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Pangloss sometimes said to Candide: All events are interconnected in this best of 

all possible worlds, for if you hadn’t been driven from a beautiful castle with hard kicks 

in the behind because of your love for Lady Cunegonde, if you hadn’t been seized by the 

Inquisition, if you hadn’t thrust your sword through the baron, and if you hadn’t lost all 

your sheep from the land of Eldorado, you wouldn’t be here eating candied citrons and 

pistachio nuts. 

 Well said, replied Candide, but we must cultivate our garden. 

 

(Candide or Optimism-Voltaire, translated by Lowell Bair) 
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SUMMARY 

 

Aeroacoustic investigations regarding different types of helicopter noise have 

indicated that the most annoying noise is caused by impulsive blade surface pressure 

changes in descent or forward flight conditions.  Blade Vortex Interaction (BVI) is one of 

the main phenomena producing significant impulsive noise by the unsteady fluctuation in 

blade loading due to the rapid change of induced velocity field during interaction with 

vortices shed from previous blades.  The tip vortex core structure and the blade vortex 

miss distance were identified as having a primary influence on BVI.   

In this thesis, piezoelectrically modulated and/or vectored blowing at the rotor 

blade tip is theoretically investigated as an active technique for modifying the structure of 

the tip vortex core as well as for increasing blade vortex miss distance.  The mechanisms 

of formation and convection of rotor blade tip vortices up to and beyond 360 degrees 

wake age are described based on the CFD results for the baseline cases of a hovering 

rotor with rounded and square tips.  A methodology combining electromechanical and 

CFD modeling is developed and applied to the study of a piezoelectrically modulated and 

vectored blowing two-dimensional wing section.  The thesis is focused on the CFD 

analysis of rotor flow with modulated tangential blowing over a rounded blade tip, and 

with steady mid-plane blade tip blowing, respectively.  Computational results obtained 

for steady tangential blowing indicate that the miss distance can be doubled compared to 

the baseline case, which may lead to a significant reduction in BVI noise level if this 

trend shown in hover can be replicated in low speed forward flight.  Results also show 

that through modulated blowing a higher dissipation of vorticity can be obtained. 
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CHAPTER I 

 

INTRODUCTION 

 

 

1.1. Background 

 

Over the past twenty years, the use of helicopters has increased substantially in 

both the military and the commercial sectors, providing motivation for extensive research 

to more accurately predict blade airloads, to further improve helicopter performance and 

to reduce helicopter noise.  The need for helicopter noise reduction represents, in fact, 

one of the strongest current motivations for research programs targeted at an increased 

understanding of rotor flow physics.  

The complexity of rotor flow, directly influenced by the structure, intensity, and 

trajectories of its blade tip vortices, represents a challenge for state-of- the-art helicopter 

design.  It has been recognized that all complex aerodynamic, structural dynamics and 

aeroacoustic rotorcraft phenomena are related to these concentrated tip vortices generated 

at the blade tip and trailed into the rotor wake.  Unlike the wing case, the rotor wake 

remains near the rotor, inducing a strong three-dimensional velocity field.  Through this 

induced velocity field, the rotor wake causes modifications of the aerodynamic loads on 

the blade.  Additionally, the presence of the rotor wake close to the rotor blade causes the 

Blade Vortex Interaction (BVI) phenomenon.  BVI is an unsteady fluctuation in blade 

loading due to the rapid change of induced velocity field during interaction with vortices 
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shed from previous blade passages.  It determines an impulsive change in pressure, 

translated into a significant source of noise known as BVI noise.  In general, BVI noise 

occurs during slow-speed descent operations and has strong radiation directivity below 

and ahead of the rotor.  Therefore, this can be a troublesome noise source to the 

surrounding community as well as to the pilot and/or passengers.  These conditions 

explain the strong research interest in the reduction of BVI noise. 

Another incentive for rotor wake studies is its influence on rotor performance, 

structural vibration, aeroelastic stability, blade airloads, and blade control loads.  In spite 

of consistent progress, an advanced design for maximized rotorcraft performance is still 

obstructed by the difficulty of accurately predicting the rotor wake structure and 

trajectory.  The capability to modify the wake structure is constrained by the level of 

understanding of the phenomena of rotor wake formation and evolution.  Unfortunately, 

the physics behind these phenomena of formation and evolution is still incompletely 

understood.  The variations with vortex age of vortex core parameters, such as radius and 

swirl velocity, as well as the vortex trajectory are significant factors in an accurate 

modeling of the tip vortex.  The difficulties raised by the uncertain identification of the 

main features of the vortex core lead, in the opinion of Spalart (1998), to an exaggerated 

emphasis on vortex core parameters, defined by using the simplistic Rankine’s vortex 

model.  In fact, an analytical tip vortex model that would be widely accepted is still 

desired.  A mechanism able to explain the persistence of tip vortices for a few rotor 

revolutions is still lacking as well.   

Significant progress was achieved, nevertheless, in both the theoretical and the 

experimental areas.  Experiments (Tangler, 1978; Hoad, 1980; Smith and Sigl, 1995; 
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Coyne et al., 1997; Martin and Leishman, 2002) showed that the blade tip geometry 

influences the vortex growth rate and the vortex persistence.  As well, Wong (2001), 

experimentally studying the tip vortex mechanisms of formation and evolution in forward 

flight at a 0.1 advance ratio, observed that the blade surface roughness influences 

strongly the vortex characteristics.  These observed dependencies indicate that the 

mechanism of flow separation, which determines the tip vortex formation, plays a 

significant role in the subsequent evolution and diffusion of the vortex.   

Recently, more attention has been paid to investigate the effect of streamwise 

(axial) velocity upon the tip vortex.  For a long time the influence of this axial velocity 

was ignored.  The usual characteristic parameter for the tip vortex was the circumferential 

(swirl) velocity.  Furthermore, the vortex flow used to be considered axisymmetric.  The 

reason for this lack of three-dimensional representation is the debate in the research 

community regarding the significance of the core axial velocity in relationship to swirl 

velocity values (Mahalingam, 1999).  The investigations regarding airplane trailing 

vortices (Spalart, 1998) revealed that the velocity profile relative to the atmosphere can 

be found to be directed in some circumstances towards the wing (“wake-like” profile) 

while in other circumstances away from it (“jet-like” profile), raising further uncertainties 

regarding the axial velocity effect.  However, for the helicopter case, measurements by 

McAlister (1996) for a two-bladed rotor in hover showed a strong wake-like axial 

velocity distribution.  This behavior was consistently confirmed by recent experimental 

results in hover (Coyne et al., 1997; Martin and Leishman, 2002) and in low-speed 

forward flight (Mahalingam and Komerath, 1998; Mahalingam, 1999). 
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Another debate subject concerns the role played by turbulence in the mechanism 

of formation, growth and decay of tip vortices (e.g. Spalart, 1998).  A frequent opinion is 

that the flow pattern representations obtained experimentally suggest that the growth rate 

and the persistence of the tip vortices for several rotor revolutions can be explained by a 

laminar process rather than by a turbulent one.  An explanation for this behavior can be 

provided by noticing that the centrifugal force due to swirling motion in the vortex core 

can have a stabilizing effect (Schlichting, 1955), impeding the transport of turbulent 

energy from small scale eddies towards the vortex core.  Thus, the vortex core is 

characterized by an inner solid-body like rotation region in which the flow is mainly 

laminar, with diffusion occurring only at the molecular level.  However, the complex 

influence of the three-dimensional flow as well as the significance and sources of 

turbulence are still subjects of fundamental research for both fixed and rotary wings. 

The currently limited understanding of the physics behind the tip vortex formation 

and dynamics is also reflected in the development of the numerical research.  The 

complexity of the unsteady rotor flow represents a technical challenge for current state-of 

the-art CFD, especially when applied to wake capturing.  The limitation in grid resolution 

and the embedded numerical viscosity of the schemes generate a non-physical dissipation 

of the rotor wake, which reduces the prediction accuracy of the tip vortex characteristics 

for large tip vortex age.  Beyond these recognized confined CFD capabilities, the 

uncertainties of the experimental results make it difficult to surpass the shortcomings of 

the turbulence models or to impose more accurately the boundary conditions in the flow 

solver (Dacles-Mariani et al., 1999).  Therefore, the accuracy and reliability of the 

numerical results are difficult to establish without comparative experimental data.  A key 
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element in validating the numerical results is the data processing technique.  One 

advantage of a CFD analysis, in contrast to an experimental investigation, is its capability 

of capturing the data in the entire surrounding flow.  Consequently, flow patterns can be 

visualized in any chosen flow region, providing a more continuous perspective regarding 

the dynamic evolution of the tip vortex.  The interpretation of data based on already 

established theoretical concepts can help enrich the understanding of the physics behind 

this complex rotor flow.  Therefore, emphasis must not only be placed upon the reliable 

generation of numerical results but also on data post-processing and interpretation in 

terms of phenomenological flow behavior.   

A better understanding of the physics regarding tip vortex formation and 

evolution can lead to more pertinent technical solutions for improved helicopter 

performance or reduced effects of BVI.  A conclusion of experimental and theoretical 

studies (Hardin and Lamkin, 1987; Yu, 2000; McAlister et al., 2001) found that the 

parameters most influential in BVI noise generation are: (1) blade-vortex miss distance, r, 

defined as the separation distance of the vortex from the airfoil blade; and (2) vortex 

intensity and vortex core size.  

Many concepts proposed and investigated with respect to their potential for 

achieving noise reduction are attempting to modify the core structure of tip vortices as 

well as to alter their trajectories.  In an attempt to modify the tip vortex structure for BVI 

noise reduction, many blade tips (ogee, BERP, vane, etc.) or special devices (spoilers, 

sub-wings, end plates, etc.), designed to diffuse the blade tip vortex structure have been 

shown to not be successful without a severe penalty in performance (Yu, 2000; McAlister 

et al., 2001).   
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An alternate active technique proposed to modify the characteristics of 

concentrated tip vortices is to use positive mass blowing jets near the blade tip.  At the 

end of the 1970s, White investigated the benefits of a Tip Air Mass Injection (TAMI) 

system for rotor noise reduction (White et al., 1975).  The TAMI concept is based on the 

idea of injecting a high-pressure jet in the chordwise or spanwise direction.  When the air 

jet is injected into the tip vortex core, an intensified dissipation of the vorticity is created 

as a result of the higher level of turbulence induced by the jet stream.  Experimental and 

theoretical investigations, including that performed by White and his collaborators, were 

focused on the possibility of modifying the near field structure of the tip vortex. White’s 

results (1980) suggest that, using a spanwise TAMI system, a decrease in the drag 

induced by the tip vortex can be obtained.  Additionally, the vortex structure is changed 

as it forms along the airfoil chord and the vortex is moved farther outboard of the tip.   

Following the same approach, discrete blade tip jets can be used to destabilize the 

tip vortex structure.  An experimental investigation (Gowanlock and Matthewson, 1999) 

showed that the core of the tip vortex is less concentrated and that the coherence of the 

vortex strength and core near the blade tip is reduced. 

A very recent experimental study performed by Han and Leishman (2003, 2004) 

investigates the modification of the tip vortex core using a slotted blade tip, which 

incorporates four channels from the leading edge upper surface to the tip side edge.  The 

results showed for the tip vortex a reduction of swirl velocity’s peak value of up to 60% 

relative to baseline value.  Additionally, the corresponding core radii for different wake 

ages were found to be two to three times larger than the similar values measured for the 

baseline blade.  The explanation provided to interpret these results is related to the 
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differences observed between the vorticity diffusion mechanisms for the two cases.  It is 

suggested that the tip vortex diffusion of the slotted blade is more rapid because of 

enhanced flow mixing in the inner core, which at the same time prevents the laminar 

region from being sustained.  

 

 

1.2. Objectives 

 

The main objective of this work is an investigation of modifications to helicopter 

blade tip vortices obtained through:  

1. Geometrical changes of the blade tip shape  As mentioned in the previous section, 

there is experimental evidence suggesting that the blade tip shape can have a 

significant influence on the vortex core growth and diffusion rate.  Moreover, these 

experimental data clearly indicate that the tip vortex formation and early roll-up are 

affected by tip geometry changes.  The current investigation is aimed at revealing and 

understanding the effects caused by modifications of the tip geometry.  The 

mechanism of formation and convection of tip vortices for two configurations - 

square tip and rounded tip - are studied.  The analysis for the rounded tip is of 

particular interest for further study of tangential blowing.  

2. Active jet blowing.  As discussed in the previous section, the available experimental 

tests indicated that steady blowing is effective in reducing the swirl velocity by 

enhancing the vorticity diffusion.  Based on these experimental observations, the 

concept of utilizing spanwise blowing to actively control the early stages of the 
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formation and the location of the tip vortices is numerically investigated in this thesis.  

Two blowing configurations are investigated: (1) tangential blowing over a rounded 

blade tip and (2) midplane blade tip blowing.  In both configurations, the emerging 

jets aimed to perturb the flow around the tip and to modify significantly the location 

and structure of the tip vortices as well as their further evolution.  The primary focus 

of this investigation is upon the unsteady tangential blowing obtained through the 

piezoelectrical modulation of the jet slot, which is theoretically analyzed as an active 

technique for modifying the structure and the trajectory of tip vortex.  The potential 

for BVI noise reduction and the estimation of the energy requirements for blowing 

are analyzed in order to determine the benefits and penalties of this concept. 

To fulfill this primary objective, the following specific objectives were established: 

1. Development of an electromechanical model for the piezoelectric actuation system, 

coupled with a computational fluid dynamics (CFD) analysis, utilized to study the 

effectiveness of the  piezoelectrically modulated and/or vectored blowing concept 

proposed by Dancila and Armanios (2000); 

2. Development of a CFD capability to improve the grid resolution necessary to 

reliably capture the blade tip flowfield and to accurately predict the trajectory and 

blade tip vortex core parameters up to at least 360 deg wake age in a Navier Stokes 

analysis; and  

3. Development of a CFD flow field post-processing data procedure to analyze and 

interpret the results in order to improve the physical understanding of the rotor 

blade tip vortex formation, roll-up, and near and far-wake evolutions due to changes 

in the blade tip geometry and active blowing.   
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CHAPTER II 

 

LITERATURE SURVEY 
 

 

Motivated by the noise reduction goal, numerous constructive concepts targeting 

the diffusion of the tip vortex were proposed during the last twenty years.  These 

concepts can be categorized as “active” or “passive” based upon the need, or the lack 

thereof, for using additional energy sources.   

As an example of a passive technique, the blade shape design proved to play a key 

role in facilitating the potential reduction of high-speed impulsive noise.  Furthermore, 

the influence of the slight modifications of the blade tip shape (such as the replacement of 

the square tip with a rounded tip) upon the tip vortex formation and roll-up was observed 

and studied experimentally (McAllister and Takahashi, 1991; Coyne et al., 1997).  For a 

fixed wing, McAllister and Takahashi (1991) showed that the rounded blade tip has an 

effect on the tip vortex roll-up.  However, in far wake downstream the effect on the tip 

vortex seems to diminish.  Conducting a similar investigation for a rotor case, Coyne, 

Bhagwat and Leishman (1997) suggested that, while the tip shape may influence the tip 

vortex convection in near wake, the rolled-up vortices are essentially identical after a 

short wake age.  This observation is at variance with the observations made by Wong 

(2001) for a rotor in forward flight with a 0.1 advance ratio.  Wong observed that the 

blade surface roughness and the slight blade defects influence the evolution of the vortex 

core parameters as well as the vortex trajectory.   
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In the same noise reduction research context, special blade tip concepts targeted 

to modify the rotor wake structure by diffusing the tip vortex were proposed as passive 

means for alleviate the blade-vortex interaction.  Special tip shapes – the ogee tip, the 

BERP tip, and the vane tip - showed modest vortex diffusion gains (McAlister et al, 

2001).  Devices such as spoilers, sub-wings or end plates are more effective in diffusing 

the trailing vortex but the associated increase in drag led to a reduction of helicopter 

performance.  Recent experimental and computational studies proposed the slotted blade 

tip configurations as passive solutions to enhance significantly the tip vortex diffusion 

(Dancila, 2002; Han and Leishman, 2003, 2004).  This concept is based on the idea of 

capturing a near-the-blade-tip leading edge ram air and bypassing it through internal 

channels to mid-plane tip slots.  Through these slots, the incident flow is ejected in the 

spanwise direction.  In the following literature survey, these technical solutions are 

described in more details.    

The “active” category consists of concepts related to either active blade geometry 

modification or active flow control.  Two directions of development of active concepts 

regarding blade geometry control can be identified: active control of certain lifting 

surfaces, such as trailing edge flaps or blade tips (i.e. active blade tips) and active blade 

twist concepts.  Among the active flow control techniques proposed for modifying the 

flow boundary conditions, the blowing concepts (such as the TAMI system, and spanwise 

blade tip blowing using discrete jets) will be analyzed in more detail as a primary 

background information for this thesis.  
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2.1  Passive Control of Tip Flow Using Slotted Blade Tip 

 

The idea of using a leading edge incident flow to provide a source for spanwise 

blowing at the side edge of the tip was proposed by Dancila in 2002.  The schematic 

representations of the proposed configuration are shown in Figure 2.1.   

A recent experimental study performed by Han and Leishman (2003, 2004) 

investigates a similar concept.  The slotted blade tip, illustrated in Figure 2.2, is a square 

tip with four embedded channels from the leading edge upper surface to the tip side edge.  

The pressure gradient created between the entrance and exit slots generates a flow flux 

captured at the leading edge and ejected in the spanwise direction at the side edge exit.  A 

comparison with the results obtained for a baseline rectangular blade tip showed that the 

slotted blade reduces the swirl velocity peak by up to 60% relative to the baseline value.  

Additionally, the corresponding core radii for different wake ages were found to be two 

 
 
 

  
 
 

Figure 2.1  Schematic view of the internal channel at the blade tip 
(Dancila and Segurini, 2002) 
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to three times larger than the similar values measured for the baseline blade (Figure 2.3).  

The explanation provided to interpret physically these results is related to the differences 

observed between the vorticity diffusion mechanisms for the two cases.  It is suggested 

that the tip vortex diffusion of the slotted blade is more rapid because of enhanced flow 

mixing in the inner core, which at the same time prevents the laminar region from being 

sustained.  Meanwhile, in the baseline case, the laminar inner core region dominates the 

tip vortex at all ages and consequently the diffusion of vorticity is a relatively slow 

process due only to molecular diffusion.  Based on these experimental results obtained by 

Han and Leishman’s, a CFD study was performed by Duraisamy and Baeder (2004).  

Their study confirms numerically that an increased diffusion of vorticity was obtained by 

using streamwise and spanwise blowing.  In both blowing cases, the results indicated a 

significant reduction of the swirl velocity and an increment of the core radius, without a 

significant alteration of the performance coefficients.   
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Figure 2.2  Schematic representation of the slotted tip blade  
(Han and Leishman, 2004) 

  
 

a- baseline tip     b-slotted tip 
 

Figure 2.3  Close-up of tip vortex cores with the measured core sizes (---) 
at 60 deg wake age for both blade tips  (Han and Leishman, 2004) 
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2.2  Active Control of Flow Boundary Conditions Using Blowing Jets 

 

2.2.1  Tip Air Mass Injection (TAMI) Blade 

At the beginning of the 1980s, White investigated one of the active concepts for 

noise reduction using the blowing of a positive mass jet.  By injection of a high pressure 

jet of air along the axis of the tip vortex core, a rapid redistribution of vorticity, as well as 

a dissipation of the vorticity due to the higher level of turbulence induced by the jet 

stream are obtained.  

The experimental and theoretical investigation performed by White and his 

collaborators analyzed two configurations of TAMI system blade tip air injection - 

chordwise injection and spanwise injection.  The results showed that a properly designed 

TAMI system could restructure the near field structure of the concentrated tip vortex.  

Due to the mixing between the jet air mass and the vortex flow, the vortex decay is 

intensified.  Analyzing each of the proposed configurations, White concluded that the 

chordwise blowing causes the tip vortex to be spread.  Using a spanwise blowing the 

vortex structure is changed by moving the vortex further outboard of the tip. 

Another investigation, also conducted by White, analyzed the potential of the 

TAMI system to reduce the BVI noise in descending low speed flight.  This study 

concluded that the BVI noise can be reduced by 4 to 6 db with an equivalent power 

expenditure of approximately 14 percent of installed power (White et al, 1975; White, 

1980). 

 

 



 15

2.2.2  Discrete Blade Tip Jets 

Following the same idea of tip air mass injection, another active concept 

experimentally investigated the potential of the discrete blade tip jets to destabilize the tip 

vortex structure.  The experiments performed at the University of Tennessee Space 

Institute (Gowanlock and Matthewson, 1999) showed that in the near field wake a 

reduction of the maximum effective velocity was obtained, from 0.475 Vtip, in the case 

of the baseline rotor to 0.25 Vtip, in the case of steady blowing.  The smoke flow 

visualization showed that the core of the tip vortex is less concentrated for the blowing 

tip configuration than for the one formed in the baseline case.  This study concluded that 

the discrete jets reduce the coherence of the vortex strength and core near the blade tip. 

 

 

2.2.3  Spanwise Blowing 

For rotor configurations, the idea of using spanwise blowing is motivated by the 

desire to increase the miss distance between the tip vortex and the blades as well as 

increasing the vortex dissipation.  Meanwhile, for the wing case, blowing was primarily 

used as a circulation control application (e.g. Englar et al., 1994; Englar, 2000) with the 

goal of increasing lift while decreasing drag.  In this context, the main effect of blowing 

was explained as a virtual increase of wingspan, which has as consequence a drag 

diminution. 

Tavella and his collaborators (Tavella et al., 1988) proposed and experimentally 

investigated the concept of lateral blowing for a low aspect ratio wing at the end of the 

1980s.  This concept consists in utilizing thin jets of air, which are ejected in the 
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spanwise direction or at a small angle with the spanwise direction, from slots at the wing 

tips.  Flow visualizations showed that the lateral tip blowing in the mid-plane of the wing 

has the effect of displacing the trailing vortices outboard and upward.  Moreover, at high 

spanwise wing-tip blowing intensities, secondary trailing vortices are created.  The 

locations of primary and secondary tip vortices vary with the tip blowing configurations 

used.  Another effect of the increased 'wing-span' due to the spanwise tip blowing is the 

lift augmentation on the wing.  

A comprehensive experimental and numerical study was conducted by Mineck 

(1992, 1994) to assess the potential aerodynamic benefits from spanwise blowing at the 

tip of a moderate-aspect-ratio swept wing.  His analysis indicated that blowing from jets 

with a short chord had little effect on lift or drag.  However, blowing from jets with a 

longer chord increased lift near the tip and reduced drag at low Mach numbers.  The CFD 

analysis performed suggests that lift and drag increase with increasing jet momentum 

coefficient.  One observation of Mineck’s study was that spanwise blowing at the wingtip 

does not appear to be a practical means of improving the aerodynamic efficiency of 

moderate-aspect ratio swept wings at high subsonic Mach numbers.  

A new configuration of tangential spanwise blowing over a rounded wing tip was 

numerically investigated by Liu (2003).  This study indicates that by using steady 

blowing over a rounded wing tip from an upper surface slot, the tip vortex moves 

outboard and downward as a function of the blowing moment coefficient.    
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2.2.4  Zero-Net-Mass Jets 

The previously discussed concepts are based on the use of the steady blowing.  

