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Abstract 

The presence of a stable Leading Edge Vortex (LEV) on steadily revolving wings increases the 

maximum lift coefficient that can be generated from the wing and its role is important to 

understanding natural flyers and flapping wing vehicles. In this paper, the role of LEV in lift 

augmentation is discussed under two hypotheses referred to as ‘additional lift’ and ‘absence of 

stall’. The ‘additional lift’ hypothesis represents the traditional view. It presumes that an 

additional suction/circulation from the LEV increases the lift above that of a potential flow 

solution. This behaviour may be represented through either the ‘Polhamus leading edge suction’ 

model or the so-called ‘trapped vortex’ model. The ‘absence of stall’ hypothesis is a more recent 

contender that presumes that the LEV prevents stall at high angles of attack where flow 

separation would normally occur. This behaviour is represented through the so-called ‘normal 

force’ model. We show that all three models can be written in the form of the same potential 

flow kernel with modifiers to account for the presence of a LEV. The modelling is built on 

previous work on quasi-steady models for hovering wings such that model parameters are 

determined from first principles, which allows a fair comparison between the models themselves, 

and the models and experimental data. We show that the two models which directly include the 

LEV as a lift generating component are built on a physical picture that does not represent the 

available experimental data. The simpler ‘normal force’ model, which does not explicitly model 

the LEV, performs best against data in the literature. We conclude that under steady conditions 

the LEV as an ‘absence of stall’ model/mechanism is the most satisfying explanation for 

observed aerodynamic behaviour. 

Key words: insect flight, leading edge vortex, aerodynamics, revolving wings, flapping flight, 

absence of stall. 
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1. Introduction 

1.1. Background 

The aim of this paper is to provide a contribution to the debate on the role of the Leading Edge 

Vortex (LEV) in lift production in revolving wings based on rigorous comparison of low order 

modelling predictions with relevant experimental and numerical data. Whilst high order 

Computational Fluid Dynamics (CFD) methods are now able to accurately tackle flapping wing 

flows, the value of low order analytical models remains in that they provide insight into the flow 

physics that are not available from higher order methods. The existence of a LEV on insect like 

wings at low Reynolds numbers and the improvement in overall lift production associated with 

its presence is considered scientific fact [1-5]. However, there remain significant differences in 

opinion as to the actual mechanism by which the lift is enhanced. We group the different views 

on the role of the LEV in lift production under two hypotheses, namely the ‘additional lift’ 

hypothesis and the ‘absence of stall’ hypothesis. In the additional lift view, the additional 

circulation/suction from the LEV increases the lift above that of the nominal potential flow 

solution. In the absence of stall view, the LEV allows the flow to approximate the potential flow 

solution at high angles of attack at which the flow would normally be fully separated in a flow 

without a LEV.  

Given the two hypotheses above, why does it matter which is more representative of the 

physics if the final outcome is the same? The reason is that the role of the LEV fundamentally 

affects the way we understand how insect-like wings at low Reynolds number work and hence 

our experimental approach to understanding insect flight and the design of engineered flapping 

wing vehicles. The choice also clearly affects our selection of models to represent the flow. If the 

‘additional lift’ hypothesis is true then we should expect our models to explicitly include terms 

for lift due to a circulation contribution from the LEV. There is, of course, a third alternative in 
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that neither hypothesis is true, or that the actual situation is a combination of both, depending on 

the exact conditions. Nonetheless, the activity of trying to assess the validity of the different 

hypotheses remains instructive in that it provides structure to the debate which we believe is 

helpful. 

Whilst the context for the work is flapping wing aerodynamics, it is important to stress we 

explicitly focus here on quasi-steady revolving wing aerodynamics. This in itself may be 

considered contentious if the LEV is assumed to be an unsteady phenomenon and hence cannot 

be fully captured by steady aerodynamic models. Indeed, if we allow unsteady effects, then in 

addition to the LEV as ‘additional lift’ and ‘absence of stall’ hypotheses, we could include a 

further hypothesis as LEV as ‘all the lift’ in which a wing with no bound circulation 

instantaneously traps a vortex and generates a finite amount of lift. We take the view that the 

quasi-steady assumption is both valid and useful. The quasi-steady assumption greatly reduces 

the size of the parameter space and there is a significant body of CFD and experimental work to 

which theory can be compared. It is understood that there will be unsteady effects due to stroke 

reversal in reciprocating rather than revolving motion. However, for the most important case of 

normal hovering with symmetric half-strokes, these effects are relatively small compared to the 

quasi-steady effects. Hence, with some caution, the arguments developed here for revolving 

motion retain core relevance when transferred to reciprocating motion. 

