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ABSTRACT

A free wake methodology has been implemented to predict the location of the tip

vortices released by a helicopter rotor. In conjunction with the free wake model, a method

to detect Blade Vortex Interaction (BVI) -called the spherical detection criteria- has been

developed. From the geometry of the wake and the location of the blade, this criteria

detects the occurrence of BVI and allows a detailed characterization of the interaction,

including parameters such as angle of interaction and wake age. Validation of the free

wake methodology has been achieved through comparison of time-averaged inflow and

wake geometry with experimental data. The predicted blade vortex interactions have also

been validated against acoustical measurements. The current methodology correlates well

with experimental data and captures the trend of the change in BVI location as shaft angle

and advance ratio are changed. The implementation of this model is computationally

efficient and will be valuable to the study of both passive and active rotor designs for

alleviation of blade vortex interaction.
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Chapter 1

INTRODUCTION

Helicopters have the unique capability to hover, fly vertically, or at very low speed.

This allows them to perform such important tasks as scouting, law enforcement, search

and rescue or fire fighting. They can operate from platforms as different as a forest

clearing, a ship deck or a rooftop. The low speed flight capability, however, has an

associated problem – the proximity of the wake to the rotor disk, leading to a very

complex aerodynamic environment. One of the worst operating conditions is a low speed

descent, where a phenomenon known as blade vortex interaction (BVI) is likely to occur,

involving the strong tip vortices of the rotor wake striking the blades.

Over the past couple of decades, considerable effort has been devoted to the

alleviation of BVI, and the associated noise and vibration. Both experimental and

analytical studies have been conducted examining passive design, active control and

operational procedures for BVI alleviation. Any analytical study usually involves, first, the

prediction of the wake geometry, coupled with some detection criteria that enables

recognition of a BVI event. The ability to accurately predict such an event is an important

precursor to conducting design optimization or active control studies to alleviate BVI.
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In the following sections, a survey of current BVI alleviation techniques, wake

prediction and BVI detection techniques are presented.

1.1 Methods for BVI alleviation

The dominant feature of the rotor wake comprises of strong tip vortices that are

released by the blades. Their strength and dominance of the wake can be explained by the

high loading of the blade tips. Blade vortex interaction can occur in low speed flight, when

the wake is not swept aft by the free stream but rather stays in the vicinity of the rotor

disk. The tip vortices are then likely to interact with the rotor blades, generating strong

vibrations and noise. Since BVI noise is so significant during approach, it has a major

impact on community acceptance. The public reaction to helicopter operation is

particularly important for tour applications [1]. Another critical issue is the civil transport

to city center that has regained a strong interest with the development of the Bell Boeing

609 Civil Tiltrotor [2]. It is believed that alleviation of BVI noise will be a major issue for

its acceptance [3,4]. Additional benefits of reducing BVI include improved passenger

comfort and a decrease in maintenance cost, as the generation of vibrations due to BVI

increases fatigue and thus the requirement for maintenance and parts replacement.

Many different methods for BVI reduction have been considered. They can be divided

into three categories: (1) passive design, (2) active control and (3) operational method.

Passive designs so far have involved mostly the study of different blade shapes, such as the
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Ogee-Tip [5], trailing edge spoilers [6], subwings [7], or tips with sweep or anhedral

[8,9]. The main purpose of these advanced blade tip designs is to diffuse the tip vortex or

to displace it, so that the interactions with the following blades are weaker, without

sacrificing performance (a winglet, for example, can add a significant amount of drag to a

rotor [10]). Some of these advanced tips have actually made it into production, such as the

BERP tip on the EH-101 helicopter. Other passive designs have involved advanced rotor

geometries such as scissor rotors [11] or the Variable Geometry Rotor (VGR) [12]. In the

last design, influence of variations in geometric parameters such as azimuthal spacing or

rotor radius between alternate blades are examined. This concept has evolved into the

Variable Diameter Tiltrotor (VDTR) which is currently being examined by Sikorsky for

the civil tiltrotor application [13]. Having the possibility of changing the rotor diameter

according to the flight condition could potentially present an advantage for the alleviation

of BVI.

In contrast to the passive design concepts considered above, concepts that require

power inputs during each rotor revolution are termed active. Active control for BVI

alleviation can be implemented in a number of ways such as changing the blade pitch

harmonically (or otherwise) or actuating a trailing edge flap in each cycle. The various

methods examined thus far, such as Higher Harmonic Control (HHC), Individual Blade

Control (IBC), active blowing, etc. are discussed below.
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The higher harmonic (or multicyclic) pitch control method (HHC) uses the existing

rotor and adds a higher harmonic pitch control fed through the swashplate. Originally

developed to reduce vibrations, HHC has recently been shown to be effective for reducing

BVI noise [14,15]. A contributing factor for this is that HHC has been effective in

changing the interaction miss-distance (distance between the striking vortex and the blade)

[15]. Reductions of BVI noise of the order of 6dB have been achieved, with a slight

increase in vibration levels. In these studies the need for accurate simulation models is

emphasized.

Active control for BVI can also be achieved through Individual Blade Control (IBC).