One of the concepts, which involves the unsteady blowing consists of zero-net-mass jets 

(synthetic jets).  This concept is used in active control applications.  A numerical 

investigation regarding the effects of surface blowing and/or suction on the aerodynamics 

of the five-bladed MD-900 rotor in low speed descent flight was performed by Hassan, 

Straub and Charles (1996).  The results obtained in that study indicated that surface 

blowing is efficient in alleviating the temporally impulsive leading edge surface pressures 

associated with BVI.  Meanwhile, the effects of suction proved to be detrimental for BVI.  

Additionally, Liu et al. (2000) performed a preliminary numerical investigation 

concerning the flow modification for a hovering rotor due the oscillatory blowing on the 

upper blade surface. 

 

 

2.3  Active Flow Control Using Piezoelectric Actuation 

 

In recent years, active flow control using piezoelectric actuators attracted 

researchers’ interest due to the rapid response of piezoelectric materials and due to the 

convenient electrical power input requirement (Joslin et al., 1999).  However, the 

recognized disadvantage of using piezoelectric materials, caused by the limitation of 

small induced strains, motivated extensive research efforts devoted to the development of 

efficient and effective piezoelectric actuation systems for active flow control 

applications. 
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Traditionally, one method of accomplishing flow control was focused on 

modifying the lifting surface geometry.  The flow control is achieved by introducing 

servoelastic forces to deflect different control lifting surfaces, such as flaps, spoilers or 

blade tips, using piezoelectrically actuated mechanisms.  Applying the same principle of 

structural geometric modification, active wings or active twist rotor blades were built, 

using embedded actuators to cause an overall deformation of the structure.  

Unfortunately, these methods result in reduced effectiveness due to the requirement of 

deforming a stiff structure by using weak actuators and due to increased weight penalty. 

Another method for using piezoelectric actuation to accomplish a significant 

change in airloads is to modify the flow boundary condition through blowing and/or 

suction.  Synthetic (zero-net mass, blowing /suction) jets driven by piezoelectric devices 

represent one example of an implementation method for this approach.  Because the 

energy for the blowing/suction process needs to be transmitted by the actuator, the 

effectiveness of this method is limited by the maximum values of the instantaneous mass 

flow rates that can be achieved.  

A concept proposed by Dancila and Armanios and patented in 2000 uses a 

piezoelectric actuator system to modulate the direction and/or intensity of a jet with 

positive mass flow rate.  The compressor represents the main actuation power source and 

the piezoelectric actuator is only operating a servovalve.  Therefore, large positive mass 

flow rates and modulation patterns are possible, increasing the authority and effectiveness 

in flowfield modifications.  Additionally, the associated weight penalty is reduced.   
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In the context of unsteady circulation control, a number of experimental and 

numerical investigations were performed which consider the concept of periodic variation 

of blowing jet momentum by controlling the plenum pressure conditions.   

The experimental studies performed by Ghee and Leishman (1992), and by 

Zandieh and Leishman (1993), concerned unsteady blowing for a circulation-controlled 

cylinder.  Their results showed a significant lift augmentation ratio, above the static 

values, as an effect of modulated blowing.  At the same time, a significant lift hysteresis 

was observed, connected with the increase of blowing frequency.  One difficulty 

concerning sinusoidal modulation was reported by Leishman and his co-workers, who 

experimentally investigated the unsteady blowing generated through a modulation of 

cylinder plenum pressure. 

 

 

2.4  Piezoelectrically Modulated/Vectored Blowing Concept 

 

For the concept proposed and patented by Dancila and Armanios, the unsteady 

blowing is obtained by modulation of a cylindrical valve slot size.  Constructively, this 

piezoelectric blowing modulation device operates at constant plenum pressure, providing 

the capacity of modulation following an arbitrary signal.   

A detailed description of the development of a piezoelectrically modulated and 

vectored blowing concept and its implementation in elliptical wing sections used for 

proof-of-concept testing in a low speed smoke tunnel is presented by Dancila and 

Vasilescu (2002, 2003).  The piezoelectric blowing modulation device theoretically 
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modeled in this work consists of a cylindrical valve controlled by a piezoelectric bender.  

The bender configuration was selected due to the benefits of simplicity and due to the 

fact that the actuator displacement output is sufficiently large.  The cylindrical valve is 

formed by two thin cylinders, which have an equal length thin slot along their generators.  

In the reference position, the two slots are aligned.  The relative rotation of the cylinders, 

obtained by applying the cantilevered piezoelectric bimorph actuation, determines a 

misalignment of the slots.  This slots’ misalignment causes the emerging jet sheet to skew 

and, at the same time, causes a reduction in the blowing mass flow rate.  Therefore, under 

the effect of piezoelectric actuation, the emerging jet sheet can be vectored and 

modulated in intensity.  

An implementation of this actuator device into an elliptical airfoil wing with the 

cylindrical valve located at the trailing edge was tested in a low speed smoke tunnel for a 

qualitative proof of concept.  The images of the piezoelectrically actuated cylindrical 

valve and of the wing section installed in the low speed smoke tunnel are shown in 

Figures 2.4-2.5. 
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Figure 2.5  Active wing section implementing jet flap vectoring – smoke tunnel testing

    
 
 

Figure 2.4  Piezoelectrically actuated cylindrical valve wing section 
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CHAPTER III 

 

ROTOR SYSTEM CONFIGURATIONS  

AND MODELING APPROACH 

 

 

3.1  Rotor Configurations 

 

The baseline rotor configuration considered in this study is similar to the one 

investigated experimentally by McAlister (1996) and McAlister et al. (2001).  The rotor 

consists of two blades characterized by rectangular planform, zero twist, a chord of 7.5 in 

(19.05mm) and a radius of 45 in.(1.14 m).  The rotor blade section is NACA0012 and the 

tip is rounded.  The solidity of the rotor is 0.106. 

The flow parameters considered for this theoretical study are similar to the 

experimental test conditions used by McAlister et al. (2001).  In that work the rotor was 

tested in hover at a constant rotor speed of 870 rpm, corresponding to a tip speed of 

104.1m/s. The ambient test conditions consisted of an average temperature of 65oF 

(291.5K) and a barometric pressure of 760mm Hg.  The corresponding Reynolds number 

based on the chord dimension was 1.33×106.  The collective pitch angle was 8 degrees 

and the tip Mach number was 0.3.   

A piezoelectric blowing modulation device is assumed to be implemented at the 

blade tip.  Two configurations are investigated.   
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The first configuration consists of tangential blowing in the spanwise direction 

over the rounded blade tip.  The jet slot is located on the upper wing surface above the 

rounded tip edge and spans over 35% of chord starting at 40% of chord from the leading 

edge (Figure 3.1).  The maximum slot height is 0.005 of chord.  The unsteady blowing is 

assumed to be obtained by variation of slot size at a constant plenum pressure.  In Figure 

3.2, the fully open and half open slot positions are represented.   

The detailed design of the valve system is not the subject of the current work.  

Instead, the analysis and modeling of the piezoelectric blowing modulation device 

proposed by Dancila and Armanios (1998, 2000) is used to establish relevant blowing 

cycle forms to be assumed for the CFD component of the work.  The schedule for 

blowing is considered to start from the fully open slot position (maximum blowing).  The 

slot height reduces in the first half of the cycle, up to the fully closed slot position (no 

blowing) and it increases in the second part of the cycle. 

 

 
Figure 3.1 Tangential blowing over rounded blade tip 
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The second configuration consists of spanwise blowing from a slot located in the 

mid-plane of the edge side of the blade tip.  Two cases were selected (Figure 3.3).  In the 

first case, the jet blowing is in the mid plane of the blade directed spanwise, while in the 

second case the jet is also directed spanwise but deflected downward at an anhedral angle 

of 30 degrees.  For these two configurations, the CFD simulations have been performed 

only for steady blowing.   

 
Figure 3.3  Midplane blowing configurations 

Section view

totally open slot configuration

Section view

totally open slot configuration

 

Section view

half open slot configuration

Section view

half open slot configuration

 
 

Figure 3.2  Tangential blowing cycle 
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3.2  Methodology Description 

 

The analysis used in this study for modeling piezoelectrically modulated/vectored 

blowing at the tip of a rotor blade consists of three components.  The first component is 

the response model to applied input voltage of a piezoelectrically controlled valve 

actuation system.  The actuation system consists of a piezoelectric bender coupled with a 

fork and cylindrical valve mechanism (Figure 3.4).  Use of this model allows a 

determination of cylindrical valve inner cylinder rotation, α, as a function of applied 

voltage.  The bender tip displacement, W, and the rotation angle, α, are related only by a 

kinematical relationship.  In the dynamic analysis, the introduction of inertial effects is 

necessary and the resulting nonlinear dynamic system model can be solved numerically.  

A FORTRAN code was developed to determine the nonlinear dynamic response for an 

arbitrarily applied voltage signal. 

A second component of this analysis concerns the identification of the jet blowing 

direction and thickness (correlated with the slot height) and ultimately the establishment 

of the flow parameters at the blowing slot section.  Further, these parameters are used as 

input data for CFD simulations.   

 
Figure 3.4  Schematic representation of the actuation system  
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While a more comprehensive CFD analysis would have to include a study of the 

internal flow between the plenum and the exit slot in conjunction with the outer flow 

around the wing section, in the present study the assumption that the internal subsonic 

flow is an isentropic expansion between plenum and the exit slot section was considered.  

The direction of the blowing jet was established from the geometry of the cylindrical 

valve slots’ misalignment.  Due to the consideration of subsonic jet blowing, the 

theoretical assumption of internal isentropic flow is not sufficient to solve the problem of 

determining the boundary conditions at the exit slot section as functions only of the 

plenum thermodynamic parameters, stagnation pressure, p*, and stagnation temperature, 

T*.  The additional information required to be provided from the external flow (for which 

the exit slot section constitutes an inlet), determines a coupling between the blowing 

thermodynamic variables and the external flow.  Therefore, the blowing parameters 

cannot be determined independently without CFD evaluations for the external flow. 

To establish the boundary conditions at the slot exit section, the required 

information from the external flow is given by assuming that the jet is subsonic and 

underexpanded (Shrewsbury, 1990).  Therefore, the minimum jet flow area will be 

located at the jet slot exit.  Consequently, the static pressure has to be continuous at the 

exit section and the pressure gradient normal to the jet exit surface has to be zero,  

 

0=
∂
∂

SLOTn
p      (3.1) 

 

The local pressure, pJ,1 at each grid point located on the jet slot exit surface and 

denoted by subscript J, is estimated by extrapolation of the pressure values of the 

downwind points in close proximity to the slot.  Equation (3.1) is evaluated using three-
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points forward-difference approximation to the first derivative.  For an equidistant grid 

spacing near the slot, the expression of the local pressure in a J-point, pJ,1, is given as: 
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The static pressure at the jet slot exit, pjet is estimated by the average over the slot 

area as: 
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This value of the static pressure is used further in the estimation of the boundary 

conditions at the jet slot exit.  For numerical convergence, the distribution of pressure and 

consequently of velocity and density was assumed uniform over the slot exit area. 

For estimating the others flow field variables, a reference Mach number of the 

blowing jet, MBL, was chosen.  Associated with the freestream static conditions, static 

pressure, p∞, and static temperature, T∞, corresponding plenum conditions p*, T* were 

selected.   

The assumption that the jet is isentropically expanded from the stagnation state 

(p*, T*) to state (p∞, T∞, MBL), leads to the following expressions: 
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After the reference blowing jet Mach number is chosen, the resulting plenum 

conditions are assumed to be constant during the entire blowing cycle.  Analyzing the 

expressions (3.4) and (3.5), the stagnation pressure is observed to have a much higher 

sensitivity to Mach number.  Therefore, the stagnation pressure represents the dominating 

parameter, which dictates the blowing velocity and implicitly the blowing jet momentum.  

For the rotor flow configurations investigated, a reference blowing Mach number of 0.6 

was used to estimate the plenum conditions as  T*≈ 1.07 T∞, respectively  p*≈1.28 p∞.  

These two plenum parameters were included as input data for the CFD analyses.  The 

assumption related to a reference blowing Mach number considered in this theoretical 

study is based on the observation that the blowing momentum is more sensitive to the 

stagnation pressure than to the stagnation temperature.  Thus, in order to match a certain 

blowing coefficient, only one parameter is sufficient.  

The local Mach number at the jet slot exit associated with the static pressure, pjet,, 

is computed as:  
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The temperature at the jet slot exit is given as:  
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The corresponding density and velocity at the jet slot exit result as: 

 

jet

jet
jet RT

p
=ρ       (3.8) 

 

jetjetjet RTMV γ=      (3.9) 

 

In summary, the equations (3.6-3.9) which are evaluated at each integration time 

step during the CFD simulation, completely determine the boundary conditions at the jet 

slot exit. 

For the purposes of the current study, the time dependent coupling parameters 

between the electromechanical model and the CFD analysis are the blowing jet direction 

and the opening slots size, which were determined from the geometry of the cylindrical 

valve.  

The last component of this analysis involves the Navier-Stokes computational 

fluid dynamics (CFD) simulations.  The objective of this analysis is to compute 

numerically the flow field and ultimately to analyze the flow modifications due to 

modulated blowing.  Computational fluid dynamics simulations were performed using: 

(1) NAV3D -an unsteady compressible Navier Stokes solver developed by Sankar at 

Georgia Tech (Liu, 2003) - to analyze 2D elliptical wing section configurations; and (2) 

TURNS, - Transonic Unsteady Rotor Navier-Stokes solver developed by Baeder and 

Srinivasan (1992) - to simulate the flow around a rotor blade.   

NAV3D solver can model the flow field for an isolated wing configuration and 

was extensively used for circulation control wing applications (Liu et al. 2001, Liu 2003).   
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The solver based on Reynolds Average Navier Stokes (RANS) equations has 

implemented the zero-equation Baldwin Lomax turbulence model. The NAV3D solver is 

implicit, using the ADI method with the inviscid fluxes obtained from Roe’s flux-

difference-splitting approach.  The viscous flux term is computed explicitly, using a 

central difference type formulation.  The scheme is first order time accurate. 

Originally, the solver was designed for a C-grid configuration.  To appropriately 

accommodate the elliptical wing section geometry, the NAV3D was adapted to perform 

the computation for an O-grid configuration.     

 

 

3.3  CFD Simulations for Rotor Configurations 

 

The final component in the study of piezoelectrically modulated blowing effects 

consists of computational fluid dynamics simulations to analyze quantitatively and 

qualitatively the flow pattern modifications for the rotor configuration described in the 

first section.  The complexity of the unsteady flow of the rotor represents a technical 

challenge for current, state-of-the-art CFD, especially when applied to wake capturing.  

The limitation in grid resolution and the embedded numerical viscosity of the schemes 

generate a non-physical dissipation of the rotor wake and, as a consequence, a lack of 

reliability in wake capturing.   

In the current investigation, the numerical simulations of the unsteady rotor flow 

were performed using TURNS, which was designed to calculate the aerodynamic 

performance of a helicopter rotor in hover and forward flight.  TURNS uses Roe’s 
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approximate Riemann solver with a third order Monotone Upstream Centered Scheme for 

Conservation Law (MUSCL) type scheme.  The viscous term is considered explicitly and 

the Baldwin Lomax algebraic turbulence model is used to model the eddy viscosity.  The 

wake is essentially generated using an Eulerian approach.  By improving the local grid 

resolution in the far wake region, the vortex characteristics were captured beyond one 

revolution wake age for the baseline cases.  Details related to validation of TURNS can 

be found in the articles published by Srinivasan et al. (1992), Srinivasan and Baeder 

(1993), Wake and Baeder (1994), Tung and Lee (1994), McCluer et al. (1995), etc.   

Usta implemented high orders schemes in TURNS performing also a detailed code 

validation ( Usta et al., 2001; Usta, 2002).  

The hyperbolic grid generator was modified to adapt to the geometry of the round 

tip configuration as well as to the slot geometry for both blowing configurations 

previously described.  Additionally, the grid generator was also modified to increase the 

local grid resolution in the wake region by redistributing the grid points in radial and 

vertical directions.  The suggestion regarding the improvement in wake capturing 

obtained through an equidistant grid points redistribution in the radial direction was 

provided to the author by Mr. Jingshu Wu (personal communication). 

Rotor flow CFD simulations are performed for the following three cases:  

1. Baseline rotors with rounded tip and square tip blades studied in hover;  

2. Tangential steady and modulated blowing in the spanwise direction over a 

rounded blade tip for a hovering rotor with the same configuration as the baseline rotor; 

3. Spanwise steady blowing from the edge side of a rounded blade tip for the 

same baseline hovering rotor.  
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CHAPTER IV 

 

ELECTROMECHANICAL MODELING OF A 

PIEZOELECTRICALLY CONTROLLED CYLINDRICAL VALVE 

 

 

4.1. Piezoelectric Bender Coupled with a Cylindrical Valve 

 

An electromechanical model of the piezoelectrically actuated cylindrical valve 

implemented in an elliptical wing section is developed in this chapter.  This step is useful 

for a better understanding of the feasible blowing cycle characteristics generated through 

modulated blowing. 

The actuation system described in Sections 2.4 and schematically represented in 

Figure 3.4 consists of a piezoelectric bender coupled through a fork with a cylindrical 

valve.  The piezoelectric bender actuator with a length, L1, is supported in a cantilevered 

configuration and connected to the inner cylinder of the cylindrical valve through an arm 

of length, L2.  By applying voltage, the bending deformation of the piezoelectric bender 

causes a rotation, α, of the inner valve cylinder and consequently the misalignment of the 

slots.   

A simple quasi-static analysis provided a kinematical model.  In this analysis the 

bender tip displacement, W, and the rotation angle, α, are related only by a kinematical 

relationship.  In the dynamic analysis, the introduction of inertial effects determines a 
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fundamental change of the model, requiring a numerical solution in order to solve the 

nonlinear dynamic system with the coupled degrees of freedom, W and α. 

The objective of the present modeling is to determine the jet blowing direction 

and intensity as a function of a time-dependent applied voltage.  For the purpose of this 

analysis, it is assumed that the mechanism described is frictionless and any loading upon 

the mechanism caused by the emerging jet sheet is neglected.   

 

 

4.2. Static Model 
 

The structural model consists of a cantilevered beam subjected to pure bending 

under piezoelectric actuation.  The Euler–Bernoulli beam theory was used to establish the 

tip displacement of the piezoelectric bender.   

Assuming that the applied voltage, V, generates a uniform through-the-thickness 

control electric field, 
1

3 t
VE = , the bending curvature induced by piezoelectric actuation 

is given as:  

1

3313
t

Ed
k =       (4.1) 

 

and the corresponding blocked bending moment is expressed as: 

 

kIEMb 11=        (4.2) 
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By integration of equation (4.1), the static tip displacement of the piezoelectric 

bender is proportional to the applied voltage: 
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=      (4.3) 

 

In the limiting case of input signal frequency approaching zero, this analytical 

result is subsequently used to validate the numerical results of a FORTRAN code, 

developed to solve the nonlinear governing differential equations for the dynamic 

analysis.  

 

 

4.3  Dynamic Model 

 

The governing equation used to model the piezoelectric bender vibrations is given 

as: 
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where the piezoelectric material properties  and the geometric characteristics of the 

bender are shown in Table 4.1. 
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A nonlinear coupling constraint was introduced to represent the relationship 

between the tip displacement of the piezoelectric bender, W(t)=w(L1,t), and the rotation 

angle, α, of the inner cylinder, which is described as : 

 

( ) ( )
2

arctan
L

tWt =α      (4.5) 

 

The non-homogeneous and nonlinear boundary conditions, including the 

rotational inertial effect of the inner cylinder can be expressed as: 
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Table 4.1  Piezoelectric material properties and geometrical characteristics 
 

 
ρ 7800kg/m3 t1 508  µm 

11E  6.1 1010 N/m2 b1 31.75 mm 

31d  171 10-12 m/V L1 87.6   mm 

dE  5 105 V/m L2 5.94   mm 
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At the cantilevered end, typical homogeneous boundary conditions of zero 

displacement,  

( ) 0,0 =tw       (4.8) 

 

 and zero slope,  

( ) 0,0' =tw                (4.9) 

 

were considered. 

The mathematical model involves solving the linear partial differential equation 

(Equation 4.4) with non-homogeneous and nonlinear boundary conditions (Equations 

4.5-4.9). 

Two approaches were followed in order to characterize the dynamic behavior of 

the piezoelectric structural system.  In the first approach a linear model was developed by 

assuming small tip displacement, W(t), and small rotation angle, α, such that 

( ) ( )
2L
tWt ≈α .  The analytical solution regarding the steady state response established for 

the linearized model can be found in Appendix A. 

A second approach consists in the development of a numerical capability to 

simulate the time response of the nonlinear-coupled system.  By spatial discretization, the 

continuous system was reduced to the integration of an ordinary differential-algebraic 

system.  The numerical difficulty in solving this ODE system is caused by the stiffness of 

differential equations therefore leading to the solution of a linear system with bad 

conditioning.  A FORTRAN code was written, based on the RADAU5 solver developed 

by Hairer and Wanner (1996).  This solver is an implicit Runge-Kutta method of order 

five for stiff differential equations systems.  The code has the capability to simulate the 
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time response for an arbitrary input signal.  For this work, however, only sinusoidal input 

signals were considered.  

 

 

4.4. Coupling Assumptions 

 

Based upon a first order approximation, the direction of the blowing jet was 

determined from the geometric misalignment of the cylindrical valve slots.  In Figure 4.1, 

a simplified representation of the misaligned slots is shown.  The defined points, A-D, 

will be referenced for defining the blowing jet angle, β, and the jet slot height, hslot.  

The coordinates (x, z) of mobile points, A and C are found by rotating the system 

(x0, z0) defined for initially aligned slots.  It is assumed that the jet boundaries are defined 

by the lines, AB and CD.  For a rotation angle of the inner cylinder, α, the jet angle, β, 

and the jet slot height, hslot, are defined from the geometry of misaligned slots. The 

method of evaluation of these parameters is described in Appendix B. 

 
 
 

 
 

Figure 4.1  Cylindrical valve - schematic representation of the misaligned slots 
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4. 5  Numerical Results 

 

Linear Analysis 

The results obtained using the linear model proved appropriate for an applied 

voltage signal with amplitude in the range of 0V-100V and a frequency far from the 

resonant (natural) frequencies of the system.  For the coupled system, the first resonant 

frequency was found to be 26.4 Hz.  The magnitude of the steady state harmonic 

response and the corresponding phase angle are represented in Figure 4.2. 

In Table 4.2 the first three natural frequency values of the coupled system and the 

natural frequencies for the piezoelectric bender are given.  The results show lower natural 

frequencies for the coupled system compared to the free piezoelectric bender. 

