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With an increase in the study and development of Micro Air Vehicles in recent years, the 

research in this document hopes to shed some light on the flow characteristics of a thin rigid 

MAV wing.  Flow measurements were conducted over the airfoil using 2 & 3-component PIV 

techniques.  The MAV wing has a wingspan of 0.15 m and a nominal chord length of 0.124 m.  

Experiments were conducted at various angles of attack and at a Reynolds number of ~75,000 

based on the chord length of the wing model.  A Dantec Dynamics TR PIV system was used to 

acquire the data from the experiments and process the particle images into 2 and 3 component 

velocity fields. 

The flow over the wing was described using discussions of the mean velocity field, the 

fluctuating velocities in the three components of the flow, the turbulence shear stress levels and 

the out of plane vorticity.  Spatial cross correlations were also performed on the results to try and 

identify dominant length scales within the flow. 

The mean velocity fields over the airfoil show an increase in the thickness of the shear 

layer and the fluctuating velocity levels within as a function of the angle of attack; except at an 

angle of attack of 18°, where the shear layer is thinner and the velocity fluctuations are of a 

lower magnitude.  The flow over the wing visibly separates from the top surface of the airfoil 
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between 21° ≤ α ≤ 25°.  The flow measurements also identified regions of span-wise circulation 

over the wing caused by the wing-tip vortices.  It was also observed that with an increase in the 

angle of attack, there was an increase in the magnitude of the downward velocities over the top 

of the wing, due to stronger wing-tip vortices. 

Now that the baseline characteristics for a rigid MAV wing have been identified in this 

research, tests should be performed on flexible membrane wings and the results compared; in an 

effort to try and identify the flow characteristics that make flexible wings superior to rigid wings 

in terms of flight characteristics. 
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CHAPTER 1 
INTRODUCTION 

Micro Air Vehicles (MAVs) today, are described as aircraft smaller than six inches in any 

dimension (wingspan, length or height), and are typically designed to complete a mission while 

carrying a miniaturized payload, simple avionics and a communication link (Mueller & 

DeLaurier, 2003).  This study comprises quantitative flow measurements, to add to the existing 

knowledge base, above a wing that has been studied extensively from an aerodynamic loads 

perspective and has been used for MAV flight competitions.  The following section provides the 

reader with insight into some of the characteristics of rigid wing MAVs from previous studies, 

for the purpose of designing an efficient MAV. 

Due to their unique flight characteristics and because they typically have a top speed on the 

order of 14 m/s or about 30 mph, MAVs operate in what is typically viewed as a low Reynolds 

numbers regime (less than 150,000), based on mean chord length and nominal cruise speed.  The 

design of vehicles which operate at Reynolds numbers below 150,000 is difficult, largely due to 

the fact that many of the classical theories which are valid for large Reynolds numbers are not 

valid in this flight regime, where viscous forces are more dominant (Torres & Mueller, 2000).  

With their reduced size, MAVs gain favorable scaling characteristics such as low inertia and a 

reduced stalling speed.  However, such a flight regime also tends to be dominated by laminar 

boundary layer separation, turbulent transition in boundary and the separated free shear layers 

and low lift-to-drag ratios, leading to a substantial loss in efficiency (Torres, 2002).  Many MAV 

wings also have low Aspect Ratios (AR, defined as the square of the wingspan divided by the 

total wing area), typically on the order of unity, in effort to maximize the area of the lifting 

surface while keeping within the specified dimensions (Mueller, 1985).  This feature has been 

historically driven by the need to maximize the wing area while minimizing its maximum 
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dimension.  These Low Aspect Ratio (LAR) wings are prone to the development of strong 

longitudinal and lateral vortical flow structures over the wing (Shyy et al., 2005), which plays a 

crucial role in their aerodynamic properties.  In fact, this complex, highly three dimensional 

combination of the separated flow over the wing and the lateral vortices generated at the wing 

tips can lead to vortex destabilization (Tang & Zhu, 2004) and be the prominent cause for roll 

instabilities during flight. 

The development of MAVs, typically adopt one of the following paths: (1) Using flapping 

wings for the generation of lift and thrust; (2) Employing the use of rotating wings (as in a micro 

helicopter); (3) Using a rigid wing for generating conventional lift; (4) Using a membrane wing 

with rigid reinforcement.  From the design point of view, the fixed wing configuration is a tried 

and true method and is easiest to implement on a MAV due mostly to conventional thinking from 

the higher Reynolds number counterparts.  However, flapping wings, which are difficult to 

employ due to their complex wing kinematics and power requirements, excel in terms of lift 

generation and maneuverability at low Reynolds number and are the topic of much ongoing 

research; but it is a topic that will not be discussed in this paper. 

Because of the ease of implementation of a fixed wing and the stall resistant characteristics 

of a compliant wing, a compromise has been found in flexible membrane wings that have been 

reinforced with sections of rigid material.  It is the deformation in flexible membrane wings that 

allows for a significant re-distribution of pressure which in turn increases lift and longitudinal 

static stability when compared to a rigid MAV wing.  The simplicity in design of a fixed wing 

MAV, as a replica of a larger airfoil, is counterbalanced by deterioration in performance due to 

the development of separation bubbles, as its operating Reynolds number drops to the range of 

10
4 5
to 10 (Young & Horton, 1966).  Also, aerodynamic problems related to vortex lift on wings 
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of aspect ratios lower than two, make it difficult to extend existing analytical and empirical 

techniques to lower Reynolds numbers (Tang & Zhu, 2004).   

Geometrically, a high aspect ratio indicates long narrow wings and a low aspect ratio 

indicates short stubby wings.  High aspect ratio wings are commonly found on low speed aircraft 

such as gliders where a high lift to drag ratio is required.  Conversely, low aspect ratio wings are 

found on supersonic military aircraft where compressibility effects are a major issue.  The co-

efficient of drag, CD, is inversely related to the AR of a wing.  Therefore, for an increase in AR, 

CD will decrease.  This demonstrates that with an increase in wing area, not only would an 

aircraft be able to fly slower but it would even require less thrust to maintain forward flight, in 

the bargain, increasing fuel efficiency with a reduction in the drag coefficient.  Overall, LAR 

wings would provide better pitch stability and maneuverability, whereas a HAR wing would be 

more efficient in terms of ‘lift to drag’ ratio. 

In recent years, the size restrictions on MAVs have lead to the elimination of horizontal 

stabilizers, resulting in ‘flying wing’ designs.  Such designs require a ‘reflexed’ airfoil which 

generates a zero pitching moment under flight.  It is the trailing edge curvature beneath the mean 

chord line that is referred to as the ‘reflex’ of the airfoil.  This wing geometry tends to create 

negative lift and opposes the pitching moment of the wing in an effort to provide a larger margin 

of pitch stability (Sytsma, 2006). 

Also, the aerodynamics of LAR wings tend to differ drastically from their higher aspect 

ratio counterparts, exhibiting unique aerodynamic properties such as high-stall angles and non-

linear ‘lift versus angle of attack’ curves (Mueller et al., 2007).  These characteristics resemble 

those seen in delta wings at higher Reynolds numbers and are particularly dominant for wings of 

AR less than or equal to one (Lissaman, 1983).  Furthermore, it is only in the past few decades 

14 



 

that concerted efforts have been made to study and document the behavior of LAR wings at low 

Reynolds numbers. 

Motivation for Research 

Laminar boundary layer separation is an integral part of the flow characteristics over low 

Reynolds number MAV wings.  Laminar flow tends to separate under adverse pressure gradients 

and may thereafter experience a transition in the free shear layer.  If there is enough energy via 

entrainment from the vortical structures in the shear layer, this flow can reattach to the wing’s 

surface as it transitions, which then forms a turbulent boundary layer, leaving behind it a closed 

circulation bubble, referred to as a ‘laminar separation bubble’.  Such a condition results in 

significantly lower drag over the airfoil, than one where the free shear layer is unable to reattach 

and becomes massively separated.  However, there are a number of factors that greatly influence 

the creation of a ‘laminar separation bubble’, including Reynolds number, pressure distributions, 

airfoil geometry, surface roughness, angle of attack, and free-stream turbulence intensity. 

A thorough analysis and review of LAR wings was performed by Hoerner and Borst 

(1975), who presented a variety of correlations, analytical methods and experimental data 

corresponding primarily to higher Reynolds numbers than those of typical MAVs.  However, 

Torres (2002) later showed that parts of aerodynamic theory still held for MAV flight regimes.  

This theory correctly predicts that a finite wing of a given aspect ratio generates lift from 

counter-rotating vortical structures near the wing tips.  These vortices tend to strengthen as the 

angle of attack increases, and for low aspect ratio wings, these tip vortices might be present over 

a large part of the surface, thus influencing the aerodynamic characteristics of the wing. 

It is further believed that wings with aspect ratios smaller than 1.5 tend to exhibit both, 

linear and non-linear sources of lift.  The linear lift is what is commonly observed in the form of 

circulation around the wing.  The non-linear lift is created by the formation of low-pressure cells 
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on a wing’s top surface by tip-vortices, commonly observed in delta wings at high angles of 

attack.  It is this non-linear lift effect that increases the slope of the lift-curve as the angle of 

attack increases and is what primarily contributes to the high value of stall angle of attack of an 

LAR wing (Mueller et al., 2007). 

To date most of the analysis of flow over these wings has been accomplished through 

extensive computational fluid dynamics (CFD) methods.  These results have been augmented 

with experiments on the aerodynamic loads and deformations of the wings in various states, 

however, little quantitative analysis has been performed on experimental data collected from 

flow measurement techniques such as Particle Image Velocimetry (PIV).   

The goal of this research is to take PIV measurements in the flow over an LAR rigid MAV 

wing to provide a data set which can be used to develop a  better understanding of the 

characteristics of the flow.  This will include an attempt to shed some light onto the effect of 

separation bubbles and tip vortices, amongst other phenomenon, on the flight performance of 

rigid airfoils used on MAVs.  Additionally this data set will provide a benchmark from which  

results from current CFD models can be validated, specifically that of Stanford et al (2007) who 

has been studying the exact wing used in this study.   

Background 

In the following section there will be a review of past studies that have lead to the design 

of low aspect ratio cambered airfoil that is being examined in this study.  The innovative 

research performed on low Reynolds number airfoils is most pertinent to the design of efficient 

MAV airfoils today (Schmitz, 1953).  Schmitz measured the aerodynamic characteristics of 

several airfoil geometries including thin-flat and thin-cambered plates over Reynolds numbers 

ranging from 21,000 to 168,000 (Mueller et al., 2007).  Research continued by B.  H.  

Carmichael in the 1980s showed that for the range of Reynolds numbers between 30,000 and 
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70,000 the choice of airfoil section is very important because relatively thick airfoils (6% and 

above) can have significant hysteresis in lift and drag forces caused by separation and transition 

of laminar to turbulent flow (Mueller, 1985).  It was also observed that below chord Reynolds 

numbers of ~50,000, the free shear layer after laminar separation would not be able to transition 

to turbulent flow in time to reattach to the airfoil surface.  When the point of separation is as far 

upstream as the leading edge of the airfoil, there is decrease in lift and a simultaneous increase in 

drag, a condition where the airfoil is said to be stalled.  At chord Reynolds numbers between the 

range of 70,000 to 200,000 (the regime in which most MAVs operate), extensive laminar flow is 

usually observed and airfoil performance is greatly increased unless the presence of a 

laminar/transition separation bubble for that airfoil causes excessive drag. 

It is the post separation behavior of the laminar boundary layer over an airfoil that leads to 

deterioration in its performance at low Reynolds numbers and results in an increase in drag and a 

decrease in lift over the entire airfoil (Mueller, 1999).  In this flow regime, the boundary layer on 

an airfoil often remains laminar downstream of the minimum pressure and then separates, which 

in turn forms a shear layer, the moment it starts running into an ‘adverse’ pressure gradient.  As 

previously mentioned, for Reynolds numbers below 50,000, this separated shear layer does not 

reattach.  However, at Reynolds numbers greater than 50,000, transition typically takes place in 

the separated shear layer and provided that the adverse pressure gradient is not too large, the 

flow can recover sufficient energy through entrainment to reattach to the airfoil surface.  Thus, 

over a short period of time, a region of re-circulating flow is observed, as shown in Figure 1-1 

(Horton 1968), and because this bubble acts as a boundary-layer trip, the phenomenon is referred 

to as a transitional separation bubble.  At low Reynolds numbers, a transitional bubble can 
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occupy anywhere from 15%–40% of the airfoil surface, in which case it is referred to as a long 

bubble. 

 

 

 

 

 

 

 

 

Figure 1-1.  Ensemble-averaged features of a transitional separation bubble (adapted from 
Horton, 1968). 

As can be imagined, a separation bubble has a great deal of effect on the flow and stall 

characteristics of an airfoil at different angles of attack.  At higher Reynolds numbers a short 

bubble is observed near the leading edge of a wing and is usually 2-3% of the chord length.  In 

such cases the lift is noted to increase linearly with angle of attack until stall occurs.  This is 

referred to as the bursting of the short bubble.  On the other hand, when a long bubble tends to 

form over the wing surface, usually at low Reynolds numbers, a stall condition occurs when the 

bubble extends all the way to the trailing edge of the airfoil (Mueller, 1985).  The length of the 

two types of bubbles is linearly proportional to their thicknesses, and increasing turbulence levels 

in the tunnel tends to decrease bubble thickness.  Therefore, by comparing the characteristics of 

the separation bubble of a standardized airfoil to another airfoil at a particular Reynolds number 

can provide a quantitative comparison of the flow quality in different low Reynolds number 

facilities.  The bubble behavior is inherently unsteady, and in some cases the flow will have an 
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oscillatory reattachment behavior.  These bubbles are also typically characterized by a constant 

pressure distribution applied along the airfoil.  The formation of the separation bubbles also 

tends to be path dependent, hence significant hysteresis in the lift curve will often exist for low 

Reynolds number airfoils (Mueller, 2003). 

As can be seen in Figure 1-1, the flow becomes unsteady downstream of the point of 

maximum vertical displacement of the bubble (labeled as point T in Figure 1-1).  However, it is 

steady upstream of T, where the transition from laminar to turbulent flow is thought to take 

place.  Hence, accurate prediction of the existence and extent of a separation bubble is necessary 

when implementing an efficient design for a low-speed airfoil (Brendel, 1988). 

