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Abstract 

A robust approach to rotor free wake calculations is 
c\egcribccl. The present method differs from earlier ap
proaches in several aspects. The first is the dynamic 

merging of vortices. In many previous methods the 
amount and location of the merging of vortices is pre
scribed before the relaxation process has begun. The 
second difference is in the detailed and efficient treat
ment of the far wake influence for both accurate calcu
lations of velocity and potential. Finally a relaxation 

scheme new to rotor modelling has been investigated 
and compared to other relaxation algorithms. The dy
namic vortex merging approach was found to provide 
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a robust and generalised approach to rotor wake mod- S , 'ubscripts 
elling. The relaxation method was able to give con-
verged resnlts for hovering rotor cases for a full-span 
wake. \Vhile another relaxation algorithm was found 
to be quicker for a simple test case, it was unable to 
achieve full-span wake convergence in hover with itfi 
current state of development. 

The developed free wake method has been coupled 
to both lifting-line and panel method representations 
of the blade. Good comparisons with experiment have 
been achieved for both hovering rotor and wind tur

bine configurations. 
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Introduction 

Full free-wake calculations have been shown to be 

essential for accurate rotor performance predictions for 
cases where the wake is not quickly swept downstream, 
that is when the induced velocities become significant 
in comparison with the onset flow. The extreme case is 
that of a rotor without, an onset flow such as a hovering 
rotor. Free wake calculations were first attempted for 
this extreme by Clark and Leiper [7]. This hovering 
rotor case ha.s since received much attention with nu~ 
merous approaches being devised. A common problem 
experienced with these methods is that of convergence. 
With basic relaxation algorithms, this problen1 can be 
circumvented by merging groups of discrete vortices 
together. This is usua.lly clone a short distance from 
the trailing edge of the rotor blade model, resulting 
in a strong tip vortex and a few inboard vortices. In 
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1990, Quackenbush et. al. [24] presented an alternative 
solution to the convergence problem. By using a semi

implicit algorithm they were able to obtain converged 

solutions for a hovering rotor. They also showed that 

while the solutions were self-preserving, they were un

stable, which was why an implicit approach was re

quired to obtain them. This method did have the 

unfortunate drawback of a computationally expensive 

numerical implementation; requiring a large (depend

ing on the number of wake points) matrix inversion for 
each step of the calculation procedure. The instability 

came about in the form of vortices orbiting one an
other, as shown by a simple two-dimensional demon

stration in their report. This phenomenon has indeed 

been observed in experiments. Landgrebe [17] repor

ted this occurcncc during a wake visualisation study. 

This was, however, found to occur only after the wake 

had aged beyond two turns of the rotor. This would 

have little influence on the aerodynamic performance 
of the blades. Numerically, this phenomenon is far 

more widespread. This is mainly clue to the continu
ous distribution of vorticity in the wake being modelled 

by discrete vortex filaments. The numerical merging of 

vortices in the wake can thus be thought of as the mi
gration of vorticity across the width of the wake. Vor

tex merging is discussed in detail by Hopfinger and van 

Heijst [12], where merging criteria based on empirical 
observations are reviewed. The relevance of empirical 

vortex merging to the free wake numerical algorithm 

depends on whether the sheet. of vorticity shed from 

the trailing edge of a rotor blade, rolls up into discrete 

vortices. This is not generally the case. The main ef

fect of merging in a numerical scheme is therefore to 
stop the discrete vortices from orbiting one another. 

The amount of merging required to prevent arbitrarily 

orbiting vortices is one of the issues considered in this 
paper. Another common cause of convergence prob

lems is the root vortex. For a hovering rotor, this 
has the lowest pitch of all the vortex filaments. In 

numerical methods, this can tend to move the root 

vortex over the following blade. Although this vortex 
is weak, it can present problems for the calculation 

of the blade loading as it moves towards the blade. 
Miller [19] encountered this problem while using his 

fast free wake methocl 1 (lncl eventually assigned zero 

strength to the root vortex. With the dynamic ap
proach to vortex merging and careful attention to tlH~ 
relaxation algorithm, the root vortex stayed below the 
follmving blade while reaching a converged solution for 

most of the hovering test cases encountered with the 
present method. 