This concept can be implemented by controlling the blade pitch through root pitch

actuators in the rotating system [16] or through the use of trailing edge flaps [17,18]. Flap

actuation has already been used by Kaman Helicopters for primary controls, with other

manufacturers such as McDonnell Douglas Helicopter Systems (MDHS) additionally

examining its potential for BVI noise and vibration reduction. It should be noted that both

harmonic and non-harmonic inputs can be applied with this method. An MDHS study [17]

has found BVI noise reductions of the order of 5dB. According to the authors of this

study, a downward flap deflection at a particular azimuthal location reduces the strength

of the tip vortex that interacts harmfully with the succeeding blades.

Other active methods include tip air mass injection (TAMI) [19] where a jet of air is

ejected at the blade tip. This technique has been found to work best when the jet is aligned
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with the axis of the tip vortex, thus requiring knowledge, a priori, of the geometry of the

tip vortex. An alternative solution is the use of surface blowing/suction, which has an

effect similar to increasing/decreasing the leading edge radius of the blade and changing

the airfoil camber [20]. The referenced study has been conducted experimentally on an

MD-900 rotor and although BVI alleviation seems possible, the authors recommend

further numerical and experimental studies.

The recent development of the Differential Global Positioning System (DGPS) has

fostered renewed interest in operational techniques to alleviate BVI noise during

approaches [21]. A procedure called noise abatement approach can be developed for every

type of helicopter, once the regimes of high BVI noise (or blade slap) are known. Figure

1-1 presents a generic map of the BVI noise as a function of descending rate and forward

speed for medium helicopters [22]. Once such a map has been determined, either

experimentally or numerically, a noise abatement procedure can be designed, as presented

on Figure 1-2. These procedures are difficult to fly for helicopter pilots without the help

of a guidance system. However the use of DGPS coupled to a flight director has shown

that it is possible to follow a noise abatement approach with a workload similar to a

standard ILS approach [23,24,25]. A noise abatement approach would use a multi-

segment glidepath. The current noise certification procedures of the ICAO and FAA,

however, require the helicopter to fly a 6° constant glideslope approach at Vy (best rate of

climb speed) [1]. A certification scheme taking into account abatement procedures has

been proposed [26] and if approved would allow the use of noise abatement procedure for
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BVI alleviation during certification. Another approach having recently been studied,

named X-force control, changes the tip-path-plane angle during landing to alleviate BVI

[27]. Using momentum theory, the condition of zero inflow through the rotor disk, likely

to generate BVI, is examined as a function of the longitudinal force acting on the

helicopter (X-force). By tilting the rotor disk and increasing the inflow through it, a

descent condition that was likely to generate BVI can be less harmful. Devices to control

the X-force could consist of drag devices such as speed- brake panels deployed during

approach, or ducted propellers that could be pitched to vary the X-force.

As a conclusion, it has been shown that numerous schemes are studied for BVI

alleviation. Passive methods have the advantage of being simpler, requiring less

maintenance, and being fail-proof. Active concepts can precisely apply controls to reduce

BVI according to flight conditions. Since they would mostly be applied in descent, power

requirements of active designs are not critical.

Every approach, passive design, active control or operational method, requires an

accurate model of the wake and a method of detection of BVI occurrence to study the

effectiveness of a new design before testing it in a wind tunnel or in-flight. The next

sections will look at different wake models and BVI detection methods.
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1.2 BVI prediction

The occurrence of BVI can be predicted in different ways. A calculation of the entire

flowfield around the rotor can be performed using Computational Fluid Dynamics (CFD).

Such an approach does not have to make assumptions about the tip vortex but rather

captures its formation and evolution. It can also take into account, depending on the

chosen governing equations, complex phenomenon such as compressibility effects, stall

and interaction with fuselage and other bodies [28]. However, the grid required to

compute the flow around a rotor can be extremely complex when taking into account

flapping, cyclic pitch variations or elastic blade deformations. Overset grids (or Chimera

grids [29],[30]) are thus often used to allow one grid to move with the blade within a

larger grid for flow computation. Capturing the vortex can also present difficulties due to

the numerical dissipation introduced by the discretization of the governing equations. The

vortex core tends to diffuse more than found through experiment, thus requiring higher

order, low diffusion algorithms [31]. Since the computer time required by these high order

CFD schemes can be extremely large, some hybrid schemes have been examined whereby

a CFD grid computes only locally the blade surface pressures and flow using boundary

conditions provided by a potential wake (prescribed or free) [32]. Blade elasticity can be

taken into account by deforming the local grid [33].
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It will be shown in this study that the use of computer intensive CFD methods is not

required for detection of BVI. A free wake model provides the location of the tip vortices

at any instant in time and BVI occurrence can then be detected by monitoring the relative

distance between the blades and tip vortices. The next section provides a survey of free

wake methods. This will be followed by a discussion of the different methods used to

specifically detect the occurrence of a BVI event.

