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Abstract 

Numerical investigations of the mitigation of airfoil-vortex interactions (AVI) 

using Large Eddy Simulation (LES) were performed. Novel passages between the upper 

and lower surfaces of the airfoil mitigated A Vis. A NACA 0012 airfoil at zero angle of 

attack and the Smagorinsky sub-grid scale model with Van Driest Damping function 

were used as a benchmark airfoil. The freestream Reynolds number was 300,000 based 

on the airfoil chord (c = 0.46 m). The Mach number was M = 0.036. The vortex size had 

strength of 0.9 m2/s and a viscous core radius of 0.023 m, following the Lamb-Oseen 

model. Miss-distance was yv = -0.067 m. The LES AVI results (lift and moment 

coefficients) for no passage were validated against experimental data and verified against 

URANS (Unsteady Reynolds Averaged Navier-Stokes) simulation (using a Shear Stress 

Transport turbulence model). Simulations for a vertical passage (placed a V* chord 

location, with a width of 0.05c), an inclined 45° passage (yv = -0.067 m), and inclined 45° 

passage (yv = 0 m) were performed with LES. Finally the inclined 45° passage was 

simulated with LES at M = 0.25, a vortex strength of 6.3 m2/s and yv = 0 m. Each 

measured the mitigation of the interaction against the NACA 0012 results with 

incremental lift coefficient (lift spike) as mitigation. Simulation results indicate 

mitigation (upwards of 5.3% reduction in the incremental lift coefficient) of lift and 

moment coefficients for the 45° passage when compared against the benchmark airfoil. 



There was a noticeable penalty in drag throughout the interaction for the 45° passage. If 

the Courant number is lower than unity for URANS of AVI, lift/moment predictions with 

the same computational time as LES are reasonable. LES was determined to be a valid 

method for BVI investigations. 
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Chapter l: Introduction and Motivation 

This thesis presents a comprehensive study pertaining to the aerodynamic 

investigation of a two-dimensional (2D) blade-vortex interaction (BVI), which is also 

referred to as an airfoil-vortex interaction (AVI). 

The current chapter provides a brief description of the problem, followed by the 

motivation which inspired the current research. The methodology employed to solve the 

problem along with the major objectives of the current work shall then be outlined. A 

literature review concerning BVI and some background pertaining to the problem at hand 

shall then be provided (Chapter 2). The numerical methods employed in Computational 

Fluid Dynamics (CFD) which were used to resolve the problem shall then be addressed 

(Chapter 3). Some theory and a literature review related to blade tip vortices are provided 

in Chapter 4. The theory presented in Chapter 4 is pertinent for any AVI investigation. 

Chapter 5 validates and verifies the use of Large Eddy Simulation (LES) to solve the AVI 

problem. The use of LES for AVI investigations is both validated and verified through a 

comparison of experimental results of Straus et al. (1990). The results obtained from a 

discrete vortex method presented by Renzoni (1987) were compared with the results 

obtained for LES with the same inflow and vortex parameters employed previously. 

Chapter 6 presents a study that attempts to mitigate the interaction between the tip vortex 
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and the blade. This is done by placing two different cavities in the blades, one slanted and 

one straight to quantitatively view the change of the aerodynamics of the blade-vortex 

interaction through the application of these cavities. Other studies based on the mitigation 

study are performed in Chapter 6 by varying the miss distance of the vortex (defined in 

Figure 1.1) as well as the freestream velocity using the unaltered geometry as well as the 

cavity which provides the most beneficial results related to the aerodynamics of the BVI 

phenomenon. Finally, Chapter 7 presents some concluding remarks. 

1.1 Blade-Vortex Interaction 

Blade-vortex interaction (BVI) is a rotorcraft specific phenomenon which occurs 

as a result of the aerodynamic interaction of rotor blades of a helicopter with vortices 

shed by preceding rotor blades. This phenomenon is inescapable and is a result of the 

confined airspace available for the lifting bodies of a helicopter (i.e. the rotor blades). In 

rotorcraft, one of the main sources of noise and vibrations is BVI as a result of the 

complex unsteady flow features occurring during the interaction. During ascent, descent, 

hover, and lateral flight (forward, reverse, or sideways) a blade travels almost directly 

through the wake of all the preceding blades and possibly even through its own wake 

from a previous rotation. This produces a complex and undesirable aerodynamic situation 

which is unique to helicopters, in which the blades encounter numerous fluid events that 

are extremely difficult to predict. These complex interactions are most prominent during 

descent and rotorcraft maneuvers which result in the aforementioned noise and 

production of vibrations. 
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On any lifting body of finite length, the pressure differential between the upper 

and lower surfaces an undesirable side-effect at the edge of the lifting body. Namely, at 

the edge of the lifting body the high pressure fluid attempts to reach equilibrium by 

means of seeping around the edge to the upper surface, i.e. the location of the lower 

pressure fluid. The curling motion around the edge of the lifting body results in localized 

vorticity, in the form of a vortex line as a result of the relative motion between the lifting 

body and the fluid. 

When a vortex is shed from the tip of a rotor blade, it is convected downstream as 

a result of the rotating frame and the confined airspace (i.e. the wakes confinement to the 

rotor disk plane), thus resulting in the intersection of the vortex and the path of the 

advancing rotor blade. A vortex whose axis is parallel (or nearly parallel) to the spanwise 

axis causes the most significant interactions of the blade due to strong chordwise 

temporal pressure variations during the interaction. Figure 1.1 depicts schematically, a 

vortex at an upstream location of the airfoil's leading edge of as it advects towards the 

airfoil at the onset of BVI. Figure 1.1 also illustrates the vortex at a certain vertical 

distance between the chord line of the blade and its core (referred to as the miss distance) 

as a result of the downwash effect resulting from the generation of lift. 

This problem is commonly observed in fixed wing aircraft as well; however, 

small vertical wing sections called winglets have been designed to be placed on the wing 

tip in order to reduce the induced drag. Winglets reduce induced drag at the wing tip by 

effectively increasing the aspect ratio of the wing with no additional wingspan. This issue 

does not consider the effect of the shed vortices downstream of the aircraft, which is 
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responsible for BVI. As a result of the rotational nature of the helicopter along with the 

additional lateral motion, winglets are difficult to implement. Therefore, winglets are not 

as easily implemented in rotorcraft as in fixed wing aircraft. 
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Figure 1.1: Schematic of the beginning of a blade-vortex interaction 

As a result of the lack of a "quick fix," numerical simulation of BVI has been of 

interest to the Computational Fluid Dynamics (CFD) community for many years. 

However, the accurate numerical prediction of BVI remains difficult. One of the main 

issues is the inherent numerical dissipation of CFD models, which may severely affect 

the persistence of the vortex characteristics. Accurate prediction of BVI airloads using 

the unsteady Reynolds-Averaged Navier-Stokes (URANS) relations is very challenging 

due to the complexity of the flow dynamics particularly with respect to the development 

of the boundary layer on the suction side of the airfoil as well as flow separation. The use 

of RANS methods rely on turbulence models to represent all the relevant scales of 

turbulence. RANS methods employ the mean flow properties to predict the acoustic 

noise. Since noise generation is a multi-scale problem which involves a wide range of 

length and time scales, the use of RANS presents limitations on the prediction of the 

noise generated by the BVI phenomenon. Although RANS methods are useful for 
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predicting the aerodynamic coefficients in a reasonable manner, they are neither suitable 

nor reliable for accurate noise prediction. 

Recent improvements in the processing speed of computers have increased the 

feasibility of applying Direct Numerical Simulations (DNS) or Large Eddy Simulations 

(LES) to complex turbulent flows. Nevertheless, DNS is limited to low Reynolds number 

flows with relatively simple geometries due to the wide range of length and time scales 

present in turbulent flows. Since the number of grid points required for DNS is known to 

be proportional to Re9/4, DNS of high Reynolds number flows require high grid 

resolution far beyond the capability of the most powerful computers. In order to 

overcome the issues relating to grid requirements, turbulence must be modeled in order to 

obtain results of practical interest using simulations. LES is a promising alternative to 

DNS for simulations involving high Reynolds number flows as it has a lower 

computational cost. In LES, the large scales are directly solved while the small scales are 

modeled. Note that noise generation is an unsteady process. LES is presently the most 

affordable computational tool to be used, as it is currently the only means (besides DNS) 

to obtain a time-accurate unsteady solution. Thus, the present analysis is based on an LES 

approach. 

1.2 Motivation 

As of late, helicopter use has substantially increased in both military and civilian 

sectors. This increased usage has motivated extensive research to more accurately 

estimate the blade airloads to improve the performance and stability of the rotorcraft as 

well as to reduce its generated noise. Moreover, reducing rotorcraft noise is perhaps the 



6 

strongest current motivation for researchers with a tremendous weight placed on 

increasing the understanding of the flow physics present in a rotor. But, progress has been 

made in BVI noise prediction. Recently, the growing public demand for more stringent 

noise regulations has led the rotorcraft industry to develop procedures to reduce BVI 

noise in the direct vicinity of urban areas. In addition to the adverse public opinion of 

acoustic noise generated by a rotorcraft, the BVI induced vibratory loads increase the 

pilot's workload, reduce the components fatigue life, and increase maintenance costs. 

Therefore, the issues of vibration and noise production require the designer to focus 

primarily on the reduction of these features to the lowest possible levels. The motivation 

of the present research is based on the need for a better understanding of a BVI event as 

well as an attempt to minimize the generation of unsteady airloads during this interaction. 

1.3 Research Objectives and Approach 

The main objectives of the current work are to validate and verify the use of LES 

for investigations related to the aerodynamics of AVI as well as to mitigate the 

interaction. Based on the geometry which presents the most benefits related to the 

aerodynamics of the problem, parametric studies are presented to ensure the AVIs effect 

is mitigated for numerous flight conditions. 

In order to investigate the aforementioned objectives LES shall be employed. 

Also, careful attention has been used with respect to appropriately modeling the blade tip 

vortex and the Lamb-Oseen model (as outlined in Sub-Section 4.3.1) shall be employed. 
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Chapter 2: Blade-Vortex Interactions 

The intensity and directivity of noise generated by a rotorcraft (R/C) is of 

considerable importance in both civilian and military applications. The present 

certification and community noise constraints which apply to helicopters are quite strict, 

especially during take-off and landing (Lowson, 1992). In military applications there is 

also a demand to abate noise in order to reduce the detectability of the R/C. Despite 

being the quietest vertical take-off and landing (VTOL) aircraft, the helicopters noise 

level is still sufficient to compromise its use, unless specific attention is paid to low noise 

during the design process. As the restrictions related to aircraft noise increase, the noise 

produced by the rotor becomes an increasingly important factor in R/C design. 

Acoustic noise results from the operation of a propulsive, aerodynamic system. 

For example, when a fixed wing aircraft generates noise from the airframe and the 

engine, the sound's intensity increases with both thrust and aircraft speed. Additionally, 

R/Cs are equipped with a rotor system which is the main source of thrust, control and the 

associated noise. Fixed wing aircrafts have a relatively uniform lift loading over the 

entire span. The wing wake and tip vortices generated by the pressure difference across 

the finite lifting body are trailed downstream of the aircraft. The flow field for a rotor for 

an R/C in forward flight, illustrated in Figure 2.1, is much more complex than for a wing 
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fixed wing aircraft since individual wakes are trailed from each blade (Leishman, 2006) 

regardless of the R/Cs operating condition. 
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Figure 2.1: Aerodynamic Phenomena Experienced by a R/C in Flight (Leishman, 2006) 

On the advancing side of the disk, numerous aerodynamic phenomena occur, as is 

illustrated in Figure 2.1, the main feature of which include supercritical (or compressible) 

flow and blade-vortex interaction (BVI). The main aerodynamic features on the retreating 

side of the disk are blade (or dynamic) stall and a region of reverse flow near the rotor 

hub. 

During R/C flight, the vortices formed at the blade tip induce sharp, periodic 

aerodynamic disturbances on the next advancing blade. These disturbances are 

responsible for the generation of the highly impulsive (and obtrusive) noise associated 

with BVI, as depicted in Figure 2.1. There are two types of this highly impulsive noise, 
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which is referred to as discrete frequency noise: these include BVI and high-speed 

impulsive noise (HSI). Discrete frequency noise generally occurs at low frequency and 

high amplitude, as is illustrated in Figure 2.2, which also shows numerous other 

continuous spectrum noise sources during R/C flight. 

Frequency (Hz) 

Figure 2.2: Helicopter Noise Sources with Frequencies and Intensities of the Sources Indicated 
(Leishman, 2006) 

Regardless of flight condition, rotary wing aircraft produce a continuous vortex 

sheet that rolls up to form two single coherent trailing vortex lines at the hub and the tip 

edges of the blade as is illustrated in Figure 2.3. 
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Figure 2.3: Tip Vortex Creation Resulting from Bound Circulation T About the Rotor Blade (Glabel 

etal.,2001) 

The hub vortex is quickly pushed beneath the rotor as a result of the strong 

downwash present near the hub, thereby becoming relatively well removed from the 

blade path. Therefore this portion of the vortex sheet does not have a significant impact 

on the BVI. On the other hand, the tip vortex remains present within the aerodynamic 

area of influence of the main rotor. It is characterized by a continuous line vortex traced 

out by the blade tip as the rotor travels along its circular path. As a result, the tip vortex 

may interact with the remaining blades over different stages of the rotor revolution 

depending on the R/Cs movement. This is shown in both the plan and side view in Figure 

2.4 for a two-bladed rotor configuration. 

As a consequence of the pressure differential which is characteristic of any lift 

generating body, the net flow velocity at the rotor plane, or wake, is composed of 

velocities induced by the tip vortices. Consequently, the blades' airloads and rotor 

performance are based on both the strength and locations of the tip vortices (Leishman, 
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2006). The locations of interaction between the tip vortices and the rotor blades, i.e. BVI, 

are indicated in Figure 2.4 as number 1 through 7. 

(a) Top View . 

Figure 2.4: Blade-vortex Interactions During Descending Flight of a Typical Two-Bladed Helicopter 
(with 7 Blade-Vortex Interactions Indicated) (Smith and Sigl, 1995) 

Rotor wakes are dominated by the strong vortices trailed from the tips of each 

blade. The nature of the rotor wakes in terms of geometry, strength and aerodynamic 

effects on the blades depends on the flight condition of the R/C. Recent advances in 

measurement techniques allow for more satisfactory wake measurements to be 

performed; however, the formation and evolution of the tip vortices and rotor wakes 

requires further research. Leishman and Bagai (1998) provide an overview of the key 

physical features characteristic of rotor wakes and of the challenges involved with their 

measurement. Landgrebe (1998) and McCorskey (1995) review the capabilities for 
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modeling rotor wakes. Recent developments in modeling rotor wakes have shown that 

close BVI encounters (i.e. interactions with small vertical miss distances) occur for low 

and moderate forward flight speeds (Egolf and Landgrebe, 1983). Because the movement 

of the tip vortices has been found to be above and then down through the rotor disk, many 

such BVI encounters occur at low advance ratios. This supports the inevitability of BVIs 

in low speed forward flight as is illustrated in Figure 2.4b. In these flight conditions a 

clockwise rotating (negative) vortex is generated by an advancing blade, followed by a 

counter-clockwise rotating (positive) vortex inboard of the tip vortex as is depicted in 

Figure 2.3. The inboard vortex, however, due to the gradual radial load variation, does 

not roll up completely prior to encountering the following blades (Hooper, 1983). 

The wake and resultant tip vortices also vary with flight condition. For instance, 

in hover, the rotor blades encounter a symmetric velocity profile, which is characterized 

by a maximum velocity on the advancing side of the disk at the tip of blade and an equal 

and opposite velocity at the tips of the retreating blades, as is shown in Figure 2.5a. 

In hover, the tip vortices follow helical trajectories below the rotor. The wake in 

hover is radially axisymmetric and consists of two distinct features, the tip vortices and 

shear layers which may be seen in Figure 2.6. The shear layers (as seen on the right hand 

side of the circular tip vortices in Figure 2.6) are formed by merging boundary layers 

from the upper and lower surfaces of the blades, which contain both negative and positive 

vorticity respectively. This shear layer found within the rotor wake in hover is often 

referred to as vortex sheets. 
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In forward flight, however, the rotor blades encounter an asymmetric velocity 

field, as can be seen in Figure 2.5b. In forward flight, the rotor wake is skewed behind the 

rotor by the oncoming flow. This forms a series of complex interlocking epicycloidal 

vortex trajectories as illustrated in Figure 2.7. The wake in forward flight is dominated by 

the blade tip vortices, however since the freestream component of velocity is present at 

the rotor plane, the wake is not only convected below the rotor, but behind the R/C as 

well resulting in an asymmetric velocity distribution. 

1 V«=Q.ZQR 

(a) Hovering flight (b) Forward flight, M = 0.3-

Figure 2.5: Incident Velocity Distribution (Normal to the Leading Edge) for a) Hovering Flight, and 
b) Forward Flight at an Advance Ratio of 0.3 (Leishman, 2006) 



14 

Figure 2.6: Flow Visualization Images of the Wake Structures in Hovering Flight (Leishman, 2006) 

(a) Top view 

Free-stream 
flow 

(b) Side view 

Free-stream 
flow 

Figure 2.7: Flow Visualization of the Rotor Wake in Forward Flight Illustrating the a) Top View, 
and b) Side View (Leishman, 2006) 
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An R/C in forward flight has the potential for the blade tip vortices to remain 

close to the rotor or following blades for several rotor revolutions. Therefore, on account 

of the low disk loading and generally low average flow velocities through the rotor disk, 

these vortices remain close enough to the rotor disk to produce a strongly three 

dimensional induced velocity field. As the following blades encounter the induced 

velocity field, fluctuating airloads are produced on each rotor blade. These time-varying 

airloads may be a high source of rotor vibrations, strongly focused obtrusive noise, and 

the reduction of the performance of the rotor disk as well as helicopter instability. As a 

result, interest in the interactions of rotor blades with the concentrated tip vortices has 

increased in recent years. Srinivasan and McCorskey (1987) have showed that the effect 

of the vortex trajectory distortion appears to be of secondary importance to the overall 

airloads. This is not the case for transonic speeds however as the vortex may pass close to 

a Shockwave which may alter its characteristics and path. 

It has been shown that BVIs are responsible for the high impulsive noise 

associated with R/C during powered descending flight and maneuvers (Charles. 1975; 

and Pegg, 1979). Under these operating conditions, low rotor disk flow results in the 

concentrated tip vortices being blown back into the rotor disk, thus causing numerous 

BVIs. Since the vortex is more likely to interact with the rotor as it is drawn closer to the 

rotor disk, BVI is most prominent during low speed descent. The noise produced during 

BVI events in powered descent is often radiated downward and it is dominant over other 

R/C noise sources. The most significant effects of BVI, up to moderate advance ratios as 

well as maneuvering R/C flight, occur in descent and forward flight because during 
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intersecting paths as is shown in Figure 2.8. 

Rotor Disk 

Level Flight 

Descending Flight 

In forward leve, flight, the tip vortices flow down and out of the rotor's path o„ 

account of the downwash front the R,Cs main rotor (see Figure 2 .8) . C o n t r a r i l y i n 

descending forward flight the downwash is counteracted by the freestream. This resuits in 

Ae tip vortices passing directiy tough the main rotors path as shown in Figure 2 8 

which causes seven s i g n i f y BVIs on both the advancing and retreating s i d e s o f t h e 

rotor disk as shown in Figure 2.4. On the advancing side of the rotor disk, BVis occur 

between 20 and 70 degrees azimuth and between 300 and 350 degrees azimuth in the 

retreating ouadran, BV,s (Ego.f and Landgrebe, ,983; Martin „ „,., 1 9 8 6 ) . The s e v e n 

aforementioned iocations of me most significant BVIs tough one compiete revo.ution 

of the main rotor in descending flight for both the advancing and retreating sides of the 
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rotor disk are shown in Figure 2.4. In Figure 2.4, locations 1 through 4 represent the 

interactions on the advancing side and locations 5 through 7 are the interactions found on 

the retreating side. The retreating side interactions are less intense than the advancing 

side interactions, as the advancing side interactions occur at a much higher Mach number 

due to the additive nature of the freestream and radial blade velocities (see Figure 2.5). 

As a result the advancing side interactions result in more intense far-field noise 

production (Martin et al, 1986; Yu, 2000) and the retreating side BVIs provide a 

negligible contribution to the overall BVI noise levels. 

The mechanics of BVI has been divided into two subsidiary components. The first 

component which shall be presented is the aerodynamics involved in the problem. The 

second portion of the mechanics involves the aeroacoustics of the problem, which 

requires some theory regarding the aerodynamics of the BVI problem to comprehend. As 

a result, the aerodynamics of the BVI problem shall now be addressed. 

2.1 Aerodynamics of the Blade-Vortex Interaction 

The aerodynamic process of BVI includes several steps which begin as the 

aforementioned tip vortex is shed. At this point, i.e. the start of BVI, the vortex is 

upstream of the leading edge (LE) of the next advancing blade and the stagnation point is 

initially at the LE of the next blade. As the vortex approaches the next advancing blade, a 

downwash is induced on the blade. This downwash moves the stagnation point along the 

blades upper surface as a result of the increase in pressure and decrease in velocity over 

the upper surface. On the lower surface, the flow is accelerated and regions of low 

pressure may be observed resulting in a decrease of lift. As the vortex passes the LE, an 
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upwash is induced on the blade; this causes the stagnation point to move from the upper 

surface of the blade to its initial location (i.e. the LE) and then towards the lower surface 

causing a sudden increase in lift. This situation leads to a rapid and continuous change of 

the airfoils angle of attack (AOA), and highly unsteady airloads. The stagnation point's 

movement coupled with the effective changing of the AOA influences the time varying 

lift on the blade. As a result, these are responsible for large unsteady impulsive 

aerodynamic loads on the rotor blades. Unsteady airloads are one of the mechanisms 

responsible for blade slap (or discrete frequency noise), a low frequency noise present in 

R/C flight. The rate of change of the lift is therefore associated with the pressure 

propagated to an observer as the unsteady vortex motion results in pressure fluctuations 

in the proximity of the blade which degenerates into a series of expansion and 

compression waves and propagate upstream. Accurate modeling of the BVI problem is 

thus imperative to achieve accurate predictions related to the rotor airloads and the rotors 

performance. 

BVIs may occur at many different rotor locations and orientations between the 

blade and vortex axes. If BVI occurs on the advancing side, blade and vortex axes are 

nearly parallel which promote highly unsteady airloads which in turn results in obtrusive 

noise with a strongly focused directivity (Schmitz, 1991). BVIs will occur for blade 

positions 
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If and only if ^2i/>£ - sm2(xf)w — A) > 0 where A = 2n-^—— and i = 1,2,.., Nb. In 

Equation (2.1 ) N^ represents the number of rotor blades present, xpw is the age of vortex 

element relative to the blade and xpb represents the position of blade when vortex is 

formed. 

Figure 2.9 illustrates the four types of BVI which occur on the advancing side of 

the rotor disk (Sim and Schmitz, 2000). Location 1, in Figure 2.4, is the S type 

interaction, in Figure 2.9. The S type interaction occurs near the rotors hub for azimuth 

angles that are less than 30° and often reach supersonic Mach numbers. The second 

advancing side interaction, i.e. location 2 in Figure 2.4, is a y type interaction as can be 

seen in Figure 2.9. According to Lee and Bershader (1994) the y type interaction has the 

largest trace Mach number, which defines the BVI effect and provides useful information 

concerning the directionality of the resulting radiated noise (which is defined in Section 

2.2 as Equation ( 2.3 )). Also, it generally occurs near an azimuth angle of 45°. In this 

interaction, 2 BVIs result simultaneously at 2 different blade locations. Each achieve 

supersonic trace Mach numbers and thence accelerate rapidly together until they meet 

near the midspan of the blade where the angle between the blade and vortex axes is 0°, 

i.e. y — 0°. The y type interaction is often referred to as parallel BVI. The net result in 

the both the near-field and far-field is a relatively intense noise resulting from the phasing 

of acoustic waves of each rapidly converging BVI event. When y — 0° the trace Mach 

number becomes infinite, as is shown by y type in Figure 2.9, this coupled with the 

phasing effects of the dual BVI results in the greatest noise and vibration. The mechanics 
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of the aforementioned BVI acoustic phasing are presented in Section 2.2. Furthermore, y 

type interactions are the most intense of the interactions illustrated in Figure 2.4, 

regardless of whether retreating/advancing side BVIs are considered (Yu, 2000) since the 

blade and vortex axes are aligned. As a result, y « 0° is the only BVI that provides a 

significant contribution to the far-field noise produced by a BVI event. The /? type 

interaction shown in Figure 2.9 represents location 3 from Figure 2.4. This interaction 

occurs near an azimuth angle of 55° and has an effect near the tip which then accumulates 

to larger values of the trace Mach number near the hub. Finally, location 4 in Figure 2.4 

is known as the a type interaction shown in Figure 2.9. The a type interaction reaches its 

peak effect at an azimuth angle of 70° and occurs near the blade tip with little effect near 

the rotor hub. The above classifications of the advancing side BVIs are generalized for all 

types of R/Cs regardless of the number of rotor blades present in the main rotor as well as 

the advance ratio of the R/C. 

The positions along the blades which the BVIs given by Equation ( 2.1 ) may be 

found for f < 1 through 

_ _ r _ sin(xpb - \pw) 
r R sintyb-A) < 2 - 2 ) 

which gives all BVI intersection points when \pw > 0. From Equation ( 2.2 ), the primary 

sources of BVI noise have been found to occur between 70% and 85% of the blade span 

and from Equation (2.1 ) at azimuth angles between 70° and 90° azimuth as shown by 

Martin et al. (1986). On the retreating side, impulsive blade surface pressures are present 

however measurements have indicated that these BVIs are not a strong source of BVI 

noise production (Hubbard and Leighton, 1983; Shockey et al, 1976; and Cox, 1977). 
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Figure 2.9: Various Types of Advancing Side Blade-Vortex Interactions in Rotorcraft (Sim and 

Schmitz, 2000) 

Most of the aforementioned seven BVIs occur in low speed forward flight. 

However, as the forward flight speed is increased, the number of BVIs decreases. This 

happens despite the BVI intensity and the trace Mach number which determines the 

directivity and noise associated with BVI (Lowson, 1996; and Leishman, 1999). 
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The general BVI problem is three-dimensional and unsteady, and the curved line 

vortex intersects the blade at various angles. The various interactions which are possible 

in a four-bladed rotor are shown in Figure 2.10. 
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Figure 2.10: BVI for a 4 Bladed Rotor (Renzoni, 1987) 

Consideration of the noise propagated to the far-field of a blade-fixed reference 

frame has shown that blade slap noise is only weakly influenced by the aspect ratio. The 

parallel interaction produces the greatest total loading on the wing, again with aspect ratio 

having little effect. Another type which is not indicated in Figure 2.10 is the orthogonal 

BVI. Orthogonal BVI is the interaction between the main rotors wake and the tail rotor 

and is responsible for approximately 50% of the overall noise production of an R/C. It is 

termed orthogonal BVI as the tip vortices from the main rotor are in a plane which is 

orthogonal to the plane of the tail rotor. Oblique BVIs are interactions between the blade 

and vortex for which a head on collision is not imminent, i.e. the vortex has some miss 
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distance and is also an event for which the angle between the blade and vortex axes is not 

0° or 90°. Oblique interactions however represent more closely the BVI occurring in an 

R/C during its operation. Two limiting cases of oblique BVI are of fundamental interest. 

One such case occurs when the axis of the vortex is along the freestream and the vortex is 

normal to the blades leading edge (LE), and is referred to as perpendicular BVI. The 

other limiting case occurs when the vortex is parallel to the blades LE. It is known as 

parallel BVI and can be analyzed from a two-dimensional perspective of the full three 

dimensional BVI problem. Thus, parallel BVI is synonymous with the term airfoil-vortex 

interaction (AVI). An AVI investigation provides useful information pertaining to the 

mechanics involved in the transfer of energy to the blade including the resulting vibration 

and noise. Although AVI does not completely describe its BVI counterpart, it remains a 

valuable investigative tool which is used to gather otherwise complex and difficult to 

obtain data. AVI accurately describes the aerodynamics (Srinivasan, 1986) within the 

plane perpendicular to the blade and vortex axes during the event. The orientation of the 

blade and vortex axes in AVI is the most intense type of BVI, and is therefore of interest 

in considering noise and blade fatigue. As a result, y = 0° (i.e. AVI) is the focus of the 

current study. Figure 2.11 (Srinivasan, 1986) presents the plane and side view of the 

typical path of a vortex during parallel BVI (i.e. AVI) where yv represents the vertical 

miss distance of between the blade and vortex axes, and r represents the circulation of 

the vortex. Radiated noise is dependent on yv and the characteristics of the tip vortex 

shed off the previous blade. 
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The aeroacoustics of the BVI problem shall now be addressed, and is based on the 

aerodynamics of the problem which has been presented in the current section. 

rb 

ua 

----t̂ —-'-
Figure 2.11: Path of a Vortex with Respect to the Airfoil in the Parallel Blade-Vortex Interaction 

Case ( y = 0°) (Srinivasan, 1986) 

2.2 Aeroacoustics of the Blade-Vortex Interaction 

R/C rotor noise levels tend to be concentrated at the harmonics of the blade 

passage frequency, JVj,/2 due to the periodic nature of the rotor with respect to a non-

rotating frame of reference, as can be seen in Figure 2.12. 
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Figure 2.12: Helicopter Rotor Sound Spectrum (Johnson, 1980) 

The sound which is radiated is a result of the mean thrust and drag forces that rotate with 

the blades as well as of the higher harmonic loading. The spectral lines are broadened at 

higher harmonics due to the random character of the rotor flow, especially with respect to 

the variations introduced by the wake-induced loads. The acoustic pressure signal is 

nearly periodic, with a period of In/N^il, and has sharp impulses from various localized 

aerodynamic phenomena, such as compressibility effects and vortex-induced loads. 

Therefore, the contributions to the R/C rotor noise can be classified as vortex (or 

broadband) noise, rotational noise and blade slap (i.e. extreme of vortex noise). Listed in 

terms of the level of intensity of the noise sources, these are blade slap, vortex noise and 

then rotational noise. 

Vortex (or broadband) noise is characterized by a high frequency swishing sound 

produced by the rotor. It is modulated in both frequency and amplitude at the blade 

passage frequency. In broadband noise, a random sound is radiated from random 

fluctuations of the forces on the blades. The sound energy is distributed over a large 
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portion of the audible noise spectrum. For main rotors it is typically between 150 and 

1000Hz, with peaks near 300 to 400Hz. Vortex noise is principally produced by random 

fluctuations in lift with the blade operating in the rotors turbulent wake, specifically due 

to random blade loads induced by tip vortices. Other sources of vortex noise include 

forces on blade due to vorticity shedding from the trailing edge of the blade, turbulence in 

the freestream, and boundary layer turbulence and transition. When the sound level is 

corrected for frequency content, often vortex noise dominates all the sources. 

Rotational noise is the primary determinant of the overall sound pressure level. 

However, it is not the most important source of noise in terms of annoyance. It can be 

important when its sound pressure level increases at high frequency, i.e. blade slap is 

approached. In particular at high tip speed with a low number of rotor blades, Nb. 

Rotational noise may produce acoustic fatigue and vibration of the R/C structure. 

Rotational noise is characterized by a thumping sound either at the blade passage 

frequency or at NbQ if the fundamental frequency is inaudible. As the higher harmonic 

content increases, the thumps sharpen into bands and eventually may become blade slap. 