Vortex Merging Algorithm 

The principal aim of merging the vortices is to sta
bilize the calculation by preventing vortices from con

tinuously orbiting one another. A means must there

fore be esta,blishecl to detect the occurence of orbiting 

vortex filaments. This problem was first considered 

by Moore [21] for an unsteady two-dimensional prob

lem. In this approach, when three adjacent point vor

tices formed an angle less than 90°, then the two with 
the smallest gap between them were merged together. 
This technique was later applied in three dimensions 

by Gaydon [10] for wakes shed from steady lifting sur

faces. Moore's criterion was applied at each 'cross
flow' plane down the wake. The present algorithm is 

similar to that of Gayclon's but with a few important 

modifications required for rotor wakes. Modifications 
include the "logical)) merging of the vortices and re

finement of the merging criterion. 

The merging of vortices in three dimensions actu

ally creates a force in the wake. Consider the situation 
in the following figure. 

local velocity vector 

Figure 1: Merging of Two Discrete Vortices 

It is impossible for two segments joining t.oget.her 

to both be aligned with t.he local velocity. Therefore, 

there must exist a component of velocity normal to the 
vortex segments and hence a force. To minimize this 

force, the point at which the two vortex segments join, 
is calculated as a circulation weighted mean of tho seg

ment ends that would result if the two segments were 
aligned with their respective local velocity vectors. It 

is also worth noting t.hat the length of the merging 

segments does not effect the force exerted on the wake 

since the component of the segment normal to the local 
velocity will remain the same. 

As merging occurs, it is possible to significantly re

duce the time required for wake influence calculations, 

since a merged group of vortices can be treated as a 
single vortex. 

As in the method of Gaydon (10], there arc t\"vo cri
teria for determining when to merge vortices together. 

These arc the angle formed at a 'cross-cut' of the wake 
and the minimum distance apart, beyond which mer

ging docs not occur. Both the criteria arc applied, 
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since if the vortices arc too far apart then they won 1t 

be orbiting one another 1 and if they are too weak but 

close together, then they will also h<we little effect on 

each other. Doth the effect of the angle and the min

imum distance were investigated. The combination of 

the two which caused the least merging but resulted in 

converged wake solution is an angle specified in terms 

of its cosine as 0.13 and a minimum distance of 0.07R, 
where R is the radius of the rotor. In addition, no 

merges arc allowed to commence on the final row of 

free-wake vortex segments. The reason for this is clue 

to the subsequent efl'ect of the distorted orientation of 

these segments on the far wake (the pitch of which will 

be made equal to that of such segments). 

In hovering rotor applications, the two criteria. af

fect different parts of the wake. Within the inboard 

region of the wake, the vortices stay fairly close to

gether, so it is changes to the angle criterion which has 

the most significant effect. Conversely, for the outer 

region of the wa.kc (including the tip vortex and the 

outer part of the inboard 'sheet') it is the distance 

criterion which has the biggest impact. The angle cri

terion is usually met when considering the tip vortex 

along with the two outer vortices of the 'sheet'. The 

distance criterion thus has the most influence on the 

outer vortices of the inboard 'sheet'. These do have a 
tendency to orbit one Emother in cases where there is a 

significant increase in loading of the blade towards the 
tip. The existence of vortices of significant strength in 

this region have been observed in experiment [16]. 

Wake Influence Calculations 

The wake is split into two regions; the full~y relaxed 

nea.r wake and the constant pitch and radius far wake. 

