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Abstract

Prevailing utilization of airfoils in the design of micro air vehicles and wind turbines 
causes to gain attention in terms of determination of flow characterization on these flight 
vehicles operating at low Reynolds numbers. Thus, these vehicles require flow control 
techniques to reduce flow phenomena such as boundary layer separation or laminar 
separation bubble (LSB) affecting aerodynamic performance negatively. This chapter 
presents a detailed review of traditional passive control techniques for flight vehicle 
applications operating at low Reynolds numbers. In addition to the traditional methods, 
a new concept of the pre-stall controller by means of roughness material, flexibility and par-

tial flexibility is highlighted with experimental and numerical results. Results indicate that 
passive flow control methods can dramatically increase the aerodynamic performance of 
the aforementioned vehicles by controlling the LSB occurring in the pre-stall region. The 
control of the LSB with new concept pre-stall control techniques provides lift increment 
and drag reduction by utilizing significantly less matter consumption and low energy. 
In particular, new types of these methods presented for the first time by the chapter’s 
authors have enormously influenced the progress of separation and LSB, resulting in 
postponing of the stall and enhancing the aerodynamic performance of wind turbine 
applications.

Keywords: energy harvesting recovery, passive flow control techniques, partial 
flexibility, pre-stall control mechanisms
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1. Introduction

Boundary layer transition and separation phenomena have been researchable topics for 

over 100 years, but there are still many open essential issues and practical challenges con-

taining their controls. It is predicted that the fuel cost of a commercial aircraft could be 

saved to 8% if the transition phenomenon over its wing could be delayed to 50% [1]. These 

flow phenomena commonly occur at low Reynolds numbers (Re) at which laminar flow is 
dominant. A laminar boundary layer can separate from the solid surface when the adverse 

pressure gradients (APGs) play a preponderant role. Transition phenomenon in the sepa-

rated region is caused by the separated shear layer, and then the turbulent reattachment 
starts to occur because of energized vorticial structures. The region between separation and 

reattachment points is called as laminar separation bubble [2, 3] (LSB), which negatively 

affects the aerodynamic performance. LSBs can form in many aeronautical applications 
operating in low Re regime of less than 1 × 106 and angle of attack (AoA) of less than 
stall angle, such as high latitude aircrafts, micro air vehicles (MAVs), multielement airfoil 

configurations, unmanned aerial vehicles (UAVs), wind turbine, and low-pressure turbine 
blades.

As stated above, the aerodynamic efficiency can be severely decreased by LSBs by reducing 
the lift and increasing the drag forces. Besides this, it causes the increment of unsteadiness 

and noise, especially for wind turbine applications. Regarding a better understanding of 
LSBs’ topology, they can be categorized as ‘short’ and ‘long’ bubbles. Aerodynamic research-

ers recommended a few parameters so that LSBs could be classified whether they are ‘short’ 
or ‘long’ [3–5]. Assessment of effects of either ‘short’ or ‘long’ bubbles on the pressure dis-

tribution can be the best option and intuitive way. If the pressure field is drastically affected 
by strong downstream and upstream impacts, it is ‘long’. But, if the LSB causes the local and 
limited impacts on the pressure distribution, it is ‘short’. LSBs have an unsteady separated 
shear layer because of the small disturbances and these disturbances cause the vorticial struc-

tures to grow rapidly. The separation and reattachment points are affected by these structures 
and they inherently cause the shape and size of the separated region to change. Therefore, the 

laminar to turbulent transition and the instability procedures significantly affect the unstable 
characteristics of LSBs and the mean flow topology [6–8]. Toward this end, a comprehensive 

understanding of the concerning physical mechanisms of separation and transition proce-

dures is necessary. This may be concluded with beneficial separation prediction tools, which 
can result in the development of geometrical structures hydrodynamically and aerodynami-

cally. The probability of active and passive flow control techniques, which cause the negative 
effects of separation and LSBs to suppress (or at least diminish), may also be revealed by 
means of these understandings.

The objective of this study is to elucidate the traditional passive control techniques for wind 

turbine applications operating at low Reynolds number regimes. Besides the explanation of 

traditional low Reynolds number flow control methods such as VGs etc., new concept pre-
stall control mechanisms such as roughness material, flexibility and partially flexibility as 
mentioned in detailed experimental studies will be enormously highlighted.
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2. Low Reynolds number aerodynamics

The aerodynamic performances of airfoils in low Reynolds number flows considerably relate 
to a major range of engineering applications. The low Reynolds number flows are described 
that the viscous forces within fluid gain dominant characterization compared with inertial 
forces. Hereby, boundary layer physics such as laminar boundary layer separation, reattach-

ment, and transition phenomena can frequently occur at low Reynolds number flows, affect-
ing the performance of airfoils with the important changes of lift and drag forces.

2.1. Transition modes

2.1.1. Natural transition

Given there was an inflection point in the velocity profile, it was proposed that all boundary 
layer profiles were unstable according to inviscid stability theory. Prandtl [9] later explained a 

physical prediction of transition and then Tollmien [10] proved it mathematically that viscous 

instability waves (often identified as Tollmien-Schlichting (hereinafter TS) waves) could cause 
a laminar boundary layer to destabilize. But these findings were not accepted by aerodynamic 
researchers until the study performed by Schubauer and Skramstad [11], since the early 

experimental investigation for transition prediction had large free-stream turbulence level.