The spectrum in which rotational noise occurs varies greatly with both the rotors 

geometry and the operating condition of the R/C. The sound pressure is purely periodic 

and is caused by the periodic forces exerted by the blade on the air through a rotor 

revolution. The spectrum of noise from rotational noise consists of discrete lines at the 

harmonics of the blade passage frequency, i.e. Nbfi. Rotational noise dominates the low 

frequency end of the spectrum. For main rotors, it ranges from below audible frequencies 

to about 150Hz. The fundamental frequency, Nbfi, for a main rotor is typically between 
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10 and 20 Hz. In this range, the fundamental frequency and perhaps its first and second 

harmonics are below the hearing threshold. Since the lift and drag forces rotate with the 

blade, rotational noise is produced by forces being periodically exerted on the air at any 

fixed point of the rotor disk. The higher harmonic blade loading is responsible for the 

large high frequency content of R/C rotational noise. 

Blade slap is characterized by a sharp cracking, popping or slapping sound at Nbi2 

and is produced by the main rotor in certain flight conditions. Blade slap occurs most 

often in maneuvers (from flare to landing, shallow descents, and decelerating steep 

turns). It may also occur at high forward flight speeds and level flight at moderate speeds 

blade slap. Blade slap is caused by a periodic and impulsive sound pressure disturbance. 

In other words, it is an extreme case of rotational noise. The impulsive character of blade 

slap leads to an increase of the sound level over the entire spectrum, i.e. 20 to 1000 Hz 

for the main rotor. Blade slap is the dominant noise source with a high overall sound 

pressure level and its impulsiveness makes it the most objectionable of the noise sources 

as well. As such aerodynamic phenomena produce large, localized transient forces on the 

blades which in turn results in impulsive sound radiation, the most likely source of blade 

slap is BVI. Low frequencies propagate best in air and high frequencies are best 

attenuated as the distance from the source is increased. Therefore, at very large distances 

from the R/C, blade slap and rotational noise of the main rotor are the most important 

sources of noise to consider. As a result, the acoustic detection of a helicopter is often 

determined by rotational noise and its special case, blade slap. It is an impulsive type of 

sound pressure disturbance which occurs at N^O. Blade slap is best investigated in the 
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time domain due to the impulsive nature of the sound pressure. The cause of blade slap is 

any aerodynamic phenomena which produces rapidly changing loads on the blades. Its 

occurrence is sensitive to rotor design parameters and the operating condition of the R/C. 

Increasing the overall sound pressure level, results in an increase of the noise spectrum 

level over a wide range of frequencies this results in the impulsive nature of blade slap as 

well as the associated annoying sound. 

In flight conditions which involve close encounters of the blades with their own 

wake or the wake of another rotor, BVI is an important source of blade slap. A large 

portion of noise produced by an R/C is generated by unsteady aerodynamic forces, 

including the interactions of a blade with the wake and/or the discrete tip vortices (i.e. the 

BVI problem) (Widnall, 1971; George, 1978; Schmitz and Yu, 1986; and Schmitz, 1991). 

The aerodynamic intensity of a BVI event depends on the strength of the tip vortex, the 

distance from the blade to the tip vortex and the orientation of the vortex with respect to 

the blade. Depending on the orientation of the vortex and blade axes during the 

interaction, the magnitudes of noise and vibration from the resulting BVI vary. The 

highly three-dimensional unsteady aerodynamics produced by the various BVI events on 

the blades give rise to multiple noise sources with differing directivity and phase 

relationships. The net sound field therefore comprises of many complicated interfering 

omni-directional traveling sound waves and often highly focused acoustic wave paths are 

also produced. BVI noise has a pronounced directivity. As a result, there is a possibility 

of localized regions that experience sound focusing effects. Particularly, BVI noise is 

more pronounced when the LE of the blade is parallel to the axis of the vortex on both the 
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advancing and retreating sides of the rotor disk in forward flight. Also, the BVI noise 

problem is especially pronounced during descending low speed forward flight or 

maneuvering flight, i.e. flight conditions where the tip vortices lie closer to the rotor. 

As a series of discrete directions since the resulting acoustic waves may 

accumulate along a front, an acoustic field generated by an R/C often tends to be highly 

focused in one specific direction. The amount of focus depends on the trace Mach 

number of the acoustic source point. The trace Mach number defines the BVI effect and 

is useful information on the directionality of the resulting radiated noise (Srinivasan, 

1986) and is defined as 

_ Orb + Umsm($h) (2.3) 
tr atan(v) 

The trace Mach number,Mtr can range from supersonic to subsonic and the trace velocity 

vector, ilr^, can be directed inward or outward along the blade axis. For instance, if the 

intersection angle is small (i.e. the blade and vortex axes are near parallel), the trace 

Mach number can be substantially larger than one (i.e. supersonic) as illustrated by the y 

type interaction in Figure 2.9. A diagram explaining the basic concept of the trace Mach 

number is given in Figure 2.13 for an axis system which moves with the rotor. 
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Figure 2.13: Ideas of the Trace Mach Number of an Acoustic Source Point on the Rotor (Leishman, 
2006) 

Under many conditions, the trace Mach numbers of the BVI intersection points 

(i.e. the source points) between the blade and vortex filament axes inside the rotor disk 

are supersonic. Consequently, the fronts of spherical sound wavelets generated at BVI 

source points on the blades will accumulate along an envelope, which is similar to a 

Mach cone as is shown in Figure 2.13. Furthermore, the principal direction of sound 

propagation will be normal to this Mach cone. Sound waves that have originated from a 

cluster of source points with supersonic trace Mach numbers on the rotor will arrive 

simultaneously at the same observer location, thus providing acoustic convergence. This 

effect is similar to the wave on a ground plane from supersonic fixed-wing aircraft which 

generates a sonic boom. Figure 2.13 also demonstrates that the accumulated wavelet 
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fronts will propagate into the acoustic field along a ray cone with semi-vertical angle, /?, 

to instantaneous trace velocity vector, fir^, where 

/? = c o s " 1 ^ 1 ) (2.4) 

The ray cone semi-vertical angle, /?, varies from point to point along the blade and forms 

a series of intersecting ray cones with different vertices and spreading angles. When the 

ray cones are generated by each supersonic BVI source point in the rotor plane intersect 

the horizontal ground plane they become conies. Since this intersection forms the locus of 

any acoustic disturbance from wave fronts reaching the observer plane from the BVI 

emission points, this planar intersection is termed as acoustic lines. After the wavelets 

intersect the observer plane, the principle direction of the front is along the acoustic lines. 

If the wave fronts intersect approximately in regions of high acoustic line density, sound 

may focus. Depending on the trace Mach number and the direction of the trace velocity 

vector along blade, the resulting acoustic lines may crowd together or overlap. A possible 

result is that sound may focusing in regions of high acoustic line density (in some cases 

they may converge to form caustics (i.e. the intersection of ray cones) which causes wave 

focusing and the formation of acoustic hot spots. When an R/C is in forward flight, the 

radiation cones become distorted by the low local flow velocities. 

Wave fronts of focused acoustic energy found at the intersection of close 

spherical wavelets are generated at each BVI source point with supersonic trace Mach 

numbers. On the observer plane, two sets of circular wavelets generated: one from the 

BVIs at the rear of the disk and one from the BVIs at the front (these occur Vi a 

revolution apart). The primary wave fronts formed by the intersection of the individual 
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groups of wavelets from each blade traveling along paths are defined by two sets of 

acoustic lines. These lines result in the sound wavelets generated by a parallel BVI event 

becoming highly focused in direction perpendicular to blades at azimuth angles of 0° and 

180° (i.e. the rear and front of the disk respectively). When the blade and vortex axes are 

parallel, there is one BVI event and all points on blade produce in-phase sound waves. 

Moreover, the duration and phasing of BVI along blade, Doppler magnification, and 

distance from an event to the microphone location combine to produce net sound pressure 

signature at a given time. The thickness of the sound pressure combines with the loading 

term resulting in small variations in the phasing which may affect the rotors net noise 

signature. Both the near and far field acoustics are sensitive to the phasing of the 

aforementioned unsteady airloads during a BVI event. 

Large majorities of the BVIs on the rotor involve oblique interactions the acoustic 

effects must be addressed. Aerodynamically, oblique BVI events produce significant 

three-dimensional unsteady airloads. Acoustically, the obliqueness of BVIs results in 

complicated acoustic directivity. Since the BVIs are no longer parallel events, there are 

fewer points along the blade with supersonic trace Mach numbers. This results in the 

existence of varying supersonic trace Mach numbers which results in the focused sound 

waves radiating over a larger spread angle for oblique BVIs. 

BVI is assumed to be chordwise compact. Since the acoustic signature radiates 

outward spherically at each intersecting point of the blade and vortex through time, the 

integrated effect is presumed to act at the lA chord location of the airfoil. Thus, certain 

areas in the near and far field exist which experience constructive interference of the 
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temporally and spatially separated wavelets emanating from the intersection of the % 

chord line of the blade and vortex axes. Amplification of these sound waves results in the 

characteristic chopping sound of BVI noise which is also potentially related to the highly 

impulsive changes in pressure. 

The investigations, both numerical and experimental, concerning BVI are 

numerous and shall now be addressed. 

There are currently numerous methods which are used to predict the rotor 

acoustics of a R/C. The first is a purely empirical approach, followed by wave tracing 

methods. A blade element type unsteady aerodynamic model coupled with the Ffowcs-

Williams-Hawkins (F-WH) methods is another alternative. Recently computational fluid 

dynamics simulations regarding acoustic predictions have also been performed. 

The investigations, both numerical and experimental, concerning BVI are 

numerous and shall now be addressed. 

2.3 Investigations Concerning the Blade-Vortex Interaction 

The current state of BVI research from a numerical and experimental stand point 

shall now be addressed. The vast majority of numerical and experimental investigations 

for a blade or an airfoil have utilized a NACA 0012 airfoil at zero AOA as a test rotor, 

with some cases exploring situations where the AOA is larger than zero. Many vortex 

generation methods, both for numerical and experimental investigations, employed a 

NACA 0012 airfoil or a NACA 0018 airfoil with a pitching or oscillating motion or a 

shock tube technique. All of these methods relied on the concept of a startup vortex as the 
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means of vortex creation. The experimental investigations concerning BVI shall now be 

addressed. 

2.3.1 Experimental Investigations in Blade (Airfoil)-Vortex Interaction 

The methods invoked to recreate the vortex in wind tunnels vary from moving 

airfoils (pitching (Straus et al, 1990; Kalkhoran and Wilson. 1992; and Seath et al, 

1989) or oscillating (Booth and Yu, 1986; and Booth and Yu, 1990)) to stationary airfoils 

(shock tube (Lee and Bershader, 1994) or blade tip (Caradonna and Strawn, 1988)) at 

some distance upstream of the test airfoil. Vortex generation occurs at a forward airfoil, 

which is usually a NACA 0012 or NACA 0018 profile. The vortex is then allowed to 

convect downstream as occurs in numerical simulations. Experimental investigations in 

both the subsonic (Seath et al, 1989; Lee and Bershader, 1994; Straus et al, 1990; 

Kalkhoran and Wilson, 1992; Booth and Yu, 1986; Caradonna and Strawn, 1988; and 

Booth and Yu, 1990) and transonic (Kalkhoran and Wilson, 1992; and Caradonna and 

Strawn, 1988) flow regimes have been performed. Experimental work mainly exploits the 

2D nature of the parallel BVI measure since it is a simpler event to measure. Lee and 

Bershader (1994) demonstrated that viscous effects play a significant role in parallel BVI 

by using a dual pulsed holographic interferometer with blade pressure measurements. A 

vortex was created with a fixed highly pitched stationary NACA 0018 airfoil interacting 

with a Shockwave to exploit the starting vortex caused by the step change in lift. Vortices 

created using the bound vorticity shed as a starting vortex from a rapidly pitching airfoil 

are commonly employed. Seath et al. (1989) used an impulsively pitching airfoil 

upstream of the test airfoil with numerous pressure taps on both the upper and lower 
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surfaces for relevant measurements, in a subsonic wind tunnel. The effects of the 

maximum pitch angle on the resulting vortex as well as that of the vortex position and 

freestream velocity were also included in this investigation. Straus et al. (1990) pitched a 

NACA 0018 airfoil to create a vortex which was then measured with hot-wire 

anemometry. It was determined that inviscid theory accurately only predicts the pressure 

distribution on the test airfoil for specific situations. The validity of ignoring viscous 

effects in numerical BVI studies was therefore questionable. The inviscid theory that was 

used to compare the experimental results obtained by Straus et al. (1990) was presented 

by Renzoni (1987). Renzonis theory investigated a parallel interaction using a discrete 

free-vortex method which was developed. It was found that the changes in lift and 

moment coefficients during the interaction may expressed as incremental coefficients. 

The incremental coefficient formulation was further expanded upon by Renzoni and 

Mayle (1989). This investigation correlated the incremental coefficients based on 

different miss-distances and strengths of the vortex as well as airfoil angles of attacks. It 

was also found that the incremental lift coefficient for a close encounter was 

approximately four times the non-dimensional circulation. Kalkhoran and Wilson (1992) 

performed 2D transonic wind tunnel tests in order to collect target rotor pressure 

measurements for various yv's using a pitching NACA 0012 for vortex generation. An 

oscillating NACA 0012 airfoil has been used to create a street of counter-rotating vertical 

structures in a subsonic wind tunnel by Booth et al. (1990, 1986) to perform BVI 

measurements at different y„'s. Flow visualization using smoke, a strobe light and still 

photography was used. It was found that the vortex trajectory was greatly influenced at 
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small yv 's and that the vortex core experiences massive distortion at small yv's. 

Caradonna and Strawn (1988) performed a fully 3D BVI investigation using a true tip 

vortex method to introduce the vortex into the flow. To produce the tip vortex a NACA 

0015 airfoil was pitched perpendicularly upstream of a spinning 2 bladed test rotor, as is 

illustrated in Figure 2.14. The tip vortex was formed at the end of the vortex generating 

NACA 0015 airfoil and convects downstream to the test rotor where a number of BVI 

measurements, using pressure transducers on the rotor blades, may be performed 

depending on the location of the test rotor setup. The steady vortex sheet had a non-

dimensional circulation of F = 0.406 and a non-dimensional core radius of rc = 0.379. 

Although clear experimental studies of parallel BVI are rare, good but idealized 

quantitative measures of BVI collisions have been described by Horner et al. (1994) and 

Kitaplioglu and Caradonna (1994). 

Several visualization methods have been employed by numerous researchers. For 

example, visualization of the problem has been performed with smoke by Mercker and 

Pengel (1992) and Lorber et al. (1994) and with strobed shadowgraphy by Swanson 

(1993). 
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Figure 2.14: Schematic for wind tunnel rotor BVI test by Caradonna and Strawn (1988) 

Another visualization technique which also provides quantitative data employed 

in BVI research is particle image velocimetry (PIV). PIV is a non-intrusive technique in 

which a relatively high frequency of repeated measurements can be made, and lends itself 

to the application of BVI measurements. A three-dimensional BVI study, was performed 

by Raffel et al. (2004) using three-dimensional PIV. Furthermore, a proof-of-concept 

investigation for three-dimensional PIV BVI measurements using seed particles was 

conducted. The particles were composed of Di-ethyl-hexyl-sebacat (DEHS) with 

diameters of less than 1 micrometer and were created with a Laskin nozzle generator 
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which released the seeding particles into the flow upstream of the target test area. During 

the measurements, a decrease within seeding density in the vortex core was a result in the 

decrease of air density in the core and the inertial forces on the seeding particles in the 

swirling vertical flow. To perform measurements of the event, a head on parallel BVI 

PIV investigation by Horner et al. (1996) used seed particles composed of expancel-

DE20 micro balloons with a mean diameter of 20 microns and a specific gravity of 0.06. 

The measurements indicated a strong distortion of the vortex which had good agreement 

compared to surface pressure measurements. Green et al. (2000) aimed at increasing the 

PIV measurement accuracy of BVI. This was done by employing two separate PIV 

systems which acquired measurements in very close temporal proximity to each other. 

The available number of measurements doubled; and as a result the chances that each 

time a measurement was made with the vortex core at a desired location due to timing 

increased. Measurements were conducted in a low speed wind tunnel using a vortex 

generator defined by Doolan et al. (1999). Capturing an image pair of the vortex at exact 

(or near) locations for hundreds of measurements required for averaging because a 

problem with PIV measurements is this experiment was performed. Grant et al. (1994) 

devised a geometrical method to alleviate the challenge for PIV measurements and 

improve their accuracy when a strong out-of-plane fluid motion is present. This problem 

was addressed since many BVI types' flows are not constrained to two-dimensions as is 

the case for parallel BVI. Green et al. (2005) studied the flow around a sinusoidally 

pitching symmetric airfoil with PIV capturing the vertical flows brought on by oscillatory 

pitching motion. The seeding was performed with 11 micron hollow glass spheres in a 
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water tunnel. The final vector field was comprised of 100 averaged instantaneous flow 

measurements. Burwash (2007) used PIV to obtain the measurements of an oblique BVI, 

a wind tunnel was created specifically to capture the event created using a pitching airfoil 

upstream of the test airfoil. 

Several idealized BVI experiments have also been conducted concerning R/C 

aeroacoustics (Surendraiah, 1970; Seath et al, 1987; Kokkalis and Galbraith, 1986; 

Kitaplioglu and Caradonna, 1994; and Kitaplioglu et al, 1997) that provide valuable 

measurements for validation of aeroacoustic models. A model for an idealized BVI 

aeroacoustic situation using an elastically stiff two bladed rotor encountering an idealized 

streamwise vortex parallel to x-axis with results for both parallel and oblique (or offset) 

cases was examined experimentally by Kitaplioglu and Caradonna (1994). In this study, 

both the unsteady blade loads and acoustics data was collected where the hover tip Mach 

number was 0.7 and the advance ratio of the model was 0.2. The primary BVI event 

occurs over the front of the rotor disk where the blade axis is parallel to the axis of the 

vortex generator. While a BVI event may be expected downstream as well, the hub 

rapidly diffuses the vortex and eliminates the potential BVI at an azimuth of 0°. The test 

section employed is depicted in Figure 2.15. 
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Figure 2.15: Schematic of the Configuration Employed in the Experiment Conducted by Kitaplioglu 
and Caradonna (1994) 

Caradonna et al. (1997) compared experimental data for parallel interactions 

iyv = 0) as well as oblique interactions (yv = 0.3) with predictions from various types of 

acoustic models. As illustrated in Figure 2.16a, the first case involved acoustic lines from 

BVI sources on the rotor with supersonic trace Mach numbers compared with the F-WH 

solution for an observer plane 3 rotor radii below the rotor disk for the parallel 

interaction. The second case, depicted in Figure 2.16b, involved the same comparison for 

the oblique interaction. 
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Figure 2.16: Acoustic Results for a Two-Bladed Rotor (Experimental and Numerical) for a) a 
Parallel Interaction, and b) an Oblique Interaction (Kitaplioglu and Caradonna, 1994) 
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In the study performed by Caradonna et al. (1997), wave tracing techniques were used in 

order to determine the principal sound direction and arrival time from all BVIs with 

supersonic source points. In the parallel case, shown in Figure 2.16a, the trace Mach 

number was found to become infinite all along the blade for azimuth angles of 0° as well 

as 180°. Therefore, the vertex of each ray cone was located on the horizontal axis 

upstream and downstream of the rotational axis. For the oblique case, however, as 

illustrated in Figure 2.16b, the acoustic lines were all directed towards the front of the 

rotor disk. 

Cox and Lynn (1962) found that the occurrence of blade slap is associated with 

significant vortex induced loads through rotor airload measurements. From these 

measurements, it was concluded that slap at low flight speeds was due to BVI on the 

advancing side, and also that there exists a dependence of slap on flight conditions, 

therefore resulting from variations of the wake geometry. Also, blade slap at high speeds 

was found to be caused by the formation of local Shockwaves on the advancing tips (Cox, 

1963). 

Schlegel et al. (1966) determined that blade slap was a high amplitude rotational 

noise with a highly modulated broadband noise component. Blade slap is also associated 

with blades retreating as a result of stall. Local Shockwaves were produced at drag 

divergence locations which in turn, causes a portion of the blade slap noise. 

A BVI encounter, simulated by directed jets at the disk plane of a hovering rotor 

in order to approximate the downwash profile of a vortex, was performed by Leverton 

and Taylor (1966). Both parallel and perpendicular BVI were simulated through this 
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experiment. It was found that both the spectrum and time history of noise produced 

correlated well with actual R/C blade slap. The interaction of the blades with the tip 

vortices from the preceding blade was found to be the likely source of blade slap. It was 

also determined that the SPL scales with the 4th power of the tip speed and the square of 

the vortex strength, i.e. p2 oc (/2/?)4r2 

Leverton (1968) concluded that the sound power, Wb, scales as Wb oc (/2/?)4r2 oc 

2 since the tip vortex strength, F, is proportional to T/pNb OR2 (where T represents 

the rotor thrust). 

Bausch et al. (1971) performed an experimental investigation of the impulsive 

noise of a rotor in both hover and forward flight. The impulsive noise in hover was found 

to be due to high frequency airloads produced by BVIs. Also, the investigation 

determined that blade slap in forward flight is caused by the combination of high 

advancing tip Mach number on the propagation of acoustic waves which in turn effects 

the drag. 

Sternfeld et al. (1972) investigated the rotor impulsive noise generated during 

hover. They determined that the tip vortex from the blade produces transient flow 

changes at the following blades, this change produces a shock wave or moves existing 

shocks. The pressure disturbance due to this localized phenomena results in blade slap. It 

was also determined that when an airfoil with a high divergence Mach number was 

selected, the effect of blade slap was decreased. 
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Isom (1975) examined the scaling of noise from a hovering rotor with a high tip 

speed (i.e. high Mtip). In this study, the sound contributions from the thickness, lift, drag, 

and Shockwaves were considered. A narrow zone of intense noise carried by each blade 

tip was identified, which would produce an Nb/rev impulsive noise at a fixed 

observation point. It was noted that the lift dominates the rotational noise and the 

thickness is an important parameter for the impulsive noise generated. 

Farrasat (1975) demonstrated that the thickness noise (a type of rotational noise) 

of the rotor exhibits characteristics of blade slap. The thickness noise generally consists 

of impulsive acoustic pressure with a sharp negative peak at high Mach numbers. As a 

result, it was concluded that the thickness noise strongly depends on the Mach number 

and has a maximum directivity in the plane of the rotor disk. 

Boxwell et al. (1975) gathered in-flight measurements of R/C impulsive noise. 

From these measurements three distinct types of impulsive noise which occur 

sequentially in the pressures time history were identified. The first type of impulsive 

noise is represented by a series of positive pressure pulses at all speeds, but is sensitive to 

the R/Cs descent rate and was found to be associated with BVI. The second type of 

impulsive noise has a negative pressure distribution with directivity that is concentrated 

on the disk plane. The amplitude of the pulse was found to increase with forward flight 

speed until at the maximum speed, when it dominated the pressure signal. It is also 

determined to be associated with compressibility effects. As a result, pulse amplitude is 

dependent on the Mach number. The final type of impulsive noise occurs only at high 
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flight speeds and is represented by a narrow positive pressure spike which is followed 

closely by a negative pulse. 

Based on both experimental and numerical investigative techniques, rotor noise 

reduction or defocusing has also been a current research topic within the R/C community. 

Several techniques which have been investigated shall now be presented. 

2.3.2 Investigations Concerning the Reduction of the Noise Produced by a Blade-

Vortex Interaction Event 

Other than the experimental investigations related to BVI aerodynamics and 

aeroacoustics, the reduction of the BVI effect has also been a current focus of helicopter 

research. The quest to decrease R/C noise requires an accurate prediction of the rotor 

noise intensity and directivity as well as strategies which reduce or defocus the rotor 

noise. Consequently, rotor noise reduction is the current focus of research being 

performed in the R/C aeroacoustics field (Brentner, 1997(a,b); and Edwards and Cox, 

2002). 

Through experimental and numerical studies, the most significant factors of BVI 

noise include, the miss distance, yv, along with the characteristics of the vortex (Hardin 

and Lamkin, 1997; McAlister, 1996; and Yu, 2002). The airfoil AOA influences both the 

aerodynamic coefficients and the aeroacoustic field (Hie et al, 2008). However, the tip 

speed has been determined to be the most important factor for the determination of the 

rotor noise level. 

All attempts to reduce the rotor noise have either proposed modification of the 

core structure of the tip vortex, alteration of the tip vortex trajectories, or various 
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mechanical changes to the rotor. All three types of noise produced during the operation of 

an R/C may be reduced if the tip speed is decreased. However, at high Mach number, 

decreasing the tip speed is effective in reducing only the rotational noise and the blade 

slap. Vortex noise decreases at the slowest rate, so even at low tip speeds it remains as 

the dominant rotor noise source. This noise can be decreased by reducing the blade 

loading (i.e. T/Ab). On the other hand, rotational noise and blade slap can be decreased 

by lessening the disk loading (i.e. T/A). In order to decrease the blades tip speed, the 

rotors rotational speed may be decreased. This in turn decreases the frequency range of 

the rotor noise and is beneficial for large rotors. If the number of blades is increased, the 

magnitude of the rotational noises harmonics decreases and the fundamental frequency 

increases. 

Decreasing the higher harmonic content of the rotors' airloads can decrease the 

rotational noise. In particular, this involves decreasing the BVI loads and hence certain 

types of blade slap. Further, the parameters that influence the rotor noise (i.e. tip speed, 

disk loading and the number of blades) are also major factors that govern the 

performance of the rotor. Therefore, the aerodynamic efficiency of the rotor can be 

improved by designing a quieter rotor, while maintaining the current level of 

performance and cost. The blade tip planform and section can change the rotor noise by 

altering the tip aerodynamic loads and the structure of the tip vortex. The airfoil section 

shape and thickness ratio at the tip must be selected so as to provide sufficient 

aerodynamic and performance characteristics at high Mach numbers. Compressibility 

effects are important factors in both rotational noise and blade slap production. So, an 
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appropriate planform shape can maximize the tip vortex roll up and thus decrease the 

BVI loads. With that in mind, many blade tips (oger, vanes, e tc . ) or special devices 

(spoilers, subwings, end-plates, et...) have been designed to diffuse the tip vortex and 

modify its structure in order to decrease the BVI noise. These include passive designs 

such as blade tip sweep and unequal blade spacing have been proposed to decouple (or 

unphase) rotor noise sources (Baeder, 1997; and Sullivan et al, 2002). However, these 

attempts have not been successful without severely penalizing the performance of the 

rotor. 

Due to such repercussions in the rotor's performance from passive systems or 

altering the mechanical operation of the rotor, numerous active technologies have been 

proposed. One example of an active technology which has been proposed involves 

employing positive mass blowing jets near the blade tip in order to alter the 

characteristics of the tip vortex (McAlister, 1996; and Yu, 2002). Many other active 

technologies have been investigated in BVI reduction. Such experiments focused on the 

modification of the near field tip vortex structure through the use of a tip air mass 

injection (TAMI) system. This TAMI system has been designed to decrease the noise 

output during BVI in low speed descending flight (White et al, 1975). Spanwise TAMI 

also decreases the drag from the induced velocity field introduced by the vortex. Another 

experiment involved the use of discrete blade tip jets. This experiment determined that 

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

and core near blade tip is reduced (Gowanlock and Matthewson, 1999). A recent 

experimental investigation modified the tip vortex core using a slotted blade tip which 
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incorporated 4 channels distributed from the leading edge of the upper surface to the tip 

side edge. This produced a 60% decrease in the peak swirl velocity of the tip vortex 

(Mahalingam and Komerath, 1998; and Mahalingam, 1999). 

Furthermore, the corresponding core radii for different wake ages were more than 

3 times larger. These cause more rapid tip vortex diffusion for a slotted blade as a result 

of the enhanced mixing of the vortex core, which prevents the laminar region to sustain 

itself. The use of higher harmonic cyclic blade pitch (Brooks et al, 1991; and Yu et al, 

1994) and active trailing edge flaps (Charles at al, 1994; and Dawson, 1995) have been 

proposed to rectify the unsteady blade airloads and reduce the intensity of the propagated 

BVI noise. These technologies provided some benefits on an actual rotor test, but these 

use open loop system, and thus require extensive mapping of conditions for significant 

noise reduction. These approaches reduced the rotor noise in certain flight conditions, but 

they also increased the vibration on the rotor. A further operational technology such as 

aircraft trajectory optimization or tip-path-plane AOA control have been postulated and 

have been found to offer benefits in changing the BVI miss distance at the rotor (Schmitz, 

1998). 

Validation requires careful prediction of rotor wake in order to understand relative 

changes in the wake for various flight conditions. As a result, a better understanding of 

the nature and focusing characteristics of the critical sound sources generated by the rotor 

is required. Another approach has been to relate far-field noise levels to source points on 

rotor (Sim et al, 1995; Lowson, 1996; and Strawn, 1997). Thus, it may be possible to 

modify aerodynamics at specific source points on the rotor thereby altering the 
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propagated noise in a beneficial manner (although implementation of this idea is 

difficult). Lately, individual blade control (IBC) has received some attention from the 

research community because of the rapid development in smart structures technology 

(Wong, 2001; Coyne et al, 1997; Hardin and Lamkin, 1997; McAlister, 1996; White et 

al, 1975; Gowanlock and Matthewson, 1999; Yu, 2002; and Han and Leishman, 2003). 

Smart structures provide new-found design flexibility for advanced composite helicopter 

rotor blades. This allows the structure to sense and react as desired during different flight 

conditions to increase the rotor blade performance with respect to structural vibrations, 

acoustic radiation, and aeroelastic stability. 

An example of an IBC system is integral actuation by using anisotropic actuators 

through the use of active fiber composites (AFC) with interdigitated electrodes. The base 

material characteristics and proof-of-concept model of this integral twisted actuated rotor 

blades have developed recently (Zdravkovich, 2003; and Norberg, 1985). The aim of this 

investigation was to design and analyze a beam-like structure, while taking into account 

the embedded anisotropic actuators distribution through the blade in a consistent manner 

so as to optimize the blade twist capabilities under the action of an external stimulus 

provided by the IBC control system. A two cell advanced composite rotor blade with 

integral anisotropic active plies was tested and designed in a wind tunnel. 

Due to the aforementioned shortcomings and benefits found through the 

numerous techniques and investigations, a fundamental problem concerning BVI must be 

addressed by the research community. As a result, numerous numerical investigations 

related to BVI have also been performed and shall now be addressed. 
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2.3.3 Numerical Investigations in Blade (Airfoil)-Vortex Interaction 

In literature, the numerical treatment of a BVI event varies from aerodynamic 

model building concepts (Sim and Schmitz, 2000; and Berenger et al, 1997) to 

application of the thin layer Navier-Stokes (or Euler) equations (Srinivasan, 1986; Lee 

and Bershader, 1994; Wong et al, 2000; Oh et al, 2002; Lin and Chen. 1997; and Lee, 

1994). The majority of numerical investigations invoked a Navier-Stokes based solver. 

Most investigations chose to embed a desired vortex velocity profile a distance upstream 

of the test rotor through superposition, before allowing it to convect downstream through 

the freestream. 

Lee and Bershader (1994) showed that viscous effects play a significant role in 

parallel BVI using two different miss distances. Some researchers (Sim and Schmitz, 

2000) used a global perspective to model BVI to investigate the resulting near and far-

field acoustics. When coupled with the Kirchoff method, RANS simulations performed 

by Lee and Bershader (1994) have been able to achieve a similar global level of 

prediction. Using the full set of Euler equations in a CFD solver, Wong et al. (2000) 

demonstrated that the strongest acoustic signature occurs when the vortex impacted the 

lower surface of the blade. Yu (1996) investigated the effect of the vortex miss distance, 

yv, using a comprehensive numerical code (CAMRAD-JA) coupled with a finite 

difference code (FPR). It was shown that changing the blade flapping deformation with a 

higher harmonic blade pitch control concept can effect yv (i.e. increase the miss-

distance), thereby reducing the BVI noise. Implementing neural networks into an active 
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control mechanism has been investigated by Glabel et al. (2001) to reduce the noise and 

vibration generated during a BVI event. Open and closed loop direct and indirect neural 

control networks were used, some of which were capable of learned behavior using BVI 

data. Lee (1994) investigated the potential benefits of including a porous leading edge 

and found that it reduced the far-field noise by 20 to 30% during a BVI event. Vortex 

creation research has also been performed using either a starting vortex or a tip vortex. 