Each filament of the far wa.ke is of the same pitch and 

ra.clins of the last segment of the rela .. xcd near wake. 
Each wc.tke filament in the near wake is discretized into 

a series of straight line vortex segments. The influence 

of the near wake is therefore simply calculated using 

the Biot-Sa.va.rt law. Although more efficient repres

entations of vortex fila.ments exist (3, 4], the use of vor

tex line filaments provides a simple base on which to 

rlevclop ancl investiga .. tc the present method. Further, 

the contribution to the velocity potential of wakes rqJ

resented by the more advanced models has not been 

iilVCStigated. 
The far wake is extended an infinite distance clown

stream. To make the calculation of the influence of 

the fa.r wake efficient, the analytical approximation of 

Wood and Meyer [27] was utilised. Gould [11] per

formed a survey of the various analytical expressions 

for the semi-infinite helical vortex and showed that the 

method of Wood and Meyer [27] was the most com

putationally efficient by a significant margin. Like the 

other analytical approximations, it is only accurate for 

velocity calculations beyond a given distance upstream 

of the start of the helix. A detailed study of the effect 

of the number of terms used in the analytical approx

imation and the helix pitch was presented by Drown 

and Fiddes [5]. For the analytical approximation of 

all three Cartesian velocity components to be accur

ate to within half a percent, the semi-infinite helix is 

required to be a distance downstream of the velocity 

evaluation point of; 

length of near wake 

R 
= 0.62log G) + 0.44. (1) 

The term p refers to the pitch of the vortex filament, 

which the axial distance travelled by the filament per 

radian of rotation. For the influence of a single isol

ated vortex, the above expression will not, in general, 

produce the specified accuracy. However, when the 

velocity influence of two trailers of a single horseshoe 

are smnmecl together, their incliviclual oscillations tend 

to cancel one another (since their strengths are of op

posing sign). For any given point of required velocity 

evaluation, the above expression implies that, in gen
eral, there is a portion of the helix whose influence 

is not calculated. This occurs when the required dis

tance is greater than that to the end of the ncar wake 

region. The influence of this 'intermediate' region is 

calculated by discretizing this part of the helix in the 

same manner as the near wake. The length of this 

intermediate portion of the wake will vary depending 

upon the point at which a. velocity calculation is re

quired and of course on the pitch of each vortex whose 

influence is being calculated. This ensures the most 

efficient cakulation of the wake beyond that which is 

relaxed. 

Furthermore, decreases in solution time were real

ised by the inclusion of an approximation to the Biot

Sa.va.rt law calculation for cases where the line segment 

was many multiples of the segment length away from 

the velocity evaluation point. The approximation is 

the expression for a vortex particle. 

For the panel method adopted here, the velocity 

potentia.-l influence of the wake is required. For the 

nea.r wake, the influence of each doublet, panel (us

ing the equivalence ·with vortex rings) is calculated 

using the usual exact/a.pproximate expressions that 
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arc conventimullly used for a hyperboloidal quadrilat

eral constant strength doublet panel [22, 23]. More 

so than for the velocity influence calculation, panels 

would have to be extended for a large distance down

stream in order for there to be no change in velocity 

potential induced by the wake with respect to the ex

tension of the wake downstream. An expression was 

thns developed to calculate the influence of a semi

infinite helical doublet strip bound by two helices (the 

vortices) of arbitrary differing pitches. This is a sub

ject which has been largely ignored in the literature 

on the application of potential based panel methods 

to rotor prediction. Gould [11] developed an expres

sion for the potential influence of a semi-infinite helix, 

but was limited to doublet strips bounded by helices 

of identical pitches starting at identical axial locations. 

That is, the pitch was not allowed to vary across the 

helical panel. This is inadequate for free wake calcula

tions where the pitch does, in general, vary across the 

wake. 

An expression which evaluates the far wake poten

tial influence of the wake will now be presented. The 

expression for the potential ¢ which is required to be 

evaluated is 

(2) 

distance between the two bounding helices at any given 

azimuth angle. This will effect both the averaged unit 

normal and the incremental surface area. 