1.2.1 Free wake modeling

Free wake methods were first developed in the late 1960s. They were derived from

rigid wake methods, which assumed that the wake consists of tip vortices with a specified

or assumed geometry, such as a helix convected by the free stream. The purpose of

modeling the wake by a discrete tip vortex was to improve performance predictions by

providing an inflow at the disk closer to experiment than inflows derived from momentum

theory [37]. The inflow is calculated using the Biot-Savart law, which relates the velocity

induced at a point to the strength and geometry of a vortex [35]. Since rigid wakes or

prescribed wakes assume a geometry for the tip vortices, they cannot predict vortex

trajectories or accurately model flight conditions such as low speed descent where the

wake is known to come back through the rotor disk and show significant distortions from

classically assumed helical form. The free wake methodology allows the tip vortices to

distort under the local induced velocities and to adopt a geometry more accurately

depicting the real position of the tip vortices.
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Two approaches for wake distortion can be considered – (i) time marching, and (ii)

relaxation. In a time marching method, or Lagrangian approach, the tip vortex is trailed as

the blade moves around the shaft. A point on the vortex is convected downstream using

the local flow field and tracked until it reaches a specified boundary (generally expressed

in number of revolutions) at which stage the point is deleted. This approach is the most

intuitive and since it is time accurate, it can model transient flight conditions. On the other

hand, time marching is prone to instabilities, especially for low advance ratios, and might

require artificial damping. The second method, named relaxation method or iterative

method, assumes an initial geometry of the tip vortices for every instant in time and

relaxes this geometry. The tip vortices are convected at the local flow velocity until the

velocity field and the wake geometry are in equilibrium. In such an approach, the time

domain is bypassed and no element needs to be added or deleted from the calculation

domain. The computational grid extends in both dimensions, space and time. The storage

requirement is thus higher than for a simple time marching method, but since each node on

the grid has neighbors both in space and in time, convergence is usually achieved faster

and the scheme is more stable. Usually wake periodicity is assumed to provide a boundary

condition in the temporal dimension of the grid. Hence only steady-state solutions can be

computed.

An iterative scheme to capture the distortion of the wake was first proposed by Scully

in 1967 [36] and Clark and Leiper in 1969 [34]. This latter model was developed to get
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better performance predictions for rotors with a large number of blades (>4), where tip

vortices are more likely to interact with the next blade. This free wake technology

emergence coincided with the apparition of efficient digital computers (the then high level

BASIC language was developed in 1964). The model developed by Scully in 1967 [36]

and revised in 1975 [37] was the starting point for numerous free wake analyses to follow:

CAMRAD, CAMRAD/JA, CAMRAD II, COPTER, RDYNE, 2GCHAS and UMARC.

Unlike the model from Clark and Leiper where vortices extended along the entire blade

span, Scully’s model presents a single tip vortex with provision made for a rigid/prescribed

inboard sheet. The tip vortex geometry is updated by averaging the current wake

distortions with the distortions from previous calculations to improve the stability of the

scheme. The tip vortices consist of 15° long straight-line segments and are generally

extended for two to four rotor revolutions, depending upon the advance ratio. This

scheme was extended by Johnson in 1980 [38] and implemented in CAMRAD and

CAMRAD/JA [39,40]. In CAMRAD II, the flexibility of using different wake structures

and simulating a transient flight condition was added [41,42]. These wake structures

include multiple rolled-up trailed vorticity and inboard sheets. Calculations were made for

tiltrotors, coaxial and tandem configurations.

In 1982, Miller proposed a simplified free wake model for a hovering helicopter

[43,44]. In this model the vorticity generated by the blade rolls up into a three-wake

vortex system, comprising of a tip vortex, outer mid vortex and inner mid vortex. The

influence of the root vortex in the hovering case was found to be negligible. Provision was
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also made for a vortex-bursting model when a vortex comes close to a blade. However, to

get comparison to test data, the vortex core had to be made larger than measured. The

author emphasizes the need for analytical and experimental investigation of the vortex roll-

up. The wake downstream is replaced by infinite-line vortices or vortex rings.

Bliss, Quackenbush et al. at Continuum Dynamics Inc. proposed a model using

curved elements for hover and climb cases in 1983 [45], which has been extended to

forward flight and implemented in the organization’s RotorCRAFT code [46]. This model

uses Constant Vorticity Contours (CVC) which eliminates the distinction between shed

and trailed vorticity and was specially developed to be able to capture impulsive loading,

as can be generated by BVI.

A method for free wake calculation, called Periodic Inversion, has been introduced by

Miller and Bliss in 1990 [47,48], to compute rotor wake dynamics at low speed and hover.

Time marching methods usually encounter instabilities at low advance ratios (below

approximately µ=0.1) when the free stream velocities are no longer dominant in the wake.

The authors show in this study that instead of a classical Lagrangian description, if the

collocation points are referenced by wake age and rotor position (so called constant age

description) a periodic boundary condition can be enforced. This periodic boundary

condition effectively stabilizes the scheme without having to resort to numerical damping.

Analytical/Numerical Matching (ANM) was used to calculate the velocities induced by the

tip vortices. This approach combines a numerical solution using a “fat core vortex” for a
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low order numerical calculation, combined with two high order analytical corrections. It

provides an accurate solution in the near field of the vortex without requiring expensive

calculation for the far field.

Another approach to modeling of the free wake consists in marching in time instead

of relaxing the wake (iterating on its geometry). The first explicit time-marching method

was introduced by Landgrebe in 1969 [49]. The wake model uses straight tip vortex

segments with a core being fixed to 10% of the rotor radius. The induced velocities on the

collocation points are calculated at every time step for the nearest vortex segments.

