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Birds are products of millions of years of evolution. Thus, many characteristics of their bodies and 

wings are designed to make bird flight easier and more effective. One such interesting 

characteristic of many birds is the presence of a passive appendage on the wing in the form of 

feathers that pop up during landing or turbulent circumstances. In this paper an attempt is made 

to describe the behavior of these popped up feathers and its effect on the lift during flow 

separation with a simple inverted pendulum model (1). This is done by applying the model to a 

two dimensional airfoil with a wing-flap attached to its upper surface to reproduce the relevant 

geometry of the bird wing with pop up feathers. Two cases for how the wing-flap is attached to 

the airfoil are investigated, one where the wing-flap is hinged to the airfoil and one where the 

wing-flap is attached to the airfoil with a torsion spring. First the theory behind the model is 

explained followed by an analysis of how this model is applied to the airfoil and wing flap 

configuration. The optimal wing-flap configurations are then calculated numerically and 

compared to lift data of the pure airfoil. Since the model is a simplification of the complex 

interaction between the wing-flap and the fluid flow, the results are expected to be modest. It 

was found that the optimal wing-flap configurations increased lift with about 4.4% and 5% for the 

hinge-joint and torsion spring case respectively.  

 

Introduction 

Organisms have the ability to evolve. They evolve in the direction most beneficial to them relative to 

their surrounding environment and their needs. The term beneficial in the context of living organisms 

is often equivalent to minimizing energy expenditure on behalf of the organism while still being able 

to fulfill its needs.  An attribute that many plants and animals use to aid locomotion and minimize 

energy expenditure is through the use of a passive appendage (2,3,4). As the term suggests, passive 

appendages cannot be controlled directly by the organism, but is rather controlled by external 

circumstances such as the fluid flow around the organism. In the case of birds, the passive 

appendage in the form of pop-up feathers is observed to deflect from the wing during landing or 

turbulent wind conditions (5). Since birds cannot use their extra pop-up feathers as they use their 

wings to displace the fluid around them to actively push themselves in the desired direction, the 

presence of a passive appendage in the form of pop-up feathers in birds hints at that it in a self-

activated manner may aid bird flight without using the bird’s energy.   



 Some birds make use of winds directly and change their type of flight depending on the wind 

conditions to minimize energy expenditure (6,7) whilst some birds make use of the flow around them 

indirectly via for example pop-up feathers. The pop-up feathers are presumed to be self-activated as 

a response to the resulting flow around it (4). They are observed to activate during landing when 

birds increase the angle of attack to high degrees (5). Due to the curvature of the bird wing (if 

approximated as an airfoil) and its high attack angle during landing causing an adverse pressure 

gradient on the upper surface of the wing (8), flow separation occurs. Therefore it is plausible to 

assume that the pop-up feathers are in fact activated by the flow separation itself.  During flow 

separation a small region of backflow is induced along the upper surface of the bird’s wing. When the 

pop-up feathers rests on the wing inside this region, a slight wiggle by the bird or a gusty wind can 

easily elevate the pop-up feathers slightly causing the feathers to be unstable due to backflow 

induced by the flow separation. The instability of the pop-up feathers due to the backflow is similar 

to how a inverted pendulum is unstable due to gravity (which is explained more in detail later). To be 

able to apply the inverted pendulum model, the bird’s wing geometry is in this paper simplified by 

considering a NACA0018 airfoil with a wing flap attached to it. The results are compared with the 

experimental findings of movable flaps on a HQ17 airfoil (9).  For details of how the inverted-

pendulum-like (IPL) model is applied in the general case of a bluff body and evidence of the actual IPL 

instability for a bluff body for low Reynolds numbers (45-1200), see (1).  

Fuel efficiency is an issue of high relevance in the 21st century due to environmental threats. As 

airplanes operate at such high speeds, high fuel consumption is almost inevitable. Techniques for 

increasing the lift and reducing the drag are therefore highly sought for in the field of aeronautical 

engineering. An increase of 10 percent in lift to drag ratio is estimated to save up to 12 percent in 

fuel consumption for large transport flights (10), which makes a huge difference in fuel consumption 

in the long run. In order to alter the lift to drag ratio and make airplanes more efficient, it is rational 

to study the physiology of birds. At first sight airplanes seem to possess a flap similar to the pop-up 

feathers of birds and the wing-flaps considered here. However, the flaps on the upper surface of the 

airplane wings are called spoilers, and are mounted on the wing with intentions to destroy lift (11) 

and increase drag. The wing-flaps considered in this paper are in contrast to spoilers, intended to 

increase lift and reduce drag.    