Now, the free-stream turbulence level is accepted as low when it is less than 1% (<1%) [12]. In 

that flow case, a laminar boundary layer becomes linearly unstable when the critical Reynolds 
number is increased, showing TS waves that have started to grow.

The sketch of the natural transition process is indicated in Figure 1. The flow in the area 
indicated by number 1 is laminar. In the area denoted by number 2, TS waves start to grow. 

After that point, the transition to turbulence may not be concluded every time due to the slow 

growth of TS waves. In aerodynamic literature, the regular transition starts to occur after the 

nonlinear waves have taken place. It can be said that the transition to turbulence is inevitable 

Figure 1. The sketch after Kurelek [13], Bertolotti [14] and Schlichting and Gersten [15] with regard to top view of 

simplified flat plate boundary layer transition. (1) Laminar flow, (2) TS waves, (3) three-dimensional waves and 
Λ-structure formation, (4) vortex breakdown, (5) turbulent spots formation, (6) turbulent flow.
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after Λ-structures and three-dimensional disturbance defined as nonlinear waves in the area 
of number 3 and 4. Once those structures form, spots spread in all directions, resulting in the 

existing turbulent boundary layer as shown in numbers of 5 and 6, respectively.

2.1.2. Bypass transition

Another type of transition is bypass transition. In this transition phenomenon, 2D instabil-

ity cases of natural transition shown in Figure 2 are bypassed when the boundary layer on 

a flat plate under free-stream turbulence intensity is larger than 1%. But, the explanation 
of bypass transition has still a mystery when free-stream turbulence level is 1%. Therefore, 

aerodynamic researchers accept as the boundary among natural and bypass transition as 

free-stream turbulence level is 1%. As mentioned before, spanwise vorticity and 3D break-

down are bypasses in bypass transition and the turbulence spots are directly produced in the 

boundary layer.

2.1.3. Separated flow transition

Transition to turbulence can exist in the free shear layer when the laminar boundary layer is 

separated from a solid surface due to sharp, blunt or rounded leading edges. As explaining 

physically, the boundary layer is able to overcome the effect of adverse pressure gradients 
at high Reynolds numbers. But, especially at low Reynolds numbers, the laminar boundary 

layer cannot overcome the adverse pressure gradient due to lack of momentum in the bound-

ary layer and it separates from the surface. This flow separation can cause the transition in 
the free shear layer. Moreover, after a while, the separated flow may reattach to the surface, 
resulting in the formation of the laminar separation bubble.

Figure 2. The different rotary wing applications according to variation in chord Reynolds number [18].
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2.1.4. Wake-induced transition

This type of transition phenomenon can generally be observed in turbomachinery flows 
because flows on the blade rows are subjected to periodically impinging wakes coming from 
the preceding blade rows [16]. In aerodynamic literature, it is suspicious whether enhanced 

turbulence in the wake or the free-stream level triggers the transition phenomenon. Thus, this 
type of transition is occasionally distinguished from bypass transition phenomenon and is 

referred to as wake-induced transition.

2.1.5. Reverse transition

Also known as re-laminarization, the reverse transition is the transition of turbulent to lami-
nar flow. This mode of transition can highly be observed because of high flow acceleration in 
the regions where favorable pressure gradients play a dominant role. It can be noted that the 

regions that have favorable pressure gradient generally occur on an airfoil near the leading 

edge of suction surface and close to the trailing edge of pressure surface. According to the 

notification carried out by Narasimha and Sreenivasan [17], turbulence dissipation, surface 

mass transfer, and thermal effects can cause possible reverse transition.

Regarding the different rotary wing applications, the variation of maximum lift coefficient 
(C

L, max
) with the chord-based Reynolds number range is shown in Figure 2 [18]. The fluid 

flows over airfoils at especially chord-based Reynolds number of 104 to 105 are more sophis-

ticated due to the dominant character of viscous effects. Despite most regarding studies 
performed by aerodynamic researchers, low Reynolds number aerodynamics still have 

researchable potential. This is because of the following: (i) the separated laminar boundary 

layer because of adverse pressure gradients (APGs) is sensitive; (ii) transition region is too 

broad, resulting in more unsteady behavior; (iii) short and long separation bubble forma-

tions emerge with these APGs and inadequate momentum in flow; and (iv) susceptible role 
can be played because of surface conditions free-stream turbulence.

Due to these types of flow phenomena mentioned above such as laminar boundary layer 
separation or LSBs, the detection of flow separation is too important. Flow separation can 
cause the aerodynamic stall leading to undesired dynamic or static loading statements with 

a decrease in the lift and an increase in drag for airfoils operating at low Reynolds number 

ranges. Therefore, flow control methods have been developed to mitigate (to even suppress) 
their detrimental influences in terms of aerodynamic performances. The flow control mecha-

nism can be divided into two categories as passive and active flow control. The essential 
difference between active and passive flow control techniques is that some sort of energy 
input is necessary for active flow control to manipulate the flow, while passive flow control 
methods manipulate the flow by not requiring any exterior energy resources. These two con-

trol methods have advantages and disadvantages compared to each other. One drawback 
of passive flow control technique can be that it cannot be switched on or off whenever users 
need. But most aerodynamic researchers have recently preferred the passive flow control 
methods to provide technologically and economically efficient solutions as long as it does 
not ensure any undesirable situations except for its design conditions, because they are the 
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quickest solution to implement processes and less expensive. In spite of the advantages and 
disadvantages of these two control techniques, they have been tested and researched by 

aerodynamic researchers with the aim of alleviating the stall effects and enhancing the per-

formance of the overall airfoil.