However they are calculated only once (using the rigid geometry) for the vortex segments

located further than a specified distance. The effect of the inboard trailing vortices was

neglected and the effect of the shed vortices was included using two-dimensional unsteady

airfoil data. The wake model was extended to apply to hover and validated against

experimental data in 1972 [50] at the U.S. Army Air Mobility Research and Development

Laboratory.

Sadler in 1971 also presented a model using a time marching approach, in a manner

similar to the startup of a rotor [51,52]. The blades are started without any trailing vortex

and as it moves forward, the strength of the trailing vortices is calculated. The vortex core

is used as a parameter to get better agreement between calculated and experimental data.

The induced velocities in the vortex core and at the rotor disk are also limited in intensity

to a specified percentage of the rotor tip speed.
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Egolf [53] developed a model using a time-marching method in combination with

vortex-boxes of constant circulation strength. The time marching is performed using a

simple Euler integration in time. The vortex core is kept constant during the first

revolution, grows linearly during the second revolution, and stays constant thereafter. The

model has been implemented as the UTRC FREEWAKE vortex-wake rotor aerodynamics

code and used to model shipboard recovery of rotorcraft [54].

Most recently Crouse and Leishman developed a predictor-corrector relaxation

method with spatial averaging for the Scully relaxation model [55]. This method

demonstrates increased computational efficiency and good convergence for hover and low

speed. However artificial damping was required and convergence was difficult to achieve

for high speed forward flight. This method was improved by Bagai in 1994 [56,57,58]. His

pseudo-implicit integration scheme minimizes numerical instabilities and the method seems

relatively insensitive to the temporal or spatial discretization chosen. Results of the

calculations were validated against experimental inflow and tip vortex geometry

measurements. The present work has been derived from this model.

The main free wake formulations developed in the United States have been presented.

A few formulations from overseas should also be mentioned, such as METAR [59] latter

improved in MESIR [60] from ONERA, RAE/Westland and RAE/WHL [61], and codes
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developed at Aerospatiale [62]. In addition to the efforts in Europe, some work was done

by Lee in Korea [63].

Free wake methodologies are an effective way to predict the geometry and strength of

the tip vortices in a rotor wake. The next section will discuss different methods for BVI

detection, including several which use the tip vortex geometries predicted using free wake

methodologies.

1.2.2 BVI detection methods

In order to examine passive designs or active control schemes for BVI alleviation, a

method to recognize the occurrence of BVI is required. Many methods traditionally used

in conjunction with CFD or a free wake description of the aerodynamic field are derived

from analogies with experimental methods, which allow comparisons to be easily made

between the calculations and experimental results.

The first method used is an observation of blade surface pressure as a function of

time. Experimentally, surface pressures can be measured by sensors connected to holes in

the blade surface or flush mounted [64]. It is usually difficult to implement in rotary

applications, due to the requirement of slip rings or a telemetry system. Pressures at the

blade surface are an output of all CFD calculation but are not directly obtained from free

wake calculations. In a typical free wake procedure the circulation around the blade, as
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modeled by a lifting line, can not provide chordwise pressure distributions. Some studies

that specifically require blade surface pressures circumvent this difficulty by coupling a

free wake procedure to a local CFD calculation around the blade [33,65], or using

conformal mapping or panel methods to “thicken” the blade [66,67]. A BVI event on a

surface pressure versus time plot, is usually identified by a pulse that can be explained by

the vortex velocity distribution approaching the blade. A Fourier series analysis of the

pressure signal may have to be conducted and the lower harmonics filtered in order to

more easily identify the interactions [68]. However, even if a BVI event is clearly

detected, using this method, many details on the interaction, such as the source of the

vortex that produced this interaction and the angle between the blade and vortex, are not

easily available when using this detection technique. This information, however, is

extremely valuable if design or control strategies are to be implemented to alleviate BVI.

From the blade pressures, two additional detection methods can be derived: vibration

or noise detection. Vibrations can be measured experimentally by placing strain gauges

along the blade span or at the root to obtain the blade loads. The loading of the blade is

also available from CFD calculations (by integrating the surface pressures over the blade)

and vortex lattice methods used in conjunction with a free wake. The results are usually

plotted in a manner similar to pressure versus time plots, with the loading at a particular

radial position provided over one rotor revolution [69]. This method is usually less

accurate than using surface pressure detection for BVI detection, since the loading is

really an integrated version of the pressures and thus smoothes out impulsive changes. To
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remedy this problem, a derivative of the loading can be plotted [70]. It is also important to

carefully choose the radial position at which the loads are calculated to detect the BVI

event [71]. This method, too, fails to provide additional insight into the blade vortex

interaction mechanism, such as the origin of the striking vortex or the angle of the

interaction.

The blade surface pressures also generate acoustical energy that can be experimentally

detected by microphones. Triangulation methods can then deduce the BVI location from

multiple measurements [72]. If the blade surface pressures are numerically known, from a

CFD calculation, coupling to an acoustical code such as WOPWOP could provide the

noise radiated to any point of the far field [3,73,74]. This method has the advantage of

providing some very useful information (the noise heard by a listener on the ground) but it

too fails to provide details of the source and precise nature of the interaction.