 

 

 

 

Table 4.2  First three natural frequencies for the free piezoelectric bender and for the 

coupled piezoelectric bender –cylindrical valve system 

 
 

Piezoelectric Bender 

[Hz] 

Coupled System 

[Hz] 

29.9 26.4 

187.3 169.1 

524.4 480.9 
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Nonlinear Analysis 

The time variation of the piezoelectric tip displacement, the time variation of the 

blowing jet angle and the slot height ratio in response to a sinusoidal applied voltage 

signal with amplitude in the range of 10V to 200V and frequencies from 1Hz to 30Hz are 

shown in Figures 4.3 and 4.4.  By increasing the frequency to the resonant frequency, the 

rotation angle, α,  increases, such that the slot area becomes obturated during the blowing 

cycle.  In addition, the influence of the nonlinear coupling becomes significant, and a 

beats phenomenon occurs.  Therefore, the control of the piezoelectric actuator at this 

voltage amplitude, with a frequency close to the resonant frequency is inefficient for 

blowing and, additionally, introduces a higher degree of complexity due to beats.  

However, when the amplitude of the voltage signal is decreased, an effective blowing can 

be obtained even for frequencies close to the resonant frequency. 



 40 

 
 

 
 
 

Figure 4.2  Magnitude and phase angle of the frequency response 
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 Piezoelectric bender tip displacement [mm] 

time[s]      time[s] 
 
 

Jet blowing angle [deg] 

time[s]      time[s] 
 

 
Jet slot height ratio variation   

time[s]      time[s] 
 

 
Figure 4.3 Numerical results for two different frequencies of input signal: f=1Hz (left) 

and f=20Hz(right);  voltage amplitude:   10V; 50V; 100V; 200V. 
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 Piezoelectric bender tip displacement [mm] 

time[s]      time[s] 
 

 
Jet blowing angle [deg] 

time[s]      time[s] 
 
 

Jet slot height ratio  

time[s]      time[s] 
 

 

Figure 4.4  Numerical results for two different frequencies of input signal: f=25Hz (left) 
and f=30Hz(right) voltage amplitude:   10V; 50V;  100V; 200V. 
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CHAPTER V 

 

METHODOLOGY VERIFICATION  

 

 

5.1. Two Dimensional Elliptical Airfoil with Modulated Blowing 

 

Using the electromechanical model, a CFD study was performed to investigate the 

effectiveness of modulated/vectored blowing in modifying the flow around an elliptical 

wing section.  The numerical simulation was performed with the NAV3D solver for a 2D 

elliptical airfoil of 12% relative thickness with unsteady trailing edge blowing.  The 

investigated configuration is similar to the wing model used for the proof-of-concept test 

in a low speed smoke tunnel.   

The unsteady blowing was obtained by variation of the slot size synchronized 

with the jet direction modification.  The boundary conditions at the jet exit section were 

established as a function of the actuator dynamic response to a periodic sinusoidal input.  

Furthermore, an external law provided through electromechanical analysis controlled the 

size of the jet exit section.  Therefore, the grid generation had to accommodate the real 

geometry of the slot.  Special attention was paid to the correspondence between the 

physical time of the controlled flow and the dimensionless computational time. 
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5.1.1  Grid Generation 

The first specific characteristic of the hyperbolic O-grid used in this study is the 

modification of the radial position of the internal cut on which the periodicity conditions 

are imposed.  The grid generator was modified to allow for an arbitrarily selected radial 

position of the internal cut in order to reduce the numerical sensitivity at the periodic 

boundaries.  An example where the cut line location was chosen at the mid-chord of the 

computational grid is shown in Figure 5.1. 

A second characteristic of the grid is the discretization at the blowing edge, such 

that the number of cells subject to the blowing boundary condition is correlated with the 

commanded variation of slot size as a function of applied voltage.  Moreover, the grid 

was generated by considering the ratio between the real dimension of the slot and the 

wing chord section in order to represent a scaling of the real configuration. 

 

Figure 5.1  Computational O-grid 
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5.1.2  Solver Description 

NAV3D solver is an unsteady compressible Navier Stokes solver developed by 

Sankar at Georgia Tech and used for circulation control wing applications (Liu et al. 

2001, Liu 2003).  The solver was designed for a C-grid configuration and was adapted 

here to perform the computation for an O-grid configuration.  The NAV3D solver is 

implicit, using the ADI method with the inviscid fluxes obtained from Roe’s flux-

difference-splitting approach.  The viscous flux term is computed explicitly, using a 

central difference type formulation.  The scheme is first order time accurate.  The solver 

had implemented the zero-equation Baldwin Lomax turbulence model.  At this stage, the 

empirical constants used in this algebraic model are the standard ones used to model wall 

boundary layers (Tannehill et al., 1997).  Future work would require a deeper study, 

involving a turbulence model, through which the modification in the mixing length of the 

free jet emerging in the external flow around the airfoil could be considered.   

 

5.1.3  Boundary Conditions 

The method of generating the unsteady blowing jet requires a time variable slot 

dimension.  Consequently, the number of grid cells where the exit jet boundary 

conditions were imposed varies at each time-step.  

The controlled variation of the slot height determines the variation of the jet mass 

flow rate, 

slotjetjet SVm ρ=&      (5.1) 

 

as well as the variation of the jet momentum coefficient defined by : 
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The blowing conditions were determined by two plenum parameters: the 

stagnation temperature, T*, and the stagnation pressure, p*.  For this numerical study, the 

plenum parameters were adjusted by considering a reference Mach number of 0.4, such 

that the resulting jet momentum coefficient is in the range [0.0-0.14].  This range is 

typical for circulation control and jet flap control.   

Prescribing the parameters p*and T* (plenum conditions), and introducing as input 

functions the blowing jet direction and slot height determined by the dynamic response of 

the piezoelectric actuation system, the boundary conditions at the jet exit section are 

defined using the methodology described in Chapter 3. 

 

5.1.4  Numerical Tests Parameters 

CFD tests were performed using the solver to model the flow over the 2D 

elliptical airfoil with the 0.2m chord and 12% relative thickness at 0 degree angle of 

attack.  Standard sea level atmospheric conditions and a free stream Mach number of 0.1 

were used. The corresponding Reynolds number to these conditions is 0.4465×106. 

 

5.1.5  Baseline Case  

To provide a reference baseline for the CFD study, a preliminary analysis was 

performed for the case of no blowing.  Special consideration was given to finding the 

vortex shedding frequency behind the elliptical airfoil.  The Strouhal number 

characterizing this frequency is defined as a function of airfoil thickness, g:  
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∞

⋅
=

V
gfSt .      (5.3) 

 

In this computational test, the Strouhal number for the baseline case using 

Baldwin-Lomax turbulent model was found to be 0.466.  This corresponds to a frequency 

of 660.5 Hz for a configuration characterized by 0.2m chord and 34 m/s free stream 

velocity.  The vortex-shedding pattern is represented using streak lines in Figure 5.2. 

 

5.1.6  Combined Electromechanical/CFD Results 

To illustrate how the combined electromechanical /CFD model is functioning, 

step-by-step results corresponding to an input signal of 10Hz and amplitude of 100V are 

described in the Figures 5.3-5.5. 

The numerical simulation of the actuator system dynamic response to the 

Figure 5.2. Vortex shedding pattern for the baseline case-streak lines representation 

Computational vorticity range [-0.5;+0.5]  
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sinusoidal applied voltage (Figure 5.3) was performed as the first step.  The resulting 

piezoelectric tip displacement and the rotation angle of the valve inner cylinder are 

shown in Figure 5.4, respectively.  Noticing that for this specific input signal, the 

maximal value of the rotation angle, α, is still small, (less than 10 deg), the numerical 

integration can be simplified by linearizing the kinematical relationship given in Chapter 

4.  From these results, one can conclude that, at least for the frequencies lower than 10Hz 

and voltage amplitude smaller than 100V, a linear analysis to establish the dynamic 

response of the system is sufficient.   

As the second step, based upon the prescribed rotation angle, α, the corresponding 

blowing jet angle, β, and the slot height ratio, he
slot/ h0

slot, are computed and shown in 

Figure 5.5.  These parameters represent the input data in prescribing boundary conditions 

for the CFD simulation.  

In Figure 5.6, the lift coefficient variation in time and its limit cycle response are 

represented.  The occurrence of a limit cycle response for the lift means that the lift 

variation is dictated by the frequency of the control signal.  This proves the effectiveness 

of the analyzed system for active flow control.  
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Figure 5.3  Applied voltage signal, f=10Hz 
 
 

 
 

Figure 5.4  Piezoelectric bender tip displacement and cylindrical valve rotation angle 
 
 

  
 

Figure 5.5. Blowing jet angle and jet slot height ratio 
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  The jet momentum coefficient, Cµ , and the drag coefficient, Cd, are represented 

in Figure 5.7.  To exclude transitory effects, the first blowing cycle was excluded from 

the representation of drag coefficient.  For this test case, the number of iterations per 

blowing cycle was 50,000.  It is significant to notice that while the frequency of lift 

variation is the same as the frequency of the blowing cycle, the main frequency for drag 

is two times higher since it is controlled by the frequency of the jet momentum.  

 

5.1.7  Parametric Study 

The principal parameter considered is the applied voltage input signal frequency. 

Therefore, three comparative CFD tests were performed, by maintaining the same 

plenum condition and the same amplitude of 100V of the voltage signal for the 

frequencies f=10Hz, 15Hz and 20Hz.  In Figure 5.8, the variation of blowing jet angle 

and lift coefficient were represented.  When the excitation frequency is getting close to 

the first natural frequency, higher blowing angles are obtained but the mass flow rate 

decreases.  Therefore, the efficiency of the actuation decreases and significant turbulent 

effects occur.  Moreover, significant aerodynamic hysteresis can be observed in this case.  
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Figure 5.6 Time variation and limit cycle response of the lift coefficient, f=10Hz  
 
 

 
 

Figure 5.7 Time variation of the jet momentum coefficient, f=10Hz  
 

 

 
 

Figure 5.8 Time variation of blowing angle and the lift, f=10Hz, 15Hz, 20Hz  
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5.2  Rounded-Tip Wing with Modulated Tangential Blowing 

 

As previously mentioned, one of the objectives of this thesis is to understand and 

evaluate the effects of spanwise blowing in changing the tip vortex structure for a rotor 

blade.  The lack of experimental or theoretical studies regarding this concept requires a 

step-by-step approach.  A CFD simulation for a rounded tip wing with NACA 0012 

airfoil with similar characteristics as the rotor blade configuration was performed in order 

to have a better understanding of the solver capability in comparison with previous 

results found in literature.  The wing has a rectangular planform with zero twist and the 

aspect ratio of six.  A CFD study performed by Liu (2003) for the case of steady 

tangential blowing over a rounded wing tip showed that the tip vortex moves outboard 

and downward as a function of the blowing momentum coefficient.  In the present study, 

steady and unsteady tangential blowing cases were investigated using TURNS.  The flow 

configuration, characterized by a free stream Mach number of 0.1 and an angle of attack 

of 8 degrees, is similar to the one studied numerically by Liu (2003).  However, because 

the geometrical configuration of the wing is different than the one used by Liu, the results 

will be compared only qualitatively. 

The grid used is a hyperbolic curvilinear grid with C-H topology.  The wing 

section is generated as a C-grid while an H grid is used in the spanwise direction.  The 

grid generator developed by Baeder and Barth was modified to adapt the geometry of the 

round tip configuration as well as the slot geometry.  In Figure 5.9, details of the grid for 

the rounded tip wing are represented.  For the round tip, an O-topology instead of the H-

topology in the spanwise direction could be more beneficial.  However, the change of 
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grid topology would impose changes to the TURNS solver, requiring a code validation, 

which is beyond the scope of this work.  

The solver was adapted to compute the rounded tip configuration.  At the same 

time, the solver was modified to include the blowing option by prescribing the boundary 

conditions described in Chapter 3. 

 

5.2.1  Numerical Results 

Actual numerical results are computed for three cases.  The first one is the 

baseline (no blowing configuration).  In the second case, a steady blowing corresponding 

to the case that the slot is fully open was considered.  The last case corresponds to 

unsteady blowing.   

The unsteady blowing is obtained by variation of the slot size following a half 

sinusoidal time variation.  The blowing cycle varies from a fully open slot (maximum 

blowing) to a closed slot corresponding to no blowing, similar to the one used in the 2D 

  
 

Figure 5.9  C-H grid: general view and a X-plane view section 
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analysis.  For a sinusoidal variation, the average blowing momentum can be evaluated as 

maxmax 36.021 CCCaver ≈⎟
⎠
⎞

⎜
⎝
⎛ −=

π
, representing about 36% of the maximum blowing 

obtained when the slot is totally open. 

To analyze the effect of the blowing frequency on the tip vortex structure and 

position, two tests with same blowing cycle but different frequencies were performed.  In 

Figure 5.10, the convergence of the lift coefficient with the number of iterations was 

represented for all three cases.  In the case of modulated blowing, a limit cycle response 

for the lift coefficient was obtained (Figure 5.11).  Similar to the 2D case, a higher 

hysteresis is observed for the higher frequency. 

For the baseline case, the evolution of tip vortex location is shown in Figure 5.12 

by representations of the velocity flow field at different sections.  Because the principal 

objective is related to vortex tip modification in the near field of the structure, the main 

streamwise section was chosen near the trailing edge. 

A comparative illustration of the velocity field patterns associated with the 

regions of high vorticity is shown in Figure 5.13.  The cases of no blowing and steady 

blowing are compared with results obtained in the case of modulated blowing, for which 

two blowing phases are shown, one at the half period of blowing (Cµ=0) and the other 

one after a period corresponding to maximum Cµ.   
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Figure 5.10.Variation of lift coefficient with number of iterations 
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Figure 5.11. Limit cycle type response of lift coefficient. 
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Figure 5.12 Baseline test- no blowing  
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The results obtained for the steady blowing case (Figure 5.13) confirm that at the 

trailing edge section, the tip vortex is moved outboard by about 20% of chord compared 

to the no blowing case position and moved downward by about 10% of chord. 

The results obtained for the case of modulated blowing, show that the time 

evolution of the tip vortex structure during a blowing cycle period is significantly 

influenced by the frequency of the blowing cycle.  Comparative representations (Figure 

5.13) of the flow patterns at the same phase of the blowing cycle for two different 

frequencies indicates that the position of tip vortex core varies by about 20% of the chord 

outboard for the low frequency.  Meanwhile, for the higher frequency, the tip vortex has 

an approximately constant position outboard at about 10% chord.  Significant downward 

displacement is not observed for either of the two cases, but this can be explained by the 

low blowing momentum coefficient, which has an average value of 0.015.  At the same 

time, the tip vortex structure appears to be significantly modified when the blowing cycle 

has a low frequency. 

A systematic parametric study could extend the understanding of the influence of 

blowing cycle frequency as well as of the blowing intensity in modifying the tip vortex 

structure.  However, one of the objectives of this thesis is the analysis of rotor 

configurations.  Therefore, the analysis of the wing case represented only an intermediary 

step, which helped in validating that the solver modifications to account for blowing are 

reliable.  
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No Blow    Steady Blowing Cµ=0.041 
 
 

Half Period:  Cµ=0.0     Full Period :Cµ=0.041 
Modulated blowing frequency  f=0.04 

  
 

Half Period:  Cµ=0.0     Full Period :Cµ=0.041 
Modulated blowing frequency  f=0.2 

 
      

Figure 5.13  Comparative representations of velocity flow patterns  
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CHAPTER VI 
 

STUDIES OF TIP VORTEX FORMATION 

FOR A TWO-BLADED ROTOR IN HOVER 

 

 

6.1  Introduction 

 

As discussed in previous chapters, rotor performance, blade airloads and 

aeroacoustic phenomena are greatly influenced by the structure and trajectory of the rotor 

wake.  Therefore, an accurate prediction requires an understanding of the formation and 

evolution of the wake structure.  

The capture and modeling of the wake structure is very complex and represents an 

open problem in experimental, theoretical and numerical studies.  Theoretical models for 

wake capture and modeling are based on experimental proof that the trailed wake sheet 

from a rotor blade is unstable and rolls-up into a dominant vortex trailing from the blade 

tip.  The experimental attempts at accurate measurement of the evolution of tip vortex 

structures are confined by the capabilities and limitations of the LDV and PIV techniques 

(Martin et al, 2000).  On the other hand, CFD results are questionable with regard to their 

capability to capture the tip vortex due to the numerical diffusion and the lack of grid 

resolution.  The currently limited understanding of the physics of formation, growth and 

decay of the tip vortex makes it more difficult to establish how reliable the numerical 

results can be.  Additionally, the manner of flow field data processing is limited by the 

difficulty of establishing pertinent criteria to distinguish certain physical features.  
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However, one advantage of CFD analysis is its capability of capturing the data in the 

entire surrounding flow.  The processing and interpretation of data based on the already 

established theoretical concepts can help enrich the understanding of the physics 

underlying this complex rotor flow.  Therefore, for a thorough analysis, the emphasis 

must not only be on the generation of reliable computational results, but also on result 

postprocessing and interpretation in terms of phenomenological flow behavior.  This 

chapter presents several data analysis techniques used for result postprocessing.   

In the first section of this chapter, the focus will be on the analysis the flow 

around a rounded blade tip.  The following results will attempt to illustrate the formation 

and rollup of the tip vortex, as well as to highlight some physical aspects of these 

phenomena.  The second section of this chapter is dedicated to a comparative study 

between the baseline case of a rectangular blade with a rounded tip and the same 

rectangular blade with a square tip.  This comparison was suggested by the experimental 

work performed at Georgia Tech by Wong (2001) and Mahalingam (1999).  Their results 

indicate that the modifications of the blade tip can have significant influence on vortex 

formation and evolution.  The CFD analyses of this section provide an independent 

numerical confirmation of their observations.   

In the last section of this chapter, the influence of grid resolution in capturing the 

far wake is investigated.  The grid generator was adapted to allow a redistribution of grid 

points in the vertical and spanwise directions in the wake region.  Moreover, the grid 

generator was modified to improve the smoothness of the grid in clustering regions, 

especially in the blade tip region.  The results regarding the far wake vortex evolution 

obtained with the adapted grid are compared with similar results obtained using the 
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reference grid.  Additionally, the numerical results representing the local velocity profiles 

are compared with published experimental data  (McAlister, 1996). 

For the baseline case, TURNS was used to simulate the hover condition for a two-

bladed rotor with solidity 0.106, characterized by a collective pitch of 8 deg and a tip 

Mach number of 0.3.  The rotor blade has an aspect ratio of 6 and it is characterized by 

rectangular planform with zero twist.  The rotor blade section is NACA0012.  The full 

description of flow parameters as well as rotor geometry was presented in Chapter 3.  A 

first test run was performed for the first two revolutions so that numerical transients 

resulting from nonphysical zero initial condition can be overcome.  The resulting data 

sets are used as initial conditions for further tests.  All these restart run tests use the time 

accuracy option and consider 3600 iterations per revolution.  The aerodynamic 

performance coefficients for rounded blade rotor, estimated as an average after the rotor’s 

fourth revolution are CT=0.004782, respectively CQ=0.000539.  Similar coefficients for 

the square blade configuration are CT=0.004949 and CQ=0.000554.  The reference data 

obtained experimentally by McAlister (1996) for a square blade are CT=0.005 and 

CQ=0.0005.  The numerically predicted performance coefficients show a close 

correlation with the experimental data.  The grid used for the presented results is 

characterized by 165x125x50 points, where 165 represents the number of points in the 

wrap-around-airfoil direction, 125 - the number of points in radial direction and 50 - the 

number of points in normal direction.   

For the far wake capturing, a denser grid (with 275x125x111 points) was 

generated using the modified grid generator version.  To reduce the computational effort, 

an intermediary grid (with 255x125x91 points) was used.  A FORTRAN code was 
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developed to interpolate the data fields, which are used as a restart, from a coarser to a 

more refined grid.  As expected, using a more refined grid the results show a significant 

improvement in capturing the wake characteristics beyond one rotation.  The grid 

resolution influence, studied in the last part of the chapter, shows that the higher 

resolution in the vertical direction is a key point in improving the wake capturing 

capability as the vortex ages.  The correlation of velocity profiles at 30 deg wake age 

with experimental results obtained by McAlister in 1996, showed that the reference grid 

resolution is good enough in capturing near wake effects, presented in the next section.  

All the executions were run on a PC with Intel Pentium 4 processor operating at 

2.2 GHz, 512MB RAM and under the Windows XP operating system. The reference grid 

with 165x125x50 size required about 9.4 sec computational time effort per iteration.  For 

comparison, the adapted grid with 255x125x91 size requires about 35.6 sec CPU per 

iteration, while the 275x125x111 grid size requires about 57 sec CPU per iteration.  All 

numerical flow patterns were visualized using the commercially available FIELDVIEW 

software.   

 

 

6.2  General Aspects of the Rotor Wake 

 

From an aerodynamics perspective, the flow field around a helicopter blade has 

much more complexity than the flow field around a fixed wing.  Due to the rotational 

motion, the velocity varies linearly along the blade span, achieving the maximum at the 

tip.  Therefore, the flow is characterized by strong pressure gradients near the blade tip 
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and by the formation of the strong vortices trailing from the blade tips.  These tip vortices 

represent generally the most important aspect of the rotor wake.  Unlike the fixed wing, 

the trajectory of these tip vortices is close to the rotor blades and a complex three-

dimensional velocity field is induced.   

In Figure 6.1, a 3D illustration of the rotor wake is displayed, based on the 

representation of the streamlines starting near the blade tip in a reference system related 

to the rotor blade.  The length of these streamlines is restricted by the time corresponding 

to two rotor rotations.  The projections of this image in the rotor and radial planes shown 

in Figure 6.2 indicate the contraction and descent behavior of the rotor tip vortex during 

the two full rotations. 

The flow over the blade tip is three-dimensional and is primarily characterized by 

the airflow generated by rotational movement of the blade and by the spanwise flow 

around the tip from the lower to the upper sides of the blade.  To characterize this 

spanwise flow, the velocity field is two-dimensionally represented in a radial plane for 

different azimuth angles.  These representations characterize the 2D vortex core 

properties, which are defined from extracting information about the swirl velocity 

profiles from the 2D cross-flow patterns.  

Most of the following representations of flow field patterns were performed in 

cylindrical coordinates, except for the 2D representations showing the flow around the tip 

in the chordwise cut sections of the blade.  The cylindrical coordinates system is shown 

in Figure 6.2 (a) and (b).  The radial plane generated by the Y-Z axes represents the 

cross-flow plane, while the X-direction defines the streamwise direction.   
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Figure 6.1  Computational 3D streamlines starting near the blade tip 
 
 
 

 
(a)       (b) 

 
 

Figure 6.2  Rotor plane (a) and radial plane (b) projections of the rotor wake 
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To characterize the rotor tip vortex core properties, the velocity component in the 

streamwise direction is defined as positive in the opposite X-direction, and is referred in 

term of the axial deficit of the rotor wake. 

Except for Figures 6.1 and 6.2, which are flow representations in the reference 

system related to the rotor blade, all the other flow pattern illustrations are shown in the 

inertial reference system (ambient air at rest).  The inertial system in which the blade is 

rotating while the surrounding air is at rest has the advantage of being the system in 

which the experimental data are processed.  On the other hand, from the flow 

visualization viewpoint, the representation of streamlines in the reference system related 

to the rotor, as in Figures 6.1-6.2, helps to suggest the particles’ trajectories with respect 

to the blade.   