Figure 2.17 shows a numerical domain used by Mamou et al. (2001) for the study of 

AVI. In this investigation a shock tube was used for vortex creation by a heavily 

downward pitched airfoil upstream to generate a single coherent vortex through 

exploitation of the interaction with the oncoming shock wave. 
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Figure 2.17: Schematic for the Numerical Shock Tube Employed by Mamou et al. (2001) 

Numerical simulations of tip vortex creation, lifespan and behavior with age have 

been found to agree reasonably well with experimental results from Berenger et al. 

(1997). The two-dimensional BVI problem (i.e. AVI) has also been widely addressed 

using computational fluid dynamics (CFD) (McCorskey and Goorjian, 1983; McCorskey, 

1985; McCorskey and Baeder, 1985; Singh and Baeder, 1996; and Lee and Baeder, 
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2002). Through these investigations it was determined that as the freestream Mach 

number is increased, phase lag in the lift response grows. 

After the airloads have been resolved, there are also high computational costs are 

associated with the evaluation of the acoustics. Therefore, R/C noise prediction remains a 

challenging area of research (Brentner and Farassat, 2003). Due to the complicated wake 

structure on the R/C's rotor in forward flight, vortices may lie at many different 

orientations and inclinations with respect to the blades. It is not possible to model the 

aeroacoustics with reasonable computational cost or accuracy without the use of 

empirical predictions. Most aeroacoustic models give good noise prediction for idealized 

problems (i.e. and interaction of the blades with rectilinear type vortices). As a result, 

many comparisons have been of the idealized problem using a variety of different 

approaches (Caradonna et al, 1997; and Sim et al, 1997). Numerous researchers 

(Ringler et al, 1991; Sim et al, 1995; and Sim and George, 1996) have formulated the 

orientations and intersections of the acoustic lines to obtain a qualitative measure of the 

directivity of the dominant sound in the far-field produced by the BVI events on the rotor. 

Widnall (1971) developed a theoretical analysis of the impulsive sound generated by 

BVI. The analysis showed good agreement with experimental results for both wave form 

and the peak magnitude of the impulsive sound pressure. 

The complexities of the unsteady nature of rotor flow pose a challenge for current 

CFD, especially in respect to capturing the wake. The current CFD capabilities are 

limited by grid resolution requirements and numerical dissipation of the scheme 

employed as a solution (i.e. the system of equations being solved). Both limitations have 
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the tendency to generate non-physical dissipation of the rotor wake, which decreases the 

accuracy of the tip vortex as it ages. This problem has been overcome by Lee and Baeder 

(2002) who employed a chimera type overset grid. Alternatively, an adaptive grid would 

suffice as a solution to this issue. The chimera type grid employed used an O-type grid 

wrapped around the airfoil with two overset H-grids that are moved relative to the O-grid, 

thus tracking the vortex as it convects past the airfoil. Employing this grid alongside an 

Euler CFD based approach. Despite high pressure gradients in the flow at or near a shock 

wave, the vortex emerged in a nearly undisturbed state; the initial radial symmetry of the 

vortex as maintained. Overset grids types provide afford finer resolution of the flow, 

which decrease numerical errors in regions of strong velocity or pressure gradients 

around the vortex, thereby decreasing the artificial numerical diffusion of the vortex 

during the interaction with the blade or airfoil. Hie (2008) employed Large Eddy 

Simulation (LES) in order to study a BVI event. Numerous parameters were varied 

throughout this study in order to realize their effect during a BVI event. These parameters 

include the miss distance, airfoils angle of attack and the viscous core radius of the vortex 

itself. This study not only analyzed the aerodynamics of the interaction but investigated 

the aeroacoustics as well through the sound pressure level. Furthermore aeroelasticity 

was investigated for the interaction of a vortex with a flat plate. Wong (2003) employed a 

numerical method using Volterra integrals to study the BVI event. This method was 

validated with a RANS based CFD solution. 

Furthermore in some cases, such as near the blade tip, the flow may be transonic. 

This results in the BVI problem being inherently nonlinear. As a result, quantitative 
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prediction of the airloads requires advanced nonlinear CFD methods for accurate 

prediction of the event. Uncertainties of experimental results create a difficult situation to 

surpass the shortcoming of turbulence models, or to impose more accurate boundary 

conditions in the CFD solver (Dacles-Mariani et al, 1999). The advantage of employing 

a CFD simulation over experimental observation is the ability to capture data in the entire 

surrounding flow. Consequently, the flow patters may be captured in any region of the 

flow, which presents a superior understanding of the evolution of a tip vortex. If an 

understanding of how a tip vortex is formed the performance of the R/C may increase and 

the effect of the BVI may be reduced. Accurate prediction of a BVI over the entire rotor 

in a three-dimensional viscous flow field is the ultimate goal of CFD. High resolution is 

necessary; thus, a high computational cost is inferred. High cost is a problem, as three-

dimensional overset grids are currently limited by computer memory and speed. 

Complete CFD solutions have been a recent focus on the modeling of 

aeroacoustic effects of BVI (Strawn, 1997). But, to date, complete first principles based 

CFD approaches are not yet practical for rotor aeroacoustics problems due to significant 

numerical dissipation and dispersion errors associated with the tip vortex itself. 
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Chapter 3: Computational Methods for Investigating 
Airfoil-Vortex Interactions in Turbulent Flows 

The numerical simulation of the airfoil-vortex interaction (AVI) presents 

significant challenges. Most techniques either tend to alter the vortex's characteristics 

before the interaction, or are not able to capture the fluctuations of the aerodynamic 

coefficients. Two main solution techniques which aid in predicting unsteady aerodynamic 

responses of rotor blades during a blade-vortex interaction (BVI) exist within the scope 

of the current work. The first method uses either the Euler or Navier-Stokes equations to 

solve the BVI event as it occurs, and the second class is inviscid panel methods (Wagner 

etal, 2007). 

The methods that employ either the Euler or Navier-Stokes equations are 

classified as computational fluid dynamics (CFD) methods. CFD uses discretized forms 

of either set of equation along with appropriate models to create a closed set of equations 

because these methods add more unknowns to the original set of equations. These 

methods consist of either the unsteady Reynolds-Averaged Navier-Stokes equations 

(URANS) or Large Eddy Simulation (LES). It is also possible to discretize and directly 

solve the Navier-Stokes equations; this method is referred to as Direct Numerical 
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Simulation (DNS) (Piomelli, 2001). Although several solvers are commercially available, 

ANSYS CFX 11.0 will be used in the current work as it was readily available. 

If a URANS approach is used in the CFD solver, a turbulence model is required. 

The use of a turbulence model has proven to be highly dissipative and may not explore 

the unsteadiness of the flow accurately as a result of the URANS requiring the turbulence 

model to model all relevant scales of turbulence. Several different form of turbulence 

models exist ranging from so called zero equation models, to one-equation models, as 

well as to two-equation models and finally second moment closure models. In the 

following, the term 'n-equation' model implies the addition of n time-mean partial 

differential equations to the time mean RANS equations. Zero equation models simply 

add eddy-viscosity formulas algebraically to the system. One equation models add the 

time-mean equation of either eddy viscosity or the turbulence kinetic energy to the 

system, as well as algebraic formulas which model the various terms. Two equation 

models add turbulent kinetic energy and a second partial differential equation to the 

system as well as more algebraic modeling formulas (White, 2006). Second moment 

closures include transport equations, which include all physical processes which are 

present in a turbulent flow, for the Reynolds stresses (Tavoularis, 2008). These models 

could in theory account for non local and memory effects and could potentially be 

capable of predicting curved and rotating flows (Tavoularis, 2008). In practice, however, 

their success depends greatly on the relevance of the models for the various higher order 

terms on the accuracy of the numerical schemes employed by the solver for the solving of 

the nonlinear coupled differential equations (Tavoularis, 2008). Second order closures are 
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often referred to as Reynolds stress models (Tavoularis, 2008). An alternative to 

modeling the Reynolds stress term, which results in the dissipation issue, is Large Eddy 

Simulation (LES). LES is computationally expensive however the characteristics of the 

vortex are preserved and instantaneous values of the flow variables are also obtained 

(Wagner et al, 2007). LES come at a significantly lower computational cost when 

compared to DNS, a fact that makes it an attractive alternative to other simulation 

methods for time-accurate unsteady solutions (Piomelli, 2001) of the AVI problem. 

Direct Numerical Simulation (DNS) involves solving the Navier-Stokes equations 

directly, i.e. without modeling (White, 2006). It is restricted to low Reynolds number 

flows involving relatively simple geometries as a result of the wide range of length and 

time scales which are present in turbulent flows (Piomelli, 2001). The necessity of the 

tremendous resolution requirements for DNS of high Reynolds number flows of practical 

interest implies a tremendous computational power far beyond current supercomputing 

capabilities (Piomelli, 2001). 

The panel method is another method that might be employed to solve the events 

which occur during the AVI. Panel methods require very little computational power and 

provide results with a reasonable degree of accuracy. The one downside to the panel 

method solution is that they are inviscid solutions and do not provide information on the 

viscous effects of the flow (White, 2006). 

All relevant CFD approaches shall be addressed in the order presented above. The 

first of which shall be the RANS approach providing a discussion of two-equations 

model as well as a detailed section of the method which is used in the current work. 
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3.1 Reynolds Averaged Navier-Stokes (RANS) Simulation 

Several different models for the fluctuating terms have been developed (i.e. 

zero/one/two equation models) (White, 2006). For RANS simulations, the flow variables 

(velocity and pressure fields for incompressible flows) are divided into a statistically 

averaged (or mean) component and fluctuations. The mean components are solved for 

directly, while the fluctuations of the flow variables are modelled. Thus, RANS models 

all turbulent interactions within the flow field and DNS completely resolves these 

interactions. Prior to discussing the model employed in the current work, the governing 

equations for RANS must first be provided. 

3.1.1 Governing Equations for RANS 

The RANS equations are time-averaged equations of the motion for a particular 

turbulent fluid flow. In RANS, each component of velocity, u,- is defined in terms of an 

averaged component, uj = — / 1 u(t) dt, and a fluctuating component, ut which 

mathematically can be surmised as u,- = u"; + uL (Anderson, 2007). The RANS relations, 

which follow, provide an approximation based on knowledge of the properties of flow 

turbulence, giving approximate averaged solutions of the Navier-Stokes equations. 

Jx~ = 0 ( 3 . i ) 

dUi _dUi _ 1 DP l_d_ 

dt ' dxj p dX[ p dxj 

Notice that in Equation ( 3.2 ) the averaging process adds an extra term which 

must be resolved through turbulence modeling, as there is now an insufficient number 

dui 

dxi 
pUiUi (3.2) 
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equations to solve for all the unknowns which exist in the RANS system of equations 

(Anderson (2007)). The additional term in Equation ( 3.2 ) is often referred to as the 

Reynolds stress and is given as —pujw,:. In order to close the RANS system of equations, 

a turbulence model must be employed. Several turbulence models are available such as 

the k — £, k — co or Reynolds stress equations. In the current work, the Shear Stress 

Transport (SST) model is employed prior to performing the Large Eddy Simulation on 

the flow field using ANSYS CFX 11.0, and this model shall now be outlined. 

3.1.2 Shear Stress Transport (SST) Model 

The shear stress transport (SST) model combines the existing k-e and k-co models 

using a blending procedure on modified equations (Menter, 1994), in order to determine 

the Reynolds stresses in Equation (3.1). This approach is used as the purpose of the SST 

is to maintain an accurate formulation of the k — e model in the near wall region while 

taking advantage of the freestream independence of the k — s model in the outer part of 

the boundary layer (Menter, 1994). Another reason for the use of this approach is that the 

k — co model is too sensitive on the inlet boundary conditions specified for co, which is 

not an issue for the k — e model. As a result, the k — s model is generally preferable, 

however the k — co model provides far superior accuracy in the sublayer of the boundary 

layer (Davidson, 2003) which makes it an attractive alternative when compared to more 

traditional turbulence models (i.e. the k — e or the k — co models) for AVI investigations. 

The SST model blends the k — £ or the k — co models through the use of a blending 

function (for the theory behind SST refer to Section A.l of Appendix A). This model 
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imposes the k — a) model near the wall region and the k — e model in the regions away 

from the walls which are combined through the aforementioned blending function. 

Upon performing the required SST analysis of the AVI, one may used the 

converged results to initialize the Large Eddy Simulation (LES), whose details shall now 

be discussed in full. 

3.2 Large-Eddy Simulation (LES) 

Large Eddy Simulation (LES) is an alternate numerical approach to that of RANS 

for the solution of the AVI problem. In terms of accuracy and the computational 

requirement, LES is an intermediary approach when compared to DNS and RANS 

problems (Piomelli, 2001). The main motivation for LES is that since the large energy 

carrying eddies are highly influenced by the boundary conditions, they can be resolved by 

computation. Whereas the small eddies (or unresolved scales) are modeled (Wagner et 

al., 2007). In general, the large scales of motion are more energetic than the small scales. 

As a result, their size and strength allow them to be effective transporters of the 

conserved properties (Piomelli, 2001). Therefore an approach which treats the large 

eddies with greater accuracy than the small eddies would be much more suitable. This 

conclusion leads to the use of the approach taken by LES (Wagner et al, 2007). 

Large Eddy Simulations are three-dimensional and time dependent, but quite 

expensive albeit not nearly as costly as DNS (Wagner et al., 2007). LES is a much more 

viable option than DNS for either high Reynolds number flows or flows associated with 

complex geometry (Piomelli, 2001), which is discussed further in Section A.3 (refer to 

Appendix A). LES uses a space averaging operation which is applied to the Navier-
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Stokes equations. The mathematically closed form of this operation is found through a 

modeling technique which uses Fourier space (Piomelli, 2001). In principle, LES 

separates the large eddies, which are computationally resolved, from the small eddies 

which are modeled through this filtering process in Fourier space (Wagner et al, 2007). 

This process resolves (or captures) only the turbulent structures within a certain grid size 

while modeling all the smaller eddies (i.e. they are not captured by the filtering operation) 

(Piomelli, 2001). The advantage of this method is that it provides much more information 

than RANS while not requiring the computational time as DNS (Piomelli, 2001). LES is 

also powerful due to limitations presented by RANS (i.e. accuracy and capturing the 

turbulent structures) and DNS (computational power required) (Piomelli, 2001). The 

process involved with LES is as per the following: 

1) A filtering operation must be defined to decompose the velocity, u(x, t), into 

a summation of a filtered (or resolved) component, u{x,t), and a residual 

(subgrid scale (SGS)) component, u(x, t). The filtered velocity field, u(x, t), 

is a three-dimensional, time dependent which represents the motion of the 

large eddies (Wagner et al, 2007). 

2) The evolution of the filtered velocity field is derived through filtering the 

Navier-Stokes equations (Piomelli, 2001). These equations are similar to the 

unfiltered Navier-Stokes equations, however the filtered form now contains 

the residual stress tensor (SGS stress tensor), which is a result of the residual 

motions (Wagner et al, 2007). 
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3) Closure of the system of equations is achieved through modeling the SGS 

stress tensor through the use of an eddy viscosity model (Piomelli, 2001) 

4) The filtered equations are then solved numerically for, u(x, t), providing an 

approximation to the large scale motions in one sense of the turbulent flow 

(Wagner etal., 2007). 

The details of the filtering process must first be defined, prior to presenting the 

filtered Navier-Stokes equations which govern LES. 

3.2.1 Generalities of the Filtering Process 

In order to define a precise way to compute the quantities in LES, it is necessary 

to define a velocity field which contains only the large scale components of the total flow 

field (Wagner et ai, 2007). It has been shown that this may be done through a filtering 

process: the large scale is thus simulated and further represents the local average of the 

complete field (Leonard, 1974). A function, f(x,t), can be defined such that this 

function contains all the scales (Leonard, 1974). If this function f(x, t) represents an 

instantaneous variable of the flow field (i.e. velocity or pressure) and G denotes an 

averaging Kernel (localized function) (Leonard, 1974), such thatG(O) > 0, f^d h{x)dx 

with h(x) -» 0 rapidly as \x\ -» oo. 

The filter of / be denoted by / , which is defined as the convolution / with a filter 

function, G(x), then the filter mathematically is represented by 

/(*)= \G{x-s)f{s)ds (3.3) 
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where fi represents the flow volume, which is normalized such that / G(s)f(s) ds = 1 

as well as G(—x) = G(x) (i.e. the filter is an even function) (Leonard, 1974). The fact 

that G is an even function ensures that / = / when / is constant (Leonard, 1974). The 

filtered Navier-Stokes equations may now be defined. 

3.2.2 Governing Equations for LES 

Before the filtered Navier-Stokes equations can be defined, it must be assumed 

that the error in the interchange of filtering and differentiation is negligible 

(i.e. df/d x = df/d x) (Wagner et ai, 2007). Therefore, the filtered Navier-Stokes may 

be written as: 

du; 

dUi d , . dP 1 d2 , x 

dt dXj^ l^J dXi RedxfK u K ' 

The application of the filtering process to the Navier-Stokes equations introduces 

two additional unknowns without any additional equations, thereby leaving an 

undetermined system (i.e. number of unknowns is larger than the number of equations) 

(Piomelli, 2001). This new system of equations now falls under the closure problem, for 

which LES can be shown by representing the velocity in terms of the mean/fluctuation as 

per RANS, through u,- = uj- + ut. The decomposition of the non-linear reactions may be 

written as uu = uu + uu +uu + uu (Piomelli, 2001). Note that u represents the 

large scale motions and u represents the small scales (or subgrid scales (SGS)), of the 

total velocity field u (Wagner et al, 2007). 
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The filtered Navier-Stokes equations must be closed, which is done in LES through 

modeling the uu terms of u only (Wagner et al, 2007). Defining of the filtering process 

(see Equation ( 3.3 )), shows that generally, u ± u, unless u is a constant or the filter is 

an ideal low pass filter (Wagner et al, 2007). Consequently, u =£ 0 (Wagner et al, 

2007). Note that in the RANS approach the decomposition of both the statistical mean 

and the fluctuations are achieved with a zero mean (Davidson, 2003). As a result, in LES, 

in order to overcome the closure problem, the filtered Navier-Stokes equations are 

rewritten in the following form 

du; 

err0 (3-6) 

diii d . . DP dtu 1 d2 , N 

l r +3 ? (« - -%) = - ^ - a ^ + 5 ; ^ ( « - ) (3.7) 

where Ty = vi(Uj —Ui-u^ and is referred to as the subgrid scale Reynolds stress (Wagner 

et al., 2007). The SGS Reynolds stress is similar to the Reynolds stress introduced in 

RANS (Wagner et al., 2007). This similarity occurs because in both cases the unresolved 

scales, w'(the small eddies in LES and the turbulent fluctuations in RANS) result in 

stresses in the resolved scales of motion (the large eddies in LES and the mean velocity 

field in RANS) (Piomelli, 2001). In RANS, the velocity fluctuations, ut, represent all the 

turbulent motions, whereas in LES, ut only represents the small scale motion (i.e. the 

subgrid scales) (Wagner et al., 2007). The implications of this are that the energy in the 

unresolved scales of LES represent a much smaller portion of the total energy of the flow 

with the energy in the unresolved scales of RANS (Wagner et al., 2007). Two main 
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approaches exist to solve the LES closure problem, the first, which allows a filtering 

operator to be defined implicitly through the modeling of the SGS stress term, was found 

by Lilly-Deardroff (Wagner et al, 2007). The second is referred to as the Leonard 

approach. It uses a substitution of u,- = u~i + ut, into ujuj to result in ujuj = ufy + 

UiUj + u^Uj + Ui'Uj (Wagner et al, 2007). Note that first term in the right hand side of 

the modified decomposition of the non-linear term, utUj, may be determined explicitly if 

the filter is defined clearly (Wagner et al, 2007). Using the above result in the SGS stress 

term in Equation (3.7), the following result may be obtained 

Ty = (u^ -Ui-uj) + {iiiUj' + Ui'iij) + Ui'iij' (3 .8 ) 

This approach splits the SGS stress term into three terms which have different 

physical meaning in terms of the flow (Wagner et al, 2007). The first term, (ucfij — wj • 

iij), represents the interaction of the large scales which produce effects in the small scales 

motion and is referred to as the Leonard stress (Wagner et al, 2007). The second term, 

(uiUj' + UiUj'), represents the interaction of small eddies with the large eddies and is 

often referred to as the cross term (Wagner et al., 2007). Finally, the third term, u{Uj', 

represents the transfer of energy from the small scales to the large scales and is referred 

to as the backscatter term (Wagner et al, 2007). The cross term may also produce 

backscatter since it concerns the interaction of the small scales with the large eddies as 

well (Wagner et al, 2007). In the Leonard approach, the filter must be explicitly known 

in order to determine the Leonard stress term, which is quite an inconvenience as in the 
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grid based methods, the filter is often defined implicitly (Wagner et al, 2007). The issue 

of subgrid scale (SGS) modeling shall now be addressed. 

3.2.3 Subgrid Scale (SGS) Modeling 

As was mentioned in Sub-Section 3.2.2, applying the filtering process to the 

Navier-Stokes equations introduces a closure problem (Wagner et al, 2007). In order to 

solve this dilemma, the filtered Navier-Stokes equations were written in a form where the 

unresolved scales, represented by T;y in Equation ( 3.7), may be modeled (Wagner et al, 

2007). In the current section, the two models which are employed with the highest 

frequency shall be discussed. These include the Smagorinsky model and the dynamic 

SGS model. The Smagorinsky model is the most commonly used model in LES to date 

(Wagner et al, 2007). This model is an eddy viscosity model, which is based on the 

increase in transport and dissipation which results from the effects of the SGS stress 

(Smagorinsky, 1963). It is this model which was used for the airfoil-vortex interaction 

analyses as it is a simple and common model which only models the scales of turbulence 

which are less than the grid size through a filtering process. The Smagorinsky model also 

makes use of the van Driest wall damping function (refer to Appendix A as Equation 

(A.22 ) Section A.2 for the associated theory). 

Another, simpler alternative which requires much less computational power is an 

inviscid panel method which shall now be addressed. 
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3.3 Panel Methods 

Another method in obtaining a solution to the AVI problem is through the use of a 

panel method. The following discussion is presented as the LES AVI results shall be 

compared to the results obtained using the discrete vortex method by Renzoni (1987) in 

Chapter 5. The presentation of the information within the current section shall thus allow 

the reader to obtain some background regarding an inviscid panel method so that the 

differences present between the discrete vortex method AVI results and the LES AVI 

results become more evident. Currently, several panel methods are used, such as: the 

source panel method, the vortex panel method or a doublet panel method (Katz and 

Plotkin, 2006). These methods may be employed through the use of a constant 

source/vortex/doublet over a panel or these may be linearly varying (Anderson, 2007). 

Panel methods may be used to solve either two-dimensional or three-dimensional 

problems. Two-dimensional methods involve decomposing the geometry into a series of 

panels with end points defining the bounds of the panel and the midpoint in which the 

analysis is performed. Three-dimensional panel methods decompose the entire surface 

into a series of elements, from which an analysis is performed at the midpoint of the 

element which may then be used to extract the required information for the entire 

geometry (Katz and Plotkin, 2006). Panel methods may also be used in conjunction with 

methods that release a discrete amount of vortices in the flow, which shall be discussed in 

brief in Sub-Section 3.3.2. 

Considering that the AVI problem is a two-dimensional problem which involves a 

vortex in the freestream impacting the airfoil, only the two-dimensional constant strength 
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vortex panel method shall be presented in Sub-Section 3.3.1, as the alternate methods 

(including the three-dimensional methods) are considered beyond the scope of the current 

work. Another reason to use a vortex panel method is that the vortex method has proven 

to be the most accurate two-dimensional panel method (Katz and Plotkin, 2006). The 

source panel method is used for non-lifting analyses as a source that has no circulation; 

whereas, vortices have circulation which allows for the vortex panel method to be used 

for an analysis of a lifting body, as per the AVI problem (Anderson, 2007). 

3.3.1 Constant Strength Vortex Panel Method 

When limiting the analysis to incompressible (Mach number less than 0.3), 

inviscid flows (i.e. no viscous effects present), it is necessary to approximate the airfoils 

surface with a vortex sheet using a series of straight panels, as can be seen in Figure 3.1. 

fU.y) 

Boundary 
point* 

Control 
points 

Figure 3.1: Airfoil Approximation for the Vortex Panel Method (Anderson, 2007) 

The desired unknowns are the panel strengths, i.e. the strength of a vortex 

representing a panel. In other words, it is necessary to determine, y;- fory = 1 to N (where 

N is the number of panels), such that the surface of the body becomes a streamline of the 
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flow and ensures that the Kutta condition is satisfied (illustrated by Figure 3.2). The 

midpoint of each panel is referred to as a control point; it is at this point that the vortex 

strength is found to ensure that the normal component of flow velocity is zero, which is 

employed as a boundary condition. If P is to represent any point (x, y) in the flow 

domain, and r>. is to represent the distance from any point on the j-th panel to the point P 

in the domain (Anderson, 2007). The vector rP. has an angle, 0P., with respect to the x-

axis, which is given as 

^ = t a n " ' ( ^ ) <3-9> 

The velocity potential induced at P due to the vortex placed on the j-th panel may be 

represented as 

Wj=-2^j.ePjYjdSj (3.10) 

As the name of the method implies, the strength of the vortex, Yj, on the j-th panel is 

constant (Anderson, 2007). The potential at point P due to the influence of all the panels 

is the summation of the potential at P due to the j-th panel, i.e. 

N N 

<KP) = £A0 y =-£ | ;U ; . d s , (3.11) 

j=i j=i > 

If the point P is placed at the control point of the i-th panel, i.e. ixityi), the angle of the 

vector between the j-th and i-th panel, as well as the potential at the control point of the i-

th panel are given by 
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N 

(p(xi,yi) = -Yj^jdijdsj (3.12) 
j=i J 

Note that Equation ( 3.13 ) represents the contribution of all the panels to the potential at 

the control point of the i-th panel. As previously mentioned, the normal component of the 

velocity is to be zero at the control points (i.e. no flow is to enter the solid body). This 

normal component of velocity is the superposition of the contribution from the uniform 

flow velocity and the velocity induced by all the vortex panels (Anderson, 2007). The 

component of the freestream normal to the i-th control point is, 

U„on = l/«cos(ft) (3.14) 

The normal component of the velocity which is induced at the i-th control point by all 

other vortex panels is given as, 

Application of the boundary condition leads to 

^ n + Un = Ucacos(Pi)-^j^dsj = 0 (3.16) 

Equation ( 3.16 ) yields a linear system with N equations and N unknowns (Anderson, 

2007). However, the Kutta condition must also be satisfied. Considering the trailing edge, 

as shown in Figure 3.2, the two panels at the trailing edge (i.e. the i-th panel and the (i-1)-

th panel) are very small. 



71 

The Kutta condition insists that the circulation at the trailing edge is zero, 

i.e. y(TE} = 0, which requires that y,- = —y,-_i (i.e. yx = — YN in Figure 3.2) in order to 

negate the influence of the i-th panel on the (i-l)-th panel (Anderson, 2007). This 

additional relation yields an over-determined system with N unknowns, and (N + 1) 

equations (Anderson, 2007). As a result, one of the control points must be disregarded 

and the Kutta condition must be evaluated at that specific control point (Katz and Plotkin, 

2006). The strength of each vortex panel, y;, may now be determined as the system is 

equal in N equations and N unknowns (Anderson, 2007). Once y; has been determined, 

the tangential component of velocity may be determined through setting the velocity 

inside the airfoil to zero, as is illustrated in Figure 3.3. 

Figure 3.2: Panels of Constant Strength Vortices Near the Trailing Edge of the Airfoil (Katz and 
Plotkin, 2006) 

Figure 3.3: Condition Allowing the Tangential Velocity to be Determined, adapted from Anderson 
(2007) 
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It can be shown that the local velocities tangential to the airfoil surface are equal 

to the local values of gamma (Anderson, 2007). Consequently, the resulting total 

circulation may be determined through: 

N 

r = YuyiSi=0 (3-17) 

where s;- represents the length of the j-th panel. Similarly, the lift per unit span may be 

determined through the Kutta-Joukowski relation (Katz and Plotkin, 2006), i.e. 

N 

L=P00U00YJYjSj = PoaUoor (3.18) 
7 = 1 

It is worth noting that the results of this method are sensitive to the number of 

panels used, including the sizes and distribution of the panels (i.e. whether they are 

clustered around the leading/trailing edges) (Katz and Plotkin, 2006). Moreover, a degree 

of arbitrariness is introduced by the necessity of ignoring one of the control points 

(Anderson, 2007). What has been presented is the use of an analysis of an inviscid and 

incompressible nature to examine a viscous flow situation. Discrete vortices may be 

injected at arbitrary points in the domain to resolve the wake as well as some viscous 

interactions (Katz and Plotkin, 2006). 

3.3.2 Discrete Vortex Method 

Unlike the aforementioned panel methods, these methods employ a panel method 

in a time dependent sense (Fonseca et al, 2003). Both the addition of another panel in the 

wake (which is perpendicular to the trailing edge of the airfoil), and that of a further 
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contribution of the wake to the potential of the flow are used to achieve this. This wake 

potential may be surmised as the contribution to (M — 1) point vortices previously 

generated (where M defines the current time step). The second portion of the wake 

potential is a result of the amount of vorticity which is shed at time M from the airfoils 

trailing edge. Correlations of this sort are modeled through the addition of the 

aforementioned additional panel. At time (M + 1), this panel is transformed into a 

discrete vortex with a strength equal to the contribution from the M previous time steps. 

Also, it is necessary to add another boundary condition in which the circulation in the 

wake is equal to circulation around the airfoil with the opposite sign. This condition 

permits the amount of vorticity shed at the trailing edge to be determined. It thus provides 

a model for the generation of the wake's vortex. 
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Chapter 4: Blade Tip Vortices 

A wake of trailed and shed vortices is a direct result of lift-generation on a three-

dimensional lifting surface or unsteady flow. This wake vorticity in turn induces a 

velocity at the surface of the lifting body and thus influences the aerodynamic loading on 

the surface itself. The tip region in particular is enveloped by a region of high vorticity 

which rolls up fast into a dominant vortex. The roll up of tip vortex in terms of strength, 

velocity distribution/location defines the subsequent behavior of the lifting surface's 

wake. 

In R/Cs, the rotor blades have a large pressure differential over the tip region, 

which causes tip vortices with high circulation and high swirl velocities as well as 

relatively small viscous cores. Since a rotor blade often passes very close to the tip 

vortices from the preceding blades, the vortex core plays a significant role in the wake-

induced velocity of a rotor and must be included in any representation of a wake's 

vorticity. As a result, the vortex core dimensions partly define the structure and evolution 

of tip vortices. Typically the core radius of a tip vortex is about 10% of the chord (i.e. 

approximately the chord thickness), although for rotary winged aircraft measurements of 

the core size are not extensive. The inboard shed and trailed vorticity is less important to 

the induced velocity field. As a result, it is typically represented by vortex sheets or 
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neglected entirely during an investigation of the properties of the tip vortices or the blade-

vortex interaction. The tip of a rotor blade therefore induces significant velocities for 

several chord lengths downstream of the generating surface. 

The rotor blade tip shape is affects both the strength and location of the tip 

vortices as they are trailed off a blade into the rotor's wake. Some tip shapes produce 

multiple vortices. These multiple vortices are stronger and dominate the flow in the rotors 

wake. Most R/Cs have rectangular or mildly tapered blade tips and a single tip vortex 

forming at the trailing edge of each blade tip. The overall roll-up of a tip vortex from a 

rectangular blade tip in terms of the vortex's strength and its initial position behind the 

blade is difficult to predict. Due to these issues tip vortex formation is a complex problem 

that involves high velocity with shear, flow separation, pressure equalization and 

turbulence generation. Each of these issues shall be addressed in some context in the 

following work. 