When employing a MAV design, it is necessary to obtain characteristic data about the 

aircraft using physical and/or numerical experiments.  Many designers of rigid wing MAVs use 

the ‘Eppler Airfoil Design and Analysis’ code or the ‘Drela XFOIL’ code to obtain a suitable 

wing cross section and then select a planform, after which they experiment to arrive at the final 

three-dimensional wing shape.  These programs allow for the input of a number of parameters, 

such as the basic airfoil geometry, the operating Reynolds number, angle of attack, etc…  In fact, 

the designers of XFOIL claim that the flow characteristics of “thin indoor-model wing airfoils 

can be predicted reasonably well” (even around Reynolds number of 103, XFOIL 6.4 Help File, 

1994).  Numerical outputs from programs like this can allow one to investigate specific areas of 

interest, such as the onset of separation over an airfoil, etc. 

Research by Torres and Mueller (2004) provides aerodynamic data corresponding to LAR 

wings at low Reynolds numbers for the purpose of supporting the analysis of small aircraft 

operating at low speeds.  The data are based on wind-tunnel experiments of flat-plate wings with 

2% thickness and aspect ratios between 0.5 and 2.0 on four distinct planforms.  Discussion of the 
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data includes identification of key performance parameters, such as lift-curve slope, drag 

characteristics, comparison with nonlinear lift theories, maximum lift coefficient and 

corresponding angle of attack, and location of the center of lift (Torres et al, 2004).  While the 

aerodynamic information is important using quantitative flow measurements there is still much 

to be learned. 

Computational fluid dynamics (CFD) studies performed by Viieru (2006) on very thin 

undercambered MAV wings shows a distinctive laminar separation behavior (with a wing 

thickness of 0.3% of chord length).  To do this, a moving grid, 3D, unsteady, incompressible 

Navier-Stokes solver was used with a capability for turbulence modeling to simulate the airflow 

over a MAV wing (similar to the one studied here).  The moving grid was used so as to allow for 

the simulation of the movement of flexible membrane covering regions of the wing, although 

only the rigid case will be discussed here.  Figure 1-2 is a graphic showing the grid and model 

used by the solver.  Figure 1-3 depicts the circulation effects observed over the wing at an angle 

of attack of 6° and 10° and a free-stream velocity of 10 m/s.  The CFD results showed that at low 

angles of attack, the flow on the bottom side of the wing re-circulates.  It also appeared that a 

region of recirculation, reminiscent of a long separation bubble was present on the top side of the 

wing extending from the mid-chord to an attachment point not quite all the way to the trailing 

edge (TE).  The pressure distribution over the surface of the wing is also presented in Figure 1-3, 

and shows that the wing tip vortices cause extra lift due to the low pressure they apply at the 

wing tips.  Experiments were tailored to address issues raised by previous UF MAV research 

such as separation type and location, and the nature of the wing tip vortices.  The difference in 

flow properties between a rigid and perimeter reinforced (PR) wing were also investigated by 

Sytsma (2006) in an attempt to explain the different loading properties of each. 
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Figure 1-2.  The CFD computational domain and details of the mesh near the wing surface 
(Stanford, 2007). 

 

 

 

 

 

 

 

 

Figure 1-3.  CFD streamlines and pressure distribution at a free-stream velocity of 10 m/s and     
A) α = 6° & B) α = 10°, (Stanford, 2006). 

Over the past several years, a series of wind tunnel tests were performed at UF in order to 

validate a static aeroelastic model for low Reynolds number, low aspect ratio membrane micro 

air vehicle wings with adaptively inflating camber (Sytsma, 2006).  A visual image correlation 

system, in conjunction with a standard strain gage sting balance, were used to measure the wing 

loads, displacements, and strains for a range of pre- and post-stall angles of attack.  Modeling 
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efforts included coupling a membrane finite element with geometric nonlinearities to a laminar 

Navier-Stokes solver.  A comparison of experimental and numerical deformed membrane 

profiles indicates poor predictive capabilities of the steady aeroelastic solver at low angles of 

attack: massive separation under the wing leads to unsteady flow phenomena.  A comparison of 

numerical and experimental (via laser flow visualization) flow structures shows discrepancies in 

the flow separation/reattachment behavior, most likely a result of laminar-turbulent transition 

that occurs above a separation bubble at low Reynolds numbers (Stanford, 2007). 

Good correlation in wing displacements and strains are attainable at moderate angles of 

attack (where the flow is steady), and even at post-stall angles (where the flow is not).  The 

Navier-Stokes solver is able to calculate the longitudinal aerodynamics over rigid MAV wings 

within experimental error for the entire sweep.  The aeroelastic solver correctly indicates the 

trends in aerodynamic performance with adaptive camber adjustment (increased lift, lift slope, 

and drag), though the magnitude of the shift is generally under-predicted.  Turbulence effects, 

unsteady flow, and membrane wrinkling are all identified as candidates for upgrading the model 

fidelity.  An examination of the computed pressure distributions identifies several key aeroelastic 

effects: decreased tip vortex strength, pressure spikes and flow deceleration at the tangent 

discontinuity of the inflated membrane boundary, and an adaptive shift of high pressure (on the 

bottom surface) and low pressure (on the top surface) regions towards the trailing edge, thereby 

increasing the nose-down pitching moment and the static margin. 

Streamlines at the root of a rigid MAV wing can be seen in Figure 1-4, for three angles of 

attack (0°, 15°, and 30°).  Both numerical data (computed using the CFD algorithm detailed 

above) and experimental data (laser-based flow visualization) are given.  A Model 95 Lexel 

continuous argon-ion 4.0 W laser is directed through a 1000 mm biconvex lens and a 25.4 mm 
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semi-cylindrical lens to create a laser sheet.  This sheet is then directed into the test section, 

oriented parallel to both the incoming flow and the gravity vector and focused on the root of the 

wing.  This experimental setup affords flow visualization at other spanwise locations, but the 

strong cross-flow elsewhere over the MAV wing limits the usefulness of this two-dimensional 

technique. 
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Figure 1-4. Flow structure at the root of a rigid UF MAV wing for 10 m/s and α = 0°, 15° & 30°.  
A) Numerical results, B) Experimental flow visualization, (Stanford, 2007). 

While the Reynolds number, planform shape, and airfoil are identical for the computational 

wing and the wind tunnel model seen in Figure 1-4, the latter has no dihedral.  The airfoil shape 

at the root is simply extruded to both wingtips, which provides the camera with an unobstructed 

view across the span of the wing.  However, since the wing being researched here and the one 

modeled by Stanford and Viieru (2006) includes a 7° dihedral between 2z/b = 0.4 and the 

wingtips, the comparison to the data in Figure 1-4 is not completely ideal, since the experimental 
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flow visualization shown in Figure 1-4 was performed on a simplified representation of the 

actual airfoil.  This was done in order to view the entire flow field close to the center-span of the 

wing and to avoid excessive blooming from the laser. 

Both model and experiment indicate a large separation bubble on the lower surface of the 

wing, towards the leading edge, at 0° angle of attack.  The model’s success in predicting both the 

size and location of this separation bubble perhaps signifies completely laminar flow over the 

bottom wing surface at this angle.  The flow visualization also indicates that the flow separates 

over the location of maximum camber on the upper wing surface, and reattaches towards the 

trailing edge.  The numerical flow simulation also predicts a separation bubble at this angle, 

though significantly smaller and entirely confined towards the trailing edge.  Similar prediction 

problems exist at the moderate angle of attack of 15º.  While both experimental and numerical 

data show that the flow on the underside of the wing is completely attached, the predicted zone 

of separated flow over the upper surface of the wing is again significantly under-predicted.  Grid 

refinement studies have indicated that adding more nodes to the structured mesh seen in Figure 

1-2 (from 210,000 to a million) can increase the size of the computed separation bubbles: grid-

independent solutions are difficult to obtain at such low Reynolds numbers.  The lack of a 

transition/turbulence model probably also prevents a better correlation between the experimental 

and the numerical results; the visualization mosaic at α = 15º shows that the flow does not have 

sufficient room to reattach to the upper wing surface, while the numerical flow does.  At α = 30º, 

both numerical and experimental results show completely separated flow over the upper wing 

surface, starting at the leading edge.  It can be assumed that that the data presented in the images 

would lack the complex effects of the highly three dimensional flow in the region due to the 

mixing of wing-tip vortices with the layer of separated flow over the wing.  It was the aim of this 
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research to try to identify and attribute certain characteristics in the flow over the wing to the 

physical properties of the wing itself. 

As Stanford and Viieru’s work has provided confidence in their aeroelastic model’s ability 

to predict deformed wing shapes, accumulated membrane strains, and aerodynamic 

forces/moments, attention can now be turned to numerical data that was not earlier verified in the 

laboratory due to the limited capability of their experimental apparatus. 

Outline 

In the following study, an effort has been undertaken to investigate the flow around a three 

dimensional low Reynolds number airfoil, with quantitative flow field data obtained from 

Particle Image Velocimetry experiments.  The airfoil being investigated is rigid in nature and has 

a slight reflex towards the trailing edge.  Previous investigations have used this airfoil as a 

baseline configuration for studying the effects of passively complaint wings configurations.  

These studies have included those by Ifju et al. (2005), Stanford et al. (2006), Albertani (2005) 

and Viieru (2006) which used numerical simulations to predict lift and drag coefficients for this 

airfoil.  Measurements by Sytsma and Albertani showed some discrepancies with the lift and 

drag predictions from the simulations beyond an angle of attack of 20°.   This research will try to 

shed some light on identifying some of these discrepancies by comparing the flow obtained from 

these numerical simulations to the experimental data obtained from PIV measurements under 

identical conditions and different angles of attack. 
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CHAPTER 2 
EXPERIMENTAL DETAILS 

In the following chapter there will be a description provided of the various components of 

the experimental setup.  This discussion will include the physical characteristics of the wing 

model, the wind tunnel facility, the seeding mechanism and the various components of the flow 

measurement system.  The discussion of the wind tunnel facility will include the flow 

characteristics and potential effects of the physical hardware to introduce seed in to the test 

section.  A brief background on PIV measurements has also been provided, accompanied by a 

description of the various settings used to obtain the data as well the procedure used to analyze 

the data thereafter. 

Micro Air Vehicle Wing Model 

As mentioned above, the discussion in this thesis will be limited to flow measurements on 

a fully rigid wing configuration, which can be seen in Figure 2-1.  This Zimmerman planform is 

representative of a typical MAV developed at the University of Florida, with the fuselage, 

propeller, and stabilizers removed (Albertani et al., 2005, Claxton et al., 2006 & Mueller et al., 

2007) and has been extensively studied by Albertani (2005), Viieru (2006), Sytsma (2006) and 

Stanford (2007).  Therefore, apart from performing a characterization of the flow around such a 

low aspect ratio wing, the aim of this research was also to compare the experimental results 

obtained from PIV, to results obtained from a numerical model utilized by Viieru & Stanford 

(2006), which was presented in Khambatta et al. (2008).  A comparison of the results obtained 

from previous load testing on the wing at various angles of attack and the numerical model had 

been performed under identical conditions with some discrepancies being observed around the 

critical stall angle (Stanford, 2007).  Therefore, it was important that the identical airfoil be 

chosen for the PIV experiments so as to be able to form a basis for comparison of the results. 
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The wing (Figure 2-1) has a wingspan, b = 0.152 m, the root chord, c = 0.124 m, resulting 

in an aspect ratio is 1.25 (defined as the square of the wingspan divided by the total wing area).  

The remainder of this document will adopt the following coordinate system: x is chord-wise (LE 

to TE), z is span-wise (center-span to right wing tip), and y is along the vertical direction.  Figure 

2-1 also displays a side view of the wing where the maximum camber at the root is 6.8% (at x/c 

= 0.22), the maximum reflex at the root is 1.4 % (at x/c = 0.86), and 7º of positive geometric 

twist (dihedral) is built into the wing-tip between z/b = 0.2 and the wingtip.  The wing in the 

wind tunnel model shown in Figure 2-1 is constructed from 5 layers of bi-directional plain weave 

carbon fiber laminate.  For the range of flight speeds typically seen by such a vehicle (6 – 10 

m/s), the wing is considered to be nominally rigid.  For the flow measurements presented in this 

work, the origin of the coordinate system is located at the center of the leading edge of the wing.  

The wing was mounted inverted in the wind tunnel (to facilitate an easier PIV setup) and was 

rotated about a point at approximately c/2 through the various angles of attack.  For these 

experiments, the angle of attack of the airfoil was obtained by resting the flat edge of a digital 

protractor between the leading edge of the wing and the bottom of the reflex of the wing (~x/c = 

0.8).  The images in Figure 2-2 show how the wing was mounted in the test section for the PIV 

experiments. 
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Figure 2-1.  The rigid micro air vehicle wing used in this study, A) three dimensional view,      
B) the centerline profile of the wing normalized by chord length. 
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Figure 2-2.  The wing mounted in the test section for 3-component PIV. 

Wind Tunnel Facility  

 The experiments were conducted in the open jet test section of the low speed, open loop 

wind tunnel at the University of Florida Research Engineering and Education Facility (UF 

REEF).  The wind tunnel has an overall length of 5.2 m and comprises an inlet with some flow 

conditioning, a contraction, a test section and a diffuser connected to a blower.  A room (see 

Figure 2-3) with dimensions 2.5m x 2.5m x 2.5m houses the contraction, test section and the 

beginning stages of the diffuser.  The air enters the contraction through a bell mouth and a 0.1 m 

long flow straightening section that consists of a plastic honeycomb material (0.025 m equivalent 

diameter, l/D = 4) sandwiched in between two layers of fine mesh screen.  A settling section 0.15 

m in length is located immediately after the honeycomb material and transitions to a 1.22 m long 

square contraction with an area ratio of 3.87.  The inlet to the test section is nominally a 0.775 m 

square (W x H) and has a length of 0.86 m long (L) before the inlet to diffuser.  The wing is 

mounted in the center of the test section, where the wing tips are approximately 2.4c from the 

edge of the shear layer that develops due to the interaction of the open jet with the air 

surrounding the test section.  The entrance to the diffuser starts as a 0.91 m square cross-section 

and leads to a circular cross-section with a nominal diameter of 0.76 m and can be seen in Figure 

2-4.  At the end of the diffuser there is an azimuthal array of adjustable vanes controls the 

volumetric flow rate through the test section.  The vanes sit between the diffuser and a 0.76 m 
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diameter impeller fan which spins at a constant rate of 1050 rpm.  The impeller fan is belt driven 

by a Baldor 3-phase 5.0 HP electric motor spinning at 1750 rpm.  The wind tunnel is capable of 

providing free-stream velocities between 2.0 m/s and 10.0 m/s depending on the angle of the 

vanes.  Although after much work on vane system it was determined that there is no repeatable 

way of setting the velocity so all of the measurements here were acquired with it fully open.   

