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NOMENCLATURE

thrust coefficient

rotor radius

radiusbto vortex

induced velocity in wake in z direction
horizontal displacement

vertical displacement

circulation

rotational speed

core size

defined in Fig. 1-2
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SUMMARY

This report is Volume III of a three volume series entitled

"Free Wake Techniques for Rotor Aerodynamic Analysis" and

o bt s o 8 S e

ettt cma it

covering the following topics:

Volume I (Ref. 3) "Summary of Results and Background Theory®

reviews the results obtained to date uéing both complete

and simplified wake models and summarizes the theoretical :

background on which these models are based.

Volume II (Ref. 2) "Vortex Sheet Models" presenrts the

results of compufations using vortex sheets to madel the
wake and tests the sensitivity of the solutions to various
assumptions used in the development of the models. The

complete codings are included.

Volume III (present volume) "Vortex Filament Models"

discusses results obtained using a vortex filament model,
as opposed to sheets, again using various modelling

techniques and including the computer codings.
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INTRODUCTION

The application of computational £luid dynamics to the

calculation of airloads on a hovering helicopter rotor is much

more difficult than for an aircraft wing in steady flight. This
is mainly because the trailing vortex geometry is more important
to the induced velocities on a helicopter blade than on a wing.

Whereas a wing in straigh£ flight leaves its wake far behind, a

hovering rotor gathers it beneath itself in a spiral that remains

close to the blade. Thus the induced velocities must be
calculated everyvhere in the wake as well as on the blade in
order to give the correct bound circulation. The close prozimity
of concentrated vortices often makes convergence slow and the
results extremely sensitive to vortex core size and other

parameters.

This report presents the results of airloads calculations for
one case of a hovering rotor for which good experimental data are
_— 7
available. The method used allows the trailing wake geometry to
evolve freely according to the velocities calculated at discrete
control points in the wake. This is known as a free-wake method,

A loop calculates in turn the induced velocities, the geometry



and the bourd circulation, iterating until convergence 1is

reached.

The method 1is 1loosely based on an original code written by
J.D. Gohard (Ref. 1). That program has been developed by A.
Tanuwidjaja (Ref, 2). In addition a simplified free-wvake
analysis has been done hy R.H. Miller (Ref. 3 and 4) in which the

vake immediately following.the blade is made up of semi-infinite

"vortex lines and the wake beneath the blade consists of circular

vortex rings. 1In order to reproduce the experimentally observed
bound circulation both these programs require assumptions in
calculating the wake geometry and core size in the first 180
degrees after the blade, as discussed in Ref. 4. This is a
problem. with the present method as well, as will be discussed in

this report, and should become a focus of further research.

The program presented here 1is a rewritten version of the
Tanuvidjaja~Gohard program. In describing the wéke, vortex
sheets have Leen eliminated in favor of concentrated vortex
filaments; some other minor changes have been made, and the
program has been "cleaned up" to make it less confusing and to

remove parts no longer used.



Section 1 of this report presents the free-wake method in
detail. Section 2 discusses the results of the program for the
test case as different parameters are varied. The appzndix

contains the computer codes.
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I. THE FREE-WAKE MODEL
1. Method

Each helicopter blade is treated as a concentrated line vortex
of varying strength along the span. It is divided into discrete
segments of constant vorticity where the strength of each segment
is found from the angle of attack at its micpoint according to

the formula:

I' = Tucc

At the join of any two segmznts a trailing vortex is formed
perpendicular to the blade with a strengih equal to the
difference in bound circulation on either side. (Figure 1-1).
These trailing vortices are responsible for the downwash on the
blade which, along with the blade pitch, give the angle of

attack.

Since the wake moves down as the rotor turns, the trailing
wake forms a helix beneath the rotor plane. Each trailing spiral

vortex in the helix is divided into straight vortex seqguents ot

" equal angular length joined end-to-end. Thus the actual length

of a segment depends on its distance from the hub (Figure 1-2).

The control points where induced velocities are calculated are on
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‘the vortex 1lines where two segments meet. The location of a
particular segment in the wake is found by integrating the

velocities up to that point on the vortex line to which it

belongs.

The whole wake is divided into three sections, the near,
intermediate and far wakes (Fiqure 1-3). The near wake retains
all the individual trailing vortices from the blade to obtain the
best resolution in calculating the bound circulation. 'After some
azimuthal angle, wusually less than 90 degrees, the intermediate
wvake rolls up the near wake into three concentrated vortices.
The strength of a rolled-up vortex is the sum of the strengths of
the near wake vortices contributing to it; its first azimuthal

position is the centroid of the last azimuthal positions of the

same near wake vortices:

inori

X =
ZFi

After several blade revolutions the intermediate wake is
replaced by the far wake. The far wake is modeled as three
semi-infinite vortex cylindérs cortesponding to the three
vortices in the intermediate wake. (For a discussion of the

effects of far wake modeling see Ref. 5, p. 16.) The start of



Sema -

[SPURETR U

the far wake is one vertical spacing underneath the last
azimuthal station of the intermediate wake, and the radius is
assumed to stay constant. There are no control points in the far

wake and no induced velocitiezs are calculated there.

The induced velocities due to the near and intermediate wakes
are found using the Biot-Savart law for straight vortex segments
with ‘a correction for a viscous core size. The core allows . the
induced velocity to go to zero as a vortex line is approached
instead of going to infinity. The induced velocity due to each
segment in the wake and on the blade is calculated at every
control poinﬁ. These calculations consume the most computer
time. A typical wake contains two hundred segments or 40,000

applications of the Biot-Savart relation for every iteration.

The induced velocities due to the far wake are found from an

elliptic integral series solution used by Miller (Ref. 3).

The self-induced velocity of a straight vortex segment is zero
if a finite core size is used. But the trailing vortices are
really 1locally curved, and a correction to take this curvature
into account is needed.  This has been derived by Scully (Ref. 5)
bFased on the self-induced velocity of a vortex ring of finite

core size found by Lamb (Ref. 6). The formula is:
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mz = It (8 P.n(-e- tan ( 4)) «25)

where A6 is the angular length of the segments on either side of
the control point. It is important to note that this is accurate
only in cases where the arc length of the segments is large
compared to their core size. This is true in the outer part of
the wake where typical arc lengths are 0.1R and core sizes are
.01R, but.it becomes questionable closer to the root. The exact
geometry close to the rotor hub is much less important to the
bound circulation, hovever, and these corrections are smal{j

compared to the total induced velocities.

When overall convergence is finally reached, the main program
calculates the 1lift coefficient. This coefficient, the final
bound circulation and the -wake geometry are compared with the

experimental results.

2. Parameters

The 'importan; parameters to be varied in the program are the
mesh sizes on the blade and in the near and intermediate wakes,

the number of azimuthal stations in each wake, the criterion for
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roll-up in the intermediate wake, the tip loss factor and the

viscous core size,
a) Mesh Size

The usual practice is for the bound vortex segments :n the
blade to be 1long inboard and short near the tip where the
circulation changes rapidly. In all the cases presentéd here,
the distance between adjacent control points on the blade is ,02R °
from the ninety-percent span out to the tip, .0SR from the
eighty-percent span to the ninety-percent span and .1 or .15R

over the rest of the blade. 1In all, thirteen control points

(twvelve segments) are used.

The near wake has the same number of trailing vortices as the
number of bound segments requires; in this case, thirteen. The
anqular length of each segment is ten degrees. ‘U$ua11y the wake
is carried 70 degrees after the blade. The intermediate wake is
made up of twenty-degree segments and is usually carried about
740 degrees, or four blade passages, past the end of the near

wake.




b) Roll-Up Criterion

The tip vortex in the intermediate wake is rolled up from the
outermost trailing vortex in the near wake to the point of
maximum circuiation on the blade. The middle vortex is rolled up
three stations in from where the tip roll-up ends, or about the
708 span. (As shownvin Ref. 2, the solution is not sensitive to
the exact definition of this station.) The root vortex is rolled
up over the rest of the blade, excluding the innermost voftex of
the near wake. It is found that ecliminating the root vortex in
the near wake tends to smooth out the distribution of bcund

circulation on the inner half of the blade and makes convergence

easier.
6) Tip Loss
The tip loss factor compensates for the reduced lift at the

very tip of the blade which is not well accounted for by the

lifting line method. It simply sets the bound circulation at the

last spanwise station equal to some fraction of the value it
would have if the usual lifting line formula were used. This

fraction is zero for all cases presented here, that is, the bound

?ﬁ circulation of the last segment starting at 98% of the blade is

set to zero; this is similar to the treatment of Ref. 7.
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d) Viscous Core Size

Y

b

'

The core size is probably the most important single parametegzg

It has a very large effect on the velocity induced by vortex
segments on nearby points. For example, if the core sizé of the
tip wvortex is- set equal to .02R, this causes the bound
circulation to go up at the last spanwise station because the tip
vortex no longer induces encugh downwash there to pull it down.
It makes no difference to the circulation over the rest of the
blade. In this study, a core size of .01R is always used at the

tip; it may be larger in the rest of the w%ke.

- It is difficult to determine what core sizes should be used in
the program, and few experimental guides are available. 1In
general} the results seem overly dependeﬁt on the core. One area
that should be studied is how the "proper" core size depends on
the mesh size. In the. example given above, if the distance
between stations were made larger, a larger core size could be
used (and vice-versa) and yet the true core sgize should not
change. For a further discussion of the effect of core size on

the tip vortex in the near wake see Ref. 4.
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II. RESULTS

Table 1 shows the characteristics of the rotor being studied.

The experimental data were published in Ref. 8.
a) Fundamental Solution

The "fundamental solution" uses a core size of .01R throughout
the wake. It carries the near wake over 70 degrees and the
intermediate wake over 740 degrees. The solutibn is given in
Figure 2-1 along with the experimental results; 'the bound
circulation 1is plotted against the span and the tip vortex

position is shown for every 180 degrees.