Experimentally, velocity induced at the rotor disk (or usually slightly above or below

to avoid the blade passage) can be measured with such techniques as hot wire [62],

pneumatic probes [75] or LDV measurements [76]. The presence of a tip vortex in the

vicinity of the rotor disk will perturb this inflow. Measurements are usually conducted at

several radial and azimuthal locations around the rotor disk, providing a more global

picture than, for example, load measurements by strain gauges at the blade root. The

inflow at the rotor disk is provided both by CFD and by free wake calculations. The

occurrence of BVI is detected by an impulsive change in the inflow. This change might be
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difficult to separate from changes induced by blade flapping and cyclic controls. Filtering

of the lower harmonics might be required to extract the BVI induced changes in inflow

[77]. The origin of the striking vortex is also not available from this detection method.

The last category of detection methods is visualization techniques, such as smoke

injection [78], bubbles in a water tunnel [79], shadowgraphy [81], Schlieren holograms

[50] or a “flow visualization gun” [82]. Using these techniques the position of each tip

vortex relative to the blades can be experimentally measured. Once a BVI has been

identified, the origin of the striking vortex can be found. A usual way of detecting the

occurrence of BVI is to illuminate the flow at a given azimuthal position by a vertical laser

sheet and measure the distance between the vortices located in this sheet and the blade

[83,84]. A numerical detection method based on this experimental technique (frequently

referred to as “miss-distance” criteria) will be discussed in Section 2.4.1. Additionally,

another method that uses the relative geometry of the tip vortices and the blades at every

instant in time is developed in Chapter 2.4.2. This study aims to demonstrate the feasibility

of using such geometric methods for the detection and understanding of BVI occurrence.

1.3 Objectives of present work

The goal of the present work is to implement a free wake methodology and couple it

with a new geometric BVI detection method that can provide a fast and accurate estimate

of the effectiveness of a rotor design and control for BVI alleviation. The formulation
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needs to be computationally efficient to be able to simulate different rotor configurations,

conduct a parametric study of a given design or even a formal optimization of a

configuration. The philosophy adopted in the present study is that detailed analyses of

acoustical signature, vibrations, etc. are not necessary to detect and characterize BVI. The

intensity of interactions (as determined geometrically by relative distance of blade and

vortex, strength of striking vortex and angle of interaction among others) would be

directly related to the noise and vibration produced. Thus the present study focuses on

geometrically monitoring the intensity of BVI and importantly, tracking the source or

origin of these interactions. This information would help develop new rotor designs or

effective control strategies for BVI alleviation.

The second chapter will describe the formulation of the free wake model and the BVI

detection methods used. Results and validation against experimental data for inflow, wake

geometry and BVI detection will be presented in chapter 3. Chapter 4 will draw

conclusions from the present work and discuss future work based on this study.



Chapter 2

ANALYTICAL FORMULATION

2.1 General layout

In the present study a conventional single counter-clockwise rotating rotor has been

considered. Figure 2-1 represents the different reference coordinate systems used. All

calculations are done in the non-rotating axes system (x,y,z) attached to the airframe, the

z axis extending along the main rotor shaft and the x axis directed forward. However, the

results are given in a fixed inertial reference system (X,Y,Z) similar to (x,y,z) but whose

Z axis is vertical. Local velocities are defined in the rotating reference axes (x’,y’,z’)

attached to the blade, with y’ along the leading edge of the blade, x’ extending backward.

In the present model, the blade is rigid and undergoes flapping motion about a root hinge.

Cyclic pitch control is implemented through the swashplate. A free wake methodology

models the rotor wake by the vortices that are released by the blades. There are however

different ways to chose the representing vortices [85]. In the current model the rotor wake

has been split into two different parts, the near and the far wake. The near wake consists

of vortex filaments trailing behind the blade for a given distance, typically 30º (Figure

2-2). The spanwise change in lift creates these trailing vortices. Shed vorticity, due to

temporal changes in lift, is accounted for using indicial response functions (described in
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Figure 2-1: Reference axes definitions. Two of the reference axes are fixed, one to
the horizon (X,Y,Z), the other to the fuselage (x,y,z). The last reference axes system
(x’,y’,z’) is rotating and attached to a blade and rotates with it around the azimuth.
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Figure 2-2: general layout of the wake. The wake is divided into near wake and far
wake. The near wake consists of trailing vortices generated by the spanwise change in
lift. The far wake is created by the trailing vortices rolling up into one tip vortex.
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Section 2.2.3). The trailing vortices are assumed to roll-up outside of the

maximum load location to form a tip vortex. One such tip vortex extends from near the

tip of each blade and is convected behind the rotor. Between two adjacent trailing

vortices in the near wake, a control point is located on the blade. The blade loads are

calculated at these control points. Control points can be distributed either uniformly along

the span or non-uniformly, with a finer mesh at the outboard end. A switch in the input

file sets this option. The results presented have been calculated using a uniform

distribution. It was thought that having closer control points at the tip where the load

gradient is larger would give more accurate results but a few numerical tests failed to

demonstrate any major differences between the two distributions. The following sections

will give details on the two parts of the wake, followed by the methodology adopted to

detect BVI.

2.2 Near Wake

The purpose of the near wake calculation is to find the strength of the trailing

vortices that will, in turn, affect the geometry of the tip vortices. The strength of the

trailing vortices also determines the blade loads and the strength of the tip vortices.