The first step is to obtain an expression for an in

cremental surface area d8 of the helix over an incre

ment in azimuth angle dO. The area under a curve can 

be represented by a series of rectangles of diminishing 

width. Therefore, it is proposed that the area between 

two helices of differing pitch and radius can be formed 

by a series of conical sections of diminishing angle dO. 
This approximation is illustrated in figure 2. 

Figtcre 2: Helical Strip w·ith Conical Section 

Increments 

The summation is performed over the helices from the The area of a section of a conical frustrum can be 

N blades of the rotor. The unit nonm\l to the doublet derived as 

surface is denoted by f>. The doublet strength is de

noted by I'· The vector q extends to the velocity po-
(3) 

tcntial evaluation point from a point on the helical The notation is illnstratccl in figure 3. 
surface. The integral be evaluated over the surface 8 
which exists between two trailing vortices, extending 

from a finite distance downstream to an infinite dis

tance downstream. The form of the doublet surface is 

taken to be c.:onstructcd fron1 straight lines connecting 

the t\vo trailing vortices at identical values of azimuth 

angle. The approach used to evaluate the integral is to 

consider the summation of the velocity potential influ

ence of infinitesimal azimuthal ser;rnents of the helical 

strip. The influence of each strip is calculated using 

two approximations from tJ1e outset. The variation of 

the distance from points ;:lcross an incremental strip 

to any !!) ven collocation point is neglected. This is a 

reasonable assumption since this is to be an expres

sion valid for the far wa.kc. Secondly1 the unit normal 

to the strip at a given azimuth angle is taken to be 

an average value for the strip at that azimuth r:mglc. 

The va.-riation in pitch (the point of the current work) 

is taken into account in the calculation of the vertical 

Tt 

Fignre 3: Notation joT' a Conical Ji'rnstntm Cone 

The height h, will be the difierence in x-values of 

the two bounding helices. Since the pitch of each of 

the individual bounding helices in the far wake will 

remain constant, this height will be a linear function 

of the azimuth angle. That is, 

hs :::: cb.; :::: tnoB +Co. ( 4) 



The gradient term in the integral can be rewritten Now test cases will be investigated for which 
using Gould's expression is invalid (and found to be inef" 

(5) 

The derivation from here onwards progresses in a sim

ilar manner to that of Wood and Meyer {27] for their 
velocity influence of a semi-infinite vortex. The afore

mentioned assumptions are only applied were neces

sary for the formulation to proceed. After much algeb

raic manipulation, the final expression for the velocity 

potential is given as 

(6) 

corv, +(xi- :r 11 , )dr 
+ ( '2 '2 ) Pm 'l'i + r v,. 

The subscript m refers to values midway along the 

strip at e = 0, the start of the semi-infinite helical 
strip. The x axis is coincident with the axis of rota

tion. For a constant pitch flat helical doublet strip, 

this expression performs as well as that derived by 

Gould {11] specifically for this kind of doublet strip. 
The convergence of the velocity potential induced by 

a flat helical strip is pre.scnted in figure 4. 
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P'ignrc 4: Convergence of the Potential for a Flat 

Helical, Constant Pitch Donblct Str·ip 

The test case presented involved two flat helices of 

pitch p = 0.1) bounded hy vortices at radii 1' = 0.7 

and r = 0.8. The helices sb.uted at the positiv(~ and 

negative y-axis) and therefore corresponds to a two
bta.cl(-;cl test case. The point; at which the potential 

\vas evaluated was located at the Cartesian com·din

ate (-0.1,0.85,0.0). A hundred segments per turn 
were used for the cvalm.ttion of the ncar wake. Fig

ure 4 demostrates th11t both the current expression 
and that derived by Gould, perform very well indeed 

for this test case. 

fective). With the previous test case both co and mo 
were zero. The next two tests make each of these terms 
nonzero in turn, thus individually validating the terms 

which each accompanies. The first test is for the co 
term. This will be identical to the previous test ex

cept that the start of the outer vortex has been moved 

downstream by an axial distance of 0.5. The result is 
shown in figure 5. 
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Fimtrc 5: Converyence of the Potential for a 