Finally, as a comment on the research method adopted in this paper, we recognise that use of 

low order models calibrated against experimental or CFD data clearly cannot be used to infer 

structure in the data from which they are calibrated. In the present work we thus adopt a first 

principles modelling approach based on the authors previous work in which model parameters 

are built up from geometry, kinematics and physics. These models are then properly predictive in 
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the sense that they may reasonably be used for predicting results for which experimental data 

does not exist. We now provide a more detailed technical description of the LEV and the current 

state of knowledge.  

1.2. The Leading Edge Vortex (LEV) 

A LEV is known to form on thin wings with moderate aspect ratio (~3), steadily revolving at 

high angles of attack and low Reynolds number of O(104) or lower, Fig. 1. The LEV is stable in 

that its location remains near the leading edge and it does not grow with time; this allows the 

flow over the upper surface of the wing to separate at the leading edge but then reattach before 

the trailing edge, Fig. 1a. A wing with a stable LEV is thus able to satisfy the Kutta condition at 

the trailing edge at angles of attack beyond which classical stall would occur for wings where no 

LEV is present, and consequently a substantial enhancement of the wing lift coefficient is 

achieved [1].  

 
 

Figure 1: (a) Schematic showing the simplest valid leading edge vortex (LEV) structure for a 
cylindrical vortex - cross section view. The LEV is stable at high angles of attack with flow 
reattachment on the upper surface and satisfaction of the Kutta condition at the trailing edge. The 
black dots represent stagnation points. (b) An idealised top view schematic illustrating a conical LEV 
topology for a steadily revolving wing with a focus at the root. This topology has been observed at 
Reynolds numbers of O(103 to 104) [2,3].  
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There has been substantial research within the last two decades directed at understanding the 

aerodynamic characteristics of revolving and flapping wings at Reynolds numbers relevant to 

insect/vertebrate flight. Some of these studies concentrated on flow visualisation to identify the 

flow topology, analyse circulation characteristics and determine possible causes for the stability 

of the LEV [2-14], whilst others concentrated on measuring the generated forces for different 

wing morphologies and kinematics [15-22]. Note that for completeness we refer to both steady 

and unsteady studies here. The identified LEV topologies were shown to vary from a conical 

form with a substantial spanwise flow at the vortex core (as that observed on model hawkmoth 

wings at Reynolds number from 103 to 104 [2], Fig. 1b) to a cylindrical form with a substantially 

weaker corewise vortex flow (as that observed on fruit fly and thrip wings at Reynolds number 

of the order 102 and 101 [3,4]). However, these differences in the LEV flow topologies were not 

reflected in differences in the measured lift polars [1,16,23], suggesting that the LEV is playing 

an aerodynamic role that it is to some extent independent of its shape under quasi-steady 

conditions.  

Pitt Ford and Babinsky [24] used the ‘trapped vortex’ model to investigate the relation 

between lift production and LEV formation in unsteady wing motions. They proposed that most 

of the lift is due to the circulation contained in the LEV rather than the bound vortex. This 

conclusion was based on a best fit approach conducted between the ‘trapped vortex’ model and 

their experimental measurements. However, their experimental measurements were for an 

unsteady translating wing case at 15 degrees angle of attack and hence the experimental 

conditions do not generally represent the revolving/flapping wing scenario. Nevertheless, 

together with a consortium of different groups, this work was followed by experimental 

measurements for unsteady motions of translating and revolving rectangular wings (both surging 
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and pitching) at 45 degrees angle of attack [25-27]. It was found that unlike the translational 

case, the revolving wing motion allowed an attached LEV to form on top of the wing. They also 

found that this attached vortex did not result in significantly higher lift coefficient compared to 

the detached vortex from the translating unsteady case [26]. This is different from the quasi-

steady cases where it is well established that the attached LEV in revolving motion allows 

significantly higher lift coefficient values compared to the detached LEV in translational motion 