 

 

6.3  Vortex Formation and Near Wake Evolution for a Rounded Blade Tip 

 

In this section, the vortex formation process is distinctively analyzed in two 

stages.  The first stage consists of the creation of the tip vortex on the upper side of the 

blade as a consequence of separation of the cross-flow around the blade tip.  The second 

stage is represented by the vortex core growth during the rollup process.   

As the fluid flows around the blade, there are two mechanisms through which the 

viscosity of the flow generates vorticity.  The first mechanism is due to the separation 

that occurs for the flow over the blade section airfoil in a streamwise direction.  The 

vorticity created in the consequent reverse flow region is transported further than the 
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trailing edge, in a free shear layer that defines the inboard vortex sheet.  The second 

mechanism of vorticity generation is due to the separation of the cross-flow around the 

blade tip.  This is the basic mechanism that leads to the tip vortex formation.   

 

6.3.1  Vortex Formation 

To understand how the vortex is developed near the blade, the patterns of the 

cross-flow velocity near the blade tip were represented in Figure 6.3 for the cut sections 

in the spanwise direction, starting with a section at 30% of chord from the leading edge to 

the section at the trailing edge of the blade.  The colored area contours correspond to the 

values of the X-direction (streamwise) component of velocity represented in the inertial 

reference system.  The positive sign is taken in the opposite direction of the X-axis.  

Figure 6.4 shows the streamlines characterizing the two- dimensional cross-flow velocity 

field.  Additionally, the pressure contours near the blade tip are represented in Figure 6.5 

for different azimuthal sections to illustrate the direction of the pressure gradient.   

The formation of the tip vortex occurs on the suction side (upper side) of the 

blade surface.  Due to the pressure difference (Figure 6.5) between the upper and lower 

sides of the blade, in the boundary layer region, the fluid moves around the tip of the 

blade.  As shown in Figure 6.3, for the section at 30% of chord, the cross-flow around the 

tip remains attached to the curved wall due to the balance between the pressure gradient 

normal to the surface and the centrifugal force, which is caused by the streamline 

curvature.  This phenomenon is known as the Coanda effect.  Advancing downstream in a 

chordwise direction, the adverse pressure gradient in a streamwise direction causes an 

increase in the boundary layer thickness on the upper side of the blade.  Also, the 
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Figure 6.3 Cross-flow velocity patterns during the vortex formation 

for rounded blade tip 
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Figure 6.4. Cross-flow streamlines represented for 60%, 70% and 90% of chord 
 
 

 
Figure 6.5  Pressure iso-contours near the blade tip  
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negative pressure gradient directed toward the blade tip increases, causing the particles 

near the tip to flow radially inwards to the boundary layer. At 50% of chord section, the 

flow detaches near the mid-plane of the tip, becoming reattached on the upper side of the 

blade.  The region of separation and reverse flow grows, thereby achieving a vortical 

structure as the flow moves downstream.  At 70% of chord, a vortex core becomes 

identifiable with a radius defined as the distance between the point of minimum cross-

flow velocity in the core center and the point of maximum cross-flow velocity.  The 

location of the vortex center is gliding up on the upside tip surface and detaches from the 

blade surface.  At the trailing edge section, the vortex is already detached, being 

characterized by an elliptical shape of the core.   

In the Figure 6.5, the illustration of the pressure in the cross sections characterized 

by 2o azimuth (corresponding to about 46% of chord) indicates that near the mid-plane of 

the rounded tip there is a pressure gradient toward the blade, which causes the attachment 

of the flow to the curved wall.  This pressure gradient becomes adverse to the cross-flow 

on the upper side of the blade, causing the flow detachment.  As the vortex forms, a 

distinct low-pressure region can be identified by the closed contours, on the upper side of 

the blade surface in the radial plane with 7o azimuth (about 98% of chord).  The tip 

vortex can be identified further downstream (in the 9o radial plane), by the closed region 

of low-pressure.  In same Figure 6.5, the streamwise pressure gradient toward the blade 

indicates the fluid entrainment to follow the blade caused by the upper surface blade 

suction.  Therefore, the streamwise velocity profile indicates a deficit in the vortex region 

which is also illustrated in the Figure 6.3.  
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6.3.2  Roll-up Process 

A second stage in the tip vortex evolution corresponds to the core growth, which 

is primarily explained by a mechanism of free shear layer rollup into the tip vortex.  After 

leaving the blade, the viscous flow characterizing the boundary layer of the inboard 

sections develops into a free shear layer.  Through this free shear layer, the vorticity 

created on the blade boundary layer is convected downstream.  The vortex sheet structure 

characterizing the free shear layer is unstable.  The pressure gradient on the lower side 

tends to make the fluid flow outwards towards the tip while, on the upper side, the fluid 

tends to flow inboard.  Therefore, under these circumstances, the vortex sheet deforms 

and rolls up into the tip vortex. 

Historically, the mathematical theory regarding the roll-up of the vortex sheet for 

a finite span wing was developed at the beginning of 20th century by Lancaster and 

Prandtl.  Their theory was based on the concept of inviscid flow with discontinuities in 

surfaces.  Later, Betz developed the theory of vortex sheet roll-up for a finite wing, 

relating circulation in an axisymmetric trailing vortex to bound circulation generated by 

the wing.  Also, Betz’s theory was based on the assumption that the roll-up process is 

completely inviscid and that there is a singular vorticity at the outboard edge of the initial 

vortex sheet.  A schematic diagram of the vortex sheet roll-up process as developed 

through Betz’s theory is presented in Figure 6.6.   

Overall, the mechanism for the roll-up is not well understood for either the fixed 

or the rotary wing.  However, consistent progress was made in recent years.  As an 

example, Rule and Bliss (1998) proposed an analytical roll-up model including viscous 

effects to predict the structure of a fully developed trailing vortex for a fixed wing. Their 
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model extends the original 2D inviscid Betz theory to 3D and takes into account the 

viscous effects in the vortex core region by assuming a turbulent mixing process in the 

core during formation.  In general, the models developed to explain the roll-up 

phenomenon are based mainly on inviscid considerations, using lifting line or panel 

methods, which can lead to an overestimation of core growth rate.  Studies concerning 

the evolution process and decay mechanism of trailing vortices revealed the difficulties 

and uncertainties in the description of wake behavior.  

 A general 1998 review by Spalart regarding airplane trailing vortices pointed out 

how far away the current state of the art is from the physical understanding of the main 

phenomena.  Among the many subjects touched upon in Spalart’s review, the strong 

interconnection between the rotational and axial velocity fields as well the poor 

representation of the dynamics of the vortex cores based only upon the core radius 

associated with peak velocity are mentioned for their significance.  Another significant 

issue is the effect of the turbulence in vortex evolution.  

In the following analysis, the results will try to investigate the three-dimensional 

effect in the tip vortex development.  The roll-up mechanism is graphically illustrated in 

Figure 6.7, based on the representation of the axial velocity deficit correlated with cross-

flow vorticity lines and cross-flow streamlines.  The cross-flow vorticity lines are defined 

as the integral curves of the two dimensional y-z vorticity vector field.  This vorticity 

vector has the radial component ωr and tangential component ωt, 
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 expressed in a cylindrical coordinates with x-axis as axial direction.  This reference 

system is used to characterize the vortex core parameters, r and θ, which are the polar 

coordinates represented in the azimuthal plane of the rotor where the system’s origin is 

located at the vortex center.  The x-coordinate is considered to be in the same direction as 

the x-coordinate of the global reference rotor system.  Further, Vt represents the tangential 

velocity of the core or swirl velocity, Vr is the radial velocity and Vx is the axial velocity.  

From a mathematical point of view, the convergent spiral shape of the cross-flow 

vorticity lines indicates a critical point of the 2D vorticity vector field.  Following 

definition (6.1), in the regions where the intensity of this vorticity field is primarily 

dictated by the derivatives in radial and vertical direction of the streamwise velocity, 

these focal nodes (critical points) indicate the local maximum axial deficit regions.  These 

regions are identified in Figure 6.7 with letter D.  For the flow pattern represented at the 

tip trailing edge, a near blade region (shown in the same figure by letter C), in which the 

axial deficit decreases, can be identified by the closed vorticity lines.   

In the same Figure 6.7, the cross-flow streamlines calculated using the two 

dimensional velocity field are represented to suggest the projected local trajectories of the 

particles in the vortex core region.  The streamwise velocity deficit illustrated in Figure 

6.7 can be explained by the following mechanism.  Behind the blade, in the free shear 

layer, the particles, which initially were at rest, are entrained to follow the blade motion 

by the suction created on the upper blade surface.  This phenomenon, viewed from the 

blade reference system perspective, shows that the particles are decelerated and that the 

streamwise velocity has a wake-like profile, which defines the axial velocity deficiency.  

This wake- like streamwise velocity profile has been consistently observed in 
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experimental investigations (McAllister et al, 1996 and 2001; Leishman et al, 1995).  To 

explain the direction cross-flow vorticity vector characterizing the inboard vortex sheet, 

one can observe that for a certain inboard radial section, the boundary layer separation on 

the upper airfoil surface leads to vortices with the axis orientated parallel with y-axis and 

oriented in positive y-axis.  On the lower side, the vorticity generated in the shear layer is 

in the opposite direction.  As a result, detached from the inner sections of the blade, the 

free shear layer is formed by the mixing region between upper and lower boundary layers 

on the blade and is characterized by these counter-rotating vortices, which define the 

inner vortex sheet.  During the roll-up process, these vortices found in the blade tip 

vicinity are emerging into the tip vortex.  As the roll-up process matures, the tip vortex 

grows and the inboard vortex sheet diffuses, loosing the intensity.  The induced 

downwash velocity field in the inboard vortex sheet by the tip vortex determines a 

downward displacement identifiable in Figure 6.7. 

The flow patterns evolution represented in Figure 6.7 suggest that the center for 

the tip vortex and the peak axial deficit velocity do not coincide during the roll-up 

process.  As the process evolves the distance between the swirl center and maximum 

axial deficit decreases and at age 30 deg, where roll-up is almost ended, these points 

approximately coincide.   

The evolution of the cross-flow patterns is illustrated in Figures 6.8-6.11, where 

the cross-flow velocity and the azimuthal vorticity contours are represented.   

The azimuthal vorticity is defined as function of swirl velocity Vt and radial 

velocity Vr, 

( )
⎥⎦

⎤
⎢⎣

⎡
∂
∂

−
∂

∂
=

θ
ω rt

x
V

r
rV

r
1     (6.2) 



 74

The magnitude of this vorticity component is a meaningful parameter in characterizing 

the tip vortex strength.  Applying Stokes’ theorem, by integration of the azimuthal 

vorticity field over the vortex core surface, the vortex circulation is obtained. However, 

due to the difficulty of estimating the tip vortex area, the vortex circulation is usually 

estimated by assuming the axisymmetry of core flow, trVπ2=Γ .  The cross-flow 

velocity field and the azimuthal vorticity contours from Figures 6.8-6.11 show that the 

swirl center for the tip vortex is found in the region of high vorticity.  The vortex core 

shape, visually suggested by the cross-flow streamlines passing through the points of 

maximum velocity, is influenced by the geometry of the blade tip.  As it is detaching 

from the blade, the tip vortex core geometry is dictated by the thickness of the boundary 

layer, by the width of the correspondent reversed flow region and implicitly by the 

location of the initial flow separation.  Consequently, near the blade the vortex core has 

two different characteristic lengths, being more appropriate to approximate the cross 

section vortex shape with an ellipse than with a circle.  This elliptic shape of the tip 

vortex core changes during the roll-up process, the core becoming more circular while the 

intensity of roll-up decreases.  Additionally, in the flow pattern representations from 

Figures 6.7-6.11, a phenomenon of rotation of this elliptical tip vortex core with wake 

age can be observed.  As the vortex core progressively evolves towards an axisymmetric 

shape with wake age, this rotation of the vortex core can no longer be identified. 
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Figure 6.6  Schematic diagram of vortex sheet roll-up (Rule and Bliss, 1998) 
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Figure 6.7  Two-dimensional flow patterns for vorticity lines for rounded blade tip 
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Figure 6.8  Flow pattern in the radial plane corresponding to 7.1o vortex age 
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Figure 6.9  Flow pattern in the radial plane corresponding to 10o vortex age 
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Figure 6.10 Flow pattern in the radial plane corresponding to 20o vortex age 
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Figure 6.11 Flow pattern in the radial plane corresponding to 30o vortex age 
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6.3.3.  Tip Vortex Core Structure 

One of the key points in a meaningful description of the tip vortex is the 

identification of the vortex core regions from numerical data.  The modeling of the vortex 

core, as well as the understanding of the viscous phenomena inside the core, is still an 

open subject in the literature.  Experimental and theoretical studies suggest that the vortex 

core is characterized by different regions where the viscous-laminar and turbulent mixing 

effects have different predominance.  In addition, the development of analytical vortex 

models that capture some significant features of the vortex flow and improve the 

estimation of significant parameters (such as, core size, vortex strength), is still a subject 

of on-going research.   

 

Vortex Models 

The simplest representation of the tip vortex is the Thomson-Rankine vortex 

model (inviscid vortex model), which represents a singular solution of the Euler 

equations describing an axisymmetric uniform vortex filament.  A region of constant 

vorticity, the forced vortex region, is confined inside a circular core and is characterized 

by a linear variation of the tangential velocity with the radius and a parabolic variation of 

the vortex circulation.  Outside of this region, there is the free- vortex region where the 

fluid motion is considered irrotational.  This means that the tangential velocity variation 

is inversely proportional to the distance from the vortex center while the circulation 

remains constant.  At the boundary of these two regions, there is a vortex jump, i.e. a 

discontinuous distribution of the vorticity. 
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The Thomson-Rankine’s vortex has a core radius defined by the half-distance 

between the swirl velocity peaks.  While a poor approximation for real vortices 

(Spalart,1998), this inviscid vortex model can provide the basis for the development of 

more realistic flows vortex models.   

A generalization of the Thomson-Rankine inviscid vortex is the Lamb-Oseen 

vortex (Saffman, 1992), which can be considered as the “desingularization” of the 

vorticity distribution by inclusion of viscosity effects.  This viscous vortex model is 

defined as a time-dependent solution of the Navier-Stokes equation for the initial 

condition of the Dirac-delta function singular distribution for vorticity.  The Lamb-Oseen 

vortex characterizes a two-dimensional flow with circular symmetry in which the 

streamlines are circles around the axis.  A generalization to three-dimensional steady 

flow of the Lamb-Oseen vortex model is the one-cell vortex model of Burgers.  This 

vortex model is given by an exact solution of the Navier-Stokes equation for a three-

dimensional flow with a constant axial velocity.  Assuming that the radial velocity 

distribution depends on the radius only, the axial velocity is required to be linearly 

dependent on the x-coordinate in order to fulfill the continuity equation.  Assuming that 

the axial velocity does not vary with the radius, r, the solution leads to a linear 

distribution of radial velocity and a tangential velocity profile similar to the one 

corresponding to the Lamb-Oseen’s vortex.  The tangential velocity distribution into the 

vortex core depends on the local Reynolds number, which can be defined by including 

the turbulence effect modeled by the kinematic eddy viscosity.  The streamlines 

characterizing the cross-flow are no longer circles, as in the case of the Lamb-Oseen or 

Rankine vortex models, but spirals toward the central axis.  A more advanced vortex 
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model (Ogawa, 1993) was developed by Sullivan by deriving a class of closed solutions 

for the Navier-Stokes equations.  The radial and tangential velocities are still only 

functions of radius, r, describing an axisymmetric flow.  The three-dimensional flow 

effect is represented by the radial distribution of the axial velocity multiplied by x.  The 

vortex is said to have two cells, which means that the spiral flow has an inner region of 

reverse flow near the central axis characterized by outward-spiraled streamlines and an 

outer region characterized by inward-spiraled streamlines (Figure 6.12).  As an example, 

the representations in Figure 6.13 of the cross-flow streamlines in the azimuthal plane at 

10 degrees wake age exhibit such a streamline structure.  

 

Vortex Core Visualization Based on the Cross-Flow Streamlines 

The numerical results obtained with TURNS are representing the solution of the 

Reynolds averaged equations, where the turbulent effects are taken into account by 

considering an apparent eddy viscosity, as defined by the Baldwin-Lomax model.  

Therefore, in the representation of the flow pattern only the mean flow characteristics can 

be visualized. 

The visualization of the cross-flow velocity field is used to define all the vortex 

core parameters.  In the Figures 6.7-6.11, the shape of the vortex core was suggested 

using the cross-flow streamlines.  For clarity, the streamlines are limited in time and they 

are originating from only a few points in the plane.  

The three-dimensional effect due to axial velocity changes the topology of the 

flow.  The streamlines in the radial plane become spirals instead of concentric closed 

curves.   
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a. Cross-flow streamline    b. Axial flow streamline 
 

Figure 6.12 Sullivan’s vortex model (Ogawa, 1993) 
 
 
 
 
 

 
 

Figure 6.13 Occurrence of stable limit cycle in the streamlines pattern  
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In order to satisfy the continuity equation, by neglecting the non-axisymmetry or 

compressibility effect, the radial distribution of the axial velocity gradient primarily 

influences the radial distribution of the radial velocity.  As a function of the radial 

velocity sign, the cross-flow streamlines are divergent or convergent spirals with respect 

to the vortex center.  Depending upon the axial velocity profile as well as the change of 

the radial velocity sign, a limit cycle solution can be identified in the cross-flow 

streamlines representation.   

As an example, for the vortex age of 10 deg shown in Figure 6.13, the streamlines 

passing through 6 points seeded in the vortex core region are represented using the 

convention that the blue streamlines originate from these points whereas the red 

streamlines end in these points.  In the region of the monotonically positive (or negative) 

radial velocity, an alternation between red-blue contours can be observed.  This shows 

that two neighboring points are evolving in the same direction, diverging from 

(respectively, converging to) the vortex center.  When this alternation is broken (i.e. two 

same-color lines are adjacent), a limit cycle solution exists.  In the case where the 

adjacent same-color curves are forward streamlines, the limit cycle is stable, attracting 

the streamlines from its vicinity.   

For an analytical investigation regarding this type of flow pattern, the two-cell 

vortex model of Sullivan can be a suitable model because the axial velocity profile 

indicates a deficit region in the mid-core followed by an excess region outside.  

Additionally, the experimental studies of Leishman indicate that the swirl velocity 

profiles are essentially self-similar, indicating that a Sullivan vortex type solution can be 

determined by evaluating the velocities parameters through curve fitting.  
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For the case of rotor flow analyzed here, the analogy with this analytical model is 

suggested as recommended future work concerning identification of the vortex core in 

light of three-dimensional vortex models instead of two-dimensional models only. 

Additionally, the explanation of this behavior is not trivial and requires further 

investigations, which are not within the scope of this thesis.  For this reason, it is 

recommended as a future work to deepen the study of viscous core behavior in analogy 

with different classes of analytical vortex models and to insist on the two-cells vortex 

solutions class and not only on the usual Lamb-Oseen solution class. 

 

Vortex Core Parameters 

Based upon two-dimensional representations of the flow pattern, the vortex core 

radius is estimated as the half-distance between the peaks in the swirl velocity profile. 

However, this definition is not sufficient to characterize the vortex core.  Considering the 

radial distribution of the swirl velocity in the vortex cross section, four distinct flow 

regions can be identified (Tung et al., 1983; Rule and Bliss, 1998).   

The first region of the viscous vortex core is the inner region, which is 

characterized by a solid-body like rotation near the vortex center.  In this region, the swirl 

velocity increases linearly with the radius defined from the vortex center.  A secondary 

region corresponds to a turbulent mixing region where the turbulent diffusion and viscous 

effect are suggested by a smearing of the velocity profile.  This secondary region is 

surrounded by a tertiary transition region from the turbulent region to the outer inviscid 

region and by a fourth, inviscid region, which is characterized by the free vortex velocity 

profile, “1/r”. 
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Solid-body Rotation Core 

Recent experimental studies conducted by Martin and Leishman (2002) and Han 

and Leishman (2004) indicated that the inner vortex core is laminar.  An explanation for 

this behavior can be given by investigating the effect of the centrifugal forces due to 

swirling motion over the stability of the flow in the vortex core.  The transition from 

laminar to turbulent is affected by inertial forces induced into the vortex core.  The 

motion into the vortex core near the vortex axis can be analyzed by examining the 

analogy with the flow in the annulus between two rotating concentric cylinders where the 

inner cylinder rotates with lower velocity than the outer cylinder. 

It was suggested that the Richardson number could represent a criterion in 

establishing the laminar core region.  The local Richardson number is defined based on 

the analogy between rotation and stratification, as: 
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Originally, Cotel and Bridenthal (1999) and Cotel (2002), in their study of fixed wing tip 

vortices suggest that a relaminarization process occurs inside the core due to stratification 

produced by the high rotational flow. Their assumption was that the attainment of a 

critical Richardson number would prevent the formation of turbulent eddies and would 

relaminarize any entrained eddies.  Consequently, the only diffusion process which can 

take place in this laminar region is molecular diffusion.  Thus, the persistence of the 

vortex and the low growth rate of the core are explained by the fact that molecular 

diffusion is a very slow process.   
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The relaminarization criterion is based on the critical Richardson number, which is 

defined as : 

 
4/1ReVcrRi =       (6.4) 

 

where the vortex Reynolds number νΓ=VRe .  Therefore, the region where the local 

Richardson number is larger than the critical Richardson number defines the laminar 

core.  

 

Peak-to-peak Velocities Core 

Surrounding the inner core is a turbulent region, in which shear stresses and 

turbulent mixing effects are predominant.  In this region the radial diffusion of vorticity is 

faster, causing the vortex core to grow much more rapidly with vortex age.  By analogy 

to the boundary layer theory, this region can be identified with the logarithm region that 

is defined in the mixing length theory of Prandtl.  According to the viscous core model 

described by Rule and Bliss (1998), in this transitional region the geometric locus of the 

maximum swirl velocity can be identified.  According to the same model, outside of this 

“logarithm” region the flow is nearly inviscid.  This outer region can be identified with 

the classical free vortex region,”1/r”, which is defined in the Rankine vortex model.   

The listing of the vortex parameters, which characterize the solid-body rotation 

core and the peak-to-peak velocities core, is given in Table 6.1.  The listed data indicate a 

trend of the laminar core to increase (as a percentage) suggesting a relaminarization 

towards the outer region.   
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Table 6.1.  Variation of vortex core parameters for baseline case 
 

 
Estimated vortex 
center location 

 
Estimated peak-to peak core 

 
 

Wake 
age  

cRR =~  
 

cZZ =~  
Radius 

crr =~  
Swirl 

velocity 
TipVww /~ =  

Slope 
rw ~~=Ω

 

 
wr ~~2 ⋅⋅=Γ π  

7.1o 5.976 -0.065 0.050 0.378 7.55 0.12 

10o 5.947 -0.055 0.058 0.259 4.51 0.09 

20o 5.893 -0.075 0.084 0.167 2.00 0.09 

30o 5.851 -0.09 0.122 0.138 1.13 0.11 

 
 

 
Estimated solid-body rotation core 

 
Solid-body rotation core vs. 

peak-to peak core 

 
Wake 
age 

Radius 
crrS =

~  
Swirl velocity 

TipS Vww /~ =  
Slope 

rw ~~=Ω  r
rS
~
~

 
w
wS
~
~

 

7.1o 0.031 0.315 10.01 62.8% 83.2% 

10o 0.030 0.215 7.06 52.9% 82.9% 

20o 0.065 0.146 2.24 78.3% 87.6% 

30o 0.099 0.132 1.33 81.1% 95.7% 

 
 

 
Peak-to peak core parameters 

 
Solid-body rotation core 

parameters 

 
Wake 
age 

Radius 
growth

TEr
r

~
~

 

Velocity 
reduction

TEw
w

~
~

 

Diffusion 

rate 
TEΩ
Ω  

Radius 
growth

TES

S

r
r

_
~

~
 

Velocity 
reduction

TES

S

w
w

_
~

~
 

Diffusion 

TES

S

_Ω
Ω  

7.1o 100% 100% 100% 100% 100% 100% 

10o 115% 69% 60% 97% 68% 71% 

20o 167% 44% 26% 208% 46% 22% 

30o 244% 36% 15% 315% 42% 13% 
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This trend is suggested also by the cross-flow pattern at 30 deg wake age showing 

concentric circular streamlines, which indicate a reduced radial diffusion. 