Non-Flat, Constant Pitch Donblet Strip 

To test the rno term) the initial test was repeated 
but with the pitch of the outer helix will be doubled 

to 0.2. The result is shown in figure 6. 
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Figure 6: Convergence of the Potential for a Vadable 

Pitch Doublet Str·ip 

This figure demonstrates cause for concern. Note in 

particular the increased range of the abscissa. Whilst 

this is an extreme case) convergence of the expression 
for (jJ is very Bimv in comparison with the previous two 

caBes. Despite the huge increase in efficiency that the 
far \va.ke expression allows, many turns are still neces

sa.ry for an accurate result. 
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Wake Relaxation Algorithm 

The relaxation algorithm investigated is that ini
tially devised by Butter and Hancock for fixed wings. 

This is best illustrated by considering a vortex fila

ment lying withirl a plane. The filament is constructed 
from a series a straight-line vortex segments as illus
trated in figure 7. The wake is relaxed a 'cross-wake' 

plane at a time. For each 'cross-wake' plane relaxa
tion, the downstream planes are displaced by the same 

amount. This procedure is illustrated in the figure 7. 
This shows the steps taken during the relaxation of 

one wake plane of a single filament. 

onset flow direction 

step 0 c--=-""9"-<=--=--o--o 

step 1 o--:>.. 

step 2 c--C>.. 

current relaxation plane 

Fig11.re 7: Schematic of B-titter and Hancock 

Algorithm 

Due to the recent success in the application to 
yacht sails and other high-lift wings [10], it was con

sidered appropriate to investigate this method for ro
tor wake calculations. 

For the case of a rotor wake, displacing the down

stream nodes by the same amount applies to the ra
dial and axial movement. The nodes are restrained to 

move within <1 plane of eonstant azimuth angle. Such 

restraint has previously been found by the current au
thor and in other investigations (26) to aid the con

vergence properties. In the relaxation of each plane, 
the velocity <J,t each segment across the plane is cal

culated. Each segment is then rotated, about its up

stream node, by a given fraction (the relaxation factor) 

towards the local velocity vector. There still remains 
the issue of how to establish the velocity at a segment. 

In previous applications of this method, this was done 

by calculating the velocity at some point along the seg
ment. l'v'laskcw [20] investigated how fa.r along the seg

ment this velocity should he evaluated, and concluded 

that the velocit.Y should be calculated at a fractional 
clist.anc of' 0.55 from tlw upstrearn node. This recom

mendation \vas subsequently utilised by Gayclon [10]. 
For rotor w;J,kc cakul<-.ttions, however, a fur more robust 

wake calculation can be achieved by averaging the ve

locity induced at the two encln of the segment. This 
enabled convergence for conclitions where fviaskew's re
commendation failed. \Vhilst this increases the com-

putation time for a given relaxation, the number of 

relaxations required is reduced. This aspect will be il
lustrated in a later section, during a comparison with 

the speed of other relaxation algorithms in usc. 

The convergence of this method discussed above 
was only possible for hover conditions after making a 

single modification to the general relaxation scheme, 

in addition to the automated selective merging of dis
crete vortices. Namely, no similar axial displacment 

of downstream vortices (step 3 in fig;urc 7) was un
dertaken if the displacement was towards the rotor 

plane. Although this modification slows clown the con
vergence process, it does not invalidate the process, 

since step 2 in figure 7 is still performed. F\\tther, the 

effect of slowing clown the convergence is limited by 
choosing an initial wake of pitch less than that of the 

solution. Without this modification, the root vortex 

(whether merged with mljacent vortices or not) ten

ded to move above the following rotor blade, causing 
havoc with the blade modul solution process. 