(see for example Usherwood and Ellington [15], and Sane [1]).  Later, Phillips et al. [28] adopted 

the findings of Pitt Ford and Babinsky for unsteady translating wings, and calculated the lift 

based on the circulation contained only within the formed LEV for a series of flapping wings 

with different Rossby number (note that translating motion corresponds to infinite Rossby 

number whilst revolving motion corresponds to a finite Rossby number value equivalent to the 

ratio of the radius of gyration to the mean chord [19]). The LEV lift coefficient was found to 

increase as the Rossby number increases [28], a result which is inconsistent with previous 

experimental force measurements [19] and numerical simulation [29]. Thus, whilst unsteady 

effects undoubtedly play an effect in establishing the flow field, the evidence for this in the 

literature is incomplete. 

The presence of a LEV was first identified by Maxworthy whilst conducting experiments on 

the Weis-Fogh ‘clap and fling’ mechanism [30]. Subsequently, the role of the LEV in insect 

aerodynamics was developed by Ellington and his group [2], who proposed the LEV as a 

‘dynamic/delayed stall’ mechanism. This description has persisted despite that fact that dynamic 

stall is an unsteady mechanism that cannot be maintained for an indefinite period and that the 

vortex created during a dynamic stall convects directly after the wing starts to translate [31,32,3]. 

Furthermore, many revolving wing experiments [15-23] demonstrated that the LEV is a steady 
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aerodynamic mechanism that can be maintained indefinitely on revolving wings. Recently, Kruyt 

et al. [33] experimentally demonstrated that stall is prevented on revolving wings as long as they 

have an aspect ratio (defined from centre of revolution) that does not exceed four, a number that 

most insects and hummingbirds wings are clustered around.  

2. Models 

2.1 Overview 

In this section we introduce three low order models that have previously been used to model 

steady wing flows, namely the ‘normal force’ model, the ‘leading edge suction’ model and the 

‘trapped vortex’ model. A contribution of this section is to show that all three of these models 

can be expressed in the form of a common potential flow model corrected for three dimensional 

effects, plus additional model specific corrections to account for operation at high angle of attack 

or the addition of vortex lift. The fact that these apparently dissimilar models can all be 

expressed with a common core allows attention to be focussed on the physical contribution of the 

leading edge vortex in the model. We first present the potential flow model which provides the 

core of the three models under consideration. 

2.2 Potential flow model 

The classical potential flow model is based on assumption of fully attached flow to the wing up 

to 90 degrees angle of attack. In an idealised 2d flow, the lift coefficient, lC , for a flat plate is 

expressed as: 

   
 ααπ α sinsin2 2, dll CC == . (1) 
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where, dlC 2,α is the 2d aerofoil lift curve slope and α is the angle of attack. For a 3d wing, the lift 

coefficient, LC , is therefore expressed as:  

   
 ( ) αααα αα seccossinsin 3,3, dLdLL CCC == . (2) 

   

where, dLC 3,α is the 2d lift curve slope corrected for appropriate geometry and kinematic effects 

(see section 2.6). Note that the right hand side of Eqn. 2 is written in this form to provide basis of 

comparison with the ‘normal force’ model that will be discussed later. The potential flow model 

is useful at low angles of attack, but clearly non-physical at high angles of attack approaching 90 

degrees, where geometry dictates that the lift must tend towards zero when the wing is 

perpendicular to the flow. 

2.3. Normal force model 

The 2d form of normal force model is expressed as the potential flow model multiplied by a 

αcos term [34,35]: 

   
 ααααπ α

α cossin2sin2sin 2,2
2,

dl

C

l CC dl === . (3) 

   
Consequently from Eqn. 3, the 3d wing form is expressed as: 

   
 ααα cossin3, dLL CC = . (4) 

   
The αcos term may be thought of as a geometric correction to the potential flow model that 

drives the lift to zero at 90 degrees angle of attack as required by physics. The model structure of 

Eqn. 4 written in terms of a normal force coefficient, NC , is: 
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 αsinˆ

NN CC = , 

αcosNL CC = , 

αsinND CC = . 

(5) 

   

where, NĈ  is the normal force coefficient amplitude and DC  is the 3d wing drag coefficient. 