  

 

 

 

 

Figure 2-3.  Photographs of the medium speed wind tunnel facility at UF REEF (above). 
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Figure 2-4.  Photographs showing the flow control mechanism of the wind tunnel.  The lever (A) 
controls the angle of the vanes sitting in the diffuser (B). 

For the purposes of this document, the origin of the coordinate system in the wind tunnel is 

placed at the center of the entrance to the test section as displayed in the rightmost photograph in 

Figure 2-4.  It was determined that the setup would require the wing to be installed inverted in a 

region around x = 0.1L.  Therefore to ensure that it was being placed in a uniform environment 

horizontal velocity profiles have been presented here for measurements taken in the z-y plane at 
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x = 0.1L and at y = H/4, 0 & -H/4.  A Heise (Model ST-2H) 0-0.5” H2O pressure transducer with 

an accuracy of 0.005% FS (~0.1 m/s) was used to collect static and stagnation pressure data from 

a Pitot Probe.  The pressure transducer was sampled at 1.67 Hz and a total of 120 samples were 

collected at each location.  Temperature data was also recorded simultaneously and a reading 

was also taken for the local pressure in order to calculate the density of the air.  Assuming the 

flow to be incompressible, from the pressure measurements and the density calculations, it was 

possible to arrive at the flow velocity for the probe location.  As can be seen in Figure 2-5, the 

horizontal velocity profiles from the three different y-locations vary by less than 1.0% of the 

mean centerline velocity which lies well within the error bounds of the pressure transducer 

(0.005% FS).  Where 0.005% corresponds to approximately 0.1 m/s and full scale (0.5” of H2O) 

corresponds to approximately 14.4 m/s. 

 

 

 

 

 

 

 

 

Figure 2-5.  Horizontal velocity profiles in the z-y plane at x = 0.1L.  Velocity normalized by 
centerline velocity at x = 0.1L.  Horizontal dimension (z) normalized by the width of 
the test section (W). 

Apart from taking preliminary pitot tube measurements, turbulence levels at the centerline 

of the test section of the wind tunnel were also measured using a constant temperature 

anemometer. A Dantec Dynamics (55M10) CTA bridge was used in conjunction with the hot 
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wire probe which had a sensing element of length 1.0 mm and nominal diameter of 5 microns.  

Measurements were collected at 2.0 kHz and a total of 50 ensembles of 4096 samples each were 

recorded.  The CTA was first calibrated by simultaneously collecting pressure/velocity data from 

the Heise pressure transducer at a location near enough to the hot-wire probe so that it can be 

assumed that the velocity is identical. These voltage and velocity measurements were collected at 

various wind-tunnel flow velocities after which a 4th order polynomial was fitted to the data in 

order to compute a calibration equation for the CTA for that run (George et al., 1987).  Error bars 

were computed for the calibration curve of the CTA based on the maximum error between the 

measured values and the estimated values from the curve.  However, these values were well 

below the error that propagated through the measurements due to the accuracy of the pressure 

transducer (± 0.1 m/s).  Figure 2-6 shows a sample calibration curve plotted alongside the actual 

data it was derived from.  Error bars have been shown on the plot, but are not clearly visible 

because of their small magnitude (± 0.035 m/s).  The centerline turbulence values were thus 

measured at x = 0.1L and found to be less than 0.5 % of the free-stream velocity at 9.0 m/s. 

 

 

 

 

 

 

 

 

Figure 2-6.  A sample CTA calibration curve computed before using the anemometer for 
experiments.  The accuracy of the curve is ± 0.035 m/s (± 0.3 %) around a flow 
velocity of 9.0 m/s. 
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Seeding Mechanism 

The ability to acquire high quality PIV measurements is limited by the size, density and 

distribution of the tracer particles being introduced into the flow.  A Laskin nozzle high-volume 

liquid droplet seeding generator from Dantec Dynamics (model 10F03) was used to atomize 

olive oil and produce seed particles which are expected to be in the size range of 2-5 μm (Dantec 

Dynamics Manual: High Volume Liquid Droplet Seeding Generator). 
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Figure 2-7.  The Laskin nozzle, high-volume liquid droplet seeding generator from Dantec 
Dynamics. 

As can be seen from Figure 2-7, the atomized olive oil is forced out through two circular 

ports (outer diameter of 1.0”) that allow a maximum compressed air flow of 20.9 l/min, when the 

incoming compressed air supply is pressurized to 2 bar.  Using the nozzles by themselves was 

not enough to adequately seed the flow around the wing during the experiment.  A mixing 

chamber (Figure 2-8) with a rectangular cross-section of 0.9m x 0.7m was built and positioned 

upstream of the inlet-contraction to the wind tunnel in such a manner so as to allow the seed to 
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be uniformly distributed in a 0.45m x 0.35m cross-section around the wing.  This meant that 

there was approximately a 1c distance between each wing tip and the edge of a turbulent mixing 

layer that had been induced into the flow by the seeding mechanism upstream of the wind tunnel. 
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Flow straightening 
section

Figure 2-8.  The cardboard mixing chamber that was assembled to promote uniform seeding in a 
0.45m x 0.35m cross section around the wing. 

The mixing chamber also contained two flow straightening sections spaced 0.4 m apart.  

These sections contain honeycomb material with an L/D ratio of 4.  It was clear that this 

apparatus would cause a loss of pressure in a section of the flow around the wing.  Therefore, in 

an effort to see exactly what effect the seeder was having on the flow in the test section, 

horizontal velocity and turbulence profiles were developed in the region where the wing was to 

be mounted.  As can be seen in Figure 2-9, there is a pressure loss associated with the region 

obstructed by the seeder, which results in a 5% slower mean centerline velocity.  Though not 

ideal, the velocity profile appears to be uniform over a region corresponding to the span of the 

wing, after which it gradually starts to increase.  When looking at the fluctuating component of 

velocity in the same region, locations can be clearly identified, where the effects of the walls of 
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the seeder can be seen on the flow in the test section, defining a clear boundary where slower 

moving air from within the seeder meets the faster flow entering the contraction around it.   

 

 

 

 

 

 

 

 

Figure 2-9.  Hot-wire, normalized velocity and percentage turbulence profiles.  Locations on the 
z-axis have been normalized by the wing-span, b. 

The wing was therefore mounted in the center of that region to try and minimize any 

effects of the turbulent mixing layers on the characteristics of the wing.  From the turbulence 

profile one can estimate that there is a distance greater than 0.5b between the wing-tips and the 

edge of the mixing layer, hence it is assumed that the flow over the wing will not be affected.  It 

can also be noted that there is a clear reduction in the turbulence levels (~0.1%) in the region of 

the flow coming through the seeder when compared to the flow in the wind tunnel without it.  

This is most likely due to the presence of the two additional flow straightening sections that are 

embedded within the seeding mechanism. 

Turbulence spectra was also calculated at the centerline of the test section (x = 0.1L, y = 0, 

z = 0) for flow conditions with and without the seeder. Based upon the previous measurements 

presented, the turbulent energy at the centerline is less with the seeder upstream of the inlet than 

without (from Figure 2-9).  This is verified by looking at the turbulence energy spectra show in 
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Figure 2-10A for both cases at z = 0, ( rms U’w/ seeder = 0.027 m/s, rms U’no seeder = 0.038 m/s ).  

Comparisons have also been drawn for the turbulence energy spectra at the centerline and the 

turbulent mixing layers (approximately 2.6b apart) around z = -1.3b and z = 1.3b.  A clear 

relation can therefore be drawn between the higher turbulence levels shown in Figure 2-9 at        

z = -1.3b & z = 1.3b and the corresponding increased turbulence energy levels shown in Figure 

2-10C; indicating high levels of velocity fluctuations in those regions, a possible effect of the 

seeding mechanism.  Figure 2-10B also shows that the turbulence energy levels between             

z = -1.3b & 1.3b are very similar, and negate the presence of any mixing layer in the flow at that 

location, thus clarifying that the increased turbulence levels at z = -1.3b & 1.3b are due to the 

seeding mechanism. 
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Figure 2-10.  Comparison of the turbulence energy spectra at x = 0.1L; A) at z = 0, with and 
without seeder upstream of inlet, B) with no seeder, C) with the seeder. 
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Particle Image Velocimetry (PIV) Flow Measurements 

The flow experiments to measure planes of the velocity field over the wing were 

performed using two different camera configurations with respect to the wing.  The first 

configuration comprised a single camera perpendicular to the laser light sheet illuminated in the 

x-y plane and traversed to various span-wise locations, z, (2-component PIV).  The second 

configuration used two cameras in a stereoscopic configuration (3-component PIV) with a laser 

light sheet oriented in the z-y plane and traversed to various chord-wise locations (Figure 2-11).  

Illustrations of these two configurations are presented in Figure 2-12A & B respectively, 

including a definition of the coordinate system to be used for subsequent discussion. 

Free-stream conditions were verified before the experiment by means of a pitot-static 

probe connected to a Heise (ST-2H) 0-0.5” of H2O, pressure transducer with an accuracy of 

0.005% FS (~0.1 m/s).  The time scale to ensure the capture of statistically independent 

snapshots of the flow field from the PIV system was calculated to be ~0.028 s, assuming that the 

largest conceivable scale being on the order of the wing-chord.  This implies that the sampling 

frequency of the PIV system should be less than 35.5 Hz, to ensure statistically independent 

samples. 
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Figure 2-11.  Schematics of the PIV setups inside the test section of the wind tunnel. A) 2-
component PIV and B) 3-component PIV. 
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Figure 2-12.  Images showing planes illuminated by the laser for PIV, A) span-wise slices in the 
x-y plane and, B) chord-wise slices in the y-z plane. 

The instantaneous measurements of the velocity field were acquired using a Dantec 

Dynamics TR PIV system. The components of the PIV system include a Lee Laser Series 800-

PIV/40G Nd:YAG laser system, light sheet optics including a light arm, two IDT XS-5 high 

speed digital cameras with 2 GB onboard memory, f-2.8 Nikkor lenses and version 4.71 of 

Dantec’s Flow Manager software.  The cameras have pixel dimensions of 12μm square and a 

resolution of 1260x1024.  For the 2-component PIV setup, the camera lens used had a focal 

length of 60 mm and the magnification was set at M = 0.11 at a distance of 0.625 m from the 

plane of illumination.  For the 3-component PIV setup, the camera lens used had a focal length 

of 105 mm and the average lens magnification was M = 0.09 at a distance of 0.93 m.  The light 

sheet optics were adjusted for the 2-component setup so that the laser sheet thickness was ~2 

mm.  For the 3-componenet PIV setup, the laser sheet thickness is increased to approximately 

twice the size of the interrogation area projected out into object space (Dantec Manual on 3D 

Stereo PIV, 2005).  The thickness of the laser sheet should be enough so that the high speed 
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cameras can adequately capture the out-of-plane velocity component of the flow (in this case, the 

axial velocity in the wind tunnel, u).  Through some preliminary tests, it had been determined 

that the best results were obtained when a final interrogation area of 32 x 32 pixels was applied 

to the images.  This setting resulted in the least number of erroneous and estimated vectors per 

image frame when compared to the results obtained with using the minimum possible 

interrogation area of 16 x 16 pixels.  Therefore, with an interrogation area of 32x32 pixels, a 

camera pixel pitch of 12 µm (each pixel is 12 µm square), and a magnification factor of M = 

0.09, the approximate light sheet thickness is calculated using the formula; 

( )2 IA PL P
M

,                (2-1) 

where L  is the length dimension of the interrogation area in pixels and PIA P is the pixel 

pitch on the CCD array in meters.  The resultant laser sheet thickness was thus calculated to be 

~6 mm. 

As previously mentioned, the seeding particles are introduced into the flow just upstream 

of the inlet-contraction to the wind tunnel in such a manner that they produced a region of 

uniformly seeded flow all around the wing within the test section.  Given the magnification of 

the lenses, an f# = 2.8, and the wavelength of the laser, λL = 532 nm, one can calculate the 

diffraction limited spot size, dsp for a single lens (Meinhart & Wereley, 2003) using the following 

relationship, 

#2.44( 1)λ= +
ps Ld M f .             (2-2) 

The particle image diameter, dr on the pixel array is then calculated using equation (2-2), 

where dp is the diameter of the seeding particles (Westerweel, 2000): 

1
2 2 2 2( )≅ +

pr pd M d ds .                   (2-3) 
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For these calculations, dp was assumed to be 5.0 microns, based on specifications provided 

by Dantec.  Based on equations (2-1) & (2-2), d  & dsp r were calculated to be 4 microns for both 

PIV setups. For cases where M « 1, d → dr sp (Westerweel, 2000), therefore the average ratio of 

particle image diameter to pixel dimension was 0.33.  Ideally this ratio should be greater than 1.0 

to avoid any ‘pixel locking’ effects between successive image frames, but the limitations of the 

setup prevented the cameras from being installed any closer to the wing and the effects will be 

discussed below. 

Before collecting data in either of the setups, a flat 200 mm square calibration target (with 

black dots on it, spaced 5 mm apart) was lined up with its face in the plane of the laser sheet.  

The camera was then focused on the face of the target so as to make sure that the particles 

passing through the illuminated region would be photographed clearly.  For the 2-component 

PIV setup, great care was taken to make sure that the face of the target was perpendicular to the 

CCD array of the camera in order to minimize the propagation of errors induced by an incorrect 

alignment of the camera with the flow. 

For the 3-component PIV setup, the cameras were aligned at a 42° angle to the target and 

focused such that their focal planes rested directly on the center of the target.  As can be 

imagined, the left and right regions of the target were severely out of focus.  As a result, a 

Scheimpflug mount was used to offset the angle between the CCD array and the complex lens by 

9° (Scheimpflug, 1904) to bring the entire region of interest into focus.  The calibration target 

was then traversed to several known locations in the stream-wise direction and photographed 

each time.  With this series of photographs and known locations, the Flow Manager software was 

then able to perform a calibration of both cameras and develop a grid for calculations that 

encompassed the common region between the fields of view of the two cameras.  It should be 
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noted that the three dimensional displacement field is computed using a model that describes 

how displacements in 3D are mapped onto 2D planes (the cameras in this case).  Thus, by 

performing an image correlation on the data from each camera, the resultant 2-component vector 

maps can be used to build one data-set that contains all three components of the velocity for the 

overlapping regions of the flow captured by both cameras. 