2.2.1 Trailing Vortices

Horseshoe vortices have been chosen to allow for a simultaneous calculation of

trailed and bound vorticity, according to the vortex lattice methods [86], pp.264-265. One
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horseshoe vortex encloses every control point, located at ¾ chord, and it typically

extends 30° behind the blade (Figure 2-1). The bound part of the horseshoe vortex lies

along the blade span at ¼ chord. The trailed part of the horseshoe vortex is broken up into

linear pieces that try to match an arc. The points connecting the linear vortex segments

are called collocation points. The closest part to the blade is released perpendicular to the

span. This prevents the trailed vortices from coming too close to a control point or a tip

vortex, creating unrealistically large induced velocities at the control point (a

phenomenon that was seen happening in a few cases when a single trailing vortex

segment was used). Three segments have been used unless otherwise mentioned. It

should also be mentioned that the trailing vortices have a viscous core, which also

prevents unrealistically large velocities from being induced on the tip vortices. This core

is assumed constant over the length of each segment and calculated using the same

viscous diffusion as for the tip vortices, based on the wake age of the end point of that

segment. More details on the addition of a core to the vortices will be given in section

2.3.5. It should be noted that since the core is constant between collocation points, a

larger number of segments will provide a more accurate representation of the trailing

vortices (Figure 2-2).

2.2.2 Loads calculation

As the program is initialized, the vertical velocity at a control point i induced by the

jth horseshoe vortex with a unit strength is calculated, using the Biot-Savart law. The
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Figure 2-1: near wake geometry. Horseshoe vortices enclose control points along the
blade span. The bound vorticity part of the vortices is located at ¼ chord while the
control points are at ¾ chord.
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Figure 2-2: Trailing vortex model. A larger number of vortex segments yields a
model closer to the actual core growth
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result is a matrix relating horseshoe vortices strengths, Γj, to induced

velocities, Vi, at control points.

)(][)( jiji AV Γ= ( 1 )

The coefficient Aij is calculated by breaking up the horseshoe vortex into three parts:

left trailing vortex, bound vortex and right trailing vortex. Each part is then calculated

using the Biot-Savart law for a finite length segment, which will be described in section

2.3.4. If the trailing vortices are made of more than one segment, the Biot-Savart law has

to be applied for each segment with the corresponding core.

Equation (1) can then be inverted, giving a relation between the induced velocities at

the control points and the horseshoe vortex circulation.

( ) [ ] ( )Γi ij iA V= −1 ( 2 )

It should be emphasized that if we assume that the trailing vortices are emitted along

the blade chord, the coefficients Aij depend only on the geometry of the blade and not on

the spatial location of the blade. Therefore the matrix [Aij] has to be inverted only once,

during initialization, and not at various azimuthal locations.

In equation (2) Vi also must be determined. This is done by first calculating the

strength of the trailing vortices at every time step ψ (azimuthal position). For this

purpose, the two vertical and horizontal components of flow velocity at an airfoil section,
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up and ut, are calculated from the free-stream velocity, the flapping of the blade

and the velocity induced by the far wake. Using the tangential flow condition at ¾ chord,

the velocity due to the near wake is then deduced. If the current value of ψ does not

overlap with a node of the far wake grid, a linear interpolation is performed using the two

preceding ψw nodes to calculate the component of the velocity induced by the far wake.

The different grids used will be detailed in a section 2.5.1. Using the local pitch angle θ

the velocity perpendicular to the chord at the control point, wcontrol , is deduced (Figure

2-3) by applying the boundary condition that the surface is a streamline. Use of this

boundary condition is not necessary as can be seen in [56]. However the standard vortex

lattice method uses this condition [86], p.269, [85], p.198, p.261 as do existing codes

such as RotorCRAFT [46]. The assumption is made that the surface line and the chord

line at the ¾ chord control point are the same. This assumption is valid for thin airfoils

with little camber, which apply to most traditional helicopter airfoils. According to the

boundary condition, the velocity induced by the horseshoe vortices at the control point,

perpendicular to the chord line, has to balance the velocity wcontrol . The circulation of

each horseshoe vortex is then found using equation (3).

( ) [ ] ( )Γi ij controlA w
i

= −−1 ( 3 )

The lift per unit length is deduced from the Kutta-Joukowski theorem

l Vi r ii
= ρ Γ ( 4 )
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Figure 2-3: velocity perpendicular to chord line. The contributions from the free
stream, the far wake and blade flapping are calculated. The no-flow-through boundary
condition at ¾ chord yields then the velocity induced by the trailing vortices.
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From the lift the effective angle of attack can be calculated, assuming a linear

angle of attack-lift curve.

α
ρ

α

eff
i

r l
i

i

l

V cC
= 2

2 ( 5 )

It should be noted that small angle assumption does not need to be made for this

method, only that the aerodynamic behavior of the airfoil is linear. The angle of attack is

then corrected for the unsteady effects as described in the next section and the lift on the

segment of the blade of length dri is

L V c dr Ci r i l effi i
= × × × ′

1

2
2ρ α

α
( 6 )

This value is used to calculate moments and forces on the blade. A backward first

order finite difference scheme provides the flap position, β, and the flapping velocity, �β ,

of the blade at the next azimuthal location.