The aim of this paper is to investigate how well a simple inverted pendulum model can be used to 

describe the behavior of pop-up feathers and its effect on the lift during flow separation. This is done 

by theory where concepts of geometry, basic mechanics and fluid dynamics are merged to describe 

the interaction between the pop-up feathers and the surrounding flow with the inverted pendulum 

model. Numerical calculations based on the theory are then performed to find the optimal airfoil and 

wing flap configuration in terms of produced lift coefficient due to the wing flap. In order to assess 

the extra-generated lift calculated in theory, data is collected from wind tunnel experiments of the 

NACA0018 pure airfoil at the Royal Institute of Technology in Sweden, as reference values for the lift 

and drag coefficients of the airfoil at different attack angles without any wing flap attached. Some 

preliminary direct simulations have been carried out to evaluate how the lift and drag on the body 

changes due to the optimal wing flap configuration determined by the IPL-model during stall 

conditions. 
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Figure 1: a) A Inverted pendulum consisting of a plate attached to a cylinder that is free 

to rotate around the center of the cylinder is unstable in an upright position due to 

gravity and therefore settles onto the wall on either side. b) The walls from a) are 

replaced by a uniform free stream flow  and the gravitational field by the reversed 

flow  inside the backflow region. 

 

Theoretical background 

Consider a cylindrical pendulum that consists of a plate attached to a cylinder (Fig. 1a). This 

cylindrical pendulum is then fixed between two walls in such a way that it can only rotate around the 

center of the cylinder. Due to gravity, the upright position of the cylindrical pendulum, with the plate 

aligned along the gravitational field, is unstable. Thus, the plate will settle on the wall on either side 

of the cylinder and the configuration becomes stable. A similar phenomenon is observed when an 

inverted pendulum is placed in a free stream when flow has separated from the body (1). A backflow 

region is induced behind the body due to the formed eddies. The flow is reversed in this region and 

makes the pendulum unstable and the free stream flow outside the backflow region stabilizes the 

pendulum (Fig. 1b). In the case of a stalling airfoil with a wing-flap attached to it, the only difference 

is the geometry of the body and the backflow region. Inside the backflow region where the wing-flap 

rests on the airfoil, the velocity field acting on the wing-flap is similar to how the gravitational field is 

acting on the cylindrical pendulum except the wing-flap is initially resting on the airfoil. However, a 

small external occurrence, such as a wiggle from the bird as mentioned earlier, can easily raise the 

wing flap just enough to make it unstable as in the pendulum case.  
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Figure 2: a) Wing flap configuration on a NACA0018 airfoil during flow separation. b) 

Illustration of the normal fluid forces acting on the wing flap. n̂  is the normal vector to 

the wing flap which is the direction of the normal fluid forces and from inside 

and outside the back flow region respectively. 

In order to apply the IPL model to the airfoil configuration placed in a uniform free stream U , the 

following assumptions are made: 1) The wing flap is modeled as an infinitely thin plate with negligible 

mass, 2) the surface of the configuration is assumed to be frictionless, 3) the reversed flow RU  in the 

backflow region is uniform, steady and opposite in direction relative to the free stream flow U , 4) 

the impact of the wing-flap plate on the backflow region is negligible. When the stalling airfoil and 

wing-flap configuration is placed in a uniform free stream U  the backflow region produced. The 

velocity field inside this region is aligned parallel to the airfoil, and is in this paper approximated as 

the region enclosed by a tilted ellipse and the upper surface of the airfoil (see appendix A1).  The 

choice of a tilted ellipse to describe the backflow region is mainly due to simplicity. Studying images 

of flow separation from airfoils, the outline of the backflow region seemed rather consistent with a 

segment from a tilted ellipse. Since a tilted ellipse equation also can be derived mathematically, this 

simplifies the calculations compared to if the outline of the backflow region would be mapped with 

discrete points, which would probably be more accurate but difficult to implement with the model at 

hand. The backflow region is assumed to be small, therefore only a part of the wing flap may be 

trapped inside this region. The length of the wing flap is defined as L , and the part of the wing flap 

inside the backflow region is defined as ( )B   (Fig. 2b) where   is the angle the wing-flap has 

deflected from the airfoil. When the wing flap is slightly raised, there is a total (averaged) fluid force 

per unit span 

   2( ) sin( ) 2n D fF k B C U       (1) 

acting on the part of the wing flap inside the backflow region pushing the wing-flap away from the 

airfoil and conversely a fluid force per unit span 

   2( ) sin( ) 2n D fF L B C U         (2) 

acting on the part of the wing-flap outside the backflow region in the opposite direction. k  is a 