For flow that is perpendicular to the camera, a trace particle should ideally travel a 

maximum distance of 0.25LIA between successive images to ensure a reasonable signal to noise 

ratio (Dantec FlowManager Manual, 2005), i.e. ~4 pixels for an interrogation area of 16 x 16 

pixels or ~8 pixels for an interrogation area of 32 x 32 pixels.  Based on this estimate and the 

knowing the flow velocity, one can compute dT, the time delay between successive images.  For 

2-component PIV, the size of the image window was 0.14 x 0.114 m and to be able to apply a 

final interrogation area of 16 x 16 pixels to an image pair, the time delay (dT) between 

successive images in a pair was set at 38 μs.  For 3-component PIV, the sizes of the image 

windows were 0.1 x 0.08 m and a final interrogation area of 32 x 32 pixels was applied to the 

data. 

To obtain statistically independent data, the frame rate was set at 35.0 Hz. A sample of the 

convergence is taken from the measurements at a point in the region of separated flow over the 

wing at α = 25° and is shown in Figure 2-13; the data has been averaged over n samples, then 

normalized by the mean of the total number of samples ( N , where N = 810).  It can be seen that 

once the sample size exceeded 750, the variations in the mean velocity were less than 0.5% of 

the mean, indicating that an adequate number of samples had been collected.  It should be noted 

that the location chosen to evaluate the convergence of the mean was one with large fluctuating 
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velocities (within the region of separated and re-circulating flow), so in some sense it should 

represent a worst case scenario. 

 

 

 

 

 

 

 

 

 

 

Figure 2-13.  A convergence plot of normalized mean vs. sample size in the region of separated 
flow over the wing at α = 25°. 

After the raw images had been obtained, cross-correlations were performed on the data 

using an iterative technique called adaptive correlation in the Flow Manager software.  This 

algorithm starts from an initial guessed offset value (based on dT), an offset is introduced from 

the first window (the interrogation area in the image frame from laser pulse one) to the second 

window. The obtained vector is validated and is used as a new estimate for the window offset. A 

new run is made, but this time with a smaller interrogation area. The main benefit derived from 

using the shifted window is capturing the particle images that left the interrogation area during 

the time between the two light pulses, causing what is known as ‘in-plane dropout’ or ‘loss of 

signal’.  This in turn, increases the number of successful vectors that can be obtained from that 

region.  Therefore, adaptive correlation helps to boost the signal strength due to the capture of 
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the particles originally lost due to in-plane dropout and also allows for a possible refinement of 

the original interrogation area by applying an adaptive window offset that would allow the 

capture of the best signal.  For the purposes of these experiments, the data was processed with a 

final interrogation area set at 32 x 32 pixels.  Two adaptive correlation runs were performed 

beforehand, with interrogation areas of 128 x 128 pixels and 64 x 64 pixels respectively. 

An overlap of 50% was also used on the data, which effectively reduced the grid spacing 

down to 0.83 mm square for 2-component PIV and to 1.9 x 1.3 mm for 3-component PIV.  The 

correlation within an interrogation area contains peaks that represent a good signal and also 

contain noise from ‘ghost’ particles (trace particles that entered the interrogation area in the 

second frame) and any ‘in-plane dropout’.  Thus applying a Gaussian filter to the results greatly 

improved the signal to noise ratio.  The width of the window used was 0.1.  A low-pass filter was 

also applied to the data after correlation in order to improve sub-pixel interpolation.  This 

interpolation scheme is based on peak values in the correlation plane along with correlation 

values for the neighboring points.  As mentioned earlier, the ratio of the particle size to pixel size 

was ~0.3.  Therefore, using a low-pass filter increased the number of validated results over the 

span of the vector map.  For instance, Figure 2-14 shows the distribution of estimated vectors for 

different span-wise locations at α = 10°.  The quality of the data in the flow over the wing 

appears to be good, as less than 10% of the vectors have been estimated in that region. 

However, the majority of the vector maps resulting from the 2-component PIV 

experiments show a large number of estimated vectors near the outer regions of the image frame, 

this is the effect of poor correlation between image pairs due to the presence of ‘ghost’ particles, 

particles that came into the second frame but were not present in the first. This is also observed 

in regions where the flow is highly three-dimensional (such as at the wing tips or in the wake of 
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the airfoil, as in Figure 2-14), where there might be loss of signal or in-plane dropout.  In such a 

case, depending on the filters used, the resulting vectors in such locations are ‘estimated’ based 

on the behavior of their neighbors.  Another reason for a large number of estimated vectors close 

to the wing tip is due to intense ‘blooming’, which essentially prevents any particles from being 

tracked in that region due to a ‘white-out’ type effect. 

 

 

 

 

 A B C

Figure 2-14.  Distribution of estimated vectors in the flow field at A) z/b = 0, B) 0.46 and         
C) 0.54.  The number of estimated vectors has been normalized by the total number 
of ensembles. 

While some of these vectors might be erroneous, not all of them should be discounted 

because they might be the after-effects of phenomenon taking place at the leading edge of the 

wing or very close to this wing surface, that are not being observed.  For instance, the view of the 

flow over wing in the 2-component PIV setup was partially obstructed by the dihedral of the 

wing; therefore, the presence of a separation bubble or the onset of separation of flow over the 

wing could not be captured.  In such a case, the flow going around the bubble may be the only 

source of information available, in order to try and identify the possible locations of such a 

structure. 

A series of high speed measurements were also acquired at 400 Hz in an effort to resolve 

the temporal behavior of the more energetic features of the flow.  While the system is capable of 

sampling at up to 512 Hz in double-frame mode, measurements collected above 400 Hz appeared 

to suffer from inadequate optical conditions.  These high speed measurements were collected 
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under limited conditions: at α = 25° & 30° in the x-y plane at b/z = 0 & 0.5 (2-component PIV); 

at α = 30° in the z-y plane at x/c = 0.5, 0.87 & 1.1 (3-component PIV). 

All measurements (2-component, 3-component configurations, statistically independent 

and high speed), comprised 810 samples.  These measurement locations described should 

provide a sufficient description of the flow topology surrounding this MAV wing to be compared 

with numerical simulations, and provide some insight into the non-linear lifting characteristics of 

low Reynolds number airfoils, in particular, the vortices near the wing tips and the regions of 

separated flow on top of the wing.  Figure 2-15 and Tables 1 & 2 represent the locations where 

PIV measurements were taken around the wing. 

 

 

 

 

 

 

 

 

 

Figure 2-15.  Some of the measurement locations for 2-component and 3-component PIV over 
the wing. 

 

 

Table 2-1.  Two-component PIV measurements:  Angles of attack and span-wise locations. 
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Table 2-2.  Stereoscopic PIV measurements:  Angles of attack and chord-wise locations. 
 

Errors in the Particle Image Velocimetry (PIV) Measurements 

From a classical point of view, the smallest possible displacement that could be resolved 

from an optical perspective would be on the order of the size of the image of the trace particle on 

the CCD array.  Given that the ratio of the particle image diameter to pixel size for these 

experiments was approximately 0.3, and since it is not possible to tell which portion of a pixel is 

excited by the light from a trace particle (the entire pixel detects light), there is a reduced 

accuracy in the measurements.  This would be a problem in specific cases where the particle 

image would fall directly onto one pixel on the CCD array and nowhere else.  For this and a few 

more reasons, the ideal ratio of particle image diameter to pixel size is approximately 2 

(Westerweel, 1997). 

For the 2-component PIV setup, this meant that the accuracy of the results was potentially 

±1 pixel, which corresponds to ± 2.9 m/s.  This velocity corresponds to a particle displacement 

of 111.11 µm between two successive image frames, where 111.11 µm is the distance projected 

onto one pixel (12 µm square) with a lens magnification factor of 0.11. 

The Dantec Dynamics FlowManager software uses FFT (Fast Fourier Transform) 

processing to determine image displacements in PIV.  There end up being a discrete number of 

points representing the correlation plane, with the spacing between the pixels on the CCD array 

acting as the spacing between the discrete values of the FFT function.  Therefore, it is possible to 

fit a continuous curve to the discrete values of the FFT function and then interpolate on the curve 
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to allow for sub-pixel resolution.  The current version of the PIV analysis software allows for a 

sub-pixel resolution of 1/64th of the pixel pitch, ~187 nm (Dantec FlowManager Manual).  But 

for effective sub-pixel interpolation, the dimensions of the images of the trace particles must be 

greater than 1 pixel pitch (distance between the centers of two adjacent pixels).  If this minimum 

requirement is not met, then by the Nyquist criterion, the image map would be under sampled 

and there would be an uncertainty of ±1 pixel pitch in the recorded location of the trace particle, 

± 2.9 m/s (Dantec FlowManager Manual). 

However, there is also another school of thought that states that on the correlation plane, 

the auto-correlation of the particle sensing pixel determines the width of the peak on the 

correlation plane.  Thus, even for a pixel that has completely captured a particle-image, the 

discrete correlation peak will always cover more than one pixel in the correlation domain 

(Westerweel, 1997).  This approach, coupled with the fact that many particles in the flow would 

excite more than one pixel on the CCD array, would lead us to believe that the software was able 

to perform successful sub-pixel interpolations in most cases.  Even if /P Pd P  < 1, higher seeding 

density could further improve the quality of the results by increasing the information content of 

the correlation peaks, i.e. improve the ‘reliability’ of the results by way of a larger number of 

particle-image pairs having the same displacement. 

It has also been observed that for cases where the ratio of particle image diameter to pixel 

pitch is much less than 1, the measurement error is dominated by bias errors, i.e. pixel locking 

effects (where the particle-image size does not occupy more than one pixel), and that when this 

ratio is much greater than 1, the measurements are more prone to random errors.  In fact, it has 

been shown that the estimation error is at a minimum when /P Pd P  ~ 2 (Westerweel, 1997). 
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Even if the image of the particle was projected entirely over two pixels, a curve joining the 

peaks in the correlation plane (at those two pixels) could be interpolated to determine the center 

of the image of the particle, however, the presence of noise in the correlation plane would bias 

the interpolated location of the particle towards one peak or the other (toward the location of 

either pixel).  Therefore, sub-pixel interpolation does not end up being optimal if the particle 

image diameter is less than twice the pixel pitch of the CCD array (Dantec FlowManager 

Manual). 

Through a process of slight defocusing of the camera (to increase the footprint of the 

particle-image), increasing the laser light intensity and by concentrating the seeding particles in a 

tight region around the wing model, a large number of successful correlations and valid vectors 

were obtained over each vector map.  A typical value for the minimum measurement error is 

~1% for a particle displacement that is approximately one quarter of the interrogation area (± 0.1 

m/s in the case of these experiments).  Furthermore, the precision of the measurements is 

determined using the relation, /P Id D , where dP is the particle image diameter (4 microns) and 

DI is the size of one dimension of the interrogation area (16 pixels for the 2-componenet PIV 

results and 32 pixels for 3-component PIV).  The resulting precision error of the measurements is 

therefore 0.25 microns/pixel for the 2-component PIV results (2.08 % error) and 0.125 

microns/pixel for the 3-component PIV results, 1.04 % error (Westerweel, 1997).  In addition, 

the reliability of the measurements is a direct factor of the seeding density, and a minimum of 5 

particle-image pairs is recommended for reliable cross-correlation results (Dantec FlowManager 

Manual).  The seeding density was observed to be >10 particle-pairs per interrogation area for 

the majority of the cases in the 2 & 3-component PIV setups, with relatively poorer seeding 

around the edges of the frames in some cases. 

47 



 

CHAPTER 3 
PARTICLE IMAGE VELOCIMETRY RESULTS AND DISCUSSION 

The following chapter presents the results obtained from the PIV experiments performed 

on the flow over the model of a rigid MAV wing.  As discussed in the previous section, 

experiments were performed over the wing at various angles of attack and at a free-stream 

velocity of approximately 9.0 m/s, corresponding to a Reynolds number of 73,000 based on a 

wing chord length of 0.124 m. 

The discussion on the data will be based on the mean flow over the wing, the fluctuating 

velocities in the three components ( ' /rmsu U∞ ' /rmsv U∞ ' /rmsw U∞ 'u u u= + 'v v v= +,  & , where ,  

and 'w w w= + ), turbulence shear stress normalized by the square of the free-stream velocity 

( 2U∞' 'u v  / ), and the span-wise and stream-wise vorticity normal to the plane of measurement, 

z
v u
x

ω ∂ ∂
= −
∂ ∂y  and u

w v
y

ω
x

∂ ∂
= −
∂ ∂                           (3-1) & (3-2) 

In an effort to try and identify the evolution of the dominant length scales, spatial cross 

correlations were also performed on the normal and stream-wise components of the velocity field 

by selecting an origin and cross correlating the rest of the flow field with respect to it according 

to the relations, 

( , ) [ ' ( , ) ' ( , )ij x y i j x yR E u x y u x y ]δ δ δ= ⋅ + +δ ,                (3-3) 

is the horizontal separation and where E is the expected value of the function and yδxδ is the 

vertical separation between the measurement locations.  The correlation coefficient, ijρ , was then 

calculated using equation 3-4; 
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,                                    (3-4) 

ρwhere -1 ≤  ≤ +1.  In some of the figures in the following sections, the correlation coefficient 

has been plotted, with values ranging between +1 and -1, where a value of ρ  = -1 still means 

that the data is well correlated, but just 180° out of phase. 

Due to the dihedral in the wing and because the camera in the 2-component PIV setup was 

perpendicular to the x-y plane, the flow adjacent to the wing surface could not be characterized in 

certain regions, (as is indicated by a space between the wing profile and the data).  This was due 

to the combination of the laser “blooming” on the wing surface in addition to obstructed view, 

see Figure 3-1 below.  These regions do not exceed 0.04c in height above the wing surface and 

will be clearly visible in the figures presented through out this section. 

 

 

 

 A B 

Figure 3-1.  Examples of ‘bloom’ in the raw data, at A) the wing-tip, z/b = 0.5 and B) near the 
TE of the wing, x/c = 0.9. 

In all of the figures in the following sections, the wing surface is clearly outlined 

(represented by a dotted line), and velocity vectors have been superimposed on top of contour 

graphs; of the mean velocity fields (stream-wise and normal to the flow), fluctuation levels in the 

mean velocity fields, turbulence shear stress, spatial cross correlation values and the out-of-plane 

vorticity. 
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Mean Velocity Field 

Looking at the ensemble-averaged mean velocity data over all the angles of attack in 

Figure 3-2 and Figure 3-3, as expected, there is clear indication of an acceleration of the flow 

over the wing at the point of greatest camber (u U∞ v U∞ ~ 1.25  &  ~ 0.6 ).  The favorable 

pressure gradient over the positively cambered portion of the wing increases with an increase in 

the angle of attack, thus leading to an increase in the velocities over the leading edge of the wing.  