Thus the model implicitly assumes that the overall aerodynamic force is normal to the wing 

chord [15,18,36-41]. As an aside, this requires that: (1) the wing is an infinitesimally thin flat 

plate, and hence there is no chordwise component to the integrated surface pressure force, and 

(2) the chordwise tangential force due to skin friction is negligible compared to the integrated 

surface pressure force acting normal to the chord [18]. Note that the normal force model has 

historically been used to represent the un-stalled 2d aerofoil lift coefficient of wings operating at 

high angles of attack within the helicopter and fixed wing aerodynamics literature [34,35]. Later, 

various models based on the normal force assumption have been widely used to represent the 

quasi-steady aerodynamics of revolving/flapping wings [15,18,36-41].  

2.4 Leading edge suction model 

The leading edge suction model is based on the so-called ‘leading edge suction analogy’ 

proposed by Polhamus for delta wings [42]. The conical LEV created on laminar 

revolving/flapping wings is similar in form to the LEV observed over delta wings at subsonic 

speeds and high angles of attack. This prompted several researchers [1,15,41,43] to use the 

‘leading edge suction’ model for delta wings to analyse the revolving/flapping wing problem. 

Note that whilst at first sight revolving/flapping wings and steady delta wings appear quite 

different, the key similarity is that in each a stable LEV is able to form. For the delta wing it is 

the leading edge sweep which provides the stabilising spanwise pressure gradient; for the 

flapping/revolving wing it is the spanwise velocity distribution that provides the stabilising 
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pressure gradient [19]. The ‘leading edge suction’ model is formulated on the basis that the 

leading edge flow separation that creates the LEV causes a loss of the leading edge suction that 

would have otherwise been generated had the flow remained attached at the leading edge. The 

lift is thus comprised of two components: The first is the potential flow lift but with zero leading 

edge suction. The second is a vortex lift related to the ‘missing’ leading-edge suction associated 

with the potential flow. Polhamus did not attempt to provide a theoretical proof of his analogy; 

however, it has historically proved useful in estimating aerodynamic force coefficients on delta 

wings within their normal operating range of angles of attack ( o25≤α ). It is worth noting that 

this angle of attack limit is below the typical maximum angle of attack of around 45 degrees up 

to which insect wings operate. The model can be expressed for 3d wings as follows [42]:  

   
 

444444 3444444 21444 3444 21

vL
pL CliftVortex

dL

dL

CliftPotential

dLL
AR

kC
CCC

,, ,

2
2

3,
3,

,

2
3, cossin

cos

1
cossin αα

π
αα α

αα Λ









−+= , 

(6) 

   
whereΛ is the wing sweep angle (which is assumed zero for revolving wings), AR  is the wing 

aspect ratio and k  is the so-called ‘k-factor’ included to correct for the difference in efficiency 

between assumed ideal uniform downwash distribution and real downwash distribution [44,45]. 

In order to make direct comparisons with other models of interest, we rearrange Eqn. 6 as 

follows: 

   
 

( )

( )
444444 3444444 21

α

α
α α

π
ααα

PolK

dLperind

dLL
AR

Ckk
CC 


















−+= sin1coscossin 3,

3, . 
(7) 

   
Note that to address the specific flow physics associated with revolving wings the k-factor is split 

into two components: indk to account for the non-uniform downwash effect and perk to account 
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for wake periodicity. The method for prediction of these parameters is based on the authors’ 

previous work which may be found in [44]. 

 

2.5 Trapped vortex model  

Following the work of Saffman and Sheffield [46], the so-called ‘trapped vortex model’ is based 

on steady, inviscid, incompressible and irrotational 2d potential flow over a flat plate with an 

embedded free vortex. Thus the model has similarity to the leading edge suction model, however 

in this present case the strength of the LEV is a free variable. This model is based on the well-

known Joukowski transformation approach where the flow is mapped from a circle of radius a  

to a flat plate with a chord length of a4  inclined at an angle of attack α  to the free stream, 

U [46,24]. Briefly, a free vortex element is included with a circulation freeΓ  located at ϕρζ ie=  

in the circle plane, where the radius ρ and the angle ϕ are user specified variables to define the 

free vortex location in the circle plane. An image vortex of equal but opposite sign to freeΓ  is 

located at the inverse square point and a second vortex of equal circulation to freeΓ  is located at 

the circle centre; thus, the circulations of image vortices cancel [24]. The Kutta condition is 

satisfied by equating the velocity to zero at a=ζ . The magnitude of the bound circulation can 

be represented as [24]: 