3. Passive flow control techniques

These types of flow control methods generally improve the condition of flight vehicles by 
manipulating the flow characteristics in the boundary layer, because the flow manipulation is 
an efficient way to control mixing in the separated shear layer. So far, aerodynamic research-

ers have utilized these techniques experimentally or numerically in their studies. A detailed 

explanation of these passive flow control techniques has been presented as follows:

3.1. Vortex generators

The vortex generators (VGs) as depicted in Figure 3 [19] are the most effective and simplest 
passive flow control devices that are widely preferred and utilized on wind turbine blades by 
aerodynamic researchers in order to prohibit and suppress flow separation caused by APGs. 
VG examples are not limited to airfoil [20], and they can also utilize the devices such as bluff 
bodies [21], noise reduction [22], wind turbines [23], swept wings [24], and heat exchangers 

[25, 26], just to name a few. VGs, which were first investigated by Taylor [27], are generally 

small plates having rectangular or triangular shapes. They can be mounted on the surface 

where desired to flow control at an angle of the incoming flow. They are used to decrease 
(to even suppress) the boundary layer separation, which is caused by APGs and turbulence 

effects [28]. The slower moving boundary layer is energized by VGs in conjunction with high 

momentum fluid in the outer part of boundary layer and in the free stream [29], resulting in 

reducing the drag force [30] and increasing the lift force [31, 32].

Regarding the optimization of VGs, many aerodynamic researchers have investigated the 

VG’s parameters to obtain optimal impacts on fluid flow. As shown in Figure 4 [33], it can be 

said that the important parameters are height (h), cropped edge length (b), vane length (L), 

Figure 3. A sketch of vortex generator rows [19].
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type, shape, pattern, long (D) and short (d) gaps among the vanes, size, location, and inflow 
angle (β). In addition to these important parameters, VG configurations termed as counter 
rotational and corotational also play critical roles in terms of rotational directions of vortices 

formed by VG pairs [34].

3.2. Leading-edge slats

The leading-edge slats, which were known as a passive flow controller by delaying the flow 
separation, were initially presented by Handley Page [35] in Great Britain and it was first uti-
lized for an aircraft [36]. As illustrated in Figure 5 [19, 37], the flow in space between the main 
body and slat is augmented and accelerated with either large vortices or multiple smaller 

vortices. Large vortices moving from slat’s midspan to its edge can occur at lower Reynolds 

Figure 4. (a) Isometric perspective and (b) planar sketch of the VG row [33].

Figure 5. (a) Configuration of leading-edge slat [19] and (b and c) its planar view [37].
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number, whereas smaller vortices can be observed at higher Reynolds number. Accelerating 

flow with leading-edge slats gains kinetic energy and momentum to the boundary layer, 
resulting in delaying of stall phenomenon [38]. In the literature, there are three types of slats: 

(i) fixed slat [39], (ii) retractable slat [40], and (iii) Kruger flap [41]. Recently, Genç et al. [42] 

have investigated NACA2415 airfoil with NACA22 leading-edge slat experimentally and 

computationally. Their computational results indicated that experimentally stated LSB was 

correctly estimated. Moreover, delaying of the stall phenomenon was obtained by means of 

experimental investigation, resulting in providing the maximum lift coefficient of 1.3.

3.3. Flow vanes

The flow vane, which is concepted by Pechlivanoglou [19] and can be utilized as a power 

regulator and stall controller at wind turbines, is an undiscovered item of the wind turbine 

blades. As seen in Figure 6, the flow vanes have relatively smaller chord length than the main 
body and this additional aerodynamic profile can be positioned over the suction surface of 
airfoils. The space among the flow vane and main body is closely equal to the chord length 
of the flow vane.

3.4. Leading-edge serrations

A passive flow control method entitled as leading-edge serration as shown in Figure 7 [43, 44] is 

inspired by the morphology of humpback whales [45]. This bioinspired technique has recently 

been investigated for different purposes experimentally or numerically. Wang and Zhuang [46] 

designed a modified wind turbine blades with sinusoidal wave serrations employed on the 
leading edge to control the boundary layer separation. Their numerical results indicated that 

the leading-edge serration suppressed the flow separation with the generation of the counter-
rotating vortex pairs, especially at high AoA. Cai et al. [47] also numerically investigated a 

modified airfoil with a single leading-edge protuberance at low Reynolds number. The results 
showed that the stall angle reduced at the modified airfoil. Furthermore, the pre-stall perfor-

mance of the modified airfoil decreased, whereas post-stall characteristics were increased. 
Moreover, an experimental study performed by Wei et al. [48] expressed the hydrodynamic 

Figure 6. Representation sketch of the flow vane [19].
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characteristics of hydrofoils with leading-edge tubercles at Reynolds number of 1.4 × 104. Their 

visualization results based on particle tracking revealed that the effects of flow separation were 
declined with the use of leading-edge tubercles.