There are three major problems with the solution. One is that
the bound circulation is too low from about the 70% span out to
the tip. This gives a lift coefficient (CT) of about =-.00448
instead of the experimental value of -.0046. Another proﬁlem is
that the tip vortex remains too ciose to the blade in the first
180 degrees, The third problem is that the wake défined by the
tip vortex does not contract enough; it even begins to expand

after 540 degrees.
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.. b) wake Contraction

The wake does not contract enough either because the
intermediate wake produces too much radial velocity or because
the far wake produces too little. By :emoving the inner vortices
in the intermediate and far wakes the wake contraction can be
improved (Figure 2-2) but not without sacrificing bound
circulation near the root, which yields a much lower lift
coefficient. It is interesting to note that the circulation near
the ¢tip 1is wunaffected. This implies that wake contraction has

little to do with the rest of the problem.
c) Core Size (Near Wake)

The only way to raise the bound circulation near the tip is to
increase the viscous core size in the near wake. All three parts
of the wake, near, intermediate and far, conttibuté an important
fraction of the downwash on the outer 25% of the blade. The far
wake 1is too distant for any reasonable increase in the core size
to have an effect. The core size of the intermediate wake can be
important if it is larger than about .04R; this possibility,
known as core burst, is discussed below. The near wake vortex
segments are close enough for a small change in the core size to

have a large effect.
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The result of increcasing the core size in the near wake (but
not, as mentioned in Section i, at the tip) from .01R to .02PR is
shown in Figure 2-3., The peak is higher and the tip vortex has
accprdingly moved down somuuhat. The circulation in the "valley”

between the 70% and 90% span is still too low.
d) Core Burst

It has been observed that a concentrated tip vortex passing
close to a blade undergoes a sudden expansion of its core (Rof.
9). This fact can be exploited to improve the distribution of
bound circulation. The intermediate wake tip vortex produces
strong upwash on the blade from the 90% span out to the tip, and
downwash everywhere else. Thus an increase in core size will at
the same time raise the circulation in the valley and lower the
circulation at the peak. This is illustrated in Figure 2-4,
where the assumed core burst is to .05R and the core size in the

near wake is .02R. The wake geometry stays the same.

In order to raise the peak back up again, the core size in the
near wake must be increased to .05R. (It quickly reaches the
peint vhere a larger near-vwake core size makes no differenco.)

This 1is shown in Figure 2-5. This last solution is the best
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obtained so far. The lift coefficicent is -.00455. about two

percent lower than the expafimental value.
e) Tip Vortex Location

The deficiency in circulation between the 703 and 908 span is
possibly caused by the tip vortex coming too close to the blade
at first encounter. The "natural®™ location of the tip vortex
predicted by the program is closar'to the blade than was observed
in Ref. 8. It may be that the slow downward mbticn of the tip
vortex .is caused by @nadequate modeling of the roll-up in the
near wake, possibly by not having enough trailing vortices at the
tip.

One way to test this is to reduce the near wake azimuth to
only ten degrees - essentially rolling up the tip vortex
immediately. The results are shown in Figure 2-6 for the same
case as Figure 2-5 (core burst to .05R and ncar wake core size
.05R). The circulation and the lift coefficient are slightly
larger, and the tip vortex location is a.little farther from the
blade. The solutions for other combinations of parameters are
similnt. This guggests that poor modeling of the near wake

roll-~up could be part of the problem.
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In the earlier results from this program using a near wake
spanning seventy degrces, the problem of the tip vortez locatidn
wvas much worse. It was discovered that this vas because the
program had not becen allowed to converge properly. The initial
approximation to the wake geometry does not roll up the vortices
in the near wake. During the firsi few iterations, the main
trailing vortex actually moves up. I1f the convergenﬁe test for
the geometry is not tight enough the .program will converge before
the near wake has had a chance to move back down. It usually

takes over 60 iterations to converge within two percent,
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CONCLUSIONS

The results of the program so far indicate that further
investigation of the method is necessary. With a small core

gsize, the bound circulation is too low on the outer part of .

the blade while the.tip vortex passes too close at first en-
caounter. The two problems are closely related. The slow
descent of the tip vortex may be because of near wake modelling
deficicncy. Assuming a larger core size, corresponding to

a burst vortex, results'ié better agreement with test data.

A further area needing research is the relationship between the

core size and the mesh size.
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Table 1. ROTOR CHARACTERISTICS

Straight
Blades - 2
Twist - 1l1°

Collective pitch at 75% Radius 9.8°
Solidity .0464

18
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Fig. 1-1 Lifting line bound segments and
trailing vortices.
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Fig. 1-2 Trailing vortices divided into
straight segments.
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Fig. 2-1 Bound circulation distribution with core size of
.0lR everywhere in wake. CT = ,00452
Near Wake extends to 70°, intermediate wake to 740°
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Fig. 2-2 Effect of inner wake on case of Fig. 2-1.
(3 Inner wake eliminated.
Far wake, inner wake only eliminated.
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Fig. 2-3 £ffect of core size for case of Fig. 2-1.
Cp = .00452
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Fig. 2-4 Same as Fig. 2~3 but with "burst" tip vortex.

= ,00451
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Fig. 2-5 same as Fig. 2-4 but with "burst" tip and inner
intermediate wake. CT = -,00453
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Fig. 2-6
intermediate wake to 800°. CT = .00454
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LIST OF VARIABLES

Following is a 1list of important variables in the FreeWake

program.

alp angle of attack, alp=flamda-thetac
alphas angle of attack at stall

-blades real number of blades
cd (cd0,cdk) drag coefficients, cd=cd0 + cdk*alp*alp
o coeff (coeffl) tip loss coefficient

dpsii angular length of intermediate wake éegménts

dpsin angular length of near wake segments

etanv spanwise location of endpoints of bound segments
. etaiv initial spanwise location of intermediate

wake trailing vortices

etal spanwise location of intermediate wake trailers

otas

facgam relaxation factor for LOOP1

facgeom relaxation factor for INTGR

facvel relaxation factor for LOOP2
flamda inflow angle due to downwash on blade
fmu net inflow -- used only for wind turbine cases

Y o

. e




fpsl-
fps2
fps3
gamc
gamt
gamti

gamtip

int

itest

ivrite

knnvr
knivr
liml
lim2
ip

it
nblds
ncase
niter
niva

nivr

29

core size for near vake

core 3ize for tip vortex in near wake

core size of interme”’ate wake (core burst)

bound circulation

trailing vortex strengths in near wake

rolled-up vortex strengths in intermediate wake
same as gamti(3)

parametér for intermediate output: int=1 prints
1lift coefficient and wake geometry for every fifth
iteration

itest=0 if all subroutines have converged

parameter for output: iwrite=0 gives only final
results, iwrite=l1 gives results for every iteration,
ivrite=2 gives induced velocities from each part of
wake (near, intermediate and far) for each iteration
initial value of nnvr

initial value of nivr

maximum number of iterations for LOOP1

maximum number of iterations for main loop

pover coefficient, or drag integrated'over span
lift coeffiéient, or lift integrated over span
(nbldsl) integer number of blades

number.of different cases in file to be run

current iteration number of main loop

number of azimuthal stations in intermediate wake

number of spanwise stations in intermediate wake
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nnva number of azimuthal stations in near wake
nnvr number of spanwise stations in near wake
sigma solidity of rotor

theta blade pitch at endpoints of bound segments

thetac blade pitch at midpoints of bound segments

wxiv x,y,2 components of induced velocities in
wyiv intermediate wake
wziv
uxnv %x,¥,2 components of induced velocities in near
wynv wake
wznv
- xiv x,y,2 coordinates of control points in
yiv intermediate wake
ziv
xnv x,y.2 coordinates of control points in near wake
ynv
zZnv

At the end of the computer code a sample output is given (for
Figure 2-5) showing the 1lift coefficient, bound circulation,
induced velocity on the blade and wake geometry.

The bound circulation (GAMC) and induced velocities (WXC, WYC,
WZC) are given at the centers of the bound vortex segments
whereas the trailing vortices (which give the wake geometry) are
located at the ends.

The integer headings in the wake geometry refer to the
azimuthal station number. The first line under each heading is
the azimuthal angle (PSI), the second is the radius (R) and the
third is the vertical distance (Z) from the rotor plane. The
first azimuthal station is at the blade, so here PSI=0,, Z=0. and
R gives the spanwvise positions of the ends of the bound vortex
segments. :
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Computer Codes

FREE-WAKE ANALYSIS OF A WIND TURBINE AERQGDYNAMICS

P T X PP R LR T L L L R L L R Rt ik ot

common/parn/ iwe, ird, 1ims,1im1,1in2; niter, iwvrite

conmon/goom/nblds1.nblds.slgma.fmu.otan(15).knnvr.eta1(6).kn!vr.

altuist.thatad(15).theta(15).thetac(14).thotao.thetOd.alphua.

acdo.cdk.dpaind.dpsln.dpsi1d.dpsl|.coqff.cooffl.c.s.bludos.
&nnvr,nnva.nnve i, nnvatl,nncr,nnca,etanv( 15),atanc(16),
snivr,.niva.nivet,nivat,ntcr,.nica,eataivi6), ataic(7).

Sntva,ntval, ntca,fpst, fps2

common/gamma/garc(16),gamt(18) ,gamti(3).gamtip,atat, eta2. etad,

&k t,k2,k3, facgam

common/posit/xnv( 15, 18) . ynv(15,18) ,znv(15,18) ,xiv(6.80),yiv(6,50}.

&z1v(6,80)

comnon/vcloc/wxnv(15.18).wynv(15.|8).wznv(15.18).wx|v(8.50).
&wyiv(6,50),wziv(6,50), facgacm

common/initial/wxc(14) wyc(14), ,wzc(14)

common/vindo/ ifar.nfar,x1,x2,yt,y2,21.22,%,y,Z,facvel ,gm.ux,uy,.uz

common/salf/isolf

common/ 1oopsave/wxv{16) . wyv( 16) ,wzv(16)

common/spacial/{tgr

common/extraspsec/fpsd

- nameliat/tparm/iwe, ird,lims, 1imi,1tm2, iwrite,nfar,{ifar . gam, wx, Wy,

&wz,facgam, facvel, facgeom,ncase, iself, int, itgr
real 1ip,ip;it
data pi/3.14189/ .
{wr=g
trdsS
iself=0
coeff=0. :
nblidsi=2 .
alphassi,
coaffi=.5
1img=S0
1imi=80
1{m2=15
nfar=90
ifar=0
int=0
read{ird,fparm)
do 901 ncassi,ncase
call inputt(ncas)
if(fps3.na.fps2) write(iwr,53) fpal
format(* CORE BURST TQ *.f5.2)
it(ifar.eq.1) write(iwr, S54)
tormat(” ELLIPTIC INTEGRAL FAR WAKE *)
writa(iwr,57) coofft
tormat(™ TIP COEFFICIENT *,£5.2)
fe(itgr.aq.1)writo(iwr,58)
format(® ROLLED UP TRAILERS MEET AT POINT")
do 10 1=1 nnver
at=etanv(i)
wxc({)=wx*atrot
wyc(1)=0,
wzc(i)watewz/ .85
gamc({+t)=gameat/.9t
tft(et.gt..91) wzc(i)e(wzret/.8S)e(1.-et)/. 15
ft(at.gt..91) gamc(i+1)=(gamrat/.91)+(1.-et)/.09
cont inug
wze(nnve)ewzc{nnve-1)
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ganmc(nnve)=0,
gamc(1)=0.
gamc(nncer)=0,
call compa