   
 ( )

22 cos2

cos2
sin4

aa

aa
aU free +−

−
Γ+=Γ

ϕρρ
ϕρ

απ . (8) 

   
The first term of the right hand side of Eqn. 8 is the well-known result for the bound circulation 

of a flat plate at incidence, whereas the second term accounts for the circulation added by the 
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trapped free vortex (LEV) located at ϕρζ ie= . Expressing Eqn. 8 in terms of the 2d lift 

coefficient gives: 

   
 ( )

44444 344444 21
dlfreeC

free

l
aa

a

aUaU
C

2,

1cos)/(2)/(

cos)/(12

2
sin2

2 2 +−
−Γ

+=
Γ

=
ϕρρ

ϕρ
απ . (9) 

   
The addition of a free vortex in the above results represents an additional constant increment 

in circulation at all angles of attack. Now, for a given chord, U  and α , Eqn. 9 becomes one 

equation in three unknowns ( lC , freeΓ  and ζ ); thus it cannot be used without further input to 

evaluate the lift, and either additional information or experimental data (as in [24]) needs to be 

used to define some of the unknown parameters.  By analogy, Eqn. 9 can be written to express 

the overall lift coefficient of the 3d wing as: 

   
 

dLfreedLL CCC 3,3, sin += αα . (10) 

   
Note that the first term in Eqn. 10 is the potential flow model as stated in Eqn. 2. This is to be 

expected since the potential flow model is ultimately derived by the same Joukowski 

transformation approach. The free vortex contribution to lift as defined by the second term in 

Eqn. 10 will ultimately depend on the strength of the LEV as a function of angle of attack. From 

fundamental considerations we know that the LEV strength will be zero at zero angle of attack 

and will increase with increasing angle of attack. From observation we also know that there is a 

limit to the size to which the LEV can grow as the angle of attack increases. Thus whilst we 

cannot calculate values for the free vortex lift in Eqn. 10 directly, we can infer that if this vortex 

lift is coming from the LEV, the contribution will increase with increasing angle of attack up to a 

saturation limit after which it will remain approximately constant until dropping back to zero as 

the LEV is shed completely from the leading edge. 
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2.6 Calculation of the 3d lift curve from first principles 

All three models considered in this study are direct functions of the 3d wing lift curve slope at 

small angles of attack, dLC 3,α . We evaluate dLC 3,α  based on the quasi-steady lifting line theory 

for hovering wings developed by the authors in [37]. The approach provides a good compromise 

between simplicity and accuracy for lift characterisation, and accounts for the necessary physical 

aspects required to correctly model a steadily revolving wing including: (1) velocity varying as a 

function of spanwise location; (2) wing planform shape effects including wing chord distribution 

and aspect ratio; (3) downwash corrections to account for non-uniformity of the developed 

downwash, and discreteness and periodicity in the wake; (4) corrections for small aspect ratio 

relevant to insect-like planforms. For more details of the theory, readers are referred to [37].  

2.7 Comparison of model structures 

Before comparing outputs of the three models presented above with experimental data we 

undertake an objective comparison of the implications of the different model structures. Figure 2 

shows a graphical comparison of the models over the whole of the first quadrant of angle of 

attack (0 – 90o). Also shown here is a nominal experimental representation for a translating wing 

of the same planform without a LEV. We introduce here a number of transformations (or 

‘effects’) in the α−LC space associated with well-established classical aerodynamics [47] that 

helps us relate differences in model behaviour. The first two effects relate to the 2d aerodynamic 

characteristics of the wing section. These are firstly, the ‘flap effect’, corresponding to a shift of 

a lift curve in a direction perpendicular to the lift curve at zero angle of attack, and secondly, the 

‘slat effect’, corresponding to a translation of a lift curve in a direction parallel to the lift curve 

slope at zero angle of attack. The third effect is related to changes in the overall lift curve slope 

of the wing, for which planform is normally the driver. We will refer to this as a ‘planform 
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effect’ as distinct from a ‘section effect’. From a modelling point of view, the ‘flap effect’ is 

consistent with provision of an increment in circulation at all angles of attack whilst the ‘slat 

effect’ is consistent with an increase in circulation at angles of attack where the maximum lift 

coefficient, max,LC , is limited by stall. Therefore, the ‘flap effect’ is associated with the ‘trapped 

vortex’ model, the ‘slat effect’ with the ‘normal force’ model, and the ‘planform effect’ (between 

o450 ≤≤α ) with the ‘leading edge suction’ model.  