3.5. Slotted airfoils

Slots (generally known as a narrow rectangular channel along spanwise of a wind turbine 
blade) are one of passive flow control methods and flow control is ensured by changing the 
flow velocity over the airfoil. The principle of a slotted airfoil is that flow velocity increases at 
the slot exit after interior flow passes within the airfoil. This increment of flow velocity at the 
slot exit causes the streamlines to disrupt, resulting in creating the flow separation. The flow 
separation occurred over the airfoil means velocity reduction. This reduction in flow velocity 
enables the local pressure underneath the airfoil to increase, resulting in producing more 

lift. Figure 8 illustrates the slot geometric characteristics performed by Belamadi et al. [49]. 

Figure 7. Schematic view of a wind turbine blade with modified models via serrations [43, 44].

Figure 8. Schematic demonstration of a slotted airfoil [49].
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Symbols of c, X, γ, and ψ mean chord of the airfoil, the slot position, the slot width, and angle 

between slot axis and chord normal, respectively. Numerical results conducted by Belamadi 

et al. [49] indicated that stall phenomenon on S809 airfoil at an angle of attack of 20° was 
completely eliminated by creating a nozzle effect over the airfoil, ensuring the extra kinetic 
energy (inherently extra momentum) to suction surface. Based on experimental and numeri-

cal results obtained by Beyhaghi and Amano [50], an increment of the lift coefficient by 30% 
was ensured without conceding any drag force.

3.6. Leading-edge microcylinder

The leading-edge microcylinders, which are used as passive control technique for boundary 

layer flow separation, are shown as a whole and enlarged view of mesh domain in Figure 9 

[51]. Regarding the principle of leading-edge microcylinder, velocity over suction surface of 

the airfoil can be accelerated by them and thus the Kelvin-Helmholtz instability of fluid flow 
is decreased. As concerning literature studies performed in advance, Luo et al. [52] designed 

a microcylinder and used in front of the leading edge of NACA0012 airfoil in order to ensure 

stall delay and decrease the flow separation zone. Based on the numerical calculation carried 
out by Wang et al. [53], an increment of 27.3% at blade torque was obtained by positioning a 

microcylinder with a suitable diameter in front of the leading edge.

3.7. Gurney flaps

Gurney flap is a small boundary layer passive control method and it can be easily mounted 
at the trailing edge of an airfoil. The Gurney flap with 2% of the chord length of the airfoil 
can affect the aerodynamic performance by increasing the lift coefficient by 0.4. Moreover, 
the lift-to-drag ratio of the airfoil can be nearly improved by 35% [54]. Flow progress and 

Figure 9. Whole and enlarged view of mesh domain for a leading-edge microcylinder [51].
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mechanism of lift increment by the Gurney flap were explained by Liebeck [55]. As depicted 

in Figure 10 [55], a pair of counter-rotating vortices composed at downstream of the Gurney 

flap creates a low-pressure zone within. This low-pressure region makes the flow to increase 
over the suction surface, resulting in rising to an increase in the suction pressure. On the 

other hand, the flow velocity is reduced at upstream of Gurney flap by anticlockwise vortices 
and pressure at the pressure surface is increased. Consequently, the variation of pressure 

distribution between surfaces leads to an increment of lift force. The unsteady flow charac-

teristics, especially at low Reynolds numbers, may be mitigated and suppressed with the use 

of Gurney flap. Based on the transient two-dimensional numerical simulations performed 
by Zhu et al. [56], the adaptive Gurney flap was compared with the fixed Gurney flap and 
the greater energy harvesting efficiency was obtained when the adaptive Gurney flap was 
selected for the oscillating wing. Shukla and Kaviti [57] numerically investigated four sym-

metric NACA airfoils in conjunction with a dimple, Gurney flap and combination of both 
dimple and Gurney flap at Reynolds number of 3.6 × 105. Their results indicated that better 
aerodynamic performance was obtained at NACA0021 airfoil with a combination of both 

dimple and Gurney flap when the angle of attack was 12°.

3.8. Self-activated deployable flap

Recently, aerodynamic researchers have focused on a technique to palliate the adverse effect 
of flow and increase the lift coefficient by inspiring the biological flows from birds’ wings. 
Therefore, a self-activated spanwise flap near the trailing edge of the airfoil as a biomimetic 
device for control of flow separation has been developed as seen in Figure 11 [58]. Regarding 

the principle of the self-activated flap, it starts to pop-up because of backflow to cope with 
critical conditions of flight when flow separation occurs on the suction surface of the wing. 
Thus, the wing can be prevented from an abrupt increase in the angle of attack because of 
perching maneuvers or gusts. Rosti et al. [59] investigated physical mechanism of the flow 
field over NACA0020 airfoil having an elastically mounted flap at Reynolds number of 2 × 104. 

It was founded that these flaps could overcome the effect of dynamic stall breakdown causing 
the abrupt lift loss. In addition, a more positive aerodynamic response such as increasing of 

lift amount was obtained during the ramp up motion of movable flap. Arivoli and Singh [60] 

and Schluter [61] also studied self-activated deployable flaps. Their results demonstrated that 
deployable flaps played crucial roles in terms of aerodynamic performance even though they 
had a little effect in Reynolds number and heavy stall conditions.