MAIN LOOP

kwritosiwrite

do t niter=1{,11m2

ttost=0

facgoons .5

facvels, 3

tf{niter.le.2) facgoonst.
tf(kurite.cq.0) iwritaesO
fitersnitar/S.

fniter=fioat(niter/%)
1f(fniter.0q.fiter.and. kwrite.aq.0) {writest
if(nitar.aq.1.and.kwrite.eq.0) iwrite=t
call loop2(ktest)

ftast=ktest

call intgr{ktest)

fteste{taste+ktast

call loopt(ktest)

{test={test+ktest

tf{itest.eq.0) goto 2

tf(int.cq.1.and. iwrite.gt.0) goto 1003
continue

continue

continue

writa( twr, 100) ftast
write(iwr,108)

write(iwr,120) (gamc(i),i=1,nnvr)
weite( fwr, 120) (wxv(t),1=1,nnvr)
write( twr,120) (wyv(1),1=1,nnvr)
write(iwr,120) (wzv(1),t=1,nnvr)
weita( twr, 107)

do 180 f=1,nnva

write(iwr, 109) §

write(iwr, 120) (xnv(1,]),t=1 nnve)
write(iwr,120) (ynv(1,§),i=s1,nnvr)
wette(iwr, 120) (znv(t,J),t=1,nnve)
cont {nue

do 160 j=t1,niva

writa(iwr,109) §

writa(iwe,120) (xtv(i,§), 121, nivr)
write(iwr,120) (yiv(i,§),1=1,nivr)
writa{iwr,120) (ziv(t,J),in1 nivr)
cont inua

continue

1te0,

1p=0.

da 148 st nnve-1
at=,Ss(atanv(1i)+atanv(i+1))
wzswzv(i)+fmu

wyswyv(i)+at

flamdaeatan{wz/wy)
ursqrt(wzee2+wyee?)
alp=flamda-thetac(1i)

32
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cdsca0+cdkealpee2

tf{abs(aip).gt.abs(alphas)) cds2.scdO+cdkealpes2
1ipsyegamel i+t)

tlipstipecos(fiamda)

flips-tipssin(filamda)
dpesususpte(sigma/blades)scds.S
fapsapecoa(flamaa)

tapsapesin{ flamda)

tp=tl ip+tap

fpstliipefap

1tsttetpe(atanv(tet)-etanv(t))
1psip+fpe(atanv(iet)es2-gtanv(i)ee2)

continus

1t=1tebladas/pi

Ipsipentades/2./p

write(twr,108) 1t,1p
1f(tnt.eq.1.and.itest.ne.0.and.niter.1t.11m2) goto 1004
twrites2 °

call loop2(ktest)

continue

format(//.,® MAIN FINAL RESULTS =-- CONVERGENCE:",14)
format(/,14)

format(/." GAMC, WXV, WYV WZV:")

format(/,.* LT»" ,£f10.6,* LP=* £10.6)
format{(//.* WAKE GEOMETRY:*)
format(2(9¢10.6./))

cont inue

stop

end
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YTUIALL w0 1

subroutina inputi(ncas)
common/parm/iwr, ird, 1ims, 1imt,1im2. niter, iwrite
common/geom/nblidai,nbids,sigma, fmu,.etan(15) . knnvr,etai(6) . knivre,

. Sitwist,thatad(15), thata(15), thatac(14), theta0, thatOd, alphas,

&cd0,cuk . dpsind,.dpsin.dpsiid.apsit, coaff coeffi, c,.3.blades,
Snnve ,nnva,nnve i nnval, nner,nnca,etanv( 15) ,etanc( 16),
&nive,niva.nivert nivat,nicr,nica,otaiv(é).etaic(7),
Sntva,ntval, ntca,fpst,fps2

‘common/axtraspec/fps3

equivalence (nnvr,nncrt),(ntve, nicrt), (nnva,.nncat)

equivalance (niva,nicat), (nnveti,nncr2),(nivrt,nicr2)

namel ist/case/nbids, sigma,.knnvr,nnva,dpsind,atan, knivr,
Sniva,dpstid,etat, fmu, thatad,alphas,cc0,cok,
&fpst,fps2,coaffi,fpsd

data conv,twopt/.0174%3293,6.283185308/

rend( ird,case, arr=999,e:3+388)
dnsins=gpsindecaony
dpsit=apsiidrconv *
do 1t i=st knnve
theta( {)sthatad({)econv

11 continue
bladessficat{nblids)
cecos(twopi/blades)
s=sin(twopi/blades)

77 continue

nnvrsknnve
nivrsknivr
nnecrsanves !
nicasniva+t -
nicrenfvr+{
nivatsniva-1
nnvrisnnve-1
nivrisntvr-1
do A9 ist nnve
etanv(i)satan(i)
65 continue
do 66 i=V,niver
etatv(i)=etai({)

68 continue

do 12 =2, ,nnve
etanc(i)=(atanv(i)+etanv(t-1))e. 5§

12 continue
do 13 (=2 nivr
etatc(i)=(ataiv(i)+etatv(t-1))e.5

13 continue
etanc(1)=1,5etanv(t)- . 8*atanv(2)
etaic(1)=1 . 5°gtaiv(1)-,5q9tatv(2)
etanc{nncr)=1.S+etanv(nnvr)-.Seatanv(nnvr-1)
etatc(nicr)e1 . Ssataivinivr)-.Svataivinive-1)

nnvat=nnva~1

nneasnvasy

do 32 t=1 nner2

thatac(t)sthata(i)+(thata(1+t)-thata(i))e

&(etanc(t+t1)~atanv(i))/(etanv(i+1)-atanv(i))

32 continue

it(nbids.1t. 1. 0or.nblds.gt.8) goto 60

if{nnver.gt.15.cr.nnvr,1t.2) goto 60

-+
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Cf(nlvr.gt.ﬁ.or.n!vr.lt.2) goto 60
(!(nnvn.gt.18.or.nnva.\t.2) goto GO
lf(n!va.gt.so.or.niva.lt.z) goto 60
tt(etanv(t).1t.0.) goto (]}
10(etanv(1).ne.eta1v(|)) goto 60
!f(atanv(nnvr).no.1..or.etaiv(nivr).n..1.) goto €0
do 80 {=2.nnvr
tf(otanv(|).le.etanv(i-1)) goto GO
cont inue
do 81 (=2,.nive

if(atniV(i).|¢.otaiv(l-i)) goto 60
continue

t#(fmu.1t.0.) go to 60
wrlte(|ur.150)ncas.nblda.aigma.fmu
format(t1ese INPUT see CASE # 1. 13,7,

&° NUMBER OF BLADES*.12./." SIGMA®,£12.9./,

8" MU©=,£12.9)

wrttc(1ur.162)(thetnd(i).l-l.knnvr)

format(* PITCH ANGLE DXSTRIBUTXON(DG):'.5?10.5./.5%.6f10.5.
%/.5%.AF10.5)
ur!te(!vr.I53)alphas.cco.cdk

format(® STALL ANGLE'.F12.5./.' CD".f5.4.‘*‘.f5.3.'°ALPHA"2')
wrtte(lvr.iSd)llms.l1m|.11m2.fps|.!ps2

tormat(™ MAX. NUMBER OF {TERATIONS FOR SEMRI.LOOPi.LOO?z:'.GIl./.

&* CORE SIZE FOR NEAR WAKE INBOARD: -~ 6.3," TiP: '.f6.3)
wr‘te(iwr.155)knnvr.nnva.(otan(!),1-|.knnvr)

format(® NEAR WAKE DEFXN[TION:('.'z.'.'.‘2.').'.4010.5.
f/.5%.6610.5,/.4¢10.9)
vrlte(lwr.156)knlvr,nlva.(ctai(1).!-1.kn0vr)

format({® INT. WAKE DEFINITXON:('.Oz.'.'.|2.‘).'.4f10.5,
6/.5!.6f10.5./.SX.lf10.5) .

raturn

write( iwr, 200)

format(® *** INPUT »ee ERROR oN (IRD) *)

stop :

writaliwr,215)

format(® INPUT: ENO OF FILE ON (1RD)*")
stop )

format(8¢10.5)

format(312)

conttinue

write(iwr, 181)
format{® *°** INPUT eve DATA {NVALID OR OUT OF RANGE *)

write(iwr. case)
stop

end
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subroutine compa
common/parm/twr, ird, fims, ) iml, 1 in2, ntter, tvrite
common/geom/nbtdst,nblds,sigma, fmu,atan(15) ,knrivr, et81(6¢) «r
Sltwist, thetaa{ 15),thata(15), thetac(14), thatzd, thetog. . atyne:,
8cd0,cak,dpsind,opsin,dpstiid.dpsti,conff coalff c.s.clagen,
Snnvr.nnva,nnvrt nnvat,.nncr . nnca,otanv(15) ,atanc{ 16},
&ntve,ntva,nivrt, nivat,nicr,nica,etatv(6),etatc(7),
8ntva,ntvat,ntca,fpsi, fps2
common/pogit/xnv(1%,18) ,ynv(15,18) ,znv(15,18),x1v(6,%0),
8yiv(6,50).z2iv(6,50)

common/{nftial/wxc(14) ,wyc(14) ,wzc( 14)

. dimension wrn(15),wri1(68),wzn(15),wzi?§)

equivatlence (nnvr,nncrt), (nive.nicrt), (nnva,.nncst) .

equtvatlence (ntva,nicat),(nnvet, nncr2),{nivrt nter2)’

cdata p1/3,14159/ '

[ [ ]

do 21 {=1,nnvr-

xnv(t, t)=etanv(i{)

ynv({,1)=0,

znv(i{,1)s0.

phts0O,

rsatanv({)

do 21 j=1,nnva-t{

phitsphi+dpsin

rispedpstinswxc( i)

xnv(t,j+1)=rtecos(pnit)

ynv({i,j*t)srtesin{pnit)

znv(i, j+t)sznv(t, §)rapsinewze(t}

phtspht

resrt

21 continua

tf(twrita,.1t.2) goto 103
weita(twe,500)

