigid airfoil at Reynolds number of 1.1x106 and different angles of attack.
According to Fig. 14, the desired accuracy of present study compared with experimental results
is obvious.
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4.2. LFM at 0.2-0.7 chord length

In this section, by using of LFM at 0.2-0.7 chord length of LH37 airfoil, we have studied the
effect of LFM on aerodynamic parameters in transient flow. LH37 airfoil configuration and the
location of membrane have been shown in Fig. 15. Lift coefficient comparison graphs between
rigid airfoil and LFM have been illustrated in Fig. 16. According to Fig. 16, using LFM did not
have significant improvement on lift coefficient until the creation of LSB (AOA=8"). However,
LFM eliminates LSB on upper surface of the airfoil and increases the lift coefficient after
creation of bubble. The LFM increases lift coefficient significantly and delays the stall
phenomena. The location of LSB on lower surface of airfoil with LFM has been shown in Fig.
17. According to Fig. 17, LFM removes LSB from upper surface of airfoil.
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| ——O—— Experimenta Data of Schawe (2002)
0.8 [ —-—[F-— Present Study
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Fig. 14. Validation of results in transient flow
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|

Fig. 15. LH37 airfoil configuration
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Fig. 16. Lift coefficient comparison on rigid and flexible LH37 airfoil
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Fig. 17. (b) Streamlines on flexible LH37 airfoil — Re=1.1x10° — Close up view

Figure 18 shows a comparison between rigid airfoil and airfoil with LFM in transient flow.
According to Fig. 18, significant effect of LFM on improvement of drag coefficient is obvious.
The membrane by eliminating the LSB and separation prevention, decreases the drag coefficient
significantly. For better understanding, Fig. 19 compares lift to drag coefficients and shows
optimal performance of airfoil with LFM in transient flow.
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Fig. 19. CL to CD comparison graph on flexible and rigid LH37 airfoil
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5. Conclusion

In this study, we have investigated the effect of LFM on aerodynamic characteristics numerically
in laminar and transient flows by finite volume element method. A unique feature of present
method than common computational fluid dynamic software, especially ANSYS CFX is the
modification by using of physical influence scheme in convection fluxes at cell surfaces. This
method by considering physical effects on approximation and discretization contrary to the
common software that use mathematical methods for discretization, increases the accuracy of
solution and decreases diffusion errors significantly. To solve the Reynolds stress in turbulence
equations, we used Yy — Rey transient model.

In laminar flow, we chose membrane with material of thermoset polyurethane on NACA0012.
The Reynolds number is set to 5000. To investigate the effect of location of LFM on
aerodynamic characteristics, we located the membrane at 0-0.1, 0.1-0.5 and 0.5-0.8 chord lengths
respectively. According to the results, by using of LFM especially at high angles of attack which
flow separation happens, LFM makes LSB, prevents the flow separation and increases the lift
coefficient. The airfoil met the maximum lift coefficient at angle of attack of 8 degrees and
membrane location of 0-0.1 chord length. The results show, LFM does not have a significant
effect on drag coefficient and airfoil met minimum value of drag at membrane locations of 0.1-
0.5 and 0.5-0.8 chord length.

In transient flow, we used LFM on LH37 airfoil and membrane location of 0.2-0.27 chord
length. The Reynolds number is set to 1.1x10°. According to the results, LFM eliminates LSB
from upper surface of airfoil and improves airfoil performance. The stall angle has been delayed
from 10.5 to 12 angles as well.
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