An increase in the angle of attack also leads to an increase in the magnitude of the downward 

velocities over the top of the wing.  The region that contains this strong downward flow ( v  ~ -

0.6U∞ ), grows in size with an increase in the angle of attack of the airfoil. 

In the figures showing the distribution of the stream-wise component of the flow at z/b = 0, 

a shear layer with strong gradients in y, is seen above the reflexed portion of the airfoil.  This 

layer appears to grow in thickness between 10° ≤ α ≤ 15°, after which it seems to shrink at α = 

18° and then increases in thickness again between 20° ≤ α ≤ 21°.  In the flow above the wing at α 

= 25° and 30°, the shear layer has clearly separated from the surface of the wing and sits between 

the free-stream and a region of re-circulating flow.  It should be noted that the flow is most likely 

separated at the lower angles of attack but due to the inability to get near wall measurements the 

reverse flow vectors could not be seen.  While the stream-wise component of the velocity 

maintains almost similar levels over the span of the wing, the normal component grows stronger 

in magnitude as z/b → 0.5 (as much as v U∞ ~ -0.75  at z/b = 0.46).  However, for z/b ≤ 0.17, the 

normal component of the velocity appears to be mostly affected by the downwash effect over the 

airfoil due to its angle of attack ( v < 0).  
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Figure 3-2.  Distribution of the stream-wise velocity vectors in the flow field at various angles of 
attack, z/b = 0; A) 10°, B) 15°, C) 18°, D) 20°, E) 21°, F) 25° and G) 30°. 
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Figure 3-3.  Distribution of the normal velocity vectors in the flow field at various angles of 
attack, z/b = 0; A) 10°, B) 15°, C) 18°, D) 20°, E) 21°, F) 25° and G) 30°. 
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However, at z/b ≥ 0.25, the magnitudes of the normal component start to grow within the 

same region and it is believed that at this point, there is a larger effect of the wing-tip vortices on 

the flow over the wing, which would cause the flow to grow stronger in downward direction. 

In Figure 3-4, the mean vertical velocity is plotted from the 2-component PIV 

measurements at z/b = 0.46 and for α = 10°.  It is noticed that at z/b = 0.46, the measurement 

plane is adjacent to the core of the wing tip vortex and there is a strong downward spiral motion.  

At z/b = 0.5, the flow has transitioned to a relatively strong upward spiral motion, where v  ~ 

0.5U∞ , and so it may be concluded that the center of the wing-tip vortex lies between z/b = 0.46 

and z/b = 0.5 (Figure 3-4).  It is also observed that the horizontal component of the velocity 

accelerates within the core of the separation region, as can be seen at z/b ≥ 0.46. 

 

 

 

 

 

 

 
A B

Figure 3-4.  Distribution levels of the vertical component in the flow at α = 10°; A) indicating 
downward motion of the spiral at z/b = 0.46 and B) upward motion of the spiral at  
z/b = 0.5.  Velocity is in m/s. 

u vFor α = 15° (Figure 3-5), the distribution of  and in the flow over the wing is similar to 

that when   α = 10°.  While the flow accelerates over the first half of the wing and then appears 

to separate in the measurements at z/b = 0 and between x/c = 0.4 & x/c = 0.5, the vertical 

component of the velocity continues to grow stronger in a downward direction as z/b → 0.5.  
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Once again, it is hard to characterize the shear layer past z/b > 0.25 from the 2-component 

results, due to the fact that the dihedral of the wing obstructs the line of view adjacent to the 

surface of the wing (as seen in Figure 3-2).  In the ensemble-averaged results at z/b = 0.46, there 

is a small region (~ 0.25c in length), that appears over the leading edge of the airfoil, with strong 

velocity gradients in the vertical direction ( v U∞ ~ 1.4 ), Figure 3-5A.  This appears to be valid 

since the normal component of the velocity should be strongest in the flow closest to the core of 

the wing-tip vortex, at x/c ~ 0.3.  Unfortunately, the reliability of the data at this location is also 

compromised due to the relatively higher number of estimated vectors in the region (Figure 3-

5B), however, the results still seem plausible. 

 

 

 

 

 

A B
 

 

Figure 3-5.  Distribution of the vertical component in the flow field at α = 15° and z/b = 0.46.   
A) Showing a sharp velocity gradient in the stream-wise direction (m/s) and B) the 
distribution of estimated vectors in the measurement plane (normalized by the total 
number of vectors). 

For α = 15°, the stream-wise and normal velocity components nearest to the wing surface 

(where z/b < 0.25) seem to maintain consistently low levels between the measurements at x/c = 

0.4 and x/c = 0.6, possibly indicating the presence of a separation layer (~ 4mm thick).  As 

would be expected (and as can be seen in Figure 3-6), the gradients in the stream-wise velocity in 

the vertical direction, /du dy , are large within the region of separation just above the surface of 
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the wing.  It is also noted that this separation layer gradually thickens between 0.4 ≤ x/c ≤ 0.7, 

but then starts to shrink, until at x/c = 0.9, where it appears as though the separation layer re-

attaches to the surface, just before the trailing edge of the wing, Figure 3-7. 

 
 
 
 
 
 
 
 
 
 

A B
 

Figure 3-6.  Distribution of the stream-wise component in the flow at α = 15°; A) x/c = 0.4 and at 
B) x/c = 0.7.  Velocity is in m/s.  

 

 
 
 
 
 
 
 
 
 BA 
 
Figure 3-7.  Distribution of the stream-wise component in the flow at α = 15°; A) x/c = 0.8 and at 

B) x/c = 0.9.  Velocity is in m/s. 

Figure 3-8From  it is interesting to note that at α = 15°, negative stream-wise vorticity is 

observed just above the wing surface and over the portion of the wing that forms the dihedral.  

The vector plots indicate that the circulating flow from the wing-tip vortex comes down directly 

on the dihedral of the wing and the flow gets re-directed toward the root of the wing along the 

wing surface, thus creating a small clock-wise flow over the wing.  The region closest to the 
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wing ~ 4 mm in has a strong span-wise velocity component towards the root of the airfoil, thus 

inducing the flow above it to circulate in a clock-wise fashion.  However, this trend is only 

observed in regions where the geometry of the wing re-directs part of the flow towards the wing 

root.  In the latter half of the wing where x/c ≥ 0.7, little is seen of this span-wise re-circulation. 

 

 

 

 

 

 

 
A B

Span-wise component, w Stream-wise vorticity, wu 

wFigure 3-8.  Distribution of the span-wise component of the flow,  in m/s (A), and distribution 
of the stream-wise vorticity, s-1 (B), indicating span-wise re-circulation at x/c = 0.6 
and at α = 15°. 

The 3-componenet PIV results also show the development and downstream progression of 

the wing tip vortex.  It is interesting to note that in the center of the tip-vortex, the magnitude of 

the stream-wise component does not grow much weaker than the free-stream velocity until the 

flow is in the vicinity of x/c = 1.1 (where u U∞ ~ 0.6 ). 

The vortex core also appears to move down and towards the root of the airfoil as the flow 

progresses downstream of the leading edge.  The change in the vertical position of the vortex 

core was as much as 15 mm between x/c = 0.3 and x/c = 1.1, while the horizontal change in 

position was ~ 7 mm.  This behavior may be attributed to the downwash over the wing and the 

effect of the dihedral on the flow over the wing.  The dihedral on the wing is supposed to 

promote roll stability by generating equal amounts of lift on both sides of the wing, thus re-
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directing some of the lift force to be angled in towards the root of the airfoil and in the process 

turns the flow.  

The 2-component PIV results for the α = 18° case show that the height of the shear layer 

above the surface of the wing has decreased and it is speculated that separation has been delayed 

till the flow is a little further downstream than in the previous two cases.  The flow of the wing is 

similar to the α= 15° case, except that the vertical component of the velocity has stronger 

downward momentum, possibly due to the downwash over the wing.  The wing-tip vortices have 

also grown stronger and appear to affect a larger region of the flow above the wing than before 

(Figure 3-9), as far in as z/b = 0.375, where a region of strong downward flow is observed in the 

core of the separated flow in the wake of the wing, ( v U∞~ 0.9 ).  These observations are 

corroborated by looking at the results from the 3-component PIV setup, where one can see a 

region of high downward velocity between z/b = 0.3 and z/b = 0.5.  As seen in Figure 3-10, the 

stream-wise velocity builds up momentum on the outside of the vortex core (~ 1.2U∞ ), and that 

the velocity on the side of the vortex core, closer to the wing tip, is almost the same as the free-

stream velocity, ~ 0.95U∞ .  In this case, the velocity in the core of the vortex starts showing 

signs of slowing down where x/c > 0.7 (u U∞~ 0.75 ).  It maintains this velocity till x/c = 1.0 and 

then suddenly loses even more momentum for x/c ≥ 1.1, where u U∞~ 0.45 .  It is only after x/c ≥ 

1.4, that the stream-wise component in the core picks up momentum again, u U∞~ 0.75 . 

The velocity distributions of the three separate components of the flow also indicate the 

presence of a separation layer past x/c = 0.4.  The separation layer starts with a thickness of 

approximately 2 mm and transitions to a ~ 5 mm thick layer at x/c = 0.5, after which it shrinks in 

size and is not visible by the time the flow reaches x/c = 0.9.  Perhaps, this trend indicates that 
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the separated shear layer was re-attaching itself to the wing surface before the flow left the TE of 

the wing.  It is also worth noting that as the flow moves further downstream, the effect of the 

wing-tip vortex on the vertical component of the flow over the wing grows weaker. 
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Figure 3-9.  Plots showing the regions of strong downward and upward flow near the wing-tip at 
α = 18°; A) 2-component PIV at z/b = 0.375, B) 2-component PIV at z/b = 0.5 and C) 
the corresponding 3-component PIV results.  The vertical component of the flow, v , 
is depicted in the contour levels (m/s). 

As was inferred for the previous case, when the circulating flow from the wing-tip vortex 

comes in contact with the dihedral of the wing, a portion of the flow is directed towards the wing 

root, causing positive stream-wise vorticity closest to the wing surface and negative vorticity, of 

comparable strength, just above it.  But in this case, it was also observed that at the root of the 

wing, circulating flow from the tip vortex is re-directed back towards the wing-tip causing 

negative stream-wise vorticity close to the wing surface (in the center half of the wing), and 
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positive vorticity just above it.  This phenomenon is clearly observed in the measurements taken 

between x/c = 0.3 and x/c = 0.8, Figure 3-11.  In these regions, there is a considerable dihedral in 

the wing and the tip vortex is close enough to the edge of the wing so as to force a portion of the 

circulating flow onto it.  After x/c ≥ 0.9, there is relatively little momentum in the span-wise 

component of the velocity in the flow over the wing. 
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uFigure 3-10.  Stream-wise velocity distribution, , and the progression of the wing-tip vortex 
downstream over the wing for α = 18° and at:  A) x/c = 0.8, B) x/c = 1.0, C) x/c = 1.1 
and D) x/c = 1.4.  Velocities are in m/s. 

Due to the downwash over the wing, the vortex center also moved lower as the flow 

progressed downstream of the leading edge (~ 23 mm, for 0.3 ≤ x/c ≤ 1.4), and also moved 

slightly in the direction of the root of the airfoil (~ 7 mm). 
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wu, x/c = 0.3 wu, x/c = 0.5 wu, x/c = 0.8 

Figure 3-11.  Measurements in different chord-wise planes, indicating the presence of span-wise 
circulation over the wing at α = 18°; A) Distribution of the span-wise component of 
the velocity in the flow field and B) Stream-wise vorticity (ωz) in the flow field, at  
x/c = 0.3 (left), x/c = 0.5 (center) and x/c = 0.8 (right).  Velocities are in m/s. 

For the α = 20° case, the 2-component PIV results showed that the stream-wise flow over 

the first half of the airfoil was accelerated to higher levels than had been seen in the previous 

cases (u U∞~ 1.5 ).  This was coupled with an increase in the magnitude of the downward 

component of the flow where 0.3 ≤ x/c ≤ 0.8, Figure 3-2D & Figure 3-3D.  It was noted that the 

levels of u near the LE of the wing grew larger as z/b → 0.5.  The measurements at z/b ≥ 0.33 

show the development of a gradient in the distribution of the normal velocity vectors in the wake 

of the wing.  The magnitude of the velocity levels grows larger close to the center of this region 

and grows stronger as z/b → 0.5.  This pattern depicts the flow within the wing-tip vortex core 
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where the normal components of the velocity are the strongest.  The plots also indicate that the 

center of the wing tip vortex may lie between z/b = 0.46 and z/b = 0.5.  In addition, the results 

showed an increase in the thickness of the separation layer above the wing at x/c = 0.8 as 

compared to the results in the previous case (~12 mm thick). 

For the α = 21° case, velocity distributions from the 2-component PIV results indicate that 

the flow over the wing may be separating further upstream than in the previous cases, see Figure 

3-2 & Figure 3-3.  The results from the 3-component PIV data did not indicate any new 

characteristics in the flow over the wing than what has been previously observed.  Since this was 

at higher angle of attack, the wing-tip vortices were stronger than in the previous cases, and as a 

result, the magnitudes of the components of the flow around the vortex center were stronger as 

well, in particular, the downward component of the circulating flow from the tip vortex appeared 

to be dominant over a larger section of the wing than before.  The distribution of the span-wise 

component of the flow, once again, indicated the presence of opposing span-wise recirculation 

taking place over the central part and the dihedral portion of the wing. 

The development of the separation layer is also visible in a distribution of the stream-wise 

and vertical component results from the measurements where x/c ≥ 0.4.  The separation layer 

maintains a maximum thickness of ~ 4 mm between 0.5 ≤ x/c ≤ 0.7.  Downstream of this 

location, the separation layer begins to get smaller (0.8 ≤ x/c ≤ 0.9) and it appears as though the 

flow tries to re-attach to the wing surface just before the trailing edge of the wing.  Like the other 

cases, there is a downward (~ 25 mm at x/c = 1.4), and sideways (~ 7 mm at x/c = 1.4) motion of 

the wing-tip vortex center as the flow progresses downstream. 