constant coefficient describing the relation of the (averaged) magnitude of the inside-outside 

backflow region fluid force and is approximated to a value of 1.5,  is the (3D) drag coefficient of 
DC



the airfoil and  is the density of the fluid. The modeled backflow region is a consequence of the 

formed eddies as the fluid flows past the airfoil during stall (12). Consider a fluid particle in an eddy 

swirling from outside into the backflow region. If the tangential velocity in the eddy is approximated 

to increase linearly with the radius from the center of the eddy (13), and the radius to the fluid 

particle increases with a factor 1.5 as it moves from outside the backflow region and into it, the 

tangential velocity of the fluid particle too has increased with a factor of 1.5. Since the ratio of the 

fluid forces k , is approximated to be equal to the ratio of the respective velocities inside and outside 

the backflow region, the value of k  is therefore chosen to be 1.5. The wing-flap is attached to the 

airfoil with a hinge joint so that it is free to rotate around the point of attachment until the hinge is 

locked. Therefore the fluid forces produce a net torque on the wing flap given by  

( ) ( )
( ) ( )
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n n
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In the last step of eqn. (3) ( )B   and L  are normalized with the chord length C  of the airfoil, i.e. 

ˆ( ) ( )B B C  and L̂ L C . The wing flap position stabilizes once the net torque is equal to zero. 

This condition is satisfied for the trivial solution 0   and for a non-trivial solution s   of which 

the latter is of interest. The non-trivial solution s   can be found from eqn. (3) by numerically 

solving 
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  (4)  

When the zero net torque condition is satisfied for s  , the wing-flap ceases to rotate around its 

point of attachment and becomes fixed. However, the fluid forces are still present and will produce a 

net force on the wing-flap. Since the wing-flap is fixed in the stabilized position, the net force will 

affect the wing-flap and the airfoil as a whole. The net force is given by the sum of fluid forces.  

 

Figure 3: The airfoil is fixed and the wing 

flap is free to rotate around the point of 

attachment on the airfoil until the hinge is 

locked. Therefore the origin of the 

coordinate system is aligned with the point 

of attachment.  is the angle between 

the x-axis and the resting flap, and  is 

the angle for which the wing flap has 

stabilized. 
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To find the contribution to the generated lift force, the net force is simply projected in the vertical 

direction: 

  0cos( )lift n n sF F F           

                          2

0
ˆ ˆsin( ) 1 ( ) 2cos( )s s D f sk B L C U C        

 
        (5)  

In order to make a fair judgment as to how the wing flap affects the lift, the lift coefficients of the 

wing-flap are calculated. The wing-flap coefficient is given by 

                
, 2 2

lift

l flap

f

F
c

U C
           

        0
ˆ ˆsin( ) 1 ( ) cos( )s s D sk B L C       

 
      (6) 

Introducing a torsion spring 

So far, the wing-flap has been allowed to rotate freely from its resting position on the airfoil in the 

anticlockwise direction until the hinge is locked, without any resistance from the hinge itself. This 

occurs very rarely in nature with animals and plants with appendages. In the case with birds, their 

pop-up feathers are not naturally able to rotate freely due to a stiff attachment on the wing. An 

attempt to reproduce a similar stiffness at the hinge joint on the airfoil can be made by introducing a 

torsion spring at the joint. The torsion spring would make the wing-flap behave as if it had inertia 

which the model does not assume (the model assumes the wing-flap to be infinitely thin and have 

negligible mass), and make the wing-flap behave more similar to the popup feathers of birds.  Due to 

the additional restoring torque of the torsion spring, the angle for which this wing-flap stabilizes 

should in theory decrease. Taking a second look at how the lift coefficient depends on the stabilizing 

angle, it is difficult to predict whether the lift coefficient will increase or decrease due to the 

trigonometric term. However, since ( )B    increases for smaller stabilizing angles, the lift may even 

increase. Due to the torsion spring, the net torque equation (3) becomes:  

( ) ( )
( ) ( )

2 2
n n spring

B L B
T F F B k

 
         

      
    

   

                         2 2 2 21 ˆ ˆsin( ) 1 ( ) 2
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(7) 

Again the zero net torque condition is satisfied both by a trivial and a non-trivial solution. The non-

trivial solution s 
 
for when the wing-flap has reached equilibrium, is found numerically by 

setting eqn. (7) to zero:
 

  

           2 2 2 21 ˆ ˆsin( ) 1 ( ) 2
2

D f springk B L C U C k      
 

         (8)  



Note that eqn. (6) is still valid to calculate the lift coefficient in the torsion spring case, as it does not 

affect the net forces acting on the wing-flap. 