Figure 10. Flow progress at trailing-edge airfoil having a Gurney flap [55].
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3.9. Airfoils with cavity

One of the passive control techniques is the application of a cavity mounted on a thick airfoils’ 
suction surface that is taken from original Kasper’s wings [62]. The principle of this concept is to 

create a convenient pressure gradient when two counter-rotating vortices inside the cavity are 

trapped. Furthermore, these trapped vortices over the suction surface not only ensure an extra 
low-pressure region but also cause a lower drag to produce. Thus, this method has recently 

gained interests among aerodynamic researchers. Olsman and Colonius [63] investigated an 

airfoil with a cavity at Reynolds number of 2 × 104 and different angles of attack ranging 
from 0° to 15° as seen in Figure 12. Their results revealed that stall phenomenon was delayed 

by means of counter-rotating separated flows, resulted in reduced flow separation region. 
A detailed numerical study regarding the aeroacoustics of NACA 0018 cavitied airfoil was 

reported by Lam and Leung [64] at Reynolds number of 2 × 104 and Mach number (Ma) of 0.2.  

Figure 11. Illustration of a movable flap at a high angle of attack: seagull at landing (top picture) and sketch in principle 
(bottom picture) [58].

Figure 12. The vorticity contour plot over the airfoil with a cavity [63].
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The presence of cavity caused the lift-to-drag ratio to increase. Moreover, cavitied airfoil 

produced less acoustic power, making it a noiseless airfoil design at low Reynolds number 
regimes.

3.10. Roughness material

The control technique with the roughness material, which is one of the fundamental objec-

tives of the chapter, can passively control the flow over wind turbine blade operating at low 
Reynolds number ranges. Regarding the development of vortex structures at the wake of 
VG applications [65], the flow is re-energized with the vortices produced by miniramps as 
denoted in Figure 13. Furthermore, the flow is inherently gaining momentum by means of 
that passive flow controller. Therefore, the separated flow because of adverse pressure gradi-
ents that occurred generally at leading edge of airfoils may be suppressed with re-energized 

flows, resulting in the occurrence of more stable flow characteristics without boundary layer 
separation.

As occurred in VG applications, the flow control method by means of roughness mate-

rial is performed with similar ways by intervening the flow. Vortex sheds produced by 
roughness cause the flow in the boundary layer to gain more energy as seen in Figure 14 

[66]. Energized flow hinders the boundary layer flow separation and it ensures the flow 
to move along the airfoil surface by attaching. The vortex sheds can be used for a few 
different purposes over the surface of airfoils. For instance, the vortex sheds, which were 
used for recognition of flow phenomena at the study presented by Koca et al. [67, 68], gave 

the momentum to flow, resulting in lift recovery and even less vibration or noise for wind 
turbine blades.

Regarding identifying the role of roughness material on the flow characteristics over rough-

ened NACA 4412 airfoil as indicated in Figure 15, investigations based on the force measure-

ment, the smoke-wire, hot-film sensor (glue-on type), and hot-wire experiments have been 
performed by Genç et al. [8, 69]. The purpose of the experimental study was to determine the 

LSB and transition phenomena over uncontrolled NACA 4412 airfoil in detail and then was to 

observe how sandpaper as a roughness material affected the flow topology.

Figure 13. Vortex structures at the wake of VGs [65].
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The results, which were obtained from smoke-wire experiment and hot-film sensor, showing 
an integrated graph were denoted in Figure 16 [8]. The streamlines obtained from smoke-wire 
experiment clearly revealed that LSB occurred between x/c = 0.3 and x/c = 0.7 for uncontrolled 

Figure 14. Comparison of ¼” roughness height and vortex shedding characteristics at different Re
c
 numbers [66].

Figure 15. Representation sketch of the roughened airfoil.
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airfoil, while it was seen between x/c = 0.3 and x/c = 0.5 for the roughened airfoil. It means 

that using sandpaper causes LSB’s size to shrink enormously. As physically speaking, the 
undulations acquired from voltage values, which were predefined how to obtain in Ref. [8], 

Figure 16. Comparison results of two different experiments at Reynolds number of 5 × 104 and α = 8°: (a) k/c = 0 
(uncontrolled airfoil) and (b) k/c = 0.003 [8].
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started to increase after x/c = 0.3, meaning the transition inception and separation point due to 

adverse pressure gradients in Figure 16(a). However, the amount of undulations at x/c = 0.5 

was less than that at x/c = 0.3, because small eddies having less energy in the aft portion of 

LSB caused the undulations amount to reduce. After x/c = 0.5 point, the obvious increment 

in undulations indicated that the flow in the boundary layer was fully turbulent because of 
energized vortices.