In order to accurately model the tip vortex of a rotor blade, one must consider its 

variation with vortex age, the vortex core characteristics (such as radius and swirl 

velocity), and the vortex trajectory. There has been an exaggerated emphasis on vortex 

core parameters. Since identification of the vortex core parameters for a R/C is currently 

not a well addressed issue, several models that incorporate a viscous vortex core 

including the simple Rankine vortex model exist (Spalart, 1998). The instant a vortex is 

formed, it has been found to be represented by a series of infinite line vortices, i.e. they 

are inviscid, and thus require no modeling of the core parameters, merely just the strength 

of the vortex itself. Most models, however, analyze the blade-vortex interaction problem 
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and thus do not concern the tip vortex at the instant, as they have undergone vortex 

diffusion in some capacity. As a result the models are semi-empirical representations of 

the tip vortex characteristics. The required parameters for R/C tip vortices are often 

interpreted or extrapolated from aircraft studies because they are not well documented for 

R/C tip vortices (Rorke et al, 1972; and Rorke and Moffit, 1977). Due to the mutual 

interaction between the vortices, the sustained proximity of tip vortices, and stretching of 

the filaments as they convect in a non-uniform flow, the validity of this approach is 

questionable. Tip vortex models used in rotor wake simulations usually are discussed in 

terms of a two-dimensional tangential (or swirl) velocity profile. Since other velocity 

components (i.e. axial/radial) are small and typically neglected in most applications. This 

is not justifiable for early wake ages. As mentioned, one characteristic parameter often 

used to describe tip vortices is the circumferential (or swirl/tangential) velocity. 

Furthermore, in the past vortex flows have been considered axisymmetric due to a 

lack of a full three-dimensional representation. This opened a debate in the research 

community about the significant axial core velocity with respect to the swirl velocity 

(Mahalingam and Komerath, 1998). To investigate this dilemma, trailing vortices 

generated by fixed wing aircraft have been studied. Hence, it has been observed that the 

velocity profile with respect to the atmosphere may be directed towards the wing, thereby 

generating a wake-like profile. Or, it can be directed away from the wing, thus generating 

a jet-like profile. This study aimed to eliminate uncertainties associated with the 

influence of the axial velocity profile for a tip vortex. Other related studies provided 

measurements for a two bladed rotary wing aircraft in hover and have shown a strong 
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wake like axial velocity distribution (McAlister, 1996). These results have been 

consistently confirmed in both hover and low speed flight (Martin and Leishman, 2002; 

Mahalingam and Komerath, 1998; Mahalingam, 1999; and Coyne et al, 1997). 

The mechanism which describes the persistence of tip vortices for several rotor 

revolutions is still not clearly understood. The role of turbulence in the formation, 

evolution and dissipation of tip vortices has been examined as a potential solution to this 

problem (Dacles-Mariani et al, 1999). The experiment used flow pattern representations 

to show that the growth rate and persistence of tip vortices for several rotor revolutions 

are laminar processes. It was observed that the centrifugal force (i.e. the swirling motion) 

has a stabilizing effect and impedes the transport of turbulence energy from the small 

scales of turbulence to the core region (Schlichting, 1955). As a result, the core may be 

approximated as a solid-body like rotating region in which laminar flow is mainly present 

while dissipation occurs at the molecular level. The complexity of a three-dimensional 

flow as well as the significance and source of turbulence are therefore fundamental areas 

of research for both fixed and rotary wing aircraft. 

The parameters and the mathematical description of the tip vortex at the instant it 

is formed (i.e. when it is a fully inviscid vortex) shall be addressed primarily. This will be 

followed by a commonly used model in order to represent a tip vortex while the blade-

vortex interaction may be occur, i.e. a viscous vortex model. The mechanism by which 

the inviscid vortex becomes a viscous vortex, i.e. vortex diffusion, shall then be 

presented. Finally, the structure of a tip vortex in terms of its transition from laminar flow 

at the core to turbulence outside the core shall then be addressed. Prior to providing 
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information on the tip vortices (i.e. the velocity and static pressure distribution), some 

basic aerodynamic definitions related to tip vortices shall be provided. 

4.1 Aerodynamic Definitions Related to Blade Tip Vortices 

Some basic aerodynamic theory must first be discussed in order to present the 

required theory pertaining to inviscid vortices, viscous vortices, and vortex diffusion. 

Vorticity and circulation define the shape of the velocity profile as well as the strength of 

the tip vortex. Using these building block parameters, tip vortices may be described from 

the instant they are formed (inviscid vortices) until they actually interact with the next 

blade (viscous vortices), where the transition between the two states occurs as a result of 

vortex diffusion. The concept of vorticity shall now be presented. 

4.1.1 Vorticity 

Vorticity is essential to comprehend the entire workings of a blade-vortex 

interaction. As it allows one to describe a tip vortices velocity and pressure profile. To 

present the theory of vorticity an infinitesimal fluid element must be considered. This 

fluid element is permitted to translate along a streamline. It may also undergo some 

rotation and distortion. The amount of rotation and distortion of this fluid element 

depends on the velocity field to which the element is exposed. It can be shown through an 

analysis of the strain rates, distortion, and rotation, that the fluid element has an angular 

velocity, 0, of 

^ 1 r/dw dv\ A fdu dw\ A fdv du\ ~.~\ 
6 = 2[\^~fc)t+{fc~~fc)J + \te~ty)k\ (4.1) 
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where u, v and w represent the x, y and z components of velocity respectively. Finally 

the t, j and k terms represent unit vectors in the x, y and z directions respectively 

(Anderson, 2007). In aerodynamics, the vorticity, c3, of said fluid element is defined as 

twice the angular velocity of the element, i.e. 

o) = 20 ( 4 2 ) 

Alternatively, the vorticity may be expressed as the curl of the velocity field 

(Anderson, 2007), i.e. 

w = V x v ^ 4 3 -j 

where v represents the velocity field and is given by 

v = ui + vj + wK ( 4 4 ̂  

and the mathematical operator, V, is defined as 

v"a^lW + az"fc ( 4 . 5 ) 

Based on the definition provided in Equation ( 4.3 ), two important definitions 

regarding the nature of the flow may be obtained. Firstly, if co & 0 at every point within 

the flow, it is called rotational and this implies that all fluid elements have some finite 

angular velocity. However, if io = 0 throughout the flow field, the flow is called 

irrotational thus implying that each fluid elements motion through space is purely 

translational (Anderson, 2007). Another important expression in any aerodynamic 

analysis is the circulation, which shall now be defined. 
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4.1.2 Circulation 

Circulation, F, is a kinematic property of any fluid flow which is dependent on 

the velocity field as well as the choice of a closed curve, C. In aerodynamics, the curve, 

C, is commonly taken as a closed curve surrounding the airfoil to provide a measure of 

lift (Anderson, 2007). 

The present analysis pertains to a situation in which a closed curve, C, is 

considered in a flow field, with velocity, v, and of which the tangent to the curve at the 

point of velocity measurement is denoted by, ds. Figure 4.1 depicts such a curve as well 

as the velocity field and the infinitesimal tangent vector (Anderson, 2007). 

Figure 4.1: Depiction to Aid in Defining Circulation (Anderson, 2007) 

The circulation, f, about the curve, C, in Figure 4.1 is given as 

- k r = -<bv ds (4.6) 

Circulation may also be related to the vorticity of a flow field (Anderson, 2007). If the 

area, S, is bounded by curve, C, as illustrated in Figure 4.2, application of Stokes' 

theorem to Equation (4.6) yields 



r = - (T(Vxv)dS 

Applying Equation (4.3 ) to Equation (4.7) yields 

r—JJsdS 

tw = (Vx v) 
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(4.7) 

(4.8) 

Figure 4.2: Relation Between Vorticity and Circulation (Anderson, 2007) 

The circulation around any closed curve, C, is also constant (Alekseenko et al, 

2003), i.e. 

dr _ 
li~° (4.9) 

Equation ( 4.9 ) states that the vorticity flux through a surface enclosed by a 

closed circuit, C, is also must be constant (through the definition of vorticity as can be 

seen in Equation (4.3 )) which shall be employed in Section 4.4. 

Using the definition of circulation, the tip vortex at the instant it is formed shall 

now be described through the use of potential flow theory. 
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4.2 Inviscid Blade Tip Vortices 

At the instant in which a tip vortex is formed, it may be represented as a straight 

line vortex of infinite extent and strength, r (Johnson, 1980); also, the flow is assumed 

to be a vortex dominated flow (i.e. irrotational) which allows the use of potential theory 

to derive the velocity profile of the blade tip vortex. Consider a flow in which all 

streamlines are concentric circles about a point P, as illustrated in Figure 4.3 (Anderson, 

2007). 

v0 

Figure 4.3: Illustration of a Vortex Flow (Anderson, 2007) 

The velocity along any given circular streamline is constant, but it varies 

inversely from one streamline to another with the distance from the common center, i.e. 

point P. Also, the velocity is presumed to not have any component in the radial direction, 

i.e., vr = 0 as has been reiterated through numerous studies concerning blade tip vortices. 

Furthermore, the tangential velocity is given through v$ = ^/r where C is a constant and 

r represents the radial distance (Anderson, 2007). 

The constant, C, may be determined through evaluating Equation ( 4.6 ) around a 

streamline of given radius, r, which 
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r = -fv-ds = -M2nr) ( 4 1 ( ) ) 

Rearranging Equation ( 4.10 ) yields the tangential velocity, v0, and the radial velocity, 

vr, of an inviscid vortex as 

r 
Ve~~2^ (4.11) 

Vr = 0 (4.12) 

respectively (Anderson, 2007). This tip vortex induces velocities along the y-axis (which 

represents the rotor blade's position encountering a tip vortex from the preceding blade 

on the advancing side of the disk in forward flight). If the y-axis is viewed as the blade 

span, and the x-axis is normal to the blade (parallel to the freestream), the vortex induced 

upwash is 

_-r x 
V~2^7i (4.13) 

This upwash induces loading on the blade. The component parallel component of 

velocity which is induced on the blade is given as 

_r y 
U~2nr* (4.14) 

In Equation ( 4.13 ) and Equation ( 4.14 ), if yv = 0, which represents the vertical 

distance between the blade and vortex axes, then the velocity generated by the vortex is 

given as 

V~7^yJ (4.15) 
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which is singular at y = 0 (i.e. at the line vortex). As a result, for small yv and y, the 

vortex core must be included to obtain physically viable predictions of the induced 

velocity. Such is the case as the vortex progresses in age. 

The circulation also represents the strength of the vortex flow, note that when 

r > 0, the vortex rotates in the clockwise direction, which is reflected through the 

tangential velocity given by Equation (4.11 ) (Anderson, 2007). 

As a result of theoretical vortices beginning as an inviscid phenomenon and 

noting that vortices in practical situations have a representative viscous core. Blade tip 

vortices with viscous cores shall now be detailed. 

4.3 Viscous Blade Tip Vortices 

As a tip vortex ages, it forms a viscous core through diffusion of the vortex 

(which shall be discussed in Section 4.4). Most models for tip vortices are semi-empirical 

representations of the tip vortex characteristics. These models generally include some 

representation of the strength of the vortex, F, as well as some representation for the 

viscous core which is generally provided by the core radius, rc. The tip vortex core radius 

is typically assumed to be in the order of the airfoil thickness. Alternatively, Scully 

(1975) has suggested using rc = 0.0025/? for most viscous vortex models. Another 

means of determining the core radius is by finding the location where within the core 

region the static pressure is half the total pressure drop experienced. 

Tip vortex models usually employed in rotor wake simulations of two-

dimensional tangential (or swirl) velocity profile since other velocity components (i.e. 
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axial/radial) are small and neglected in most applications (which is not justifiable for 

early wake ages). This is also consistent with observations that radial velocities are small 

for rotor blade tip vortices (Donsanijh et ah, 1962). 

Typical models for the velocity field of a viscous core tip vortex follow the 

configuration presented in Figure 4.4. Figure 4.4 illustrates the typical swirl distribution 

of a model for a viscous blade tip vortex, where the inner portion of the vortex (core 

region) is assumed to rotate as a solid body. The outer portion of the velocity distribution 

behaves almost as a potential flow. The viscous core radius, rc, of the tip vortex separates 

the inner and outer portions of a viscous vortex is. This boundary also represents the 

radial location in which the swirl velocity, VQ , is a maximum. 

Tangential (swirl) 
velocity. V0 

Vortex core radius 
& peak swirl velocity' 

In outer potential 
flow region, V0-r - 1 

Inner "solid body" rotation region 

Radial distance 
from center, r 

Tangential velocity 
profile, V0(r) Outer potential 

flow region 

Figure 4.4: Typical Swirl Velocity Profile Inside a Tip Vortex (Leishman, 2006) 

Types of viscous tip vortices range from models which have separate definitions for the 

inner and outer regions of the vortex to models which use exponential functions to 

effectively have a single definition which describes both the inner and outer regions. An 

example of a model of the former technique is the Rankine vortex (as is presented in 

Appendix B). An example of the latter is the Lamb-Oseen vortex. Most models of 
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viscous tip vortices are comprised of laminar velocity profiles; however, turbulent models 

exist as well. The turbulent models normally only apply to cases where the diffusion of 

the tip vortex is considered and as a result shall be addressed only in Section 4.4. A 

variety of laminar models are presented in Appendix B, however the model which was 

deemed the superior model for representing R/C tip vortices, i.e. the Lamb-Oseen model, 

shall be presented. Further justification for the selection of the Lamb-Oseen model was 

given by Donsanijh et al. (1962) who showed that exponential velocity profiles provide a 

good correlation with tip vortex measurements for fixed wing generated tip vortices. In 

particular, axial velocities have shown good agreement and self-similarity of the Lamb-

Oseen model as well as the Scully (1975) model (refer to Section B.l in Appendix B) and 

that the fluctuations are present since small asymmetries are present within the tip vortex. 

Therefore, the Lamb-Oseen model shall be used to impose the R/C tip vortex into the 

computational domain for the AVI investigation due to the ease of implementation in 

ANSYS CFX 11.0 when compared to the Scully (1975) model. 

Generally, accounting for viscosity tends to smooth out the peculiarities present in 

the region of the vortex core in models of infinitely thin vortex filaments, as presented in 

Section 4.2. 

4.3.1 Lamb-Oseen Vortex 

A model which is often used to represent tip vortices generated by R/Cs was 

given by Oseen (1911) and Lamb (1932), who solved a simplified system of the Navier-

Stokes equations in order to obtain a better approximation for the velocity profile 
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produced by a rotor blade. This model is referred to as the Lamb-Oseen model the 

tangential velocity profile is given by 

V e ( r ) = 2 ^ 
l-eH7rc)2)l (4.16) 

where, a = 1.25643. The solution obtained by Lamb and Oseen, i.e. Equation (4.16 ), is 

valid for a single viscous vortex in an unbounded, incompressible, laminar flow. 

Several other tip vortex models employ exponential profiles for the swirl velocity 

distribution as well, these can be seen Appendix B. Numerous other investigations related 

to viscous tip vortices, some of which shall now be provided have been performed. 

4.3.2 Experimental and Numerical Investigations Related to Viscous Vortices and 

Tip Vortex Models 

The earliest measurements of R/C tip vortices were performed with hot wire 

anemometry (HWA) (Simmons et al, 1966; Cook, 1972; Caradonna and Tung, 1981; and 

Tung et al, 1983). Measurements using HWA are limited however, by both the spatial 

resolution and the probe proximity concerns make measurements difficult at early wake 

ages (i.e. near blade tip). 

As a result laser doppler velocimetry (LDV) was adopted to obtain more accurate 

measurements of a tip vortex's velocity profile. The nonintrusive nature of LDV makes it 

an attractive alternative to HWA measurements of R/C tip vortices since the relative 

dimensions of the probe, interference effects, and wire attrition are no longer concerns. 

The constraints associated with an LDV system for the measurement of R/C tip vortices 

include optical access, the necessity of uniform flow seeding and good flow periodicity 
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for statistical phase averaging as well as the requirement for coincident measurements on 

all 3 velocity components. The first uses of LDV concerning the aforementioned 

measurements were performed by Scully and Sullivan (1972), Sullivan (1973) and 

Landgrebe and Johnson (1974). A one-dimensional LDV measurement of rotor tip 

vortices was performed by Thomson et al. (1988) and Mahalingam and Komerath (1998). 

Two-dimensional LDV systems developed by Biggers and Orloff (1975) to investigate 

aspects of wake generated by 2 blades (see also Biggers et al, 1977(a, b)). Hoad (1983), 

Elliott et al. (1988) and Althoff et al. (1988) employed a two-dimensional LDV system 

with large stand-off distances in order to obtain tip vortex measurements. However, one-

dimensional and two-dimensional LDV systems tend to suffer from reduced spatial 

resolution as a result of elongated measurement values (especially with large stand-off 

distances). Thus neither are very suitable for measuring the small spatial scales and steep 

velocity gradients inside rotor blade tip vortices. A full three-dimensional phase resolved 

LDV systems is therefore necessary to obtain spatially accurate measurements in the 

rotor wake. If aligned accurately and operated in coincident mode (i.e. 3 velocity 

components measured required to be statistically correlated), these three-dimensional 

LDV systems offer superior spatial resolution. These three-dimensional systems have 

been used throughout investigations related to the rotor's wake and the blades' tip 

vortices. See Seelhurst et al. (1994, 1996), McAlister et al. (1995), Leishman et al. 

(1995), McAlister (1996), Han et al. (1997) and Martin et al. (2001) for examples of 

these investigations. Berenger et al. (1997) performed three-dimensional measurements 

of a tip vortex's evolution for an R/C using an LDV system to capture the creation of the 
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tip vortex and its behavior after leaving the rotor blade. Measurements of the evolution of 

the tip vortices induced velocity field for several wake ages, as shown in Figure 4.5, were 

obtained by Bhagwat and Leishman (2002) using an LDV system. 
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Figure 4.5: Measurements of the Swirl Velocity Profile of Tip Vortices at Various Wake Ages 

(Bhagwat and Leishman, 2002) 

Notice in Figure 4.5 that as the age of the wake increases, the tip vortex convects both 

below the rotor and radially inward. Figure 4.5 depicts the basic characteristic of vortex 

diffusion. The vorticity contained in the vortex core diffuses radially outward with time; 

therefore the peak swirl velocities decrease. 

Recently several particle image velocimetry (PIV) measurements have also been 

made concerning R/C tip vortices. For instance, Doolan et al. (1999) generated a three-

dimensional vortex to study its properties as it travelled downstream using a PIV system 

validating the method using HWA. Grant and Parkin (2000) measured the trailing tip 

vortices of wind turbine blades using PIV. Vortex meander was observed from these 

Wake age (degrees) 

• ' • i • • • i • ' ' i • • • i • • ' i • " • i » 
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measurements. A method of selecting measurements based on the core location was used. 

This technique has also been used by Davenport et al. (1996), Horner et al. (1996) and 

Green et al. (2000). Malkiel et al. (1999) have also investigated using a two-dimensional 

PIV system, the accuracy of the embedded vortical structure in numerical simulations. 

Upon comparison, these results displayed sufficient agreement between the numerical 

model and the experimental actualization. However, the vortex release location is radially 

much further inward from vortex computational methods than flow visualization 

experiments. The complexity of this issue has been highlighted by Rule and Bliss (1998). 

McCorskey (1995) and Tang and Baeder (1999) have achieved greater success in the 

prediction of the origin point of a tip vortex using first principle finite difference results. 

Numerical diffusion and dispersion produce significant error in the subsequent vortex 

behavior (i.e. overprediction of the core growth) for many methods and are not currently 

accurate enough for design prediction. 

That being said, the diffusion of blade tip vortices appears to be the current issue 

in terms of accurately modeling a blade-vortex interaction, and this topic shall now be 

addressed. 

4.4 Diffusion of Blade Tip Vortices 

Vortex diffusion is a consequence of the viscous effect, which, as assumed in 

Section 4.1 and Section 4.2, causes vortex lines to not coincide with fluid particle 

trajectories. This phenomenon is a direct result of Equation ( 4.9 ) and the no vorticity 

flux through a surface condition stated in Sub-Section 4.1.2 (Alekseenko et al, 2003). 
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Vortex core dimensions define the structure and evolution of tip vortices. Most 

(but not all) of the vorticity in a tip vortex is concentrated in the viscous core region. The 

evolution of a tip vortex from a rotor blade's core of is illustrated in Figure 4.6. This 

figure also displays a rapid and asymptotic growth of the vortex core of a tip vortex 

generated by a rotor blade. 
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Ages (Leishman, 2006) 

The close proximity passage of a rotor blade to a tip vortex (i.e. an oblique blade-

vortex interaction) even at \j)b = 2n/Nb (i.e. in hover) temporally alters the growth trend 

and a slight decrease in core size of the vortex occurs. This event fundamentally stretches 

the vortex, as becomes more evident for rotors with Nb > 2 since the tip vortex does not 

convect very far through the flow and is substantially closer to the following blade. 

However after the blade passage, the viscous core continues to spread at a similar rate to 

prior to the blade passing the vortex. This presents difficulties in measuring vortex 
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properties at older wake ages and is compounded by the flow's tendency to become 

aperiodic. 

4.4.1 Laminar Models of Tip Vortex Diffusion 

As per viscous tip vortices in steady state, (outlined in Section 4.3 as well as 

Appendix B), viscous diffusion of tip vortices may also be analyzed from either a laminar 

or turbulent perspective. A simple quantitative laminar model of vortex core radii growth 

with time based on Lamb's results has been addressed by several researchers (i.e. Lamb, 

1932; Chigier and Corsiglia, 1971; and Duwag, 1993) and shall hence be presented. 

Without external velocity gradients, which are responsible for vortex stretching 

and therefore effects the core development, the core radius varies with the wake age as 

r c ( t ) = V 4 a v t (4.17) 

The viscous effects for rectilinear vortex filament diffusion shall be illustrated. Initially, 

an infinitely thin vortex filament (i.e. an inviscid vortex) of circulation, T, is present in 

the axial direction (Alekseenko et al, 2003). This axisymmetric (imposed through the 

aforementioned conditions) vortex undergoes a time evolution governed by 

da) (d2oi ld(o\ 

T = V T T + - T (4.18) 
dt \dr2 rdrj v J 

It has been shown through applications of an appropriate set of boundary conditions to 

Equation (4.18 ) that the evolution of vorticity as a result of viscosity is given by 

a)^it) = JLe{-r2Uvt) (4.19) 
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Equation (4.19) shows that accounting for viscosity in the bulk of a fluids leads 

to vorticity diffusion. However, viscosity is in no way responsible for the generation of 

vorticity, as can be seen in Equation ( 4.19 ) (Alekseenko et ah, 2003). Notice that if 

Equation ( 4.17 ) is substituted into Equation ( 4.19 ), the Lamb-Oseen profile given by 

Equation (4.16) is recovered. 

Turbulent models of tip vortex diffusion shall now be detailed. 

4.4.2 Turbulent Models of Tip Vortex Diffusion 

The role of turbulence in the formation, evolution, and dissipation of tip vortices 

has been examined (Dacles-Mariani et ah, 1999). The experiment used flow pattern 

representations to illustrate that the growth rate and persistence of tip vortices for several 

rotor revolutions are laminar processes. The centrifugal force (i.e. the swirling motion) 

has a stabilizing effect and impedes the transport of turbulence energy from the small 

scales of turbulence to the core region (Schlichting, 1955). Further studies have shown 

that as a result of turbulence generation, the vorticity diffusion within the vortex is much 

quicker than that given by Equation ( 4.19 ) (i.e. molecular diffusion). Therefore the tip 

vortex is expected to initially exhibit laminar behavior, thence the vortex progressively 

transitions to a more turbulent state. The tendency towards turbulence generation is 

related to 

Rev=- (4.20) 
v 

among other factors, namely rotational stratification effects. 
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The rate of development of the turbulent structure near the core alters the 

effective diffusion rate of vorticity from within the vortex. These effects can be 

incorporated into the model growth equation of the vortex core Equation (4.17) using an 

average turbulent viscosity coefficient, S, Equation (4.17), becomes 

rc(t) = yfAaSvi (4.21) 

Research has shown that S accounts for the more rapid core growth based on the 

average increase of vorticity diffusion due to turbulence generation. S must therefore be 

deduced from vortex core structure measurements (Donsanjh et al., 1962; Squire, 1965; 

Ogawa, 1993; and Bhagwat and Leishman, 2000, 2002). Squire (1965) has shown that S 

(i.e. the effective turbulent viscosity) is a function of the circulation strength of the trailed 

tip vortex, f. Since r is conserved in practice and remains nominally constant as the 

vortex ages in the flow (Donsanjh et al, (1962); Mahaligan and Komerath, 1998; and 

Bhagwat and Leishman, 2000, 2002). Squire has also determined that it is reasonable to 

assume that S remains constant throughout the simulation. 

But, Bhagwat and Leishman (2002) have presented an empirical approach to 

obtain the 6 parameter. An alternate approach was deduced by Iversen (1976). Iversen 

(1976) proposed the use of a non-dimensional swirl velocity and distance in order to 

determine the diffusion of vorticity due to turbulence. Iversen's correlations, expressed in 

terms of the wake age, are given as 

, _ , f(.ve)max\/nRc\ (ve) 
max *- / A ^~> \ 

(*, W = (^ -J (—j = —7^ (4-22) 
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Numerous tip vortex measurements for subscale R/C rotors have been published by 

Leishman et al. (1995), Mahalingam and Komerath (1998) and McAlister et al. (1995). 

Further, Cook (1972) has made measurements for a tip vortex from a full-scale rotor. 

Based on these measurements, a plot of (ye)max vs. d has been generated to determine 

the associated trends with the turbulent tip vortex. Figure 4.7 represents a cummulation of 

the aforementioned rotor measurements expressed in terms of Iversens correlations. 

Figure 4.7's decreasing trend of the swirl velocity confirms that the tip vortices diffuse 

logarithmically as the wake age increases, as per 

(Ve)max (d + 2.197) / 2 = 2.782 for d < 50 ( 4- 2 4) 

(Wmax id)'2 = 5.8 for d > 50 (4-25 ) 

Also, in Figure 4.7, the decreasing trend of the peak swirl velocity results from viscous 

diffusion, which may be seen through 

rc= UctSvQ) (4.26) 

Equation (4.26) comes to fruition since if)w = ilt. 
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As a practical example, the Lamb-Oseen model shall be developed into a 

turbulent form. Using the Lamb-Oseen model it can be shown that 

TO max 
(4.27) 

Therefore, from Equation ( 4.27 ) it may be deduced that Iversen's correlation is 

equivalent to including an equivalent turbulent viscosity coefficient proportional to Rev. 

As a result, Equation (4.26) may be rewritten as 

*(*.) = U pL^l) _ Jtf + 4„*v ( * £ * t ) ( 4.28 ) 

where, i/>Wo results in effective non-zero core radius, r0, at the tip vortex origin where 

tyw = 0° therefore providing a finite velocity at d = 0. In the Lamb-Oseen and Squire 

models, however, the swirl velocity is singular at the origin of the tip vortex and also has 



97 

unrealistically high values of the swirl velocity at early wake ages. As a result, at large 

upstream distances, the velocity is inversely related to the Vt (i.e. (ye)max « i/>~]'2) or 

equivalently the core radius increases with the Vt (i.e. rc oc \pw' ). 

Several other investigations related to the diffusion of tip vortices have been 

performed. Some of these shall now be detailed. 

4.4.3 Further Investigations Related to Blade Tip Vortex Diffusion 

Numerous researchers have investigated diffusion of tip vortices in detail. For 

instance, Bossel (1969, 1971) employed a method of weighted residuals to compute 

rotationally symmetric vortex breakdown. He analyzed three types of tip vortices with a 

computational method and exponential functions as the weighted residuals. The three 

types of tip vortices examined include vortices generated in an initially uniform axial 

flow, vortices created at the leading edge of a blade, and trailing edge vortices. For each 

of these models, the initial profiles for both velocity and circulation of the vortex were 

provided. Furthermore, a critical swirl parameter was used to determine when vortex 

breakdown occurs. In another study, Bossel (1970) used weighted functions as well as the 

same computational method as previously mentioned to analyze boundary layers, vortices 

as well as axisymmetric wake/jet flows. Each study involved a series of exponential 

functions to the quasi-cylindrical Navier-Stokes relations to determine the evolution of 

the aforementioned flows. Based on such methods, Bossel (1973) also investigated the 

behavior of vortices with extremely high swirl profiles. This study focused on 

determining the breakdown of a vortex for a given swirl parameter for swirling flows 
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with streamtubes of variable cross-section. Bossel (1968) developed stagnation criteria 

for vortices as well. From this, it becomes evident that various types of vortices have 

maximum associated swirl angles for breakdown of the core structure, which also have 

been shown to exhibit stagnation points at the axes of the vortices. 

Other researchers, namely Spall and Gatski (1991), have performed fully three-

dimensional numerical simulations of vortex breakdown using the unsteady, 

incompressible Navier-Stokes relations. Four distinct types of breakdown were examined 

which include weak helical, double helix, spiral and bubble-type breakdowns. It was 

shown throughout this study that the asymmetric modes of breakdown are subjected to 

additional breakdowns as the vortex core evolves in the direction of the freestream. 

Furthermore, it was determined that the axial distribution of the freestream velocity has a 

significant effect on both the position as well as the type of vortex breakdown. 

Based on the above discussion, it is apparent that if there exist models for both 

laminar and turbulent tip vortices, for both steady state analysis and vortex diffusion, 

there must be some structure of the tip vortex related to this. Refer to Appendix C for a 

discussion on the structure of the tip vortex. 
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Chapter 5: Aerodynamics of the Airfoil-Vortex Interaction 
I: Verification and Validation of the Computational 
Method 

In the present work, flows around an assumed two-dimensional flow around a 

NACA 0012 airfoil were simulated using Large Eddy Simulation. A vortex was 

superimposed into the domain in such a manner that the vortex axis is parallel to the 

blade span, as shown in Figure 1.1 and Figure 2.11. The present chapter seeks to validate 

the use of LES for AVI investigations through a comparison of experimental data 

obtained by Straus et al. (1990), furthermore the LES results shall be compared to the 

inviscid panel method results presented by Renzoni (1987). 

Both grid and domain convergence have been performed and shall be discussed 

within the current chapter. Furthermore, the form of the Navier-Stokes equations used to 

solve for the aerodynamic coefficients during the blade-vortex interaction have been 

compared. The unsteady Reynolds-Averaged Navier-Stokes (URANS) equations using 

the shear stress transport (SST) models results were compared with the results obtained 

from applying the filtered Navier-Stokes equations which form the basis of large eddy 

simulation (LES). The LES equations employed the Smagorinsky model using the Van 

Driest model for the wall damping function. These comparisons were performed by 

imposing a vortex into the computational domain. Furthermore, URANS results for AVI 
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were compared with LES results for AVI in order to compare a more traditional 

numerical method used for AVI investigations (URANS) with a new numerical method 

for AVI analyses (LES). This comparison was also performed to obtain an idea of how 

each of these numerical methods predict the aerodynamic coefficients (refer to Section 

5.5 for the definitions of these coefficients) generated by AVI. The aerodynamic 

coefficients of the converged grid/domain/equation set shall be compared to the 

experimental data obtained by the aforementioned authors. 