Numerical method 

The optimal wing-flap configuration is the one which generates the highest lift coefficient according 

to eqn. (6). Since both the airfoil and backflow region are fixed, only two parameters of the wing-flap 

configuration can be altered to find the optimal one, namely the wing-flap length and the positioning 

of its attachment point on the airfoil. Therefore a MATLAB script was written to solve the relevant 

equations (eqns. (4) and (8)) to ultimately calculate the generated wing-flap lift coefficient for 

different wing-flap lengths for different attachment points on the airfoil. This is done with a nested 

for loop for wing-flap lengths ranging from ˆ 0.01L   to a maximum length for which the wing-flap 

edge (during resting position on the airfoil) and airfoil edge coincide, for attachment points at x̂ : 0.4, 

0.5, 0.6, 0.7, 0.8, 0.9, where x̂ x C .    

The airfoil is fixed at an attack angle of 20° since this is when stalling conditions are fully attained (see 

table A2 for lift and drag coefficients for NACA0018 obtained from wind tunnel experiments at the 

Royal Institute of Technology). The outline of the backflow region is then mapped accordingly with a 

tilted ellipse (see A1). 

 

 

 

 

 

 

 

 

 

Figure 4) : Plot of NACA0018 airfoil (blue) and the tilted ellipse used to 

approximate the backflow region (red). 

A vital part in determining the lift coefficients of the wing-flap is the function ( )B  . If the wing-flap 

stretches beyond the back flow region, ( )B   is equal to the distance between the wing-flap 

attachment point and the point where the wing-flap intersects the tilted ellipse. This distance, call it 

( )r  , can be derived for all points on the tilted ellipse as a function of  (see A1). Thus, ( )B   can 

directly be approximated with ( )r   for the deflection angles and lengths for which the wing-flap 

extends beyond the backflow region, otherwise ( )B   should be equal the length of the wing-flap. 

Since the zero angle is defined as the angle for which the wing-flap rests on the airfoil, one must 

remember to shift the argument angle in the clockwise direction for the tilted ellipse equations 





(especially for ( )r  ) by an angle 
0 . ( )B  has to be calculated for all the different wing-flap 

configurations. This means that either the wing-flap attachment point has to be moved along the 

points x̂  on the airfoil for every outer loop, or the airfoil and the backflow region must move around 

in such a way that the wing flap attachment point always is located at the origin for all points x̂  for 

every outer loop. The latter option was chosen for less fiddling around with the expression for ( )r   

and so that the attachment point of the wing-flap always is placed at the origin, as in Fig. 3. For 

better accuracy, the angle 0  is recalculated for every attachment point x̂  due to the curvature of 

the airfoil, which changes the resting position of the wing-flap on the airfoil. 

Comparing equations (3) and (7), the stabilizing angle 
s  can be solved for numerically with solely 

equation (8). For the hinge joint case, 
springk  is simply set to zero. The stabilizing angle was then 

solved for with the MATLAB command “polyxpoly”, which finds the point of intersection between 

two lines (In this case the left and right hand side of eqn. (8)) by interpolation. As the trivial solution 

also is a valid solution, the script was written to only choose the trivial solution if no other solution 

exists. If there exists a non-trivial solution such that its value is greater than max , which was set to 

60°, the stabilizing angle is set to this value, i.e. maxs    due to the angular limit. 

Lastly, ( )B   is found by evaluating which element of the angular vector is nearest the stabilizing 

angle, and then choosing the element of ( )B   corresponding to that value. Here it is very important 

that the step size in the angular vector to be very fine, since ( )B   might for example contain 

intervals where the function is very steep causing the results to be inaccurate and discontinuous. The 

resulting lift coefficient for the wing flap is then calculated by eqn. (6). 

 

 

 

 

 

 

 

 

 

 

 

 

 



Results 

The parameters used to calculate the lift coefficients and stabilizing angles of different wing-flap 

configurations are obtained from wind tunnel experiments at the Royal Institute of Technology of the 

airfoil NACA0018 and are stated in the table below. The two dimensional drag and lift coefficients 

from the experiment are obtained for Reynolds number of . 

Table 1: Parameters from NACA0018 wind tunnel experiments at the Royal Institute of Technology. 

 

Wing-flap configuration with a hinge joint 

The lift coefficient and the stabilizing angle for wing-flaps attached at different points  on the 

airfoil are plotted as a function of the wing-flap length  in Figure 5. Note that since the model does 

not make any assumptions regarding the flow below the lower surface of the airfoil, wing-flaps 

extending beyond the trailing edge of the airfoil during resting position into this flow are not 

considered.  Therefore, the amount of data points decreases with increasing attachment point . 