 
 
Figure 2: Comparison of the mathematical structure and graphical representation for the 
models discussed in this study over the first quadrant of angle of attack (potential flow (yellow), 

normal force (black), leading edge suction (blue) and trapped vortex with 03, >dLfreeC  (red)). All 

models contain the potential flow model as a component. We choose to show the potential flow 
model results only up to 45◦ since this model is known to be non-physical as it approaches 90◦ 
angle of attack. Gray band represents typical angle of attack values within the mid half-strokes 
of normal hovering insect flight. A nominal experimental representation of a classical stalled 
translating wing (dashed line) is added for reference. 
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2.8 Compatibility of models with observed wing pressure distributions 

The focus of the present work is on prediction of integrated aerodynamic loads on wings; 

however, it is also fair to ask to what extent the various models are compatible with the load 

distributions observed from CFD studies, e.g. [48]. In particular, pressure data shows that under 

some flow conditions there is evidence of a suction foot print consistent with that expected from 

an attached vortex at the leading edge. Given this, we recognise that it is reasonable to expect 

that the suction from the LEV is directly responsible for at least some of the lift being generated 

by the wing. However, it seems that the suction footprint is only evident inboard and is relatively 

small in chordwise extent (see figures 15 and 20 from [48]) and hence in this case the integrated 

contribution to overall lift is expected to be minor.    

3. Comparison of Model Predictions with Experimental and Numerical Data 

3.1 The revolving wing experiment 

Before comparing the models to the revolving wing experiment results, we will discuss some 

essential aspects of the experimental methods used in the literature. Revolving wing experiments 

are routinely used to simulate flapping wings during the mid half-stroke wing translational phase. 

The revolving wing set-up is useful in that it preserves the main steady aerodynamic features of 

an insect-like flapping wing during mid half-stroke including the spanwise velocity and pressure 

gradients as well as the induced effects due to tip vortices. However, it does not capture unsteady 

aerodynamic effects due to stroke reversals and/or wing-wing interactions that may be important. 

Nevertheless, the translational aerodynamic mechanism (simulated by the revolving wing set-up) 

is sufficient to account for weight support production in hovering [15,18,41,49,50]. Eight 

revolving wing cases from the literature are considered here, see Table 1. Three different data 
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sets (from three different research groups) are used for the hawkmoth; one data set is used for 

each of the bumble bee, the mayfly, the fruitfly, the pigeon, and the hummingbird. The wing 

planforms are defined through the relevant shape parameters: the single wing aspect ratio, AR , 

and the non-dimensional radius of the first and second moments of wing area, ( 1̂r and 

2̂r respectively) [51-53,37], which for insect wings are strongly correlated through the relation: 

366.1
21 ˆ106.1ˆ rr = [53].  

Table 1: Definition of geometric, experimental, and analytical parameters for the datasets used 

to evaluate LEV models. 

Species 

Wing Description 
Measurement 

conditions 
Analytical Values 

AR  1̂r
* 2̂r  

ct /  
(%) 

Material 
Measurement 

Interval 
Re dLC 3,α  ( )o45=αPolK  

Hawkmoth 

HM1 [15] 
2.83 0.44 0.511 < 1.6 

Stiffened 
Plastic 

180◦ - 450◦ 8071 2.742 1.15 

Hawkmoth 

HM2 [21] 
3.09 0.44 0.511* 3.7 Acrylic  90◦ - 270◦ 6800 2.863 1.16 

Hawkmoth 

HM3 [22] 
2.78 0.44 0.511* 2 

Rigid-
CFD 

1080◦ - 1440◦ 5400 2.717 1.15 

Bumble bee 

BB [16] 
3.16 0.477 0.541 - 

Stiffened 
Plastic* 

180◦ - 450◦ 5496 2.813 1.16 

Mayfly 

MF [16] 
3.21 0.484 0.546 5 

Stiff 
card 

- 1100 2.816 1.16 

Fruitfly 

FF [18,19] 
3.3* 0.54 0.59* ~3* Acrylic Arc of 320◦ ~110 2.677 1.17 

Pigeon 

[17] 
3.21 0.443 0.512 2.8* Card - 54000 2.91 1.16 

Hummingbird 

HB [20] 
4.069 0.43 0.499 - 

Real 
wing 

- 9800 3.239 1.2 

*
estimated. 