The criterion for differentiating the laminar region within the turbulent one is 

extremely important in describing the vorticity diffusion mechanism as well as in 

estimating the rate of vortex core growth.   In the following chapter, this criterion will be 

used to explain the effects of modulated blowing to enlarge the turbulent core region and 

reduce the laminar inner core, leading to a higher diffusion of vorticity.  

 

 

6.4  Vortex Formation and Near Wake Evolution for a Square Blade Tip 

 

This section of the chapter is dedicated to a comparative study between the 

baseline case of a rectangular blade with a rounded tip and the case of the same 

rectangular blade with a square tip.  For ease of comparison, the visualization parameters 

used for the flow around the square blade tip, shown in Figures 6.14-6.21, are the same as 

the ones used for the rounded blade tip.   

The vortex formation mechanism is explained by identifying the separation and 

reverse flow regions in the cross-flow and streamwise velocity contours that are 

illustrated in Figure 6.14 for different sections in the chordwise direction.  The 

streamlines characterizing the two-dimensional cross-flow velocity field for chord 

sections located at 40%, 70% and 90% of chord from the leading edge are shown in 

Figure 6.15.  The pressure contours near the blade tip are represented in Figure 6.16 for 

different azimuthal sections.   
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The roll-up mechanism is graphically illustrated, as in the rounded blade tip case, 

in Figure 6.17 and is based on the representations of streamwise velocity (axial deficit) 

magnitude and of the cross-flow vorticity lines.  In Figures 6.18-6.21, the evolution of 

cross-flow with wake age is illustrated by representing the cross-flow velocity and the 

azimuthal vorticity contours.  Additionally, in the same figures the shape of the vortex 

core was suggested by using cross-flow streamlines.   

As in the case of the rounded blade tip, the formation of the tip vortex occurs on 

the upper side of the blade surface.  However, for this type of tip geometry, the vortex 

begins to form immediately after the chord section corresponding to the airfoil maximum 

thickness.  Unlike the rounded blade tip, the cross-flow around the tip separates very 

early.  The square geometry of the blade tip is favorable to the detachment of the fluid 

along the upper edge of the end section since the fluid is strongly decelerated by the 90 

deg turns at the corners.  An intuitive analogy, which helps explain the differences in the 

mechanism of separation of the spanwise flow around the rounded tip and square tip is 

provided by examining the flow around a circle and the flow around a flat plate at 90 deg 

incidence.  In the streamwise direction, the separation occurs after the maximal velocity 

point, where the streamwise flow decelerates as being subjected to an adverse gradient 

pressure.  Consequently, at the section of 30% of chord downstream from the leading 

edge (Figure 6.14), the initial boundary layer separation region can be identified on the 

upper side edge of the square blade tip.  Further, downstream, the boundary layer 

thickness increases near the upper tip corner, leading to a spread reversed flow region 

that is detached from the upper side of the blade.  The resultant vortex has an elongated 

shape, with the center displaced slightly up and inboard.  At the trailing edge section 
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(Figure 6.16), two regions of local minimum pressure can be identified: the primary low-

pressure region at the tip where the flow detaches from the corner, and a second region 

with less intense pressure gradients.  This second region is probably generated by the 

early-detached vortical flow, which moved inboard as it was convected downstream.  

Furthermore, as the shear layer starts to roll-up after leaving the blade, two regions of 

local maximum axial deficit can be identified by the convergent spiral shapes of the 

cross-flow vorticity lines (Figure 6.17).   

At early wake ages, the vortex center is not found in the regions of the local high 

axial deficit.  As the vortex age increases, the region of high axial deficit velocity 

becomes more compact, as shown by the merging of the same orientation spirals 

representing cross-flow vorticity lines.  Beyond 20 deg wake age, only one peak axial 

deficit center can be recognized.  As the roll-up process matures, the distance between the 

swirl center and the maximum axial deficit decreases.  At age 30 deg, where roll-up is 

almost complete, these points tend to collocate.   

As in the case of the rounded blade tip, the representations of the cross-flow 

velocity field in the same figures with the azimuthal vorticity contours (Figures 6.18-

6.21) show that the vortex center for the tip vortex is found in the region of high vorticity.  

Compared to the tip vortex shape formed in the case of the rounded blade tip, the tip 

vortex for the square tip has a more elongated shape and the approximate elliptical cross-

section is characterized by a higher value of eccentricity.  A similar phenomenon of the 

rotation (twisting) of the tip vortex elliptical section as wake age increases can be 

observed in the evolution of the core shape as represented in the Figures 6.22.  Similar to 
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the rounded blade tip case, the core becomes more circular while the intensity of roll-up 

decreases.   

Comparing the estimated elliptical vortex cores for both blade tips in Figure 6.22, 

the elliptical section area is larger, with higher major axis, for the square tip that for the 

rounded blade tip.  Therefore, the vortex cross-section twisting is more obvious for the 

square blade tip. 

The numerical results represented for the rounded blade tip and for the square 

blade tip in Figures 6.8-6.11 and Figures 6.18-6.21, respectively, show that close to the 

trailing edge, at 10 deg wake age, the vorticity magnitude is higher for the rounded blade 

tip vortex than for the square blade tip.  As the wake ages, the tip vortex diffuses more 

rapidly for the rounded blade tip than for the square tip.  At 30 deg wake age, the 

vorticity magnitude is slightly lower for the rounded tip case than for the square tip.  

Meanwhile, the axial deficit peak is higher for the rounded blade tip than for the square 

blade tip.  A possible explanation for the higher diffusion of vorticity for the tip vortex 

generated by the rounded blade tip than for the vortex generated by the square blade tip, 

is that a higher axial deficit persists in the core vortex for the rounded blade tip case.  The 

axial velocity in the core may sustain small scale eddies turbulence (Spalart, 1998) by 

intensifying the radial fluid flux toward the inner vortex core which leads to a higher 

diffusion of the core.  
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Figure 6.14 Cross-flow velocity patterns during the vortex formation  
for square blade tip 

 



 93 

 
 

 
Figure 6.15 Cross-flow streamlines represented for 40%, 70% and 90% of chord 

 
 

 
 

Figure 6.16  Pressure iso-contours near the square tip blade  
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Figure 6.17  Two-dimensional flow patterns for vorticity lines for square blade tip 
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Figure 6.18  Flow pattern in the radial plan corresponding to 7.1o vortex age 

for square blade tip 
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Figure 6.19  Flow pattern in the radial plan corresponding to 10o vortex age 

for square blade tip
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Figure 6.20  Flow pattern in the radial plan corresponding to 20o vortex age 

for square blade tip 
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Figure 6.21 Flow pattern in the radial plan corresponding to 30o vortex age  

for square blade tip
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Figure 6.22 Comparative evolution of the elliptical vortex core  
between the rounded and square blade tips 
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6.5 Comparison between Experimental and CFD Data 

 

In this section, the numerical results for the square blade tip case are compared 

with the available published experimental data obtained by McAlister in 1996 

(McAlister, 1996).  Similar coefficients for square blade configuration are CT=0.004949 

and CQ=0.000554. The reference data obtained experimentally by McAlister (1996) for a 

square blade are CT=0.005 and CQ=0.0005.   

The experimental data obtained by McAlister for the vertical velocity near wake 

indicate that the peak velocity attains about 31% of the rotor-tip speed.  The numerical 

results for the square tip indicate that, at the trailing edge, the vertical velocity peak 

reaches 34% of the rotor tip velocity while the peak axial velocity is about 12% of the 

rotor tip velocity.  The experimental data for a one-bladed rotor with the same blade 

configuration as the two-bladed rotor configuration previously described are largely 

described in the NASA report of McAlister, Tung and Heineck (2001).  A comparison 

between the PIV experimental data for a one-bladed rotor configuration obtained in 2001 

with the LV experimental data for a two-bladed rotor obtained by McAlister in 1996 is 

represented in Figure 6.23.  Unlike the coordinates system used in the presentation of 

numerical data, the reference system used by McAlister has the coordinates’ origin the 

blade trailing edge.  The experimental data for a one-blade rotor showed that, at 10deg 

wake age (defined from the trailing edge), the peak core radius estimated from the 

vertical velocity distribution for horizontal line cuts is ry=11.2mm (0.06c).  The peak core 

radius estimated from the radial velocity distribution for vertical line cuts is rz=17.2mm 

(0.09c).  At 30 deg wake age, the horizontal peak radius is ry=17.1mm (0.09c) while the 
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vertical peak core radius is rz=14.6mm (0.077c).  These two characteristic radii of the tip 

vortex core indicate that this vortex core has an elliptical shape.  The change with the 

wake age of these two radii also indicates a twisting of the elliptical core, which is a 

phenomenon previously indicated by the numerical data.  Additionally, the trend for the 

core to change from elliptical to a more circular shape as the vortex age increases is also 

observed in the experimental data.   

The two-bladed rotor experimental data (McAlister, 1996) represented for 0.5 

chord and 3 chords downstream from the trailing edge indicate that the profile of vertical 

velocity does not significantly change.  In Figure 6.24-(a), vertical velocity profiles are 

represented for experimental data at three chords behind the blade trailing edge compared 

to the numerical data obtained at 30 deg wake age (about 2.8 chords behind the trailing 

edge) with respect to the reference grid (with 165x125x50 points) and to the refined and 

adapted grid (with 255x125x111 points).  The axial velocity profile changes significantly 

with wake age.  The experimental observations indicate that, near the blade, the peak 

axial deficit and the swirl center are different.  As the vortex develops downstream, these 

two points tend to collocate.  These observations were confirmed by the numerical data 

previously presented.  In Figure 6.24-(b), the axial velocity profile is represented for 

experimental data at three chords behind the blade trailing edge compared to the 

numerical data obtained at 30 deg wake age.  Both representations of axial velocity and 

vertical velocity suggest that, near the blade, the numerical results are in agreement with 

the experimental data.   

The asymmetry of the tip vortex core during the formation process and in the 

early stages of the roll-up was also observed in experimental investigations by Wong 
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(2001).  Wong’s study focused on the mechanisms of formation and evolution of the tip 

vortices trailed by a two-bladed rotor in low speed forward flight (0.1 advance ratio).  

The rotor blade had an untwisted rectangular planform (the aspect ratio of 5.3), ending 

with a square tip.  The tests were performed for a Mach tip number of 0.28 and a 

collective pitch of 10 deg.  These tests are in the same low subsonic regime as those 

performed by McAlister as well as the numerical tests presented in this thesis.  In Figure 

6.24, the flow patterns obtained experimentally by Wong (2001) are represented in two x-

planes located before and after the blade trailing edge.  Shadowed ellipses are used to 

indicate the approximate shape of the vortex core.  A similar phenomenon of the rotation 

of these elliptical vortex cores, which was previously illustrated in the numerical results, 

is also revealed by the experimental data and therefore confirming qualitatively the 

numerical capture of the tip vortex formation physics .   

Another physical aspect captured experimentally by Wong (2001) and confirmed 

numerically in the current work is the existence of two different regions of local 

maximum axial deficit velocity.  This indicates the occurrence of two distinct local low-

pressure areas near the tip trailing edge.  A comparison of the velocity patterns behind the 

trailing edge is illustrated in Figure 6.26.  The numerical data are represented in a manner 

similar to the Wong’s experimental data in order to facilitate the comparison.  Both 

representations indicate a similarity of the axial velocity distribution in the vortex core 

behind the trailing edge.  These comparisons with the experimental results obtained by 

Wong, in spite of the fact the tests conditions are different, suggest that essential aspects 

of the flow around the tip during tip vortex formation and roll-up were well captured by 

the numerical results. 
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Figure 6.23 Experimental data for one blade and two blades configurations  

(McAlister et.al.,2001)  
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Figure 6.24  Comparison between numerical and experimental data 
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Figure 6.25 Experimental data obtained by Wong (2001) for a two-bladed rotor 

(courtesy of Komerath and Wong)  
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Figure 6.26 Comparison of the flow patterns obtained from  

experimental data (top photo-Wong, 2001) and numerical data (low photo) 
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6.6  Far Wake Vortex Evolution 

 

As mentioned previously, the capability and accuracy of capturing the tip vortex 

are limited by the resolution of the grid in the vortex region.  To improve the accuracy of 

the wake capturing while the computational effort remains the same, the grid generator 

was modified to allow an equidistant radial distribution in the wake regions upstream and 

downstream.  As shown in Figures 6.27 and 6.28., the grid generator was modified in 

upstream and downstream regions and in the tip cluster region in order to enhance grid 

smoothness.  Additionally, the grid was adapted to take into account wake contraction, 

maintaining a constant cell radial dimension into the wake region.  To maintain the good 

radial resolution near the blade for capturing tip geometry modifications, the grid was not 

modified in the area close to the blade.  The refinement in the wake region was extended 

over 20% of blade in such a way as to not induce perturbation effects in the wake 

capturing due to grid stretching. 

A significant improvement in the wake capturing for higher wake ages was 

obtained by modifying the spacing in the normal direction to the internal C-cut as shown 

in Figures 6.29 and 6.30.  The points’ distribution in the normal direction was 

parametrically controlled in the wake region in order to increase the grid resolution in the 

vertical direction for at least the second vortex passage (Figure 6.31).   

The improvements in the capturing the far wake are illustrated by the comparison 

of the estimated vortex trajectory numerically obtained for the square blade tip, using the 

reference grid (165x125x50), the refined grid (275x125x111) and the predicted vortex 

trajectory using the analytical Landgrebe’s model (Figure 6.32). 
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The variation of the tip vortex core parameters for the square blade tip 

configuration, using the reference grid and the refined grid, is illustrated in Figure 6.33.  

As shown in Figures 6.32 and 6.33, for the reference grid the wake is not well captured 

after 60 deg wake age while using the refined grid the wake characteristics are well 

estimated about one rotation and a half ( 540 deg wake age).  The evolution of the tip 

vortex structure with the wake age for a square blade tip is shown by the representations 

of vorticity magnitude contours for different radial planes in Figure 6.34.  This figure 

shows that the deformed vorticity contours characterizing the tip vortex were captured 

until 640 deg wake age.  Similar representations of the vorticity contours are illustrated in 

Figure 6.35 for the round tip configuration.  The numerical results show that the vortex 

intensity is less for the round tip configuration than for the square tip as the vortex ages.  

Therefore, the deformed contours of the tip vortices are captured only for about 570 deg 

wake.  The last four figures demonstrate that the capturing of the far wake beyond one 

revolution is affected significantly by the vertical size of the cell grids.   

A different impediment to an accurate capture of the tip vortex is the numerical 

dissipation associated with the solver itself.  The previously presented results are 

obtained with the TURNS version, which uses Roe’s approximate Riemann solver with a 

third order Monotone Upstream Centered Scheme for Conservation Law (MUSCL) type 

scheme.  A TURNS version incorporating high order symmetric total variation 

diminishing (STVD) schemes was developed by Usta (2002) at GeorgiaTech.  The 

comparative results relative to the original version showed significant improvement of 

the tip vortex capturing (Usta, 2002).  However, the benefits of using high-order schemes 

are limited by the smoothness and the stretching ratios of the grid.  Another issue 
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regarding the code performance is related to the turbulence model.  For the presented 

results, the algebraic Baldwin-Lomax turbulence model was included.  

In summary, the results indicate that the capturing of the tip vortex is significantly 

influenced by the grid resolution in the vortex region. 
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Figure 6.27  Reference grid –blade plane view  
 
 
 

 
 

Figure 6.28  Modified grid –blade plane view  
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Figure 6.29  Reference grid –detail of C-grid section view 
 
 
 

 
 

Figure 6.30  Modified grid –detail of C-grid section view 
 
 



 109

 
 
 
 
 

    
 
 
 

Figure 6.31  Grid resolution for capturing the second vortex passage  
275x125x111 grid size 
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Comparison of prescribed Landgrebe's wake model 
with computational data - Grid 155x50x125
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Figure 6.32  Tip vortex trajectory estimated computational using reference grid (top) 
and the refined grid compared with analytical Landgrebe’s wake model 
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Vortex Core Parameters - Grid 155x50x125
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Vortex Core Parameters - Grid 275x111x125
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Figure 6.33  Variations of tip vortex core parameters with the wake age estimated  
using reference grid (top) and the refined grid  
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Figure 6.34  Tip vortex evolution for a square blade tip 
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Figure 6.34  Tip vortex evolution for a square blade tip (continued) 
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Figure 6.35  Tip vortex evolution for a rounded blade tip 
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Figure 6.35  Tip vortex evolution for a rounded blade tip (continued) 
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6.7  Potential for BVI Noise Reduction 

 

In spite of the fact that current numerical results concern the hover flight 

condition, the comparative results between the square blade tip and the rounded tip cases 

can be useful as indicators of eventual benefit for BVI noise reduction.  In general, the 

highest number of potential blade-vortex interactions occurs in low speed forward flight 

(Leishman, 2000).  The experimental study for forward flight with low advance ratio 

conducted by Wong and used as a reference here, was performed in these flight 

conditions.  As shown in Section 6.5, the comparison between Wong’s experimental 

results and the current numerical results for hover flight indicate that there is a similarity 

between the main characteristics of both flow patterns, at least during the formation 

process.  Therefore, it may be reasonable to assume that a similar influence of the blade 

tip shape over the rotor wake structure and trajectory predicted for hover may also be 

expected for low speed forward flight. 

As stated in Chapter 1, the BVI noise is generated by the impulsive change in 

pressure caused by the interaction with the vortices shed from previous blades.  One of 

the essential parameter to be controlled for BVI noise reduction is the miss distance.  The 

miss distance, r,  is defined as the separation distance of the vortex from the blade airfoil.  

Using a simplified two-dimensional parallel blade vortex interaction, Hardin and Lamkin 

(1987) derived that the acoustic pressure time history produced by BVI varies 

quadratically with the inverse of miss distance.  They concluded that a doubling of the 

miss distance would lead to a 12dB reduction of the noise level.  For a simple evaluation 

of the comparative sound levels caused by the BVI, this study assumes that the miss 
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distance is characterized by the distance between the blade and the tip vortex generated 

by the other blade.  This represents the tip vortex passage and characterizes 180 deg wake 

age.  The representations of the tip vortex positions relative to the blade are shown for 

square tip and rounded tip configurations in Figure 6.36.  The estimated normal distance 

between the tip vortex and the blade in the 0/180 deg radial plane is 44% of chord for the 

square tip configuration and 54% of chord for the rounded tip configuration.  

Consequently, the miss distance ratio between the two cases is:  

 

8.0≈
ROUND

SQUARE

r
r

     (6.5) 

 

By definition, the sound pressure level (SPL) is a relative quantity expressed by 

the ratio between the actual sound pressure and a fixed reference pressure.  Because the 

square of the sound pressure is proportional to sound intensity, SPL is measured in 

decibels and is expressed as: 
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Based on the study of Hardin and Lamkin (1987), the sound pressure is assumed 

to vary inversely proportional to the second power of the miss distance.  Consequently, 

the difference of the BVI noise levels between the square blade tip case and the rounded 

blade tip case is estimated to be 3.6dB.  This result indicates that that the level of noise 

may be noticeable higher for the square tip case due to the closer location of the vortex to 

the blade.  However, this estimation, which is based upon a simplified analytical analysis 
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(Hardin and Lamkin, 1987), may not be realistic.  Consequently, a numerical 

aeroacoustic investigation would be appropriate for an accurate prediction of the miss 

distance influence upon the noise level.  The accuracy of the assumption concerning the 

relationship between the miss distance and the acoustic pressure is determinant for noise 

level estimation.  As an example, by assuming a linear dependence between the sound 

pressure and the miss distance, a potential noise reduction of 1.8dB is estimated for the 

rounded blade tip compared to the squire tip.  

Another parameter, which may significantly influence the BVI, is the strength of 

the tip vortex.  Hardin and Lamkin (1987) deduced that the sound pressure is directly 

proportional to the tip vortex circulation.  The estimated vortex circulations 

(dimensionalized at chord and tip velocity) are 0.096 for the square tip case and 0.084 for 

the rounded tip case.  The difference in the sound levels due to the vortex circulation 

variation between the two cases is estimated to be about 1.1dB 

The analysis of the influences of the miss distance and the tip vortex strength 

upon the noise level suggests that the increased miss distance in the case of rounded 

blade tip is a more significant factor for noise reduction than the vortex strength decrease.  

Overall, this first order estimation of the effects of modification of rotor wake trajectory 

and intensity caused by the blade tip shape suggests that the rounded tip may be more 

beneficial for BVI noise reduction than the square tip. 
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  Square blade tip 

 
 
 
 

  Rounded blade tip 

 
  

 
Figure 6.36  First passage of the tip vortex –miss distance representation 

square blade vs. rounded blade tip 
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6.8  Summary of Observations 

 

CFD results provide sufficient evidence to characterize the fundamental 

aerodynamic aspects of tip vortex formation, roll-up and far wake tip vortex evolution for 

both square blade and rounded blade tips.  In summary, the CFD results indicate: 

• Ellipticity of the core in the early ages of formation and roll up, confirming the 

experimental observations - (McAllister,1996; Mahalingham, 1999; Wong, 2001)  

• Twisting of the “elliptical core” during roll up, which was also observed 

experimentally (Wong, 2001)  

• Displacement of the peak axial deficit from the vorticity center at early  vortex 

ages, confirming also the experimental observations (McAllister,1996, Wong, 

2001 ) 

• Tendency of collocation of the vortex center and the axial deficit center as the 

roll-up matures 

• Qualitative differences in the formation process of the tip vortex between the 

square blade tip and rounded blade tip 

• Slight reduction of vortex strength in far wake for the rounded blade tip 

• Higher miss distance, correlated with a lower tip vortex circulation obtained for 

the rounded blade tip configuration.   

This indicates that the rounded blade tip may be more beneficial for BVI noise 

reduction compared to the square blade tip. 
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CHAPTER VII 

 

STUDIES OF TIP VORTEX ALTERATION 

VIA STEADY BLOWING 

 

 

7.1.  Introduction 

 

Recent experimental studies regarding discrete blade tip jets (Gowanlock and 

Matthewson, 1999) and the slotted blade tip (Han and Leishman, 2003, 2004) indicated 

that emerging jets in the spanwise direction intensify the mechanism of diffusion of the 

vortex core and, therefore, lead to a significant reduction in the peak values of the core 

swirl velocity.  In both studies, the experiments were conducted for hovering rotors and 

the steady jets emerged from slot exits located in the mid-plane of the tip. 