 

a)  Wing-flap lift coefficient vs. wing-flap length  
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x̂

L̂

x̂

Parameter Value 

[kg/m3] 1.19 

[m/s] 20.5 

[m] 0.149 

(Drag coefficient for stall angle 20°, 2D) 0.4944 

(Lift coefficient for stall angle 20°, 2D) 0.1806 
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b)   Stabilizing angle vs. wing-flap length  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: a) Lift coefficients produced for wing-flaps attached at different locations on 

the airfoil with a hinge joint as a function of different wing-flap lengths. b) How the 

stabilized angle of the wing flap varies from the airfoil with-flap length for different 

configurations. Note that points for wing flaps of lengths extending beyond the edge 

of the airfoil during resting position are not plotted, since the model only accounts for 

appendages with initial positions inside the backflow region. 

The peak phenomena in the wing flap lift coefficient data for lengths   (see Fig. 5a) is 

an effect of the angular limit set to 60°. For small wing-flap lengths such that all of the wing-

flap is located inside the backflow region regardless of the deflection angle (i.e. ), 

the only forces acting on the wing-flap will be the fluid forces from the reversed flow inside 

the backflow region. This causes the wing-flap to rotate anticlockwise without any 

resistance. Because of the angular limit however, the small wing-flap is not allowed to rotate 

beyond this point, and thus settles at the maximum angle  = 60°. For wing-flap lengths

, where  is the wing-flap length where the max lift coefficient value of the peak 

is obtained, eqn. (6) can be rewritten as (it is assumed that  for ) 

   

              

ˆ 0.2L 

ˆ ˆ( )B L 

max

1
ˆ ˆ0 L L  1L̂

ˆ ˆ( )B L 
1
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 , max max 0 max
ˆ ˆsin( ) ( ) 1 cos( )l flap Dc B k L C       

 

  max 0 max
ˆ ˆsin( ) 1 cos( )DL k L C      

 



                                       

                                     1
ˆD L   (9) 

where 1 max 0 maxsin( ) cos( )DD kC     is a constant (note that 0  is constant for every 

attachment point x̂ ). This explains the linearly increasing character up until the maximum 

value of the peak in the wing-flap lift coefficient graphs in Figure 5a. The linearly decreasing 

character right after the max value of the peak occurs when the wing-flap length is small 

enough for the fluid forces from inside the backflow region to be dominating, causing the 

wing-flap still to settle at  max 60   , yet large enough to actually extend beyond the 

backflow region (i.e. max
ˆ ˆ( )B L   ). Hence the wing-flap lift coefficient (eqn. (6)), for the 

case 1 2
ˆ ˆ ˆL L L   where 2L̂  is the wing-flap length for which a local lift coefficient minimum 

is obtained, can be expressed as 

 , max max 0 max
ˆ ˆsin( ) ( ) 1 cos( )l flap Dc B k L C       

 
  

           1 max
ˆ ˆ( ) 1D B k L   

 
  

            1 1 max max
ˆ ˆ ˆ( ) 1 ( ) const .D L D B k B         

                                   1 2
ˆD L D         (10) 

where  2 1 max
ˆ( ) 1D D B k   is a constant. Eqn. (10) explains the linearly decreasing character 

between 1L̂  and 1L̂ . Note also that the peak grows both vertically and horizontally until ˆ 0.9x  , this 

is because of the backflow geometry. Further along the airfoil surface in the free stream flow 

direction, the backflow region increases in size, which leaves room for the wing-flap length to grow 

without extending beyond the backflow region, and thus still reaching the max angle. However, near 

the edge of the airfoil (for example ˆ 0.9x  ) there is not much room for the wing-flap length to grow 

without extending beyond the backflow region, which is why the peak for the attachment point 

ˆ 0.9x  , stagnates before the peak at attachment point ˆ 0.8x   in terms of produced lift coefficient. 

With regards to the lift coefficient data in Figure 5a, one can observe that the greatest lift coefficient 

at every attachment point x̂  is for a wing-flap length such that edge of the wing-flap rests 

somewhere between ˆ0.7 1x   (for example the greatest lift coefficient for a wing-flap attached at 

ˆ 0.4x   is obtained for a wing-flap length of ˆ 0.5L  , which means that the wing-flap edge during 

resting position will be located at ˆ 0.9x  ). 