500 format(//,". INITIAL WAKE GEQMETRY:")
dgo 9t j=1,nnva
writea(iwr,S05) §
writa(iwr,510) (xnv(i,§),1=1,nnvr)
write(iwr,510) (ynv(i,§),v=1,nnve)
writa(twr,510) (znv(i1,§),i=t,nnve)

91 continue

103 continue

505 format(/,14)

sS10 format(ix,2(5x,9f10.68,/))

c .

c ¢ NODES AND VELOCITIES FOR THE INTERMEDIATE WAKE
c .

do 30 fef . nive
et=etaiv(1)
do 31 t12=2.nnvre
1f{et.1t.etanv(12)) goto 32

a1 continue

32 continue
as{atanv(12)-et)/(eatanv(12)-etanv({i2-1))
wzi(t)maewze(12-1)+(1.-a)ewzc(12)
wri(f)eaewxc(i2-1)+(1,.-a)swxc(12)
xiv(1,1)sasxnv(i2-t ,nnva)+(1.~a)exnv(i2,nnva)
yiv(i,1)saeynv(i2-1 nnva)+(1,-a)synv(i2,nnvay
ziv(t, t)=asznv( 12~ ,nnval+(1.-a)eznv(i12,nnva}
psi=dpsins{(nnva=~1)
resqre(xiv(t,1)se2+yiv(i, 1)ee2)
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G0 22 jst,.niva-1

psifepsitapsii

werswupri({)

{tipstt.gt.pt) wrerewrr/2.
1f(psit.get.2.epi) wrrswrer/2.
1f(psti1.gt.3.*pi) wrrewrr/2.
1fipsit.gt.4.+p1) wrrswrr/2.
Plepegpsttiowre
xtv{il,Jet)ertecos(paiy)
yivii,jet)arresin(psit)

wzswzi(1) :
tt(pstt.gt.pt.and. t.eq.ntvr) wxe2, ewz
2iv(t,3¢1)eziv(t, §)+wzeapsit

reet

paispsit

conti{nue

continua

if(1write,.1t.2) goto 104

g0 92 ja1,ntva

write{ twe,305) §

wetta{iwr,510) (xtv(1,]),tst,ntve)
weite(wr,510) (yiv(1,§),1s1,ntvr)
write(1wr,310) (ziv(i,§), 194, nivr)
continue

continue

return

end
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subroutine loop2lktest)

This subroutine calculates the tnguced valocities at all

the points tn the naar and intermediate waka, Onty tratling
segment alaments are uscd. The wake {3 rollad up into thrae
tratling vortices starting at the tntarmadiate wake, Only the
ends aof the sagments are consicercd =- the posttions of the
venters are never used or even calculatad.

real k2
ccmnon/parm/lur.!ra.llms.lan.l1n2.n|ter.lwr!ta
coumon/geom/nnlasl.nblds.slgma.fmu.otnn(15).knnvr.otal(6).kn1vr.
&ltulst.tnotad(15).theta(|5).thatac(14).thotao.th.toa.alpnus.
Gcco.cnk.cps1nd.dps|n.d931|d.cps|l.coe!f.coofft.c.s.blados.
&nnvr.nnva.nnvr\.nnvat.nncr.nnca.otanv(15).etanc(!6).n|vr.
&nlv..nlvrl.ntval.nlcr.nlca.etalv(s).nta!c(7).
8ntva.ntvat, ntca, fpst, fos2
comnon/canaa/oauc(!Gj.qamt(|5).gantl(3).gant|p.ctl(3).
ajl.khtzl.facgan
common/voloc/vxnv(is.18).wynv(|s.18).w:nv(15.tB).quv(B.SO).uylv(G.SO).
8wztv(8,30), facgeom
common/vlndo/1far.nfar.xt.x2.y1.y2.z|.z2.x.y.z.facvol.gm.ux.uy.uz
commcn/pos't/xnv(‘s.18).ynv(t5.ta).:nv(15.18).x|v(6.50).y|v(5.50).
3ztv(6,%0) .
common/savo/wxnvs(|5.!8).uynvs(15.18).w:nva(|5.|0).Hx|va(6.50).
Swytvs(6,50),wztvs(6,%50)

common/selt/tsalt

comman/extraspec/fpsld .
data twopt,fpt/6.28318,.079877/ .
TRAILING VORTEX STRENGTHS CALCULATED 8Y SUBRQUTINE ROLLUP

call roltup(2)

1P(iwrtte, 1t . 1)goto S
weite{iwr, 100) ntter
write(twer,123) (gams(1), st ,nnve)
write{iwr,123) (gamt(i), 121, nnvr)
write(iwr,123) (gamti(1), 1=t atvr)
write(twr,110) (ota(1),1=1,3)
continue

IN"TIALIZE ARRAYS FOR NEW INDUCED VELOCITIES

do 10 =t ,nnvr
do 10 j=1,nnva
wxnv{t,}))=0Q,
wynv(i,3)=0,
wznv(1,3)=Q,
cont inue

do 12 ts=t ntve
do 12 j=t,niva
wxtv(t,3)0.
wyiv(t,))=0,
wziv{i,))s=0,
conttnue

VELOCITIES INDUCED 8Y BLADE BOUND CIRCULATION

xtegtanv(t)
VARI'R
z1eQ,
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, y2:0.
; 3% 2290,
R do 20 =t ,nnveed
P . n2motanv( iet)
Lo gmes-ganc(iet)
r : niey
3 nastiet

call vinan(ni,n2,2)
call vindi(nt, n2)
xlax2
20 continue
{f(twrite.na.2) goto 22
do 2% je=t,nnva
weite(twe,119) §
write{iwr, 120) (wxnv(k,j),.ket,nnve)
write(iwr,120) (wynvi(k,j).ksi, nnve)
writte(twr, 120) (wznvi(k.}). kst ,nnvr)
21 conttnue
: - do 23 jet.ntva
write{fwr,119) §
write(iwr, 120) (wxtv(t,j), 1=t ,nive)
wrette( twe,120) (wytv(i,j), 11, ntvr)
weita(iwr,120) (wziv(t,)),i=1 ntve)

AR AL

sl

tt(t.eq.nnvr=-1) fps2adps?
do 30 g=1,nnva-1
xtexnv(i,})
yteynv(t,§)
z1exnv(i,))
x2exnv(i,j+1)
y2eynv(i,jet)
22sznv(t, )+1)
gmegamt( t)
nte(j=t1)ennvret
n2=nt+nnve
call vinan(nt,n2,2)
; tf{jet . eaq.nnva) n2e0
- call vingt{nt,n2)
E 30 cont inue
] . fps2=dps2
N tf(iwrita.na.2) goto 32
do 31 §=1,nnva
weite(iwr,119) §
A writa(iwr,120) (wxnv(k,§).k=t,nnvr)
3 writa( iwr,120) (wynvik,}) ., k=1,nnvr)
; write(iwr,120) (wznvi(k,j). kst ,nnve)
N 3t continua
B ga 33 j=t.ntiva
writa(iwr, 119)
weite( twe, 120) (wxiv(t,§),4=1 nivr)
wette(iwe,120) (wyiv(i,3),i=1,nive)
wreite(iwr, 120) (wziv(t, §),t=¢ nivr)
33 conttinue

»

23 continue
N 22 continue
[ [o]
5 ¢ VELOCITIES INOUCED BY NEAR WAKE
g [
3 aps2=fps2
R co 30 ist,nnve
13 ‘ fps2=fpst

et o

fei
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40

a1

43
42

continue
INTERMEDIATE WAKE

phibstwopi/blaces

do 40 (=t . nive
if(1.0q.1) ksavasniva
tt(1.60q.2) ksavesniva
1t(1.0q.3) kaavesniva

do 40 jet,ksavo-t

xisxiv(t,g)

yleyiv(i,})

zieziv(t,})

x2exivii, get)

y2eyivtii,jet})

z2eziv(t, j+1)

gmegameti (1)

aps2efps2

f q..«.‘-
© Wie

. '.-,‘:—

<

phit=tiocat{nnva-4)edpsin + float(j~1)sdpaiti

tt{phit.gt.phib-dpsin) fps2sfpsd

nie(j=t)enivr ¢+ navaennvr + i
n2snt+nmive

tf(j.eq. 1) nt=0

call vindn(nt ,n2,2)

catl vingt(ni, n2)

tpe2=cps2

continue

tf{iwrite.na.2) goto 42

ao 41 j=1,nnva
writo(wr, 119) §

write(twr, 120) (wxnv(1,§),1=t,nnve)
writa({iwr,120) (wynv(i,§),i=1,nnve)
write(twr,120) (wznv(i,.j).1=1,nnve)

continue
do 43 js1,ntva
write(1wr,119) §

writal twe, 120) (wxtiv(i,§),t=1 ntvr)
wette(lwre, 120) (wyiv(i,j),t=t,nivr)
weite(iwr,120) (wziv(t,g),1=1,nive)

cont inue
continua

FAR WAKE

1¢(ifar.eq.1) goto 4S5

dzezivinive,ntva)-ziv(ntvr,niva=1)

gmagamtip
xtaxivintve,niva)
yisyivinivr,niva)
ziszivinive,niva)
phit=atan2(yt,xt)
regqrt(xtext + yteyt)
go. 50 j=t,nfar
phit=pntt+dpsi
x2srecos(pnit)
y2eresin(pnit)

2z 1+d2

ni=§ + nnvaennve + nfvasntve
n2unt+

call vinagn(ni,n2,2)