5.1 Governing Equations and Computational Resources Employed 

To simulate the blade-vortex interaction, a finite-volume Navier-Stokes based 

solver was employed, namely ANSYS CFX 11.0. This solver was used for both the 

RANS/URANS and the LES simulations. For the solution of the filtered Navier-Stokes 

equations, i.e. the LES solution (see Equation (3.4) and Equation (3.5 )), a second order 

accurate conservative central-difference scheme was employed. For the RANS/URANS 

relations, a higher order accuracy implicit difference scheme was used for the spatial 

advancement. For the time advancement (for both URANS and LES simulations) a 

second order accurate backward explicit difference scheme was employed. For each 

approach, a trilinear interpolation technique was used to solve the velocity field. A linear-

linear type interpolation was employed for the pressure field. The body forces were 

calculated through the application of a volume-weighted averaging technique. Also, for 

both RANS/URANS and LES, the root-mean-square (RMS) residual targets were set to 

lxl 0"12 for convergence to ensure that the required number of time steps (i.e. 95,000) was 

reached. Three coefficient loops were performed at each time step to ensure sufficient 



101 

resolution of the results at each time step. The numerical analysis was performed using a 

cluster of parallel computers with a total of 20 separate nodes. 

The computational model employed including the initial fluid parameters as well 

as the geometry and mesh definitions involved shall now be discussed. 

5.2 Computational and Fluid Models 

For the validation and verification of the computational method which aims at 

acquiring the aerodynamic coefficients during a parallel blade-vortex interaction a quasi 

three-dimensional domain must be produced. A parallel blade-vortex interaction has been 

shown to be predominantly a two-dimensional phenomenon as discussed in Section 2.1. 

Therefore, the requirement of a slightly three-dimensional domain by ANSYS CFX 11.0 

should not hinder the results obtained if the proper boundary conditions are used. The 

quasi three-dimensional geometry is achieved by using a thin three-dimensional 

computational domain is required by ANSYS CFX 11.0 in order to obtain a solution of 

the two-dimensional problem. On account of this requirement, the number of nodes 

within the xy plane of the domain to obtain a converged solution shall be examined. The 

thickness of the domain and the number of nodes in the third dimension shall also be 

analyzed with regards to convergence. The geometry was created using ANSYS ICEM 

CFD as it was readily available, and is illustrated in Figure 5.1. 

In Figure 5.1, the airfoil length was selected from the study chosen for the 

validation of the method namely Straus et al. (1990). The details of this investigation 

shall be addressed in further detail in Sub-Section 5.4.1. The chord length of the airfoil is 

c = 0.46 m. The profile of the airfoil (i.e. its shape) was selected as a NACA 0012. The 
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fluid selected was air at 25°C with a reference pressure of 1 atm. The computational 

domain which is based on the geometry presented in Figure 5.1 shall now be presented. 
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Figure 5.1: Geometry Created for the Validation of the Computational Method 

5.3 Computational Domains 

For reasons of computational efficiency, the domain based on Figure 5.1 was 

divided into 12 blocks, which are illustrated in Figure 5.2. Based on the block definition 

presented in Figure 5.2, the size of the structured computational grid may be defined. 

Figure 5.3 illustrates the definition of the meshes that will be used for the validation and 

verification analysis. 
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Defining each of the (Ax, Ay, Az)t parameters as well as A(ry) results in three 

separate computational domains which shall be referred to as Domains A, B and C. 

These parameters represent the number of nodes associated with each block defined in 

Figure 5.2. Table 5.1 represents the definitions of the number of nodes associated with 

the values defined in Figure 5.3 including the total number of nodes associated with each 

domain. 

Domain 

A 

B 
C 

Axi 

64 

64 
64 

AX2 

180 

250 
180 

Ax3 

64 

100 
64 

Ayi 

64 

64 
64 

Ay2 

180 

250 
180 

AV3 

64 

64 
64 

A(xy) 

180 

250 
180 

Az 

4 

4 
8 

Total 

760,464 

1,365,648 
1,520,928 

Table 5.1: Node Definitions Resulting in the Compuational Domains Used for Validation 

For (Ax,Ay,Az)i a uniform spacing was employed in each computational domain. 

Whereas for A(xy), the nodes were clustered around the airfoil wall with an expansion 

ratio of 1.05. For the grid convergence analysis, Domains A and B shall be used. The 

domain convergence analysis compares, Domains A and C shall be compared. Finally, 

results for both URANS and LES shall be compared using the converged grid and 

domain for the verification study. The resulting multi-block structured grids for the airfoil 

centric computational domains are illustrated in Figure 5.4. 

Note that for Domain B, the grid has a larger concentration of nodes in the blocks 

where the wake will occur, i.e. downstream of the airfoil. This is not shown since there is 

little noticeable difference in the images obtained. 
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Figure 5.4: NACA 0012 Centric Meshes for the Validation Analysis 

For each computational domain, a time step of lxlO"6 seconds was used. This 

time step was selected to ensure sufficient accuracy with time. It is required as a result of 

the selection of an explicit time-marching scheme as well as the temporal resolution 

requirement of LES. The temporal resolution requirement for an LES simulation states 

that the Courant-Friedrichs-Lewy (CFL) number must be less than unity for sufficient 

temporal resolution. Throughout each domain and the entire simulation in the present 

analysis it was ensured that the CFL was below unity. The Smagorinsky constant 

was Cs = 0.1 to ensure that no numerical dissipation of the vortex occurs as it traverses 

the computational domain. 
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Upon creating the computational domain, one impose the necessary boundary 

conditions also the domain must be initialized in a proper manner in order to superimpose 

the vortex into the domain. These details show now be addressed. 

5.4 Boundary Conditions and Initialization 

The present analysis attempts to validate the use of LES for a parallel blade-

vortex interaction. As a result, the experimental work performed by Straus et al. (1990) 

was selected to validate the solution method. Therefore, to obtain the required parameters 

related to the boundaries and initialization of the domain, the work performed by Straus 

et al. (1990) must first be presented in further detail. 

5.4.1 Further Details of the Analysis Performed by Straus et al. (1990) 

Straus et al. (1990) conducted an experiment in a (1.2 m x 1.8 m) closed circuit 

wind tunnel. A schematic of the experimental setup is presented in Figure 5.5. 
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Figure 5.5: Experimental Setup Used by Straus et al. (1990) 
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The test airfoil, i.e. the NACA 0012, was placed approximately 150 cm downstream of 

the vortex generating airfoil (NACA 0018), as is illustrated in Figure 5.5. The dimensions 

of each airfoil used to conduct the experiment are given in Table 5.2 also included are the 

airfoil profiles which were employed. 

Airfoil 

Vortex Generator 

Test 

Profile 

NACA 0018 

NACA 0012 

Chord |m| 

0.25 
0.46 

Span [ml 

1.52 
1.80 

Table 5.2: Dimensions of the Airfoil Sections Used by Straus et al. (1990) 

Table 5.3 provides the Reynolds number (based on the test sections chord length) 

and the freestream Mach numbers used by Straus et al. (1990) as well as the conditions 

which define the vortex (i.e. its strength, T, and viscous core radius, rc). Also presented in 

Tab is the angle of attack, a, of the test airfoil. 

t/oo [m/s] 

fffdegl 

rrmVsl 
rc\m\ 
Re\l] 

M\l] 

12.2 

0 

0.89792 

0.02325 
300,000 

0.036 
Table 5.3: Fluid Parameters Employed by Straus et al (1990) 

The test airfoil is fitted with 21 pressure taps positioned around its surface on one 

side and 3 pressure taps on the other side. The pressure taps are clustered about the 

leading edge since this is the location with the largest pressure gradient. Detailed 

measurements were obtained by inverting the airfoil and repeating the experiment for the 

same inflow parameters and pitch angle. The 24 taps are connected by 2 miniature air 

driven scanivalves to two high resolution differential pressure transducers. The 
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transducers were equipped with a temperature compensation circuit and separate 

amplifiers with gains of approximately 10,000. To decrease the response time of the 

pressure measurement system and increase the signal to noise ratio, all the electronics of 

the pressure measurement system were placed within the test airfoil, thereby providing a 

response time of 0.5 ms. The test sections pressure measurements were referenced to the 

static pressure of the freestream. This was done by attaching a reference tap on each 

transducer to two small tanks inside the test airfoil of sufficient size to maintain a 

constant pressure throughout the interaction. These tanks were in turn connected to a 

static tap of the incidence flow Pitot-static tube. 

When the upstream airfoil (the vortex generating airfoil) is suddenly pitched a 

single two-dimensional cast-off vortex is generated. This vortex then convects 

downstream parallel to the test airfoil. Velocity measurements were made in both the 

freestream and the boundary layer of the test airfoil using a hot-wire anemometry. The 

velocities profiles were obtained using a traverse mechanism attached to the upper wall 

of the wind tunnel. The unsteady component of the flow created by the vortex was 

measured by biasing the anemometers output using the steady mean flow voltage and 

amplifying it. The ensemble averaging was performed using a Nicolet digital oscilloscope 

triggered by the motion of the vortex generating airfoil. The data obtained was then 

summed 10-20 times. The data was stored in the bubble memory in the scope and 

transferred to a personal computer for further analysis. 

In order to assess the character and strength of the cast-off vortex, data was 

gathered 25 cm upstream of the NACA 0012s location after the test airfoil was removed 
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from the wind tunnel. The suddenly pitched vortex generating airfoil produced a tightly 

rolled up vortex sheet with a viscous core of about one tenth the chord in diameter. 

Furthermore, the velocity profiles were also measured one chord to each side of the 

midspan plane and indicated that the vortex was two-dimensional within the instrumented 

portion of the test airfoil. Figure 5.6 represents the swirl velocity profile of the vortex. 
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Figure 5.6: Swirl Velocity Profile of Vortex Generated by Straus et al. (1990) 

In order to impose a vortex into ANSYS CFX 11.0, the data must be of the form 

which may be expressed by some mathematical relationship. This requires the data to be 

symmetric and centered about its own axis. The data in Figure 5.6 is neither centered nor 

symmetric. Furthermore, the data presented above is for a non-dimensional circulation of 

r = r/UaeC = —0.15; however, the lift and moment expressions used to validate the 

method were obtained for F = 0.16. In order to obtain a centered and symmetric profile 
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with the correct F several steps must be taken. To begin with the data presented in the 

(—x)(+y) plane of Figure 5.6 will be mirrored about the line y = x while removing the 

original data in the (+*)(—y) plane. This mirroring process was performed since the 

vortex will pass below the airfoil in the simulation, as opposed to above it as in the 

experiment. Therefore, the sense of the vortex must be the opposite in the simulation as 

in the experiment (which is accomplished through this mirroring process). The data must 

then be shifted so that the swirl velocity is zero at a radius of zero, this shift has the effect 

of decreasing the miss distance. The original and the shifted miss distances are presented 

in Table 5.4. 

fyv/o rn 
Original 

-0.19 

Shifted 

-0.146 
Table 5.4: Miss Distances of the Vortex in Straus et at (1990) (Original) and in the Simulation 

(Shifted) 

The next alteration is to multiply the swirl velocity of the vortex in Straus et al. (1990) by 

a factor of 16/15 to correct for the circulation (since there is a linear variation in 

circulation for pitch angle). Finally, the data must be mirrored about the line y = — x to 

obtain the form of the velocity profile used in the LES analysis of the parallel blade 

vortex interaction. The final velocity profile is presented in Figure 5.7 along with the 

original data set to illustrate the changes which have been made. The altered data 

presented in Figure 5.7 may impose a vortex in the computational domain to obtain data 

related to the validation of the computational method. 

Finally, Straus et al. (1990) presented data pertaining to the aerodynamic 

coefficients (lift and moment) throughout the interaction. This data shall validate the 
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method and shall be presented in Section 5.9. Also presented in this section is the data 

which Straus et ah (1990) used to compare the experimental results which were obtained 

through implementing a discrete vortex method, these were provided by Renzoni (1987). 
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Figure 5.7: Original (red) and Altered (black) Straus etal. (1990) Vortex Velocity Profiles 

The parameters which shall be used to initialize the domain may now be 

presented. 

5.4.2 Initialization of the Computational Domain 

A particular sequence must be followed prior to initializing the domain. The 

related sequence involves several steps. These steps (or simulations required for proper 

initialization) are as follows: 

1) Uniform flow past the airfoil using RANS 
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2) LES simulation for uniform flow past the airfoil initialized using the RANS 

solution results 

3) Once the flow is fully developed, the uniform LES solution results are used to 

superimpose a vortex into the domain. This results in the requirement for 

parallel processing due to the computational requirements of this method. LES 

is then performed for the domain with the superimposed vortex. 

The vortex imposed in the domain must be initialized based on the solution of the 

uniform flow using LES. This vortex is based on the altered data presented in Figure 5.7. 

Since the computational domains are all Cartesian, the (u, v, w) components of velocity, 

as well as the static pressure,p must all be initialized. As the Lamb-Oseen vortex model 

has been proven to provide good correlation with experimental data, it shall be used to 

superimpose the vortex into the computational domain. The swirl velocity profile for the 

Lamb-Oseen model which is outlined in Sub-Section 4.3.1 and is given as 

v6(r) = 
2nr 

i-.Hr*«)')' 
(5.1) 

Where a = 1.25643 and rc and T are given in Table 5.3. Transforming the above 

expression from cylindrical coordinates to Cartesian coordinates yields 

r 
u(x,y) = t/oo + 2^2 & - y») 

v{x,y) = 
2nr2 (x - xv) 

i-eMv,n 
(5.2) 

(5.3) 

w(x,y) = 0 (5.4) 
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where yv represents the miss distance of the vortex and is presented as the shifted data in 

Table 5.4. Also xv represents the initial location of the vortex with respect to the leading 

edge of the airfoil. The release location of the vortex for the following analysis is 

xv = —0.23 m. The pressure started simply by the pressure field for the uniform flow 

past the airfoil obtained with LES and was allowed to evolve with time. In Equation (5.1 

) through Equation (5.3 ) the r term is represented by 

r2 = (x-xv)
2 + (y-yv)

2 (5.5) 

Figure 5.8 represents a comparison between the altered Straus et al. (1990) data 

with the Lamb-Oseen profile presented in Equation (5.1). 
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Figure 5.8: Comparison of the Swirl Velocity Obtained with the Lamb-Oseen Model and Straus et 
al.\ (1990) Altered Data 
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In order to ensure the vortex does not influence the boundaries, a unit step 

function was employed so that the vortex had a diameter of only four chord lengths. If the 

vortex was large enough to reach the top/bottom of the domain (see Figure 5.9), the 

information would reflect from these walls towards the airfoil, thus causing unphysical 

results from the simulations. Finally, for the LES solutions, the velocity of the 

fluctuations was zero. In order to validate and verify the computational method, the 

boundary conditions imposed throughout the validation analysis shall now be outlined. 

5.4.3 Boundary Conditions Imposed on the Computational Domains 

Some nomenclature for the boundary conditions must be presented prior to 

presenting the boundary conditions for the computational domain. Figure 5.9 presents the 

computational domain with the associated boundaries indicated. 

Figure 5.9: Boundaries for the Computational Domains 
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Based on the definitions of the boundaries presented in Figure 5.9 as well as the data 

presented in Table 5.3, the boundary conditions may now be discussed. Table 5.5 

provides the conditions imposed on the boundaries presented in Figure 5.9 as well as the 

associated value (if required). 

Boundary 
INLET 

OUTLET 
AIRFOIL 

TOP 
BOTTOM 

SIDE1 
SIDE 2 

Boundary Details 
Speed Normal to Inlet 

Average Static Pressure 
Smooth Wall with No Slip 

Free Slip 
Free Slip 

Symmetry 
Symmetry 

Value 
12.2 m/s 

1 atm 
-

-

-

-

-

Table 5.5: Boundary Conditions Used for the Validation Analysis 

For the aforementioned verification study (i.e. using URANS), the inlet boundary also 

includes a 1% (of the freestream velocity) turbulent intensity associated with the 

boundary condition. 

In order to validate the method, perform the domain/grid convergence, and to 

verify the method some basic aerodynamic properties were employed and shall now be 

presented. 

5.5 Definitions of the Aerodynamic Coefficients 

In order to obtain relevant information pertaining to the present analysis some 

basic aerodynamic parameters must be defined. Since the validation requires the use of 

the lift and moment coefficients, these shall be defined. Furthermore, the drag and 
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pressure coefficients shall also be presented. The lift, drag and moment coefficients may 

be defined as 

21' 
Cl~P^lc (5.6) 

2D' 
Cd~PooUlc (5.7) 

_ _ 2 M _ (5.8) 

Where L, D and M' represent the lift per unit span (vertical force on the airfoil), drag per 

unit span (horizontal force on the airfoil) and the moment per unit span (torque about the 

airfoils leading edge (positive upwards)) respectively. Also, p^ = 1.185 kg/m3 i.e. the 

density of air at 25°C. Finally, the pressure coefficient is given by 

_ 2 ( p - p 0 0 ) 
P PaoVl (5-9) 

where p represents the static pressure at the point of interest and p,*, is the static pressure 

of the freestream, which is given as 1 atm. 

Based on the data presented in Section 5.3 through Section 5.5, the grid 

convergence may now be addressed. 

5.6 Grid Convergence Study 

To perform a grid convergence study, two structured grids of different sizes must 

be compared. This shall be performed by presenting the aerodynamic coefficients,C/, 

Q and Cm for these domains using the boundary conditions defined in Sub-Section 5.4.3. 
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For this study, Domain A shall be compared to Domain B. Domain B is 

approximately double the size of Domain A which allows for a sufficient comparison to 

be made regarding the accuracy of the results. Domain A contains 760,464 nodes with the 

bulk of these clustered around the airfoil. The regions in which there is little effect from 

the vortex have been made coarser to minimize the computational resources spent on 

portions of the flow with little to no influence on the physics involved. Domain B has 

roughly double the number of nodes in the xy plane, namely 1,365,648 nodes. From 

Table 5.1 it can be seen that the nodes in the blocks which surround the airfoil have been 

significantly increased, thus providing greater resolution of the flow within this region. 

Furthermore, in the blocks downstream of the airfoil, the resolution has been increased in 

Domain B relative to Domain A. This was done to further capture the interaction between 

the vortex and the airfoils wake. A similar study was performed by Hie (2008) using the 

same block structure with a more uniform structured grid throughout the entire 

computational domain in the sense that the resolution was consistent in each block 

surrounding the O-grid block containing the airfoil. 

Figure 5.10 illustrates a comparison of the lift coefficient, C/, as the vortex 

traverses from a non-dimensional upstream horizontal location of roughly half a chord 

from the leading edge (i.e. (x/c) = —0.5) until the vortex is one chord downstream of 

the trailing edge of the airfoil (i.e. (x/c) = 2.0). In a manner similar to Figure 5.10, 

Figure 5.11 presents a comparison between Domains A and B for the drag coefficient for 

the same range of vortex locations. Finally, the moment coefficient for the same vortex 

locations in Figure 5.10 and Figure 5.11 is presented in Figure 5.12. 
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Figure 5.12: Moment Coefficient for Varying Vortex Location for Domains A and B 

Upon examination of Figure 5.10 through Figure 5.12, several conclusions may 

be made regarding the number of grid points present in the domain as well as the 

structure of the grid in different regions. Figure 5.10 illustrates that regardless of the 

number of grid points (i.e. 760,464 (Domain A) or 1,365,648 (Domain B), grid 

convergence is obtained for the lifting force during the blade-vortex interaction defined 

by Straus et al. (1990). This is a result of the higher resolution of the grid within the 

region of the airfoil, which allows the vortex to be more accurately defined between each 

node (i.e. smaller distances between which the vortex velocity profile is linearly 

interpolated). This is also true for the spike at (x/c) = 0.5. The convergence remains 

until the vortex core approaches the trailing edge of the airfoil. At this point a divergence 

between Domain A and Domain B may be noticed in the lift. Since the Karman vortices 
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shed off the trailing edge seem to differ from one domain to the next, the structure of 

Domain B within the wake region of the domain may have some influence on this 

deviation. This is expected as Karman vortices shed periodically after some event 

initiates them. As a result, differences between the two domains downstream of the airfoil 

trailing edge may be expected. Similar arguments may be made for the moment 

coefficient (see Figure 5.12). Additionally, it may be concluded that the fluctuations in 

the moment coefficient are dictated by the pressure distribution which is responsible for 

the generation of the lift force (i.e. these coefficients are inherently linked) as opposed to 

the drag force during the airfoil-vortex interaction. 

Figure 5.11 illustrates the drag coefficient as the vortex convects from its initial 

upstream location to its final downstream location. Notice that the curve for Domain B 

always predicts less drag than Domain A. As a result, there is no convergence of the drag 

forces during the interaction. But, since the investigation selected to validate the use of 

LES for AVI studies only provides data for the lift and moment coefficients, it is 

acceptable for this parameter to have no convergence as there is no data to validate the 

drag generated during AVI. As Domain B has far superior resolution in the block 

surrounding the airfoil (i.e. the O-grid block), the difference between the drag 

coefficients for Domain A and B may be attributed to the better resolution of the skin 

friction component of drag due to the superior resolution of the boundary layer. This 

causes a decrease of the skin friction component of drag. 

Based on the above discussion and the arguments made throughout, despite the 

deficiencies in predicting the variation of drag, Domain A shall be employed for the 
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following analysis. The main reason for this is that Domain A provides accurate results 

until the vortex reaches the trailing edge of the airfoil. In blade-vortex interaction 

analyses, the region of interest with respect to the unsteady aerodynamic forces is the 

region in which the vortex is just upstream of the airfoil (i.e. at the release location for the 

simulations performed) until it leaves the trailing edge of the airfoil. As it provides the 

magnitude of the increase in lift (i.e. the spike which may be seen in Figure 5.10) this 

region is of interest. This region is also responsible for the highly focused noise as well as 

the intense noise generated during a blade-vortex interaction. Furthermore, the 

simulations performed each used 95,000 time steps. Those performed for Domain A were 

completed in roughly 9 days; however, those completed using Domain B took 

approximately 21 days using the cluster of 20 parallel computers. Therefore, because of 

the difference in computational costs as well as the sufficient resolution of the results in 

the region, Domain A shall be used to perform the domain convergence study. 

5.7 Domain Convergence Study 

Based on the results from the grid convergence analysis the thickness of the 

converged grid (i.e. the thickness of Domain A, t = 0.12c) shall be doubled to obtain 

Domain C (t = 0.24c). The number of nodes in the z direction shall also be doubled. 

This process is outlined in Table 5.1 upon examining the Az values for both Domain A 

and C. The number of nodes in the xy plane for Domain C remains the same as Domain 

A. This analysis thus simply provides information as to whether the thickness of the 

domain plays a role in the accuracy of the aerodynamic coefficients, C/, Q and Cm 
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produced for the same boundary conditions as presented in Sub-Section 5.4.3. It is worth 

noting that Domain C contains 1,520,928 nodes. 

Using the same guidelines as Figure 5.10 through Figure 5.12, the lift, drag, and 

moment coefficients shall be presented as the vortex location is varied in Figure 5.13 

through Figure 5.15. 
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Based on Figure 5.13 through Figure 5.15, several conclusions relating to the 

thickness of the domain used to complete the validation and verification study may be 

made. Figure 5.13 shows that, until the vortex approaches the trailing edge of the airfoil, 

the results are quite similar. Some differences in lift predicted by Domain A and Domain 

C are evident in Figure 5.13 from the release location of the vortex until it approaches the 

trailing edge. As the vortex core approaches the airfoils leading edge, there is a slight 

deviation in the trough value of the lift between Domains A and C. This may be 

attributed to numerical error which may also be seen when the vortex is at the half chord 

location. It appears that there is a slight three dimensional effect during the airfoil-vortex 

interaction particularly when the vortex approaches the trailing edge of the airfoil. This is 

demonstrated by a slightly lower value of the lift coefficient for Domain C as the vortex 

traverses the wake region. Therefore, the wake which is a three-dimensional 

phenomenon, has more room in Domain C to expand. As the vortex core interacts with 

the wake, the interaction is slightly decreased in the wider domain. However, the 

difference is quite small (i.e. 1% difference in the lift coefficient when the vortex is one 

chord downstream of the airfoils trailing edge). As a result, the results obtained by the 

thinner domain regarding lift (i.e. Domain A) are quite reasonable. As per the grid 

convergence study, similar arguments between the lift and moment coefficients may be 

used, even though the expansion of the domain in the third dimension seem to have less 

of an effect on the moment coefficient than the lift coefficient, as seen in Figure 5.15. 

Figure 5.14 illustrates the drag coefficient as the vortex convects from its initial 

upstream location to its final downstream location. As per the grid convergence study, the 
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wider domain (i.e. Domain C) predicts lower drag forces throughout the entire airfoil-

vortex interaction than the thinner domain (i.e. Domain A). The decrease in drag in the 

thicker domain may be attributed to the increased number of nodes (and hence resolution 

of the results) in the z-direction (disregarding thickness). Perhaps increasing the number 

of nodes in this direction would lead to a better resolution of the boundary layer which 

causes a lower component of the skin friction drag, thereby decreasing the total drag 

variation induced during the interaction. 

Based on the above discussion and the arguments made throughout, Domain A 

shall be employed for the verification and validation analysis, despite the insufficiencies 

in predicting the variation of drag. Noting that similar effects were seen for the wider 

domain (i.e. Domain C) to the domain with a larger resolution of the grid (i.e. Domain 

B), similar conclusions related to the physics may be made for the domain convergence 

study. Furthermore, the simulations performed each used 95,000 time steps. Those 

performed for Domain A were completed in roughly 9 days; however, those completed 

using Domain C took about 25 days using the cluster of 20 parallel computers. Therefore, 

due to the difference in computational costs as well as the sufficient resolution of the 

results in the aforementioned region, Domain A shall be used to perform the verification 

and validation studies. 

5.8 Verification of the Computational Method 

The domain deemed appropriate from both a physical/numerical accuracy and 

computational load point of view by employing the results of the grid and domain 

convergence analysis will be used to compare the LES results of an AVI event with the 
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results of an AVI event obtained by an SST based URANS simulation. This was 

performed to see how the predictions of the aerodynamic coefficients from the URANS 

method, which is a method commonly used for AVI investigations, compare to the 

aerodynamic coefficients obtained with the LES method, which has only recently been 

used for AVI analyses. Domain A was used to compare the results from the LES 

simulations with the SST based URANS simulations. The SST based URANS 

simulations were performed using the same time step and Domain A; the CFL criterion 

for an LES simulation was enforced. The boundary conditions for each simulation are 

presented in Sub-Section 5.4.3. 

Based on the axes definition established for Figure 5.10 through Figure 5.12 (refer 

to Section 5.6), similar results may be obtained for the comparison of the system of 

equations employed for the mitigation of the blade-vortex interaction effect study. Figure 

5.16 through Figure 5.18 represent plots of the lift, drag and moment coefficients 

respectively (i.e. C\, Q and Cm) as the vortex convects downstream from its initial 

location to the one chord downstream of the trailing edge of the airfoil. 
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Furthermore, a notable difference may be seen in the interaction between the 

vortex and the wake of the airfoil as the vortex traverses to its final location downstream 

of the trailing edge. As a result Figure 5.19 illustrates the velocity fields for both the LES 

results and the SST based URANS results at several locations of the vortex. These 

positions are presented in half chord progressions with respect to the vortex location from 

its starting point; i.e. Vi chord upstream of the airfoils leading edge, to the location where 

the vortex is one chord downstream of the airfoils trailing edge. 
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Figure 5.16 through Figure 5.18 present the aerodynamic coefficients obtained 

during the airfoil-vortex interaction using Domain A with LES and an SST based 

URANS. As Domain A was deemed the convergent domain and grid based on the 

discussions presented in Section 5.6 and Section 5.7 it was be used for this verification 

study. It is noteworthy that the LES simulation modeled only the small scales of 

turbulence using the Smagorinsky model with the Van Driest wall damping function 

based on the theory presented in Chapter 3:. Whereas the URANS simulation modeled 

the entire turbulence field by the SST model, which is a weighted combination of the 

k — £ and k — 0) models. This difference implies that LES shall capture the structures of 

the wake and the boundary layer with superior accuracy as compared to the URANS 

approach. Moreover, the CFL criterion (outlined in Section 5.3) for the URANS based 

simulation, which is a requirement of an LES based simulation, was also employed (i.e. 

CFL < 1) using the same time step (1 x 10"6 seconds) and structured grid (refer to Figure 

5.4) as per the LES simulation. 

Several conclusions may be reached by comparing the lift coefficient obtained 

using both LES and URANS, refer to Figure 5.16. Firstly, it becomes evident that when 

the vortex convects downstream from its release location until it approaches the trailing 

edge (as per all other investigations), there is good agreement between the LES and 

URANS data. This implies that during the strong interaction between the airfoil and the 

vortex there exists very little influence from the turbulent nature of the flow. This in turn 

implies that the boundary layer and wake during this portion of the interaction do not 

seem to influence the lift coefficient in any way. But, as the vortex passes the trailing 
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edge (i.e. as it traverses into the highly turbulent portion of the domain), there are 

noticeable differences. LES is able to capture the wake structure with far superior 

resolution to URANS, the Karman vortices discussed in Section 5.6 may be realized for 

the LES results (see Figure 5.19a). However, since the URANS method does not capture 

the turbulent fluctuations in the wake due to the averaging process, as the vortex convects 

downstream of the airfoils trailing edge, it converges back to its zero lift condition (i.e. 

for a uniform flow with a symmetric airfoil at zero angle of attack) much faster than the 

LES results. Also, when the vortex is at the trailing edge of the airfoil, the URANS 

results predict a secondary rise in lift absent in the LES results. This may be attributed to 

the weaker Karman vortices formed in the URANS simulation. Thus, as the vortex leaves 

the airfoil, there is a substantial interaction in the URANS simulation resulting from the 

interaction with the wake. Such interactions imply that the boundary layer and wake 

resolution plays a role in the interaction as can be seen in Figure 5.19b. Similar 

conclusions may be made for the moment coefficient for the URANS results as can be 

seen in Figure 5.18. 

Figure 5.17 illustrates the drag coefficient as the vortex convects downstream for 

LES and URANS solutions using Domain A and the conditions defined by Straus et al. 

(1990) study. Notice that the drag coefficient for the URANS simulation, as the vortex is 

initially released (i.e. (x/c) = —0.5) is grossly under-predicted compared to the LES 

simulation. This remains true until the vortex arrives at (x/c) = 0.25 where the URANS 

solution determines the drag in a manner identical to the LES simulation. As the vortex 

approaches the airfoil (i.e. for (x/c) 6 [—0.5,0.25]) the use of URANS is unjustified on 
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account of the gross under-prediction of the drag. This may be attributed to the mean 

flow averaged values interacting with regions of high pressure gradients, which implies 

that as the vortex is upstream of the airfoil employing URANS provides unreasonable 

results for the drag forces on the airfoil. Further discrepancies may be caused by the 

presence of freestream turbulence in the URANS simulations and the absence of 

freestream turbulence in the LES simulations. As the vortex reaches the trailing edge (i.e. 

(x/c) = 0.8) the URANS simulation begins to underestimate the drag forces on the 

airfoil during the interaction. These results indicate that the turbulence models employed 

have no impact on the drag estimation, while the vortex is directly below the airfoil (at 

least for (x/c) £ [0.25,0.8]). However, as the vortex traverses the airfoil's wake (i.e. for 

(x/c) > 0.8) the turbulence models affect the drag estimation. Employing the SST model 

for the turbulence in the URANS simulation appears to change the drag estimate during 

the wake interaction; this may be attributed to the use of both the k — e and k — co 

models. The k — o> model provides superior turbulence prediction in the region near the 

walls, whereas the k — e model provides a better model of the turbulence in the 

freestream. As a result, the use of the k — io model in the SST approach in the wake 

region may contribute to the under-prediction of drag. 

Despite the similarities between the results of a URANS simulation and LES 

under the same conditions, LES is the preferable method for an airfoil-vortex interaction. 

As previously discussed, in the URANS simulation the Courant number was less than 

unity (as is the requirement for LES), which most likely caused the fairly accurate results 

(based on the above discussions). Due to the time steps used, there was no reduction in 
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the computational load through the URANS approach when compared to LES (i.e. they 

each took 9 days on the 20 CPU cluster to complete). Since there is no difference in 

computational time LES is the advisable simulation as it provides better resolution of the 

flow physics throughout the AVI event (this may be seen in the velocity fields presented 

in Figure 5.19). Furthermore, the URANS approach was not capable of capturing the 

Karman vortices that interact with the blade tip vortex and caused fluctuations in both the 

lift and moment coefficients, while LES captured these flow structures. As a result, LES 

shall be employed on Domain A to be validated against the experimental results obtained 

by Straus et al. (1990), which shall now be discussed. Also, the LES results shall be 

compared to the discrete vortex method results using the same inflow conditions which 

were obtained by Renzoni (1987). 