The optimal configuration for a wing-flap configured on the airfoil with a hinge joint was calculated 

to be placed at ˆ 0.8x  , with a wing-flap length of ˆ 0.11L   (see Fig. 5a). The resulting wing-flap lift 

coefficient and stabilizing angle was calculated to be 0.02181 and 60° respectively (see Fig. 5b), 

which means that the angular limit is reached and the hinge is locked. Compared to the lift 

max 0 max
ˆsin( ) cos( )DkL C    

 



coefficient of the NACA0018 at 20° stall angle, the wing-flap is able to generate a lift coefficient of 

0.02181, i.e. about 4.4% of the lift produced purely by the airfoil. 

 

Figure 6) : Optimal wing-flap configuration 

attached with a hinge joint at ˆ 0.8x   with a 

length of ˆ 0.11L  and a deflection angle of 60°. 

 

 

 

 

Wing-flap configuration with a torsion spring 

As stated before, adding a torsion spring is predicted to cause the wing-flap to stabilize for smaller 

angles compared to the hinge joint case previously analyzed. One might also predict that the visible 

peaks in Figure 5a will be smoothened out with a more slow and continuous transition from zero 

valued lift coefficients to higher ones simultaneously producing greater values increase. Interestingly, 

the results turn out to be consistent with the prediction of smaller stabilizing angles but not quite 

with the theory of a smoother transition. Actually, the transition from low lift coefficients to high 

ones become more rapid and discontinuous the larger the spring constant is chosen to be. The spring 

constant for which the greatest lift coefficient was found through trial and error to be 0.02springk  . 

The results for this spring constant are depicted in Figure 7. 

 

 

 

 

 

 

 

 

 

 

 



a)  Wing-flap lift coefficient vs. wing-flap length (with torsion spring) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b)  Stabilizing angle vs. wing-flap length (with torsion spring) 

 

 

 

 

 

 

 

 

 

 



Figure 7: a) Lift coefficients due to the wing flap attached at different locations on the 

airfoil with a torsion spring ( 0.02springk  ) as a function of different wing-flap lengths. 

b) Wing-flap stabilized angle variation with wing-flap length. 

 

The reason for the discontinuity between small lift coefficients and large ones can be traced in eqn. 

(8). As the expression for the net torque from the fluid forces (left-hand side of eqn. (8) includes a 

trigonometric term, the character of this function is expected to be of wave form. The torque from 

the torsion spring on the other hand (right-hand side of eqn. (8)), is linear. The effect of varying the 

wing-flap length L̂  is difficult to predict. Plotting the net torque from the fluid forces shows that 

varying the wing-flap length L̂  does not particularly change the character of the net-torque curve, 

but the amplitude of the curve and the steepness of the peaks (see Fig.8 ).       

 

Fluid force net-torque vs θ (wing-flap attached at  = 0.8) 

 

 

 

 

 

 

 

 

 

 

Figure 8: Net-torque from fluid forces on wing-flap (left-hand side of eqn. (8)) for 

different wing-flap lengths. Note that increasing L̂ increases both amplitude and 

steepness of the peaks. 

This means that for a particular spring constant 
springk  that is of greater value than the slope 

of the first peak of the fluid force net-torque curve for a given wing-flap length L̂ , then the 

only solution is the trivial one 0s  . The trivial solution will be the sole solution until a 

critical wing-flap length ˆcL  is attained, for which the amplitude and slope of the first peak of 

the fluid force net-torque curve becomes big enough to intersect the torsion spring torque 

line (note that the torsion spring torque is of linear character). If the solution is no longer 

x̂



trivial, the lift coefficient of the wing-flap suddenly becomes non-zero; hence the jump in the 

wing-flap lift coefficient plots (Fig.7a).   

Assume that all of the wing-flap stabilizes inside the backflow region for the critical wing-flap 

length ˆcL . This is reasonable since the restoring torque from the torsion spring makes up for 

the torque which otherwise would have been produced by the fluid force outside the 

backflow region if the wing-flap would have extended beyond it. If this is true, then 

ˆ ˆ( )s cB L   and eqn. (8) can be written as 

               2 2 21 ˆsin( ) 2
2

c D f spring skL C U C k            
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 If the wing-flap stabilizes for a small angle, then 
sin( )

1s

s




  and eqn. (11) resolves to a rather 

pleasant expression from which the critical wing-flap length can be solved: 
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Inserting the values from Table 1 and 
  
k

spring
= 0.02, the critical length is found to be around 

  

 

   

0.022ˆ 0.1631
20.5 0.149 1.5 0.1806 1.19

cL     

for all attachment points x̂  on the airfoil. Since the wing-flap length step size for which 

MATLAB script loops is chosen to be 0.01, the critical wing-flap length calculated in MATLAB 

should be 0.17, which it is (see Fig. 7).  