After each 'cross-wake' plane relaxation, a test is 

made to sec if any of the vortices across the current 
plane nccclecl to be merged together. The exception to 

this is the final cross-wake plane for reasons discussed 
in the previous section. 

Performance of the Relaxation Scheme 

In order to assess the speed of the model, it was 

compared with a recently developed method which 
dernonstratcd quick and robust convergence. This is 

the method of Crouse, Bagai and Leishman [2, 8, 18]. 
It a.ppears that their rela.-xation process has only been 

applied to a wake consisting of a single rolled-up tip 
vortex, therefore avoiding the main c:auses of conver

gence problems from the outset; namely, vortices or

biting one another and root vortices moving above the 

following rotor. Indeed the present author was unable 
to obtain convergence in hover with a full wake with 

only the outer two vortices merged together at the root 

and tip. A test case where the merging of vortic:es is 
not required for convergence was therefore found. This 
was achieved by only using· four horseshoe vortices and 

a tip speed ratio of 20. For a fair comparison with the 

present method, the same routines for the calculation 
of the wake influence were used. Only the relaxation 
algorithm differed. A basic Euler method was also in

cluded in the comparison. The following figure shows 

a plot of the how the \vake converges \vith time when 
using various wake relaxation algorithms. Sinee tt-ll the 
algorithms were performed for a hundred relaxations, 

14.6 



the extension of each line along the time axis is an 
indication of the time per relaxation step. 

The two results for the current method (based on 
that of Butter and Hancock) represent the two differ
ent possiblities in establishing the velocity at a straight 
line segment. It can be seen that the method of aver
aging the velocity calculated at the two end nodes is 
just as efficient in terms of rate of convergence, as the 
method of just evaluating the velocity at a single loca
tion along the segment. This graph does indeed show 
the advantages of the predictor-corrector formulation. 
However, the present method is required for the solu
tion of a full-wake hovering rotor prediction. As previ

ously presentccL the predictor-corrector method does 
not appear to be able to deliver this kind of solution, 
although, this could be due to the limited experience 
of the author with this method. Also the predictor
corrector scheme was developed for the more general 
case of periodic onset flows with respect to the ro
tor blades. As a check, it was found that both the 
predictor-corrector and the current method gave the 
same wake trajectory once they had converged. 
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Figure 8: Cornpmison of Wake Algorithm 

Convergence Proper-tics 

Blade Models 

Three models of the blade \Vill be considered here; 
two lifting-line rnodels and c.t surface panel method 

model. 
The pand method is an adaption of the NEWPAN 

panel method program. This is a low-order potential 

based panel method. A constant pressure Kutta condi
tion is applied to the trailing edge, in a similar manner 
to Hoshino [13]. 

The two lifting-line models are both non-linear, 
with table lookups for the aerodynamic section prop
erties. They both require discretization of the cir-cu
lation across the blade and the lifting line being loc
ated at the quarter chord line. A cosine distribution of 
both the trailing vortices and the collocation points is 
used across the blade. They only differ in the location 
at which the wake-induced velocity is evaluated. In 
the first method, the wake-induced velocity is evalu
ated at the bound vortex (the quarter chord line) as in 
Prandtl's classical lifting line theory [1]. In the second 
method, it is evaluated at the three-quarter chord line. 
The movement of the wake-induced velocity point to 
the three-quarter chord location is the result of the 
work of Johnson (14, 15], in trying to obtain a 'higher
order' lifting-line theory that still allowed the use of 
nonlinear tables for the aerofoil section characteristics. 
This second method will be referred to as the 'modified 
NLL method' from here on, and was found to produce 
spanwise loading predictions on a par with lifting sur
face theory for low aspect ratio and swept wings. In 
the present implementation, the wake segments are re
laxed from the lifting line for the evaluation of wake 
induced velocities at the quarter chord. For the mod
ified NLL method, the first row of wake segments are 
constrained to the chord upto the trailing edge. The 
wake in the modified NLL method is therefore only 
relaxed beyond the trailing edge location . 