40
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call vindi(nt,n2)
xtex2
yi=y2
2lez2
continug
goto 49
cont{nue
fkepasphib/dpst
kapas{fix(ftkapa + ,.5)
g0 300 ké¢=t ntve
xtaxiviki,ntva)
yleyiviki,niva)
zl-zlv(ki.nlva)*(ziv(ki.niva)-zlv(ki.nlvn-kapa))
cagamegamt | (k1)/(z1v(ki, ntva)-ziv(kt,niva-kapa))
re{sqre(xtext + ylsyi))
g0 48 =1 nnve
a0 48 fs=1,nnva
net
xexnv(t,§)
yeynv(i,9)
zeznvii,§)
zd=abs(z1-2)
phisatan2(y,x)
etaldssqrt(xex + ysy)
goto 200
continue
wxnv( i, §)swxnv(1,]) + wrecos(phi)
wynw (1, J)owynv(y,§) + wresin(pht)
wznv(1,§)swznv(i,J) + wx
continue
go 220 ts1 nive
if(1.eq.1) ksavasniva
1f(1.99.2) kgavesniva
i1f(1.0q.3) ksavesniva
do 220 je1,ksave
ne2
xexiv(1,4)
yeyiv(i,g)
xeziv(t,))
2l=abs(z1-2)
phi=atan2(y,x)
etads3grt(xex + yey)
goto 200
continue
wxiv(i, §)swxiv(i,j) + wrecos(pni)
wytv(1,§)owytv(i,)) + wrestin(phi)
wziv(i,1)awziv{i,§) + wz
continua
1f(fwrtte.ns.2) goto 52
ao 51 Jut nnva
writa(iwr,119) J
write(twr, 120) (wxnv(f,1), =1, nnvr)
writa{ iwr, 120) (wynv(1i,5), t=1 nnvr)
write(1wr, 120} (wznv(i,]),ts1,nnvr)
cont tnue i
cgo 83 je1,nfva
write(iwr,119) §
write( fwr,120) (wxiv(t,§), 1=t nivr)
write( Iwr, 120) (wyiv(t1,§),t=1,ntve)
write(1wr, 120) (wziv(i(, ! LAt ntve)
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continua

continue g"'\---'o w CAue LS
continue F PO

goto 49 OR QUALITY
continue

k2m4,°reatald/((r+eatal)se2 ¢+ 23¢s2)

1f(k2.eq.1.) goto 47

fealog(4./3aqrt(t.-k2))

ast +,Se(f=.5)e(1,.-k2) ¢ . 1875¢(£-1,08333)e(1-k2)es(1-k2)

capkafe 25e(f-1.)e(1.-k2) ¢+ .14e(Ff1.16666)+(1-k2)s{1-%2)
goto 48

ent,

capk=10, ' '
wre-fpisdgame2,. esqrt(r/etald/k2)+{(capke(2.-k2)-2. *a)

Psisdpsin

wzs0,

dao 250 k=1,2ekapa

xJerer + atadvotald + 23423 - 2.ereatadrcos(psi)
wterpsdpsiiers(r-ataldecos(psi))/(atadeetaldersr-2,orvetadscos(psi))
wtempawtempe(1,-(23/3qrt(x3)))
wzswtamp ¢ wz

psiepsi+cpsii

cont inue

wesfpieggamewz

if(n.eq.1) goto 210

tt(n.eq.2) goto 230

continue

SELF-INOUCED VELOCITIES USING SCULLY APPROXIMATION

1f(iself.aq.0) goto 87
it(iwrita.eq.2) write(twr, 150)
aco 54 (=1 ,nnve
do 5S4 §s1,nnva
resqrtixnvi{i,j)ee2+ynv(1, j)es2)
awzaftpiegamt(iJ=(atog(B.*retan({cpsin/d.)/fps2)-.25)/r
wznv( i, §)=swznv(t, §)+awz
continue
do S5 ist,nive:
1f(t.eqg.1.0r.1.0q.2) ksave-niva
1f(1.eq.3) ksave=niva
do S5 j=1,ksave
rssqrt{xtv(i, jlee2+eyiv(i, f)ee2)
dwzafpiegamti(i)e(altog(B8.*retan(dpsii/4.)/fps2)-.25)/r
wzxiv(it,j)swziv(i,§)eawz
conti{nua
cont inue

CONVERGENCE TEST AND NEXT APPROXIMATION

ktaste1

1f(niter.eq.t)goto 69

savevel=facval

dgo 67 isf, nnve

dgo 67 §s1,nnva

wxnv{i,jlsfacvelswxnv(i,§) + (1.-facve!l)suxnvs(i,})
wynv(1,j)=fecvelewynv(t,j) + (1,.-facvel)ewynvs(i,j)
wznv(i,j)=facvaelewznv(t, j) + (1.-facval)ewznvs(1,})
continue

go 68 1=1,nive
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go 68 j*t,niva
wxtv(i,j)sfacvelewxiv(t,§) + (t.-facvel)euxive(i,})
wyivis, j)efacvelowyiv(i,j) ¢ (t,-facvel)ewytvs{i, J}
wzivii,p)efacvalewziv(i,)) ¢ (t.-facval)owzivs(l,])
continue .
weconvs0,
do 1000 =1t ,nnvr
wconvswcony + abs(wznv(,2))
continue
weconvawconv/float{nnve)
facval=savovel
ktest=0
do 60 te{ nnvr
go 60 f=1,nnva
tt(anslwzriv(t, j)-wznva(t,j)).gt.(.02¢abs(wconv))) ktostes
"if{ktest.o0q.t) goto €6
continue
go 65 tsi ntvr
do 65 j=t,ntva
te(aps(wziv(i,j)-wzivs(1,J)).gt.(.02¢2bs{wconv))) ktestet
ff(ktest.aq.t) goto 68
continua
continue
continue
do 203 ts={,nnvr
do 203 j=1,nnva
wxnvs(t,j)rwxnv(i,§)
wynvs(t,$)mswynv(1,})
wznvs (4, §)ewznv(t,§)
continue
do 204 {=1,nive
go 204 fsi,niva
wxtvs(d,§)owxiv(i, i)
wytvs(1,j)swyiv(t, j)
wzivs(i,])swziv(i,§)
continue
{f(iwrite.1t.1)raturn
write(iwr,125)ktest, facvel
write{ iwr, 130)
do 80 §={1,nnva
write(twr,119) |
write(iwr,120) (wxnv(fi,}),t=t, nnavr)
write(1wr,120) (wynv(t,§),t=2t nnvr)
write{ iwr, 120) (wznv(i,3), 181, nnve)
cont {nue
wrtta(iwr, 140)
do 90 j=1,niva
write(twr,119) 4
writa(twr, 120) (wxtv(i,]),1a1 nive)
wreite(iwr,120) (wyiv(t,y),ie1 nivr)
writel twr, 120) (wziv(i,j), 11, nivr)
continue
raeturn
format(/.* LOOP2: JITERATION *,14,/," GAMC, GAMT, GAMTI, GAMTIP:*)
format(2(9¢10.6./))
format(/,* POSITIONS OF ROQLLED-UP VORTICES:*,3f10.6)
format(/,14)
format(2(9f10.6,/))
tformat(/,14,5%x,£f10.6)
format{/,* LOCP2 CONVERGENCE *,14," RELAXATION " _FS.2)
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format(/,® NEAR WAKE INOUCED VELOCITIES:*)
tormat(/,* INTERMEDIATE WAKE INDUCED VELOCITIES:®)
format(/,® SCULLY CONTRIPUTION FOR EACH TRAILER: °)
eng

44
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subroutina rollup(ncsall)

This subroutine calculates:

a) the strengths of the tratliing vorticias in the
near, intarmadiate and far wokes;

b) i{n addition, tho spanwise positions of tha rolled up
fntermediata wake trafling vorticies, interpolating
an entire new intermediate wake (ncallsi) or just the
first azinuthal position (ncalisd),

comaon/gamma/gamc(16),gamt(15),gamt1(3),gamtip,otat, eta2, etal,
&§1,32,k3, facgam
common/para/iwr,ird, 1ims, 1inf Vim2 nitar,furite
common/geom/nold:l.nb!as.stgma.fmu.etan(15).knnvr.ota|(6).kn|vr.
S1twist, thotad(15), thata(15), thatac( 14}, thataO, thetOd,alphas,
8cd0,cok.dpsind,dpsin,dpsiid,dpaif, coaff coafft,c.8,blaces,
snnvr,nnva,.nnvel . nnval,nncr,nnca,etanv( 15),atanc(16),
snive,niva.nivet, nivat,nicr,nica,ataiv(6),atatc(7),
Sntva,ntvail, ntca,fpst, fps2
common/postt/xnv( 15, 18) . ynv(15,18),znv(15,18),x1v(6,50),ytv(8,50),.
&ziv(6,80)

CLEAR THE ARRAYS OF TRAILING VORTEX STRENGTHS
1ft{ncall.eq.3) goto 73 :
do 10 fet,nnve
gemt(1)sgamc(i+t)-ganc(t)

continue

ago 15 t=1,3

gamti(t)=0. -

continue

FIND WHERE GAMC IS MAXIMUM NEAR THE TIP (GAMT CHANGES SIGN)
AND ROLL UP FROM THERE OUT TO TIP

gmaxs0,

ao 20 t=nncr,2,-1

1#(abs(gamc(1)).gt.gmax) gmax=ans(gamc(1))
1t (gmax.eq.abs{gamc(1))) J1=1§

conttnue N

cont inue

tt(§1.gt.nnvr) write(iwr,200)

format(//." Rollup: You screwed something up.”)
do 40 {=§1,nnvr
gamti(3)egamti(3)+gamt(t) .

continue

FIND WHERE GAMT IS MINIMUM INBOARD AND ROLL UP ON EITHER SIDE
OF MINIMUM INTO TWO MORE TRAILING VORTICIES

J292
§J2=51-3
. tf(nnve.eq. 1S) J2=31-4
do 60 1#§2,§1-1
gamti(2)=gamti(2)+gamt(t)
conti{inue
do 70 §=2,§2-1
gamti(1)sgamti(1)+qgame(t)
conttnue
gamtip=gamti(3)
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if(ncslt.aq.t) return

FIND CENTROID OF EACH SECTION OF 8LADE ROLLED UP

etai=Q,
etals0,
atalds0.
do 80 w1, §2-1

etairatat + gamt({)eatanv(i)

continue

ctatsetat/gamet(1) -

do 90 i=§2,§1-1

etalmata2 + gamt({)sotanv(t)

continue

etalrata2/gamti(2)
o 100 l=§1,nnve
ataldeotald + gnmt(!)-elanv(i)

continue

eta3=etal/gamti(3)
tf{ntter.gt.1) return

CALCULATE INTERPOLATION FACTORS EITHER FOR NEAR WAKE (NCALL=3])
OR FOR INTERMEDIATE WAKE (NITER=1) AND INTERPOLATE NEW POSITIONS

dd 110 1=t nive

tf(atat.ge.ataiv(i}) t1s¢
tf(ota2.ga.ctatv(i)) 12s4
i1f{etald.gt.etaiv(1)) '3=i

continue

terpis(etat-etaiv(l1))/(etaiv(it1+1)-ataiv(l
tarp2e(ota2-atatv(12))/(etatv(i2+1)-ataiv(}
terpds(etald-ataiv(1ild))/(etaiv(13+1)-atarv()

do 140 -§=1 niva
xiviexiv({1t,§)
xiv2exiv(12,])
xiv3sxiv(13,§)
yivieyiv(i11,4)
yivasyiv(12,§)
yivisytv(13,4)
zivisziv(lt,y)
ziv2eziv(12,4)
ziv3sziv(13,}4)
xiv(t,))exivt
wiv(2, 1) xtv2
xtv(3,J)sxiv3
yiv(t,j)sytvi
yiv(2,§)eyiv2
yiv(3,3)=yivd
ziv(1,))=ziv1
ziv(2.3)mz1v2
z1v(3,3)=2z1v3
continue
nivre3
nicrenivre+t
niverteniver-1t
return
continue

xsQ,

ye*Q.