After the jump in lift coefficient explained above, increasing the wing-flap length increases 

the impact from the fluid force from outside the backflow region if the wing-flap extends 

beyond the this region which decreases the stabilizing angle but also decreases the 

component of the net force in the vertical direction and thus decreasing produced lift. 

The optimal wing-flap configuration due to a torsion spring with spring constant 

0.02springk   was found to be attached at ˆ 0.7x   with a wing-flap length of ˆ 0.17L   

which stabilizes at an angle of 33.49° (see Fig. 9). The produced lift coefficient by the wing-

flap was calculated to be 0.02503, which is about 5% of the lift produced by the pure airfoil. 



Note that assuming ˆ ˆ( ) Ls cB    also turned out to be quite consistent with the results for 

the optimal wing-flap configuration (see Fig. 9) in finding a value for ˆcL . 

 

Figure 9 : Optimal wing-flap configuration 

attached with a torsion spring at x̂  = 0.7 with 

length = 0.17 and a deflection angle of 33.49°.                                                                                                                                                                                                                             

 

 

 

 

 

Numerical simulations 

In order to test the theory, some preliminary simulations have been made using a script that 

solves the Navier-Stokes equations at discrete points (14). The lift and drag coefficients for 

the wing airfoil-wing-flap configurations below are the results for when the lift and drag 

coefficients has converged to a constant value.  Three cases were simulated for with Re = 

100, namely the pure airfoil without any wing-flap for reference values, the airfoil with the 

optimal wing-flap attached with a hinge joint and the airfoil with a wing-flap configuration 

attached with a torsion spring. Rather than simulating the behavior of the different wing-flap 

configurations in a wind tunnel, the wing-flaps are configured to the airfoils at a fix position, 

namely the stabilized ones from the results section so that one can compare the increase in 

lift of the respective configurations to the results of the model.  

Simulation results 

The resulting stabilized values for the drag and lift coefficients are stated in Table 2 below 

Configuration     

1. Pure airfoil 0.6934 0.5933 

2. Airfoil with wing-flap (hinged) 0.6775 0.5991 

3. Airfoil with wing-flap (torsion spring) 0.6886 0.5965 

Table 2 

As can be noted from Table 2, the results from the model are not captured in the preliminary 

numerical simulations. In order to make the numerical simulations more consistent with 

those of the model one could for example tune the parameters in the simulations to make 

them more similar to those used in the model. However, this is a very first attempt at making 

these kinds of simulations with the wing-flaps attached to the airfoil. Further improvements 

are left to be done in future work. 

L̂

lc Dc



 

Figure 10: Contour plot of 

the horizontal velocity field 

around the NACA0018 

airfoil from wind-tunnel 

simulations with Re = 100. 

The small dark blue region 

to the right of the airfoil 

shows evidence of fluid 

velocity in the opposite 

direction to that of the free 

stream. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Summary 

Birds are complex animals with many interesting complex mechanisms that help them 

survive and fly without unnecessary energy expenditure. An attempt has been made in this 

paper to describe the behavior of the complex mechanism of pop-up feathers of birds with a 

simple model that revolves around the induced velocity field due to flow separation.  This 

was done by considering two cases with a wing-flap attached to a NACA0018 airfoil either 

with a hinge or with a torsion spring. Although many simplifications and assumptions were 

made, reasonable and explainable results were obtained in terms of produced lift 

coefficients. The interesting peak phenomena found in the lift coefficient plot for the wing-

flap attached to the airfoil with a hinge (see Fig. 5a) turned out to be a result of the limit 

lock, which actually increased the lift coefficient to values which otherwise would not be 

attained without a hinge lock. The lift coefficient produced by the wing-flap attached to the 

airfoil with a torsion spring was expected to give better results in terms of lift coefficient, 

since the part of the wing-flap inside the backflow region would be larger as it would 

stabilize for a smaller angle and thus have a larger net force component in the vertical 

direction. The case with the torsion spring also seemed more realistic since it compensates 

for the elasticity of the pop-up feathers, which is not taken into account in the general model 

used in this paper. As was expected, the results from the model showed that the produced 

lift is higher for the torsion spring case with an increase in lift of 5% compared to the hinge 

case, which showed an increase in lift of 4.4%.  