Comparisons with Experiment 

The results of two test cases will be presented, rep
resenting different applications of the rotor, and con
sequently different wake characteristics. U ncler hover
ing conditions, the results of Caradonna and Tung [6] 
will be used. For a \vincl turbine example, the results 
obtained [9, 25] from a Stork 5WPX rotor will used 
for comparison. 

Caradonna and Tung's Hovering Rotor 

This test case [6] is often nscd as part of a valida
tion procedure for numerical rotor wake methods, for 
several reasons. First of all, hover represents one of 
the most difficult flight regimes for rotor wake predic
tion methods. Secondly, the model is a simple, con
stant chord, untwisted, two-bladed rotor. The aerofoil 
section used was a NACA0012 section, for which two-
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dimensional aerofoil data is rf~adily available. Data 

was obtained for both the loading of the blade and the 

trajectory of the tip vortex. 

Neither the root cut-out or the chord was specified 

in their work. A root cut-out of 0.188m and a chord 

of 0.1905m are used here. The radius of the model 

rotor was 1.143m. 

The main pitch setting of interest and commonly 

used for comparison was that of eight degrees. For 

each of the blade models l sixteen horseshoe vortices 

were trailed from the blade. For the relaxed and inter

mediate regions of the wakel each vortex filament was 

represented by 24 line vortex elements per turn. The 

fully relaxed region was extended for 80 wake segments 

(3± revolutions). The development of the wake for the 

modified NLL method is illustrated in figure 9. As a 

demonstration of the robustness and generalisation of 

the wake methodl the starting wake was selected as 

one with fixed helical pitch of 0.05. 

starting wake 1 relaxation 

20 relaxations 200 relaxations 

FignTc 9: Development of a HoveTing RotoT Wake 

The lb-:t-.rilmtions of thrust coefHcient across the 

rotor for all three blade models and the experiment 

are given in figure 10. 

The lifting line model with the \Va.ke induced ve

locities calculated at the quarter chord significantly 

overpreclicts the loading near the tip. Doth of the other 

two models compare quite \Veil with experiment. 
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Figure 10: Load Distribution for· Caradonna and 

7\tng Rotor at 8°. 
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Figure 11: Axial Movement of Tip Vortex for 

Cm-adonna and Tung Rotor at 8°. 
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Caradonna and Tung Rotor at 8°. 



The tip vortex trajectory is illustrated in figures 11 
and 12. All of the models over-predict the contraction 

of the tip vortex. The rate of axial movement is well 

predicted beyond the first blade passage. All meth

ods, however, under predict the rate of axial move

ment before the first blade passage. A view of the en

tire converged wake obtained from the panel method 
application is presented in figure 13. 

Fignre 13: Converged Wake Geometr~IJ for Caradonna 
and 11tng Rotor at 8°. 

Results for the loading of the test blade at twelve 

degrees of pitch are presented in figure 14. Once again 

the loading is seen to be fairly well predicted. Com

parisons of the tip vortex trajectory are illustrated in 

figures 15 and 16. Once again, the contraction of the 

wake can be seen to be over-predicted. Finally, res

ults were obtained by Caradonna and Tung (6] for the 
blade pitched a.t five degrees. Fully converged results 

were llllflhlc to be obtained with the present method 
for any of the blade models. The cause was the up

ward migration of the root vortex (whether merged 

or not) towards the rotor plane and beyond. In the 

case of the lifting line models, the root vortex went 

above the following rotor causing non-convergence of 

the blade solution procedure. In the case of the panel 
method, the root vortex \Vas physically unable to go 