5.9 Validation of the use of LES for Blade-Vortex Interaction 

Simulations 

Now that a convergent grid and domain has been selected (i.e. Domain A) as well 

as the use of LES, the converged solution and the computational method must now be 

validated. This will be done by comparing the lift and moment coefficients, C/ and Cm, 

with the conditions defined by Straus et al. (1990) (refer to Section 5.4). The data 

obtained experimentally by Straus et al. (1990) is given in Figure 5.20. 
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Figure 5.20: Experimental Data (Circles) Obtained by Straus etal. (1990) and Discrete Vortex 
Method Data (Solid Line) Obtained by Renzoni (1987) 

Converting the x-axis from non-dimensional time, i = [/„> t/c, to the position of 

the vortex with respect to the airfoil's leading edge, i.e. (x/c), for each the Renzoni 

(1987) and Straus et al. (1990) data allows a comparison to be made with the data 

obtained through simulation. The data was first extracted from the figures from Straus et 

al. (1990) using a plot digitizer. The x-axis data was then converted in Microsoft Excel. 

The data presented at i = 0 was used as the distance between the two airfoils, presented 

in Figure 5.5. Based on the above discussion, the results for C/ and Cm using the same x-

axis definition as Figure 5.10 and Figure 5.12 are provided in Figure 5.21 and Figure 

5.22. 
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Figure 5.21: Lift Coefficient for Domain A Simulation (red line), Straus et a/.'s (1990) Experimental 
Data (blue +) and Renzoni's (1987) Inviscid Discrete Vortex Method (black o) 
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Figure 5.22: Moment Coefficient for Domain A Simulation (red line), Straus et a/.'s (1990) 

Experimental Data (blue +) and Renzoni's (1987) Inviscid Discrete Vortex Method (black o) 
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Figure 5.21 and Figure 5.22 present the lift and moment coefficients obtained 

during the airfoil-vortex interaction of Domain A using LES along with the experimental 

results presented by Straus et al. (1990) and the results obtained by Renzoni (1987) with 

a discrete vortex method. The results presented in Figure 5.21 shall now be discussed 

beginning with the differences between the LES simulation and experimental results. 

Notice that the lift coefficient obtained through simulation and experiment agree from the 

simulations release location until just after the vortex passes the leading edge of the 

airfoil (i.e. (x/c) G [—0.5, 0.1]). After this point the experimental results bifurcate from 

the results obtained by the LES simulation, most notably during most of the interaction 

(i.e. {x/c) 6 [0.1, 2]) the variation in lift predicted experimentally is zero. A zero lift 

coefficient is obtained for a symmetric airfoil at zero angle of attack in a uniform flow 

field. As a result, a lift coefficient of zero is expected after the vortex no longer 

influences the velocity/pressure distributions over the airfoil, i.e. when it sufficiently 

downstream of the airfoils TE. This occurs in the LES simulation results when the vortex 

is two chords downstream of the airfoil, even though it occurs immediately after the 

vortex passes the leading edge in the experiment as can be seen in Figure 5.21. Several 

reasons for the differences in the lift coefficient shall now be conjectured. 

Unlike the simulation vortex, the experimental vortex may be conjectured to be 

dispersed by the blade in the third dimension (i.e. energy transferred into the z-direction). 

Since the boundary conditions on the side walls are those of symmetry (which do not 

allow energy transfer in the z-direction), this may result in a portion of the differences 
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seen in Figure 5.21 between the simulation and the experiment. The experimental results 

for lift appear to represent a system critically damped due to the diffusion of the vortex, 

which because of the boundary condition limitations cannot be captured by the 

simulation. This diffusion may be modeled in the simulation by employing the theory 

presented in Section 4.4. Prior to the interaction, the vortex has a high swirl velocity. An 

unbalance in the pressure field occurs during the interaction since the vortex is slowed 

down by the transfer of energy to the z-direction. This may push the vortex in the 

experiment to the side walls of the wind tunnel, which causes a stretching of the vortex 

and transfers energy/momentum to the side walls and is then dissipated. This changes the 

velocity profile of the experimental vortex as well as the core radius and its strength. The 

velocity profile of the vortex was measured with the test airfoil removed as the 

experiment was conducted. As a result, the vortex will most likely not be as strong as that 

provided in Straus et al. (1990) at the start of the interaction which may enhance the 

diffusion of the vortex. 

The results presented in Figure 5.21 for the simulation and the discrete vortex 

method results shall now be discussed. Notice that the lift coefficient obtained through 

simulation and inviscid method agree from the release location until just after the vortex 

passes the leading edge of the airfoil (i.e. (x/c) E [—0.5, 0.75]). After this point there is 

a deviation in the lift variation. Since the results obtained by Renzoni (1987) are based on 

an inviscid panel method, the noticeable differences in the lift variation after (_x/c) = 

0.75 may be attributed to viscous effects. The inclusion of viscosity allows for the 

formation of Karman vortices which are not captured by the discrete vortex method. The 
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discrete vortex method does, however, release a vortex at the trailing edge of the airfoil at 

every time step. The discrete vortex released by the inviscid method does not allow for 

the formation of Karman vortices as a result of the methods inability to allow for flow 

separation (which initiates the shedding of Karman vortices) which also adds to the 

differences. 

By examining the moment coefficient, shown in Figure 5.22, several conclusions 

concerning the comparison of data obtained through simulation with experimental results 

and those from the inviscid panel method simulation. Note that the data for each case has 

trends which are inverted when compared to the lift coefficient (holds true for each data 

set illustrated). Therefore, the trends and basic relationships shall be presented and the 

discussions presented for the comparison of the lift coefficient shall also be referred to for 

the moment coefficient. Upon comparison, the moment data obtained by simulation is 

nearly identical to the data obtained from experiment until the vortex is about to reach the 

mid chord of the airfoil (i.e. (x/c) = 0.4). It is at this point that the experimental data 

begins to converge asymptotically to the zero value. Note that for the lift coefficient this 

convergence to zero occurred for at a vortex location of (x/c) = 0.1. Therefore, the 

asymptotic nature of the experimental moment coefficient results in a dampening of the 

vibratory loads on the blades after the experimental vortex has diffused. As can be seen 

through a comparison of the simulation results with those obtained by Renzoni (1987), 

the viscous effects appear to have a substantial contribution the moment coefficient as is 

shown by the differences between the discrete vortex method results and the LES results. 

The viscous effects with respect to the moment coefficient acting on the airfoil become 
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evident at the vortex location of (x/c) = 0.1. Furthermore, since the drag coefficient 

data is unavailable, there may be significant differences between the drag data obtained 

from the LES and those obtained using the discrete vortex method as the discrete vortex 

method is unable to predict the profile drag at all since it is an inviscid method. 

Based on the above discussions it is apparent that LES provides data comparable 

to that of the inviscid panel method used by Renzoni (1987). The differences between 

which are seen between the simulation results and those of Straus et al. (1990) may be 

captured by modeling the core growth using Equation ( 4.17 ), which should be 

investigated in the future. Despite these differences and employing the above arguments, 

it may be concluded that the LES is a valid method for AVI analyses, and it shall be used 

in the studies related to mitigating the airfoil-vortex interaction. 
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Chapter 6: Aerodynamics of the Airfoil-Vortex Interaction 
II: Mitigation of the Airfoil-Vortex Interaction 

In the present work, flow simulations around an assumed two-dimensional flow 

around a NACA 0012 airfoil were performed using Large Eddy Simulation. Like the 

validation simulations, a vortex was superimposed onto the domain in such a manner that 

the vortex axis is parallel to the blade span, as is shown in Figure 1.1 and Figure 2.11. In 

the present chapter, minimization of the effect of vortex-rotor blade interaction is 

attempted. The basis of comparison which shall be used involves a comparison of the lift, 

drag and moment coefficients (which are defined in Section 5.5) for several different 

geometries. The validated and verified results for Domain A shall be employed as the 

basis of comparison. Including the original geometry presented in Section 5.2, NACA 

0012 airfoils with two different cavities have been simulated to mitigate the resulting 

unsteady blade airloads due to the blade-vortex interaction. The cavities were placed at 

the quarter chord location of the airfoil and were each 5% of the chord in width and 

spanned from the upper surface to the lower surface of the airfoil. A straight cavity and a 

cavity at -45° from the vertical axis were investigated. Based on the verification analysis 

presented in Section 5.8, large eddy simulation with the time steps and interpolation 

schemes outlined in Section 5.1 (i.e. using the Smagorinsky model and the Van Driest 
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wall damping model) are used to obtain solutions related to mitigating the interaction. 

The Lamb-Oseen model shall also be used to superimpose the vortex into the 

computational domain throughout the mitigation analyses (refer to Equation ( 4.16 ) and 

Sub-Section 5.4.2). In order to quantify the mitigation of the interaction some discussion 

is presented in Section 6.4 which relates the spike in lift resulting from the interaction to 

the noise propagated to an observer. Beyond the original comparison between the 

aforementioned two cavities and the baseline case using the conditions defined by Straus 

et al. (1990) (see Section 5.4) (referred to as Mitigation Study (MS) 1), the miss distance 

will be decreased to the worst case scenario (i.e. yv = 0 m). This study shall be 

performed for Domain A (simulated using the vortex conditions defined by Straus et al. 

(1990) with the miss distance set to zero) and for the cavity that minimizes unsteady 

blade-loads based on the simulations using the conditions defined by Straus et al. (1990) 

(referred to as MS 2). Refer to Section 6.6 for the setup and results of this simulation. 

Upon completing the miss distance analysis, the freestream velocity will be increased to a 

Mach number of 0.25 and the miss distance will remain zero. 

Refer to Section 5.1 for a discussion of the computational resources employed as 

well as the governing equations that governed the mitigation study. The computational 

models (i.e. geometry) will now be presented as they differ from those used in Chapter 5:. 

The fluid models that are used for the following mitigation study are the same as per the 

validation study, refer to Section 5.2. 
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6.1 Computational Models 

For the validation and verification study, the LES must be employed to solve for 

the aerodynamic coefficients during a parallel blade-vortex interaction a quasi three-

dimensional domain. However, a parallel blade-vortex interaction has been shown to be 

predominantly a two-dimensional phenomenon (as discussed in Section 2.1) and 

therefore this requirement by ANSYS CFX 11.0 should not hinder the results obtained in 

any form. The quasi three-dimensional simulation is established by using a thin three-

dimensional computational domain and is required by ANSYS CFX 11.0 to obtain a 

solution of the two-dimensional problem. Using ANSYS ICEM CFD the aforementioned 

geometries have been created and are shown in Figure 6.1 (straight cavity) and Figure 6.2 

(45° cavity). 

The chord length of the airfoil remains that as per the validation analysis, i.e. 

c = 0.46 m. The profile of the airfoil (i.e. its shape) was again selected as a NACA 0012 

airfoil. The computational domains based on the geometry presented in Figure 6.1 and 

Figure 6.2 shall now be presented. 
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Figure 6.1: NACA 0012 Airfoil with Straight Cavity Computational Model, referred to as Domain D 
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Figure 6.2: NACA 0012 Airfoil with 45° Cavity Computational Model, referred to as Domain E 
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6.2 Computational Domains 

For computational efficiency reasons, the computational domains based on Figure 

6.1 and Figure 6.2 were each divided into 21 blocks. Since the block definition is 

identical for Domain E and illustrated in Figure 6.3, these blocks are only shown for 

Domain D. 

Note that Figure 6.3 illustrates Domain D. However, despite the cavity being 

slanted at 45° in Domain E, the block definition for Domain E is identical to that of 

Domain D. 

Figure 6.3: Block Definitions in ANSYS ICEM CFD 
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Based on the block definition presented in Figure 6.3, the size of the 

computational grid may be defined for both Domain D and E. Figure 6.4 illustrates the 

basis for the definition of each mesh for analysis related to the mitigation of the airfoil-

vortex interaction. 
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Figure 6.4: Node Definition for the Computational Domains Used in the Mitigation Studies 

Defining each of the (Ax, Ay, Az)j parameters as well as A(xy) results in two 

separate computational domains, which as shall be referred to as Domains D and E. As 

per the validation analysis, these parameters represent the number of nodes associated 

with each block defined in Figure 6.3. Table 6.1 represents the definitions of the number 
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of nodes associated with the values defined in Figure 6.4 including the total number of 

nodes associated with each domain. 

Domain 
D 
E 

Axi 

64 
64 

AX2 

70 
70 

Ax3 

30 
30 

Ax4 

110 
110 

Ax5 

90 
64 

Ayi 
64 
64 

Ay2 

180 
180 

AV3 
64 
64 

Axy 
180 
250 

Az 
4 
4 

Total 
868,080 
836,256 

Table 6.1: Node Definitions Resulting in the Computational Domains Used for the Mitigation Study 

For (Ax, Ay, Az),- a uniform spacing was employed in each computational domain and for 

A(ry) the nodes were clustered around the airfoil wall with an expansion ratio of 1.05. 

For the initial study related to mitigating the interaction, the results presented in Chapter 

5: for Domain A shall be compared with results for the same boundary conditions (refer 

to Section 5.4) applied to Domains D and E. After this several parameters shall be varied 

(namely the freestream velocity and the miss distance) using the cavity which provides 

the most benefits with respect to minimization of the change in the blades airloads. The 

resulting multi-block structured grids for the airfoil centric computational domains are 

illustrated in Figure 6.5 (straight cavity) and Figure 6.6 (45° cavity). The side view is 

omitted for each domain as they are the same as those shown by Figure 5.4. 

For each computational domain presented a time step of lxl0"6 seconds was 

employed for the simulations performed based on the conditions defined in Section 5.4 as 

well as for the zero miss distance simulations. For the Mach 0.25 case a time step of 

lxl 0"7 seconds has been employed. Again, as the validation of the computational method, 

these time steps were selected to ensure accuracy. They are also required as a result of the 

selection of an explicit time-marching scheme as well as the temporal resolution 

requirement of LES; the Courant-Friedrichs-Lewy (CFL) number must be less than unity 
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for sufficient temporal resolution. In the present analysis, it was ensured that the CFL was 

below unity throughout each domain and the entire simulation. The Smagorinsky 

constant Cs = 0.1 was set to ensure that no numerical dissipation of the vortex as it 

traverses the computational domain. Upon creating the computational domains, one must 

next set the necessary boundary conditions and initialize the domain in a proper manner. 

These details show now be addressed. 

b) O-Grid 
Zoom 

c) Cavity Zoom 

a) Mesh D (Front View) 

Figure 6.5: Computational Grid for Domain D 
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Figure 6.6: Computational Grid for Domain E 

6.3 Boundary Conditions and Vortex Initialization 

For each of the aforementioned mitigation studies, the vortex parameters as well 

as the boundary conditions imposed on the computational domains differ slightly. As a 

result, each mitigation study shall now be detailed in full. The parameters define the 

vortices using the same sequence of steps outlined in Sub-Section 5.4.2, shall be 

presented first. The boundary conditions which have been imposed on the computational 

domains shall follow. 

6.3.1 Initialization of the Vortices for the Mitigation Studies 

For the mitigation studies, the model of the vortex for the validation and 

verification analysis shall be employed (see Sub-Section 5.4.2 in particular Equation 
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( 5.1 ) through Equation ( 5.5 )). Furthermore, as with the validation study, a unit step 

function is also imposed on the vortex for the same reasons presented in Sub-Section 

5.4.2. For the vortex, the defining parameters are the vortex strength, T, the core radius, 

rc, the release location of the vortex with respect to the leading edge of the airfoil, xv, the 

vertical miss distance, yv, and the freestream velocity, {/«,. Table 6.2 outlines these 

parameters for the aforementioned mitigation studies. 

Uco Tm/sl 

nmVsl 
rc\m] 

xv\m] 

yv\m] 

Mitigation Study 

1 

12.2 

0.89792 

0.02325 

-0.23 

-0.06704325 

2 

12.2 

0.89792 

0.02325 

-0.23 

0 

3 

85.075 

6.26152 

0.02325 

-0.23 

0 
Table 6.2: Defining Vortex Parameters for the Mitigation Studies 

Regardless of the freestream velocity, the non-dimensional velocity profile 

presented in Figure 5.8 was maintained as the non-dimensional velocity profile of the 

vortex throughout the mitigation studies. Note that the computational domains for the 

mitigation study differ from that of Domain A (refer to Figure 5.4, Figure 6.5 and Figure 

6.6 to visualize the differences). The boundary conditions imposed on Domain D and E 

will also differ from that of Domain A. Furthermore, the freestream velocity is altered for 

mitigation study 3. As a result, the differences in the boundary conditions for this study 

must also be identified and outlined. 
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6.3.2 Boundary Conditions Imposed on the Computational Domains 

Before presenting the boundary conditions for the computational domains, some 

nomenclature for the boundary conditions must be presented. Figure 6.7 presents Domain 

D with the associated boundaries indicated (for the same reasons mentioned in Section 

6.2 Domain E shall not be illustrated). Refer to Figure 5.9 for the boundary definition for 

Domain A. 

Figure 6.7: Boundaries for the Computational Domains D and E 

Based on the boundary definitions presented in Figure 6.7 as well as the data presented in 

Table 6.2, the boundary conditions may now be provided. To being with the boundary 

conditions shall be presented for mitigation study 1. 
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In mitigation study 1 and 2, the parameters of the vortex are outlined in Table 6.2. 

Furthermore, the boundary conditions on Domain A remain the same as those presented 

in Table 5.5. The boundary conditions for both Domain D and E are presented in Table 

6.3 for the first two mitigation studies. Note that the only difference between mitigation 

study 1 and 2 is that the miss distance is decreased to analyze the case of a fully parallel 

airfoil-vortex interaction, i.e. yv — 0 m. 

Boundary 
INLET 

OUTLET 
AIRFOIL (LE) 
AIRFOIL (TE) 

TOP 
BOTTOM 

SIDE1 
SIDE 2 

Boundary Details 
Speed Normal to Inlet 

Average Static Pressure 
Smooth Wall with No Slip 
Smooth Wall with No Slip 

Free Slip 
Free Slip 
Symmetry 
Symmetry 

Value 
12.2 m/s 

1 atm 
-

-

-

-

-

-

Table 6.3: Boundary Conditions Used for the Domain D and E for MS 1 and MS 2 

In mitigation study 3, the vortex parameters used are detailed in Table 6.3. The 

boundary conditions in Figure 6.7 (for Domain D and E) and Figure 5.9 (for Domain A) 

remain the same for the every boundary with the exception of the inlet (see Table 6.3 and 

Table 5.5 for full boundary definitions beyond this). Regardless of the domain (i.e. with 

or without a cavity), the inlet boundary condition for mitigation study 3 is identical and is 

outlined in Table 6.4. 

Boundary 
INLET 

Boundary Details 
Speed Normal to Inlet 

Value 
85.075 m/s 

Table 6.4: Inlet Boundary Condition for all Domains for Mitigation Study 3 
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Employing the boundary conditions outlined for mitigation study 1 (see Table 6.2 

and Table 6.3), the results of the LES simulations may now be presented. 

6.4 Quantifying the Mitigation of the Airfoil-Vortex Interaction 

Some relations must first be defined and some definitions must be provided to 

quantify the mitigation achieved with the use of such novel cavities (or passages). Note 

the addition of the term, A Cj, which is defined as the incremental lift coefficient in Figure 

6.8. The incremental lift coefficient is the difference between the local maximum and 

absolute minimum of the lift coefficient, Ch (as indicated in Figure 6.8) caused by the 

interaction between a tip vortex and an airfoil as the vortex passes the airfoils leading 

edge. 

ix/c) 
Figure 6.8: Incremental Lift Coefficient Definition 
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Renzoni (1987) provided a correlation between the incremental lift coefficient and the 

characteristics of the vortex such as convection speed, Um, miss distance, yv, and the 

strength of the vortex, T). Renzoni (1987)'s correlation is given as: 

r 
ACt = 0.7 • 

Uo.c^fc (6.1) 

Also, Leverton and Taylor (1966) found that the sound pressure propagated to an 

observer, p, was proportional to the square of the vortex strength, i.e. /* , and the 4 

power of the tip speed of a rotor blade, i.e. (/2/?)4. Because the current investigation is a 

two-dimensional study, the tip speed of the rotor blade is taken as the freestream velocity 

(i.e.(/3i?) = Uoo). Therefore, the sound pressure propagated to an observer was 

determined to be 

p2ocU*,r2 (6.2) 

Through some manipulations of Equations (6.1) and (6.2 ) it can be shown that 

P « ACi (6.3 ) 

Equation ( 6.3 ) indicates a linear proportionality between the incremental lift coefficient 

and the sound pressure propagated to an observer. Therefore, if the incremental lift 

coefficient is decreased by 10% there is an equal decrease in the sound pressure 

propagated to an observer on account of the novel cavity. Through the implementation of 

a cavity, the interaction obtains a certain reduction in the incremental lift coefficient. 

Hence, Equation ( 6.3 ) can be used to quantify the mitigation of the interaction with 

regards to reduction of the sound level propagated to an observer. For further discussion 
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regarding the inherent link between the fluctuating airloads and the sound pressure level 

refer to Chapter 2.. 

6.5 Mitigation Study 1 

In performing mitigation study 1, three different geometries shall be simulated for 

the aforementioned boundary conditions and vortex parameters. As mentioned 

previously, the geometries compared are a NACA 0012 airfoil with no adaptation, the 

same airfoil profile with a vertical cavity and the same airfoil shape with an inclined 

cavity (-45° from the vertical) and are presented in Section 6.1 (cavities) and Section 5.2 

(no cavity). Each cavity has a width of 5% of the airfoils chord (i.e. 0.023 m) centered 

about the lA chord location of the airfoil (i.e. 0.115 m). These geometries were meshed 

using structured grids, as outlined in Section 6.2 (cavities) and Section 5.3 (no cavity). To 

simplify the discussion, Domain A refers to the geometry/mesh with no cavity, Domain 

D refers to the geometry/mesh with the straight cavity and Domain E refers to the 

geometry/mesh with the 45° cavity. Refer to Section 5.6 for a discussion regarding the 

structure of Domain A. Domain D employed a similar mesh structure to Domain A 

(again, refer to Section 5.6) in the sense that nodes were added in the blocks downstream 

of the airfoil in attempt to capture the interaction of the vortex with the wake. For both 

Domain D and E, the O-grid block was broken down into 5 additional blocks when 

compared to Domain A (for a comparison refer to Figure 5.2 and Figure 6.3 to visualize 

the added blocks). The addition of these blocks allowed for the grid resolution to be 

significantly higher in the cavities themselves in order to resolve the boundary layer in 

the cavities themselves, while still clustering nodes around the airfoil as necessary to 
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obtain accurate results. Figure 6.5c and Figure 6.6c present a blown up image of the mesh 

in the cavities. By referring to Table 6.1 as well as Figure 6.4 the node definitions may be 

realized. It can be seen that Domain D contains 868,080 nodes and Domain E contains 

836,256 nodes. Note that Domain A only contains 760,464 nodes. Therefore the 

additional nodes in Domains D and E are all added to improve the resolution of the 

results obtained through the cavities whereas the rest of the node definitions for Domains 

A, D and E remain nearly the same (with the aforementioned exception for Domain D). 

To begin with the velocity and pressure fields present during the airfoil-vortex 

interactions shall be presented to better understand the differences in the flow physics 

present for Domains A, D and E. Figure 6.9 and Figure 6.10 represent the velocity and 

pressure fields respectively. These figures present the flow field for numerous locations 

of the vortex beginning from its release location (i.e. Vi chord upstream of the airfoils 

leading edge) until it is lA chord downstream of the airfoils trailing edge. 5 different 

instances of time are also illustrated as separate clockwise rotating vortices travel 

downstream. 
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Figure 6.10: Pressure Fields for the Indicated Vortex Locations for Mitigation Study 1 

The time histories of the velocity field and the pressure field provide good insight 

regarding the flow physics of an airfoil-vortex interaction. The airfoil-vortex interaction 

can be described in three different phases. At the beginning of AVI, the vortex is 

upstream of the airfoil and moves towards the leading edge (i.e. (x/c) = —0.5 to 
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(x/c) « 0) as is illustrated in Figure 6.9 and Figure 6.10 for Domain A. Throughout this 

phase, the vortex induces a downwash on the airfoil. As a result, the leading-edge 

stagnation point to move along the upper surface of the airfoil. This causes an increase in 

pressure over the airfoils upper surface. The second phase begins after the vortex passes 

the leading edge of the airfoil (i.e. (x/c) = 0 to (x/c) = 1), which induces an upwash 

on the airfoil. Consequently, the stagnation point moves from the upper surface to the 

leading edge. Finally, as the vortex convects further past the leading edge the stagnation 

point moves towards the lower surface. The movement of the stagnation point affects the 

blades loading, particularly the rate of change of lift which is proportional to the sound 

pressure level which is propagated to an observer. As the AVI progresses, the vortex is 

distorted while traveling the chord length of the airfoil. In the third phase, the vortex 

leaves the airfoil (i.e. (x/c) > 1) which generates wake perturbations. The Karman 

vortices shed by the airfoil during the interaction result in varying inductions of 

upwash/downwash, which results in small fluctuations of the airloads due to the tip 

vortex and Karman vortices interacting with each other and the airfoil surface as well. 

In order to determine which airfoil mitigates the AVI the best, a similar discussion 

shall be provided for Domains D and E with emphasis on the significant differences. The 

velocity and pressure fields present for Domain D (refer to Figure 6.9 and Figure 6.10) 

shall be detailed in full using the same phase descriptions as presented for Domain A. At 

the beginning of AVI, the vortex is upstream of the airfoil and moves towards the leading 

edge (i.e. (x/c) = —0.5 to (x/c) « 0). This phase of AVI has the same flow physics as 

Domain A with the exception of some of the vortex flow to flow through the cavity, 
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thereby lowering the velocity on the upper surface and slightly increases the pressure 

over this surface as well. In the second phase of the interaction, the upwash induced on 

the airfoil surface is counteracted by flow coming downwards through the cavity. This 

flow is accelerated towards the wall near the trailing edge segment of the airfoil which 

results in a counteraction of the upwash induced by the vortex. This results in fluctuations 

of the blades airloads, in particular with respect to lift. When the vortex is at the leading 

edge, the boundary layer of the trailing edge segment also thickens on the lower surface 

of the trailing edge airfoil segment which results in a significant decrease in drag. 

Furthermore at this location, there is a region of high pressure on the upper edge of the 

wall of the trailing edge segment and a vortical type structure in the midpoint of the two 

walls near the lower surface. This also contributes to the significant fluctuations of the 

blades airloading. As the vortex reaches the mid chord of the airfoil, vortical structures 

are now convecting downstream from the lower surface of the wall found on the trailing 

edge segment of the airfoil. This convection causes a further increase in the unsteady 

airloads experienced throughout the airfoil. The pressure field on the lower surface is 

segmented by a region of higher pressure on the surface between the tip vortex and the 

cavity as well. As a result of the thickening of the boundary layer, a shear layer is also 

present at this vortex location. This further thickens the boundary layer and results in an 

increase in drag along with the other aerodynamic loads present. As the vortex 

approaches the trailing edge, several vortical structures shed from the cavities lower wall 

may be seen. This further induces an upwash on the airfoils surface creates significantly 

unsteady loads on the blades surface. Furthermore, the shear layer convects along the 
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airfoils lower surface with the vortex, which causes further fluctuations of the 

aerodynamic loads. When the vortex is at the trailing edge, the pressure field illustrates in 

detail the vortical structures shed from the cavities lower wall. In the final phase of the 

AVI, the tip vortex and the further shed vortices can be seen to interact in a destructive 

fashion with the airfoils wake. This perturbs the wake in a tremendous manner, which 

results in further fluctuations of the blade loading. In particular, three vortical structures 

may be seen interacting with the wake when the vortex is a half chord downstream of the 

airfoils trailing edge. 

As with the discussion presented for Domain D, the velocity and pressure fields 

for Domain E (refer to Figure 6.9 and Figure 6.10) shall be detailed in full using the same 

phase descriptions as presented for Domain A. The first phase of the AVI is the same as 

that of Domain A. The boundary layer on the upper surface of the leading edge segment 

is pushed downwards through the cavity by the tip vortex, since the vortex is at the 

leading edge of the airfoil with the 45° cavity. This results in some alleviation of the drag 

force. However, this allows a stagnation point to form on the upper surface wall of the 

trailing edge segment, which causes the flow near the wall to accelerate and a jet type 

flow to exit near the lower surface of the cavity. The jet interacts with the boundary layer 

forming a shear layer and thickening the boundary layer which results in the drag over 

the airfoils surface increasing. The pressure field illustrates a vortical structure moving 

along the wall of the leading edge segment of the airfoil. When the vortex is at the mid 

chord of the blade, the stagnation point on the cavity wall of the trailing edge segment 

has moved from the upper surface to the lower surface and a high pressure region can be 
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found between the cavity and the vortex (similar to Domain D). Similar to Domain D, the 

vortex interacts with the boundary layer creating a shear layer which alters the velocity 

and pressure fields over the airfoils surface from Domain A. As the vortex approaches the 

airfoils trailing edge, vortical structures are also shed from the lower surface of the cavity 

wall as per the Domain D discussion. Furthermore, the upwash induced from these 

vortices has changed the direction of the jet to upwards through the cavity, which 

thickens the boundary layer on the upper surface of the trailing edge segment of the 

airfoil and creates a shear layer between the flow accelerated over the upper surface and 

the jet through the cavity. This effectively increases the drag on the airfoil. In the final 

phase of the AVI, these (i.e. in the Domain D discussion) vortical structures perturb the 

wake again. For Domain E, however, this wake/vortex interaction is much less significant 

than for Domain D, but is more significant than in Domain A. This implies that the 

fluctuations of the airloads shall occur for a longer period of time for the cavity than that 

of Domain A. 

Based on the discussion regarding the physics of the interaction for Domains A, 

D, and E, the aerodynamic coefficients, C\, C& and Cm, (refer to Figure 6.11 through 

Figure 6.13 respectively) shall be used to carry on the analysis. The geometry which 

presents the most benefits in terms of mitigating the airfoil-vortex interaction is selected, 

based on the discussion following Figure 6.11 through Figure 6.13. Figure 6.11 illustrates 

a comparison of the lift coefficient, C/, as the vortex traverses from a non-dimensional 

upstream horizontal location of roughly half a chord from the leading edge (i.e. (x/c) = 
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—0.5) until the vortex is one chord downstream of the trailing edge of the airfoil (i.e. 

(x/c) = 2.0). 

Figure 6.11: Lift Coefficient for Varying Vortex Location for Mitigation Study 1 (i.e. Domains A, D 
and E) 

Figure 6.11 illustrates the temporal variation of the lift coefficient for Domains A, 

D and E. The lift coefficient is influenced by the pressure distribution over the airfoils 

surface. Figure 6.11 shows that there is a continuous decrease in lift throughout the first 

phase of the interaction until a minimum value is achieved for each domain (lowest 

obtained by Domain D). This is followed by a sudden jump as the vortex core passes the 

airfoils leading edge. A sudden change in the pressure distribution over the airfoil causes 

this jump and is associated with the BVI noise which is propagated to an observer as the 

vortex encounters the airfoil. Despite the lift increase, the magnitude of the maximum lift 

during the interaction is smaller than the magnitude of the minimum. This difference in 
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the maximum and minimum magnitudes is a result of the vortex core distortion as the 

vortex encounters the airfoil. When the residual component of the distorted vortex is far 

downstream from the airfoil, the lift returns to its zero value and the flow field in the 

vicinity of the airfoil will also return to its undisturbed state (not shown in Figure 6.11). 