According to wind tunnel experiments with an actual movable flap hinged at ˆ 0.8x   (with a 

max flap angle of 57°) on a HQ17 airfoil (Horstmann und Quast) with a wing-flap length of 

12% of the airfoil chord length, the maximum lift increased by 10% (attack angle of around 

15°) (9). Interestingly enough, the IPL-model predicts that the optimal hinged wing-flap 

configuration should be positioned at ˆ 0.8x   In real life a wing-flap mounted further 

upstream would need the flow separation to also have spread further upstream in order for 

the wing-flap to respond to it, which would mean that shorter wing-flaps placed further 

upstream on the airfoil consequently would produce less lift since they simply would  be too 

far away from the actual flow separation to react to it. Although the IPL-model does not take 

this into account, the results are consistent.  

The IPL model is a very elegant and simple model that evidently works quite well for small 

bluff bodies (1). Nevertheless, in the case of an airfoil the results are heavily dependent on 

the mapping of the backflow region and sensitive to small changes in its geometry, therefore 

one has to regard the results presented in this paper with a pinch of salt. In order to make 

the results further reliable, experiments and perhaps a more exact mapping of the backflow 

region has to be made. Although the results are not completely congruent with the 

experiments presented in other papers (9), one has to remember that no consideration of 

the pressure gradient along the airfoil surface was taken into account, and the fact that a 

comparison still even can be made is intriguing.  

 

 



Appendix 

A1 Backflow region approximation 

Tilted ellipse equation derived: 

A point  ,x y  in the Cartesian plane can be expressed in the polar coordinates  cos( ), sin( )r r    

where r  and   denotes the radius from the origin to  ,x y  and the angle between the positive x-

axis and the radius respectively. If the point at  ,x y  is rotated an angle   counterclockwise, the 

new coordinates  ,u v  can be expressed in polar coordinates as  cos( ), sin( )r r     . 

Expansion using trigonometric identities gives 

        , cos( ), sin( ) cos( )cos( ) sin( )sin( ) , sin( )cos( ) cos( )sin( )u v r r r r                

 
           

   cos( ) , sin( ) cos( ) sin( ), sin( ) cos( )r x r y x y x y                                     (13)
 

The rotation of the point  ,x y  an angle   to  ,u v  can be represented in matrix form as 

 
cos( ) sin( )

sin( ) cos( )

u x

v y

 

 

     
     

     
   (14) 

The standard equation for an ellipse is given by  

 
2 2

2 2
1

x y

a b
     (15) 

Where a  and b  are the lengths of the major and minor axes respectively. 

Inserting the coordinates for a point rotated an angle counterclockwise into the standard ellipse 

equation gives 
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Rewriting the coefficients as: 

2 2

2 2

cos ( ) sin ( )
A

a b

 
  ,  

2 2

1 1
sin(2 ) B

a b


 
   

 
,                  

2 2

2 2
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eqn. (18) becomes 

   (19) 

In order to translate the center of the tilted ellipse to the point 0 0,x y , 
0x  and 

0y  is simply 

subtracted from the current coordinates ,x y . Thus a tilted ellipse of an angle   counter clockwise 

from the x-axis with its center located at 0 0,x y  is given by 

       
2 2

0 0 0 0 1A x x B x x y y C y y          (20) 

The coordinate system of the tilted ellipse and the airfoil is chosen so that the origin coincides with 

the point of attachment of the wing-flap. This makes numerical calculations more convenient as 

( )B    can directly be approximated with the distance r   from the origin to a point on the tilted 

ellipse if polar coordinates  cos( ), rsin( )r    are used to describe all points  ,x y   on the ellipse.  

By inserting cos( )x r   and sin( )y r   into eqn. (20), the following is obtained: 

    2 2 2 2

0 0 0 0 0 0cos ( ) 2 cos( ) cos( )sin( ) y cos( ) sin( )A r x r x B r r x r x y           

 

   2 2 2

0 0sin ( ) 2y sin( ) y 1C r r       

Rewriting the above expression in terms of r  as the main variable gives the quadratic equation: 

  2 2 2
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Thus, r  is given by 
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2 2 1Ax Bxy Cy  



A2 NACA0018 lift and drag coefficients (Re = 2 x 105) 

 (Lift coefficient)  (Drag coefficient)  (attack angle) 

-0.0076 0.0001 

 
0 

 
0.2485 0.0130 

 
3 

 
0.5035 0.0527 

 
6 

 
0.8408 0.1325 

 
9 

 
1.0202 0.2530 

 
14 

 
1.0252 0.2925 

 
16 

 
0.9728 0.3145 

 
18 

 
0.9099 0.3119 

 
19 

 
0.4944 0.1806 

 
20 

 
0.5243 0.2019 

 
21 

 
0.5748 0.2329 

 
22 

 
Wind-tunnel airfoil data from experiment at the  Royal Institute of Technology in Stockholm, Sweden. 
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