In this chapter, two steady rotor blade tip blowing configurations are numerically 

analyzed for hover condition.  The first case corresponds to tangential blowing over the 

rounded tip configuration described in Chapter 3.  Numerical tests are performed for a 

hovering rotor characterized by the same tip Mach number of 0.3 as the baseline case. 

The rotor consists of two blades characterized by rectangular planform, zero twist, with 

the aspect ratio of 6.  The rotor blade section is NACA0012 and the tip is rounded.  The 

solidity of the rotor is 0.106.  The second case corresponds to mid-plane steady blowing 

configurations with the two jet orientations also described in Chapter 3. 
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7.2  Blowing Cost 

 

The typical indicator used to estimate the supplementary amount of energy 

required for blowing is the blowing momentum coefficient.  This coefficient is 

conveniently used as a measure of the strength of the emerging jet.  The definition of the 

blowing momentum coefficient is based on the jet momentum evaluated at the exit slot 

section.  For a jet of arbitrary cross-section, the momentum transport in the integral form 

is:   

dSuuH
jetS

njet ⋅= ∫ ρ      (7.1) 

 

where un is the jet velocity normal to the slot exit surface.  By definition, the blowing 

momentum coefficient is: 

 

( )
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jet

SV
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tC
⋅

= 2
2
1 ρµ      (7.2) 

 

where the dynamic pressure, 2
2
1

refVρ , is usually provided by the freestream conditions.  

Assuming that the jet velocity profile at the slot exit section is uniform, the Equation 

(7.2) leads to the blowing momentum coefficient defined by Equation (5.2) and used in 

the 2D and 3D wing flow applications studied in Chapter 5.  For the rotor applications, 

the reference velocity is the tip velocity and the reference surface is the rotor disc area, 

following the same approach used to define the performance coefficients.   
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Therefore, the expression of blowing momentum coefficient becomes: 
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πρµ
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⋅
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A second indicator, which can be used to estimate the necessary power for an 

efficient blowing is provided by the rate of transport of kinetic energy by the jet (Tritton, 

1977): 

 

dSuuE
jetS

njet ⋅= ∫ 2

2
ρ&      (7.4) 

 

This quantity characterizes the power requirement to be carried by the compressor 

and has the same dimensional meaning as the rotor power.  Therefore, a jet energy 

coefficient can be defined as: 
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This coefficient can be compared with the rotor power coefficient (equal with the torque 

coefficient for the hover tests) in order to provide an estimation of the blowing cost.  
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7.3  Rounded Tip Rotor Blade with Tangential Blowing 

 

The blowing configuration investigated in this section consists of flow over a 

rounded tip rotor blade with spanwise tangential jet blowing emerging from the upper tip 

surface.  Two kinds of tests were performed for evaluating the benefits and drawbacks of 

using the tangential steady blowing compared with baseline (no blowing) and with 

unsteady blowing obtained through slot modulation.   

The first test was designed to give an understanding of the differences and 

similarities in the tip vortices formation and roll-up between the baseline and the 

tangential blowing case in the hypothesis that the blowing is a switch on/off alternative 

during the rotor flight.  In this approach, the test was performed for the baseline’s flow 

conditions: 0.3- Mach tip number and 8o collective pitch angle.  The test was performed 

for steady blowing and corresponded to the fully open slot position.  The maximum slot 

height is 0.005 of chord and the slot is located above the rounded blade tip edge.  In the 

chordwise direction, the slot spans from 40% to 74% of chord measured from the leading 

edge.  The aerodynamic performance coefficients for this steady blowing configuration 

are CT=0.0055and CQ= 0.0006, respectively.  Relative increases of 14% in thrust and 

12% in power versus the baseline case are obtained.  The estimated jet blowing 

momentum coefficient is 0.00021, which corresponds to plenum conditions of T*≈ 1.07 

T∞ and p*≈1.28 p∞.  The coefficient of kinematical energy rate required for jet emergence 

is 0.00022 and represents about 37% of the computed aerodynamic power coefficient 

estimated for this blowing configuration.  Therefore, the power penalties are due to 
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estimated rotor power increment but significantly due to compressor power requirement 

for blowing.   

The second test was performed by maintaining invariant the thrust coefficient 

resultant in the baseline test.  In order to match this thrust coefficient, the collective pitch 

angle was reduced to 7.4o.  The results were compared with the baseline case to assert the 

potential benefits and the costs of using the blowing while there is no drawback regarding 

the thrust.  In the previously described slot configuration, the indices for compressor 

power requirements were high.  For this reason, the comparative test with the baseline 

was performed considering half of the blowing momentum coefficient corresponding to 

the first case investigated.  In order to achieve this blowing momentum coefficient (Cµ= 

0.000105), the slot height was reduced at half while the slot was still spanning from 40% 

to 74% of chord.  The estimated aerodynamic power coefficient is 0.00057, 5% higher 

than the power coefficient obtained for the baseline case.  The jet energy coefficient for 

this blowing configuration is 0.00011, which represents about 20% of the aerodynamic 

power requirement.   

 

7.3.1  Vortex Formation  

The mechanism of tip vortex formation for the case of steady tangential blowing 

is substantially different in comparison to the mechanism for the baseline case.  The 

baseline study revealed that the separation of the cross-flow around the tip occurs 

between 40% and 50% of chord.  Also, it was observed that during the development of 

the tip vortex after separation, the vortical flow region remains attached to the blade 

surface until approximately 80% chord.  For the last 20% of chord (up to the trailing 



 126

edge) the region of zero cross velocity characterizing the vortex core center can be clearly 

identified as detached from the blade tip.  Consistent with these observations and with the 

computational grid distribution, the slot was selected to span between 40% and 74% of 

chord from the leading edge.  In this region, the boundary layer is separated but the 

vortical flow region remains close to the blade.   

Analogous to the flow visualizations presented for the baseline case, the patterns 

of the cross-flow velocity and streamwise velocity contours are represented in Figure 7.1 

for several cross sections in the chord direction.  The streamlines characterizing the two-

dimensional cross-flow velocity field for three different chord sections are shown in 

Figure 7.2.  The pressure contours near the blade tip are represented in Figure 7.3 for 

several azimuthal planes. 

The tangential jet blowing emerges in the spanwise direction from the slot located 

on the upper side of the rounded tip and flows towards the lower surface.  The jet flow 

direction is opposite to the cross-flow around the tip, from the lower surface to the upper 

surface.  Beyond the exit section, the jet is attached to the curved wall due to the balance 

between the surface normal pressure gradient and centrifugal force generated by the wall 

curvature.  This is known as Coanda effect.  Under the adverse pressure gradient, which 

forces the surrounding flow from lower to upper tip surfaces, the jet is detached.  

Analyzing the flow patterns for different chordwise sections (Figure 7.1), one can 

observe that the vortex starts to form at the 40% of chord section, where the blowing 

starts.  The vortex is formed on the outer side of the jet at the fluid frontier with the 

surrounding air, in a mixing region characterized by strong shear stress.  Moving 

downstream, the cross-section area of the blade tip reduces as the thickness of the airfoil 
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decreases and the region where the jet is attached to the wall enlarges.  Between 40% of 

chord and 60% of chord, the vortex is more developed and is moved downward and 

radially outboard.  As a three-dimensional effect, the jet presence induces a streamwise 

velocity deficit in the jet region as well as in the mixing region.  This mixing layer wraps 

around the existent vortex core, thereby increasing the vortex region.  From 70% of 

chord, the core vortex can be identified in the streamwise velocity deficit region 

characterizing the mixing zone.  The vortex center position remains nearly constant while 

the vortex core starts to diffuse due to viscous and turbulent shearing stresses.  

Additionally, a low-pressure region occurs on the lower blade tip side due to the strong 

intensity of the jet.  At 90% of chord, a secondary vortex in the opposite direction from 

the primary vortex can be identified. 

 

7.3.2  Vortex Evolution  

To illustrate the evolution of the vortex, flow patterns are represented in Figures 

7.4-7.8 for several radial planes starting with the wake age Ψ= 7.1°,until the wake age 

Ψ= 30°.  The colored contours of the streamwise velocity combined with the cross-flow 

vorticity lines are represented in Figure 7.4.  Similarly to the baseline case, the cross-flow 

velocity vector field and the azimuthal vorticity contours are illustrated in Figures 7.5-

7.8.  Also, the cross-flow streamlines are used to suggest the shape of the vortex core 

section (Figures 7.4-7.8).  As the vortex leaves the blade, the flow representations for the 

azimuthal planes of Ψ= 7.1° (trailing edge section) and Ψ= 10° (0.3c behind trailing 

edge) show the downstream convection of two regions with opposite vorticity.  The tip 

vortex region is more intense while the secondary vortex region formed near the trailing 
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edge is less intense.  This secondary vortex induces an upward velocity into the main tip 

vortex core.  As the wake age increases and the roll-up of the shear layer develops, a 

rotation of the relative locations of these two counter-rotating vortices can be identified 

(Figures 7.4-7.8).  Unlike the baseline case where a significant change of the flow 

patterns behind the trailing edge, was due to free shear layer roll-up, the qualitative 

change in the vortex shape for blowing is caused more by the mutual influences of the 

two vortices.  As the wake develops downstream, the secondary vortex diffuses rapidly.   

Another significant impact of blowing on the flow is the higher axial deficit level 

in the vortex core,-almost three times higher than for the baseline case.  The 

representations of the cross-flow velocity and the streamwise velocity show that the swirl 

center is located in the region of local maximum deficit.  As a consequence of this high 

axial deficit and of the higher pressure gradients in the core, the cross-flow streamlines 

seem to be converging spirals toward the vortex center, indicating a strong radial 

diffusion.   

A comparison between the azimuthal vorticity magnitude for the baseline case 

and the steady blowing case indicates an overall reduction of the vorticity and a 

significantly larger vortex core for the blowing case.  Additionally, the vorticity contours 

for 10° wake for the baseline case (Figure 6.9) and for the steady blowing case (Figure 

7.6) indicate a thinner and less intense free shear layer for blowing.   
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Figure 7.1  Cross-flow velocity patterns during vortex formation  

for tangential steady blowing  
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Figure 7.2  Cross-flow streamlines represented for 50%, 70% and 90%  of chord 

 for tangential steady blowing  
 

 
 

Figure 7.3  Pressure iso-contours near the tip blade for tangential steady blowing  
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Figure 7.4  Two-dimensional flow patterns for vorticity lines for tangential steady 
blowing from a slot extending between 40% and 74% chord 
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Figure 7.5  Flow pattern in the radial plane corresponding to 7.1o vortex age 
 for tangential steady blowing  

 
 
 
 
 

 
 
 
 

Figure 7.6  Flow pattern in the radial plane corresponding to 10o vortex age 
for tangential steady blowing  
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Figure 7.7  Flow pattern in the radial plane corresponding to 20o vortex age  
for tangential steady blowing  

 
 
 
 
 

 
 
 
 

Figure 7.8  Flow pattern in the radial plane corresponding to 30o vortex age  
for tangential steady blowing  
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7.3.3  Vortex Core Parameters 

The evolution of the vortex core is determined by estimating the vortex core 

parameters for different wake ages.  This estimation of the vortex core parameters is 

based on the swirl velocity profiles for the wake ages Ψ= 7.1°, 10°, 20° and 30°.  The 

viscous core and the solid-body rotation core parameters, estimated in the same manner 

as for the baseline case, are listed in Tables 7.1 and 7.2.  For a graphical illustration of the 

diffusion process as the wake age increases, the representations of the swirl velocity 

profiles for different wake ages is shown in Figure 7.9. 

The results listed in Table 7.1 for 30° wake age indicate that the peak-to-peak 

velocity core is about 2.8 times larger than the corresponding one for the reference 

baseline case.  The comparison of the peak swirl velocities for the baseline and the steady 

blowing cases shows a reduction of peak swirl velocity for the blowing case.  The ratio 

between the values for steady blowing and baseline is 0.84.  In conclusion, the listed 

values of the swirl velocity linear slope and, consequently, of the local vorticity indicate a 

30% reduction of the reference value obtained for baseline case.  

A secondary effect of the spanwise blowing is the outboard displacement of the 

vortex.  For the current blowing configuration, the location of vortex center is moved 

outboard by about 12% of the chord in comparison with the baseline case. 
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Table 7.1  Variation of vortex core parameters for steady blowing case 
 
 

Estimated vortex 
center location Estimated peak-to peak core 

 
 

Wake 
age 

cRR =~  cZZ =~  
Radius 

crr =~  

Swirl velocity 

TipVww /~ =  
Slope 

rw ~~=Ω  

7.1o 6.086 -0.075 0.113 0.282 2.50 

10o 6.043 -0.055 0.121 0.214 1.77 

20o 6.015 -0.050 0.158 0.164 1.04 

30o 5.980 -0.070 0.342 0.116 0.34 

 
 
 
 
 
 

Estimated solid-body rotation core 
Solid-body rotation 
core vs peak-to peak 

core Wake 
age 

Radius 

crrS =~  

Swirl velocity 

TipS Vww /~ =  
Slope 

rw ~~=Ω  r
rS
~
~

 
w
wS
~
~

 

7.1o 0.025 0.200 8.00 22.1% 70.9% 

10o 0.014 0.124 8.71 11.8% 58.2% 

20o 0.070 0.068 0.97 44.6% 41.4% 

30o 0.069 0.069 0.99 20.3% 59.4% 
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Table 7.2  Variation of vortex core parameters for steady blowing case 
 

 

Peak-to peak core parameters Solid-body rotation core 
parameters 

Wake 
age Radius 

growth
TEr
r

~
~

 

Swirl velocity 

reduction
TEw
w

~
~

 

Radius 

growth
TES

S

r
r

_
~

~
 

Swirl velocity 

reduction
TES

S

w
w

_
~

~
 

7.1o 100% 100% 100% 100% 

10o 107% 76% 57% 62% 

20o 140% 58% 282% 34% 

30o 303% 41% 278% 34% 
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Figure 7.9  Evolution of velocity profiles for different wake ages  
for tangential steady blowing  
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7.3.4  Comparison between the Steady Blowing and Baseline Cases at the Same 

Thrust 

 

7.3.4.1 Tip Vortex Evolution 

In this section, the numerical test was performed by maintaining invariant the 

thrust coefficient resultant in the baseline test.  In order to match this thrust coefficient, 

the collective pitch angle was reduced to 7.4o.  The results are compared with the baseline 

case to assert the potential benefits of blowing while there is no drawback regarding the 

thrust.  The plenum conditions of T*≈ 1.07 T∞ and p*≈1.28 p∞ are the same as in the 

previously investigated cases.  The slot spans from 40% to 74% of chord and the resultant 

blowing momentum coefficient is 0.00011.   

The comparison between the baseline case and the current case is performed by 

analyzing the vortex core parameters as well as by illustrating the tip vortex evolution in 

the far wake.  For a more accurate capturing of the far wake in the steady blowing 

configuration case, a refined grid with 275x125x111 points, as presented in the previous 

chapter, is used.  Efforts were made to ensure that the grid generation process produces 

the desired spanwise spacing in the slot region. 

The characterization of the tip vortex evolution starts with the estimation of the 

vortex core parameters based on the swirl velocity profiles for the wake ages Ψ= 7.1°, 

10°, 20° and 30°.  The vortex core parameters defined by peak-to-peak swirl velocity are 

listed in Table 7.3.  For a graphical comparison between the current steady blowing case 

and the baseline case, the swirl velocity profiles are represented Figure 7.10 for the radial 

plane located at the tip trailing edge and for the radial plane characterized by 30o wake 
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age.  This comparison of the peak swirl velocities cases shows a reduction of peak swirl 

velocity for the blowing case (with about 24% near the tip trailing edge) as well as the 

outboard displacement of the center vortex (with about 5% of chord).   

The comparison of the far wake evolution of the tip vortices for the blowing and 

baseline cases is substantiated by the analysis of the vorticity magnitude contours for 

different radial planes in Figures 7.11-7.13.  These figures show that the deformed 

vorticity contours characterizing the tip vortex were captured for up to about one 

revolution (360 deg) wake age.  The comparison of wake descent and contraction rates 

for steady blowing and baseline configurations with the theoretical prediction of the wake 

trajectory given by Landgrebe’s model is shown in Figure 7.14.  The numerical results 

show that for the blowing case, as the vortex ages, the vorticity diffusion is higher than 

that for the reference case.  Additionally the wake descent rate is higher for the blowing 

configuration and therefore, the miss distance between the tip vortex and blade tip at the 

first passage is larger.  This increment of the miss distance could prove to be beneficial 

for reducing the BVI noise in forward flight, which is one of the motivations of the 

present work as it was explained in first chapter.  As a conclusion, these results indicate 

that an increased miss distance with about half of chord was obtained using steady 

blowing.  
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Table 7.3  Variation of vortex core parameters for steady blowing case with the same 
thrust coefficient as the baseline case 

 

Estimated vortex 
center location 

Estimated peak-to peak core 

Comparison with baseline 
Wake 
age 

cRR =~  cZZ =~ Radius 

crr =~  

Swirl 
velocity 

TipVww /~ =  

Slope 

rw ~~=Ω  

7.1o 6.004 -0.045 0.070 0.28 4.0 

10o 5.991 -0.04 0.047 0.23 5.0 

20o 5.917 -0.06 0.064 0.18 2.9 

30o 5.853 -0.065 0.086 0.15 1.7 
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Figure 7.10  Evolution of velocity profiles for 7.1oand 30o wake ages  
for tangential steady blowing with same thrust as baseline 
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Figure 7.11  Comparison of tip vortex evolutions between steady blowing case and 
baseline (no blowing) case for 7.1o and 30o wake ages  
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Figure 7.12  Comparison of tip vortex evolutions between steady blowing case and 
baseline (no blowing) case for 60o and 80o wake ages 
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Figure 7.13  Comparison of tip vortex evolutions between steady blowing case and 
baseline (no blowing) case for 135o and 170o wake ages 
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Figure 7.14  Comparison of prescribed Landgrebe's wake model  
for rounded blade tip with no blowing and tangential steady blowing 
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7.3.4.2 Potential for BVI Noise Reduction 

In order to understand the benefits of using blowing as an active technique to 

reduce rotor noise, the influence of two essential parameters on the eventual BVI noise 

level was considered as it was explained in Section 6.7.  These two parameters are the 

miss distance and the tip vortex circulation.  The hypotheses, in which the comparative 

sound levels for the steady blowing and baseline tests were evaluated, are the same as 

those described in Section 6.7.  An estimative indicator for the miss distance is assumed 

to be the normal distance (represented in the 0/180 deg radial plane) between the blade 

and the tip vortex that is generated by the other blade with half-rotation age.  The 

representations of the tip vortex position relative to the blade are shown for the blowing 

and baseline (no blowing) cases in Figures 7.15.  This estimative distance is about 98% 

of chord for the steady blowing test while, for the baseline case is 54% of chord.  

Consequently, the miss distance ratio between the two cases is:  

 

8.1≈
BASELINE

BLOWING

r
r      (7.6) 

 

Based on the hypothesis asserted in the study by Hardin and Lamkin (1987) that 

the sound pressure is inversely proportional to the second power of the miss distance, a 

reduction of about 10.4dB in the noise level may be obtained through blowing compared 

to the baseline noise level.  In comparison, even if it is assumed that the sound pressure is 

inversely proportional to the miss distance, a significant noise reduction of 5.2dB may 

still be expected.  However, this noise level estimation is based upon a simplified 

analytical analysis (Hardin and Lamkin, 1987) concerning a two-dimensional BVI model.  
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Therefore, a more developed aeroacoustic investigation is required for an accurate 

evaluation of sensitivity of the noise level to the miss distance variation.   

The second significant parameter for BVI is the strength of the tip vortex 

expressed by its circulation.  For the blowing case, the estimated vortex circulation 

(dimensionalized at chord and tip velocity) is 0.061 while, for the baseline case, it is 

0.084.  As in Section 6.7, assuming that the sound pressure varies directly proportional 

with the tip vortex circulation (Hardin and Lamkin, 1987), the reduction in sound level 

due to the dissipation of vorticity obtained through blowing is about 2.8dB compared to 

the baseline case. 

In conclusion, this estimative analysis indicates that the BVI noise level is more 

sensitive to the miss distance increase than to the vortex strength reduction. The 

modification of the miss distance through blowing, corroborated by the intensification of 

vorticity dissipation, may lead to a significant BVI noise level reduction in order of 8-

13dB depending of the miss distance influence on the sound pressure (which it was 

theoretically estimated, based on the Hardin and Lamkin (1987) analysis).  
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Figure 7.15  First passage of the tip vortex –miss distance representation 
Steady blowing vs. baseline (no blowing) 
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7.4. Rounded Tip Rotor Blade with Lateral Blowing 

 

The last configuration investigated in this study is a two-bladed rotor, which has a 

slot located in the mid-plane of the rounded blade tip.  CFD tests were performed to 

investigate the effect of steady blowing for two different orientations of the blowing jet.  

In the first case, the jet emerges in the spanwise direction from the mid-plane of the blade 

tip, while in the second case the jet is also directed in the spanwise but is deflected 

downward at an anhedral angle of 30 degrees.  Both configurations are described in 

Chapter 3, in Figure 3.3.  

The velocity patterns for both configurations are represented in Figures 7.16 

respectively 7.17.  In both cases, the blowing jet momentum coefficients are very high.  

The choice of blowing conditions was based upon the work of Tavella et al. (1988) 

regarding lateral blowing applied to a wing.  In that experimental study, the 

measurements showed the occurrence of a secondary vortex oriented counter to the 

primary vortex.  These observations indicate the conclusion that the high blowing 

momentum may generate secondary tip vortices also for a rotor case.   

The difference between the tangential blowing case studied in the previous 

section and the blowing cases presented in the current section is the changed geometry 

and location of the exit jet slot.  However, the mechanism of tip vortex formation is 

basically the same and can be explained by the jet roll-up phenomenon. 

In the previously described blowing configuration, the jet emerges on the upper 

side of the rounded tip and attaches to the curved wall (Coanda effect).  Consequently, 

the vortex is formed on the outer (upward) side of the jet in the mixing region.  For the 
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lateral blowing configurations, the jet emerges with strong intensity from a slot located at 

the mid-plane and is, in fact, a free jet.  Due to the strong blowing momentum, the 

pressure gradients between the jet and the surrounding air lead to generation of the 

vortices in the mixing region on both sides of the jet sheet.  This explains the occurrence 

of the secondary tip vortex, counter-rotating to the primary vortex, shown in Figures 7.16 

and 7.17.  Furthermore, the flow patterns represented in Figures 7.16 and 7.17 indicate 

that the positions and the trajectories of both tip vortices depend on the orientation of the 

jet.  To understand the influence of the jet orientation and blowing configuration, 

respectively, the locations of concentrated vortices and corresponding core parameters 

are listed in Tables 7.4-7.7 for different wake ages. 