The PIV results at α = 25° indicated a stalled condition for the airfoil, the flow over the 

wing having completely separated from the surface of the wing.  Similar to the previous cases, 
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the 2-component PIV results show that the flow speeds up over the top of the airfoil, but shortly 

after, at x/c ~ 0.15, the flow comes in contact with an adverse pressure gradient and a separated 

shear layer is formed.  Within this layer and closest to the wing surface is a region of re-

circulating flow with a maximum stream-wise component ~ 0.6U∞  and a maximum normal 

component ~ 0.5U∞ , Figure 3-12.  This region of re-circulating flow is largest at z/b = 0, after 

which it shrinks in size as z/b → 0.5. 

The results from the 2-component PIV setup show separated flow over the wing without 

any re-circulation in the instances where z/b ≥ 0.25.  For z/b ≥ 0.25, the stream-wise component 

of the flow forms a shear layer over the wing surface with strong vertical gradients in the 

velocity.  The normal component of the flow also forms a gradient in the wake of the airfoil, but 

in this case, the gradients are almost axially symmetrical about y/c ~ -0.14, where the innermost 

region contains the flow with the strongest downward component. 

The results from the 3-component PIV data are similar in nature to the results from the 

other cases.  When looking at the distribution of the velocity components over the flow field one 

can clearly observe the development of a large region of separation between 0.3 ≤ x/c ≤ 1.4.  At 

x/c = 0.3, the flow over the airfoil is very close to surface of the wing (< 2 mm).  One can see the 

wing-tip vortex developing and also see the span-wise circulation that has been discussed earlier.  

At x/c = 0.4, the stream-wise and vertical components of the flow begin to separate from the 

surface while the span-wise component of the flow is still attached and still showing signs of 

span-wise re-circulation. 

Between 0.5 ≤ x/c ≤ 0.9, the region of re-circulating stream-wise flow continues to grow in 

height but is bounded on the sides by the flow around the perimeter of the wing.  This region of 

re-circulating flow is thickest over the middle of the airfoil at x/c = 0.8 and z/b = 0, ~ 18 mm tall.  
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Adjacent to this region and all around it is the separated shear layer over the wing that is 

approximately 9 mm thick at z/b = 0 and the top layer of which is ~ 27 mm from the surface of 

the wing at x/c = 0.8, Figure 3-13. 
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Figure 3-12.  Distribution of the ensemble-averaged stream-wise and normal components of the 
flow field (m/s), at α = 25°.  A) u v uat z/b = 0, B) at z/b = 0, C) at z/b = 0.46 and 
D) v at z/b = 0.46. 

It seems as though the phenomenon of re-circulating flow over the back of the wing is 

primarily two dimensional, i.e. the u & v vectors contribute mostly to the characteristics of the 

flow.  The span-wise velocity in this region of re-circulation is very low and negative, indicating 

a slight flow in the direction of the wing root.  Corresponding with the negative levels in the 

distribution of the stream-wise component of the flow, the vertical component of the flow 

indicates regions of slightly positive flow, which is intuitive and corroborates the results from the 
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2-component PIV setup.  The region of negative stream-wise flow extends beyond the trailing 

edge of the wing, as is observed in the measurements at x/c = 1.1 (Figure 3-13), but not 

thereafter, giving some idea of how far the region of re-circulation extends into the wake of the 

wing.  The stream-wise component of the flow over the wing is also considerably faster in the 

measurements at x/c = 0.3 and loses a lot of momentum by the time the flow reaches x/c = 1.4. 
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x/c = 0.8 x/c = 1.1 

Figure 3-13.  Distribution of the stream-wise component in the flow (m/s), at α = 25°;               
A) x/c = 0.8 and B) x/c = 1.1. 

For all the cases, 2-component PIV results showed that small pockets with high levels of 

span-wise vorticity were developing at the leading edge of the airfoil in the region close to the 

wing-tips.  At these locations the flow can be seen going around (separating then re-attaching), 

what appears to be a separation bubble.  However, since these bubbles reside in the regions 

closest to the wing surface, this phenomenon could not be accurately documented. 

Looking at the 2-component PIV results in Figure 3-14 & Figure 3-15, for α = 25°, the 

presence of a separation bubble was inferred close to the leading edge of the airfoil at a span-

wise location of z/b = 0.42.  There is a clear separation of the flow from the surface of the wing 

at x/c ~ 0.1 and then a re-attachment of the flow to the wing x/c ~ 0.35.  Even though the 

recirculation within the bubble is not visible (due to a partially obstructed view), the flow vectors 
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can clearly be seen going over the top of the bubble and then re-attaching to the wing surface 

behind it. 

However, in the ensemble-averaged data collected at z/b = 0.46 for the same angle of 

attack, this bubble appears to be unstable, leading to separation of the flow over the wing, and 

again creating high vorticity levels near the point of separation.  It is possible that the circulatory 

flow induced by the tip vortex creates an adverse pressure gradient in the stream-wise direction 

in the regions near the wing-tip; this adverse pressure gradient then leads to the separation of 

flow over the airfoil at that span-wise location.  Because of the complex interactions between the 

flow over the wing and the circulatory flow induced by the wing-tip vortex, the exact cause of 

separation at this location is unknown.    It is plausible that vortex shedding could be taking place 

at this location over the wing. 
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Figure 3-14.  Flow field distributions for α = 25° and z/b = 0.42; A) stream-wise component of 
the velocity and B) the normal (vertical) component of the velocity. 

The presence of a separation bubble at α = 25° and z/b = 0.42 could also be inferred from 

Figure 3-16, where the span-wise vorticity levels indicate the presence of recirculation within the 
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region of separation.  One can also clearly see the instability of the separation bubble at the 

leading edge at z/b = 0.46. 
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Figure 3-15.  Close up of the flow over the leading edge of the wing at α = 25° and at z/b = 0.42; 
A) stream-wise component and B) the normal component. 
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z/b = 0.42 z/b = 0.46 

A

Figure 3-16.  Span-wise vorticity levels (s-1) at α = 25°; A) at z/b = 0.42 and B) z/b = 0.46. 

For α = 30°, the flow behind the wing was massively separated just downstream of the 

leading edge of the airfoil.  Since the flow is now massively separated, there is no visible sign of 

any separation bubbles along the span of the airfoil. 
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Fluctuating Velocity Levels in the Flow 

As described in the previous section, the velocity fluctuations in the flow over the airfoil 

occur primarily within the shear layer that develops over the top of the wing.  Figure 3-17 & 

Figure 3-18 show a distribution of the fluctuations in the stream-wise and normal components of 

the flow, normalized by the free-stream velocity ( ' /rmsu U∞ ' /rmsv U∞ and ).  The normalized 

turbulent shear stress levels ( 2' ' /u v U∞ ), have been shown in Figure 3-19.  All of these plots are 

along the centerline of the wing at various angles of attack. 

In the figures, for the case where α ≤ 21°, the highest velocity fluctuations and turbulent 

shear stress levels are observed to be close to the center of the shear layer, which appears to be 

just barely separated.  However, for α = 25° & 30°, the shear layer is definitely no longer 

attached to the top surface of the airfoil, instead, a large region of separation is formed over the 

wing, with flow re-circulating from the trailing edge to the leading edge of the airfoil.  It should 

be noted that even though it is not clearly visible due to the inability to view near the wing 

surface, the lower angles of attack most likely, do exhibit re-circulating flow. 

In these cases, the highest levels of stream-wise fluctuations reside in a region close to the 

upper boundary of the separated flow, where a shear layer is present and where there is a large 

velocity gradient in the y direction (Figure 3-17).  However, the highest levels of fluctuations in 

the normal component are observed in the latter half of the region of separation, where the 

velocity gradient is highest in a direction that is almost normal to the surface of the wing.  As 

expected, the fluctuations in the stream-wise direction are greater in magnitude as compared to 

the velocity fluctuations in the normal direction.  It can be observed that there is a general 

increase in the fluctuation intensities and thickness of the shear layer with increasing angle of 

attack, except around 18°. 

67 



 

 

α = 10° 

α = 18° 

α = 15°

α = 20°

α = 21° α = 25°

α = 30° 

A B

C D

E F

G   

Figure 3-17.  Distribution of the stream-wise velocity fluctuation levels in the flow field at 
various angles of attack at z/b = 0; A) 10°, B) 15°, C) 18°, D) 20°, E) 21°, F) 25° and 
G) 30°. 
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Figure 3-18.  Distribution of the normal velocity fluctuation levels in the flow field at various 
angles of attack at z/b = 0; A) 10°, B) 15°, C) 18°, D) 20°, E) 21°, F) 25° and G) 30°. 
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Figure 3-19.  Distribution of the turbulent shear stress levels in the flow field at various angles of 
attack at z/b = 0; A) 10°, B) 15°, C) 18°, D) 20°, E) 21°, F) 25° and G) 30°. 
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For the cases where α ≤ 21°, Figure 3-19 reveals negative peaks in the turbulent shear 

stress close to the inner regions in the shear layer over the reflex of the airfoil.  The magnitudes 

of the shear stresses in these regions of the shear layer can be almost twice as large as the 

stresses in the outer region of the shear layer.  However, for α = 25° & 30°, the negative peaks in 

the turbulent stress levels reside closer to the bottom of the separated shear layer that forms over 

the wing (Figure 3-19F & G), whereas the positive peaks are in the region of re-circulating flow 

that is closest to the surface of the wing as is seen in Figure 3-19G. 

Small pockets of high fluctuating levels are also observed at the leading edges of the wing 

(beyond z/b = 0.25), and appear to get stronger as z/b → 0.5.  At z/b = 0.46, a region is observed 

in the flow adjacent to the wing, where the fluctuating velocity levels appear to be relatively 

higher than over the other regions of the airfoil.  The ensemble-averaged data here could be 

representative of some periodic shedding taking place at the leading edge at this location or it 

might be the effect of the wing-tip vortices.  Also, at this same span-wise location and at ~x/c = 

0.9, a region of high fluctuating velocity levels develops in the wake of the airfoil (Figure 3-20). 

For some angles of attack, this region with high levels of fluctuations was also identified in 

the results from the 3-component PIV experiments.  However, it should be noted that the 

percentage of estimated vectors in these regions is large, due to the flow being highly three 

dimensional and causing in-plane dropout, effectively reducing the reliability of the results in 

those regions. 

For the α = 10° case, the stream-wise fluctuations within the separation layer, are in the 

range of 10-28 % of the free-stream velocity and the normal fluctuations are in the range of 10-

15 % of U∞ .  Between the regions of high and low fluctuating velocities in the shear layer, the 

normalized turbulent shear stresses range between ~ -0.01 and ~ -0.025. 
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At α = 15°, it is interesting to see that the thickness of the shear layer decreases slightly at 

z/b = 0 (Figure 3-17 & Figure 3-18), and that the fluctuating velocity levels have a lower range 

of values.  The turbulent shear stress also peaks at ~ -0.017, as compared to ~ -0.025 at α = 10°.  

At α = 18°, the thickness of the shear layer above the wing shrinks considerably, and the 

fluctuation levels in the visible flow are the lowest amongst all the cases (8 % ≤ ' /rmsu U∞  ≤ 14 %  

and  8 % ≤ ' /rmsv U∞  ≤ 14 %).  The smaller shear layer also has a lower range of turbulent shear 

values, ~ -0.01. 

A 

B

Figure 3-20.  High fluctuation levels in the stream-wise (left) and the normal (right) components 
of the flow, at z/b = 0.46 and at, A) α = 15°, and B) α = 25°.  
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Between 20° ≤ α ≤ 21°, the shear layer once again grows in thickness, with velocity 

fluctuations in the range of, 11 % ≤ ' /rmsu U∞ ' /rmsv U∞ ≤ 20 %  and  8 % ≤  ≤ 14 %., and the 

turbulent shear stress ranges between -0.02 & -0.01.  It should be mentioned that for α = 21°, the 

shear layer is thicker, with larger regions of higher fluctuations as compared to the α = 20° case. 

It is also noted that for the cases where α ≥ 20°, at z/b = 0.46, high levels of velocity 

fluctuation were observed in the wake of the wing-tip vortex, resulting in high levels of turbulent 

shear stress.  Results from the 3-component setup did validate the presence of these high velocity 

fluctuations in the vicinity of the tip-vortex core, with some discrepancies in the magnitudes of 

the fluctuations.  These discrepancies were not surprising, since the flow in this region is so 

highly three-dimensional; the percentage of estimated vectors in the 2-component PIV results for 

this region is also large, thus reducing the reliability of these results.   

For the α = 15°, 18°, 21° & 25° cases, 3-component velocity data was also collected at 

various chord-wise locations.  These results validated the data from the 2-component PIV setup 

with regard to the boundaries of the separation layer over the wing and fluctuating velocity levels 

within the reflex of the airfoil.  For instance, the 2-component setup indicated that the top of the 

separation region was ~12 mm from the surface of the wing at x/c = 0.8 and at α = 15°.  The 3-

component results for the same case, besides showing that the top of the separation layer was 

~12 mm from the wing surface, also showed that the velocity fluctuations in the stream-wise 

component of the flow were in the range of 0.8 - 0.14U∞  (higher fluctuation levels being on the 

inner portion of the shear layer), which is very close to the results indicated by the 2-component 

setup in the same region (Figure 3-21). 
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Figure 3-21.  Comparison of the normalized stream-wise turbulence levels at α = 15°, x/c = 0.8 
and z/b = 0, obtained from, A) the 2-component and B) the 3-component PIV setups. 

The results from the 3-component PIV experiments also indicate that the strongest velocity 

fluctuations are in the stream-wise and span-wise components in the separated shear layer in the 

flow over the wing, where 0.25 < z/b <0.5.  These results seem intuitively correct, since this is 

the region most affected by the downwash over the airfoil as well as the vortex developing off 

the wing-tip.  It is also observed that as soon as the flow passes over the TE of the wing, the 

velocity fluctuation levels in the wake, drop to much lower levels (0.1 - 0.15U∞ ), as compared to 

within the flow over the wing (~0.25U∞ ).  In addition, the 3-component PIV results indicate that 

the fluctuating velocity levels in the core of the vortex decrease as the flow progresses 

downstream of the leading edge.  It is also observed that the fluctuations closer to the perimeter 

of the wing, persist at higher levels further downstream than the fluctuations at other locations 

around the wing, as can be seen in Figure 3-22C. 

While the 2-component data did not clearly indicate where exactly separation was taking 

place over the wing for α = 15°, the 3-component results show that it might be close to x/c = 0.5.  