20,

+ 4+ + 4+ er e

W -
—

tarpte(xiv(t1+t, J)-xiv(Tt
terp2e(xiv{i2+1,j)-xiv(12
tarp3es(xiv(13+1,§)-xtv(12
terpte(yiv(ltetr §)=viv(11
terp2e(yiv{12+1,1Y-yiv(12
terple(yiv(13+1,5)-yiv(13
terpte(ziv(iiet, J)-z1v(11
terp2e(ziv(i2+1,§)-21v(12
terple(ziv(13+1,5)-z1v(13

a a o o e = o &
[ DY W W S S W Y WY
Nt Y N Nt Nt T N N
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46




L

EWEY ¥

ey
ibetuln

159

157

of

do 155 1e2,§2-1

naxnv({,nnvalsgemet(t)ex
yeynv(i.nnva)egame(t)ey
zeznv( i, nnva)eganmt(i)+z
continue
xiv(1,1)ex/gamei(1)
yiv(1,1)ey/gamtt(1)
ziv(t,1)ez/gamti(1)
x=0,

do 186 1=§2,§1~-1

xexnv{ i ,nnva)egame()ex
ysynv(t,nnva)egame(t)+y
zeznv({,nnva)egamt(1)+z
continuo ]
xiv(2, 1)sx/gamti1(2)
yiv(2,1)sy/gamt1(2)
ztv(2,1)sz/gamt1(2)
x*Q,

y*0.

z*0.

a0 157 =51, .nnvr
xaxnv{{,nnva)egamt(1)+x
ysynv({ ,nnva)egamet(i)+y
zsznv(f,nnva)esgamt(1)+z
continua
x1v(3,1)ex/gamtip
yiv(3, t)sy/gamtip
ztv(d,1)=sz/gamtip

ceturn

9
5535
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subroutine vind e L0

This routina calculates the inducod velocitias on the

blade (VINDO8). the near wake (VINDN) and ths {ntarmesdfate

wake (VINOI), due to a segrent element of endpotnt coordinates
x1,yt,z21 and x2,y2,z2 and of atrength gm, VINDB only calculates

the influonce cosffictients cw(i,!,n), which give tha velocity
fnduced at spanwise positicn | by a tratling vortex of strength gms=t
located at spanwise position 1 (summed Over all azimutha! positiocns)
tn wake n (nagarst, intermedi{ate=2, far=3), These are used in LOCPI.

VELOCITIES INDUCED ON BLADE

coanon/parn/fur,.ird, lims, Vint 1im2,.niter, (write
conman/geom/noldat . Ablds,.stoma,fmu,atan( 15) . knnver,etat(8) kntvr,
&ituwist, thatad( 15),thota( 1), thatac( 14}, thataO, thetOd,21phas,
8ccQ,.cok,onsind, dpsin,apsii1a,cpsit,coaff,coaffl . c,s,blades,
&nnvre ,nnva,nnvert , nnvat,nncr,.nnca,otanv(13) ,atanc(16).
snivre ,niva,nivrti,nivatl nicr,nica,etaiv(G),ataic(7),
éntva,ntvat ntca, fpst, fpa2
common/vingo/ifar . nfar,x!,x2,y1,y2,21,22,%,y.2,facvel ,gm,ux,uy, uz
common/posit/xnv( 15, 18) ,ynv(15,18),znv(19,18),x1v(6.50),yiv(6,50)
8ztv(6,%0)

common/valoc/wxnv( 15, 18) ,wynv( 15, 18),wznv(18,18) ,wxiv(G, 50).
wyiv(6,50),wziv(6,50),facgeom

common/coet/cwx( 15, 15, 3) cwy(15.15,3).cwz(15,15,3)

common/gamsa/gamc(16) ,gant( 15),game1(3),gamtip, ot-(a).
8j1,kk{2),facgam

entry vinab(nt . n2,1,n)

1t(gn.na.1) write(twr, 300)

format(/,.” VIND3: What aro you doing? g¢gm 18 not equal to one.”)
tskip=Q

do 10 =t _nnvr-t{
x-(etanv(I)#otanv(l*i))lz.

y*0.

2+0.

ccat,

13=0.

n3=1{

tf(nt.eq.n3.or.n2.eq.n3) fskipet
go 10 j=t,nbigs )
tP(iskip.eq.1) goto 11
call wxyz(fps2)
cwx(i1,1. . n¥scwx(t,1,n) + (uxece + uyess)
cwylt,1,n)ecwy(i,1,n) + (uyecc = uxess)
cwz{t,1,n)scwz(1,1,n) + uz
continue
{skips0
savex
XexeC =~ yes
ysyec + saves
savsce
cececcec - $3°3
$393geC 4+ 3aves
continue
raturn

VELOCITIES INOUCED ON NEAR WAKE

entry vinan(nt, n2,1o0p)
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iskip=Q

rfsnanva

i1f(n1.eq.0) nf=nnva-t

tf{locop.eq.1) nfs1q

do 20 f=t,nnve

‘do 20 f=t,nf

xuxnv(4i,§)

ysynv(i1,4)

zeznv(i,y)

cent,

ss=Q0,

n3s{j-1)ennve + §
if{nt.eq.nl.or.n2.eq.n3) tskipst
do 20 k+*1,nblids

tr(i1skip.eq.1) goto 2t

call wxyz(fpas2)
wxnv(1,])eswxnv(1,§) + (uxecc + uysss)
wynv(1,])swynv(t,3) + (uyece =« uxess)
wznv(f,§)ewznv(i,§) + uz
continue

takip=Q

sSavex

XsxeC <~ yes

ysyec + saves

savs=cc

cceccec -~ ss*s
gsa3seC + saves

cont fnue

1#(lcop.eq.1) raeturn
1t{nt.ne.0) return
tskip=0Q

do 26 fst{,nnver
xexnv(t{, nnva)
ysynv({,nnva)
zsznv({,nnva)

ce=1,

3380,

raggri(xex + yey)
rissgri(xiext + yteyt)
it(abs(r-rt).1¢..025) tskipst

do 26 kst nblas

{f(iskip.eq.!) goto 28

call wxyz(fps2)

wxnv( 1, nnva)swxnv(i,nnva) + (uxscc + uyess)
wynv(1,nnva)swynv(i,nnva) ¢ (uyege =~ uxess)
wznv(1,nnva)swznv(i,nnva) + uz

continue

tskipsQ

Savsx

Xaxeac = yeg

ysyec + saves

savs=cc

cceccec - ases

Ss=33eC + 3AVeS

continue

return )

VELOCITIES INDUCED ON INTERMEDIATE WAKE

entry vindi(nt,n2)

49
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1skipsQ

nest .

17({n2.0q.0) nf=2

do 30 st ,nive
tf(1.2q.1) ksavasniva
1f(1.eq.2) ksavesniva
tf(1.2q.3) ksavesniva

do 30 j=nf . ksave

xextv(i, §)

yeyivit, i)

zeztv(t,y)

cce1,

380,

n3=(j-1)enivr + nnvasnnver +

if(nt.eq.n3.0r.n2.eq.n3) iskipet

dgo 30 k=t ,nblas

ff(iskip.eq.1) goto 31

call wxyz(fps2)

wxiv(i,))swxiv(i,§) + (uxscc + uysss)

wyiv(1,g)eswyiv(i,§) + (uyscc = uxsss)

wziv(t,g)swziv(1,§) + uz

continue

iskip=0

savsx

XEXSC - yeg§

ysysc + saves

savece

ccesccec - sses

sssssec + saves

cont inue

1f(n2.na.0) return

1Sk {p=0 ’

do 35 is1,nive

xextv(i,1)

yoytv(t,1)

zsziv(t, 1

ccei,

330,

resart(xex + yey)

r2=sqret(x2ex2 + y2ey2)

tf(ans(r-r2).1t..025) tskip=9

ago 35 k=1 ,nbligs

if(1skip.eq.1) goto 36

call wxyz(fps2)

wxiv{1,1)awxtv(1,1) + uxecc + uyess

wytv(i,1)swyiv(i,1) + uyscc -~ uxscc

wziv(t, t)swziv(i,1) + uz

cont{nue

1skipe=Q

savex

XEXOC = ye3

ysyeC + saves

savecc o

ceeccec - s3*S

S5E33eC + saves

continue

return

ond
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Subrouttne wxyz{tpa2)

This routine Calculatos the {ncucad velocity due to any sagmant
of endpaints xt,yt,.21 ang x2.y2,22 andg of strength gm on any
point x,y,z. It 1s onty calleg by VIND,

realeq (o

common/vlnao/cfnr.nfar.xl.xz.yt.yz.xt.zz.x.y.z.facvol.gm.ux.uy.u:

data fpt/.079577/

xCte ,Se(xtex2)

ycts Se(ytey2)

2Cte, Je(21422)

QKK'X‘KC!

dyyey-yct

azzsz-zct ’
rl:-sqrt((xi-x)oozo\yl-y)0-20(:1-:)'°2)
r::-sqrt((x:-x)--2’(y2-v)°°20(22-z)"2)
|f(r12.lo..lc-s.or.raa.le..tc-s) goto 100

dsxe Se(x2-x1)

asye,.Se(y2-y1)

asze . Se(z2-21)

ds2egaxes? *dsyee? +Quzee

fva-fpSZ-fpszndsz

rmax2=400, sas2

rQ2adxxee? + dyyes2 ¢+ dzzee?

r03=ro2esqrt(ro02)

dsmx-asx-cyy ° dsysdry

dsmysdsxegzz - aszedxx

dsmzagsyeaxx - dsxegyy

asm2egsmxes2 + dsmyee2 + dsmzes2

lf(asm2.lo..1&-15) gote 100

fvas=fva/asm2

1Q=1,

1#(ro2.gt.rmax2) Qotao 120

am-{dxxedsx + dyysdsy + dzzedsz)/ro2

41phalsdgs2/ro2

alpaasalpha2 - asa *

lf(abs(alpaa).lo..i.-!S) Qoto 110

3qlassqr(ans(t. + 2.3 + alpha2))

3$qQ2assqrt(ans(1, - 2.+a + alphaz))

if(sq1a.1t..001) 3qtas 001

1#(sq1a.1t,,001) sQla= Q01

10e(alipha2 + a)/sqta « {alpha2-a)/sq2a

10=10/(2.+alpea)

goto 120

continue

1001, /((1.-aea)esq)

fact--lo-fplogmoz./ron

factsfact/(1,+fvas)

uxsfactedamx

uy-fact'asmy

uZ=factegsmz

return

continue

uxeQ

uyeQ,

uzsQ,

return

end
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subroutins tntgr{ktest)

This routine integrates tho wake gaomatry using ths incuced
velocities returned by LOOP2., Tangential and radtal velocities
are not usod; tha wake is integrated girectly from wxnv, wynv
and wzanv. The velocity of a wake nods in travalling from
pasition 1,§ to {,§+1 is assumed to be the averaga of the
vaelocittes at 1,§ and {,§+1,

common/parn/twr, ird, tims, 1imt, 1 im2,niter, {write .
common/geaom/nbldsy, nblids,sigma, fmu, otan(lS) knnvr,etat(8), kn!vr.
Sltwist, thetad(ts), theta(ta) thatac( 14}, thetaQ, that0d,alphas,
ccdo.cdk.dpstnd.apsin.opsi1a.dnsl|.coeff.coaff\.c.s.ulace:.