The above scheme is an effective way of calculating the loads applied to the blade,

once the velocities induced by the far field are known. It makes the assumption of linear

aerodynamics, no flow through the airfoil at ¾ chord and that the trailing vortices are laid

along the chord. It requires mainly a single matrix-vector multiplication, the dimension of

which is equal to the number of control points. It is thus computationally efficient,

compared to other methods that might require a matrix inversion each time the inflow

changes. The time integration allows the position of the blade, the attached trailing
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vortices and the tip vortex release point, to be known at every instant in time,

without making any assumption on the number of harmonics included in the flapping

motion.

2.2.3 Unsteady Aerodynamics

The shed vorticity has not been directly modeled since the strength of a particular

trailing vortex is kept constant as it trails behind the blade. To account for the unsteady

aerodynamic effects on blade loading, an indicial response method has been used [56]. In

this method, the deficiency in lift due to the circulatory effects of shed vorticity is

modeled by altering the angle of attack using indicial response functions Xn and Yn

according to equation (7).

′ = − −α αeff eff n nX Y ( 7 )

The indicial response functions at the nth time step are calculated iteratively using the

following relations

( )X X b s An n effn
= − +− −1 1

2
11

exp β α∆ ∆ ( 8 )

( )Y Y b s An n effn
= − +− −1 2

2
21

exp β α∆ ∆ ( 9 )

and for initial conditions
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X Aeff0 10
= α ( 10 )

Y Aeff0 20
= α ( 11 )

where ∆s is the non-dimensional time step between two n-indexed iterations

∆
Ω

∆s
V

c
r= 2 ψ ( 12 )

The coefficients in the above equations are A1=0.3, b1=0.14, A2=0.7, b2=0.53 and are

independent of airfoil and Mach number. Compressibility effects are taken into account

through β, the Prandtl-Glauert compressibility factor. The non-circulatory part of the

unsteady aerodynamic effects is not taken into account by the indicial response method.

However, non-circulatory aerodynamics has less impact on lift.

2.2.4 Vortices strength and release point

The strength of the horseshoe vortices will also affect the geometry of the wake since

they will induce velocities on the tip vortices. Since the right trailing part of the ith

horseshoe vortex and the left trailing part of the (i+1) th vortex are at the same physical

location, their strengths are combined into a single array  ( )trailer strength
nr

_ +1
 using

equation (13).

trailer strengthi i i_ = −−Γ Γ1 ( 13 )
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If we assume that the tip vortex is made up of all the trailing vortices outboard of the

maximum lift rolling up, the strength of the tip vortex is simply the maximum bound

vorticity. The radial and azimuthal location of the release of the tip vortex can be chosen

changing switches in the input file. For the azimuthal position, the tip vortex can begin at

the quarter chord, after the near-wake or at an arbitrary angle behind the blade. The rollup

of the tip vortex is a complex phenomenon that may require Computational Fluid

Dynamics calculation [40]. In the present study all calculations have been done locating

the vortex at the quarter chord as was done in reference [56]. Laterally, the vortex can be

released at the tip, at the centroid of vorticity given by equation (14) or at any arbitrary

location along the span.

x
trailer strength x

centroid
i i

i i

n

circulation

r

= ×
=

+

−

∑ _

maxmax
Γ

1

( 14 )

The tip vortex is typically released 1% inboard for a rectangular blade tip [40]. The

results given in this study have been calculated fixing the tip vortex at the physical tip,

which give a faster convergence since allowing the release point to move leads to

numerical instabilities, in some cases.
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2.3 Far wake

Two different types of far wakes are successively used during the calculation: a rigid

wake and a free wake. The rigid wake is used to initialize the calculation and to give an

initial geometry to the free wake.

2.3.1 Rigid wake

The rigid wake geometry consists of a simple helix convected by the free-stream and

the inflow (cycloidal trajectory), as described in [49] or [87]. Its equation can be written

in the rotor disk (x,y,z) system as

( ) ( ) ( )

( ) ( )[ ]

( ) kRwR

jR

iVRr

disk

disk

&

&

&&





 −

Ω
−+

−−+







Ω
−−−=

λζζβ

ζψβ

ζζψβζψ

sin

sincos

coscos,

( 15 )

with ζ defining the wake age. The instantaneous value of the flapping angle β is used

in equation (15), allowing for a more precise estimate of wake geometry. Also the inflow

needs to be known to use the above equation. It is calculated by integrating the induced

velocities from the far wake around the azimuth. The geometry of the rigid wake is

updated based on the new inflow and flapping, and these iterations continue until both

geometry and load calculations converge. A new approach has been used in this study to

update the rigid wake geometry, by applying successively two different methods. The

first one takes only into account the changing inflow by the following relation:
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kRr
&& λζζψ ∆−=∆ ),( ( 16 )

Once this scheme has stabilized, equation (15) is applied with the updated inflow and

flapping. If the calculated thrust has not converged with the new refined geometry, the

code iterates with the first method.

The rigid wake is then used to define the initial geometry of the free wake and to

initialize the velocities induced on the blades.

2.3.2 Free Wake Geometry

The free wake consists of vortex segments extending between collocation points

(Figure 2-1). The angular distance between collocation points, ∆ζ, is typically 9º.