For the case of lateral blowing, the primary tip vortex is moved outboard and 

upward. The secondary vortex is located at a larger radial distance than the primary 

vortex.  For the case where the jet is deflected downward, the primary vortex is moved 

significantly more outboard as well as downward.  The secondary vortex is located 

radially in proximity to the primary vortex but is closer to the blade.   

The results listed in Table 7.4 for the lateral case indicate that the primary vortex 

core size does not change significantly between 10° and 30° wake ages, while the peak 

velocity value decreases by more than 40 percent.  However, compared with the baseline 

(reference) case, the relative ratio of the peak swirl velocities, estimated for different 

wake ages, is about 1 or slightly less than 1.  Additionally, the secondary vortex is more 

concentrated for the early wake ages ( i.e. 10° wake age), the local velocity slope being 

about 1.7 times larger than the correspondent slope for the primary vortex.  As the vortex 
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age increases, this ratio of the local slopes decreases.  For example, at 30° wake age, the 

secondary vortex slope is only 70% of the slope value characterizing the primary vortex.  

By comparison, downward deflected blowing proved to be more efficient in 

moving outboard the tip vortices, as well as in diffusing the vorticity.  The results listed 

in Table 7.5 show that while near the trailing edge the intensities of the primary and 

secondary vortices are quite the same.  Moving downstream the secondary vortex 

diffuses faster.  In conclusion, this comparative study indicates that the blowing 

configuration plays a key role in changing the vortex trajectory as well as changing its 

structure and intensity.   
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Figure 7.16  Flow patterns for spanwise steady blowing from a slot located at the 

midplane  
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Figure 7.17  Flow patterns for spanwise steady blowing with 30 deg anhedral jet angle 

from a slot located at the midplane  
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Table 7.4  Variation of vortex core parameters for steady midplane blowing case  
 
 

Primary vortex 

Vortex center location Estimated peak-to peak core 
 

 

Wake 
age cRR =~  cZZ =~  

Radius 

crr =~  

Swirl velocity 

TipVww /~ =  

Slope 

rw ~~=Ω  

7.1o 6.207 0.070 0.147 0.297 2.02 

10o 6.286 0.070 0.165 0.230 1.39 

20o 6.401 0.130 0.127 0.158 1.24 

30o 6.471 0.230 0.169 0.134 0.79 

 
 
 
 
 
 

Secondary vortex 

Vortex center location Estimated peak-to peak core 
 

 

Wake 
age cRR =~  cZZ =~  

Radius 

crr =~  

Swirl velocity 

TipVww /~ =  

Slope 

rw ~~=Ω  

7.1o 6.342 -0.250 0.074 0.379 -5.14 

10o 6.383 -0.280 0.113 0.262 -2.32 

20o 6.516 -0.340 0.111 0.093 -0.84 

30o 6.744 -0.080 0.130 0.078 -0.60 
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Table 7.5  Variation of vortex core parameters for steady midplane blowing with anhedral 
jet angle 

 
 

Primary vortex 

Vortex center location Estimated peak-to peak core 
 

 

Wake 
age cRR =~  cZZ =~  

Radius 

crr =~  

Swirl velocity 

TipVww /~ =  

Slope 

rw ~~=Ω  

7.1o 6.483 -0.150 0.181 0.277 1.53 

10o 6.586 -0.200 0.156 0.236 1.51 

20o 6.877 -0.230 0.198 0.156 0.79 

30o 6.992 -0.170 0.262 0.081 0.31 

 
 
 
 
 
 

Secondary vortex 

Vortex center location Estimated peak-to peak core 
 

 

Wake 
age cRR =~  cZZ =~  

Radius 

crr =~  

Swirl velocity 

TipVww /~ =  

Slope 

rw ~~=Ω  

7.1o 6.338 -0.400 0.144 0.239 -1.66 

10o 6.469 -0.450 0.197 0.132 -0.67 

20o 6.890 -0.560 0.215 0.053 -0.25 

30o 7.160 -0.620 0.228 0.034 -0.15 
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Table 7.6  Comparison of vortex core parameters between steady midplane blowing case 
and no blowing- baseline case 

 

Primary vortex Secondary vortex 

Vortex displacement 

vs. baseline 

Vortex displacement 

vs. baseline 

 

 

Wake 
age 

cR∆  cZ∆  

Vorticity 
ratio 

baselineΩ
Ω  

cR∆  cZ∆  

Vorticity 
ratio 

baselineΩ
Ω  

7.1o 0.23 0.14 0.3 0.37 -0.19 -0.7 

10o 0.34 0.13 0.3 0.44 -0.23 -0.5 

20o 0.51 0.21 0.6 0.62 -0.27 -0.4 

30o 0.62 0.32 0.7 0.89 0.01 -0.5 

 
 
 
 

 Table 7.7  Comparison of vortex core parameters between steady midplane blowing with 
anhedral jet angle case and no blowing- baseline case 

 

Primary vortex Secondary vortex 

Vortex displacement 

vs. baseline 

Vortex displacement 

vs. baseline 

 

 

Wake 
age 

cR∆  cZ∆  

Vorticity 
ratio 

baselineΩ
Ω  

cR∆  cZ∆  

Vorticity 
ratio 

baselineΩ
Ω  

7.1o 0.51 -0.09 0.2 0.36 -0.34 -0.2 

10o 0.64 -0.15 0.3 0.52 -0.40 -0.1 

20o 0.98 -0.16 0.4 1.00 -0.49 -0.1 

30o 1.14 -0.08 0.3 1.31 -0.53 -0.1 
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CHAPTER VIII 

 

STUDIES OF TIP VORTEX ALTERATION 

VIA MODULATED BLOWING 

 

 

8.1.  Introduction 

 

The last case analyzed in this work corresponds to unsteady tangential blowing 

over the rounded tip configuration described in Chapter 3.  The rotor geometry is the 

same as for the baseline case, consisting of two blades characterized by rectangular 

planform, zero twist and the aspect ratio of 6.  The rotor blade section is NACA0012 and 

the tip is rounded.  The solidity of the rotor is 0.106.  Numerical tests are performed for a 

hovering rotor with 0.3 tip Mach number and a collective pitch of 8 deg, which are 

similar parameters to the baseline case.  The unsteady blowing is obtained by modulation 

of the slot size, while the plenum conditions are kept constant.   

The blowing cycle is determined by periodic variations of the slot size.  The 

initial position of the slot is fully open.  In this configuration, for a sinusoidal half- cycle, 

the average blowing momentum represents approximately 36% of the maximum blowing 

obtained when the slot is fully open.  Following the methodology described in Chapter 3, 

the plenum conditions are the same as for the steady case, T*≈ 1.07 T∞ and p*≈1.28 p∞.  

The resultant maximum jet blowing momentum coefficient is about 0.00021.  The 

correspondent maximum jet energy coefficient, evaluated as described in Section 7.2 is 
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0.00022, while the average estimated over one period is 0.00008.  The maximum slot 

height is about 0.005 of chord and the slot spans from 40% to 74% of chord.  For this 

unsteady blowing test, the frequency was defined in terms of rotor revolution.  The 

numerical test is performed for a blowing frequency of 4 cycles per revolution.  The 

blowing cycle is formed by a finite number of distinct slot sizes, each of these slot sizes 

being correlated with a certain number of grid cells.  The variation in the number of cells 

for which blowing conditions are imposed is shown in Figure 8.1.  Averaged coefficients 

for each slot size are used to show variations of thrust and torque with blowing jet 

momentum.  The time response of thrust is periodic, with the same frequency as the 

blowing cycle.  The thrust and the torque coefficients exhibit limit cycle responses as 

shown in Figure 8.2. 

As previously stated, one of the goals of this study is to analyze the effects of 

modulated blowing on the tip vortex structure.  The focus is on understanding and 

describing the characteristics of vortex formation and the roll-up process.   

To compare the modifications caused by modulated blowing with the baseline 

case, representations of the flow patterns similar to those described in Chapter 6 were 

illustrated for four different phases of the blowing cycle.  Phase 0 corresponds to a fully 

open slot with Cµ=0.000212; phase 1 corresponds to a quarter of a blowing cycle 

characterized by an average Cµ=0.000044; phase 2 corresponds to a closed slot (no 

blowing); and phase 3 corresponds to third quarters of the blowing cycle with the same 

blowing configuration as phase 1.  Since the blowing cycle is periodic, the last phase of 

the cycle corresponds to phase 0 of a new cycle.  
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Figure 8 1. Variation of slot cells during blowing cycle 
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Figure 8.2.Variation of performance coefficients vs. blowing coefficient 
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8.2.  Vortex Formation  

 

In the previous chapter, the study of tangential steady blowing revealed that for 

the investigated blowing intensity range, the jet acts as a flap jet.  The vortex formation 

mechanism for a blowing is different from the baseline (no blowing) case.  For the no 

blowing case, the formation of the tip vortex is a consequence of flow separation 

occurring on the upper blade surface.  For the blowing case, the emerging of the jet 

generates vorticity in the mixing layer between the jet and surrounding air due to the 

strong shear stresses caused by fluid viscosity and turbulence.  The steady tangential 

blowing case results show that an incipient vortex is formed from the starting section 

(upstream slot location) of the blowing.  The development of the vortex is caused mainly 

by the roll-up of the jet.  As an effect of this jet roll-up, the characteristic size of the 

vortex is dictated by the jet spreading distance into the surrounding air, which ultimately 

depends on the blowing jet width and intensity.  Based on these observations, the 

objective of the following analysis is to identify the benefits that can be obtained by using 

unsteady blowing in the vortex formation process. 

The cross-flow patterns near the blade tip were represented in Figures 8.3-8.6 for 

the cut sections in chord directions, starting with a section at 30% of the chord from the 

leading edge to the section at the trailing edge of the blade.  To illustrate the vortex 

evolution in the near wake, the cross-flow streamlines are shown in Figures 8.7-8.11.  As 

expected, the flow patterns near the blade show that, the vortex shape and size 

significantly change as the blowing phase changes.  At phase 0, when the slot is fully 

open, the vortex starts to form at x=40% of chord (upstream slot location) outside the jet 
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and on the upper side of the blade tip.  The jet is attached on the wall (due to the Coanda 

effect) for a very short distance, being detached and reversed by a strong local pressure 

gradient.  This local pressure gradient is the result of the basic pressure gradient from the 

lower to the upper surface of the blade tip and of the difference in pressure between the 

jet pressure and the lower pressure of the surrounding air.  As the jet mass reduces at the 

next blowing phase, the jet is more quickly detached and reversed upward.  At the same 

time, the vortical flow region decreases as the distance where the jet is attached 

decreases.  When the slot is closed, the boundary layer around the tip becomes again 

attached.  Due to blowing, in the region of incipient vortex the pressure drops.  

Consequently, the pressure gradient from the lower to upper surfaces increases, 

stabilizing the boundary layer around the tip.  This explains also the appearance of the 

attached cross-flow and the quick spreading of the low intensity jet for the flow pattern 

corresponding to phase 3.  As it moves downstream, similar behavior of the flow pattern 

change with the blowing is observed.  At the x=0.5 chord section, the vortex at phase 0 

becomes more concentrated on the upper blade side.  In the next blowing phase, the 

lower blowing momentum reduces the pressure gradient between the jet boundary and 

surrounding air, and the jet becomes more attached, enriching the boundary layer.  The 

reverse flow region extends along the curved wall and, the vortex is spreading due to the 

longer distance for the jet to roll up.  At phase 2, as the jet decreases the intensity, the 

vortex is more dissipated and the reverse flow region is reduced.  The cross-flow 

stabilizes in phase 3, when the reverse flow region is the most reduced.  Advancing 

downstream, the jet becomes attached on the wall for a longer distance and the jet roll-up 

distance increases.  As the vortex grows, the distance between the vortex center and the 
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blade surface increases.  At 80% of the chord section, the results show that the vortex can 

be well identified during all phases of the blowing cycle.  As the jet roll-up process ends, 

the flow patterns show that the vortex center is located in the maximum axial deficit 

region.  At the 90% chord section as well as at the trailing edge section, the vortex shape 

showed to be more deformed for the no-blowing phase than for the other phases.  Also, a 

very weak secondary vortical flow region can be identified downward of the vortex.  This 

vortical flow is caused by the adverse pressure gradient between the lower side of the jet 

and the fluid layer attached to the blade lower side.  As a consequence, the boundary 

layer on the blade lower side detaches near the mid-plane of the tip edge.  However, this 

secondary flow has a comparatively low intensity and it is rapidly diffused downstream.  

Summarizing, the results show a significant change of the flow pattern as the 

blowing configuration changes.  As previously noted, phases 1 and 3 have the same 

blowing configuration.  However, phase 1 corresponds to the first half-cycle in which the 

slot height decreases, while, in phase 3, the height half-cycle.  Therefore, the jet rate mass 

decreases during phase 1 and increases during phase 3.  The differences between the flow 

patterns corresponding to the same blowing slot height are also illustrated by the 

variation of the aerodynamic performance coefficient during a blowing cycle.   

The flow patterns for the different chord sections indicate that, in phase 3, the 

vortex is less intense and the axial deficit is lower.  This trend may be explained by the 

delay in the flow response as the blowing configuration changes.  This delay is expressed 

by the hysteresis behavior of the aerodynamic coefficient variation.   
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8.3. Vortex Evolution  

 

To illustrate the evolution of the vortex as it ages, the flow patterns are 

represented for wake ages corresponding to azimuth angles: Ψ= 7.1° ( trailing edge 

section), 10° (0.3c behind trailing edge), 20° (1.3c behind trailing edge) and 30° (2.75c 

behind trailing edge).  In Figures 8.11-8.12, the contours of the streamwise velocity and 

of the cross-flow vorticity lines are represented.  The presentation of the flow patterns is 

completed with Figures 8.13-8.14, where the cross-flow velocity and the azimuthal 

vorticity contours are represented.  As explained in Chapter 6 for the baseline case, the 

cross-flow streamlines are used to suggest the shape of the vortex core section in Figures 

8.11-8.14.  The convergent or divergent orientation of these spiraled streamlines, as well 

as the size of their wrapping regions, could suggest different flux intensities towards the 

mid core or outward of the vortex core, respectively.   

One conclusion of the baseline flow analysis is that the tip vortex core shape 

changes significantly during the roll-up process.  Moreover, the process of core 

identification shows that the tip vortex has an elliptical core, which rotates as the roll-up 

advances.  Another significant characteristic highlighted by the baseline case study is the 

offset between that the swirl center for the tip vortex and the location of peak axial 

velocity.  It was also observed that, as the roll-up matures, this offset distance between 

the swirl center and the maximum axial deficit decreases.  At age 30° where the roll-up is 

almost ended, these points approximately coincide.  In contrast to the baseline case, the 

swirl center and the point of maximum axial deficit tend to collocate even from the 
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trailing edge when blowing is applied.  Also, the peak axial deficit inside the vortex core 

is much higher for the blowing case than for the baseline case.   

Another difference between the baseline case and the modulated blowing case 

concerns the change in the vortex core cross section as the vortex develops downstream.  

For the baseline case, the roll-up of the free shear layer leads to the assimilation of small 

scale eddies in the vortex core region, causing the growth of the tip vortex.  

Consequently, a significant change of the cross section occurs during the roll-up.  This is 

also indicated by the elongated shape of the vortex core.  By comparison, the cross-flow 

streamlines for the modulated blowing case present more concentrical shapes without a 

notable orientation change of the vortex core between 10° and 30° wake ages.  When the 

vortex leaves the blade, the core was already fed by the jet-mixing layer during the jet 

roll-up process and consequently the influence of the free shear roll-up is more reduced.  

At the early formation stage, the vortex core shape varies significantly during the blowing 

cycle since it is dependent on the blowing jet characteristics.  These observations lead to 

the conclusion that the jet roll-up is the primary mechanism, which determines the 

formation and the further evolution of the tip vortex in the tangential blowing case. 

As previously mentioned, the influence of the blowing cycle is significant for the 

early vortex ages.  These can be observed in the flow representations for the different 

blade chord sections in Figures 8.3-8.6, as well as for the flow patterns represented in 

Figure 8.13 for 7.1° and 10° vortex ages.  Advancing downstream, this influence 

diminishes and at 30° wake age (about 2.8 c behind trailing edge), the flow patterns 

(Figure 8.14) during the blowing cycle are almost the same.  A comparative analysis 

between the azimuthal vorticity variations for the baseline case illustrated in Figures 6.8-
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6.11 and the similar representations for the modulated blowing test shows a significantly 

lower magnitude of the vorticity and, implicitly, of the vortex strength in the case of 

modulated blowing.  The considerable diffusion of vorticity observed in the blowing case 

at the trailing edge (Ψ=7.1°), as well as close behind the trailing edge (Ψ=10°), indicates 

that the vorticity diffusion begins during the jet layer roll-up.  The results suggest that the 

tip vortex core trailing behind the blade is more diffused due to the strong shear stresses 

characterizing the jet-mixing layer.  The reduced level of vorticity as well as the larger 

core size is confirmed also by the following investigation of the vortex core parameters. 

 

 

8.4  Vortex Core Parameters 

 

The characterization of the vortex core for different wake ages is based on the 

representations of the swirl velocity profiles in four radial planes corresponding to the 

wake ages Ψ= 7.1°, 10°, 20° and 30°.  These velocity profiles are determined by the 

variation of the vertical velocity for different radial lines characterized by their vertical z-

coordinate.  

As described in Chapter 6, the estimation of the viscous vortex core radius is 

given by the peak-to peak swirl velocity distance.  Meanwhile, the linear part of the 

velocity profile (corroborated with the indicative values given by the Richardson 

criterion) is used to identify the solid-body rotation region.  This core region is 

characterized mainly by a laminar behavior.  In Table 8.1-8.8, the viscous core and the 

solid-body rotation core parameters are listed and compared with the similar parameters 
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estimated for the baseline (no blowing) and steady blowing cases.  For a comparison of 

the swirl velocity profiles for baseline and steady blowing case with the profiles obtained 

for the modulated blowing case are graphically displayed in Figures 8.15-8.18.  The 

results listed in Table 8.7-8.8 for 30° wake age indicate that the linear slope of the swirl 

velocity and, consequently, of the local vorticity, decreases by almost 40%.  Since the 

distance of the linear variation of velocity (characterizing the solid-body rotation core) is 

almost constant, the viscous core increases almost three times.  The location of the vortex 

center is moved outboard by about 3% of the chord in comparison with the baseline case. 

Unlike the baseline case, where the results indicate an increasing trend of the ratio 

between the laminar core and the viscous core, which suggests the occurrence of a 

relaminarization phenomenon, the data obtained for the modulated blowing indicates a 

decreasing trend of this ratio.  As an example, at 30° wake age, the ratio between the 

solid-body rotation radius and the peak-to-peak velocity distance for the baseline case is 

about 80%, while for the unsteady blowing case it is about 30%.  This trend of reduced 

laminar core ratio, as well as higher vorticity diffusion for the modulated blowing case, 

may indicate that the turbulent mixing inside the vortex core is more intense than for the 

no blowing case.  The significant role played by turbulence when the tip vortex structure 

is modified by spanwise blowing was stated and experimentally investigated in the recent 

work of Han and Leishman (2004).  However, numerically, due to the uncertainties of the 

turbulence model, as well as the inherent numerical viscosity, a quantitative conclusion 

regarding the turbulence influence in the vortex growth rate cannot be realistically stated 

in this study. 
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Figure 8.3 Cross-flow velocity patterns during the vortex formation for modulated 
blowing for 30% and 40% chord sections 
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Figure 8.4 Cross-flow velocity patterns during the vortex formation for modulated 
blowing for 50% and 60% chord sections 
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Figure 8.5 Cross-flow velocity patterns during the vortex formation for modulated 
blowing for 70% and 80% chord sections 
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Figure 8.6 Cross-flow velocity patterns during the vortex formation for modulated 
blowing for 90% chord and trailing edge sections 
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Figure 8.7  Cross-flow streamlines represented for 50%, 70% and 90% chord sections 
for 0/4 period blowing phase 

 
 
 

 
 

Figure 8.8  Cross-flow streamlines represented for 50%, 70% and 90% chord sections 
for 1/4 period blowing phase 
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Figure 8.9  Cross-flow streamlines represented for 50%, 70% and 90% chord sections 
for 2/4 period blowing phase 

 
 
 

 
 

Figure 8.10  Cross-flow streamlines represented for 50%, 70% and 90% chord 
sections for 3/4 period blowing phase 
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Figure 8.11 Two-dimensional flow patterns for cross flow vorticity lines 
represented for 7.1o and 10o wake age planes 
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Figure 8.12 Two-dimensional flow patterns for cross flow vorticity lines 
represented for 20o and 30o wake age planes 
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Figure 8.13 Flow pattern in the radial planes corresponding to 
 the vortex ages of 7.1o and 10o 
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Figure 8.14 Flow pattern in the radial planes corresponding to 
 the vortex ages of 20o and 30o 
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Table 8.1.  Variation of vortex core parameters at 7 deg wake age 
 
 

 
Estimated vortex 
center location 

 
Estimated peak-to peak core 

 
 

Wake age 
 

7.1o 

 
 

Blowing 
Coefficient

Cµ[10-3] 

 
cRR =~

 
cZZ =~  

Radius 
crr =~

Swirl 
velocity 

TipZ VVw /~ =
 

 
Slope 

rw ~~=Ω
 

 
No- blowing 0 5.976 -0.065 0.050 0.378 7.55 

Steady 
Blowing 0.21 6.086 -0.075 0.113 0.282 2.50 

Phase 
0/4 0.21 5.989 -0.065 0.056 0.287 5.12 

 
1/4 0.04 5.986 -0.050 0.058 0.301 5.22 

 
2/4 0.0 6.027 -0.050 0.080 0.252 3.14 

M
od

ul
at

ed
 B

lo
w

in
g 

4 
cy

cl
es

/re
v 

 
3/4 0.04 6.007 -0.050 0.068 0.298 4.40 

 
 
 

 
Estimated solid-body rotation core 

Solid-body 
rotation core vs 

peak-to peak core 

 
 

Wake age 
 

7.1o 

 
 

Blowing 
Coefficient

Cµ[10-3] 
Radius 

crrS =~
Swirl 

velocity 
TipZS VVw /~ =

Slope 
rw ~~=Ω  r

rS
~
~

 
w
wS
~
~

 

 
No- blowing 0 0.031 0.315 10.01 62.8% 83.2% 

Steady 
Blowing 0.21 0.025 0.200 8.00 22.1% 70.9% 

Phase 
0/4 0.21 0.049 0.283 5.74 88% 99% 

 
1/4 0.04 0.017 0.147 8.46 30% 49% 

 
2/4 0.0 0.016 0.104 6.38 20% 41% 

M
od

ul
at

ed
 B

lo
w

in
g 

4 
cy

cl
es

/re
v 

 
3/4 0.04 0.035 0.179 5.12 52% 60% 
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Table 8.2  Comparison of vortex core parameters between modulated blowing case 
and baseline case at 7 deg wake age 

 