;J,bovc the blade, since its presence for close approach is 

more accurately mode11ecl. However, due to the prox

im.ity of the root vortex to the blade, the loading of 

the blade towEtnls the root -.,vas high. The solution as 

a whole would not satisfactorally converge. Several 

conclusions can be made from this final result. 
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Tung Rotor at 12'. 
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First of a.1l) since the five degree pitch case was the 

lowest loaded rotor, it could be possible that the root 

vortex does indeed spiral upwards instead of clown

wards. This possibility was not accomoclated within 

the present implementation. Finally, no vortex cores 

were introduced in the present model. This was to see 

the accuracy of performance predictions that could be 

obtained without the use of such empirical input. The 

introduction of such a core to the root vortex will re

duce the velocities it induces towards the root of the 

blade and consequently the strength of the root vortex 

will also be reduced. This may prevent the movement 

of tho root vortex above the rotor plane. However, 

such behaviour of the root vortex has been observed 

in other numerical work [19]. 

Stork 5WPX Wind Turbine 

The test case is a two-bladed horizontal axis wind 

turbiue[9, 25]. The quarter chord line was straight and 

Figure 18: Converged Wake Geometry from One 

Stork Blade 

Comparisons of the pressure distributions are 

shown in figures 19, 20 and 21 for the 0.3R, 0.55R 

and 0. 75R span wise staLions respectively. 

intersected the axis of rotation. The angle of twist -3 ,----,----,----,----,----, 

varies from 8° at the root to zero at the tip. The basic 

dimensions of the blade are presented in figure 17. 

axis of rotation 
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Figure 17: Basic Dimensions of the Stork 5. 0 WP X 

Blade 

The acrofoil sections used belong to the NACA 

44XX scries 1 but with the thickness aft of the max

immn thickness increased slightly to make the blade 

more damage tolerant. NACA 44XX sections were 

used for the panelling of the blade. The operating con

dition for which attached experimental pressure distri

butions \vcre available was at a tip speed ratio of 8.27. 

Results were obtained using a rigid wake (each wake 

filament being convected with the frecstrearn velocity) 

and a relaxed wake calculation. The rela.."Xecl wake is 

shown in figure 18. For clarity only the wake from 

ouc of t1w two blades is shown. This was obtained 

by rchlxing the wake for thirty iterations and solving 

for the body doublet strengths. The doublet strengths 

were thereafter solved after every ten relaxations of 

the wake. A total of fifty wake rehL-xat.ions were per

formed before the doublet strengths appea-red to no 

longer alter significantly. 
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It can be seen that the effect of relaxing the wake 
is to significantly reduce the gap between theory and 

experiment. The most notable difference between the

ory and experiment is towards the trailing edge. This 

difference is attributable to the theory being inviscid. 

The numerical coupling of a boundary layer over the 

aerodynamic surface and wake will reduce the increase 

in pressure towards the trailing edge) and thus bring 

the theory yet closer to the experiment. 

Conclusions 

Several new developments in \vakc methodology 

have been dcscribccC and their cfTectiveness demon

strated. The wake relaxation algorithm, new to rotor 

wake prediction, combined \Vith a dynamic approach 

to the merging of vortices, provide a very general tech

nique for dertling with (_t full span wake from any axial 

flow rotor conf-iguration. Advances in the efficient cal

culation of the few wake have also been described. A 

Ite\v formulation for the accurate calculation of the ve

locity potential due to a far WElke constructed by a 

series of differing pitch vortex filaments is presented. 

This was shown to give large reductions in the num

ber of turns of intermediate wake required in order for 

tlw potential to be accurate to within any given ac

cu: acy. The combination of these developments were 

shown to give accurate predictions of the loading over 
a hovering rotor awl \Vinci turbine Lest case. However, 

some discrepancies \Vere apparent bet\vccn the tip vor

tex trajectory predicted by the method and empirical 

observations. In particula-r, the eontn.tction of the t;ip 

vortex \vas consistently over-predicted. Finally, three 

blade models were compared for a hovering rotor case. 

The panel method was shown to perform very well. 

A modified nonlinear lifting line theory also gave very 

good results for the blade loading. However, a non
linear lifting line theory based on Prandtl's lifting line 

method, was shown to significantly over-predict the 
loading towards t.he blade tip. 
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