With the exception of the hummingbird wing, the wing section used was an un-cambered flat 

plate. The thickness to mean chord ratio ( ct / ) varies between 1.6 and 5 %. Whilst this will have 

an effect on the zero lift drag coefficient, 0DC , the effect on lift coefficient (which is the focus of 

the present study) is minor. The material used to manufacture each wing is also provided in 

Table 1. This allows qualitative judgement on the degree of rigidity of the used wing models. 
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Whilst all experiments (with the exception of the hummingbird case) assumed rigid wings, this 

assumption was not perfectly achieved in reality. This can be seen from the non-zero lift values 

at 90o angle of attack (see Fig. 3). For the hummingbird case, both compliance and camber 

effects are expected to have affected the measurements; however, these effects are more 

pronounced at the very high angle of attack range (i.e. o45>α ). Thus, we find this a still useful 

case for comparison particularly for the typical operation angle of attack values up to 45o. 

An issue with the available experimental data is the inconsistency of the angular measurement 

interval provided in Table 1. The angular measurement interval corresponds to the wing 

revolution sector within which the measurement data were collected. Revolving wings may 

experience a change in the aerodynamic force coefficient values after the first revolution when 

the wing passes through the disturbed air from the first revolution [22,54]. Additionally, the 

validity of angular measurement of revolving wing experiments is bounded by the need to allow 

starting effects to diminish. Whilst absolute values of force coefficients are affected by non-ideal 

conditions, it is understood that variation of values with angle of attack is relatively unaffected. 

Hence, with some caution, the lack of consistency in experimental conditions between the 

validation studies is manageable.  

The measurement Reynolds number, Re, for each experimental set-up is also provided in 

Table 1. These range from O(102) to O(104). Experiments [16,19,23] have demonstrated that the 

dependence of lift coefficient on the Reynolds number in this range is small. A CFD simulation 

[22] has confirmed this for a higher range of Reynolds number bound up to the O(105). On the 

other hand, Reynolds number does affect the zero lift drag coefficient value, 0DC  [19,23]. For 

revolving wings operating at moderate to high incidence, the relation: 

)tan(0 αLDD CCC += provides a satisfactory drag coefficient representation. For Re O(103) and 
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above, 0DC is practically negligible; however, when Re is of the O(102), 0DC seems to have a 

value around 0.4 [16,18,19,23,38,40]. 

3.2 Comparison of models with revolving wing data 

Figure 3 compares the calculated lift coefficient variation from the modelling approaches 

presented in Section 2 within the first quadrant of angle of attack for the eight wing cases. When 

reviewing the data in Fig. 3 it should be noted that for normal hovering flight the typical values 

for the mid half-stroke angles vary between 20 and 45 degrees [37]. The average errors for the 

normal force, the leading edge suction, and the potential flow models compared to the 

experimental data in this angle of attack range are 11%, 31%, and 33%, respectively.  
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Figure 3: Comparison of aerodynamic model predictions against experimental and CFD data. Lift coefficient 
data is plotted against geometric angle of attack. Models are compared to available data for (a) Hawkmoth-
1; experimental data digitised from figure 6 of [15], (b) Hawkmoth-2; experimental data digitised from figure 
5 of [21], (c) Hawkmoth-3; CFD data digitised from figure 5 of [22], (d) Bumble bee; experimental data 
digitised from figure 7 of [16], (e) Mayfly; experimental data digitised from figure 8 of [16], (f) Fruitfly; 
experimental data digitised from figure 7 of [19], (g) Pigeon; experimental data digitised from figure 3 of [17], 
and (h) Hummingbird; experimental data digitised from figure 6 of [20]. 