Snnve , nnva,.nnvrt,nnval,nncr,nnca,etanv( 15) ,etanc(18),
Snive,ntva,.nivrt nivat, ntcr,nica,ataiv(6), etatc(7),
dntva,ntvat, ntca,fpst, fps2
common/poa|t/xnv(15 18),ynv(18,18),2nv(15,18) ,x1v(6,30),
8ytv(6,50),.21v(6,50)
common/veloc/wxnv( 15, 18),uynv( 18, 18) ,wznv( 1%, 18) ,wxiv(8,50),
8wyiv(6,50),w2iv(6,50), facgaom
common/qamma/gumc(is) gamt(l5) gamti(3),gamtip,ete{3), k1,k2,k3, racgam
common/ tntgrsave/xnvs(15,18),ynvs{ 1%, 18),znvs{ 15, 18), xlvs(G 50),
8yivs(6,50),.z1vs(6,50)
common/special/itgr
ktestef
tf{nttor.eq.1) goto 203
do 10 st nnve
co 0 j=t,nnva
xnv(1,))=0.
yav(i,j)=0.
2nv{1,§)=0.
continue : .
do 20 {=1,nnve
xnv(1,1)setanv(i)
ynv({i,1)=0,
znv(1,1)0.
phi=0,
do 20 j=1,nnva=-1
phitlepnhi+cpsin
wre(vxnv( i, §)ecoa(phni)ewxnv(t,j*1)scos{phit)ewynv({,j)estn(pht)e
Swynv( !, J+1)esin(pnit))/2,
uts{~wxnv(1,j)esin{pnt)-wxnv(i,j+t)esin{phit)+wynv(i,j)scos(phi)+ -
Swynv(t,j+1)ecos(phii))/2,
regqrt(xnv(i,j)ee2 + ynv(i,])se2)
risregpsinewr
phitephi+dpsins(2.*wt/(r+r1))+dpsin
xnv{i,j+t)sriscos{phit)
ynv(t,j+1)=srtesin(phtt)
zav(t, f¢1)sznv(i,J) + dpsine(wznv(i,))ewznv(t, §+1))/2,
phisphitt
continue
goc 30 tet nive
go 30 j=1i,niva
xiv(t,3)=0,
yiv(i,4)=0,
ziv(t, §)=0.
cont {nue
ncall=3
call roltup(ncaltl)
tf(1tgr.ne.1.or.nnva.gt.2) goto 1033
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do 1030 teki,nnvr

xnv{{,nnva)sxiv(ntve,t)
ynv(1i,nnva)syivinive, )
znv(t,nnva)sziv(nive,t)

1030 T econtinua
1033 continue
c zivintve,1)= 025

do 40 (=t ,nive

phisatan2{yiv(1,1).xiv(t,1))

do 40 j=t{,niva-1

phitsphtedpgi i
wrs{wxiv(1,3)escos(pnt)ewxiv(t,j+1)ecos(pnt1)ewytv(i,f)esin(pht)+
Bwyiv(i, j+1)estn(phit))/2.
wetn(~wxiv{i,j)esin(phi)-wxtiv(i,j+1)esin(pnhtt)ewyiv(i,.§)ecos(phi)+
Swyiv(t,J)ecos(pnit))/2,

resart{xtv(i, J)es2 + yiv(i, §)ee2)

risreapst towr

phitspni+dpsii+apsiie(2.swt/(rer1))

xivii, f+1)ertecos(phtt)

yiv(i,j+1)ertesin(pnit)

ziv1, Jet)mziv(t,§) + apatte(wziv(i, §)ewzivii, §+1))/2.

pnl-pn\|

40 continua

gsavegacmefacgaom

dgo 41 i=4 nnvr

go 4% je1 nnva

xnv(1,§)exnv(t,j)etacgeom + xnvs(i,j)e(t,-facgeom)
ynv(i,))eynv(t,j)efacgaom + ynvs(1,))=(1,-facgeom)
znv(i,))eznv(i,§)efacgaom + znvs(t,))e(1.~facgaom)
41 continue
facgeomssavegeom

do 42 1= ,ntve
do 42 jei,nfva
xtv{1,§)exiv(i,j)efacgeom + xtvs(i,j)+(1.-facgacm)
yiv(i,9)eyiv(t,3)efacgeom + ytvs(t,j)e(1,.-facgaom)
ziv(1,$)eztv(1,§)efacgaom + ztvs(i,j)e(1.-facgacm)

42 continue .

facgeoms=zavegeom
ktest=0
do 43 js=i,nnva
zeonveQ,
do 1000 tiat, nnve- 1
zconv-zconv+abs(znv(li j))
1000 continue
zconveszconv/nnvr
do 42 (=1 anve-t
if(abs(znv{i,§)-znvs(1,3)).0t.(.02+2conv)) ktastri
{f(ktest.eq.t) goto 53
43 continue
do 44 {={ nive
do 44 §=1{ niva
tft(abs(ziv(i,j)=z1vs(1,3)).9t..02«abs(ztvii,§))) ktestsi
tt(kte3st,eq. 1) goto 53
44 continue
53 continue
203 continua
do 202 {=1 nnve
do 202 jst,nnva
xnvs(t,§)exnv{t,§)
ynvs(i,§)eynv(i,§)

53
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znvs{t, §)=znv(t,y)

continue

do 204 (s nive

tf(i.aq.t.0r.1.8q.2) ksave=niva

1f(t.eq.3)

ksavesniva

do 204 jst ksave

xiva(1,§)exiv(t, )
yiva(i,§)esytv(t,§)
zivs(1,3)mziv(t,y)

continue

tf(iwrita.1t. 1) gato SO

writa(iwr, 100)
co 45 j=t ,nnva

ktesat, facgeom

write(fwr,109) §

write(iwr, 110)
write(twr,110)
write(iwr, 110)
cont {nue

do 46 j=t,niva
write(twr, 109)
write( twr, 110)
write(iwe, 110)
write( twr,110)
continug
return

format(//." INTGR CONVERGENCE ",14," RELAXATION *,F10.%)

format(/,14)

(xnav(t,1),1=1, nnvr)
(ynv(t,3), 121, ,nnve)
(znv(1,§), 121, nave)

)

(xtv(1,5),1=1 nive)
(ytv(t,§).t=3, ntve)
(ziv(i,4), 1=t nive)

format(2(9f10.6,/))

end

QUALITY

54
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subroutine loopi(ktast)

This routine calculates a new distribution of bound circulation
gamc(t) consistent with the current wake geomatry as gtven by
cw(i,V,n), by tteration.

IMFLUENCE COEFFICIENTS CW(f,1,1)

0000000

common/vetoc/wxnv( 18, 18) ,wynv( 15,18}, wznv(15,18) ,wxiv(6,50),
Swyiv(6,.50).wz1v(6,50),"acgeom
common/parmltur ird,lims,1tm1,1im2,ntter, {write
common/geom/nbldsi.nblds.sigma.fmu.etan(15).knnvr.ota((6).kn1vr.
- &ltwist, thetacd(15), theta(15), thetac(t4), thetaO, thetOd,alphas,
8cd0,cok . gpsind,dpsin,apsiid,apsii,coeff coaff1,c,3,.blares,
Snnvr,nnva,nnvri,nnval, nncr,nnca,etanv( 15) ,etanc(16),
Snivr,niva,nivri nivat,nicr,nica,ataivi(6), ctalc(7)
8ntva,.ntvat,ntca, fpst, fps2
common/gamma/ganc(le) gamt(15),gamti(3).ganttp,etaf,eta2, etaa.
841,kk(2), facgam
comnon/vinab/ﬁ!ar.nfar.xi.x2.y|.y2.zl;zz.x.y.z.facvcl.gm.ux.uy.uz
common/posit/xnv(15,18),ynv(15,18), znv(15 18),x1v(6,50),
8yiv(6,50),21v(6,50)
common/coef/cwx(ts 15,3),cwy(15,15,3), cwz(ls 15, J)
common/self/iself
: common/extraspac/fps3
o . dimension gamcs(16)
"2 common/loopsave/wxv{16).,wyv(16) ,wzv(16)
f . data pi,twept,fpi/3.14159,6.28318,.078577/
PN * teal k2
: i do S5 f=1,nnve
go S5 §=1,nnvr

i do S n=1,3 °
by cwx(f,f.,n¥=0, °*

- cwy(1,3,n)=0.