Figure 17 [8] shows a combination graph consisting of numerical and experimental results for 

a roughened airfoil with k/c = 0.006 at Reynolds number of 5 × 104 and α = 8°. At first glance, 
APG exhibits a dominant role on flow and it causes the flow to separate from the airfoil sur-

face of x/c = 0.3 as depicted in the flow visualization graph. Then, the flow reattaches to solid 
surface nearly at x/c = 0.6 by gaining momentum by means of roughness material. Same flow 
phenomena like boundary layer separation, reattachment and LSB are shown and proved 
with streamlines and C

p
 curves obtained from the numerical study. The peak point among 

separation (referred to as S) and reattachment (referred to as R) points reveal the LSB in C
p
 

curve. The trend of Cp curve is almost constant after separation point due to the presence of 

dead air region having as negligible as less flow phenomenon. The position of LSB is between 
x/c = 0.3 and x/c = 0.6 as shown in the smoke-wire experiment result. Besides, a mild peak at 
x/c = 0.5 indicates the transition point over the airfoil surface.

In addition to the results mentioned above, two more important results were obtained 

from aerodynamic force measurement results as seen in Figure 18. First, the stall phenom-

enon because of flow separation was pronouncedly postponed in Figure 18(a). Second, 

lift coefficient (C
L
) in Figure 18(b) increased with the use of roughness material, result-

ing in enhancement of aerodynamic performance of airfoil. Moreover, it was clearly seen 

that roughness material gave good results, especially in the pre-stall region. Thus, the 

Figure 17. The combined results obtained from the numerical and smoke-wire result for the roughened airfoil with 
k/c = 0.006 at Reynolds number of 5 × 104 and α = 8° [8].
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roughness material was firstly entitled as “the pre-stall flow control mechanism” in aero-

dynamic literature by authors in Ref. [8].

3.11. Flexible membrane wings

Another essential objective of the chapter in terms of the passive flow control device is doing a 
detailed survey on flexible membrane wings. The requirement for improving the flight capa-

bilities of MAV and UAV leads to increasing concern in biologically inspired wings. It is well 
known that the wings of flying animals such as bats resemble a thin membrane-like material 
with a fixed leading edge and free, scalloped trailing edge that can be easily complied with 
the flow environment. Moreover, they can regulate the wing planform for a specific flight 
condition and their flight can be qualified by immensely unsteady and three-dimensional 
wing motions. A membrane wing is better able to tailor the atmospheric disturbances and 
makes the vehicle easier to fly [70, 71]. In other respects, the efficacy of the membrane comes 
from the ability of passive control through the flight as well as decreasing the weight of the 
wing [70]. Smith [72] paraphrased the emphasis on flexibility and wing stiffness in modeling 
the flapping motion and generation of the resultant force. A summary presentation study 
of the aerodynamics of micro air vehicles operating at low Reynolds numbers was carried 

out by Mueller and DeLaurier [73]. In order to come up with the negative effects of LSB 
for improving aerodynamic performance, researchers utilized flexible membrane wings for 
numerous practices such as hang glider, microlight, and UAVs and MAVs. An experimen-

tal investigation about time-dependent LSB formation on AR = 3 wing was conducted, and 

it was seen that in the membrane wings at low Re numbers the LSB was more prevalent. 

Leading-edge separations were influenced via both Reynolds number and leading-edge 
vortices occurring because of the separation bubbles led to time-dependent alterations on 

the vibration of the wing [74, 75]. At low AR, tip vortices delayed stall, exclusively at low Re 

numbers owing to affecting flow on the wing and separation bubble [76] and analysis of the 

Figure 18. Force measurement results at k/c = 0.006: (a) Re = 7.5 × 104 and (b) Re = 1 × 105 [8].
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instant deformation found out spanwise and chordwise, which were due to the shedding of 

leading-edge vortices’ farther tip vortices [77].

Rojratsirikul et al. [78, 79] searched flow and deformation characteristics of membrane wings 
with low aspect ratio via velocity and deformation measurement. They found membrane 

oscillations in second chordwise mode at higher incidences. The dynamic of membrane wing 

can be altered with excess length [80, 81] and support [82] of the wing. Genç [80] studied on 

a membrane wing with excess length. The results depicted that camber of membrane wing 

induced the separated flow; therefore, small separated regions were seen. Besides, Greenhalgh 
et al. [81] observed that increasing excess length caused to reduce separation incidence, and 

hysteresis interval concluded a restricted working area for the highest excess lengths. Arbós-
Torrent et al. [82] considered the effects of the geometry of front and aft of the wing on the 
aeromechanics of membrane wings. It was stated that average camber-like membrane fluctua-

tions altered with respect to the geometry and size of both front and aft supports. Besides, 

the front and aft support having rectangular cross-section everlastingly provided further lift 

and deformations of mean camber compared with circular cross-sectional support. Galvao 

et al. [83] studied experimentally on the compliant membrane wings modeled based on mam-

malian flight mechanics. They showed that three-dimensional (3D) flow and tip vortices were 
ascendant. Furthermore, the deformation of compliant wings increased with both incidence 
and deformation increasing. Bleischwitz et al. [84] surveyed membrane wings aeromechan-

ics in ground effect. Digital image correlation (DIC) and proper orthogonal decomposition 
(POD) were used for obtaining membrane vibrations. It was seen that fluctuation modes were 
adequate to hold 90% of all deformation energy closes to stall. Moreover, structural modes 

of spanwise were ensured in virtue of POD in lift increment areas. On the other hand, Hu 

et al. [85] executed a study on the flapping flexible membrane wings. It was seen that oscilla-

tion provided significant aerodynamic benefits in unsteady state regime. In other respects, it 
was concluded that generally the rigid wing had better lift capacity for flapping wings. The 
flexibility of the wing affected its aerodynamics positively [86] and membrane wings had an 

increase in maximum C
L
 during oscillating. Furthermore, an increase in reduced frequency 

led to an increase in maximum C
L
. Membrane wings have a higher slope of lift and postponed 

stall [87]. Additionally, the membrane kinematics was closely relevant to membrane tension 
and free-stream velocity [88].