Although the amplitudes at the beginning of the interaction are quite large, the 

fluctuations shown after the vortex leaves the trailing edge of the airfoil result from the 

wake-vortex interactions (includes the tip vortex and the Karman vortices). For Domain 

D, as the vortex convects from its initial upstream location to the leading edge of the 

airfoil, there a steady decrease in lift. Then, there is a sudden slight increase followed by 

a decrease of much larger amplitude than that experienced by Domain A. Reasons for this 

sudden fluctuation were mentioned above in the velocity and pressure fields discussion. 

In the second phase of the interaction, the mean variation in lift almost follows that of 

Domain A. However, there are large fluctuations around the mean lift line on account of 

the aforementioned flow phenomenon (see discussions for Figure 6.9 and Figure 6.10). 

As the vortex enters its final phase of interaction, there is a drop in lift to zero followed 

by a sudden increase in lift. This drop is a result of the sudden upwash induced by the 

shed and tip vortices as they continue to interact with the airfoil thus altering the pressure 

distribution over its surface. The straight cavity increases vibrations as well as an increase 

in the noise propagated as the vortex passes the airfoils leading edge (since the 

incremental lift coefficient is increased relative to that of Domain A). As in Domain A, as 

the vortex travels from its initial upstream location in Domain E to the leading edge of 

the airfoil, a continuous decrease in lift is experienced. As the vortex enters its second 
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phase of the interaction for Domain E; an increase in lift until a local maximum is 

encountered. The increase in lift is lower here than in Domain A: this implies that the 

BVI noise propagated during the event is lower (as per the discussion in Section 6.4). For 

the benchmark airfoil, the incremental lift coefficient during the interaction (as defined in 

Section 6.4) was found to be 0.272, whereas for the aforementioned flow conditions 

using the 45° cavity, the incremental lift coefficient is given as 0.239. The percent 

reduction of the incremental lift coefficient achieved through implementing the 45° cavity 

when compared to the benchmark airfoil was found to be 3.29% for a freestream Mach 

number of 0.036, a vortex strength of 0.9 m /s and a vertical miss distance of -0.067 m. 

Based on Equation ( 6.3 ) and the discussion presented in Section 6.4, this leads to a 

3.29% decrease in the sound pressure which is propagated to an observer (i.e. the 

interaction from an acoustics standpoint has been mitigated by 3.29%). As the vortex 

enters its final phase of AVI, there is a decrease in lift to a near zero value well before 

that experienced by Domain A. This is followed by a second increase in lift until a 

maximum value is reached. The second spike may be attributed to the additional upwash 

from the vortical structures that are shed from the cavity wall itself which then interact 

with the airfoil via a secondary interaction. This secondary spike in lift is undesired as it 

results in a delayed but additional impulsive noise which is propagated to an observer. It 

is followed by a decrease in lift with a more significant rate of decay (until the asymptotic 

zero value) then that produced by Domain A. Reasons for these observations may be 

found in the velocity and pressure field discussions above. 
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In a similar manner to Figure 6.11, Figure 6.12 presents a comparison between 

Domains A, D and E for the drag coefficient for the same range of vortex locations. 

Figure 6.12 illustrates the temporal variation of the drag coefficient for Domains A, D 

and E. For Domain A, as the vortex approaches the airfoil, there is a sudden drop in the 

drag force because of high pressure gradients interacting with the low pressure field 

induced by the vortex. As the vortex travels downstream along the length of the airfoil, 

separation at the surface as well as reverse flow occurs, which results in the decrease 

illustrated in Figure 6.12. For these reasons, there is a tremendous fluctuation in drag 

throughout the interaction followed by a divergence experienced by the flow impacting 

the wall of the cavity on the trailing edge segment of the airfoil. For Domain E however, 

the drag coefficient is higher than for the symmetric airfoil but after the interaction the 

values converge to the appropriate zero lift value of drag as per the drag shown for 

Domain A. 
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Figure 6.12: Drag Coefficient for Varying Vortex Location for Mitigation Study 1 (i.e. Domains A, D 
andE) 

Finally, the moment coefficient for the same vortex locations as in Figure 6.11 

and Figure 6.12 is presented in Figure 6.13. Illustrated in Figure 6.13 are the temporal 

variations of the moment coefficient for Domains A, D and E. The moment coefficient 

was calculated about the leading edge of the airfoil and is considered positive in the 

counter clockwise direction. Notice that the moment coefficient for each domain has an 

inverted trend of that of the lift coefficient. In Domain A, as the clockwise rotating vortex 

approaches the airfoil, there is a positive moment corresponding to a nose down pitching 

motion. Near the leading edge, the moment coefficient suddenly declines from its peak 

positive value to a negative value as the center of the vortex moves downstream. This is a 

result of the rotational sense of the tip vortex. The moment coefficient increases as the 

vortex approaches the airfoil due to the increase of the induced velocity and pressure 
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fields around the airfoil. The maximum value of the moment coefficient coincides with 

the instance of the vortex center coinciding with the axis of the leading edge. Similar to 

the lift coefficient, the moment coefficient also converges to a zero value as the vortex 

slowly stops interacting with the airfoil. Domain D also has large fluctuations in the 

moment coefficient as per the lift and it is apparent that Domain E mitigates the pitching 

effect caused by the AVI when compared to Domain A. 

Figure 6.13: Moment Coefficient for Varying Vortex Location for Mitigation Study 1 (i.e. Domains 
A, D and E) 

As a result of the previous discussions, Domain E appears to provide benefits with 

respect to the variation in lift and moment with an acceptable penalty in drag during the 

interaction. However, Domain D appears to provide no benefits and shall not be 

examined for mitigation studies 2 and 3. To ensure that Domain E mitigates the unsteady 
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airloads during the worst case interaction, mitigation study 2 aims at investigating the 

case when the vortex has a miss distance of zero at the same velocity. These results shall 

now be presented and discussed. 

6.6 Mitigation Study 2 

Employing Domain A and Domain E based on the discussion above as well as the 

vortex parameters defined in Table 6.2, mitigation study 2 maybe performed. Note that 

the meshes for both Domain A and E as well as the vortex parameters and boundary 

conditions with the exception of the miss distance remain the same. Similar to mitigation 

study 1, the second mitigation study shall begin with investigating the differences present 

in the velocity and pressure fields during the interaction with some discussion pertaining 

to the differences between the two miss distances in each study. The velocity and 

pressure fields are provided in Figure 6.14 and Figure 6.15 respectively. 
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Figure 6.14: Velocity Fields for the Indicated Vortex Locations for Mitigation Study 2 
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Figure 6.15: Pressure Fields for the Indicated Vortex Locations for Mitigation Study 2 
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The time histories of the velocity field and the pressure field provide good insight 

regarding the flow physics of an airfoil-vortex interaction. As per mitigation study 1, the 

airfoil-vortex interaction is described by three different phases. At the beginning Qf AVI, 

the vortex is upstream of the airfoil and moves towards the leading edge (i.e. (x/c) = 

—0.5 to (x/c) « 0) as is illustrated in Figure 6.14 and Figure 6.15 for Domain A. 

Throughout this phase the vortex induces a downwash on the airfoil which causes the 

leading-edge stagnation point to move along the upper surface of the airfoil. This results 

in an increase in pressure over the airfoils upper surface. The second phase of AVI is 

identical to that described in Section 6.5, with the exception of the vortex being distorted 

in a much more significant manner. In the third phase, the vortex leaves the airfoil (i.e. 

(x/c) > 1) which generates wake perturbations. However, now the wake perturbations 

are much more significant than those found in mitigation study 1. As the vortex convects 

towards the leading edge of the airfoil for Domain E, the same effects in the flow fields 

may be seen as per mitigation study 1. As the vortex reaches the leading edge, the 

acceleration of the flow through the cavity is enhanced (as compared to mitigation study 

1). This results in higher velocity on the lower surface of the trailing edge segment of the 

airfoil, which creates a region of lower pressure where acceleration results in a 

fluctuation of the airloads due to the variation of the pressure distribution over the airfoils 

surface. As the vortex approaches the mid chord of the blade regions of high velocity 

may be seen on each the upper and lower surfaces of the trailing edge segment of the 

airfoil. This induces an up wash on the lower surface and a counteracting downwash on 

the upper surface of the airfoil. The aforementioned shear layer is also present on each 
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side of the airfoil which results in fluctuations of the drag force on the airfoil. A vortex is 

also formed from the lower surface of the cavity wall which causes fluctuations in both 

the lift and drag due to increased upwash velocities. As the vortex passes the trailing 

edge, the shed vortices from the cavity wall are present. However, the main tip vortex 

remains in a distorted state with lower velocities caused by the diffusion experienced 

during the interaction. In the final phase of the interaction the vortices (i.e. those shed and 

the tip vortex) perturb the wake in quite a significant manner which results in fluctuations 

in the blades airloads. 

This study is also based on the aerodynamic coefficients (i.e. C/, Q and Cm) and 

the x-axis shall use the same definition as that provided in Section 6.5. The lift, drag and 

moment coefficient results for the aforementioned conditions shall now be provided. 
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Figure 6.16: Lift Coefficient for Varying Vortex Location for Mitigation Study 2 (i.e. Domains A and 
E) (ZM -> Zero Vertical Miss Distance) 
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Figure 6.16 depicts the temporal variation of lift for Domains A and E for 

mitigation study 2. The same trends for Domain A discussed in Section 6.5 remain 

present with another feature worth mentioning. This feature is the fluctuations which are 

present in the third phase of the AVI due to the wake perturbations as the vortex interacts 

with the wake. Similarly, the phenomena discussed for Domain E in Section 6.5 also 

remain true. Notice that as the vortex approaches the leading edge of the airfoil, the 

cavity increases the minimum lift which is experienced, thereby further mitigating the 

interaction with respect to the variation of lift as well as the noise. For the benchmark 

airfoil, the incremental lift coefficient during the interaction (as defined in Section 6.4) 

was found to be 0.481, whereas for the aforementioned flow conditions using the 45° 

cavity, the incremental lift coefficient is given as 0.429. The percent reduction of the 

incremental lift coefficient achieved through implementing the 45° cavity when compared 

to the benchmark airfoil was found to be 5.24% for a freestream Mach number of 0.036, 

a vortex strength of 0.9 m2/s and a zero vertical miss distance of the vortex. Based on 

Equation ( 6.3 ) and the discussion presented in Section 6.4, this leads to a 5.24% 

decrease in the sound pressure which is propagated to an observer. 

Figure 6.17 represents the drag coefficient fluctuations present during the 

interaction for both Domains A and E. For Domains A and E, as the miss distance is 

reduced to the case of a fully parallel interaction, the aforementioned fluctuations in drag 

are amplified due to the stronger interaction present. The penalty in drag which results 

from the cavity remains, although the reverse flow experienced by the airfoil with the 

cavity is less than that of the symmetric airfoil. Note the higher peak in drag as the airfoil 
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passes the leading edge of the airfoil with the cavity as compared to the symmetric airfoil 

as a result of the enhancement of the flow features discussed in Section 6.5. 

Figure 6.18 illustrates that the peak moment for each domain is the same and 

occurs as the vortex reaches the leading edge. With the cavity, the effect of the pitching 

motion caused by the presence of the vortex is less for the airfoil than for the symmetric 

airfoil during the second phase of the interaction. In the final stage of the interaction, the 

additional vortices shed in Domain E result in large fluctuations in the moments produced 

during the interaction as they pass the trailing edge of the airfoil. 

As a result of the previous discussions, Domain E appears to provide further 

benefits for variation in lift and moment with an acceptable penalty in drag during the 

interaction. This remains true until the vortex reaches the trailing edge of the airfoil 

where the fluctuations in lift and moment are further excited. Mitigation study 3 aims to 

investigate whether the benefits shown by Domain E remain while the freestream 

velocity is increased and the miss distance is maintained as zero. These results shall now 

be presented and discussed in full. 

6.7 Mitigation Study 3 

As per mitigation study 2, Domain A and Domain E are also used for mitigation 

study 3. The vortex parameters for this study are defined in Table 6.2 and the boundary 

conditions are provided in Table 6.3 and Table 6.4. Mitigation study three also employs a 

zero miss distance (as per the second study). However the freestream velocity has been 

increased to Mach 0.25. This study has been performed to demonstrate the influence of 

the freestream Mach number (and Reynolds number) on the airloads created during a 
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parallel BVI as well as the hole's effect in a situation with a higher freestream velocity. 

This study is also based on the aerodynamic coefficients (i.e. C/, Q and Cm) and the x-

axis shall use the same definition as that provided in Section 6.5. 

The lift, drag and moment coefficient results for the aforementioned conditions 

are shown in Figure 6.19 through Figure 6.21. 
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Figure 6.20: Drag Coefficient for Varying Vortex Location for Mitigation Study 3 (i.e. Domains A 
and E) (ZM -> Zero Vertical Miss Distance) 
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Figure 6.21: Moment Coefficient for Varying Vortex Location for Mitigation Study 3 (i.e. Domains A 
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Figure 6.19 depicts the temporal variation of lift for Domains A and E for 

mitigation study 3. The trends discussed in Section 6.6 for Domain A remain identical for 

mitigation study 3. For Domain E, it becomes apparent that as the vortex approaches the 

airfoil with a higher freestream velocity, the lift acting on the airfoil fluctuates much 

more rapidly while its mean value follows the same trend observed for mitigation study 

2. This may be attributed to the increased strength of the vortex employed in the domain, 

which thus results in higher fluctuations. For the benchmark airfoil, the incremental lift 

coefficient during the interaction (as defined in Section 6.4) was found to be 0.488, 

whereas for the aforementioned flow conditions using the 45° cavity, the incremental lift 

coefficient is given as 0.435. The percent reduction of the incremental lift coefficient 

achieved through implementing the 45° cavity when compared to the benchmark airfoil 

was found to be 5.31% for a freestream Mach number of 0.25, a vortex strength of 6.3 

m2/s and a zero vertical miss distance of the vortex. Based on Equation ( 6.3 ) and the 

discussion presented in Section 6.4, this leads to a 5.31% decrease in the sound pressure 

which is propagated to an observer. Furthermore, it is apparent that the spike in lift after 

the vortex leaves the trailing edge is less impulsive as the freestream velocity is increased 

(i.e. occurs over a larger vortex distance). It also occurs at an earlier point as the 

freestream velocity is increased. The variation in lift remains less significant for the 

airfoil with the cavity than the symmetric airfoil as the freestream velocity is increased. 

Figure 6.20 illustrates the variation in drag for the increased freestream velocity case. The 

trends for Domain A remain the same as per the lower freestream velocity investigation. 
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Domain E illustrates the fluctuations mentioned in Section 6.6 although the higher 

freestream velocity has the effect of washing out the fluctuations caused by the vortex 

interacting with the airfoil. Note the penalty in drag remains for the airfoil with the 

cavity. Like the effects mentioned in Section 6.6 regarding the moment variation during 

the interaction, Domain E mitigates the effect of the fluctuating moments which act on 

the airfoil. However, the larger fluctuations which result from the multiple vortices 

interacting with the airfoil are delayed and less substantial as the freestream velocity is 

increased as can be seen in Figure 6.21. 

Based on the above discussions, it is evident that the airfoil with a 45° cavity 

placed at the quarter chord location effectively mitigates the unsteady lift and moments 

while increasing the drag on the airfoil compared to the symmetric airfoil. This mitigation 

has been achieved since the incremental lift coefficient (linked to the noise propagated to 

an observer) has been decreased as the vortex passes the leading edge of the airfoil with 

the 45° cavity. This seemingly holds true for all the flight conditions investigated (i.e. 

powered descent and higher forward flight speeds). In an attempt to further mitigate the 

interaction experienced as the vortex convects downstream past the trailing edge several 

systems may potentially decrease the fluctuations in this phase of the interaction. One 

system which may be employed involves adding an additional 45° cavity in the same 

location, but in the opposite direction. Also, a valve should be implemented to determine 

which cavity is open. Throughout the interaction the cavity presented above should be 

employed. However, as the vortex reaches its final phase of the interaction, the -45° 

cavity should be closed and the +45° cavity should be opened in an attempt to alleviate 
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the fluctuations in lift and moment in this phase. An alternate method would be to 

investigate a series of -45° cavities placed along the airfoils surface. Perhaps a larger 

cavity should be employed or an alternate angle, however the size and angle of the cavity 

will be dependent on the flight condition experienced by the rotorcraft. 
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Chapter 1% Conclusions 

The present analysis focused on verification and validation of using LES as a 

means of predicting the aerodynamics involved in an airfoil-vortex interaction. This 

investigation also focused on the mitigation of AVI through the use of passages through 

the airfoil. In this analysis, the vortex created with the Lamb-Oseen model was released 

upstream of the airfoil and the unsteady flow field results were recorded at regular time 

intervals. These time intervals correspond to different locations of the vortex core along 

the trajectory of the vortex. They were used to determine the aerodynamic coefficients. In 

the validation and verification analysis, both grid and domain convergence were 

analyzed. Through the grid convergence study, it was determined that a domain 

containing 760,464 nodes in a structured grid was sufficient for resolving the lift and 

moment coefficients; however, a deviation was noted for the drag coefficient. Similarly, 

the domain convergence analysis further iterated that the domain was acceptable. Thus, 

for the verification and validation analysis a domain with a thickness of 12% of the chord 

was employed in order to minimize the computational time which was required. By 

employing the convergent domain and grid, both LES and SST based URANS 

simulations were performed to investigate the differences in the results obtained through 

the aforementioned CFD methods. For each simulation, it was ensured that each had 
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sufficient temporal resolution through employing a Courant number less than unity (i.e. 

the same domain and time steps were used). Based on the verification analysis, it was 

concluded that if the Courant number is maintained below unity, the vortex does not 

experience numerical dissipation as it convected past the NACA 0012 airfoil. Upon 

verifying the computational method, a validation analysis was performed with the data 

presented by Straus et al. (1990) and Renzoni (1987). The experimental data obtained by 

Straus et al. (1990) was found to be within 1% of the data obtained from LES until the 

vortex had just passed the leading edge of the airfoil. At this point, the data begins to 

diverge for several conjectured reasons. The inviscid data obtained by Renzoni (1987) 

was found to agree with the LES data until the mid chord of the airfoil, at this point the 

differences attributed to viscosity may be seen. 

The second portion of the investigation was concerned with mitigating the effects 

of the vortex on the unsteady aerodynamic loads experienced by the blades. In an attempt 

to investigate the geometries effect on the overall interaction, NACA 0012 airfoils were 

outfitted with two different cavities. The first cavity was a straight vertical hole centered 

at the quarter chord location with a width of 5% of the chord. The second cavity which 

was investigated employed a cavity at -45° from the vertical also at centered about the 

quarter chord location with a width of 5% of the chord. The NACA 0012 airfoil without a 

cavity was employed as a benchmark case. A preliminary study that employed the 

conditions used throughout the validation analysis was performed to determine which 

cavity provided the most benefit (if any) with respect to the unsteady aerodynamic loads 

acting on the blade during the interaction. By comparing the aerodynamic coefficients 
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obtained for each cavity with the benchmark airfoil, it was established that the -45° cavity 

mitigated the interaction (reduction of the incremental lift coefficient was 3.3%) 

throughout most of the interaction however as the vortex left the airfoil it increased the 

fluctuating airloads. The straight cavity however provided no benefits whatsoever to the 

fluctuations experienced by the blade loading. Using the slanted cavity and the symmetric 

airfoil two further studies were performed to ensure that the slanted cavity mitigated the 

interaction for a variety of conditions. The first study involved decreasing the miss 

distance between the vortex and blade axes to zero, in which the incremental lift 

coefficient (and the sound pressure propagated to an observer) was reduce 5.2% through 

implementation of the 45° cavity (relative to the benchmark airfoil). While the second 

study maintained the zero miss distance and increased the freestream velocity to a Mach 

number of 0.25, which was found to mitigate the interaction by 5.3% relative to the 

benchmark airfoil if a 45° cavity is employed. Throughout these parametric studies, it 

was determined that the mitigation occurs regardless of the conditions imposed on vortex 

and flow. 

Finally, although it is relatively expensive from a computational standpoint, LES 

may be used to simulate the fluid structures present during a blade-vortex interaction. 

This cannot be captured with sufficient accuracy using more traditional methods. It is 

hence a suitable and affordable tool which may be used in the prediction of the 

aerodynamics involved throughout a blade-vortex interaction event. 
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Appendix A: Theory Associated with the 
Computational Methods Commonly Used for Analyzing 
the Airfoil-Vortex Interaction 

A.1 Shear Stress Transport (SST) Model: Theory 

Manipulation of the k — £ and k — co models results in the following relations for 

the SST model: 

dk dk du'; . . . d \. . dk 
~di 

dk du[ d \, dk~\ 

doi d(o co du[ d r dcol 

(A.2) 

where 

. am2 dk dco 
+ 20.-F1)——Tr

et) dXidxi 

iJ = ^{2Sij--—Sijj--kSij (A.3) 
dxk 

iJ~2\dxj+ dxj (A.4) 

In order to determine the any constant, which shall be represented as 0 

i.e. (Ofc,...), in Equation ( A.l ) and Equation (A.2 ), a blending process may be used. If 

0] were to represent any constant in the original k — co model, i.e. (<rfcl,...) and 02 were 
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to represent any constant in the transformed k — e model, i.e. ( f f k 2 , - ) , then the 

constants 0 in the SST model may be determined through 

0 = F ^ i + (1 - Fi)02 (A.5 ) 

where, Fx = tanh(argi) and the argument, argx, is given by 

argx = min max 
yfk 500v 4o-w2fc 

' CDk0)y 
(A.6) 

0.09yw' y2(o 

where y is the distance closest to the wall and CDk(1) represents the cross-diffusion term 

and is given by 

CDk{li = max ^l^L^L. 10-20 (A.7) 
a) dxt dxt 

The constants which are required in Equations ( A.l ) through ( A.7 ) are as 

follows: 

akl = 0.85 ; aul = 0.5 ; ft = 0.075 ; ax = ft//?* - CO>I(K2/J}F) 

°KI = 1-0 ; <^2 = 0.856; ft = 0.0828 ; a2 = ft//?* - O^K2/ J]F) 

with ^* = 0.09 and K = 0.41 (Menter, 1994). 

The model which was employed prior to the SST was referred to as the Baseline 

(BSL) model. This model used the same approach as the SST, but failed to predict the 

onset/amount of flow separation under adverse pressure gradients and did not account for 

the transport of the shear stress which results in an overprediction of the eddy viscosity 

(Menter, 1994). Consequently, the SST model (i.e. Equation ( A.l ) and Equation 

( A.2 )), uses a further constraint which is imposed through the limiting of the eddy 

viscosity, ve, through the following relationship 
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atk 

maxfaito; fiF2] 
ve= r

 1 „ „ , (A.8) 

the constant, al5 in the above relation is normally taken to be 0.31 and ft represents the 

absolute value of the vorticity within the flow field (Menter, 1994). The second function, 

F2, is given by 

F2 = tanh(argi) ( A 9 ) 

where the argument, arg2, is given by 

y/k 500vl (A.10) 
arg2 = max 0.09yco' y2a) 

A.2 Subgrid Scale (SGS) Modeling: Theory 

Smagorinsky Model: 

The Smagorinsky model is the most commonly used model in LES to date 

(Wagner et al, 2007). This model is an eddy viscosity model, which is based on the 

increase in transport and dissipation which results from the effects of the SGS stress 

(Smagorinsky, 1963). In laminar flows, the aforementioned increases are a result of the 

viscosity in laminar flows (Smagorinsky, 1963). The Smagorinsky SGS model may be 

written as 

rtj ~ 3 8urkk = - v r ^ — + ^ j = -2vTStJ 

where vT is referred to as the eddy viscosity, and 

lJ " 2 \dxj dxj 
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The Smagorinsky model is known as an eddy viscosity type model, as it assumes that the 

small eddies remove energy from the flow through a dissipative process (Wagner et al, 

2007). A weak point in this model results from the possibility of backscatter (which is the 

reintroduction of energy from the small scales to the large scales) may occur (Wagner et 

al, 2007). In turbulent flows, energy is introduced in the largest scales and transferred to 

the small scales until the viscous damping effects dominate (Wagner et al, 2007). As a 

result, in the regions where the viscous effects are dominant, the turbulent energy of the 

flow is damped out through the transfer of kinetic energy into heat (i.e. internal energy), 

which is referred to as the energy cascade (Wagner et al, 2007). Between these two 

subscales, there exists a region where there is neither significant amounts of production 

or dissipation of energy which is referred to as the inertial subrange (Wagner et al, 

2007). In the inertial subrange, the only active mechanism is the inviscid one and it is 

assumed that the transfer of energy occurs from the large scales to the small ones 

(Piomelli, 2001). Figure A.l depicts the kinetic energy as wavelength (or size) of the 

eddies. 
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Figure A.1: Kinetic Energy Transfer in Isotropic Turbulence (Wagner etaL, 2007) 

The mechanism which is responsible for this energy transfer is referred to as the 

advection term in the Navier-Stokes equations (Wagner et al, 2007) which allows the 

rate of energy transfer to the smaller scales to be evaluated (Piomelli, 2001). The 

magnitude of the contribution to the kinetic energy by the advection term is 

(A.13) Id 

Noting that the energy is introduced at the largest scale, one may estimate the dissipation 

rate, e, through 

Ui 
£ = 

(A.14) 

where UL represents the velocity scale of the largest eddies and, L, is the integral length 

scale of the turbulent flow (refer to Section A.3 for further discussion of this term). If it is 

assumed that the largest SGS are much larger than the viscous scales, then the following 

may be obtained 
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Uses (A.15) 

where USGS represents the velocity scale of the smallest eddies and, A, is the length of the 

largest SGS eddies (it also represents the length scale associated with the filter) (Piomelli, 

2001). 

A consequence of the energy transfer from the large scales to the small scales is 

that once the energy is lost by the large eddies to the small eddies through the cascade it 

may not be recovered (Piomelli, 2001). SGS represents this transfer of energy as an 

effective viscous dissipation in the Smagorinsky model (Wagner et ah, 2007). Since the 

smallest resolved scales (of size delta), are most significant for the SGS model, the 

effective viscous dissipation is estimated as 

vTUscs (A.16) 

Equating Equation (A.15 ) and Equation (A.16) leads to a conclusion of proportionality, 

i.e. vT oc AUSGS and as a result it can be shown that 

vT~tf'*L-V3UL
 ( A ' 1 7 ) 

Equation (A. 17) may be used to show that 

, * _ (A.18) 
£ / L * L ( 2 V S l ; ) 2 = L | S | 

i 

where, \S\ — {StJ -S^)2 (Wagner et ah, 2007). Making use of Equation ( A.18 ) in 

Equation (A. 17), the following relation may be derived 

vT = C*^l}<*\S\ , A 1 < M 
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where, Cs, is the Smagorinsky constant and is introduced to ensure equality (Wagner et 

al, 2007). The Smagorinsky parameter may be determined through 

1 / 2 \ 3 / 4 (A.20) 

where K0 = 1.41 (Wagner et al, 2007). It is worth noting that most theories which 

provide estimates for Cs are valid only for isotropic turbulence (Wagner et al, 2007). The 

Smagorinsky constant may also be derived as a function of the Reynolds number along 

with other non-dimensional parameters for different flow regimes, however, it is 

generally accepted that the estimate presented in Equation ( A.20 ) is generally valid 

(Wagner et al, 2007). Another difficulty arises when the integral length scale, L, is to be 

determined (Wagner et al., 2007). As a result of the added degree of complexity, the 

following simplification is often employed (Wagner et al, 2007). This simplification is 

that A4/3L-1/3 -* A2, which leads to the following more common form of the 

Smagorinsky eddy viscosity model (Wagner et al., 2007) 

vT = (CsA)2|5| ( A " 2 1 ) 

1/2 

The filter width, A, is often determined through (A1A2A3)
1/3 or (A| + A| + A|) 

(Piomelli, 2001), where Af represents the filter width in the i-th coordinate direction. 

Employing an appropriate length scale ensures the damping is irrelevant (Wagner et al, 

2007). 
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Despite being the most commonly used SGS model, several weak points are 

inherent within the Smagorinsky model (Wagner et al, 2007). One major problem is that 

in the case of non-homogenous wall bounded flows (i.e. near the surface of the walls), the 

model does not damp out the eddy viscosity enough in order to allow the viscosity effects 

to dominate (Wagner et al, 2007). As a result, when the analysis reaches the viscous 

sublayer, the approximation which was made in the Smagorinsky model becomes 

questionable as the grid point (i.e. A) will be in or near the viscous sublayer (Wagner et 

al, 2007). For this reason, Van Driest recast the eddy viscosity in the near wall region for 

the reduced growth of the small scales near the wall in the following form (Wagner et al, 

2007) 

(A.22) 
v r = CsA(l-e~(V /25)\ \S\ 

A second issue is that the Smagorinsky model assumes that the energy transfer from the 

large scales to the small scales is a diffusive process. In other words, there is no 

mechanism that transfers energy from the small scales to the large ones with no resulting 

backscatter (Wagner et al, 2007). The resolved transport energy equation is given as 

dq2 d(q2uj) d 1 dq2^ 
—2p • Uj — 2TijUt + 

Re dXj 

_2_au.au, (A.23) 

RedXjdxj ij lJ dt dxi dxt 

where q2 = ut • u"t and the one half of the last term may be defined as (Wagner et al, 

2007) 

•c- ( A . 2 4 ) 
£SCS — rij:iij 

http://_2_au.au
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The transfer of energy between the large and small scales is represented by £ s c s and is 

referred to as the subgrid scale dissipation. When sSGS < 0, the resolved energy decays 

with respect to the interaction between the large and small scales (i.e. forward scatter). 

However, when £scs > 0, the resolved energy grows with respect to the interaction 

between the large and small scales (i.e. back scatter). In the case of the Smagorinsky 

model, Equation (A.20) and Equation (A.23 ) may be used to illustrate that £SGS < 0, as 

a result there is no backscatter from the Smagorinsky model (Wagner et ah, 2007). 

In order to model more complex or higher Reynolds number flows, the use of a 

more accurate DNS model should be employed, however, a modified Smagorinsky model 

may be employed or a dynamic subgrid scale model may also be employed in order to 

overcome the issues with the Smagorinsky model (Piomelli, 2001). This dynamic subgrid 

scale model shall now be discussed. 

Dynamic Subgrid Scale Model: 

As a result of the issues with the Smagorinsky model, a new approach which is 

referred to as the dynamics subgrid scale model has been investigated. This approach 

attempts to calculate the Smagorinsky parameter interactively during the run time rather 

than setting this parameter as a constant at the beginning of the simulation (Piomelli, 

2001). The procedure employed in the dynamic subgrid scale model involves the 

application of a second filter, which is referred to as a test filter, and is denoted by a tilde 

(~) to the filtered Navier-Stokes equation (see Equation ( 3.7 )) (Wagner et al, 2007). 

The addition of the test filter results in the following modified form of the filtered 

Navier-Stokes equations 
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2 du, d dP dTtJ 1 d2 (A.25) 

where TLj = ufij —u^Uj (Wagner et al, 2007). If the Smagorinsky model is employed 

as the SGS model, the filter and test filter levels may be represented as (Wagner et al, 

2007) 

Tij ~ 3 StJTkk « -2CSA
2\S\STj = 2CSBU

 ( A ' 2 6 ) 

1 / A 0*7 \ 

Tij--8ijTkk*-2Csl
2\l%=2CsAij

 l " ; 

where, Cs is used as opposed to C2 in the eddy viscosity term, and A and A represent the 

width of the first filter and test filter respectively (Wagner et al, 2007). The SGS stress at 

the end of the first/test filters are related to the resolved turbulent stress through an 

algebraic identity known as the Germanos identity (Germano et al, 1991), i.e. 