The data at x/c = 0.3 for this angle of attack shows fluctuation levels  < .15U∞ , in the regions 

closest to the wing (< 2.6 mm from the surface).  However, at x/c = 0.4, the stream-wise cross 
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section of the shear layer grows to almost 4 mm in thickness and the fluctuation levels are 

significantly higher (~ 0.25U∞ ).  Interestingly, the thickness of the shear layer over the wing 

changes little between x/c = 0.4 and x/c = 0.5 and shows indications of growth where x/c ≥ 0.6, 

thus validating the statements made earlier about the flow characteristics in the same region. 

 ' /rmsu U∞  ' /rmsv U∞ ' /rmsw U∞
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' /rmsu U∞ (left), Figure 3-22.  Flow field distribution of the normalized velocity fluctuation levels 
' /rmsv U∞ ' /rmsw U∞ (center) & (right); at A) x/c = 0.3, B) x/c = 0.5 and C) x/c = 0.8, at 

α = 15°. 
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The chord-wise plots for α = 18° show fluctuating velocity levels that are similar to the     

α = 15° case.  At x/c = 0.3, there is a small region that extends over the span of the wing and sits 

just above the wing surface, ~ 3 mm thick, with relatively large fluctuating velocities in u & w  

(~ 0.25U∞ ).  At x/c = 0.4, the turbulent layer grows to ~ 4.5 mm in thickness, with fluctuations 

still being strongest in u & w.  It should be assumed that the separation layer also has some level 

of velocity fluctuation associated with it, but this is not clearly visible at this stage.  In the mean 

time, the fluctuations in the core of the wing-tip vortex have also maintained similar levels.  By 

the time x/c = 0.6, the top of the shear layer over the wing has grown to ~ 8 mm in thickness and 

the highest fluctuations are now in u (~ 0.25U∞ ), while the fluctuating levels in v & w become 

lower (~ 0.15U∞ ).  A thin region is also seen in between the wing surface and the shear layer 

(for 0.5 ≤ x/c ≤0.7), that has very low levels of fluctuating velocities associated with it; this 

region is probably part of the separation layer that develops over the wing.  The fluctuation 

levels in this separation layer range from being fairly strong at x/c = 0.3, where the region is very 

thin, to less than 0.1U∞  at x/c = 0.7, where the shear layer and separation layer are the thickest.  

As was previously noted for α = 15°, the shear layer does not grow thicker between   x/c = 0.6 

and x/c = 0.8, after which it actually shrinks in size to ~ 4.5 mm at x/c = 0.9, just before the flow 

leaves the trailing edge of the wing. 

In the wake of the airfoil at α = 18° and at x/c = 1.0, there is a distinct region (~ 20 mm 

thick) that surrounds the vortex core where there is very little fluctuation in the circulating flow, 

Figure 3-23.  At the outer perimeter of this region, there are signs of the circulation from the tip 

vortex interacting with the separation layer coming off the wing.  However, at x/c = 1.1, the 

fluctuation levels in u & w grows considerably in the wake of the airfoil and in two other 

regions, around y/b = 0.15 & 0.25.  At x/c = 1.2, the fluctuations in the wake of the airfoil are 
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nearly non-existent, but the regions of high velocity fluctuations near the vortex core are still 

very strong in u & w (Figure 3-24).  By the time the flow reaches x/c = 1.4, the fluctuations in all 

three components are at much lower levels and are confined to regions within the tip vortex. 
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Figure 3-23.  Normalized fluctuating velocity levels in the flow field at α = 18° and x/c = 1.0. 
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Figure 3-24.  Normalized fluctuating velocity levels in the flow field at α = 18°; A) x/c = 1.1 and 
B) x/c = 1.4; ' /rmsu U∞ ' /rmsv U∞ ' /rmsw U∞(left),  (center) & (right). 
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Measurements at α = 21° and x/c = 0.3 showed the presence of a layer ~ 4 mm thick, above 

the span of the airfoil, where the higher fluctuation levels were in u & w (~0.25U∞ ), and where 

the fluctuation levels in v did not exceed 0.15U∞ .  by the time the flow reaches x/c = 0.4, the top 

of the shear layer grows to ~ 8 mm in thickness and turbulence levels in the stream-wise 

direction continue to remain high, whereas the turbulence levels in v & w drop steadily as the 

flow moves downstream. 

For the case where α = 21°, the fluctuation levels in the visible part of the separation layer 

are less than 0.05U∞ .  The separated shear layer (with higher levels of velocity fluctuations), 

actually sits ~ 4 mm above the surface of the wing between 0.5 ≤ x/c ≤ 0.7, downstream of 

which, the separation layer thins out, until finally, the flow appears to reattach to the surface of 

the wing at x/c ~ 0.9.  After x/c = 0.8, the fluctuation levels in all three components of the 

velocity start to drop; at x/c = 1.0, fluctuations are less than 15% of the free-stream velocity.  

However, similar to the α = 18° case, at x/c = 1.1, the fluctuation levels in u & w suddenly 

strengthen to ~ 20% of U∞ , after which the fluctuating velocity levels in all three components 

drops to less than 5% of U∞ .  Also similar to the α = 18° case, at x/c = 1.1, 1.2 & 1.4, there is a 

region with high levels of fluctuations in u & w that appears to the bottom right of the wing-tip 

vortex.  It is uncertain what this region represents. 

At α = 25°, the fluctuating velocity levels in the separated region behind the airfoil are in 

the range of 15-33% of the free-stream velocity for both the components of the flow.  Between 

0.3 ≤ x/c ≤ 0.5, the velocity fluctuations are higher in u & w.  However, for measurements taken 

at x/c ≥ 0.6, the fluctuation levels grow higher in u & v (~ 0.25U∞ U∞), but remain below 0.15  
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for w.  As the re-circulating component of the flow becomes stronger, the fluctuations in the 

vertical component of the flow begin to grow larger in that region. 

Figure 3-25For α = 25°,  contains plots that depict that development of the fluctuating 

velocity profiles for the three components of the flow.  As the flow moves downstream over the 

wing from x/c = 0.4 to x/c = 0.8, there is an increase in the velocity fluctuations in v, while there 

is a simultaneous decrease in the fluctuation levels in w. 
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Figure 3-25.  Development of the normalized fluctuating velocity profiles in u (left), v (center) & 
w (right), at α = 25°; A) x/c = 0.4, B) x/c = 0.6 and at C) x/c = 0.8. 
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For x/c > 0.9, it is noted that the faster flow from the underside of the wing interacts with 

the slower flow from above the wing, creating another region of high fluctuation levels beneath 

the trailing edge.  This region soon combines with the separation layer from the flow over the 

wing and loses intensity in u & w by the time the flow reaches x/c = 1.4 (fluctuations are < 

0.12U∞ ).  However, the measurements at x/c = 1.4 show that the turbulence levels in the vertical 

component of the velocity persist at relatively higher levels ( '  ~ 0.22U∞v ). 

At such a high angle of attack, there is a large amount of interaction between the flow over 

the wing and the circulatory flow induced by the wing-tip vortex.  It appears as though the wing-

tip vortex is strong enough to entrain part of the flow over the wing into the outer regions of the 

vortex.  This might explain the slight upward curve in the stream-wise cross-sections of the 

turbulence in u, v & w, seen in Figure 3-25. 

Velocity Correlation Analysis 

Results from the spatial cross correlations that were performed on the fluctuating 

components of the normal and stream-wise components of the velocity data at α = 10° and z/b = 

0.08 are shown in Figure 3-26.  It was observed that at z/b ≤ 0.17, the average turbulent length 

scales within the shear layer were on the order of, L  ~ 7 mm & LTUx TUy ~ 5 mm and LTVx ~ 7 mm 

& LTVy ~ 12 mm at x/c = 0.6.  The subscripts U & V indicate which component of the flow the 

correlations have been performed on, and x & y indicate the axis of the measurement.  Similarly, 

at x/c = 0.8, the turbulent length scales were L  ~ 22 mm & LTUx TUy ~ 10 mm and LTVx ~ 11 mm 

& LTVy ~ 19 mm, indicating an increase in the turbulent length scales as the flow moved 

downstream of the point of separation.  Interestingly, at z/b = 0.46, a strong correlation was also 

observed in the stream-wise component of the velocity measured close to the LE of the wing; in 

this case LTUx ~ 17 mm & LTUy ~ 5 mm and LTVx ~ 10 mm & LTVy ~ 3 mm.  It should be noted 
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that the noise seen in the cross correlation plots (below and on the following pages), is on the 

order of ± 0.04 and may be attributed to error in the PIV measurements.  Though the levels may 

appear to be rather noisy (± 0.1), this is just an artifact of the color levels used to depict the data. 
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Figure 3-26.  Spatial cross correlation performed on the fluctuating components of the flow at    
α = 10° and z/b = 0.08.  Cross-correlations in A) the stream-wise component and     
B) the normal component of the flow.  Values for the correlation coefficient are 
between +1 & -1. 

For α = 15°, the average turbulent length scale in the region of separation above the wing 

at x/c = 0.6 was L  ~ 6 mm & LTUx TUy ~ 7 mm and L  ~ 8 mm & LTVx TVy ~ 12 mm.  Similar to the 

α = 10° case, further downstream at x/c = 0.8, LTUx ~ 28 mm & LTUy ~ 12 mm and LTVx ~ 15 mm 

& LTVy ~ 18 mm. 

, LThe correlation on the 3-component PIV data validated the results for LTUx TUy, LTVx & 

LTVy that had been obtained from the 2-component PIV data.  The cross correlation results from 

the 3-component PIV experiments also provided insight into the span-wise extent of the length 

scales.  For instance, the average turbulent length scales in the region of the vortex core was 

almost identical in size to the structure identified by the stream-wise vorticity distribution at 

various chord-wise locations.  Also, as the flow progressed downstream of the leading edge, the 
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cross correlations amongst the three components indicated a growing trend in the turbulent 

length scales. 
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Figure 3-27.  Spatial cross correlation in the fluctuating components of the flow at α = 15°;       
A) '  at z/b = 0, B) '  at z/b = 0, C) '  at x/c = 0.8, D) '  at x/c = 0.8, and E)  at 
x/c = 0.8. 

u v u v 'w
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In fact, for x/c ≥ 0.4, the fluctuating velocities in the shear layer were well correlated over 

the span of the wing for all three components of the flow.  It was observed that out of the three 

components, the span-wise turbulent length scales were the smallest in this region.  However, in 

the regions closest to the center of the wing-tip vortex, as it propagated downstream, the largest 

turbulent length scales were in the span-wise component of the velocity. 

In the measurements where x/c ≥ 0.7, the turbulent length scales for the stream-wise and 

span-wise components of velocity stopped growing larger, but LTV was almost double the size of 

L  & LTU TW.  Measurements also indicated that once the flow completely passes over the wing, 

the turbulent length scales begin to shrink with each stream-wise measurement. 

From the 2-component PIV results for α = 18°, z/b = 0 and x/c = 0.8, the spatial cross 

correlations in the fluctuating components of the flow in the shear layer above the airfoil, showed 

average turbulent length scales on the order of L  ~ 22 mm, LTUx TUy ~ 9 mm, LTVx ~ 10 mm & 

LTVy ~ 10 mm.  Spatial cross correlations in the fluctuating velocities from the 3-component PIV 

results showed that within the turbulent layer just above the wing, the stream-wise and vertical 

components of the velocity were well correlated, but the span-wise turbulence was limited to 

relatively small regions around the point of comparison, as seen in Figure 3-28.  Similar to the 

previous case, at x/c = 0.3, the turbulent length scales in the shear layer were relatively small and 

confined to a region just outside the point of reference (on the order of the grid spacing, ~ 2 

mm), but at x/c = 0.4, when the turbulent region is observed to grow to almost 4.5 mm in 

thickness, the fluctuating components in u & v were well correlated across the span of the wing.  

The turbulence in w showed smaller length scales, but also indicated a region of positive 

correlation over the dihedral of the wing and immediately below it, a region of negative 

83 



 

correlation (Figure 3-29).  These regions are related to the span-wise re-circulation phenomenon 

that has been discussed earlier. 
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Figure 3-28.  From measurements at α = 18° & x/c = 0.4, spatial cross-correlations in:               
A) ' /rmsu U∞ ' /rmsv U∞ ' /rmsw U∞, B) , and C) . 

As was described for the velocity fluctuation levels in the wake of the wing at α = 18°, the 

turbulent length scales just aft of the wing at x/c = 1.0 are limited to the region just around the 

point of reference.  However, at x/c = 1.1, the turbulent length scales in the wake of the airfoil 

suddenly grow larger in the region just behind the trailing edge of the wing.  Also, just as there 

was some turbulence observed near the tip vortex center (Figure 3-24 A), the turbulent length 

scales in the same region are considerably large and correlate well with the size of the region 

indicated earlier by the distribution of the fluctuating velocities in u & w.  On the other hand, the 
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turbulent length scales in v were smaller than those for the other two components of the flow in 

the same region, as is shown in Figure 3-30. 
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Figure 3-29.  Spatial cross correlations in the fluctuating span-wise component of the flow 
( ' /rmsw U∞ ) at α = 18°; x/c = 0.5 (A & B), x/c = 0.6 (C, D & E) and x/c = 0.7 (F). 
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Figure 3-30.  Spatial cross correlations in the fluctuating components of the flow at α = 18° 
(compare with Figure 3-24A); ' (left), 'u rv  (center) & ' (right), at x/c = 1.1 and A) 
z/b = 0.05 & y/b = -0.225, B) z/b = 0.5 & y/b = -0.05 and C) z/b = 0.06 & y/b = -0.25. 

w

Now the measurements at x/c = 1.2 showed relatively small turbulent length scales in the 

wake of the airfoil, but continued to indicate large regions of the turbulence near the wing-tip 

vortex that had propagated downstream.  Finally, the measurements at x/c = 1.4 showed little 

indication of turbulence in the flow except in the center of the tip-vortex. 
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For α = 20°, the results from the spatial cross correlation performed on the fluctuating 

components of the velocity, indicated that the average turbulent length scales in the shear layer at 

x/c = 0.6 were L  ~ 16 mm, LTUx TUy ~ 10 mm, L  ~ 8 mm & LTVx TVy ~ 10 mm and at x/c = 0.8 

were L  ~ 32 mm, LTUx TUy ~ 11 mm, L  ~ 18 mm & LTVx TVy ~ 15 mm. 