As previously mentioned, numerous studies have been performed for a better understand-

ing of flexible wings and examined their effects in terms of aerodynamic performance. 
Herein, it is important to give sight for the conducted researches about flexible membrane 
wing, which are tabulated in Table 1. A common result could be said from all these studies 

that membrane wings had favorable characteristics such as a higher lift-to-drag ratio and a 

higher maximum lift coefficient when compared to an equivalent rigid wing from the aero-

dynamics point of view.

Unlike these studies, Demir [98] investigated the deformation that occurred on the flexible 
membrane wing surface and how it affected the LSB. Moreover, he examined how LSB 
affected the vibrations that occurred on the membrane surface, the distribution of the flow 
characteristics, as well as the fluid-structure interactions between the membrane and flow both 
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experimentally and numerically. An experimental study was conducted by Demir and Genç 

[74] in order to examine time-dependent circumstance of flow on flexible membrane wing 
and they noticed that the size of LSB altered with time because of the indecisive flow features 
of the wing. The indecisive behavior upon the flexible membrane wing brought about various 
deformation modes to constitute at various angles of attack. The results of time-dependent 
flow visualizations for angles of attack of α = 12° and α = 10° for different time intervals are 
given in Figure 19 [75] and Figure 20 [75]. Time-dependent attitudes of LSB was obviously 
seen as analogizing obtained results at miscellaneous times between t = 0.08 s and t = 0.20 s. 

The bubble size enlarged at t = 0.16 s and then was smaller at t = 0.20 s for Re = 2.5 × 104 at 

α = 12°, as seen in Figure 19. Additionally, as it is seen in Figure 20, the size of LSB enlarged 

until t = 0.12 s and then lessened at t = 0.16 s at α = 12° and Re = 5 × 104. For this purpose, it can 
be deduced that bubble size varied with time because of the indecisive flow characteristics of 
flexible membrane wing.

Author(s) Type of wing Type of study Working range of Re 
number

Timpe et al. [71] Rigid flat plate and membrane wings 
(AR = 4.3)

Experimental 5 × 104

Rojratsirikul et al. [79, 

89, 90]

Rigid and 2D flexible membrane wing 5.31 × 104, 7.97 × 104, 

10.6 × 104

Rojratsirikul et al. [78] AR = 2 flexible membrane wing and delta 
wing

2.4 × 104–5.9 × 104

Hu et al. [85] Cybird-P1® remote control ornithopter 

model

1 × 104, 2 × 104, 8 × 104

Tamai et al. [91] Flexible membrane wings with different 
numbers of ribs (FM01, FM02, FM03, FM10)

7.5 × 104

Arbós-Torrent et al. [82] Membrane airfoils with different geometries 
of LE and TE support

9 × 104

Bleischwitz et al. [84] Rigid wing and AR = 2 membrane wing 5.6 × 104

Wrist et al. [92] Membrane wing with NACA 2504, 4504, 

6504, 4404, 4504, 4604, and 4506 frames

5.0 × 104

Attar et al. [93] Membrane wing 1.37 × 104, 2.26 × 104, 

3.63 × 104

Galvao et al. [83] Membrane wing (AR = 0.92) 7 × 104–2 × 105

Viieru et al. [94] Fruit fly (Drosophila) Numerical 104–105

Hefeng et al. [95] NACA0012 segmented flexible airfoil 1.35 × 105

Lian and Shyy [96] Flexible wing (SD7003) 6 × 104

Gordnier and Attar [97] AR = 2 flexible membrane wing Both 2.43 × 104

Song et al. [88] Rectangular membrane wing (AR = 0.9, 1.4, 

1.8)

Both 7 × 104–2 × 105

Table 1. Summary of pioneering studies on flexible membrane wing.
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As seen in Figure 21, vibrational modes in the middle section of the wing reduced and joined 

up at the tip region at α = 10° by the virtue of occurring separation bubble and these vibra-

tional modes became a chordwise mode of two at α = 12° as seen in Figure 22. The holes 

Figure 19. Smoke wire flow visualization result of AR = 3 flexible membrane wing at y/s = 0.4 for α = 12° and Re = 2.5 × 
104 [75].

Figure 20. Smoke wire flow visualization result of AR = 3 flexible membrane wing at y/s = 0.4 for α = 10° and Re = 5 × 
104 [75].
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Figure 21. Three-dimensional view of standard deviation of mean deformation of AR = 3 flexible membrane wing at 
α = 10° for Re = 5 × 104.

Figure 22. Three-dimensional view of standard deviation of mean deformation of AR = 3 flexible membrane wing at 
α = 12° for Re = 5 × 104.
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formed by the separation bubble in the middle of the wing were illustrated with white dashed 

lines and the regions with red color showed the peaks.