 

Values of dLC 3,α  for the eight cases considered in this study are provided in Table 1. The 

leading edge suction model requires further inputs for the values of the k-factor contributors indk  

and perk within the PolK  term (see Eqn. 7). Values of indk  are based on the approach proposed by 

the authors in [44]. As for perk , a constant value of 1.1 is assumed for all species considered 

here. This is based on a previous conclusion that variation of the wake periodicity k-factor is 

minimum and its value is usually clustered around 1.1 [44,51]. 

Page 20 of 29

http://mc.manuscriptcentral.com/jrsi

Under review for J. R. Soc. Interface

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review
 O

nly

21 
 

4. Discussion  

The comparison of models against experimental and numerical data presented in Fig. 3 shows 

that the ‘normal force’ model provides the best fit with respect to both the shape of variation and 

the amplitude. The ‘leading edge suction’ model provides a fair fit with respect to the shape of 

variation of lift against angle of attack; however, it over-estimates the lift magnitudes up to an 

angle of attack value around 65◦ and then starts to under-estimate it. It is noteworthy that the 

potential lift component of the ‘leading edge suction’ model, pLC , , is a further attenuation of the 

potential lift, i.e. αcos, ×= ModelForceNormalC pL . The α2cos in the pLC ,  term was 

explained by Polhamus to arise from the assumption of a Kutta-type flow condition at the 

leading edge [55]. However, the application of a Kutta condition at the leading edge was shown 

to be mathematically invalid by Saffman and Sheffield [46]. This attenuation of the potential lift 

was compensated for by the addition of vortex lift, vLC , ; hence allowing recovery of the total lift 

coefficient value.  

The total lift coefficient of the leading edge suction analogy for the angles of attack between 

0◦ and 45◦ can be regarded as effectively having a higher lift curve slope compared to the ‘normal 

force’ model. The difference between the two models is explained with the help of the PolK term. 

As shown in Table 1, the PolK  term attains values ranging between 1.15 and 1.2 at o45=α  

meaning around a 15-20% increase in amplitude compared to the ‘normal force’ model. It should 

be noted that the Polhamus model is known to over-predict the wing lift coefficient as the wing 

aspect ratio increases beyond 1.5. Very good agreement between the Polhamus model and delta 

wing experimental data of aspect ratios up to 1.5 was shown; however, for an aspect ratio of two, 

the model over-predicted the experimental lift coefficient values [42]. In addition, the ‘leading 
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edge suction’ model was only assessed within the typical operation angle of attack range for 

delta wings ( o25≤α ) and its accuracy within the higher angle of attack regime ( oo 4525 ≤<α ) 

was not considered. Therefore, for the wing aspect ratios and angles of attack considered, this 

difference between the ‘leading edge suction’ and ‘normal force’ models is not unexpected. 

The potential flow model (i.e. ‘trapped vortex’ model with zero LEV circulation strength) 

results in Fig. 3 become increasingly non physical at high angles of attack as the model predicts 

maximum lift at 90 degrees angle of attack whereas the observed lift is zero. However, the model 

offers good prediction of lift up to around 20◦ angle of attack, after which it starts to 

unacceptably over-predict the measurement data. Referring back to Eqn. 2, it can be seen that at 

45◦ angle of attack (where the maximum practical lift coefficient is expected to occur) the 

potential flow model over-predicts the ‘normal force’ model by a factor of 2  (i.e. 41.4% 

increase in lift coefficient). Despite these concerns, the important result here is that by setting 

dLfreeC 3,  to zero in the ‘trapped vortex’ model, the model still over-predicts the lift coefficient. 

Hence additional circulation from the leading edge vortex is not required to predict the observed 

lift coefficient values.  

In conclusion, of the models evaluated, the ‘normal force’ model provides the best correlation 

with measured lift values from steadily revolving wings experiencing a LEV, despite the fact that 

it does not account for additional circulation due to the LEV as in the ‘trapped vortex’ model, or 

account for a vortex lift (suction) component as in the Polhamus model. This shows that it is 

unnecessary to add a specific lift contribution from the LEV to explain the high lift generated in 

the experimental results. Thus from the two initial hypotheses for the effect of the LEV on lift, 

we find that improvement in performance via ‘absence of stall’ is a more satisfying explanation 

than ‘additional lift’. 
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