Theoretically, the wakes should extend to infinity but it has been found that using 4

revolutions yields results within 97% of a 5-revolution calculation (based on the RMS

value of the geometry of the first 2 revolutions), for an advance ratio as low as 0.05

(Figure 2-2). As the advance ratio increases, the 4-revolution and 5-revolution

geometries get closer. Thus for both rigid and free wake 4 revolutions are calculated.

The locations of all collocation points around the azimuth are needed at several time

steps during one rotation. Typically these locations are stored every ∆ψw of 4.5º. It should

be noted that ∆ζ and ∆ψw do not need to have the same value. One can thus choose if
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Figure 2-1: far wake. It is discretized in time and space and extends for a finite
number of revolutions below the rotor disk.
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Figure 2-2: Influence of the total number of revolutions on the two first revolutions
of the free wake geometry for two different advance ratios. Choosing 4 revolutions keeps
the geometry within 97% of the 5-revolution geometry, even for a low advance ratio.
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spatial or time accuracy is more important. For example, an acoustic

application may need to emphasize the temporal resolution whereas a wake-fuselage or

wake-tail interaction study will probably need a higher spatial resolution. Similarly ∆ψw

and ∆ψ can have different values. However their choice will answer to different

concerns. ∆ψw being the time step for the wake calculation, having a small value can be

very costly in computer time whereas a small value of ∆ψ does not add as much

computation overhead but provides greater stability for the load calculation. Typically

∆ψ will be chosen about one half of ∆ψw. It is assumed that all blades are similar so that

as one blade is in particular position around the azimuth, its tip vortex has the same

geometry as the tip vortex of any other blade that would be at the same azimuth.

Therefore, all calculations are done only for one blade and one vortex. If the influence of

the vortex from another blade is needed, a simple time translation gives the geometry of

this different vortex. The influence of the other vortices on this particular vortex is thus

also taken into account.

2.3.3 Governing partial difference equation

The initial helicoidal geometry has to evolve under the influence of the local velocity

to stabilize into the free wake. The governing equation for the evolution of the geometry

is

( ) ( )( )dr

dt
V r

&
& &ψ ζ

ψ ζ
,

,= ( 17 )
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which states that a collocation point located at ( )&
r ψ ζ,  (ψ being a measure of

azimuth and ζ a measure of wake age) is convected at the speed of the local induced

velocities ( )( )& &
V r ψ ζ, .

The total differential can be expressed in terms of partial derivatives with respect to

ψ and ζ.

( ) ( ) ( ) ( ) ( )dr

dt

r d

dt

r d

dt

r r
& & & & &ψ ζ ∂ ψ ζ

∂ψ
ψ ∂ ψ ζ

∂ζ
ζ ∂ ψ ζ

∂ψ
∂ ψ ζ

∂ζ
, , , , ,

= + = +






Ω ( 18 )

The partial differential equation governing the free wake can thus be written as

( ) ( ) ( )( )∂ ψ ζ
∂ψ

∂ ψ ζ
∂ζ

ψ ζ
& &

& &r r
V r

, ,
,+ = 1

Ω
( 19 )

The complexity of the problem comes from the right-hand-side term, the induced

velocity, which is highly non-linear.

2.3.4 Velocity at the collocation points

The velocity at a collocation point can be broken up as follow

( )( ) ( )( ) ( )( ) ( )( )& & & & & & & & &
V r V V r V r V rtip trail boundψ ζ ψ ζ ψ ζ ψ ζ, , , ,= + + +∞ ( 20 )

In Equation (20), 
&

V∞  is the free-stream velocity which does not depend on time or on

the spatial location of the collocation point. The other contributions however have to be
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calculated at every time step ψ and for every collocation point ζ along the tip

vortex. ( )( )& &
V rtip ψ ζ,  is the velocity induced by the Nb tip vortices. ( )( )& &

V rtrail ψ ζ,  and

( )( )& &
V rbound ψ ζ,  are the induced velocities due to the trailed and the bound parts of the

horseshoe vortices modeling the near wakes of each blade. Contributions of these

different components are shown schematically in Figure 2-1.

The calculation of these induced velocities is performed using the Biot-Savart law

for a straight vortex of finite length:

( )
&

& &

& &V P
h

l r

l r
( ) cos cos= − ×

×
Γ

4 1 2π
θ θ ( 21 )

where the different geometric parameters are shown on Figure 2-2. Γ is the

circulation of the vortex segment. It should be noted that the circulation is assumed

constant along the vortex length at any ψ and changes with azimuth location. Some

research seems to show that this may not be a valid assumption for the entire length of

the tip vortex [88], especially if breakdown occurs [89]. Equation (21) shows that a

singularity arises when the collocation point P is aligned with the vortex segment (h=0).

This is due to the velocity profile assumed for a potential vortex, which is infinite at the

center of the vortex. The calculation can become unstable whenever a vortex comes too

close to a collocation point, inducing unrealistically large velocities. Therefore, a viscous

finite core vortex model has been used.
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Figure 2-1: velocities induced at a collocation point. The different components are
the velocities induced by the near wake, by other tip vortices and the self-induced
velocities.
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Figure 2-2: velocity induced by a finite straight vortex. Definition of terms used to
apply the Biot-Savart law.