3.12. Partially flexible airfoil

The last major control device, which is the objective of the chapter, among passive flow con-

trollers is the flexible membrane used on the surface of the airfoil. This type of airfoil is called 
as a segmented or partially flexible airfoil. Since it is a new concept of flow control method, 
a detailed investigation of a partially flexible membrane is rarely studied in the aerodynamic 
literature. A pioneered computational fluid dynamics (CFD) analysis was performed using 

Figure 23. Different types of segmented airfoils [95].

Autonomous Vehicles150



flexible membrane material on the airfoil surface by using ANSYS software [95]. The fluid-
structure interaction (FSI) method was used for numerical modeling to investigate interactions 
between fluid and membrane. The segmented airfoil is seen in Figure 23 [95]. The flexible 

Figure 24. Streamline of rigid and flexible airfoils, α = 13°: (a) rigid; (b) one-segment; (c) two-segment; (d) three-segment; 
and (e) four-segment [95].
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Figure 25. Configuration of the partially flexible airfoil [99].

Figure 26. Integrated sketch of the flow visualization and standard deviation of the deformation at α = 8° for (a) Re = 2.5 
× 104 and (b) Re = 5 × 104 [99].
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membrane material was used on the suction side of the airfoil. They numerically modeled 

four different cases on which the upper surface of the airfoil was flexible. In this numerical 
model, the effect of flexibility on aerodynamic performance in various regions on the airfoil 
was investigated for a Reynolds number of 1.35 x 105. Figure 24 [95] gives information about 

flow over the uncontrolled airfoil and the segmented flexible airfoils. It has been observed 
that the interaction between flow and the segmented airfoil decreases flow separations at high 
angles of attack. It has been found that the airfoil with three separate flexible zones shows the 
best aerodynamic performance and increased the lift coefficient by 39% compared to the rigid 
airfoil around the stall angle.

Apart from numerical study, first detailed experimental investigations on a partially flexible 
airfoil at low Reynolds numbers were carried out by Açıkel and Genç [99]. They modified 
the rigid NACA 4412 airfoil by using a membrane material that was located on the upper 

side of the airfoil as denoted in Figure 25 [99]. The location of the membrane was between 

x/c = 0.2 and x/c = 0.7. In this study, different experimental methods such as force measure-

ment, velocity measurement, deformation measurement, and smoke wire visualization were 
used to investigate flow control on partially flexible membrane airfoil.

According to the experimental results, flow control with flexibility is more effective at low 
angles of attack. Figure 26 [99] demonstrates a combined sketch of the membrane standard 
deviation and smoke wire visualization for α = 8°. This sketch showed that the membrane 
vibration modes were increased with increasing Reynolds number.

4. Conclusion

A detailed review with regard to passive control methods affecting the flow especially at low 
Reynolds numbers was presented in this chapter. The main purpose of this study is to clarify 

the passive control techniques for UAVs and MAVs operating at low Reynolds numbers. 
Besides the explanation of those techniques, especially three passive flow methods at low 
Reynolds numbers have been highlighted with their results as follows:

• Using the sandpaper as a passive flow controller [8, 69] on the surface of the airfoil has 

caused the LSB’s size to reduce enormously, resulting in aerodynamic performance recov-

ery. Moreover, the roughness-induced transition phenomenon also mentioned in studies 

performed by Puckert and Rist [100] and Bucci et al. [101] has occurred with the usage of 

sandpaper. Therefore, a more stable flow characteristic has been obtained.

• Time-dependent attitudes of LSB obtained from results of flexible membrane wings [74] 

showed that bubble size first increased and then reduced at different low Reynolds numbers 
and angles of attack. That is, it can be understood that fluid-structure interaction positively 
exhibited a good effect on aerodynamic performance by varying the bubble size with time.

• Regarding the usage of the partially flexible airfoil [99], flow control in conjunction with 
partial flexibility is more effective especially at low angles of attack. Both flow and flexibil-
ity-induced undulation over membrane material have caused the vibration modes, helping 
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the bubble size to be reduced. Thus, better aerodynamic performance with the increasing 
of lift coefficient has been obtained.

Consequently, this detailed chapter will present a comprehensive, practical, effective road-

map for the aerodynamic researchers especially interested in the flow control techniques over 
wind turbine blade or MAV applications operating at low Reynolds number regimes.

Nomenclature

Abbreviation

LSB laminar separation bubble

UAV unmanned aerial vehicle

MAV micro air vehicle

Ma Mach number

2D two dimensional

3D three dimensional

POD proper orthogonal decomposition

DIC digital image correlation

AR aspect ratio

FSI fluid-structure interaction

LE leading edge

TE trailing edge

VG vortex generator

CFD computational fluid dynamics

APG adverse pressure gradient

AoA angle of attack

Symbols

Re Reynolds number

Re
c
 critical Reynolds number

c chord length of airfoil
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s span length of membrane wing

h height of VG

b cropped edge length of VG

L vane length of VG

D long gaps among vanes

d short gaps among vanes

β inflow angle

X slot position

γ slot width

ψ angle between slot axis and chord normal

t time

C
L
 lift coefficient

C
D
 drag coefficient

k roughness height

α angle of attack

C
L, max

 maximum lift coefficient

Subscripts

L lift

D drag

max maximum

c critical
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