For α = 21°, spatial cross correlations in the separation region in the 2-component PIV data 

showed that the average turbulent length scales were, L  ~ 44 mm & LTUx TUy ~ 12 mm and LTVx ~ 

16 mm & LTVy ~ 12 mm, at x/c = 0.8 and z/b = 0.  Results from the 3-component PIV setup at 

x/c = 0.4, showed that the turbulent length scales in the region closest to the wing were on the 

order of L  & L  ~ 8 mm & LTUz TWz TUy, LTVy & LTWy ~ 3 mm, where LTVz spanned the top surface 

of the wing.  However, within the shear layer at x/c ≥ 0.4, the reference points begin to show a 

strong correlation with the large velocity fluctuations taking place in that region, similar to that 

in the   α = 18° case, (see Figure 3-28).  The cross correlation results also corroborate the results 

that indicate a weakening of the turbulence levels at x/c = 1.0 through shrinking of the turbulent 

length scales, and then an unexpected strengthening of the turbulence levels at x/c = 1.1, with an 

increase in the average turbulent length scale in the region.  The presence of a sizeable region 

with high levels of velocity fluctuations is also observed at the bottom right of the tip vortex at 

1.1 ≤ x/c ≤ 1.4 (similar to Figure 3-24 & Figure 3-30), and is verified by the results of the cross 

correlation. 

For α = 25°, the distribution of the cross-correlation coefficients in the flow field, indicates 

that for u & v, there is always good correlation between the reference point and the rest of the 

data within the turbulent shear layer (as was previously noted for α = 18° and α = 21°, Figure 3-

28), whereas w tends to indicate much smaller turbulent length scales in the same region; similar 

to the results in Figure 3-29. 
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Figure 3-31.  Spatial cross correlations at α = 25°, at x/c = 0.6 and z/b = 0.08; A) (left), 
(center) & (right), and in B) ' (left) & (right). 
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Figure 3-32.  Spatial cross correlations at α = 25°, at x/c = 0.8 and z/b = 0.08; A) (left), 
(center) & (right), and in B) ' (left) & (right). 
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Within the separation layer just below the separated shear layer, at x/c = 0.5 and z/b = 0, 

the average turbulent length scales were L , LTUz TVz & LTWz ~ 12 mm whereas LTUy ~ 4 mm, LTVy 

~ 8 mm & LTWy ~ 6 mm.  Comparisons were also made to validate the turbulent length scale 

values obtained at similar locations in the flow for 2-component and 3-component PIV.  Figure 

3-31 shows comparisons between the cross-correlations at x/c = 0.6 and z/b = 0.08, LTUx ~ 80 

mm, L  ~ 25 mm, L  ~ 42 mm, LTVx TUz TVz ~ 50 mm & L  ~ 19 mm whereas LTWz TUy ~ 18 mm, LTVy 

~ 40 mm & LTWy ~ 14 mm.  Figure 3-32 shows similar plots for x/c = 0.8, and z/b = 0.08, which 

clearly show the increase in the turbulent length scales as the flow moves downstream. Figure 3-

33 contains plots of the spatial cross correlation for reference points that; A) lie close to the 

upper boundaries of the separated shear layer, and B) lie within the region of re-circulating flow.  

Case A, lies within a region of high fluctuating velocities, for both components of the flow, and 

it may be observed that the contours in Figure 3-33A lie along a region that sits within the 

separated shear layer in the flow over the airfoil.  It has been observed, from the results of 

numerous cross correlations, that the fluctuating velocities within the shear layer over the airfoil 

are often, well correlated. 

This same trend was earlier observed in the results from the 3-component PIV data and 

was shown earlier in Figure 3-28.  Figure 3-33B is in a region of relatively lower levels of 

fluctuation (~ 0.15U∞ ), within the flow that is re-circulating from the trailing edge of the airfoil 

to the leading edge.  The turbulent length scales in the second case are clearly smaller.  This may 

be attributed to the fact that the reference point in Case B is in an area where there are gradients 

in the fluctuating velocity levels of both components (10-15% of U∞ ); this in turn might lead to 

poor correlation between points that lie across such regions. 
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Figure 3-33.  Spatial cross correlations in the stream-wise (left) and the normal (right) 
components of the flow, at α = 30°, x/c = 0.6 and at: A) y/c = 0.1 and B) y/c = -0.2. 

For α = 30°, the spatial cross correlations performed on the 2-component PIV data 

indicated larger turbulent length scales than any of the previous cases.  Figure 3-34 contains a 

series of plots where the point of reference for the cross correlations in u & v was moved along 

z/b = 0 and y/c = 0.05.  All four reference points lie well within the separated flow behind the 

wing and as expected, the turbulent length scales increase in size as the flow moves further 

downstream of the point of separation. 
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Figure 3-34.  Spatial cross correlations in the stream-wise (left) and normal (right) components 
of the flow at α = 30°, y/c = 0.05 & z/b = 0 and at: A) x/c = 0.2, B) x/c = 0.4,           
C) x/c = 0.6 and D) x/c = 0.8. 
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Vorticity Calculations 

Based on the results obtained for the stream-wise and normal components of the flow from 

the 2 & 3-component PIV measurements and the grid spacing that was used to calculate these 

results, the out of plane vorticity was computed using equations 3-1 & 3-2.  Figure 3-35 is a 

compilation of graphs of the span-wise vorticity at various angles of attack and at z/b = 0 (from 

2-component PIV data).  The plots show that the vorticity levels within the shear layer over the 

airfoil, are weakest in the upper region (closest to the free-stream), and are strongest around the 

center regions of the shear layer at z/b = 0 (a similar gradient was observed for the turbulent 

shear stress levels in the region).  As the shear layer thickens over the wing, the vorticity levels 

also appear to increase between 10° ≤ α ≤ 15°.  However, at α = 18°, there is a reduction in the 

thickness of the shear layer and a subsequent decrease in the vorticity levels in that region. 

Thereafter, between 20° ≤ α ≤ 21°, there is once again, a marked increase in the thickness 

of the shear layer followed by an increase in the span-wise vorticity.  Finally, at α = 25°, the flow 

above the airfoil separates, leaving below it a region of re-circulating flow (clockwise-from 

trailing edge to leading edge), with relatively high levels of negative vorticity.  In the massively 

separated case at α = 30°, it is observed that the strongest levels of span-wise vorticity are in the 

region where separation of flow is thought to occur over the wing.  When examining the plots in 

Figure 3-2 & Figure 3-3, as expected, this same region also contains the highest gradients in the 

stream-wise and normal components of the flow at z/b = 0.  As was previously mentioned, with 

the 2-component PIV setup used for these measurements, it was not possible to characterize the 

flow very close to the surface of the wing.  However, the 3-component PIV setup did reveal 

some useful information regarding stream-wise vorticity that was being generated over the wing 

by a span-wise circulation of flow.  This span-wise circulation happens to be a direct 

consequence of the circulatory flow induced by the strong wing-tip vortices in the region. 
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Figure 3-35.  Span-wise vorticity, ωz (s-1), at various angles of attack (z/b = 0); A) 10°, B) 15° C) 
18°, D) 20°, E) 21°, F) 25° and G) 30°. 
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For all the cases, 2-component PIV results showed that small pockets with high levels of 

span-wise vorticity were developing at the leading edge of the airfoil in the region close to the 

wing-tip.  At first, this phenomenon is observed at α = 10° and at z/b = 0.46, then it is observed 

at α = 15° and z/b = 0.46 & 0.42 and again at α ≥ 20° and as far in as z/b = 0.38.  As the angle of 

attack increases, these regions with high levels of vorticity are seen developing further in 

towards the root of the airfoil.  At these span-wise locations, the flow can be seen going around 

(separating then re-attaching), what appears to be a separation bubble, and as the angle of attack 

increases past a particular threshold, the bubble becomes un-stable and separation of flow takes 

place at the leading of the wing at that span-wise location. 

In the ensemble-averaged results at α = 15° and z/b = 0.46, there is a small region (~ 0.25c 

in length), that appears over the leading edge of the airfoil, with strong velocity gradients in the 

vertical direction ( v U∞ ~ 1.4 ), Figure 3-36A.  This appears to be valid since the normal 

component of the velocity would be strongest at the core of the wing-tip vortex, and at x/c ~ 0.4.  

This also goes to show that the phenomenon of high span-wise vorticity in pockets at the leading 

edge of the wing near the wing-tips could be the result of a complex interaction of the laminar 

flow over the airfoil and the circulatory flow induced by the wing-tip vortices. 

The 3-componenet PIV results at α = 15° also show the development and downstream 

progression of the wing tip vortex.  The stream-wise vorticity, ωu , in the center of the wing-tip 

vortex grows consistently stronger between x/c = 0.3 and x/c = 0.6, where it peaks.  However, 

between the measurements at x/c = 0.7 and x/c = 1.1, the vorticity in the center of the wing-tip 

vortex grows weaker by 9-12% than what it was at x/c = 0.6. 

 

 

94 



 

 

 

 

 

 

 A B

Figure 3-36.  Distribution of the vertical component of the flow at α = 15°; A) showing a sharp 
velocity gradient in the stream-wise direction (m/s) and B) the vorticity at the LE of 
the airfoil, ωz (s-1). 

As was previously discussed, it is first noted at α = 15°, that there is some negative stream-

wise vorticity just above the wing surface and over the portion of the wing that forms the 

dihedral (Figure 3-8).  However, the phenomenon of span-wise circulation is better observed at 

slightly higher angles of attack.  Figure 3-11A, depicts the span-wise component of the flow at α 

= 18° while Figure 3-11B depicts the development of the wing-tip vortex and span-wise 

circulation as the flow progresses downstream.  Figure 3-37 shows the previously discussed 

phenomenon of span-wise circulation and stream-wise vorticity over the wing at α = 21°. 

 Span-wise component, w Stream-wise vorticity, wu 

 

 

 

 

 

 
A B

Figure 3-37.  Distribution of the span-wise component (A), and the stream-wise vorticity (B), in 
the flow field at α = 21°. 
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At α = 25° and at z/b = 0.42, the flow appears to separate at the leading edge of the airfoil, 

then re-attach behind it, creating high levels of span-wise vorticity within the separation bubble.  

However, in the ensemble-averaged data collected at z/b = 0.46 for the same angle of attack, this 

bubble appears to be unstable, leading to separation of the flow over the wing, and again creating 

high vorticity levels near the point of separation.  

At α = 30°, the flow has fully separated over the entire span of the wing and the regions of 

highest span-wise vorticity, reside close to the point of separation over the airfoil and in the early 

stages of the separated shear layer, where the velocity gradients are the largest. 

 

 

 

 

 

 A B

Figure 3-38.  Span-wise vorticity, ωz (s-1), at α = 25° and at: A) z/b = 0.42 and B) z/b = 0.46.
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CHAPTER 4 
SUMMARY AND CONCLUSIONS 

Flow measurements were conducted over a thin rigid MAV wing using 2 & 3-component 

PIV techniques.  The MAV wing has a wingspan of 0.15 m and a nominal chord length of 0.124 

m.  Experiments were conducted at various angles of attack and at a Reynolds number of 

~75,000 based on the chord length of the wing model.  A Dantec Dynamics TR PIV system was 

used to acquire the data from the experiments.  The raw images were then processed using 

FlowManager v4.71 to obtain 2 & 3-component velocities from the two different setups.  The 

precision error in the measurements was ~ 2.8% for the 2-component PIV setup and ~ 1.04% for 

the 3-component PIV setup. 

The flow over the wing was described using figures depicting the mean velocity field, the 

fluctuating velocities in the three components of the flow, the turbulent shear stress levels and 

the out of plane vorticity.  Spatial cross correlations were also performed on the results to try and 

identify turbulent length scales within the flow. 

The mean velocity fields over the airfoil at various angles of attack showed that the 

thickness of the shear layer and the fluctuating velocity levels contained within it, undergo 

noticeable reduction at an angle of attack of 18°.  The flow over the wing, visibly separates from 

the top surface of the airfoil between 21° ≤ α ≤ 25°.  At α = 25°, a stable separation bubble is 

observed at the leading edge of the airfoil at z/b = 0.42 and an unstable separation bubble is 

observed at the leading edge of the wing at z/b = 0.46.  The flow measurements also identified 

regions of span-wise circulation over the wing caused by the wing-tip vortices.  It was also 

observed that with an increase in the angle of attack, there was an increase in the magnitude of 

the downward velocities over the top of the wing, due to stronger wing-tip vortices. 
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The downwash of the flow over the wing causes the vortex core to shift down as well, 

therefore, the higher the angle of attack, the stronger the downwash and the greater the shift.  It 

was also interesting to note, that the turbulence levels drop unexpectedly just behind the trailing 

edge of the wing (x/c = 1.0), but suddenly increase in magnitude thereafter (x/c = 1.1), after 

which they subside by the time the flow reaches x/c = 1.4.  Another unique characteristic was the 

formation of ensemble-averaged turbulent regions just off to the side of the wing tip vortex, at 

1.1 ≤ x/c ≤ 1.2, and how quickly it disappears by the time the flow reaches x/c = 1.4.  It is 

possible that perhaps there is some vortex shedding taking place in the wake of the wing-tip 

vortices. 

The spatial cross correlations provided insight into the turbulent length scales within the 

shear layer and the region of separated flow behind the wing.  It appears that fluctuating velocity 

levels contained within the shear layer have good correlation.  The turbulent length scales also 

validated regions of interest that had been identified from the flow measurements, the fluctuating 

velocity and vorticity calculations; for instance, the span-wise circulation on the top surface of 

the wing. 

Although this research represented quite an extensive study, there are still many 

improvements and additions that could be undertaken: 

• In terms of improvements from the existing data, the most glaring one would be to acquire 
the velocities near the wall for the stream-wise aligned measurements.  There are several 
ways in which this might be accomplished which would include changing the angle of the 
camera to overcome the blockage caused by the dihedral of the wing and coating/painting 
the wing so that the blooming of the laser light is minimized.   

• It would also be beneficial to measure all three components of the velocity in the x-y plane 
so that one can observe how the span-wise velocity affects the separation characteristics 
along the wing. 

• The acquisition of time resolved measurements so that the time dependence of the many 
features in the flow may be examined more closely; such as, the angle of attack and the 
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point over the wing surface where massive separation occurs.  This would also provide 
some insight into observing how steady or unsteady the closed separation bubble is. 

• In terms of additional processing it would be nice to analyze the data in such a manner that 
a better three dimensional description of the flow field could be extracted from the 
measurements. 

This clearly is only the first step in examining the flow over MAV wings and will serve as 

a set of baseline measurements for which to compare the various complaint wing structures that 

have been developed by the University of Florida MAVLAB such as the perimeter and batten 

reinforced configurations.   
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