g ewz(i,j.n)=0,

7 . 5 continue

3 aps2s=fps2

¥ do 10 t=st{,nnvr

fpsl=fpst

if(t.eq.nnvr-1) fps2=dps2
go tt j=t{ . nnva-t
xtexnv(i,})
yleynv(1,])
zi=znv(i,§)
; : x2exnv{{,j+1)
B y2=ynv(i, j+1)
z2wznv(t,)+1)
nistj=t)ennve + |
n2=ni+nnve
; gme 1,
K catll vinab(ni,n2,1,1)
4 11 continue
10 continue
fps2sops2
pnln-tuop!/blades
go 20 (=1 ,nivr
1f(l.eq.l) ksavasniva
if(i.eq.2) ksavesniva
1£{1.eq.3) ksavesniva
do 21 j=1,ksave-1t
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xisxiv(i,])

yisytv(t,§)

zieziv(i,))

x2exiv(i,)+1)

y2eyiv(1,je1)

z28ziv(t,§+1)

nis(j-t)entve + nnvrennva + |
n2snienive

ups2sfps2

phitsfioat({nnva-1)edpsin + float(j=-1)ecpsii
1f{pht1.gt.phib-cpsin) fps2=fpsl

gms i,

call vinab{nt,n2,1,2) :
fps2=dps2

continue

continue

ns3

if(ifar.eq.t) goto 401
dz=ziv(ntvr,niva)-ztivinivr,niva-1)
xisxiv(ntve, ntva)

ytisyiv(nive,niva)

ziszivintvr niva)

pstisatan2(yt,xt)

rssqre(xtext + ytloyt)

do 30 jst,nfar

psispst+dpsii

x2srecos(pst)

y2=resin{pst)

z2As21+d2

ni=j + anvasnnvr + ntvaentvr

n2=nt+d .

gm=1,

call vingb(ni,n2,1,3)

xiex2

yisy2

z1822

continue

gota 30t

continue

fkapasphib/cpsit

kapasifix(fkapa + .S)

do 505 kisi nive

x1sxivi{kti,niva)

yisyiv(ki,ntva)

zinzivikt niva)+{ziviki,niva)-ztv(ki,ntva-kapa))
ggam=1,./(ziv(ki,niva)-zivikt,niva-kapa))
re(sqrt(xtexi+tyisy1))

do 201 (=1 ,nnvr-1
x»(etanv(i)+atanv(i+1})/2.

y=0.

2+0.

z3%abs(z1-z)

otadssqrt{xextysy)

k224, ersatald/((r+etald)es2+z3292)
if(k2.aq.1.) goto 202
fealog(4./sqrt(1.-k2))

entl 4+ ,S5e(f-_5)e¢(1.-k2) + L1875e(€F-1.,08333)e(1.-k2)s(1,-Kk2)
capk-f¢.25'(f-1.)°(1.-&2)#.14-(!-1.13666)'(1.-k2)‘(1.-k2)
goto 203

a=1{,

56
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capks10.

continue
wre-fpiedgame2,esqrt(r/etad/k2)s(capks(2.-k2)-2. va}
pstsgpsin

wzs=0,

a0 204 ke{, 2ekapa

xJaprer + gtadvatald ¢ 2323 - 2,ereatadecos(psi)
wtempsapsiisre(r-etadecos(psi))/(otadretalersr-2, ereatadscon(pai))
wtempswtampe(1,~(z3/8art(x3)))

wZIswzewtamp

psispsiecpsgt

conttnue

w2swzefpiecgam

cwx{ i, ki,n)scwx(t,ki,n)+wr

ewz{ i ,kt,n)scwz(i, ki, n)ewz

continue

continue

Loop on gamc(1). Firat clear array of blada tncuced voloc(tlol.
Then calculate new wxv,wyv,wzv from Influence coafficients.
Then new gam¢. Back to beginning until conyerged.

continue
1t(iwrito.aq.2) write(iwr, 304)
ktemp=0 .
do 200 k=t limt
savegamsfacgam .
continua
do 35 t»1{,Anve
wxv(i)s0,
wyv(1)=0,
wzv{1)s0,
continue
do 36 js1,nnve
do 37 tat1,nnvr=t
wxv(t)mwxv(1) + cwx(1,),t)egamt(y)
wyv(i)owyv(1) + cwy(i,i,1)eqgame(})
wzv(1)ewzv(1) + cwz{t,],1}°gamt(§)
continua
If{ktemp.aq. 1) write(twr,310) (wzv(k).ksi,nnve)
continue
do 40 j=i,nive
ao 41 181, nnve-~t A}
wxv( {Yowxv(1) + cux{(t,§,2)egamet(})
wyv{t)swyv(1) + cwy(t,),2)sgamet(})
wzv(i)aswzv(i) + cwz{l,§.2)egamei(§)
continue
tf({ktemp.aq.1) write(iwr,310) (wzv(k),k=t,nnvr)
continue
do S50 js=1,nive
dgo St (=1 nnvr-1{
wxv{1)swxv(1) + cwx(1,§,3)egamei(])
wyv(1)swyv(t) + cwy(1t,§,3)egamti(})
wzv(t)ewzv(t) + cwz(t,5.3)=2gamet(§)
cont inue )
tf{ktemp.eq.1) writa(twr,310) (wzv(k),.k=1,nnvr)
cont tnue
{f{ktemp.aq.1) goto tOO1
1f{i1self.6q.0) goto 33
do 56 1«1, ,nnvr
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rsetanv(i)
dwzetpiegant(i)e(atog(B.eretan(dpsin/4,)/tps2)-.28)/r
wzv{i)swzv(1i)eowz

continue .
cont inue
gamc(1)=0.
gamc(nncr)s=0.
ao 70 te1,nnver-1
wze(wzv(1)+fmu)
wyswyv(i) + (etanv(i)+atanv(iet))/2,
tlamswz/wy
flamdasatan(tiam)
ussqrt(wzes2 ¢+ wyee2)
alpeflamaa - thetac(t)
1f{alp.gt.alphas) aipeaiphas
gamc(t+1)spiepiegigmasucalp/bladaes
continue
gamc{nnvr)=gamc(nnvr)ecouffi

CONVERGENCE TEST

ktasts1
tf(k.eq.1) goto 94
ktest=O
do 80 1=t ,nncr
tf(ebs(gamc(1)-gamcs(t)).gt:.0teabs(gamc(1)}) ktestet
if(ktast.eq.t) goto 8%
cont inue
continue .
do 90 t=1,nncr
gamc( t)egamc(t)efacgam ¢ gamcs(i)=(1.-facgam)
continue '
cont inue

1f(ktest.eq.0) ktempst

tf(ktest.eq.0) goto 1000

continue .
{f(fwrite.ne.2.and.ktest.ne.0) goto 52
tf{iwrita,1t. 1) goto S2
writte(iwr ,311) Kk
write{iwr,310) (gamc(1),t=t, nnvr)
writa(twr,310) (wxv(t),ist,nnve)
weite(twr,310) (wyv(1),t=1,nnve)
writa(1wr,310) (wzv(i),v=1,nnvr)
continue
do 91 t=1, nner
gamcs(t)sgamc(1)
continue
call rollup(t)
1t(xtest,8q.0) goto 205
continus '
continuae
facgamssavaegam
if(ktast.eq. t)writa(iwr, 300)
tf(ktest.eq.0.2and, iwrite.gt.0) write(iwr, 305) k
format(/,t4) ‘
format(2(9f10.6./))
format{//,* LOOP1 RESULTS",/)
format(//.* LOOP1: NO CONVERGENCE™)
format(//,% LOOPt: CONVERGED IN *,14,* ITERATIONS"}
raturn

53



SAMPLE OUTPUT

*ev INPUT eoe CASE # : 1
NUMSER OF BLADES 2
SI1GHA 0.04640
MU 0.00000
PITCH ANGLE DISTRIBUTION(DG): 17.50000 15.30000 14.20000 12.55000 10.90000
9.25000 8.70000 8.15000 7.93000 7.71000 7.42000
7.27000  7.05000
STALL ANGLE 0.20000
CD=.0140¢0.5C0°ALPHA®*2
MAX. NUMBER OF ITERATIONS FOR LOOPY AND LOOP2: 20 200 ‘
CORE SIZE FCR NEAR WAKE INBDARD: O0.050 TIP: 0.0t0
NEAR WAKE DEFINITION: (13, 8). 0.10000 0.25000 0.350C0 0.50000
0.65C00° 0.80000 0.85000° 0.30000 0.92000 0.94000
0.980C0 0.38000 - 1.00000
INT. WAXKE DEFINITION:( 6,38), 0.10000 0.25000 0.60000 0.8%000
Q.95000 1.00000 -
CORE BURST YO 0.05 - .
TIP COEFFICIENT 0.00

6S
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MATN RESULTS -- CONVERGENCE: o

CT+s -0.004533 CP=

GAMC . WXC ,WYC ,W2ZC:

0.000337

-0.00628 -0.01043 -0.01269 -0.01391 -0.01533 -0.01728 -0.01889 -0.02106 -0.02119 :0.01932 -0.01443 0.00000
0.00125 0.00365 0.004381 -0.01000 -0.02830 -0.05013 -0.05587 -0.04742 -0.04134 -0.03603 -0.03172 -0.02829

-0.00037 -0.00123

+0.00233 -0.00287 -0.00276 -0.00262 -0.00225 -0.00140 -0.00030 -0.00034 -0.00005 0.0008S

0.02283 0.03163 0.04364 0.0568B4 0.06046 0.05373 0.04163 0.03538 0.03439 0.04172 0.06219 -0.05524

WAKE GEOMETRY:

1

0.000
0. 10000
0.00000

2
8.803
0.09999
0.003%8

3

19.464
0.09391
0.00830

4

29.272
0.03382
0.01270

5

39.186
0.09978
0.01594

6

49.141
0.09979
0.01886

7

$8. 121
0.09985
0.02154

8

69.115
0.03994
0.02402

'

63.602
0.43726
0.06088

0.000
0.25000
0.00000

9.£889
0.25C54
0.00661

19.739
0.25101
0.014238

29.653
0.25143
0.02043

39.602
0.25200
0.02575

49.570

0.25255

0.03062

$9.554
0.25315
0.03511

69.551
0.25330
0.03921

69.760
0.81043
0.032036

P

0.35094
0.00868

19.7358
0.35182
0.01863

29.663
0.35270
0.02699

39.594
0.35358
0.03470

49.541
0.35448
0.04200

59.502
0.35539
0.04879

69.481
0.35636
0.05477

70.050
0.93590
0.01840

© 0.000
0.50000

0.00000

2.912
0.49951
0.01123

19.812
0.49899
0.02361

29.731
0.48851
0.03476

39.661
0.48807
0.04549

49.597
0.49767
0.05606

$9.536
0.49729
0.06608

69.468
0.49602
0.07787

0.000
0.65000
0.00000

9.941
0.64669
0.01212

19.872
0.64341
0.02537

29.814
0.64019
0.03765

39.762
0.63705
0.04967

42,714
0.63400
0.06161

£9.663
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