Peak-to peak core Wake age 
 

7.1o 

Blowing 
Coefficient 

Cµ[10-3] 
baseliner
r

~
~

 
baselinew
w

~
~

 Vorticity ratio 

 
No- blowing 0 1.00 1.00 1.00 

Steady 
Blowing 0.21 2.26 0.75 0.33 

Phase 
0/4 0.21 1.12 0.76 0.68 

 
1/4 0.04 1.15 0.80 0.69 

 
2/4 0.0 1.60 0.67 0.42 

M
od

ul
at

ed
 B

lo
w

in
g 

4 
cy

cl
es

/re
v 

 
3/4 0.04 1.35 0.79 0.58 
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Figure 8.15  Comparison of velocity distributions at 7 deg vortex age for the rotor 

without blowing (baseline) and the rotor with steady and unsteady blowing 
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Table 8.3  Variation of vortex core parameters at 10 deg wake age 
 
 

 
Estimated vortex 
center location 

 
Estimated peak-to peak core 

 
 

Wake age 
 

10o 

 
 

Blowing 
Coefficient

Cµ[10-3] 

 
cRR =~

 
cZZ =~

 
Radius 

crr =~

Swirl 
velocity 

TipZ VVw /~ =  

 
Slope 

rw ~~=Ω
 

 
No- blowing 0 5.947 -0.055 0.058 0.259 4.51 

Steady 
Blowing 0.21 6.043 -0.055 0.121 0.214 1.77 

Phase
0/4 0.21 5.969 -0.085 0.082 0.190 2.33 

 
1/4 0.04 5.961 -0.085 0.071 0.198 2.79 

 
2/4 0.0 5.970 -0.085 0.072 0.217 3.00 

M
od

ul
at

ed
 B

lo
w

in
g 

4 
cy

cl
es

/re
v 

 
3/4 0.04 5.990 -0.085 0.097 0.191 1.97 

 
 
 

 
Estimated solid-body rotation core 

Solid-body 
rotation core vs 

peak-to peak core 

 
 

Wake age 
 

10o 

 
 

Blowing 
Coefficient

Cµ[10-3] 
Radius 

crrS =~
Swirl 

velocity 
TipZS VVw /~ =

Slope 
rw ~~=Ω  r

rS
~
~

 
w
wS
~
~

 

 
No- blowing 0 0.030 0.215 7.06 53% 83% 

Steady 
Blowing 0.21 0.014 0.124 8.71 12% 58% 

Phase 
0/4 0.21 0.062 0.161 2.61 75% 85% 

 
1/4 0.04 0.049 0.162 3.33 69% 82% 

 
2/4 0.0 0.049 0.188 3.85 67% 86% 

M
od

ul
at

ed
 B

lo
w

in
g 

4 
cy

cl
es

/re
v 

 
3/4 0.04 0.044 0.159 3.63 45% 83% 
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Table 8.4  Comparison of vortex core parameters between modulated blowing and 
baseline at 10 deg wake age 

 

Peak-to peak core Axial deficit 
peak Wake age 

 
10o 

Blowing 
Coefficient 

Cµ[10-3] 
baseliner
r

~
~

 
baselinew
w

~
~

 Vorticity 
ratio tip

a

V
V  

 
No- blowing 0 1.00 1.00 1.00 0.14 

Steady 
Blowing 0.21 2.10 0.83 0.39 0.66 

Phase 
0/4 0.21 1.42 0.73 0.52 0.34 

 
1/4 0.04 1.23 0.76 0.62 0.27 

 
2/4 0.0 1.25 0.84 0.67 0.31 

M
od

ul
at

ed
 B

lo
w

in
g 

4 
cy

cl
es

/re
v 

 
3/4 0.04 1.68 0.73 0.44 0.32 
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Figure 8.16  Comparison of velocity distributions at 10 deg vortex age for the rotor 

without blowing (baseline) and the rotor with steady and unsteady blowing 
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Table 8.5  Variation of vortex core parameters at 20 deg wake age 
 
 

 
Estimated vortex 
center location 

 
Estimated peak-to peak core 

 
 

Wake age 
 

20o 

 
 

Blowing 
Coefficient

Cµ[10-3] 
cRR =~ cZZ =~ Radius 

crr =~

Swirl 
velocity 

TipZ VVw /~ =
 

 
Slope 

rw ~~=Ω
 

 
No- blowing 0 5.893 -0.075 0.084 0.167 2.00 

Steady 
Blowing 0.21 6.015 -0.050 0.158 0.164 1.04 

Phase 
0/4 0.21 5.953 -0.085 0.218 0.112 0.51 

 
1/4 0.04 5.936 -0.085 0.211 0.115 0.54 

 
2/4 0.0 5.937 -0.085 0.158 0.117 0.74 

M
od

ul
at

ed
 B

lo
w

in
g 

4 
cy

cl
es

/re
v 

 
3/4 0.04 5.942 -0.085 0.116 0.117 1.01 

 
 
 

 
Estimated solid-body rotation core 

Solid-body 
rotation core vs 

peak-to peak core 

 
 

Wake age 
 

20o 

 
 

Blowing 
Coefficient

Cµ[10-3] 
Radius 

crrS =~
Swirl 

velocity 
TipZS VVw /~ =

Slope 
rw ~~=Ω  r

rS
~
~

 
w
wS
~
~

 

 
No- blowing 0 0.065 0.146 2.24 78.3% 87.6% 

Steady 
Blowing 0.21 0.070 0.068 0.97 44.6% 41.4% 

Phase 
0/4 0.21 0.082 0.098 1.21 37% 88% 

 
1/4 0.04 0.089 0.097 1.09 42% 85% 

 
2/4 0.0 0.099 0.103 1.04 63% 88% 

M
od

ul
at

ed
 B

lo
w

in
g 

4 
cy

cl
es

/re
v 

 
3/4 0.04 0.080 0.095 1.19 69% 81% 
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Table 8.6  Comparison of vortex core parameters between modulated blowing and 
baseline at 20 deg wake age 

 

Peak-to peak core Wake age 
 

20o 

Blowing 
Coefficient 

Cµ[10-3] 
baseliner
r

~
~

 
baselinew
w

~
~

 Vorticity ratio 

 
No- blowing 0 1.00 1.00 1.00 

Steady 
Blowing 0.21 1.89 0.98 0.52 

Phase 
0/4 0.21 2.62 0.67 0.26 

 
1/4 0.04 2.53 0.69 0.27 

 
2/4 0.0 1.90 0.70 0.37 

M
od

ul
at

ed
 B

lo
w

in
g 

4 
cy

cl
es

/re
v 

 
3/4 0.04 1.38 0.70 0.51 
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Figure 8.17  Comparison of velocity distributions at 20 deg vortex age for the rotor 

without blowing (baseline) and the rotor with steady and unsteady blowing 
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Table 8.7  Variation of vortex core parameters at 30 deg wake age 
 
 

 
Estimated vortex 
center location 

 
Estimated peak-to peak core 

 
 

Wake 
age 

 
30o 

 
 

Blowing 
Coefficien

t 
Cµ[10-3] 

 
cRR =~

 

 
cZZ =~

 

 
Radius 

crr =~  

Swirl 
velocity 

TipZ VVw /~ =
 

 
Slope 

rw ~~=Ω  

 
No- blowing 0 5.851 -0.09 0.122 0.138 1.13 

Steady 
Blowing 0.013 5.980 -0.070 0.342 0.116 0.34 

Phas
e 

0/4 
0.013 5.921 -0.125 0.338 0.098 0.29 

 
1/4 0.003 5.929 -0.125 0.333 0.098 0.30 

 
2/4 0.0 5.910 -0.125 0.335 0.101 0.30 

M
od

ul
at

ed
 B

lo
w

in
g 

4 
cy

cl
es

/re
v 

 
3/4 0.003 5.919 -0.125 0.250 0.101 0.40 

 
 
 

 
Estimated solid-body rotation core 

Solid-body 
rotation core vs 

peak-to peak core 

 
 

Wake age 
 

30o 

 
 

Blowing 
Coefficient

Cµ[10-3] 
Radius 

crrS =~
Swirl 

velocity 
TipZS VVw /~ =

Slope 
rw ~~=Ω  r

rS
~
~

 
w
wS
~
~

 

 
No- blowing 0 0.099 0.132 1.33 81.1% 95.7% 

Steady 
Blowing 0.013 0.069 0.069 0.99 20.3% 59.4% 

Phase 
0/4 0.013 0.103 0.082 0.80 30% 84% 

 
1/4 0.003 0.097 0.076 0.78 29% 77% 

 
2/4 0.0 0.109 0.081 0.74 33% 80% 

M
od

ul
at

ed
 B

lo
w

in
g 

4 
cy

cl
es

/re
v 

 
3/4 0.003 0.103 0.085 0.83 41% 84% 
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Table 8.8  Comparison of vortex core parameters between modulated blowing and 
baseline at 30 deg wake age 

 

Peak-to peak core Axial deficit 
peak Wake age 

 
30o 

Blowing 
Coefficient 

Cµ[10-3] 
baseliner
r

~
~

 
baselinew
w

~
~

 Vorticity 
ratio tip

a

V
V  

 
No- blowing 0 1.0 1.0 1.00 0.095 

Steady 
Blowing 0.013 2.81 0.84 0.30  

Phase 
0/4 0.013 2.77 0.71 0.26 0.153 

 
1/4 0.003 2.73 0.71 0.26 0.152 

 
2/4 0.0 2.74 0.73 0.27 0.151 

M
od

ul
at

ed
 B

lo
w

in
g 

4 
cy

cl
es

/re
v 

 
3/4 0.003 2.05 0.73 0.36 0.145 
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Figure 8.18  Comparison of velocity distributions at 30 deg vortex age for the rotor 

without blowing (baseline) and the rotor with steady and unsteady blowing 
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CHAPTER IX 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

 

9.1  Introduction 

 

A theoretical study was undertaken in this work concerning helicopter blade tip 

vortex modifications in hover through piezoelectrically modulated/vectored blowing at 

the blade tip. The study utilized a first order analytical modeling of a piezoelectrically 

actuated valve coupled with a Navier-Stokes computational fluid dynamics analysis using 

NAV3D and TURNS. 

A particular implementation of the original modulated and/or vectored blowing 

concept developed by Dancila and Armanios is investigated in this thesis, consisting of a 

piezoelectric bender actuator controlling a cylindrical valve. The thesis included the 

development of a first-order quasi-static and dynamic electromechanical model for the 

piezoelectric actuator, coupled with the cylindrical valve mechanism, which was used to 

modulate and vector the blowing.  The electromechanical model was affected by 

nonlinearities and required a numerical analysis to establish the dynamic response of the 

piezoelectric valve. 

A methodology for combining such an electromechanical model with a 

computational fluid dynamics (CFD) analysis was developed and applied to study the 
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effectiveness of this flow control device in modifying the flow around an elliptical wing 

section with trailing edge blowing.  

The thesis focused on the CFD analysis of rotor flow in hover in order to 

understand and evaluate the effectiveness of steady and unsteady blade tip blowing in 

changing the blade tip vortex structure.  An initial CFD simulation for a rounded tip wing 

with NACA 0012 airfoil, with characteristics similar to the rotor blade configuration, was 

performed to provide a better understanding of solver capability and to allow 

comparisons with previous results found in relevant literature. 

It is known that fundamental explanations regarding the mechanisms of 

formation, evolution and persistence of rotor tip vortices are limited by the current status 

of understanding of rotor flow dynamics, as well as by the limited reliability of CFD 

predictions.  For a given set of numerical results, an enhanced physical understanding of 

the flow field and related phenomena can be extracted through a careful data 

postprocessing.  Therefore, a detailed procedure relying upon fundamental aerodynamic 

concepts and vortex flow theory was established for the physical interpretation of the 

numerical results obtained, using TURNS, for the baseline cases of the flow around a 

hovering two-bladed rotor with rounded and square tips, respectively.  To capture the 

effect of the geometry change, special attention was paid to the near- blade grid 

refinement, which led to a consistent evaluation of the mechanism of vortex formation for 

the two cases.  By using this postprocessing methodology, a characterization and 

understanding of blade tip vortex formation and evolution in the near wake was 

accomplished for the reference square and rounded blade tips.  The numerical study for 
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the square tip provided a first computational confirmation of some experimentally 

observed blade tip vortex flow characteristics.   

In the final part of the thesis, the effectiveness of tangential modulated blowing 

over a rounded tip to modify the tip vortices has been investigated.  Additionally, the 

capability of steady blowing with the jet emerging from the blade tip mid-plane, with and 

without anhedral, for altering consistently the tip vortices trajectory was investigated. 

 

 

9.2  Conclusions 

 

A summary of conclusions from the work performed in this thesis is presented as follows: 

1. The combined electromechanical and computational fluid dynamics analysis, 

performed to simulate the two-dimensional flow field around an elliptical wing section 

with modulated trailing edge blowing, proved the effectiveness of the active flow control 

system.  In response to the applied voltage signal, the wake structure changes.  The 

frequency of the wake structure is dictated by the frequency of the applied voltage signal.  

Study of the effect of amplitude and frequency of the input voltage signal indicates the 

blowing cycle shape can be designed through the voltage signal.   

2. Consistently, the same qualitative type of response as for 2D configuration was 

also observed for the rounded tip wing with modulated tangential blowing. The results 

obtained for the case of modulated blowing show qualitative modifications of the tip 

vortex structure, the aerodynamic coefficients exhibiting limit cycle type responses 
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dictated by the blowing frequency.  In terms of lift coefficient responses, a higher 

hysteresis was observed for the higher frequency. 

3. The CFD investigation for square and rounded blade tips, demonstrated that the 

formation mechanisms of tip vortices depend on the tip blade geometry.  The 

comparative investigation confirmed the experimental observations regarding the early 

separation of the boundary layer for the square tip, while the curved wall induces a 

Coanda- type effect on the flow that remains attached.  Moreover, the numerical 

capturing of the shear layer roll-up indicates that, in the near wake area, the vortex has an 

elongated core that rotates as the roll-up process matures.  At the same time, the same 

non-coincidence of the centers of peak axial deficit with the swirl centers was 

numerically observed.  The far wake investigation showed a slight reduction of vorticity 

for the rounded blade tip.  An estimation regarding the potential of BVI noise reduction 

indicates that the rounded blade tip may be more beneficial for noise reduction compared 

to the square blade tip.  

4. The study of blowing configurations showed that the vortex formation mechanism 

determined by the jet roll-up is dictated by the blowing jet’s width and intensity.  The 

study of the tangential and mid-plane blowing configurations revealed that the jet acts as 

a jet flap by moving the vortex center radially outboard and by amplifying the wake 

descent.  In both configurations investigated, the blowing obstructs the flow around the 

tip and therefore it impedes the occurrence of the flow separation on the upper side of the 

blade surface.  The jet entrains the boundary layer fluid in its own direction, the flow 

being dictated by the emerging jet momentum.  Consequently, the high vorticity regions 

generated in the mixing layers of the jet with surrounding air create the conditions for the 
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formation of the tip vortices.  These vortices grow by the jet roll-up, the free shear layers 

rolling on matured vortex structures.  The vortex origins are determined by the jet mixing 

distance and spread, which finally are dictated by the jet momentum and its mass flow 

rate.  Both parameters are controlled by the plenum conditions.  Therefore, the plenum 

conditions and the slot geometry (which dictates the jet orientation and mass flow rate) 

represent the input parameters for controlling the flow around the tip and, ultimately, the 

vortex trajectories and structures.  

5. The comparative analysis of the rotor far wake for the baseline (no blowing) case 

and the tangential steady case performed for the same thrust coefficient indicates that the 

tangential blowing causes a significant amplification of the wake descent rate as well as a 

vorticity reduction.  Consequently, for the investigated blowing case, the miss distance 

increased approximately two fold compared to the corresponding one evaluated for a 

baseline case characterized by the same thrust coefficient.  The estimative study 

regarding the benefits and drawbacks of using blowing indicates that, assuming that a 

similar wake behavior as in the hover test is obtained for the low speed forward flight, a 

significant reduction of the BVI noise level may result as a consequence of the increase 

in the miss distance.  As an indicator of the supplementary power necessary for this 

blowing configuration, the coefficient of jet kinetic energy is about 20% of the 

aerodynamic rotor power coefficient required for hover.  The mid-plane blowing 

configurations investigated indicate that a deflection of the blowing angle can 

significantly change the vertical vortex position from upward to downward.  

6. The rotor flow numerical simulation for the unsteady tangential blowing over a 

rounded tip, which was obtained by modulation of the slot height, showed again the limit 
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cycle type response of the aerodynamic coefficients with the same frequency as the 

blowing cycle.  Moreover, the near wake flow patterns change periodically with blowing 

cycle phase.  Consequently, the vortex core structure is time-dependent, varying with the 

blowing phase.  This result, consistent with the previous results obtained for 2-D flow 

around the elliptical airfoil and for the 3-D flow around the rounded tip wing, indicates 

the effectiveness of modifying the flow with the frequency dictated by an input control 

signal.   

7. The investigation concerning the vortex core characteristics showed that through 

modulated blowing, a reduction of over 20% of the peak velocity was obtained. This is 

associated with a more than 30% reduction of vorticity relative to the baseline case as the 

vortex detaches from the trailing edge.  As the wake age increases, the vortex core 

diffuses, and at 30 deg wake age the peak-to-peak vortex core radius more than doubles 

in comparison with the baseline case, while the local vorticity ratio diminishes about four 

times.  These results indicate that the unsteady blowing obtained by the modulation of 

slot height proved to be efficient in vorticity diffusion.  This constitutes a qualitative 

change of the structure and strength of the tip vortex, which is because the formation 

mechanism is dictated mainly by the jet parameters.   

8. The modulated blowing has the advantage of utilizing less blowing resources than 

in the steady case.  Moreover, the piezoelectric actuation has the advantage of rapid 

response at the control input signal, offering the possibility of an effective control of the 

blowing jet modulation. This offers a degree of freedom in the design of a control system 

and in defining different blowing schedules that can be adapted to different flight 

maneuvers. 
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9.3  Recommendations 

 

Based on the experience accumulated in developing this thesis, several future 

subjects of interest are suggested below: 

1. In this thesis, the estimation of the blowing jet characteristics established as result 

of the geometrical misalignment of the cylindrical valve slots is only a first order 

approximation.  A more developed model should be taken into consideration, involving 

also the analysis of internal flow in the valve. 

2. In the thesis, a parametric study regarding the influence of the frequency of the 

voltage input signal was developed in the analysis of the trailing edge modulated and 

vectored blowing for an elliptical airfoil.  However, only sinusoidal variation of the input 

signal was taken into consideration.  As a suggestion for a future work, the consideration 

of a parametric study involving the signal shape can lead to an optimal solution.   

3. As mentioned, for the three dimensional flow simulations, an O-topology of the 

grid around the rounded blade tip and rounded wing tip is more adequate than the C-H 

grid generated in the current investigations.  Therefore, it is recommended that the 

TURNS solver be modified in order to accommodate the grid topology transformation.  

In the current thesis, the change of the grid generator was not one of the objectives.  The 

work was focused on refining the grid to capture the near wake effects of the changes in 

the blade geometry, utilizing the current version of TURNS and the grid generator. While 

successfully capturing the mechanism of formation of the tip vortices for baseline and 

blowing cases, the TURNS solver proved to be extremely grid-sensitive at the limited 

resolution of the grid in far wake.  As a recommendation for a future work, the 
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reconstruction of the grid generator is a key point to more effectively capture the wake.  

Moreover, the implementation of higher order schemes corroborated with the grid 

refinement may improve significantly the accuracy of wake capturing.  Another CFD-

sensitive issue is related to the turbulence model, especially in the case of blowing cases 

involving the free jet as well as the unsteady jets.  However, the development of a 

consistent turbulence model represents an open research topic. 

4. The analysis of the flow patterns regarding the baseline case underlined the 

necessity of developing a more complex vortex model, which takes into account the 

effect of the axial (streamwise) velocity into the core.  As an example, depending upon 

the axial velocity profile, a limit cycle type solution was identified in the cross-flow 

streamlines representation for the vortex age of 10 deg.  For an analytical investigation 

regarding this type of flow pattern, the two-cell vortex model of Sullivan could be 

suitable.  Therefore, this analytical model is suggested as a basis for the methodology for 

a recommended further analysis to identify the vortex core. Explanations for this 

behavior require further investigations beyond the scope of this thesis.  For this reason, it 

is recommended as a future work to intensify the study regarding the viscous core 

behavior in comparison with a different class of analytical vortex models and to insist on 

the two-cell vortex solutions class and not only on the usual Lamb-Oseen solution class. 

5. Finally, the thesis proved qualitatively and quantitatively the change of the tip 

vortex through modulated blowing due to the fundamental change in the formation 

mechanism.  As a further step, a systematic parametric study regarding the blowing cycle 

parameters is recommended to enlarge the understanding of the influence of different 

blowing parameters in modifying the tip vortex structure. 
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Appendix A 

Analytical Approach for Linearized Model of Actuation System 

 

 

The steady state response was analytically studied for the linearized model 

generated by the following governing equation,   

 

04

4
4

2

2

=
∂
∂

+
∂
∂

x
wa

t
w      (A.1) 

 

and the boundary conditions,  

 

( )
( )

( ) ( )
( ) ( )⎪

⎪
⎩

⎪
⎪
⎨

⎧

=′′′
Ω=′′

=′
=

2,1,1
,1

0,0
0,0

btwtw
tiExpAtw

tw
tw

&&

     (A.2) 

 

where the parameters  a and b are given as 
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Writing the steady state harmonic response in the form 

 

( ) ( ) ( )tiExpAxWtxw Ω=,       (A.4) 

 

the problem described be equations (A.1) and (A.2) is reduced at the following 

eigenvalue problem  
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defined by the boundary conditions 
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In order to satisfy the equations (A.5) and (A.6a),  the general solution can be written as  
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The natural frequencies of the coupled system are found by solving the following 

characteristic equation in Ω, written in the matrix form as: 
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In a simplified form the natural frequencies ωk of the system are given by the 

solution of the algebraic equation  
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To find the particular solution which satisfy the equations (A.5) and (A.6), the 

constants C1 and  C2 are uniquely determined by 
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and then replaced in the general solution form (A.4). 
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Appendix B 

Cylindrical Valve Geometry 

  
 

The direction of the blowing jet also is established from the geometrical 

misalignment of the cylindrical valve slots. In Figure B.1, a simplified representation of 

the misaligned slots’ position is shown. The defined points, A-D, will be referenced for 

defining the blowing jet angle, β, and the jet slot height, hslot.  

The coordinates (x, z) of mobile points, A and C are found by rotating the system (x0, 

z0), defined for initially aligned slots position as   
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Figure B.1 Cylindrical Valve - Schematic Representation of the Misaligned Slots 
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It is assumed that the jet boundaries are defined by the lines, AB and CD.  Using 

Eq. (B.1), and the geometrical characteristics of the both cylinders forming the valve, the 

A-D points coordinates are expressed as : 
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The expression of the angles, βAB and βCD are given as,  
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The blowing jet angle is assumed to be: 
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The height of the jet slot at the exit section is defined as the distance between the 

point, D’ (intersection between the line AB and the external circle of fix cylinder) and the 

point D, 
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The height of the jet slot represents the thickness of the jet in the normal direction 

to the jet flow direction and can be expressed as function of blowing angle β,  

 

e
slotslot hh βcos=       (B.4) 

 

In the CFD model, the parameter, he
slot, is used to determine the boundary cells 

for which the blowing jet condition needs to be imposed.  
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