7 - T _f~ (A.28) 

If the stresses are modeled, then Germanos identity is no longer satisfied (Germano et al, 

1991). Hence the residual equation is obtained as 

Eu = Lu + 2 M l 7 " 2CsfiT; ( A > 2 9 ) 

The dynamic subgrid scale model is based on minimizing the residuals, and on assuming 

that the Smagorinsky parameter, Cs, is known (denoted by Cg) in the third term on the 

right hand side of Equation ( A.29 ) (Germano et al, 1991). This assumption allows 

Equation (A.29) to be rewritten as 

file:///S/STj
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EU = Ltj + 2CsAtJ - 2QB[j ( A 3 ° ) 

and the Smagorinsky parameter Cg in Equation ( A.30 ) is then approximated through a 

Taylor series expansion of Cs (Germano et al, 1991). Figure A.2 depicts how the dual 

filters account for the transfer of energy. 

Resolved Field 

Test Filter LES K 
Cutoff Cutoff 

Figure A.2: Depiction of the Two-Level Filtering Procedure (Wagner et al, 2007) 

One of the advantages of the dynamics subgrid scale model is that no parameters 

need be determined a priori to the simulation. Also, the dynamic SGS model has the 

capability to reduce the eddy viscosity in the laminar flow regime. There still remain 

unresolved issues with the dynamic SGS model however. One of which is that in the 

derivation of the model, it is assumed that the Smagorinsky parameter is independent of 

the filter width (Wagner et al, 2007). It has been shown, however, through DNS data 

from isotropic turbulence, that the instantaneous values of the Smagorinsky parameter 

vary significantly when compared for two different filter widths (Meneveau, 1996). A 



208 

further issue with the dynamic SGS is that it allows for Cs, and hence the eddy viscosity 

to take on negative values. This leads to numerical instabilities, despite it also allowing 

for back scatter to be accounted for in the model (Wagner et ah, 2007). 

A more accurate approach to LES, despite the additional computational 

complexity is DNS and shall now be addressed in full. 

A.3 Direct Numerical Simulation (DNS) 

As the name implies, DNS is a straight forward approach to the numerical 

simulation of turbulent flows. The range of scales present in turbulent flows is a common 

function of the Reynolds number and in DNS all of these scales must be resolved, from 

the dissipative scales of order r\ to integral scales of order L (Piomelli, 2001), through the 

direct solution of the Navier-Stokes equations with no averaging/approximation applied. 

In the case of incompressible fluids with uniform density, the non-dimensionalized 

Navier-Stokes equations, in standard tensor notation, may be represented as: 

duL=Q (A.31) 

dUi d dP 1 d2
 ( A . 3 2 ) 

where P represents the non-dimensional pressure and is defined as P = p/p and Re is the 

Reynolds number and is defined as Re = UL/v. The Reynolds number in Equation 

( A.32 ) is defined by the characteristic (integral) length scale, L, the characteristic 

velocity, U, (the root-mean-square (RMS) of the velocity) and the kinematic viscosity, v 

(Wagners ah, 2007). 
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The length scale of the domain must be at least as large as the largest turbulent 

eddy in order to ensure the significant structures are captured. A common measure is the 

integral scale, L, of turbulence which is defined as the distance over which the velocity 

remains correlated. This approach assumes that the velocities within a turbulent eddy are 

highly correlated and there is no correlation between velocities in different eddies 

(Piomelli, 2001). The characteristic turbulent length representing the mean of all existing 

eddies is applied as theoretically, the largest eddy approaches an infinite size, this length 

scale is thus defined as: 

1 u[u'} lJ l 

0 

where Rtj represents the correlation tensor of the velocity components, and is given as 

( A 34 ^ 
Rij (x, t, r, T) = u[ O, t)uj (x + r, t + T)

 K ' ' 

where, r, is the distance from the current point, x, to the neighbouring point, x + r. As a 

result of the nature of turbulent flows (i.e. dominated by eddies (vortices)), correlations 

are useful tools to analyze the statistical nature of the flow (Piomelli, 2001). 

A DNS simulation must capture all the entire range of spatial and temporal scales of 

the turbulent flow field. The spatial scales of the turbulence, from the smallest dissipative 

scales (i.e. the Kolmogorov microscales) up to the integral scale, L, associated with the 

motions containing most of the kinetic energy, must be resolved in the computational 

mesh. The Kolmogorov microscales are the Kolmogorov length scale, rj, and 

Kolmogorov time scale, T, respectively. These scales may be determined by the 
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dissipation rate, e, which represents the transformation of kinetic energy into thermal 

energy and the kinematic viscosity, v. The Kolmogorov length scale is given by r\ = 

(v 3 / ^ ) 1 / 4 and the Kolmogorov time scale is represented as r = (y/s)1^2. It is worth 

noting that the integral scale generally depends on the spatial scale of the boundary 

conditions. In order to satisfy the spatial resolution requirements, the number, N, of 

points along a given mesh in one direction with increments, Ax, must be NAx > L. As a 

result, the integral scale is contained within the computational domain. The other 

constraint placed on the spatial resolution of a DNS simulation to ensure that the 

Kolmogorov length scale is resolved is that Ax < rf. In other words, the computational 

domain must be large enough to contain the largest scales, L, of motion; whereas the grid 

resolution must be fine enough to resolve the smallest scales, 77, of motion giving the 

number of grid points required as proportional to L/77 oc Re3/4. Since £ « U3/L, the 

previous relations demand that, for a three-dimensional DNS, simulation requires a 

number of mesh points, N3, which satisfy N3 > Re9/*. The time scale of the smallest 

eddies also provides a bound for the maximum time step, At oc Re1/2, and it must also be 

ensured that the time step is small enough such that a fluid particle will traverse a mere 

fraction of the mesh spacing, Ax, in each time step. That is, C = — < 1 where C is the 

Courant number. The total time interval simulated is generally proportional to the 

Kolmogorov time scale (i.e. T = L/U) combination of the previous time step relations; 

this proportion yields that the number of time steps must be proportional to L/{Crj). 

Analyzing the required number of grid points and time steps required for a DNS 
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simulation yields the cost of a calculation in the order of Re11^4. This approximate 

dependence of the computational time on the Reynolds number illustrates the 

impracticality of DNS for high Reynolds number flows (Piomelli, 2001). 

Despite the large computational cost of DNS, it is a useful tool to validate 

turbulence models. Most approaches to numerical simulations of high Reynolds number 

flows are based on insight gained from a physical description of turbulence provided 

through DNS simulations for low Reynolds number flows. The irregularity of a turbulent 

flow is one of its most important characteristics. Despite the difficulty in completely 

describing turbulence as a function of time and space coordinates, the average values of 

the flow field (i.e. pressure and velocity) may be described. Numerous 

experiments/observations showed that these averages exist as at any given point in the 

turbulent domain: 

1) a distinct pattern is repeated more or less regularly in time, and 

2) a distinct pattern is repeated more or less regularly in space 

These results lead to the conclusion that, on average, turbulence has the same overall 

structure in the domain (Wagner et ai, 2007). Further, the details of the small scale 

eddies are not of interest for many engineering applications (Piomelli, 2001). 
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Appendix B: Viscous Blade Tip Vortices: Additional 
Models 

B. l Rankine Vortex 

The Rankine vortex (Lamb, 1932) is the simplest viscous tip vortex model. It is a 

model of a cylindrical vortex of finite core radius, rc, and constant vorticity, co, which is 

present only within the vortices core. The Rankine vortex, shown in Figure B.l, is more 

realistic than the model provided in Section 4.2, namely an infinitely thin vortex filament. 

co = const 

a) Swirl Velocity Profile b)Static Pressure Profile 

Figure B.1: a) Swirl Velocity Profile and, b) Static Pressure Distribution of a Rankine Vortex 

(Alekseenko et ai, 2003) 

In the Rankine vortex model, the core is modeled as a solid body rotation. In the 

outer region, the velocity decreases hyperbolically with distance as a potential vortex. 

r r , 2nrc rc 
,if,0<r<rc ( B . l ) 

2nrc r 
,if,r>rc 
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The linearity of the profile illustrated in Figure B.la indicates a solid body rotation of the 

fluid within the vortex core, at an angular velocity of 

n = £ _ (B.2) 
2nr} 

The vorticity distribution for the Rankine vortex is represented by 

( r 

\~—1> r<rc 
l0 = ) 2 n r c (B.3) 

{ 0, r>rc
 K ' 

Equation ( B.3 ) implies that the vorticity is all contained within the vortex core. In other 

words, there is no vorticity in the potential region, as shown in Figure B.la. The break in 

the vorticity field at the edge of the vortices core region is a result of the vorticity jump 

within the model. However, confining the vorticity within the vortex core radius as with 

solid body rotation has been found to be a poor representation of a real vortex. 

Furthermore, since the tangential velocity at a given radius from the vortex is determined 

only by the vorticity inside the radius. Having some vorticity outside of the core radius 
implies the peak velocity is less than . It has been found that the maximum tangential 

P 
velocity of a real vortex is much less than the value of . Therefore, a substantial 

fraction of the vorticity is actually outside of the core radius. 

The radial distribution of static pressure for a blade tip vortex is characterized by 

a drastic decrease in the vortex core and is generally given by 

(rv2e P = Pco + P — dr 
Jon ' (B.4) 
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Employing the combination of Equation ( B.l ) and Equation ( B.3 ) in Equation ( B.4 ) 

yields the radial static pressure distribution for the Rankine vortex, which is given by 

o>2r* 
Poo P 8 r 2 ,r>rc ( B 5 ) 

a)2r2 a)2 

— + PTr ,r<rc 

as is illustrated in Figure B.lb. 

The minimum pressure occurs at the vortex axis, i.e. when r = 0, and is given by 

(£rc__ r2 

Pmin - Pco - P — — - Poo - P 4 7 r 2 ^ 2 ( g 6 ) 

the pressure at the core radius is given by 

_ 1 
P ~" Pmin — ~Z \Pmin ~ Poo) / g j \ 

In contrast, for an infinitely thin vortex filament of strength, T, the pressure at the axis, 

i.e. at r = 0, tends diverge. 

Despite exhibiting key features of a viscous vortex, the Rankine vortex produces 

unrealistically high values of the peak swirl velocity compared to measurements. 

However, the Rankine vortex model remains the most popular model as it reflects the 

main features of concentrated vortices regardless of its shortcomings. 

To fix the vorticity jump in the Rankine model, Scully proposed an alternative 

laminar model of the viscous tip vortex, as follows. 

B.2 Scully Vortex 

Scully (1975) found that confining the vorticity within the vortex core radius as a 

solid body rotation is an inaccurate representation of a real vortex. Since the tangential 

file:///Pmin
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velocity at a given radius from the vortex is determined only by the vorticity inside the 

radius, vorticity outside of the core radius suggests that the peak velocity is less than —£-. 

2Ttrc 

p 

The maximum tangential velocity of a real vortex is much less than the value of —s— . 

This implies that a substantial fraction of the vorticity is actually outside of the core 

radius. Therefore, Scully (1975) suggested that, based on measured velocity distributions 

of vortices from fixed wings, the circulation distribution of a real vortex is given as 

Y = r-
r 2 

r 2 + r} (B.8 ) 

which has a corresponding vorticity distribution of 

_ _ T 1 

03 " Inr} [1 + ( r / r c ) 2 ] 2 (B.9) 

where, r is the distance from the line vortex. Equation ( B.9 ) implies that half the 

vorticity is contained inside the core radius, and the other half is within the potential 

region. The induced velocity distribution may therefore be represented by 

r Mr)=± 
(rc

2 + r 2 ) ( B . 1 0 ) 

which effectively moves the vortex peak further away, i.e. to a location given by 

(.VvJeq = VVv + rc ( B.l 1 ) 

P 
The maximum tangential velocity is now —— at r = rc which is exactly half the 

47TTV 

value which was obtained using a solid body rotation inside the viscous core of the 

vortex, which is more appropriate based on vortex velocity distribution measurements. 
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Several other tip vortex models employ exponential profiles for the swirl velocity 

distribution as well. One of which involves an extension of the Lamb-Oseen model to the 

third-direction, i.e. the addition of an axial velocity distribution as well as providing the 

radial velocity component. This model shall be referred to as the Newmans model. 

B.3 Newmans Three-Dimensional Extension of the Lamb-Oseen 

Vortex 

Similar to the Lamb-Oseen model, Newman (1959) also derived exponential 

solutions for the three velocity components in the viscous core based vortex using a 

simplified Navier-Stokes formulation. The boundary conditions imposed by Newman 

(1959) first involved the assumption that the vortex generates as a free vortex (i.e. 

potential vortex of strength T at z = 0). It diffuses until at large distances the vortex 

induced velocity goes to zero. Upon application of these boundary conditions, it was 

determined that the swirl velocity is as per the Lamb-Oseen profile, see Equation (4.16), 

and the axial and radial velocity is given by 

v z(r ,z)= — e H r / ^ ) 2 ) (B.12) 
z 

vAriZ)=^LeH
r/rcf) (B.13) 

Where A is a constant which may be related to the drag on a lift-generating surface if the 

vortex is of lift-generation origin, such as blade-vortex interaction. 

Another laminar model of a viscous tip vortex is the Gauss vortex, which shall 

now be detailed. 
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B.4 Gauss Vortex 

Hopfinger and van Heijst (1993) developed smooth profiles of vorticity and 

azimuthal velocity while numerically examining the monopolar vortex instabilitiy. The 

vorticity and the swirl velocity which were developed are given as 

rr\f\ 
0) 

^-a-iU-Ga*) (B.i5) 
6 U 2R 

where, R and U represent the scales of length and velocity respectively and q is a shape 

factor. If q is set to a value of 2 and a non-dimensional radial coordinate is introduced as 

f = V2 (-) then Equation (B.14 ) may be expressed as 

co = 
i - l ^ g - p r ) (B.16) 

The vortex described by Equation (B.16 ) is referred to as the Gauss vortex, since 

the dimensionless stream function, xp, is described by the Gauss distribution, i.e. 

£ = i e - ( i r ) (B.17) 
v 2 

The expressions defined by Hopfinger and Van Heijst (1993), i.e. Equation 

( B.16 ) and Equation ( B.17 ), are often used for the generalization of experimental data 

as a result of them making use of the Gaussian distribution. 

The following employ the concept of columnar vortices; as a result this topic shall 

now be introduced. 
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B.5 One-Dimensional Columnar Vortices 

Columnar vortices have some vorticity distribution in the axial direction 

dependent on the radial location as opposed to the axial location in a helical flow. In a 

one-dimensional helical flow, the streamlines coincide with the vortex lines resulting in a 

swirling axisymmetric flow. Extending this into three-dimensions leads to the vorticity 

distribution in the axial direction, which was not present in the models presented above. 

In a one-dimensional helical flow, if velocity components depend only on the 

radial coordinate, and A = const =£ 0, then vr — 0 and from the Navier-Stokes equations 

in cylindrical coordinates one may conclude that 

1 dvz 

— ^ = A (B.18) 

ve or 

defines only sustained helical flow of inviscid fluid in a round tube with a uniform 

energy distribution. 

A simple example of an elementary helical vortex was produced by Vasiliev 

(1958). Vasiliev (1958) derived a simple distribution for ve which is equivalent to the 

velocity distribution within a Rankine vortex (i.e. Equation ( B.l )). It is given by 

VQ = ar where a is some constant. Using this expression for VQ and integrating Equation 

(B.18 ) gives the axial velocity distribution as vz = ^v\ — 2ar2 where v0 represents the 

flow at the axis of the vortex thus allowing for a non-uniform radial distribution of the 

axial component of velocity, vz. 

Elementary helical vortex structures have been described formally. Some 

examples include the infinitely thin vortex filament as well as vortex sheets of helical 
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vortex filaments. Real blade tip vortices have a finite sized core and are often represented 

by axisymmetric vortices (or columnar vortices). In contrast with the Rankine vortex, 

axisymmetric helical vortices created through the superposition of helical vortex 

filaments, several examples of which are illustrated in Figure B.2, was considered by 

Kuibin and Okulov (1996). 

Figure B.2: Schemes of Axisymmetric Helical Vortices (Alekseenko etal., 2003) 

If the distribution of filament strengths within the cylindrical region is known as 

depicted in Figure B.2, the swirl and axial velocity profiles as well as the static pressure 

distribution in the columnar vortex are given by 

1 fr 

ve=-\ <oz(r')r'dr' (B.19) 
r h 

vz = v0-]f o>z(r')r'dr' (B.20) 
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P = Po + p [ ^dr' (B.21) 
Jo r 

where, v0 and p0 are the velocity and pressure at the tube axis, r ' represents a change of 

variable for the integration, I represents the pitch of the vortex in the axial direction and p 

represents the fluid density. If one were to introduce the dimensionless function, <l>(r), 

where 

In Cr 

<Kr) = — a>z(r')r'dr' (B.22) 
1 Jo 

Then the velocity expressions for columnar vortices, i.e. Equation ( B.19 ) and Equation 

(B.20), may be rewritten as 

v0=^Hr) (B.23) 
Inr 

v2 = v0- — <t>(r) (B.24) 

Furthermore, for columnar vortices it is common to introduce expressions for both 

the dimensionless vorticity, ZDJ, and the dimensionless pressure drop throughout the 

vortex, Ap. These are given as 

TIE 2 

coJ = — coz (B.25) 

r2„2 

Ap = - ^ ( - — j (B.26) 

where, £ is the typical size of the vortex. It is commonly chosen as the viscous core 

radius of the tip vortex, rc for R/C applications. 
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Using relations Equation ( B.19 ) through Equation ( B.26 ), varying models may 

be used to describe columnar vortices. One such includes the implementation of a 

uniform distribution of vorticity within the core radius, this representation has been found 

to be consistent with the Rankine vortex, which was presented in Sub-Section B.l. 

Another model often used involves the use of a fractional power distribution of vorticity 

giving a model which coincides with the Scully vortex, as discussed in Sub-Section B.2. 

Finally, a Gaussian distribution of vorticity within the core produces velocity profiles 

identical to the Lamb-Oseen model, as seen in Sub-Section 4.3.1. A more general model 

which has been proposed by Vatistas et al. (1991) shall now be presented and will be 

referred to within the current work as Vatistas vortex. 

B.6 Vatistas Vortex 

A more general series of desingularized velocity profiles for vortices with 

distribution of the flow was qualitatively given by Vatistas et al. (1991). The swirl 

velocity profile was obtained by Vatistas et al (1991) through the use of an algebraic 

relation with an integer exponent, n (= 1,... , oo) , which allows different profiles to be 

obtained. The swirl velocity profile of Vatistas vortex is given as 

Mr)=^ (B.27 ) 
L(rc

2n + r2 n)V«J 

Several of the previous models may be obtained by implementing different values 

of the exponent n in Equation ( B.27 ). For instance, if n = oo the Rankine vortex 

velocity profile, given by Equation (B.l ), is recovered. Furthermore, if n = 1 the Scully 
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vortex (presented in Sub-Section B.2 as Equation (B.10)) is recovered. Finally, if n = 2, 

the Squire vortex given in Sub-Section 4.4.2 is recovered as 

r 
Mr)=^ 

Vte4 + r4)J 
(B.28) 

It is worth noting that the Squire vortex, i.e. if n = 2 in Equation ( B.27 ), is an 

approximation of the Lamb-Oseen profile (refer to Equation ( 4.16 )) which can be 

obtained through a Taylor series expansion of Equation (B.27) with n = 2. 

Since Vatistas et al. (1991) assume columnar vortices, the axial and radial 

velocities given as Equation ( B.12 ) and Equation ( B.13 ) in Sub-Section B.3 do not 

strictly apply to trailing edge vortices. Measurements performed by Vatistas et al. (1991) 

however, show good correlation with Lamb-Oseen and n = 2 swirl velocity models. 

They also confirm the self similar nature of the velocity field surrounding a tip vortex. 

Slight deviations may be attributed to the presence of extraneous wake vorticity from the 

inboard part of the blade and other blades within the measurement grid. The axial 

velocities obtained by Vatistas et al. (1991) have good agreement and are also self-

similar for each of the Lamb-Oseen and n = 2 models, and the fluctuations are present as 

a result of small asymmetries within the tip vortex itself. In this study it was determined 

that the Scully vortex is a less accurate descriptor of the velocity field present within a 

rotor blades tip vortex, when compared to both the Lamb-Oseen model and the Vatistas 

vortex when n = 2. 

Figure B.3 represents a graphical summary of Vatistas vortex with several n 

values as well as both the Lamb-Oseen vortex and the Rankine vortex. 
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Nondimensional distance from vortex center, r/r 
c 

Figure B.2: Two-Dimensional Swirl Velocity Profiles for Numerous Tip Vortex Models (Leishman, 
2006) 

Another generalization of experimental data was proposed by Leibovich (1978, 

1984) from which another laminar description of tip vortices was spawned, namely the 

Q-vortex, which shall now be addressed. 

B.7 Q-Vortex 

In order to describe a flow both before (i.e. while the tip vortex is in its invsicd 

state) and after vortex breakdown (i.e. when the vortex is in its viscous form), empirical 

formula are commonly employed, Leibovich (1978, 1984) proposed the following 

distributions for the swirl velocity and the axial velocity of a tip vortex 

v0 = ̂ [l-e(-2)] 

vz = W1 + W2e(_ar2) = W1 + W2-W2[l- e("ar2)] 

(B.29) 

(B.30) 
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where, K, Wx, W2 and a are all empirically determined constants. Here the empirical 

constants may be related to the physical properties of the tip vortex as vortex as 

r = 2nK (B.31) 

' = K/w2 ( B - 3 2 ) 

v0 = W1 + W2 (B.33) 

Relations Equation (B.31) through Equation (B.34) specify the physical sense of the tip 

vortex and identify a larger class of swirling flows which are induced by columnar helical 

vortices (which shall be introduced in Sub-Section B.5) with a Gaussian distribution of 

vorticity within the core. 

The expression for the swirl velocity given in Equation ( B.29 ) corresponds to 

Burgers vortex (Burgers (1940)) and satisfies the Navier-Stokes equations. The 

expression for axial velocity, given in Equation ( B.30 ), however differs from Burgers 

solution since Burgers is only a function of the z-coordinate. For the relations 

corresponding to Burgers vortex refer to Sub-Section B.8. 

Equations ( B.29 ) and ( B.30 ) were first studied against instability by Lessen et 

al. (1974) and were derived from a self similar solution by Batchelor (1964) for a 

swirling wake. These relations provide great accuracy when describing experimental data 

and are thus widely used for the processing of swirling flow data. 
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Since Leibovich's models, i.e. Equation ( B.29 ) and ( B.30 ), are often applied to 

swirling flow stability, often a simpler one-parameter model based solely on the radial 

coordinate is used. This model is given by 

ve=l[l-e-r2] (B.35) 

vz = e~r2 (B.36) 

Equation ( B.35 ) and Equation ( B.36 ) are referred to as the Q-vortex model. 

Like the Leibovich vortex the parameters for the Q-vortex in the velocity relations 

(Equation ( B.35 ) and Equation ( B.36 )) may be related to the physical parameters of the 

vortex through the following 

r = 2nq ( B.37 ) 

l = q (B.38) 

v0 = l (B.39) 

which seriously constricts the class of flows for which the Q-vortex may be used in. The 

velocity profiles described for both Leibovich and the Q-vortex, are both solutions to the 

equations of ideal fluid motion and satisfactorily describe related experimental data. 

The aforementioned vortex deduced by Burgers (1940) shall now be presented to 

describe a viscous tip vortex produced by a rotor blade. 

B.8 Burgers Vortex 

Accounting for viscosity tends to smooth out the peculiarities present in the 

region of the vortex core in models of infinitely thin vortex filaments as well as other 

models as well. Since the vortex evolves in time from a potential vortex to one with a 
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viscous core, some measure of a time dependent profile must be obtained. In order to 

compare the time-dependent profiles of vorticity and velocity with experimental data, a 

scale must or linear measure of a vortex at a given point in time is needed. This scale is 

given as, a — 2-Jvi, and the profiles are given as 

Ve = 2 l r 7 1 1 " e ( _ r 2 / a 2 ) ] (B-40 > 

oj = - ^ e ( - r 2 / a 2 ) ( B . 4 1 ) 
no.1 

Equations ( B.40 ) and ( B.41 ) have been found by numerous researchers 

(Saffman and Baker, 1979; and Hopfinger and van Heijst, 1993) to describe the Lamb-

Oseen vortex. The vorticity distribution Equation ( B.41 ) and the azimuthal velocity 

Equation ( B.40 ) coincide with the three-dimensional steady state Burgers vortex. This 

vortex was pioneered by Burgers (1940, 1948) and Rott (1958) to describe turbulent 

swirling flows. Burgers vortex pertains to the class of axisymmetric exact solutions of the 

Navier-Stokes equations, which are expressed in the form 

vr = u(r) (B.42) 

v0=v(r) (B.43) 

vz = w(r) = zf(r) (B.44) 

Donaldson and Sullivan (1960) described a family of solutions similar to those obtained 

by Burgers by assuming that flow was formed in an infinitely long rotating porous tube, 

with appropriate boundary conditions set at the wall. Sullivan (1959) obtained a 

boundless solution in space and in a two-cell vortex, by assigning velocity, circulation, 

and an added constant at infinity. 
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Burgers vortex follows from the approach employed by Sullivan, in which a 

vortex which does not diffuse (i.e. the temporal aspect is removed) shall be addressed. In 

this case the solution follows a form where the assumed radial and circumferential 

velocity profiles are given by Equation ( B.42 ) and Equation ( B.43 ) respectively, and 

the solution for the axial component of velocity is of the form 

vz = az (B.45 ) 

where a is a constant. Assuming the solution takes the form of the above three relations, 

it can be shown the radial and tangential components of velocity are given by 

Vr = -a{r/2) (B.46) 

*~ (7rJL J ( } 

where the mean velocity, vm, and the mean radius, rm, in Equation (B.47) are given by 

'r„ Vm = 0.16 Tvln\ ^7v = 0.36 f r»/jirm J (B.48) 

rm = 2.242 ̂ Ta (B.49) 

Figure B.4 presents an illustrative comparison of Burgers vortex to the Rankine 

vortex in order to illustrate how Burgers vortex compares to the previous models which 

have been provided. Refer to Figure B.3 to see how Rankine's vortex relates to numerous 

other vortices to obtain a better understanding of the data obtained by Burgers vortex. 
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Figure B.4: Swirl Velocity Profiles of Rankine and Burgers Vortices (Alekseenko etal., 2003) 

The pressure distribution for the Burgers vortex is given as 

1 
P = Po - 2 ^ a 2 [z2 + T)-0 dr (B.50) 

The existence of a steady state solution for a viscous fluid is accounted for by the 

fact that the viscous vorticity diffusion is compensated through the radial transferred of 

vorticity due to the axial straining of the vortex, since vz = az. 

The aforementioned solution technique proposed by Sullivan (1959) also obtained 

another model for the vortex which includes vorticity. This model shall now be 

presented. 

B.9 Sullivans Vortex 

Sullivan (1959) obtained the exact Navier-Stokes solution in the form of a two 

cell vortex as well, which is given as 

*—f + £[l-rf—/*>] (B.51 ) 



ve = »(£H; 2itr 

vz = az[l - 3e("ar2/4v)] 
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(B.52) 

(B.53) 

P = Po~2P a 2 z 2 + ^ J L + 3 6 l L r 1 _ e ( - « r V 4 v ) l 2
 + p f V_Ldr ( B 5 4 ) 

4 r z J J0 r 

where 

H(: , ( - t + 3/ o
r [ l - e ( -Vs]ds) d t (B.55) 

and r is the circulation at inifinity, p0 is the pressure at r = z = 0 and v is the kinematic 

viscosity of the fluid. As r -» oo, Sullivans vortex exactly coincides with Burgers vortex. 

Further investigations related to Sullivans vortex have been performed. Bellamy-

Knights (1970) generalized Sullivans vortex for a time dependent situation, thus 

obtaining a solution which describes the breakdown of a two cell vortex with time. Also 

Rott (1958) studied unsteady one-dimensional cell solution. 
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Appendix C: The Structure of Blade Tip Vortices 

Blade tip vortices include regions of both laminar and turbulent flow separated by 

a region of transitional flow, as shown through the observations made by Hoffman and 

Joubert (1963) and Tung et al. (1983). Figure C.l represents a flow visualization image 

of a blade tip vortex with the laminar, transitional and turbulent zones indicated. 

Figure C.l: Smoke Flow Visualization of a Tip Vortex Emanating from a Rotor Blade with Three 
Regions Indicated (1 - Laminar Region, 2 - Transitional Region, 3 - Turbulent Region) (Leishman, 

2006) 

From Figure C.l it can be seen that there is a predominant laminar region near the core 

region (a region characterized by smooth flow with no interactions between adjacent 

layers) indicated by 1. The laminar zone is followed by a transitional region with eddies 
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of varying size, marked by 2. Outside the transitional zone is a highly turbulent region 

which is denoted by 3. 

Recent support of the multi-zonal structure of tip vortices has been provided by 

high resolution velocity measurements made with an LDV system (Martin et al, 2001; 

Martin and Leishman, 2002; and Ramasamy and Leishman, 2003). This differs from 

previous models as the structure is neither completely laminar, as per the Lamb-Oseen 

model, nor completely turbulent, as in the Squire or Iversen models. The extent of the 3 

regions is affected by Rev. Investigations have shown that the effects of flow rotation on 

the development of turbulence within the vortex play an important role in determining the 

vortex structure (Hoffman and Joubert, 1963; Cortel and Breidenthal, 1999; and 

Holzapfel et al, 2001). However, Rayleighs centrifugal instability theory suggests that 

the vortex will never develop turbulence if the product of the velocity and radial distance 

increases with the radial coordinate. 

Bradshaw (1983) developed an analogy between rotational flows and stratified 

fluids based on flow rotation. This study resulted in higher speed fluid preferring the 

external to the vortex while conserving angular momentum (even if the density 

throughout the vortex is constant). To determine the local strength of the analogous 

stratification expressed as an equivalent gradient Richardson number, Ri, an experiment 

was developed by Bradshaw (1983) using energy principles. The equivalent gradient 

Richardson number is given as 

Ri = (^ed(.ver)\ /fd(ve/r)\2 (C.l) 
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Holzapfel et al. (2001) determined that Ri comes directly from the turbulent kinetic 

energy budget equation. Thus, Ri is the ratio of the turbulence produced or conserved 

inside a vortex as a result of buoyancy, to turbulence produced by shearing in the flow 

(i.e. Ri is a ratio of potential energy to kinetic energy in a stratified flow). 

Cortel and Breidenthal (1999) and Cortel (2002) used the stratified concept 

developed by Bradshaw to determine a threshold value of Ri as a function of Rev. These 

analyses were based on a "persistence parameter", the ratio of the rotational speed to the 

translational (or convective) speed of a vortex. If the persistence parameter is high, as it is 

in most R/C wakes, the threshold Ri is given by 

(.RQthresh = ^ev ( Q2 ) 

Equation (C.2 ) implies that the tip vortex will be laminar up to the radial distance where 

the local gradient Ri falls below this threshold value. As a result, any turbulence inside 

this boundary will either be relaminiarized or suppressed regardless of the eddy size. 

An example of how this approach is employed is presented in Figure C.2 which 

illustrates the variance of Ri with radial distance from the center of the vortices core for a 

vortex Reynolds number of 50,000. 
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Figure C.2: Local Richardson Number with Radial Coordinate for a Vortex Flow Obtained by 

Measurements at Rev = 50,000 (Leishman, 2006) 

Figure C.2 shows that as the radial distance is increased, Ri decreases and falls below the 

stratification threshold, which creates the transitional and fully turbulent zones in Figure 

C.l. Furthermore, for Ri > (Ri)thresh* onry laminar flow is possible in this region. 

Diffusion occurs at the molecular level since it is the only means of momentum transport 

within the vortex flow. However, when Ri < (RQthresh* turbulent flow within the vortex 

may develop. This concept explains the persistence of lift-generated tip vortices to 

relatively old wake ages. 


